
Polymer 52 (2011) v–xvii
Contents lists available at ScienceDirect
Polymer

journal homepage: www.elsevier .com/locate/polymer
Polymer Vol. 52, No. 2, 21 January 2011
Contents
FEATURE ARTICLE
Bionanoparticles as functional macromolecular building blocks – A new class of nanomaterials
 pp 211–232
Günther Jutza, Alexander Bökerb,*
d

a Physikalische Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany
bDWI an der RWTH Aachen e. V., Lehrstuhl für Makromolekulare Materialien un
Oberflächen, RWTH Aachen University, 52056 Aachen, Germany
POLYMER COMMUNICATIONS
A novel phosphorus-containing poly(lactic acid) toward its flame retardation
 pp 233–238
De-Yi Wang, Yan-Peng Song, Ling Lin, Xiu-Li Wang, Yu-Zhong Wang*
emistry, State Key
f Eco-Friendly Polymeric
Center for Degradation and Flame-Retardant Polymeric Materials, College of Ch
Laboratory of Polymer Materials Engineering, National Engineering Laboratory o
Materials (Sichuan), Sichuan University, Chengdu 610064, China

www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


Contents / Polymer 52 (2011) v–xviivi
Exploiting interfacial polarization to detect phase transitions in dilute solutions: Crystallization andmelting of P3HT in
toluene down to ppm contents
pp 239–242
Isabelle Monnaiea,b, Simone Napolitanoc,*, Erik Niesa,d,**, Michael Wübbenhorstc
istry, Celestijnenlaan

mistry, Department of
herlands
hysics and Astronomy,

ment of Chemical
aKatholieke Universiteit Leuven, Polymer Research Division, Department of Chem
200F, B-3001 Leuven, Belgium
b Eindhoven University of Technology, Laboratory of Materials and Interface Che
Chemical Engineering and Chemistry, P.O. Box 513, 5600MB Eindhoven, The Net
cKatholieke Universiteit Leuven, Acoustic and Thermal Physics, Department of P
Celestijnenlaan 200D, B-3001 Leuven, Belgium
d Eindhoven University of Technology, Laboratory of Polymer Technology, Depart
Engineering and Chemistry, P.O. Box 513, 5600MB Eindhoven, The Netherlands
POLYMER PAPERS
Thermosetting ROMP materials with thermally degradable linkages
 pp 243–249
Ezat Khosravia,*, Favaad Iqbala, Osama M. Musab
y Department,
a Interdisciplinary Research Centre in Polymer Science and Technology, Chemistr
Durham University, Durham DH1 3LE, UK
b International Specialty Products, 1361 Alps Road, Wayne, NJ 07470, USA
Synthesis and thermoresponsive properties of four arm, amphiphilic pp 250–257

poly(tert-butyl-glycidylether)-block-polyglycidol stars
Marcin Liberaa, Barbara Trzebickaa, Agnieszka Kowalczuka, Wojciech Wa1acha, Andrzej Dworaka,b,*
aCentre of Polymer and Carbon Materials, Polish Academy of Sciences,
M. Curie-Skłodowskiej 34, 41-819 Zabrze, Poland
bUniversity of Opole, Institute of Chemistry, Oleska 48, 45-052 Opole, Poland
Insight on the periodate oxidation of dextran and its structural vicissitudes pp 258–265
João Maiaa,*, Rui A. Carvalhob,c, Jorge F.J. Coelhoa, Pedro N. Simõesa, M. Helena Gila
oimbra, Portugal
ersity of Coimbra,
aChemical Engineering Department, Rua Silvio Lima, Polo II, FCTUC, 3030-790 C
b Life Sciences Department of the Faculty of Sciences and Technology of the Univ
Coimbra, Portugal
cCenter of Neurosciences and Cell Biology, Coimbra, Portugal



Contents / Polymer 52 (2011) v–xvii vii
Influence of soft segment molecular weight on the mechanical hysteresis and set behavior of silicone-urea copolymers
with low hard segment contents
pp 266–274
Iskender Yilgora,*, Tugba Eynura, Sevilay Bilgina, Emel Yilgora,
Garth L. Wilkesb
aKoc University, Chemistry Department, Sariyer 34450,
Istanbul, Turkey
bDepartment of Chemical Engineering, Virginia Tech,
Blacksburg, VA 24061-0211, USA
Living/controlled hex-1-ene polymerization initiated by nickel diimine complexes activated by non-MAO cocatalysts: pp 275–281

Kinetic and UV–vis study
Jan Pele�skaa, Zden�ek Ho�stálekb, Darja Hasalíkováb, Jan Mernab,*
, 612 00 Brno, Czech

, 166 28 Prague 6,
a Institute of Materials Chemistry, Brno University of Technology, Purky�nova 118
Republic
b Institute of Chemical Technology, Prague, Department of Polymers, Technická 5
Czech Republic
Synthesis of emulsion-templated porous polyacrylonitrile and its pyrolysis to porous carbon monoliths pp 282–287
Noa Cohen, Michael S. Silverstein*
Department of Materials Engineering, Technion - Israel Institute of Technology,
Haifa 32000, Israel
Molecular dynamics simulations of the interactions and dispersion of carbon nanotubes pp 288–296

in polyethylene oxide/water systems
Nasir M. Uddin, Franco M. Capaldi, Bakhtier Farouk*
elphia,
Department of Mechanical Engineering and Mechanics Drexel University, Philad
PA 19104, USA



Contents / Polymer 52 (2011) v–xviiviii
Synthesis of high proton conducting nanoparticles by emulsion polymerization
 pp 297–306
Emmanuel Pitiaa,*, M.T. Shawb, R.A. Weissa,*
Academic Center,

neering,
SA
aUniversity of Akron, Department of Polymer Engineering, Polymer Engineering
250 South Forge Street, Akron, OH 44325-0301, USA
bUniversity of Connecticut, Polymer Program and Department of Chemical Engi
Institute of Materials Science, 97 North Eagleville Road, Storrs, CT 06269-3136, U
Poly(benzoxazine-co-urethane)s: A new concept for phenolic/urethane copolymers via one-pot method pp 307–317
Mohamed Baqara, Tarek Agagb,*, Hatsuo Ishidab, Syed Qutubuddina,b
nd,

e University,
aDepartment of Chemical Engineering, Case Western Reserve University, Clevela
OH 44106-7202, USA
bDepartment of Macromolecular Science and Engineering, Case Western Reserv
Cleveland, OH 44106-7202, USA
Bridge length effect of new dinuclear constrained geometry catalysts on controlling the polymerization pp 318–325

behaviors of ethylene/styrene copolymerization
Thi Dieu Huyen Nguyena, Thi Le Thanh Nguyena, Seok Kyun Noha,*, Won Seok Lyoob
ong, Gyeongsan,

k 712-749,
a School of Display and Chemical Engineering, Yeungnam University, 214-1 Daed
Gyeongbuk 712-749, Republic of Korea
b School of Textiles, Yeungnam University, 214-1 Daedong, Gyeongsan, Gyeongbu
Republic of Korea
Bulky side-chain density effect on the photophysical, electrochemical and photovoltaic properties of polythiophene pp 326–338

derivatives
Hsing-Ju Wanga, Li-Hsin Chanb,*, Chih-Ping Chenc, Shin-Lei Linc, Rong-Ho Leea,
Ru-Jong Jenga,**
ng, Taiwan
Nan University,

sinchu, Taiwan
aDepartment of Chemical Engineering, National Chung Hsing University, Taichu
bDepartment of Applied Materials and Optoelectronic Engineering, National Chi
Puli, Taiwan
cMaterial and Chemical Laboratories, Industrial Technology Research Institute, H



Contents / Polymer 52 (2011) v–xvii ix
PAMAM dendrimer with a 1,2-diaminoethane surface facilitates endosomal escape for enhanced pDNA delivery
 pp 339–346
Geun-woo Jina, Heebeom Koob, Kihoon Nama, Heejin Kima, Seonju Leea, Jong-Sang Parka,*, Yan Leea,*
gu, Seoul 151-747,

awolgok-dong,
aDepartment of Chemistry, Seoul National University, 599 Gwanak-ro, Gwanak-
Republic of Korea
bBiomedical Research Center, Korea Institute of Science and Technology, 39-1 H
Seongbuk-gu, Seoul 136-791, Republic of Korea
Novel polyrotaxanes comprising g-cyclodextrins and Pluronic F127 end-capped with poly(N-isopropylacrylamide) pp 347–355

showing solvent-responsive crystal structures
Jin Wang, Peng Gao, Pei-jing Wang, Lin Ye, Ai-ying Zhang, Zeng-guo Feng*
jing 100081,
School of Materials Science and Engineering, Beijing Institute of Technology, Bei
People’s Republic of China
Synthesis and self-assembly of miktoarm star copolymers of (polyethylene)2L(polystyrene)2 pp 356–362
Ran Liua, Zhiyun Lia, Dan Yuana, Chunfeng Menga, Qing Wua,b, Fangming Zhua,b,*
n Yat-Sen University,

f Chemistry
a Institute of Polymer Science, School of Chemistry and Chemical Engineering, Su
Guangzhou 510275, China
b Laboratory of Synthesis Design and Application of Polymer Materials, School o
and Chemical Engineering, Sun Yat-Sen University, Guangzhou 510275, China
A fluorescence sensor based on chiral polymer for highly enantioselective recognition of phenylalaninol pp 363–367
Jie Menga, Guo Weia, Xiaobo Huanga,c, Yu Donga, Yixiang Chenga,*, Chengjian Zhub,**
gineering,

ical Engineering,

325027, China
aKey Lab of Mesoscopic Chemistry of MOE, School of Chemistry and Chemical En
Nanjing University, Nanjing 210093, China
b State Key Laboratory of Coordination Chemistry, School of Chemistry and Chem
Nanjing University, Nanjing 210093, China
cCollege of Chemistry and Materials Engineering, Wenzhou University, Wenzhou



Contents / Polymer 52 (2011) v–xviix
Well-defined multi-stimuli responsive fluorinated graft poly(ether amine)s (fgPEAs)
 pp 368–375
Rui Wanga, Xuesong Jianga,*, Guilin Yinb, Jie Yina,*
trix Composite Materials,

eople’s Republic of China
a School of Chemistry & Chemical Technology, State Key Laboratory for Metal Ma
Shanghai Jiao Tong University, Shanghai, China
bNational Engineering Research Center for Nanotechnology, Shanghai 200240, P
Hyperbranched poly(methylmethacrylate)s prepared byminiemulsion polymerization and their (non)-Newtonian flow pp 376–382

behaviors
Chaolong Li, Hao Jiang, Yu Wang, Yuechuan Wang*
ce and Engineering,
State Key Laboratory of Polymer Materials Engineering, College of Polymer Scien
Sichuan University, Chengdu 610065, PR China
Water-soluble conjugated polyelectrolyte with pendant glycocluster: Synthesis and its interaction with heparin pp 383–390
Qi Chena, Yi Cuia,b, Jie Caoc, Bao-Hang Hana,*
aNational Center for Nanoscience and Technology, Beijing 100190, China
bGraduate University of Chinese Academy of Sciences, Beijing 100049, China
cDepartment of Chemistry, Beijing Institute of Technology, Beijing 100081, China
Thermosets with core–shell nanodomain by incorporation of core crosslinked star polymer into epoxy resin pp 391–399
Yuan Meng, Xing-Hong Zhang*, Bin-Yang Du, Bo-Xuan Zhou, Xin Zhou, Guo-Rong Qi
try of Education,
310027, China
Key Laboratory of Macromolecular Synthesis and Functionalization of the Minis
Department of Polymer Science and Engineering, Zhejiang University, Hangzhou



Contents / Polymer 52 (2011) v–xvii xi
Synthesis and characterization of side chain polymer with helical PLLA segments containing mesogenic end group
 pp 400–408
Hongru Chen, Qingbin Xue*, Zhuohua Li, Lingmin Sun, Quanxuan Zhang
Key lab of Colloid and Interface Chemistry, Ministry of Education, Chemistry and Chemical Engineering
College, Shandong University, Shanda South Road No. 27, Jinan 250100, China
Controlling the morphology of micrometre-size polystyrene/polyaniline composite particles by pp 409–414

Swelling–Diffusion–Interfacial-Polymerization Method
Yunxing Lia, Zhaoqun Wanga,*, Chunjian Wanga, Zhen Zhaoa, Gi Xuea,b
aDepartment of Polymer Science and Engineering, School of Chemistry
and Chemical Engineering, Nanjing University, Nanjing 210093, China
b State Key Laboratory of Coordination Chemistry, Nanjing National Laboratory
of Microstructures, Nanjing University, Nanjing 210093, China
Low bandgap polymers with benzo [1,2-b:4,5-b0] dithiophene and bisthiophene-dioxopyrrolothiophene pp 415–421

units for photovoltaic applications
Guobing Zhanga, Yingying Fub, Zhiyuan Xieb,*, Qing Zhanga,*
ical Engineering,

f Applied Chemistry,
aDepartment of Polymer Science and Engineering, School of Chemistry and Chem
Shanghai Jiao Tong University, Shanghai 200240, China
b State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute o
Chinese Academy of Science, Changchun 130022, China
Nanoporous materials from stable and metastable structures of 1,2-PB-b-PDMS block copolymers pp 422–429
Lars Schultea, Anne Grydgaardb, Mathilde R. Jakobsenb, Piotr P. Szewczykowskia,b,
Fengxiao Guoa,b, Martin E. Vigildb, Rolf H. Berga, Sokol Ndonia,*
,

aDepartment of Micro and Nanotechnology, Technical University of Denmark,
Frederiksborgvej 399, Build 124, DK-4000 Roskilde, Denmark
bDanish Polymer Centre, Department of Chemical and Biochemical Engineering
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark



Contents / Polymer 52 (2011) v–xviixii
Influence of molar mass and temperature on the dynamics of network formation in polycarbonate/carbon nanotubes
composites in oscillatory shear flows
pp 430–442
R. Zeilera,b, U.A. Handgeb,*, D.J. Dijkstraa, H. Meyerc, V. Altstädtb
aBayer MaterialScience AG, CAS-INN-Physics, 51368 Leverkusen, Germany
bDepartment of Polymer Engineering, Faculty of Engineering Science,
University of Bayreuth, Universitätsstrasse 30, 95447 Bayreuth, Germany
cBayer MaterialScience AG, CAS-INN-CNT, 51368 Leverkusen, Germany
Water-assisted extrusion of polypropylene/clay nanocomposites: A comprehensive study pp 443–451
Dimitri D.J. Rousseaux, Naïma Sallem-Idrissi, Anne-Christine Baudouin,
Jacques Devaux, Pierre Godard, Jacqueline Marchand-Brynaert**,
Michel Sclavons*
Institute of Condensed Matter and Nanosciences (IMCN), Université
Catholique de Louvain, Place Louis Pasteur 1, Bâtiment Lavoisier, B-1348
Louvain-la-Neuve, Belgium
An experimental study of interaction between surfactant and particle hydrogels pp 452–460
Yongfu Wua, Tingji Tanga, Baojun Baia,*, Xiaofen Tangb, Jialu Wangb, Yuzhang Liub
nce and Technology,

Xueyuan Road,
aDepartment of Geological Science and Engineering, Missouri University of Scie
129 McNutt Hall, 1400N Bishop Avenue, Rolla, MO 65409, USA
bResearch Institute of Petroleum Exploration and Development, PetroChina, 20
Beijing 100083, China
Intermolecular interactions and crystallization behaviors of biodegradable polymer blends between pp 461–471

poly (3-hydroxybutyrate) and cellulose acetate butyrate studied by DSC, FT-IR, and WAXD
Nattaporn Suttiwijitpukdeea, Harumi Satoa,*, Jianming Zhangb,
Takeji Hashimotoa,c, Yukihiro Ozakia,*
aDepartment of Chemistry, School of Science and Technology and Research
Center for Environment Friendly Polymers, Kwansei-Gakuin University,
Sanda 669-1337, Japan
bKey Laboratory of Rubber-plastics, Ministry of Education,
Qingdao University of Science and Technology, Qingdao City 266042,
People’s Republic of China
c Professor Emeritus, Kyoto University, Kyoto 606-8501, Japan



Contents / Polymer 52 (2011) v–xvii xiii
High-crystallization polyoxymethylene modification on carbon nanotubes with assistance of supercritical carbon
dioxide: Molecular interactions and their thermal stability
pp 472–480
Ning Yu, Linghao He, Yuanyuan Ren, Qun Xu*
450052,
College of Materials Science and Engineering, Zhengzhou University, Zhengzhou
People’s Republic of China
Solubility of neutral and charged polymers in ionic liquids studied by laser light scattering pp 481–488
Ye Chena,b, Yumei Zhanga, Fuyou Keb, Jihan Zhoub, Huaping Wanga,**,
Dehai Liangb,*
a State Key Laboratory for Modification of Fiber Materials,
College of Material Science and Engineering, Donghua University,
Shanghai 201620, China
bBeijing National Laboratory for Molecular Sciences and the Key Laboratory of
Polymer Chemistry and Physics of Ministry of Education, College of Chemistry
and Molecular Engineering, Peking University, Beijing 100871, China
In situ optical microscopy observation of the growth and rearrangement behavior of surface holes pp 489–496

in the breath figure process
Hengyu Ma, Ye Tian, Xiaolin Wang*
ring, Tsinghua University,
State Key Laboratory of Chemical Engineering, Department of Chemical Enginee
Beijing 100084, China
Interface-tuned epoxy/clay nanocomposites pp 497–504
Izzuddin Zamana,b, Quyen-Huyen Lea, Hsu-Chiang Kuanc, Nobuyuki Kawashimad, Lee Luonga,
Andrea Gersond, Jun Maa,*
South Australia, Mawson

ein Onn Malaysia,

nty 744, Taiwan, ROC
tralia, SA 5095, Australia
a School of Advanced Manufacturing and Mechanical Engineering, University of
Lakes, SA 5095, Australia
b Faculty of Mechanical Engineering and Manufacturing, University of Tun Huss
68400 Batu Pahat, Malaysia
cDepartment of Energy Application Engineering, Far East University, Tainan Cou
dApplied Centre for Structural and Synchrotron Studies, University of South Aus



Contents / Polymer 52 (2011) v–xviixiv
Free volume distribution at the Teflon AF�/silicon interfaces probed by a slow positron beam
 pp 505–509
Stephan Harmsa, Klaus Rätzkea,*, Vladimir Zaporojtchenkoa, Franz Faupela, Werner Eggerb, Luca Ravellib
istian-Albrechts

München Werner
a Institut für Materialwissenschaft – Materialverbunde, Technische Fakultät, Chr
Universität zu Kiel, 24143 Kiel, Germany
b Institut für Angewandte Physik und Messtechnik, Universität der Bundeswehr
Heisenberg-Weg 39, 85577 Neubiberg, Germany
Toughening vinyl ester networks with polypropylene meso-fibers: Interface modification and composite properties pp 510–518
Y. Lianga, R.E. Jensenb, D.D. Pappasb, G.R. Palmesea,*
lphia, PA 19104, USA
aDepartment of Chemical and Biological Engineering, Drexel University, Philade
bU.S. Army Research Laboratory, Aberdeen Proving Ground, MD 21005, USA
Investigation of post-spinning stretching process on morphological, structural, and mechanical properties of pp 519–528

electrospun polyacrylonitrile copolymer nanofibers
Chuilin Laia, Ganji Zhongb, Zhongren Yuec, Gui Chend, Lifeng Zhanga,
Ahmad Vakilic, Ying Wangd, Lei Zhub,*, Jie Liud,**, Hao Fonga,***
e

n,
na
aDepartment of Chemistry, South Dakota School of Mines and Technology,
Rapid City, SD 57701, USA
bDepartment of Macromolecular Science and Engineering, Case Western Reserv
University, Cleveland, OH 44106, USA
cDepartment of Materials Science and Engineering, University of Tennessee
Space Institute, Tullahoma, TN 37388, USA
dKey Laboratory of Carbon Fiber and Functional Polymers, Ministry of Educatio
Beijing University of Chemical Technology, Chao-Yang District, Beijing 100029, Chi
Biaxial elastic–viscoplastic behavior of Nafion membranes pp 529–539
Meredith N. Silberstein, Priam V. Pillai, Mary C. Boyce*
ge, MA 02139, USA
MIT Department of Mechanical Engineering, 77 Massachusetts Avenue, Cambrid



Contents / Polymer 52 (2011) v–xvii xv
Charge dynamics and bending actuation in Aquivion membrane swelled with ionic liquids
 pp 540–546
Junhong Lina,b, Yang Liub,c,*, Q.M. Zhanga,b,c
aDepartment of Materials Science and Engineering, The Pennsylvania State
University, University Park, PA 16802, USA
bMaterials Research Institute, The Pennsylvania State University,
University Park, PA 16802, USA
cDepartment of Electrical Engineering, The Pennsylvania State University,
University Park, PA 16802, USA
Anaerobic biodegradation of the microbial copolymer poly(3-hydroxybutyrate-co-3-hydroxyhexanoate): Effects of pp 547–556

comonomer content, processing history, and semi-crystalline morphology
Margaret-Catherine Morsea, Qi Liaob,
Craig S. Criddlea,*, Curtis W. Frankb,**
aDepartment of Civil and Environmental Engineering,
Stanford University, Stanford, CA 94305, USA
bDepartment of Chemical Engineering,
Stanford University, Stanford, CA 94305, USA
Microstructure of two polypropylene homopolymers with improved impact properties pp 557–563
Yandi Fan, Chunyu Zhang, Yanhu Xue, Xuequan Zhang, Xiangling Ji*,
Shuqin Bo*
Applied
State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of
Chemistry, Chinese Academy of Sciences, Changchun 130022, PR China
Fracture behavior of bimodal polyethylene: Effect of molecular weight distribution characteristics pp 564–570
Xin Sun, Hongwang Shen, Banghu Xie*, Wei Yang, Mingbo Yang
tory of Polymer Materials
College of Polymer Science and Engineering, Sichuan University, State Key Labora
Engineering, Chengdu 610065, Sichuan, China



Contents / Polymer 52 (2011) v–xviixvi
Semicrystalline ordering in polymeric systems simulated by Bond Fluctuation Model
 pp 571–576
J. Molina-Mateoa,*, M. Arnoultb, J.M. Saiterc, J.M. Meseguer-Dueñasa, J.L. Gómez-Ribellesa
ring, Camino de Vera s/n,

ebraska Hall, Lincoln,

ité de Rouen, Rouen,
aUniversidad Politécnica de Valencia, Center for Biomaterials and Tissue Enginee
46022 Valencia, Spain
bUniversity of Nebraska-Lincoln, Department of Engineering Mechanics, W316 N
NE 68588-0526, USA
c Laboratoire d’Etude et Caractérisation des Amorphes et des Polymères, Univers
France
Modeling initial stage of phenolic pyrolysis: Graphitic precursor formation and interfacial effects pp 577–585
Tapan G. Desaia,*, John W. Lawsonb, Pawel Keblinskic
ld, California 94035, USA
tute, Troy, NY 12180, USA
aAdvanced Cooling Technologies, Inc., Lancaster, PA 17601, USA
b Thermal Protection Materials Branch, NASA Ames Research Center, Moffett Fie
cDepartment of Materials Science and Engineering, Rensselaer Polytechnic Insti
Hetero-structure of ABC triblock copolymer thin film on polymer-coated substrate pp 586–592
Rong Wang*, Shanning Zhang, Yudong Qiu
ination Chemistry,
cal Engineering,
Department of Polymer Science and Engineering, State Key Laboratory of Coord
Nanjing National Laboratory of Microstructures, School of Chemistry and Chemi
Nanjing University, Nanjing 210093, China
*Corresponding author
Abstracted/indexed in: AGRICOLA, Beilstein, BIOSIS Previews, CAB Abstracts, Chemical Abstracts. Current Contents: Life Sciences,

Current Contents: Physical, Chemical and Earth Sciences, Current Contents Search, Derwent Drug File, Ei compendex, EMBASE/
Excerpta Medica, Medline, PASCAL, Research Alert, Science Citation Index, SciSearch. Also covered in the abstract and citation
database SCOPUS�. Full text available on ScienceDirect�

ISSN 0032-3861



xvii
Author Index

Agag, T. 307
Altstädt, V. 430
Arnoult, M. 571

Bai, B. 452
Baqar, M. 307
Baudouin, A.-C. 443
Berg, R. H. 422
Bilgin, S. 266
Bo, S. 557
Böker, A. 211
Boyce, M. C. 529

Cao, J. 383
Capaldi, F. M. 288
Carvalho, R. A. 258
Chan, L.-H. 326
Chen, C.-P. 326
Chen, G. 519
Chen, H. 400
Chen, Q. 383
Chen, Y. 481
Cheng, Y. 363
Coelho, J. F. J. 258
Cohen, N. 282
Criddle, C. S. 547
Cui, Y. 383

Desai, T. G. 577
Devaux, J. 443
Dijkstra, D. J. 430
Dong, Y. 363
Du, B.-Y. 391
Dworak, A. 250

Egger, W. 505
Eynur, T. 266

Fan, Y. 557
Farouk, B. 288
Faupel, F. 505
Feng, Z.-g. 347
Fong, H. 519
Frank, C. W. 547
Fu, Y. 415

Gao, P. 347
Gerson, A. 497
Gil, M. H. 258
Godard, P. 443
Gómez-Ribelles, J. L. 571
Grydgaard, A. 422
Guo, F. 422

Han, B.-H. 383
Handge, U. A. 430
Harms, S. 505
Hasalíková, D. 275
Hashimoto, T. 461
He, L. 472
Hoštálek, Z. 275
Huang, X. 363

Iqbal, F. 243
Ishida, H. 307

Jakobsen, M. R. 422
Jeng, R.-J. 326
Jensen, R. E. 510
Ji, X. 557
Jiang, H. 376
Jiang, X. 368
Jin, G.-w. 339
Jutz, G. 211

Kawashima, N. 497
Ke, F. 481
Keblinski, P. 577

Simões, P. N. 258
Song, Y.-P. 233
Sun, L. 400
Sun, X. 564
Suttiwijitpukdee, N. 461
Szewczykowski, P. P. 422

Tang, T. 452
Tang, X. 452
Tian, Y. 489
Trzebicka, B. 250

Uddin, N. M. 288

Vakili, A. 519
Vigild, M. E. 422

Wałach, W. 250
Wang, C. 409
Wang, D.-Y. 233
Wang, H. 481
Wang, H.-J. 326
Wang, J. 347, 452
Wang, P.-j. 347
Wang, R. 368, 586
Wang, X. 489
Wang, X.-L. 233
Wang, Y. 376, 519
Wang, Y.-Z. 233
Wang, Z. 409
Wei, G. 363
Weiss, R. A. 297
Wilkes, G. L. 266
Wu, Q. 356
Wu, Y. 452
Wübbenhorst, M. 239

Xie, B. 564
Xie, Z. 415
Xu, Q. 472
Xue, G. 409
Xue, Q. 400
Xue, Y. 557

Yang, M. 564
Yang, W. 564
Ye, L. 347
Yilgor, E. 266
Yilgor, I. 266
Yin, G. 368
Yin, J. 368
Yu, N. 472
Yuan, D. 356
Yue, Z. 519

Zaman, I. 497
Zaporojtchenko, V. 505
Zeiler, R. 430
Zhang, A.-y. 347
Zhang, C. 557
Zhang, G. 415
Zhang, J. 461
Zhang, L. 519
Zhang, Q. 400, 415
Zhang, Q. M. 540
Zhang, S. 586
Zhang, X. 557
Zhang, X.-H. 391
Zhang, Y. 481
Zhao, Z. 409
Zhong, G. 519
Zhou, B.-X. 391
Zhou, J. 481
Zhou, X. 391
Zhu, C. 363
Zhu, F. 356
Zhu, L. 519

Khosravi, E. 243
Kim, H. 339
Koo, H. 339
Kowalczuk, A. 250
Kuan, H.-C. 497

Lai, C. 519
Lawson, J. W. 577
Le, Q.-H. 497
Lee, R.-H. 326
Lee, S. 339
Lee, Y. 339
Li, C. 376
Li, Y. 409
Li, Z. 356, 400
Liang, D. 481
Liang, Y. 510
Liao, Q. 547
Libera, M. 250
Lin, J. 540
Lin, L. 233
Lin, S.-L. 326
Liu, J. 519
Liu, R. 356
Liu, Y. 452, 540
Luong, L. 497
Lyoo, W. S. 318

Ma, H. 489
Ma, J. 497
Maia, J. 258
Marchand-Brynaert, J. 443
Meng, C. 356
Meng, J. 363
Meng, Y. 391
Merna, J. 275
Meseguer-Dueñas, J. M. 571
Meyer, H. 430
Molina-Mateo, J. 571
Monnaie, I. 239
Morse, M.-C. 547
Musa, O. M. 243

Nam, K. 339
Napolitano, S. 239
Ndoni, S. 422
Nguyen, T. D. H. 318
Nguyen, T. L. T. 318
Nies, E. 239
Noh, S. K. 318

Ozaki, Y. 461

Palmese, G. R. 510
Pappas, D. D. 510
Park, J.-S. 339
Peleška, J. 275
Pillai, P. V. 529
Pitia, E. 297

Qi, G.-R. 391
Qiu, Y. 586
Qutubuddin, S. 307

Rätzke, K. 505
Ravelli, L. 505
Ren, Y. 472
Rousseaux, D. D. J. 443

Saiter, J. M. 571
Sallem-Idrissi, N. 443
Sato, H. 461
Schulte, L. 422
Sclavons, M. 443
Shaw, M. T. 297
Shen, H. 564
Silberstein, M. N. 529
Silverstein, M. S. 282



lable at ScienceDirect

Polymer 52 (2011) 211e232
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Feature Article

Bionanoparticles as functional macromolecular building blocks e A new class
of nanomaterials

Günther Jutz a, Alexander Böker b,*
a Physikalische Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany
bDWI an der RWTH Aachen e. V., Lehrstuhl für Makromolekulare Materialien und Oberflächen, RWTH Aachen University, 52056 Aachen, Germany
a r t i c l e i n f o

Article history:
Received 3 August 2010
Received in revised form
22 November 2010
Accepted 25 November 2010
Available online 7 December 2010

Keywords:
Bionanoparticle
Ferritin
Biopolymer conjugate
* Corresponding author. Fax: þ49 241 8023301.
E-mail addresses: guenther.jutz@uni-bayreuth.de

aachen.de (A. Böker).

0032-3861/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.polymer.2010.11.047
a b s t r a c t

We would like to introduce bionanoparticles with their unique multifunctional and self-assembling
properties. Particularly, protein cages like plant viruses or ferritin but also other well-defined self-
assembling protein structural motifs are valuable building blocks with great potential in (bio-)
nanotechnology. A steeply increasing number of research works present promising results and
applications in biomedicine, diagnostics and analytics as well as nanoelectronics. However, the use of
bionanoparticles for hybrid and soft proteinepolymer composite materials has not received high
attention yet. The article will first introduce the structural principles of well-defined protein
complexes and exemplarily describe the structure of a few selected plant viruses and ferritin. Then,
the recent progress in chemical or genetically programmed functionalization and the use of the
modified bionanoparticles for the production of novel nanostructured (hybrid) materials will be
presented. An updated overview of grafting-onto and grafting-from polymerization methods for the
modification of proteins and protein complexes will be given as well. The feature closes with some
exciting examples in which bio (in-) organic nanoparticles are employed in analytics, for catalysis and
biomedical applications.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Miniaturization towards nanoscale structured materials and
devices have become a leading trend in the beginning of this
century. The generation of small structures was traditionally a top-
down process: The application of masks, illumination and etching
steps generated the desired structures on an initially unpatterned
material. To generate even smaller structures than currently
possible with commercially competitive lithographic methods,
bottom-up approaches, i.e. the generation of complex nanoscale
patterns which start from nanoscaled building blocks, have been
developed. By now, an astonishing multitude of materials, ranging
from inorganic to polymeric nanoparticles, biological building
blocks and nanostructured thin films with many different elec-
tronic, magnetic, optical and (bio-) chemical properties have been
synthesized and characterized in great detail. The pivotal point is
the directed assembly or self-assembly of these systems into hier-
archically ordered and/or arbitrarily defined structures [1]. Such
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structures can be used in high-resolution soft lithography to
produce next-generation nanoelectronic devices [2,3]. The
production and use of nanostructured and nanoscaled materials
became a key technology in many more fields e.g. pharmacy [4],
regenerative medicine [5], diagnostics [6], cosmetics [7] or food
technology [8,9].

Progress in nanotechnology is not only aiming at miniaturiza-
tion but also at systems with increased complexity. This is not just
a matter of geometrical structurization but also a matter of specific
functionalities that are positioned at discrete locations and in
defined distances. Nature and its highly precise mechanisms of
life, mainly based on two classes of biomacromolecules, proteins
or polypeptides and polynucleic acids, set the benchmark for
functional structures down to atomic scales. Thus, the use of
biomolecules is considered as an obvious step in the synthesis
and construction of next-generation nanomaterials and devices. A
whole newbranch termed bionanotechnology seeks for scientific as
well as economic breakthroughs in the development of bio-inor-
ganic nanomaterials with novel properties for computation and
nanotechnology, new methods in diagnosis and analytics or new
drugs and drug delivery systems [10,11]. While protein or poly-
nucleic acid scaffolds provide structural and chemical functions,
nanoparticles may contribute electronic, luminescent or magnetic
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properties to such hybrid assemblies [12]. Ligand systems on
nanoparticles can introduce further functionalities for recognition
and affinity processes or change the solution properties. Attached
polymers change pharmacokinetic properties, mediate solubility
or can be used as the bulk material in blends, providing a matrix
for the embedded or surface-immobilized (bio-) nanoparticles
(Fig. 1).

This feature focuses on protein complexes which can be used
as valuable macromolecular building blocks for functional assem-
blies, as size-constrained reaction vessels, for the construction of
bio-(in)organic nanostructured hybrid materials and biocompat-
ible scaffolds for potential applications in bionanotechnology. Self-
assembled natural protein complexes, protein cage architectures
and particularly ferritin and some plant viruses have been exten-
sively used in the last few years as building blocks and templates
in bionanochemistry and bionanotechnology [13e15]. They are
robust assemblies and can be obtained from biological sources or
through in vitro expression and self-assembly. The combination of
protein complexes with inorganic nanoparticles has resulted in
materials with a number of interesting properties and applications
and received already considerable attention from applied research.
With increasing understanding and progress in modification of
such systems, multifunctional systems can be constructed. Among
the plurality of biological entities which can be used in bionano-
technology, this feature presents mainly examples of Cowpea
Mosaic Viruses (CPMV), Tobacco Mosaic Virus (TMV) and ferritin.
They have been used as model systems for the development of
new compounds and as reference systems to test new (bio-)
chemical analytical techniques since decades. Their peculiar
properties make them ideal workhorses and they have routinely
been used to show a proof of principle. Additionally, Turnip Yellow
Mosaic Virus (TYMV) is presented, an icosahedral virus with
properties similar to CPMV. This serves to illustrate the applica-
bility of the concepts derived from e.g. CPMV to other similar
systems.

We aim to highlight recent developments in the area of defined,
self-assembled bionanoparticles, starting with their structural
design, methods for modification by chemical and genetic means
and finally, their use in the synthesis of novel nanomaterials. Many
different disciplines have to contribute to the development of these
nanosystems in bioengineering and biomedicine. The section on
the recent progress in the synthesis of well-defined functional
polymereprotein conjugates aims to inspire new ideas for future
contributions of macromolecular chemistry to the construction of
materials derived from bio-(in)organic macromolecular building
blocks.
Fig. 1. Schematic picture of a multifunctional bionanoparticle with different labels,
e.g.: antibodies that mediate cell-specific interactions; enzymes that perform catalytic
biological functions; polymers that shield and/or modify solution and pharmacokinetic
properties; fluorescent dyes that allow tracking and visualizing the nanoparticle
distribution in cells or tissues. The interior of the protein cage can be used to load
nanoparticles for therapeutic (e.g. radio therapy) or diagnostic purposes (e.g. tracking
by magnetic resonance).
2. Complexity and symmetry

In the last two decades groundbreaking developments in
biochemistry and microbiology led to tools for the analysis and
synthesis of polynucleic acids. Facile cloning and rapid PCR tech-
niques allow the design and high yield production of this class of
biopolymers. DNA and RNA nanotechnology have become an
established field in science and complex architectures have been
obtained by assembling DNA and RNA functionalized materials
through primarily sticky-ends of complementary base pair
sequences.

While programmed assembly of polynucleic acid strands has
become a standard technique in bionanotechnology, the design of
self-assembling polypeptide or protein complexes is still a consid-
erable challenge [16,17]. Proteins have e unlike most synthetic
polymers e a more or less fixed three-dimensional conformation
through covalent bonds or non-covalent interactions. This struc-
tural rigidity and the highly functional surface of proteins can drive
self-assembly of protein subunits in solution to oligomeric fila-
mentous, cage-like or tubular structures and to regular patterns on
various surfaces and interfaces [18]. Symmetry plays an important
role in the assembly process [19]. Binding sites and functional
groups on such complexes are held at precisely defined positions
and orientations. While protein crystals are rare in vivo, many
examples of symmetric protein complexes have been found and
characterized with the advance of electron microscopy and X-ray
crystallography. The helical symmetry in the protein shell of
tobacco mosaic virus and the cubic symmetry of spherical viruses
were already described in the mid 1950s and the regular geometry
and structure of many viruses is known today in great detail [20].
The quasi-equivalent assembly of protein subunits in icosahedral
virus capsids is a particularly early recognized and well investi-
gated, yet complex example of protein assembly [21,22].

The de novo design of peptides with predetermined geometric
structures requires detailed knowledge of structure-forming prin-
ciples. Analysis of the genomic pattern of known supramolecular
assemblies can help to make predictions for potentially self-
assembling proteins [23]. Short oligopeptides and simple tertiary
structures like beta-sheet forming amphiphilic peptides can be
synthesized by classical stepwise solution synthesis or chosen from
combinatorial libraries of structure-forming amino acid sequences.
Their manifold assembling capabilities were explored in detail
[24,25]. Although peptides which self-assemble to large extended
sheets, tubes or fibers are nowadays well-known, novel particulate
architectures which were constructed by playing some sort of
“peptide Lego�” are still rare. Exploiting geometrical principles,
a few novel self-assembled protein complexes have been con-
structed by rational design of peptide building blocks [26,27].
Padilla and co-workers and Matsuura and co-workers created
polyhedral cages through programmed self-assembly of designed
peptides [18,28]. Cloning techniques allow the expression of fusion
peptides in which different block sequences form various struc-
tures. Sugimoto reported about the construction of a protein ball-
spike supramolecule by fusing the b-helix forming gp5 protein of
the T4-bacteriophages to the cage-forming subunits of Listeria-Dps
(DNA-binding proteins from starved cells) at the corresponding
symmetry axis. The protein self-assembly leads to the formation of
a tetrahedral arrangement of the four helical spikes with the Dps
cage in the middle [29]. Such proteins can assemble to new archi-
tectures for which nature delivers the construction kit. The rational
design of the conformation of protein complexes to build novel
enzymatic and other biological complexes seems not out of reach
(Fig. 2).

Proteins can display a vast variety of functions. Enzymatic and
immunospecific reactions etc. are the natural working domain of



Fig. 2. a) Design principle for self-assembling cage or layer forming fusion protein. The formed nanostructure depends on the geometry of the linker between the symmetrical self-
assembling subunits [26]. (Reprinted from Current Opinion in Structural Biology 12, Yeates and Padilla, Designing supramolecular protein assemblies, 464e470, Copyright 2002,
with permission from Elsevier) b)ed) Realization of a ball- and spikes- protein supramolecular assembly: b) The dodecahedron cage of the ferritin-like protein Dps from Listeria
innocua along the three-fold axis with the three subunits surrounding the axis in different colours. c) Schematic drawing of the subunit and self-assembly of the b-helix domain of
bacteriophage T4 (gp5 C). d) Model of self-assembled Dps-gp5 C fusion protein which was constructed by fusion of the N-terminus of the Dps subunits (depicted in b) in red) with
the C-terminus of the gp5 C protein (depicted in c) in red) via a flexible 22 residue linker at the corresponding three-fold symmetry axes. Two orientations along different symmetric
axis are shown and with examples indicated in the corresponding images from negatively stained transmission electron microscopy [29] (Sugimoto et al. Construction of a ball-and-
spike protein supramolecule. Angewandte Chemie e International Edition 2006, 45, 2725e2728. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.).
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proteins. However, peptides can also interact with metal or other
inorganic substrates, a domainwhich only recently came into focus
[30e32]. Through modern biomolecular techniques, peptides with
non-natural and previously unknown functions can be selected
and identified. The display technologies are an elegant example of
evolutionary screening principles to identify substrate-specific
binding properties [33]. Many different aptamers, protein
sequences which show specific affinities, have been identified by
this route [34,35]. The approach shows that the use of biomolecules
is not restricted to native conditions and natural working fields but
can be engineered for their use in hybrid structures and devices,
which is an invaluable advantage [36].

3. Bionanoparticles

Meanwhile, a number of different protein cage architectures are
known and characterized to great detail. In this section, we will
introduce some prominent examples, including icosahedral and
rod-like plant viruses and ferritin, which have all been used by
many research groups during the last decade. They are commer-
cially available or can be produced by rather simple biological
procedures. This section should give the reader who is unfamiliar
with the matter a general idea about protein cage architectures.

The robust nature and easy accessibility made cowpea mosaic
virus (CPMV) one of the best investigated viruses and most widely
used plant virus in bionanotechnology [37]. It is an isometric plant
virus with pseudo-T¼ 3 icosahedral symmetry and a diameter of
approximately 30 nm (Fig. 3a) [38]. The crystal structure is refined
at 2.8�A resolution [39] and the bipartite genome is fully sequenced
[40]. The 60 small capsid proteins (S, domain A) are arranged as 12
pentamers at the 5-fold axis and the 60 large ones (L, domains B
and C) as trimers at the 3-fold axis. The natural host range is
restricted to legumes. Infection leads to chlorotic mottling and
yellow mosaic pattern. Experimentally, high yields of virus can be
obtained from infected leaves of black-eyed pea plants (Vigna
unguiculata) after mechanical transmission. Typically 100 g fresh
leaves deliver 100e200 mg of virus [41,42].

Turnip yellow mosaic virus (TYMV) is the type species of the
genus Tymovirus (family Tymoviridae) [43]. Their capsid exhibits
T¼ 3 icosahedral symmetry with a diameter of approximately
30 nm. The protein shell is made up of 180 chemically identical
subunits and is specially stabilized through hydrophobic pro-
teineprotein interactions. TYMV particles show distinct and clearly
visible surface structures (Fig. 3b) [44]. There are two main sed-
imenting components, the protein shell with no or little amount of
RNA (T-component) and the capsid containing the single infectious
virus genome as (þ) ssRNA (B-component). The host range is
restricted to dicots. Chinese cabbage (Brassica campestris ssp. chi-
nensis and ssp. pekinensis) is found to be a useful host for propa-
gation from which it can be obtained in large amounts and good
yields [45]. TYMV and its crystalline assemblies have been inves-
tigated and characterized in great detail by atomic forcemicroscopy
with high resolution [46,47].

Tobacco mosaic virus (TMV) was the first virus that was isolated
(Stanley 1935, Nobel Prize 1946) [48], and since then, TMV has been
connected with many scientific milestones in biochemistry in
general and virology in particular [49,50]. The tobacco mosaic virus
(tobamovirus; unassigned genus), is a rod-shaped virus with helical
symmetry [51]. The rigid tubes of approximately 18 nm� 300 nm
have a central hollow core of 4 nm. 2100 subunits of a single coat
protein enclose the single RNA genome in form of a right-handed
helix (Fig. 3c). Distinct contacts between each subunit with three
nucleotides lead to an in vivo and in vitro self-assembly of purified
coat protein with viral RNA into infectious particles. As most



Fig. 3. Examples of bionanoparticles and their images in transmission electron microscopy (virus samples negatively stained with phosphotungstic acid). a) Cowpea mosaic virus
(CPMV): Ribbon diagram of the coat protein subunits (BC and A) and domains (A, B and C) and contour surface plot with corresponding colour coding. The axes of the icosahedral
pseudo-T3 symmetry are indicated. b) Turnip yellow mosaic virus (TYMV): Ribbon diagram of the identical coat protein subunits and domains (A, B and C) and contour surface plot
with corresponding colour coding. The axes of the icosahedral T3 symmetry are indicated. The TEM image shows the distinct surface morphology of the protein capsid. c) Tobacco
mosaic virus (TMV): Ribbon diagram of the coat protein subunit and biological molecule. The identical subunits (blue) arrange in a helical manner with distinct contacts around the
DNA (red) in the inner cavity. The black line indicates the axis of the rod. The TEM shows a high magnification insert of a lying rod and a perpendicular disc. d) Ferritin: Ribbon
diagram of the protein subunit and biological molecule. One of the 24 identical subunits is labelled in red. The symmetry axes of the rhombic dodecahedral arrangement are
indicated. The ferritin sample was not stained and only the mineral cores can be seen [20].
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filamentous molecular assemblies, TMV does not crystallize. Today,
the structure is resolved to 2.9�A and 5�A by fiber X-ray diffraction
[52] and electronmicroscopy [53,54], respectively. The coat protein
alone assembles into small disks and short helix structures
depending on pH, temperature and ionic strength as reviewed by
Klug [55]. The unique highly anisotropic shape and easy production
[41,56] made TMV for many years a model system of choice for
many investigations in analytics and surface science, e.g. scattering
techniques [57,58].

Ferritin represents a family of proteins with widespread biolog-
ical importance [59], however, most of the time ferritin from horse
spleen (HSF) is used. 24 protein subunits self-assemble to form
a cage with an outer diameter of approximately 12 nm and an inner
cavity of approximately 8 nm that is filledwith hydrated ferric oxide
(ferrihydrite Fe2O3� nH2O) (Fig. 3d) [60,61]. Ferritin preparations
from natural sources possess some heterogeneity, arising from
irreversibly aggregated dimers and trimers (polymeric forms) as
well as from different iron contents which can vary from a few
Fe-atoms to clusters with up to 4500 Fe-atoms. The protein shell is
usuallyheterogeneous, too, andconsists of amixture of twodifferent
subunits, termedH forheavyandL for light chain. The ratioofHandL
varies between organisms as well as between different tissues
within an organism. Each subunit protein forms a four-helix bundle
that is arranged in 12 anti-parallel pairs to build a roughly rhombic
dodecahedron shape [62,63]. The resulting three-fold channel is
hydrophilic in nature and considered as the entrance for cations to
form the mineral core while the fourfold channel is hydrophobic in
nature. Both have a diameter of 0.3 nm. The formation of themineral
core is a catalytic multi-step process whose mechanism has been
investigated in great detail and is quite well understood [61,64,65].
The sequences of different subunit chains are known and have been
cloned and expressed in Escherichia coli to form recombinants
devoid of the natural subunit heterogeneity of ferritin [66,67]. The
subunits self-assemble in vitro to a 24-mer shell but only those
subunits incorporating the H-chain with the ferroxidase center can
be fully reconstitutedwith an iron core under native conditions [68].

4. Self-assembling protein materials in nano- and
biotechnology

4.1. Overview

The chemically well-defined and monodisperse particulate
nature of biomolecules is the basis for using themas self-assembling
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building blocks for hierarchically nanostructured materials and for
the production of bio-(in)organic nanoparticles [69]. The outer
surface of proteins and protein cages has been employed as poly-
valent scaffold similarly to dendrimers or multiple antigene
peptides. Besides site-specific chemical conjugation reactions,
biomolecules can be produced under genetic control which allows
a priori ultimate control of the chemical structure and functionality.
Such modified protein materials have been used e.g. as nanoscale
building blocks with novel functionality or as vaccines. The interior
cavity has been utilized as size-constrained reaction vessel for the
production of nanomaterials or for encapsulation of drugs and labels
for theragnostic applications in biomedicine. The self-assembling
properties can be used for the construction of ordered functional
arrays or nanowires. Fig. 4 gives a schematic categorization of fields
in which self-assembling proteins and bionanoparticles have been
used in the fabrication of hybrid materials.

4.2. Polyvalent scaffolds

Recently, the topological analogy of plant viruses to dendrimers
has been exploited in a number of organic reactions (overview [70];
selected examples [71e73]). Many researchers made use of the
unique dendrimer-like polyvalent properties of the protein capsid
for the synthesis of monodisperse and highly functional bionano-
particles. The close proximity of different labels could be shown by
fluorescence resonance energy transfer (FRET) of differently
introduced fluorescein and rhodamine dyes [74,75]. The advantage
of symmetric protein complexes over dendrimers is that their
structure is defined and can be known with atomic resolution.
Labels can be introduced either on the assembled bionanoparticle
or on the disassembled protein subunits. Care has to be taken then
to direct the modifications to sites which are not involved into the
self-assembly process and may impede the formation of the
bionanoparticle.

A vast literature emerged from the first report about using
cowpea mosaic virus particles as addressable nanoscale building
blocks [76]. Besides carboxylic groups [77], especially uniquely
addressable amino groups from lysine residues have been used in
Fig. 4. Schematic overview of different uses of bionanoparticles in bionanotechnology.
conjugation reactions on the CPMV capsid’s exterior [78]. The
number of attached labels can be controlled through the excess
amount and the conjugation chemistry. Thus, e.g. FITC reacts
exclusively at one lysine amino group on the small subunit (KS38)
while up to four lysine amino groups per asymmetric unit can be
addressed with N-hydroxysuccinimidyl (NHS)-activated fluores-
cein if the dye/protein subunit ratio is increased up to 2000. Under
less forcing conditions only KS38 is usually labelled. Many different
labels, e.g. dyes, polymers, quantum dots or antigens have been
introduced on the surface of CPMV using well-established chemical
crosslinking procedures which employed either direct activation or
bifunctional crosslinking agents. An exhaustive and current over-
view over the surface reactivity of CMPV is given by Steinmetz et al.
[79,80]. Limited stability of the virus in aqueous organic solvents
seems to be the only restriction for conjugation reactions (stability
for up to 50% DMSO in buffered solution at pH¼ 3e9 and room
temperature for prolonged time or at 60 �C for at least an hour was
reported). Functional groups can be introduced on the virus surface
by chemical conjugation strategies or through site-directed and
insertional mutagenesis in clones. While the first offers larger
variability of modifications the latter allows ultimate control of
composition and location. As an example, hexahistidine-metal
affinity ligands have been introduced by both ways [81,82].

An extremely powerful orthogonal method for (bio-) conjuga-
tion reactions is copper-catalyzed azide-alkyne cycloaddition
(CuAAC), also descriptively called click-chemistry [83,84]. In
a unique and highly selective reaction, alkynes and azides react in
a [3þ 2] cycloaddition to form a triazol without interference from
other functional groups of biomolecules. The proper choice of the
copper catalyst and ligand greatly enhances the performance and
applicability of the reaction to various substrates and scaffolds
[71,85]. Installing the necessary azide or alkine groups on the bio-
logical scaffold can be done by conventional strategies, e.g. NHS-
activated esters or by genetic engineering with non-canonical
amino acids (see Fig. 18, 20). Click-chemistry has proven as the
currently most efficient coupling strategy which allows single-site
conjugation reactions also with large macromolecules. For
example, Sen Gupta et al. managed to decorate CPMV with up to
125 alkyne-terminal side-chain glycopolymers with an average
molecular weight of 13 kg/mol [86]. Previously, the attachment of
e.g. PEG was limited to short polymer lengths and low labelling
ratios. Under forcing conditions, up to 70 NHS-activated PEG-2000
but no more than 29 PEG-5000 could be attached per virus particle.
The glycopolymer was additionally end-functionalized with a fluo-
rescent dye which allowed convenient estimation of the number of
bound polymer chains after separation from excess polymer.
Another convenient feature of the click-reaction is the formation of
fluorescent moieties upon formation of the triazol from non-fluo-
rescent starting materials [87]. “Fluorogenic” reactions greatly
facilitate the tracking and analysis of the conjugation reactions
without further labelling or chemical quantification reactions
[88,89].

Recently, also other plant viruses were employed as a polyvalent
scaffold, particularly turnip yellow mosaic virus (TYMV), an icosa-
hedral virus with a diameter of approximately 30 nm and a shell
composedof 180 identical subunits. Reactionswithdyes underNHS/
EDC (1-(3-dimethylaminopropyl-3-ethylcarbodiimide) hydrochlo-
ride)-activation were used to address lysine amino groups and
carboxylic groups [90]. The close proximity of orthogonal address-
able amino and carboxylic groups was shown by dual labelling with
terbium complexes as donor and Alexa-488 fluorophore as acceptor
by time-resolved fluoroimmuno assay (Fig. 5) [91]. TYMV worked
as a prototype protein scaffold for sensor development because
the fluorophore was anchored via specific ligandereceptor (bio-
tineavidin) binding.



Fig. 5. Example for orthogonal labelling of bionanoparticles: Dual labelling of turnip yellow mosaic virus (TYMV) with an NHS-activated terbium complex ligand and biotine-amine
after activation of the surface accessible carboxylic acid groups of the virus coat protein with sulfo-NHS/EDC [91].
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Few organic conjugation reactions have been reported for TMV
because the commonly functional groups targeted for bioconjugation
are not available on the exterior protein surface of TMV. Endo and co-
workers used a genetically engineered TMV coat protein for the
conjugation of porphyrin-maleimide. Self-assembly of the modified
coat proteins to discs and rods leads to the formation of light har-
vesting arrays [92]. The same strategy was followed by Miller et al.
who installed differentfluorescent chromophores on the coatprotein
to achieve broad spectrum light collection with high efficiency [93].
The work of Schlick et al. significantly broadened the range of
modifications [94]. They introduced themodification of the tyrosine-
139 residue using diazonium salts; the robust protein assembly
allowed also harsh conditions. Click-chemistrywas used successfully
for modification of the virus as well [95].

Modification of ferritin is of special interest because it enables to
change the surface-assembling properties of the particles. Ferritin
with its unique cavity is able to house many different inorganic
materials and offers thus the chance to produce functional assem-
blies from the hybrid nanoparticles with interesting electronic,
magnetic and optical properties (see below). Ferritin particles with
reversed overall charge (‘cationic ferritin’) [96] and hydrophobic
solution properties (‘hydrophobic ferritin’) [97,98] were prepared.
Conjugating PEG-chains to the protein capsid produced ferritin that
could be stably dissolved in organic solvents [99]. Zheng et al.
functionalized ferritin with a numer of initiating sites for ATRP
polymerization and subsequently grafted oligo ethyleneglycol
methacrylate-polymer chains from the ferritin protein shell [73].
This conjugate was also shown to be soluble in dichloromethane. In
all these works, surface exposed carboxylic groups were addressed
through carbodiimide-mediated amide formation.

A major advantage of proteins is their ultimate precision
regarding composition (primary structure) as well as conformation
(secondary e structure). An elegant way to alter the amino acid
sequence and chemical structure is genetic engineering. Thus,
the expression of coat proteins and in vitro self-assembly of the
subunits allow the synthesis of non-natural virus capsids (virus-like
particles, VLP). Substitution with non-natural amino acids provides
protein complexes with novel desired functionalities at locations
with ultimate precision. Finn and co-workers demonstrated the
synthesis of virus-like particles derived fromhepatitis B virus (HBV)
and bacteriophage Qb which contained azidohomoalanine and
homopropargyl glycine [100]. The VLPs could be labelled post-
translationally with dyes, linkers, metal complexes or proteins
through CuAAC (see Fig. 17). Ferritin chains were cloned and
expressed in E. coli and self-assembled readily in vitro to intact cages
[67]. The introduction of specific binding sequences is of particular
interest in bionanotechnology. Combinatorial phage display tech-
nology is a valuable tool to identify and isolate bindingmotifs on the
coat protein of bacterioviruses [33]. Libraries of random peptides as
part of the phage coat protein are screened in a few rounds of
selection for binding affinity to different inorganic materials
[30,101]. Identified peptide sequences can be incorporated into the
E. coli expression vector for the ferritin subunit. Kramer et al. fused
a sequence to the C-terminus of the coat protein which binds
specifically to silver nanoparticles and directed thus the formation
of silver nanoparticles to the interior of the ferritin cage (Fig. 6)
[102]. Antigenor other sequenceswhich are fused to theN-terminus
of the subunit will be displayed on the exterior surface and yielded
functional particles for cell targeting, diagnostic purposes or affinity
for inorganicmaterials [103,104]. Both insertions do not hamper the
self-assembly properties of the subunits to intact particles.

The presented plant viruses and ferritin have an intrinsic
symmetry and thus the chemical functionalities are distributed over
theparticles’ surface in a regularmanner. Chemicalmeans have to be
employed to break the symmetry. Young, Douglas and co-workers
used a solid-phase synthetic approach [105,106]. LiDps, the DNA-
binding protein from Listeria innocua, consists of 12 subunits that
self-assemble into a hollow protein cage with an outer diameter of
9 nm, was first bound to solid-phase support particles via disulfide
linkages. Three out of 12 of the functional groups on the outside of
the protein cage remain unoccupied and can be labelled. Cleaving
LiDps from the support left the other nine free cysteine groups for
reaction with a second label. Unsymmetrically functionalized
particles tend to much less crosslinking phenomena than Janus-like
particles. The in vitro self-assembling properties of bionanoparticle
subunits allow also another approach, namely the mixed self-
assemblyof differently functionalized subunits. Thishas been shown
e.g. for the Cowpea chloroticmottle virus or ferritin [107,108]. Labels
can also imped the self-assembly properties. Mueller et al. show
a nice example for differently modified TMV coat proteins [109].



Fig. 6. a) Gene construction of a ferritin subunit with silver binding peptide for display
on the interior of the assembled cavity. b) Incubation of non-modified ferritin, silver
binding peptide and engineered ferritin and c) the corresponding UVeVis spectra. d)
Uranyl-stained TEM image of assembled engineered ferritin particles with silver cores.
e) High-resolution image of a silver core showing lattice fringes. Reprinted with
permission from Ref. [102]. Copyright 2004 American Chemical Society.
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4.3. Protein cages as templates for constrained nanomaterials
synthesis

When in the beginning of the 1990s research was focusing on
the preparation of well-defined nanoparticles, Mann and Meldrum
were the first who made use of the cage structure of the iron-
storage protein ferritin as size-constrained reaction vessel [110,111].
The interest went well beyond understanding biomineralization
but was looking to use bio-nanoreactors for the production and
encapsulation of non-native technologically relevant inorganic
materials.

Ferritin became the prototype of a bio-inorganic composite
nanoparticle [15]. Since then, numerous different inorganic cores
have been synthesized inside the capsid, e.g. semiconductor
nanoparticles of CdS [112], CdSe [113], ZnSe [114] and PbS [115] or
metallic nanoparticles of Pd [116] and Ag [117] and many more but
to name a few (Fig. 8). Various fields of applications have been
demonstrated for these bio-inorganic particles in parallel [118,119].
Two approaches have been mainly followed for the templated
nanoparticle synthesis: Either reassembly of the protein cage from
the subunits in presence of the material which should be encap-
sulated or incubation of the empty and intact apoferritin with the
respective metal ions, followed by conditions inducing slowly the
mineral precipitation (Fig. 7). The accessibility of the interior is
restricted by the size of the hydrophilic channels in the protein
cage. The directed mineralization inside the capsid is prerequisite
for the controlled synthesis of nanoscale materials without non-
specific bulk precipitation. In vivo, the formation of the ferrihydrite
core is enzymatically controlled through the ferroxidase site at the
interior protein surface. For non-ferroxidase substrates or for
mineralization in virus capsids which is not assisted by specific
proteins, the spatial selectivity is controlled by charged nucleation
sites at the protein interface. Previously unknown ferritins from
life-forms in extreme conditions, e.g. the hyperthermophile Pyro-
coccus furiosus, allow expanding the synthetic conditions for
preparation of hybrid materials e.g. to high temperatures [120]. An
expanded temperature range can be of importance when nano-
particles with different crystalline phases and e.g. better magnetic
properties are desired.

Only the maximum loading of the protein cage gives a good
uniform size distribution of the formed nanoparticles and thus, the
interior dimensions of the protein cage dictate the final size of the
core. Other ferritin cages with smaller cavity sizes have to be
chosen for the bio-templated preparation of smaller inorganic
nanoparticles. For example, the 5 nm cavity of the dodecameric
bacterioferritin from L. innocua shares structural features with
ferroxidase sites [121]. Cobalt oxide nanoparticles or ultrasmall
platinum clusters were successfully prepared [122,123].

The approach was also expanded to plant viruses and many
other protein cage systems, e.g. heat shock proteins [118,124,125].

4.4. Bionanoparticles as scaffolds and templates for materials
synthesis

Viruses can serve as building blocks or can be used themselves
as scaffolds for the fabrication of novel bio-(in-)organic nanoscale
and nanostructured materials [124]. Of particular interest are one-
dimensional conducting nanostructures that can be used to build
nanoelectronic devices. Phospholipid tubes or microtubules are
classical templates for filamental or rod-like structures [126].
However, both suffer from limited stability because they are non-
covalent assemblies and sensitive to solution conditions. The highly
functional, negatively charged DNA has been routinely utilized for
decoration with nanoparticles or deposition of conducting metal
layers [127]. Polypeptides which form preferably highly stable
structures like b-sheets can also form considerably stable fibers
which provide a robust and highly functional template for metal-
lization [128,129].

TheM13 bacteriophage has a filamentous shapewith a length of
over 800 nm. The coat proteins are very amenable to changes via
genetic engineering. Particularly, the easy genetic manipulation
enabled the development of the above mentioned phage display
technology. With this technology, specific binding sequences of
inserted peptide libraries on the virus protein coat can be identified.
Thus, it was an evident step to engineer phages and produce bio-
inorganic hybrid assemblies. Insertion and expression of specific
binding sequences can be achieved either for the coat protein only at
the ends or along the whole virus capsid [130,131]. Annealing of the
phageswith ZnS or CdS nanocrystals aligned along the virus yielded
long single crystalline semiconductor nanowires [132]. The two-
dimensional assembly of the phages on electrostatically cohesive
films of polyelectrolytes onmacroscopic length scales represents an
interesting approach for novel nanostructured and functionalized
polymer surfaces for sensor or battery applications [131,133].

The rod-like tobacco mosaic viruses (TMV) have the additional
advantage of being rigid and shape persistent. Thus, TMV is an
attractive template and utilized in wild-type or genetically engi-
neered form in a number of approaches to synthesize nanowires



Fig. 7. Ferritin for the template synthesis of inorganic nanoparticles. a) Ferritin as nanoreactor. b) Synthesis of nanoparticles by the disassembly/reassembly route. Removal of excess
salt by dialysis or gel filtration is optional as the ferritin cavity provides for some reactions a specific reaction environment over the surrounding.
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[134]. Improved synthetic protocols enable the synthesis of virus
rods which were homogeneously and densely coated with e.g.
gold nanoparticles or platinum clusters [135,136]. However, the
conductivity of such rods is poor because the single nanoparticles
are electrically isolated. Royston et al. introduced a procedure in
which they stabilized the TMV template with a thin silica shell
before metal deposition. Polyaniline-coated TMV was sufficiently
stable to withstand harsh Stöber conditions. TMV-silica composite
rods were then successfully coated in silver, gold, palladium or
platinum salt solution upon reduction with dimethylaminoborane
[137]. In another similar approach, conducting poly(styrenesulfo-
nate)-doped TMV-poly(aniline) fibers were coated with in solegel
process with titania [138]. Such fibers could find application in
nano-sensor devices because they combine inherent conductivity
with a nanoscale catalytic surface. TMV with an additional inserted
cysteine in the coat protein could readily be metalized with nickel
Fig. 8. Ferritin templated synthesis of nanoparticles. a) TEM image of CdSe nano-
particles formed in apoferritin. The insert shows a high-resolution image of a single
CdSe nanodot. b) Size distribution of CdSe cores obtained from TEM. c) A gallery of
various semiconductor/ferritin bionanodots. Dps from Listeria yields smaller particles.
All images were stained with aurothioglucose [118]. Reproduced by permission of The
Royal Chemical Society.
or cobalt through an electrodeless plating procedure [139]. Inter-
estingly, if the reaction were done in the presence of gold-coated
silicon substrates, the virus would have ordered perpendicular to
the surface. Such assemblies had a very high surface area and could
be suitable for the fabrication of microbatteries [140,141].

TMV was also used as template for the preparation of organic
conducting nanofibers (Fig. 9). In a typical synthesis, aniline was
oxidatively polymerized at room temperature in aqueous solutions
of TMV [142e145]. At near neutral pH-values, long fibers with few
ten micrometers in length and 21 nm in diameter (measured by
TEM) were formed through the head-to-tail self-assembly capa-
bilities of TMV. The assembly process was further enhanced by the
surface polymerization of aniline. The electrostatic interaction of
aniline/polyanilinewith the negatively charged coat protein surface
restricted the polymerization reaction exclusively to the virus
surface. Bruckman et al. investigated the formation of fibers after
functionalization of TMV [143]. The uncharged coating prevented
interaction with aniline and no surface polymerization was
observed. However, introducing sulphate groups on the tyrosine
moieties of the subunits increased interaction and prevented the
formation of long fibers because head-to-tail assembly was
hindered. In contrast, ammonium thiophene could be polymerized
successfully in presence of unmodified TMV at near neutral pH,
similarly like aniline. The reaction pH influenced themorphology of
the final product as well: Only single tobacco mosaic viruses could
be observed at low pH< 2.5. At intermediate acidic pH¼ 4, initially
formed single composite fibers tended to aggregate during the
course of the reaction to form fiber bundles. Long and well
dispersed single fibers were obtained only at near neutral pH [145].
The non-conducting fibers of branched polyaniline which formed
at near neutral pH could be converted to conducting and well
water-soluble fiberswhen aniline is polymerized in a second step at
low pH in presence of polystyrenesulfonate [142].
4.5. Surface patterning with self-assembled bionanoparticles

4.5.1. Decoration of solid surfaces with bionanoparticles
The monodisperse nature of proteins and bionanoparticles

makes them readily crystallizing in regular patterns on surfaces
[146,147]. The adsorption and manipulation of two-dimensional
arrays of ferritin on various surfaces and interfaces has been
investigated intensively and in great detail [148e150]. Bacterial
surface layers (termed S-layers) are a prominent example of
ordered two-dimensional arrays of proteins at interfaces [151,152].
The protein sheets exhibit almost pure crystalline symmetry and
are oriented with a different top and bottom side.



Fig. 9. Synthesis and TEM images of a)ec) short PSS/PANi/TMV rods (pH¼ 5 non-
conducting; pH¼ 4 conducting) and of d)ee) long fibers PANi/TMV (non-conducting)
and PSS/PANi/TMV (conducting). f) UVeVis spectra of native TMV and the polymer/
TMV composite rods and fibers. The three absorption peaks at w420, 320 and 825 nm
indicate the formation of conducting emeraldine salt form of PANi. Adapted in part
with permission from Ref. [142]. Copyright 2007 American Chemical Society.

Fig. 10. Unstained TEM image of ferritin array on carbon film. The ferritin array was
transferred from the watereair interface to a holey carbon grid and reinforced by
carbon coating. Reprinted with permission from Ref. [154]. Copyright 2006 American
Chemical Society.
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The formation of regular 2D-arrays of viruses or ferritin on liquid
interfaces depends critically on solution conditions and the pres-
ence of e.g. cadmium ions or adsorptive layers, either formed
through initially spread proteins, charged polypeptides or surfac-
tants. After pick-up on a hydrophobically coated silicon wafer,
2D-crystalline ferritin arrays could be thermally treated to remove
the protein shell and fix the iron-oxide core on the substrate [149].
The possibility to fill the ferritin cavity with different inorganic
materials makes it a versatile platform for nanoparticle arrays.
Although the formation of 2D-crystalline arrays is experimentally
still a delicate task, Yoshimura and co-workers have managed to
produce excellent arrays of ferritin and Dps loaded with inorganic
minerals over large areas (Fig. 10) [153,154]. Unfortunately, the
experimental difficulty of this procedure makes the fabrication of
arrays by this method unsuitable for robust device production. The
surface crystal growth from a three-phase contact line has been
proposed by Ikezoe et al. as an appealing simple method to prepare
very large scale, well ordered and dens two-dimensional assemblies
[155]. Selective nanoscale positioning of ferritin was realized by
target-specific peptides that had been fused to the surface exposed
N-terminus. Such modified ferritins bind with good selectivity to
the respective inorganic surface and thus allow the formation
of nanodot-arrays on arbitrarily lithographically pre-structured
surfaces [156]. A printing method based on lithography controlled
dewetting has been used to produce single lines of assembled
ferritins [157]. Strong covalent binding yields dense but usually
irregular assemblies. For example, gold surfaces were activated
towards amide bond formation by a self-assembled layer of disul-
fides, carrying a succinimidyl moiety. Ferritin formed irregular
assemblieswith occasional formationof aggregateson such surfaces
[158]. The same was observed when ferritin was thiolated with
2-iminothiolane hydrochloride and covalently immobilized on
gold surfaces [159]. Electrostatic adsorption of ferritin can be ach-
ieved with appropriately chosen surface potential and ferritin
particle charge. The electrostatic interaction potential can be
adjusted through the buffer strength, thus varying theDebye length,
i.e. the distance over which electrostatic interactions are greatly
attenuated. Calculation of the spatial distribution of the total
interaction free energy was performed for regular 15 nm disc
pattern of 3-aminopropyltriethoxysilane (APTES) on a siliconwafer
[160]. Single ferritin particles could be deposited on the APTES
islands under optimized electrostatic conditions. Such selectively
deposited nanodots can be part of a more sophisticated nano-
electronic system. For example, the mineral cores can work as
catalyst for carbon nanotube growth [161]. For applications in
nanoelectronics where irregular quantum dot arrays are sufficient,
simple droplet evaporation methods, convective assembly or spin-
coating on polyelectrolyte layers can be done. They yield dense
arrays without crystalline order [162e164].



Fig. 11. a) Confocal laser scanning microscopy of a perfluorooctane-in-water emulsion,
stabilized by fluorescein-tagged CPMV. b) AFM image of a CPMV stabilized poly
(dimethyl siloxane, PDMS) surface after UV-crosslinking. c) AFM image of a TMV
stabilized PDMS surface after UV-crosslinking. d), e) SEM image of the sample in c).
Black lines should guide the eye.
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Functional nanoarrays of adsorbed plant viruses have been ach-
ieved through electrostatic adsorption [165], covalent immobiliza-
tion [166e168] or specific binding. Covalent immobilization yields
usually irregular multilayers due to strong and irreversible virus-
substrate and interviral interactions [166]. The formation of such
assemblies thus depends onvirus concentration, solution conditions
and additives like PEG [167] Chemo-selective binding to line
patterns on a substratewas achieved bynickel-mediated interaction
between the nitrilotriacetic acid-functionalized substrate and the
genetically modified CPMV to present a hexahistidine tag on its
capsid [169]. Soft polymer surfaces led to denser and more regular
patterns than hard surfaces.

Virus layers with their inherent immunological properties and
multifunctional surface were considered as building blocks for the
construction of diagnostic arrays. For example, Steinmetz et al.
investigated the formation of CPMV-multilayer arrays on solid
supportsviabiospecific recognition.Biotin-functionalizedCPMVwas
dual labelledwithfluorescentdyesand immobilizedonstreptavidin-
functionalized surfaces. The layer formation was monitored by
quartz crystal microbalance or fluorescence microscopy [170,171].
The adsorption of non-modified plant viruses and proteins on
surfaces in aqueous buffered solution is mainly governed by elec-
trostatic interactions. The formation of virus layers depends there-
fore on the isoelectric point (pI) and the surface chargeof theparticle.
At solution conditions below pI, viruses should adsorb strongly to
negatively charged surfaces and weakly on positively charged
surfaces; for solution conditions above pI the reverse should hold
true. The largest amount of virus can be deposited at the pI itself
because there is the balance between the opposing trends of parti-
cleesubstrate attraction and particleeparticle-repulsion [172].
However, particle charge is not the only factor which governs the
layer-by-layer assembly of virus capsids and polyelectrolytes. Stein-
metz et al. observed different architectures for spherical and rod-like
viruses in multilayer assemblies. While icosahedral CPMV was
readily incorporated into multilayers in the expected alternating
manner, rod-likeTMVwasfloatingatopof thepolyelectrolyte surface
with spontaneous ordering [173]. A similar effect was also observed
earlier for filamental bacteriophages [133].

The formation of one-dimensional structures is of special interest
for the construction of nanowires and other structures in nano-
electronics. Thus, the controlled deposition and alignment of
conductive wires from TMV is a topic of current investigations. For
example, Velev and co-workers reported the formation of conduct-
ing fibers from flow-aligned tobacco mosaic viruses and covalently
attached gold nanoparticles [174]. Silver enhancement was applied
to finally achieve a continuous conducting metal layer. Micrometers
long, end-to-end assembled TMV with single-virus width were
printed on adhering surfaces from structured hydrophilic PDMS
stamps andwould formviable templates for the preparation of virus
nanowires after metallization [175]. Complex patterns on a single-
particle level were generated on carboxylic acid functional surfaces
by metal-ion mediated selective adsorption. AFM-based dip-pen
lithographywasused togenerate thechemical pattern for theprecise
and oriented deposition of single TMV [176]. Previously, the first
report on TMV assemblies perpendicular to the surface was pub-
lished [139]. A TMVmutantwas created by insertion of an additional
cysteine at theamino terminusof the coat protein. Since this cysteine
is only sufficiently exposed at the end of the viruswhich contains the
30 endof thegenomesequence, preferredvertical arrangementof the
virus rods was observed on gold surfaces.

4.5.2. Adsorption of bionanoparticles to liquid interfaces and soft
polymeric surfaces

Liquideliquid interfaces have been proposed to be “the
emerging horizon for self-assembly of nanoparticles” [177]. Solid-
stabilized emulsions, known as Pickering Emulsions, and protein-
stabilized emulsions are of considerable technological importance
and have been investigated for decades. However, the field expe-
rienced a renaissance after stimulating reports from the group of
Russell and co-workers [178,179]. Soon it was assumed that bion-
anoparticle stabilized emulsions could have interesting applica-
tions in drug delivery or as functional surfaces and interfaces. In
a pioneering report, Russell et al. described the preparation of an
emulsion of perfluorodecalin droplets in water which were stabi-
lized by a monolayer of CPMV viruses (Fig. 11) [180]. Detailed
investigations of the bionanoparticle covered interface showed that
the virus cage is not des-integrating upon their adsorption. Simi-
larly, TMV and TYMV were employed and the formation of the
interfacial assembly kinetically and structurally investigated
[181,182]. Particularly, the anisotropic rod-like TMV assembled
either parallel or perpendicular to the surface, depending on the
solution ionic strength or TMV concentration [181]. While model-
ling of respective surface tension curves indicated that “normal”
proteins like BSA are e at least partially e unfolded at the interface,
direct experimental results are difficult to obtain and sometimes
contradictory. Bionanoparticles with their more distinct shape and
robust structure are better amenable to microscopic investigations.
Scanning force microscopy (SFM) and electron microscopy tech-
niques were applied to image the bionanoparticles assembly at the
interface of an liquid polymer precursor (poly(dimethyl siloxane),
PDMS) which could be crosslinked by UV-light. By this trick, the
equilibrium assemblies of bionanoparticles could be preserved and
investigated in detail. In Fig. 11 it can be seen that the particles form
a dense, although not regular assembly at the interface. Moreover,
TMV was not forming liquid-crystalline arrays with parallel rods.
The emulsions could be washed to remove excess nanoparticles
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and the droplets still did not coalesce. Thus, similarly to proteins,
the bionanoparticles are irreversibly trapped at the interface.

A detailed investigation of the TMV adsorbed at the interface
indicated that the rod was forming strongly curved bends when
crossing each other (Fig. 11). This indicates the strong attraction to
the interface but also a probable softening of the viral nucleo-
protein by surface denaturing upon contact with the oil phase. Such
thin biopolymer monolayer arrays can retain its function. For
example, Zhu andWang showed that a conjugate of b-galactosidase
with polystyrene which was able to self-assemble at the interface
had an increased stability and was active in the enzymatic inter-
facial transformation of lactose to octyl galactoside [183]. Further,
the protein covered interface forms a viable template for bio-
mineralization. Jutz and Böker used bovine serum albumin (BSA)
and ferritin to stabilize oil-in-water emulsions. After exchange of
the water phase with aqueous calcium phosphate solutions, slow
and steady growth of mineral shells was observed [184].

Bionanoparticles were also used to stabilize polymer particles
by assembling at the surface. When poly(4-vinyl pyridine) (PV4P)
in dimethyl formamide was co-dissolved in an aqueous solution of
CPMV, the bionanoparticles enabled solubilisation of the fairly
hydrophobic polymer at pH> 5. Well-defined, sub-micron polymer
spheres were produced upon slow dialysis against water. The poly-
mer was becoming less soluble but the virus was assembling at the
interface and kept it from phase separation and precipitation. Upon
equilibration, a regular and dense assembly of CPMVon the polymer
colloid surface was obtained finally, much of the imagination of
a raspberry (Fig.12) [185]. It was proposed that thefinal productwas
thermodynamically controlled and a simple geometrical model of
the virus size and a hexagonal pattern could explain the decreasing
colloid size with increasing virus mass to polymer mass-ratio
[186]. The approach worked as well for TYMV, ferritin and rod-like
viruses like TMV and bacteriophage [185e187]. The concept can be
considered as an approach to produce responsive drug carriers. The
polymerebionanoparticle colloids can be redissolved at pH< 4,
releasing the surface trapped proteins and therapeutic or diagnostic
species which are conjugated or entrapped in the polymeric core.

Materials and surfaceswith immobilized or “imprinted”proteins
and bionanoparticles can work as viable scaffolds for chemical
selective separations, biomimetic sensors and the development of
biomedical devices andmaterials, e.g. artificial antibodies [188,189].
Fig. 12. a) CPMV and b) TMV assembled at the surface of P4VP particles after dialysis of
the bionanoparticleepolymer mixture against water which lead to desolvation and
phase separation of the polymer. The process is schematically shown in c) [185].
Molecular imprinting of bulk materials with large biopolymers has
faced limitations because removal of the templatingmolecules is as
difficult as the later access of the large analyte molecules. Recent
developments in imprinting surfaces with protein-recognition sites
have solved this problem [190,191]. Suitable protective layers, e.g.
disaccharides and fluoropolymers, mediate the bionanoparticles’
chemical and structural information to the interface and transfer the
complementary chemical functionalities and shape to the matrix.

Bionanoparticles canusuallynot directly bemixedwithpolymers
due to solvent incompatibility. Many polymers are only soluble in
organic solvents and strong polar organic solvents usually denature
proteins if not used in aqueous mixtures with a low solvent-to-
water ratio. Thus, the first step to prepare protein or bionanoparti-
cleepolymer blends is to find a common solvent or to modify the
bionanoparticles appropriately. Alkylated [97,98] or PEGylated
ferritin [73,99] shows good solubility in dichloromethane. TEM
confirmed that the protein cage did not disassemble. Such modified
ferritin could be dissolved in polymer blends. After the initial stim-
ulating report by Russell and co-workers onlymarginal progress has
been achieved. Russell showed that the presence of nanoparticles
changes the morphology of micro-phase-separated block copoly-
mers. For example, lamella-forming poly(2-vinylpyridine)-b-poly
(ethylene glycol) changed the orientation from parallel to perpen-
dicular to the surface in presence of PEG-ferritin but the localization
of ferritin was difficult [192]. In thin films of polystyreneepoly
(ethylene oxide) block copolymers, poly(PEG methacrylate) modi-
fied ferritin was directed to the cylinder phase because of the solu-
bility [193]. Wild-type and modified ferritin were also used for
phase-selective adsorption in phase-separated polymer blends
[194]. Due to itsmultifunctional surface, the ferritin protein cage can
interactwithpolymer chains andefficientlymediate loadbearings to
the matrix. For example, fibers from water-soluble polv(vinyl
alcohol) which have been electrospun from polymereferritin
mixtures had markedly increased toughness (Fig. 13) [195]. This is
also seen in an absolute absence of creep during pH-triggered
actuation of the nanofibrous composite hydrogels [196]. The
composite hydrogels are stable in a wide range of pH-values and
applicable to magnetic resonance imaging-based detectable cell
culture scaffolds due to the superparamagnetic iron-oxide core
[197]. Acid-treated carbon nanotubes which were functionalized
with ferritin were readily dispersed in PVA matrices and the elastic
modulus increased dramatically compared to composites prepared
with pristine carbon nanotubes [198].

4.6. Synthesis of polymerebionanoparticle conjugates

Evidently, bio-(inorganic) nanoparticles exhibit interesting
propertieswhich could add valuable functions and functionalities to
various other materials, surfaces and interfaces or function as
therapeutic or diagnostic agents by themselves. Biomacromolecules
can be covalently linked to polymers, used in blends or immobilized
on functional polymeric surfaces. The covalent conjugation to
polymers and (polymeric) surfaces is particularly important modi-
fication processes to prepare proteins and protein complexes for use
in applications, as in biomedicine or as molecular sensors in diag-
nostic assays. We will focus here primarily on the preparation of
well-defined site-specific conjugation reactions. Polymereprotein
hybrid materials are still a niche although they gained steeply
increasing interest in the last years. Undoubtedly, this is connected
with excellent progress in the preparation of well-defined func-
tional polymers via controlled radical polymerization techniques.

Until recently, mostly water-soluble poly(ethylene glycols) (PEG)
were conjugated to proteins. A portfolio of suitably end-functional-
ized and activated PEGs of different chain lengths is commercially
available [199]. This is attributed to the change in pharmaceutical



Fig. 13. a) PVA/ferritin composite fibrous hydrogel from electrospinning. b) Detail of
a fiber showing the dispersed ferritin particles. c) Stressestrain curve showing the
markedly increased toughening of composite fibers [195]. Reprinted with permission
from Shin, Kim et al.: Appl. Phys. Lett. 93 (2008), 163902. Copyright 2008, American
Institute of Physics.
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research from mainly small molecules to therapeutic biomolecules,
often collectively named biologics. The modification of macromo-
lecular biological drugs and drug delivery systems with poly
(ethylene glycol) (PEGylation) is awell-established and -investigated
method to enhance blood circulation time and stability, decrease
non-specific binding and immunogenicity etc. [200,201]. Other
polymers are rarely used for the preparation of polymereprotein
block copolymers, certainly also because of regulatory issues in the
field of biomedicine [202,203]. However, they are considered
important for further improving the pharmacokinetic performance
of conjugates [202,204,205].

The advancements in the preparation of well-defined functional
polymers, particularly the newly developed methods of controlled
radical polymerization, e.g. reversible addition fragmentation chain
transfer (RAFT) radical polymerization or atom transfer radical
polymerization (ATRP) allowconducting controlledpolymerizations
in aqueous solutions at ambient conditions [206,207]. The basic
strategy of controlled radical polymerization techniques relies on
the establishment of a large pool of dormant radicals which can be
easily reactivated and are in equilibrium with propagating species.
Most important, they tolerate the presence of a wide variety of
functional groups. Thus, these polymerization techniques are
particularly well suited for the preparation of polymereprotein
block copolymers, either bygrafting-onto or grafting-frommethods.
Grafting-onto strategies (convergent synthesis) build on the prep-
aration of defined functional polymers which are conjugated to
the biopolymer via reactive groups and established crosslinking
chemistries [208]. For the grafting-from strategy (divergent
synthesis), biopolymers or biological scaffolds are suitably func-
tionalizedwith initiators or transfer agents and the polymer chain is
grown directly from the biomaterial. The different approaches have
been reviewed recently byHaddleton andKlok [209,210]. Since then,
new exciting results have been reported, particularly on grafting-
from approaches under very mild conditions. Figs. 14 and 16 give
a schematic overview over polymerization reactions and functional
versatility. The table is notmeant to be exhaustive but limited to the
most recently reported progress.

End-functional polymers for grafting-onto can be synthesized by
startingwith a suitable functional initiator (optionally protected) or
bymodification of end groups after polymerization (Figs.14 and 16).
For example, Haddleton and co-workers used a 2-bromoisobutyryl
ester with a protecting acetal as initiator for ATRP (Fig. 14). After
polymerization of poly(ethylene glycol) methacrylate (PEGMA) and
deprotection under acidic conditions, aldehyde end-functional
polymers were obtained [211]. Samanta et al. synthesized unpro-
tected benzaldehyde-functional ATRP-initiators for the preparation
of poly(methacryloyloxyethyl phosphorylcholine) (PMPC), a hydro-
philic and biocompatible zwitterionic polymer [212]. Aldehydes are
suitable for conjugation to protein-amino groups via imine-forma-
tion. A second reduction step is necessary to yield stable secondary
amines. N-hydroxysuccinimidyl (NHS) activated esters are most
popular for conjugation reactions to amino groups. However, side
reactions and decreased stability in neutral and alkaline aqueous
solution constitute major drawbacks and result in low conjugation
ratios for difficult reactions i.e. with few accessible amino groups or
long polymer chains. N-hydroxysuccinimidyl esters of 2-bromo-2-
methylpropionate or 2-bromoisobutyrate were used to polymerize
PEG methacrylate or MPC [212e214]. No conjugation or only low
ratios could be achieved for conjugation of MPC with lysozyme or
interferon-a2a. Click-chemistry was considered as a suitable alter-
native because of the high stability of the involved functional
groups, their strict bio-orthogonality and exceptionally high effi-
ciency (see as an example Fig.15). In themost simple case, the azide
group can be introduced through azide-bromine exchange after
polymerization with any conventional ATRP-initiator [215]. To
eliminate this step, Shi et al. used an azide-functional 2-bromoiso-
buturylester for the polymerization of tert-butyl methacrylate. The
polymer was conjugated to alkyne-functional biotin or via a dia-
lkyne linker to azide-functionalized BSA. Side-chain modifications
with glucosamine and a near infrared fluorescence dye produced
multifunctional polymereprotein conjugates [216]. Glycopolymers
with an azide endgroup were prepared by Sen Gupta et al. and
conjugated to CPMV (Fig. 15) [86].

Native free cysteines which are not involved in structure-stabi-
lizing disulfide bridges are less abundant than amines and represent
therefore very interesting targeting sites. Popular coupling strate-
gies make use of Michael-addition of the thiol group to maleimides
or the formation of disulfides. Bontempo and Maynard prepared
a pyridyl disulfide-functionalized bromoisobutyryl ester as initiator
for the controlled polymerization of hydroxyethyl methacrylate
[217]. Around90% of the polymers contained the disulfide endgroup
which were directly usable for conjugation to BSA. The non-cova-
lent, yet very stable avidinebiotin interaction was also employed
to prepare bioconjugates. Biotin-end-functional poly(N-isopropyl
acrylamide) (PNIPAm) was synthesized directly with a biotinylated
ATRP-initiator by Heredia et al. [218]. Ferritin which was covalently
functionalized with thermoresponsive PNIPAm showed reversible
aggregation to raspberry like colloids at temperatures above the
cloud point at 30 �C [219].

The RAFT technique also presents possibilities for a convergent
strategy (Fig. 16). Pound et al. reported that the dithioester-
endgroup of poly(N-vinylpyrrolidone) prepared by RAFT easily
converted to an aldehyde function post-polymerization [220].
The quantitative reaction was shown by NMR, gradient polymer
elution chromatography as well as MALDI-TOF mass spectrometry.
The functional polymer reacted with lysozyme and formed a cova-
lent conjugate after reduction with sodium cyanoborohydride. The



Fig. 14. Reactive end-functional polymers for grafting-onto to biomolecules via ATRP.
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actual number of grafts was not determined. A RAFT agent with an
NHS-activated ester group was prepared for the synthesis of other
functional RAFT agents but not used itself for the preparation of
NHS-terminal polymers [221]. Theato and co-workers presented
the use of a pentafluorophenyl active ester of a dithiobenzoic acid
chain transfer agent (CTA) for the RAFT polymerization of poly
(diethylene glycol methyl ether methacrylate) [222]. Reaction of
the active ester with thyroxin and reduction of the thiocarbonyl
moiety and subsequent reaction with a thiosulfonate derivative of
biotin yielded heterobifunctional polymers [223]. Maynard and co-
workers used the unique single free cysteine of V131C T4 lysozyme
for conjugation of maleimide-end-functional poly(PEG acrylate)
(poly(PEGA)) [224]. The endgroup was obtained from a furan-pro-
tected maleimide CTA. Conjugation with up to 50% conversion was
shown by SEC and SDS-PAGE. The same chemistry was used to
prepare hetero-telechelic poly(N-isopropyl acrylamide) (PNIPAM)
by using a biotin-functional chain transfer agent. The trithiocar-
bonate group was exchanged with the furan-protected maleimide
in a radical reaction. After deprotection, conjugation to two
different proteins, streptavidin via non-covalent binding and BSA
via its single free thiol group, was successful [225,226]. A homo-
dimeric lysine conjugate was prepared, too [227]. Previously, the
authors reported also on the RAFT synthesis of poly(PEGA) with
a pyridyl disulfide endgroup [228]. Deprotected SiRNA with a
50-thiol group was chosen as model compound and successful
conjugation was verified through PAGE by the shift of the bands to
higher molecular weights. Upon reduction, the conjugate band
disappeared and a band at the identical position of the original
siRNA was regained. Sumerlin and co-workers prepared an azido-
functional trithiocarbonate CTA and conjugated such prepared
PNIPAM via click-chemistry to BSA whose cysteines were modified
with a maleimide-functional terminal alkyne [229]. Upon reduc-
tion of BSA, a disulfide bridge was reduced and, additionally to
the sulfhydryl group of the single native free cysteine, two more
cysteines were amenable to modification. In the latter two exam-
ples the second possible functionality originates from the post-
polymerizational reduction of the thiocarbonyl group of the chain
transfer agent. Boyer et al. prepared a truly bifunctional RAFT chain
transfer agent. They modified a trithiocarbonate unsymmetrically
with an azide- and dithiopyridyl-group bearing moiety [230]. A
careful assessment of the click-reaction conditions which do not
cleave the thiocarbonate group is necessary; copper(II) sulphate,
and sodium ascorbate in water/isopropanol (1/1 v/v) proved to
be suitable. Conjugation of the hetero-telechelic PNIPAM was done
to alkyne-bearing biotin and, on the disulfide side, to glutathione
or BSA.

The grafting-onto-approach has intrinsic limitations. Steric
hindrance and/or low stability of the reactive functional group
during long reaction times can hamper conjugation with very long
polymer chains. Further, a distribution in the number of polymer
grafts will result from multiple attachment sites which again may
depend on the graft length. More uniform conjugates can be
obtained, if the polymer is directly synthesized with a protein-
macroinitiator (grafting-from or divergent approach). Lysine amino
groups can be smoothly modified with 2-bromoisobutyryl
bromide. The installation of a precise number of initiating sites at
the protein is the crucial step in the formation of polymereprotein
conjugates with awell-defined number of attached polymer chains.



Fig. 15. Click-chemistry for grafting-from of fluorescently labelled glycopolymers on a viral scaffold [86]. Reproduced by permission of The Royal Society of Chemistry.
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Differences in reactivity and the appropriate excess of reactive
initiator can be used to limit the number of initiating sites. Lele and
co-workers showed that precisely defined conjugates can be
obtained in the case of a single initiating site. However, increasing
the initiator to protein ratio led to a variable number of initiating
sites. This results in a variable number of polymer chains [231].
Moreover, an increased steric crowding led to lower monomer
conversion. Magnusson et al. conjugated the ATRP-initiator via
a succinimide active ester to recombinant human growth hormone.
The oligoethylene glycol spacer helped to achieve full reactionwith
free protein-amino groups and to reduce steric crowding in the
subsequent polymerization of OEGMA [232]. Le Droumaguet and
Velonia chose the unique single free cysteine Cys-34 of BSA as site
for the grafting-from polymerization of NIPAM. The macroinitiator
was prepared by conjugation of a maleimide terminal isobutyl
bromide ester. Polymerization of styrene in a suitable DMSO/water
mixture resulted in giant polystyrene-BSA amphiphiles [233]. The
group of Chilkoti achieved recently the modification of only the
C-terminus of green fluorescent protein with an ATRP-initiator and
the synthesis of well-defined protein-poly(oligo(ethylene glycol)
methyl ether methacrylate) conjugates [234]. Similarly, grafting-
from polymerizations with the RAFT technique were reported. For
example, Davis and co-workers used a dithiopyridyl functional
trithiocarbonate to prepare a monofunctional BSA-macroinitiator
for the polymerization of PEGA or NIPAM while De et al. chose
a maleimide-functional CTA [235,236]. Fully synthetic oligopep-
tide-RAFT agents were prepared on solid supports [237].

Particularly, for multivalent scaffolds with closely located sites,
conjugation of long polymer chains has been difficult [238]. Wang
and co-workers used therefore the grafting-from approach to
decorate ferritin particles with polymer chains. The ferritin protein
cage was functionalized with bromoisobutyrate and served as
multivalent initiator for ATRP polymerization of water-soluble
PEG-240 methacrylate [73]. The number of grafts, i.e. number of
initiating sites, was not determined but experiments with similar
small reagents like bromoisobutyrate showed that all four surface
exposed lysine residues K83, K97, K104 and K143 can be labelled.
The poly(PEGMA)-ferritin conjugate was soluble but aggregated in
both, water and organic solvents. Modification with polymers is
a valuable contribution to develop ferritin as novel drug delivery
system as it combines the great potential of ferritin-like particles
for theragnostic purposes and the advantageous pharmacokinetic
properties of PEGylated proteins.

There are few useful functional groups in peptides and proteins
which allow reactions with sufficient efficiency. The e-amino group
of lysine is very popular because it is often surface exposed and
good accessible. The drawback is their quite high abundance which
makes selective conjugations difficult. The cysteine thiol group is
more reactive but often involved in disulfide bridges with signifi-
cant importance for the structure and must be reduced to the free



Fig. 16. Reactive end-functional polymers for grafting-onto to biomolecules via RAFT polymerization.

Fig. 17. a) Copper-catalyzed azide-alkyne cycloaddition (“click-reaction”) of homo-
azidoalanine substituted virus-like particle (bacteriophage Qb) with alkyne-functional
fluorescein. b) Size-exclusion chromatography of intact, dye-labelled Qb capsids
(fluorescein-absorption at 494 nm co-eluting at the elution volume of the intact capsid
at 14 ml). c) SDS-PAGE showing the band of fluorescein labelled Qb-protein: UV-illu-
mination (lane E), Coomassie staining (lane F). d) SDS-PAGE of Qb-transferrin conju-
gate: lane G same as lane F; lane H showing the high molecular weight bands of the
conjugate. e) TEM image of the intact Qb-transferrin conjugates [100].
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thiol before any reactions. Other amino acids need special reaction
conditions and reagents and have limited value for general conju-
gation reactions. Ultimate goal would be therefore a residue- and
site-specific functionalization strategy of arbitrary choice. The use
of non-canonical amino acids can be a solution for this [239].
Incorporation of amino acids with non-natural functional groups
can be achieved by various chemical or biological pathways. The
introduction of chemo-selective handles and functionalities which
are orthogonal to that of other amino acids in the protein is
particularly valuable. For example, virus-like particles derived from
hepatitis B virus (HBV) or bacteriophage Qb were labelled with
alkyne-derivatives of e.g. fluorescein, biotin, a gadolinium complex
or transferrin by click-chemistry [100] (Fig. 20). The necessary
azido-groups on the virus capsid were engineered by reassignment
of the sense codon of methionine for an azide-bearing analog,
azidohomoalanine. Global replacement of all methionines was
achieved. As the Qb-protein does not contain any methionine
(except eventually at position 1 from bacterial expression), mutants
with methionines at the most exposed position K16 and/or at an
interior position T93 were generated. The coat protein sequences
were cloned into plasmids and expressed in methionine auxotroph
E. coli strains. The replacement did not hamper the self-assembly of
the protein subunits to intact particles which were indistinguish-
able in their physical properties from their native analogs as seen in
the TEM images. HBV was however sensitive to the introduction of
the different labels and low recovery of intact particles was
observed. The Qb-bacteriophage was much less sensitive and near-
quantitative labelling of the 180 subunits with fluorescein and high
recoveries of intact particles (>70%) could be obtained. Moreover,
the conjugation of even very large proteins like the 80 kDa trans-
ferrin, an iron transport protein, was successful. Both reactions



Fig. 18. a) Designed multi-block polypeptide with a b-sheet forming sequence and
a cationic oligo-lysine block for binding of polynucleic acids. b) Schematic model of the
b-ribbon, intercalated dye and siRNA. c) TEM image of b-ribbon/GFP siRNA complexes;
scale bar 50 nm. d) Knock-down experiment performed with 40 pmol GFP siRNA in the
presence of 10% serum [247].
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were analysed by size-exclusion chromatography which showed
the coelution of fluorescein at the elution volume of the intact
particles or by SDS-PAGE (Fig. 20). Mehl and co-workers succeeded
recently in introducing a bromoisobutyramido functionalized
phenylalanine into green fluorescent protein on a single site and
polymerizing oligo(ethylene oxide) monomethyl ether methacry-
late with this protein-macroinitiator in aqueous solution [240]. The
global replacement of amino acids has become a feasible approach
to proteins with non-natural amino acids. However, site-specific
replacements represent still a major challenge and overcoming it
will be a challenging next step in chemical biology.

4.7. Applications

Bio-(in)organic nanomaterials cover a wide range of potential
applications. Functional nanostructures from self-assembling bio-
active building blocks will find use in various fields in biomedicine
[241,242]. Particularly, fiber forming peptide amphiphileswere used
as soft biomimetic scaffolds for tissue engineering [243,244] or as
scaffolds for the mineralization and repair of critical size bone
defects [245,246]. Such molecular assemblies cannot only present
binding sequences and growth factors on their outer surface but also
function as efficient drug and gene carriers if they are stabilized as
small virus-like particles. For example, Lim et al. designed a multi-
block polypeptidewhich self-assembled to smallb-ribbonfilaments.
Small interfering RNA (siRNA) for sequence specific post-trans-
lational gene silencing (RNA interference, RNAi) formed an inter-
polyelectrolyte complex with an oligo-lysine block which was
presented on the surface of the particles (Fig. 20) [247]. The discrete
supramolecular assemblies showed excellent transfection efficien-
cies in green fluorescent protein knock-down experiments with
HeLa cells.Moreover, hydrophobic dyes could be intercalatedwithin
the hydrophobic space of the b-ribbon bilayer to track the intracel-
lular distribution with confocal laser scanning microscopy. Locali-
zation of the complex in the nucleus proved that this nanomaterial
maybe apotent artificial virus for geneanddrugdelivery. Interesting
to note, amultivalent presentation of a charge-neutral carbohydrate
moiety is needed as the outermost layer. It prevents aggregation via
interparticle crosslinking upon adsorption of the siRNA and ensures
high transfection efficiencies. Conjugation of side-chain functional
polymers could render particles with even stronger binding effi-
ciencies or improved pharmacokinetic properties.

Nowadays, biomedical nanotechnology is one of the fastest
progressing fields in nanotechnology, proposing most promising
applications yet within realistic expectations. Viruses and other
protein cages have been used in a variety of applications, like cell
targeting, gene delivery, drug encapsulation and release, vaccine
development and immune modulation. The rigid scaffold and
geometrical constraints of the bionanoparticles are of high impor-
tance for the multivalent presentation of foreign epitopes. Often,
free small peptides exhibit low immunogenicity. The presentation
as fusion peptides on a macromolecular scaffold as carrier of the
antigenic determinant can strongly stimulate immunogenic reac-
tions and enhance the production of antibodies. Such virus-like
particles (VLPs) which mimic the structure of authentic virus
particles represent a novel and promising class of vaccines
[248,249]. Plant viral systems are of particular interest as they seem
to be a safe and non-toxic platform for in vivo biomedical applica-
tions, e.g. investigated for CPMV by Singh et al. [250]. Thus, epitope-
presenting systems based on CPMV and TMV have early been
realized and investigated in detail [37,251]. Viruses displaying
heterologous proteins can be constructed by genetic engineering of
fusion proteins or by chemical conjugation. The choice of method is
determined by strong differences in immunogenic properties of
the resulting virus-like particles and not every conjugate can be
produced by gene expression [251]. Few recent examples concern
the production of carbohydrate based antitumor vaccines, based on
CPMV glycan derivatives. For example, Miermont et al. conjugated
Tn glycan analogs to CPMV capsids [252]. Tn glycan is overexpressed
on many cancer cell surfaces but is a low immunogene itself.
However, significantly increased antibody titers were observed for
the analysed sera ofmice that have been immunizedwith the CPMV
conjugates. That points out the necessity of a highly organized
display of Tn to elicit strong immune response. The produced anti-
bodies recognized MCF-7 breast cancer cell surfaces as shown by
Fluorescent Assisted Cell Sorting (FACS) with a fluorescein labelled
anti-IgG secondary antibody. In another study, Kaltgrad et al. ana-
lysed theproduction of anti-glycan antibodies in chicken induced by
CPMV-carbohydrate conjugates [253]. The binding and internali-
zation of CPMV-based virus-like particles in antigene presenting
cells like dendritic cells, macrophages and B-cells has been inves-
tigated in greater detail by Gonzales et al. [254]. VLPs can also be
utilized as vectors to express valuable recombinant enzymes or



Fig. 19. Quantum dot-based detection of autoantibodies of Type I diabetes. Epitope
presentation on a) genetically engineered multivalent ferritin particles results in much
higher sensitivity than with b) non-supramolecular probes [268].
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single-chain antibodies in plants e a very economical and produc-
tive source of biomacromolecular pharmaceuticals [255].

Considering the excellent packing of polynucleic acid in viruses,
well shielded from the surrounding, protein cages render a stable,
biocompatible coating around enclosed substances or nano-
particles. Such composite core-shell particles can work as excellent
capsules for the delivery of drugs and/or carrier of labels for diag-
nostic purposes (theragnostics). For example, the comparatively
small ferritin particles present less steric hinderance in in vivo
applications than other polyvalent drug carriers and has been of
interest for nuclear magnetic resonance imaging [256]. Upon
reconstitution of recombinant human H-chain apoferritin with
(NH4)2Fe(SO4)/6 H2O and hydrogen peroxide under alkaline
conditions, crystalline iron-oxide cores of maghemite (gamma-
Fe2O3) or magnetite (Fe3O4) were obtained [257]. The magnetic
resonance relaxivities R1 and R2 increased with higher iron load-
ings and came close to the values of clinically known iron-oxide
contrast agents. As the uptake of the mineralized ferritin was
significantly higher than the uptake of iron-oxide particles of other
contrast agents, the macrophage cells incorporated higher total
levels of iron. Gadolinium(III)-based contrast agents have been
prepared as well. Similarly, excellent and higher relaxivities than
with low molecular weight Gd-chelates were obtained [258].
Moreover, the protein shell can serve as a versatile platform for cell-
specific targeting moieties or another therapeutic agent may be co-
loaded into the protein cage. Covalently bound drugs can be
released if triggerable linkers are used. Flenniken et al. bound the
chemotherapeutic agent doxorubicin via the acid-labile hydra-
zone linker to the interior of the small heat shock protein of
Methanococcus jannaschii [259]. The multivalent presentation of
epitopes will enhance and maximize specific binding properties to
tissues and cells and thus increase drug delivery efficiency. Destito
et al. targeted tumor cells with folic acid derivatized cowpeamosaic
viruses [260]. The folate receptor is specifically up-regulated on
a variety of human tumor cells. The significant uptake of wild-type
CPMV was inhibited by PEGylation; redirection to KB and HeLa
tumor cell lines was achieved by PEGefolic acid conjugates
[238,260]. Efficient synthesis via click-chemistry guaranteed the
consistent synthesis of CPMV particles with varying ratios of folic
acid bearing and non-derivatized PEG-chains. Tumor cell surface
carbohydrates are another kind of potential target for immuno-
therapy. Finn and co-workers showed the preparation of virus-
glycopolymer or -glycan derivatives of CPMV [252,261,262]. Such
virus conjugates were found to bind e.g. to CD22, a receptor
specifically expressed on B-cells and B lymphoma cells which need
an effective polyvalent presentation of the respective glycan ligand
[262]. However, there are also examples where uptake does not
benefit from multivalent display of epitopes [263].

The main idea was further developed to ever more complex,
multifunctional nanosystems that work at the interface of physical
and life sciences [264]. Good examples are the multifunctional
MR-theragnostics which Boyes and co-workers recently intro-
duced. The core consisted of a gadolinium-metal-organic frame-
work nanoparticle for magnetic resonance imaging. It wasmodified
with biocompatible reactive polymers carrying a fluorescent tag for
cellular-scale imaging and targeting ligands like GRGDS-oligo
peptides or therapeutic agents like methotrexate, an antineoplastic
drug [265]. Cage-like bionanoparticles offer an easier platform for
such multifunctional nanosystems [70]. For example, viral behav-
iour was investigated by capsid enclosed CdSe-quantum dots in
living cells [266]. In another study, Cotlet, Swanson and co-workers
engineered the subunits of chaperonin, an 18 subunit double ring,
with an oligo-his tag to accommodate water-soluble, dihydrolipoic
acid-coated CdSeeZnO quantum dots [267]. Nanoparticles of the
appropriate size were well accommodated, forming defined 1:1
complexes with the protein ring. The histidine ligands were not
only responsible for an efficient uptake of the nanoparticles but
also for an increased photoluminescence. The potential targeting
capabilities were shown with protein rings which had been
assembled from mixed subunits, some of them carrying a biotin
ligand.

The size uniformity of the particles and the homogeneous
conformational orientation of target-binding probes on a scaffold
are also critical for excellent detection sensitivity in bioassays. Assay
sensitivity is further strongly enhanced by themultivalent display of
epitopes and the high binding capabilities. Thus, an ferritin-based
ultrasensitive detection system for the 65 kDa glutamate decar-
boxylase (GAD65) specific autoantibody, an early marker of Type I
diabetes, was demonstrated with attomolar sensitivity [268].
Human ferritin heavy chain subunitswere genetically engineered to
present the respective epitope (H-FTN-GAD65). The bound anti-
bodies (anti-GAD65mAb) were then detected by a secondary CdSe-
quantum dot labelled antibody through photoluminescence. The
same amount of immobilized non-supramolecular antigene probes
resulted in a detection sensitivity that was at least 6 orders of
magnitude lower, which impressively points out the importance of
a homogeneous scaffold for highest assay sensitivities (Fig. 19). The
simultaneous detection of two analytes, a diabetes and hepatitis
marker, with a mixture of the respective ferritin labels suggest that
multiplexed detection techniques will be feasible. Encapsulated
materials can also be used for directfluorescence or electrochemical
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assays [103,269]. The encapsulation of different ions within the
chemically identical shell or the assembly of the bionanoparticle
shells from differently modified subunits extend the approach to
multiplexed assays.

The unique versatility of ferritin but also other protein and viral
cages to house a variety of useful inorganic materials and the
possibility to control the surface chemistry and thus the assembling
properties, make them a versatile nanoscale platform for the
fabrication of ordered arrays for e.g. nanoelectronics [119]. Yama-
shita and co-workers were one of the first who broke the border
between the well-separated fields of clean-room semiconductor
based nanotechnology and wet biological materials for the fabri-
cation of nanoscale electronic structures [149]. After the synthesis
of nanoparticles inside the protein cavity, self-assembly on
a surface and elimination of the protein moiety, the deposited
nanodots could be reduced and burred in a silicon-dioxide layer
(BioNanoProcess). Such assemblies worked as electron storage
nodes in floating nanodot gate memory devices (FNGM) which are
promising candidates for next-generation non-volatile memory
applications. The structure is very similar to metal-oxide semi-
conductor field-effect transistors (MOSFET) but a nanodot array is
additionally embedded above the channel. Injected charges from
the gate electrode are stored and lead to a pronounced hysteresis of
Fig. 20. a) Co3O4 nanodot array on an SiO2 surface. The nanodots were prepared in apoferr
fabricated to be a part of a MOS field-effect transistor. The crossectional TEM shows the nan
currentegate voltage) of a control device (triangles), quasi-neutral scans (circles) and mem
the drain currentegate voltage curve [270]. Fig. 20 shows the
dense, nevertheless irregular assembly of Co-filled ferritin on
a silicon substrate before device fabrication. A cross-sectional TEM
of the final MOS-structure reveals the monolayer formation on the
substrate. During annealing of the device, partial reduction can be
achieved to provide metal nanoparticles as seen with XPS. The
observed hysteresis in the drain currentegate voltage curve indi-
cated the charge confinement to the embedded nanodots. Large
charge capacity, long charge retention time and good stress resis-
tance were observed when the device was operated as non-volatile
memory [271,272].

A further useful application of self-assembled ferritin bionano-
particles is the use as masks for lithography applications in nano-
electronics. In contrast to conventional colloidal particles, ferritin
and its inorganic core exhibit absolute uniformity which is repli-
cated in the image structure. Kubota et al. deposited ferrihydrite
containing ferritin on a wafer. By etching the silicon support, they
generated 7 nm columns which replicated the exact size of the
deposited ferritin cores [274,275]. Stacked nanodisk structures
were prepared with this technique that exhibited a staircase
quantum effect. The single-electron charging effect was investi-
gated by conductive AFMmeasurements and was observed even at
room temperature [276].
itin and after deposition, the protein cage was eliminated by UV. b) The assembly was
odots embedded in the MOS stacked structure. c) Typical transfer characteristics (drain
ory behaviour under þ/�6 V gate voltage sweep (squares) [273].
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The catalytic properties of entrapped nanoparticles were shown
in a variety of research works. Metal or metal oxide filled ferritin
promotes the growth of suspended, diameter-controlled single-
walled carbon nanotubes. This enables the site-specific growth of
carbonnanotubes for advanced nanoelectronic devices fromsurface
deposited ferritin particles [161,277]. The native ferrihydrite core
efficiently converted toxic chromium (VI) ions to chromium (III) in
aqueous solution when irradiated with visible light [278]. Protein-
stabilized and -shielded semiconductor catalysts may represent
interesting candidates for biocompatible remediation. The small
protein cages of the small heat shock protein from Methanococcus
jannaschii and the Dps from L. innocua were mineralized with
platinum [122,279]. In model reactions the efficient H2-production
was shown for certainminimumplatinum loadings. The exceptional
temperature-stability of Hsp is important for the utility of such
systems in real life applications.

5. Summary and perspectives

(Bio-) nanotechnology is at the frontier of biochemistry, polymer
chemistry and material science. Previously separate fields come
together to produce materials and build devices which combine
the best properties of all the involved materials: (Bio-) organic
functional ligands that mediate interactions with the surrounding,
work as recognition tags or render them biocompatible; polymers
that work as matrix, change solubility properties or add multiple
functional groups; and finally, chemical material science that
delivers nanoparticles with unprecedented optical, magnetic or
catalytic properties or engineers organic and inorganic compounds
to composites.Obviously, intelligent combinationof these topicswill
mark a new era of nanomaterialswithmany possible applications in
the field of catalysis, biomedical applications as diagnostic or ther-
apeutic agents, in sensing devices or nanotechnology.

In this article, we outlined the rapidly increasing interest in and
multiple uses of self-assembling proteins, particularly protein
complexes and protein cages like ferritin, bacterioviruses and plant
viruses in bionanotechnology. Monodispersity, absolute definition
of chemical (secondary) and geometrical (tertiary/quaternary)
structure, easy and manifold possibilities for manipulation and the
inherent biological functionality are a few aspects which constitute
reasons for the strong advances in the field.

Understanding the structure-forming principles is the primary
prerequisite for the de novo design of novel self-assembling
biomolecules. Symmetric protein cages like ferritin or plant viruses
or self-assembling peptide motifs like b-sheets are structures
which are well understood today and give principal guidelines for
the construction of complex artificial structures. Therefore, artificial
systems from novel building blocks are investigated besides natu-
rally occurring bionanoparticles as well.

Conjugation of bionanoparticles with dyes, polymers and other
ligands or decoration with nanoparticles is done by chemical
means. Specific peptide sequences with binding properties can be
inserted by genetic engineering with ultimate precision and
expressed in high yields. The self-assembled structures canwork as
reaction vessels for nanoparticle synthesis or as scaffolds for the
synthesis of nanostructured bio-inorganic composite materials.

Conjugation of polymers to proteins has recently become a topic
of strong interest. Particularly, the progress in the divergent
synthesis of defined polymereprotein conjugates opens new
opportunities for the preparation of novel soft materials in which
both macromolecular blocks combine for the formation of struc-
tured and functional materials. The introduction of biological
structural motifs will allow novel polymeric architectures. On the
other hand, proteins will add novel functions into synthetic poly-
mers. Fully synthetic and soluble materials will be necessary in the
further development of (printable) sensor chips or the construction
of responsive or triggerable drug delivery systems. Incorporation of
inorganic nanoparticles will add optical, electronic or magnetic
properties which yields finally multifunctional molecular hybrid
assemblies.

The preparation of multifunctional nanosystems like those for
new theragnostic systems which have been realized only previ-
ously, is challenging and has to make use of many of the above
mentioned principles. The progress in diagnosis and disease
treatment will strongly demand those multifunctional nano-
systems in the future. Polymer-modified, biopolymer encapsulated
inorganic nanoparticles for drug delivery and cellular level imaging
can be a solution e and yet represent only one challenge for the
further advancements in bionanotechnology.
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a b s t r a c t

An inherently flame-retardant poly(lactic acid) (PLA) was synthesized via the chain-extending reactions
of dihydroxyl terminated pre-poly(lactic acid) (pre-PLA), which was synthesized by direct poly-
condensation of L-lactic acid using 1,4-butanediol as initiator and stannous chloride (SnCl2) as catalyst,
using ethyl phosphorodichloridate as chain extender. The resulting phosphorus-containing poly(lactic
acid) (PPLA) was characterized by gel permeation chromatography (GPC), 1H and 31P nuclear magnetic
resonance (1H, 31P NMR) and homonuclear correlation spectroscopy (COSY) and inductively coupled
plasma-mass (ICP). A comprehensive flame retardant property of PPLA was evaluated by microscale
combustion calorimetry (MCC), limiting oxygen index (LOI), vertical burning test (UL-94) and cone
calorimeter test (CCT). PPLA has excellent flame retardancy and also can be used as a flame retardant for
commercial PLA. Only 5 wt.% of PPLA added into PLA can obtain good flame retardant properties. As the
content of PPLA is further increased to 10 wt.%, PLA can have much better flame retardancy (LOI ¼ 35
and UL-94 V-0 rating), lower peak heat release rate (pHRR) and longer ignition time (TTI) than neat PLA.
All those results mean that this novel approach to impart flame retardancy to PLA is very effective.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(lactic acid) (PLA) is one of the most promising candidates in
thefield of biobased polymers because it is biodegradable and can be
produced from renewable resources (sugar beets, corn starch, etc.).
Recently PLA has been considered as alternative in replacing petro-
chemical polymers due to its excellent mechanical properties, high
degree of transparency, and ease of fabrication [1]. Usually, PLA can
be synthesized by direct polycondensation of lactic acid, or chain
extension after polycondensation and by ring-opening polymeriza-
tion of lactide [2,3]. Currently, although themain use of PLA is still in
biomedical application, its other applications are increasing because
of its excellent potential properties. Actually, PLA has been used in
electronic industries now, such as the housings of portable word
processors [4]. Unfortunately, PLA is still as flammable as common
synthetic thermoplastics, such as polyethylene, polyester, and so on
owing to its own intrinsic chemical composition and molecular
structures. Predictably, theflammabilitywill limit its application and
development, especially its potential wide application in the
.

All rights reserved.
electronic field. Therefore, the improvement of flame retardant
performance of PLA has been an important and urgent task.

Unfortunately, so far few research reports have focused on flame
retarded PLA in literatures. Several report employed ammonium
phosphate, [5,6] melamine phosphate, [7] aluminium hydroxide,
[8] silica gel [9] and compounds containing halogen and talc [10] as
additive flame retardants for PLA matrix. Lately, Casetta and Bour-
bigot et al. evaluated the efficiency of intumescent formulations to
flame-retardant PLA; those are composed of ammonium poly-
phosphate (APP), pentaerythritol (PER), lignin and starch [11]. The
results show the flame retardancy of PLA has been improved
greatly as the flame retardant reached a loading level of 40wt%. In
our latest studies, a series of flame retardant toughened PLA
composites have been prepared using poly(ethylene glycol)
(PEG6000) and ammonium polyphosphate (APP) [12].

In the present study, we developed a novel approach to the
preparation of flame-retardant PLA. We used a reactive flame
retardant, ethyl phosphorodichloridate, as a chain extender to
synthesize poly(lactic acid) containing phosphorus in the backbone
(PPLA), shown in Scheme 1. The inherently flame-retardant PPLA
has excellent flame retardancy, and can also be used as a flame
retardant for PLA. The flame retardancy of PPLA and its blends with
PLA has been investigated via microscale combustion calorimetry
(MCC), limiting oxygen index (LOI), vertical burning test (UL-94)
and cone calorimeter test (CCT).

mailto:yzwang@scu.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.023
http://dx.doi.org/10.1016/j.polymer.2010.11.023
http://dx.doi.org/10.1016/j.polymer.2010.11.023
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Scheme 1. Pre-polymerization of L-lactic acid using 1,4-butanediol as an initiator and chain extension of PPLA using ethyl phosphorodichloridate as a chain extender.
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2. Experimental part

2.1. Materials

L-Lactic acid was supplied from Guangshui Chemical Reagent
Corp (Hubei, China). 1,4-Butanediol was provided by Bodi Chemical
Reagent Corp. (Tianjin, China). Stannous chloride (SnCl2$2H2O) was
provided by Jinshan Chemical Reagent Corp. (Chengdu, China),
ethanol and phosphoryl trichloride (POCl3) were provided by
Kelong Chemical Reagent Corp. (Chengdu, China). Trichloro-
methane (CHCl3) was provided by Changlian Chemical Corp.
(Chengdu, China). PLA resin (Mw ¼ 105 g/mol) was provided by
Nature Works (Grade: 4032D).

2.2. Preparation of ethyl phosphorodichloridate [13]

A typical procedure was as follows: 0.001 mol of POCl3 and
100 mL of ether were first added into a 500 mL 3-necked round-
bottom flask equipped with condenser and magnetic stirrer, and
kept below 5 �C by the immersion of the flask in an ice-water bath.
At this temperature, 0.001 mol of ethanol was added into the flask
slowly and the reaction maintained for 2 h. Then, the flask was
heated to 10 �C and maintained for 20 min. After that, the contents
were distilled to remove ether at ambient pressure, followed by
collecting the distillate (ethyl phosphoryldichloride) at 68e74 �C as
the reactor pressure was reduced to 0.1 MPa. The FTIR spectra (KBr
disc) of the ethyl phosphoryldichloride: 2940e2955, 1456 cm�1

(eCH2e,eCH3); 1246 cm�1 (P]O); 1089, 1027, 981 cm�1 (PeOeC);
500e600 cm�1 (PeCl). 1H NMR (CDCl3, 400 MHz) d: 4.20 (q, 2H);
1.45 (t, 3H).

2.3. Chain extension of PLA prepolymer using ethyl
phosphoryldichloride

A representative procedure was divided to two steps: (a)
preparation of the precursor, dihydroxyl terminated pre-poly(lactic
acid) (pre-PLA), and (b) chain extension of pre-PLA. For the first
step, a typical procedure was as follows: after L-lactic acid (L-LA), 1,
4-butanediol (BD) and stannous chloride (SnCl2$2H2O) were added
into a flask (SnCl2:BD:L-LA ¼ 0.5:1:100, weight ratio), the flask was
heated in an oil bath to 80 �C with stirring as the reactor pressure
was reduced to 0.1 MPa. After 3 h, it was heated to 160 �C and kept
for 4.5 h so that the esterification reaction took place. After the
esterification reaction, the reactor pressure was reduced to 70 Pa,
and in another 5 h the pre-poly(lactic acid) was obtained. For
chain extension of pre-poly(lactic acid) to prepare PPLA, a typical
procedure was as follows: 30.0 g of pre-PLA and 1.78 mL of ethyl
phosphoryldichloride were charged in a 3-necked round-bottom
flask equipped with an overhead stirring. The polymerization was
carried out in an oil bath at a temperature of 160 �C for 10min, then
the reactor pressure was reduced to 50 Pa, and 1 h later the chain-
extended PLA containing phosphorus was obtained. In order to
purify the PPLA and remove the unreacted pre-PLA and ethyl
phosphoryldichloride, the resulting product was dissolved in
chloroform, and then was precipitated in excess methanol. The
same purification process was carried out twice in order to obtain
purified PPLA. Finally, the product was dried in a vacuum oven at
60 �C until constant weight was attained.

2.4. Instrumentation

The chemical structure of the resulting polymers was charac-
terized by 1H and 31P nuclear magnetic resonance (1H, 31P NMR,
Bruker FT-80A NMR, d6-DMSO as a solvent) and FTIR (Nicolet FTIR
170SX infrared spectrophotometer, KBr powder), respectively.
Molecular weight was measured by using gel permeation chro-
matography (GPC, Waters; 2414 detector, CHCl3 as a solvent). The
phosphorus contents of the phosphorus-containing PLA were
analyzed using an IRIS ADV inductively coupled plasma-mass (ICP)
spectrometer. The flame retardancy and flammability were deter-
mined by LOI test (JF-3 oxygen index meter, Jiangning, China; using
sheet dimensions of 130 mm � 6.5 mm � 3 mm according to ASTM
D2863-97), UL-94 measurement (CZF-2-type, Jiangning, China;
using sheet dimensions of 130 mm � 13 mm � 3 mm according to
ASTM D3801) and cone calorimeter test (FTT cone calorimeter;
square specimens, 100 mm � 100 mm � 6 mm were irradiated at
a heat flux of 35 kW/m2 according to ISO 5660 standard procedures
without the use of the “frame and grid”). The microscale combus-
tion calorimeter test (MCC, FTT) was also carried out according to
ASTM D7309-07. All the specimens sheets for various tests were
made by hot pressing at 10 MPa for 5 min at 170 �C into a suitable
thickness and size, according to the corresponding test standards.

3. Results and discussion

3.1. Synthesis and structural characterization of phosphorus-
containing PLA (PPLA)

1,4-Butanediol was used as an initiator for polymerization of
lactic acid in the presence of stannous chloride, as shown in Scheme
1, so as to obtain dihydroxyl terminated pre-poly(lactic acid) (pre-
PLA) with Mn of 0.8 � 104 g/mol (Mw ¼ 1.1 �104 g/mol, PDI ¼ 1.4),



Fig. 1. Nuclear magnetic resonance spectra: (a) 1H NMR for PPLA and pre-PLA; (b) 2D-

Table 1
Effect of reaction temperature and time on chain-extending reaction of PLA.

Samples Temperature
(�C)

Time
(min)

Mn (�104)
(g/mol)

Mw (�104)
(g/mol)

Polydispersity

PPLA-1 160 10 2.6 24 9.1
PPLA-2 170 10 0.7 5.5 8.0
PPLA-3 180 10 1.7 18 11.1
PPLA-4 160 30 1.5 9.8 6.4
PPLA-5 160 60 1.4 1.7 1.2
PPLA-6 160 90 1.3 1.5 1.2
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which would benefit the conduction of the following chain-
extending reaction. The molecular weight data were measured by
GPC. To determine the optimal conditions for preparing phos-
phorus-containing PLA (PPLA) via chain-extending reaction, a series
of reaction conditions such as the feed molar ratio, reaction
temperature and reaction timewere studied. Themolecularweights
of pre-PLA and PPLA after chain extensionwere investigated byGPC.

Firstly, the effect of reaction temperature and time on chain
extension behaviour of PLAwas studied at a fixed eOH/eP(]O)eCl
ratio of 1:1.2. From Table 1, it could be seen that the Mn of PPLA
homonuclear correlation spectroscopy (COSY) for pre-PLA; (c) 31P NMR for PPLA.



Fig. 2. Heat release rate (HRR) results of PLA and PPLA from microscale combustion
calorimetry (MCC).
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decreased with the increase of reaction temperature from 160 �C to
180 �C, indicating that the higher reaction temperature could
accelerate the chain degradation rather than chain extension.
Meanwhile, a similar trend for Mn of PPLA was observed at longer
reaction time. These results indicated that a reaction temperature
of 160 �C and reaction time of 10 min seemed to be optimal for
obtaining a high molecular weight of PPLA in this case. The theo-
retical values of P content for all samples can be calculated based
upon the reactive mass ratio and the molecular weight of pre-PLA.
For the veracity, the molecular weight of pre-PLA is calculated from
1H NMR (See Fig. 1(a)) and the value is 3500 g/mol.

Table 2 showed the effect of the molar ratio of eOH/eP(]O)eCl
(mol/mol) on the chain-extending reaction of PLA when the reac-
tion temperature and time were kept at 160 �C and for 10 min,
respectively. The molar ratio of eOH/eP(]O)eCl (mol/mol) can be
controlled between 1:1 to 1:1.75.

The results showed that although the Mn of PPLA did not have
an obvious increase with increasing the chain extender, the phos-
phorus content in the PPLA had a corresponding increase. The
phosphorus content in materials is an important factor to deter-
minate the flame retardancy of materials. Therefore, we used the
high-phosphorus-content PPLA (PPLA-10) to conduct the relevant
flame retardant studies in this paper. It was noted that the P
contents measured by ICP were lower than the corresponding
theoretical values. The possible reason for this is that the chain
extender has a tiny loss in the low reaction pressure during the
chain-extending reaction.

To confirmthestructureof PPLA, the 1HNMRand31PNMRofPPLA
were measured, respectively. Furthermore, the assignment of the
proton resonance with the structure of pre-PLA was also confirmed
by a homonuclear correlation spectroscopy (COSY) 2D-NMR spec-
trum shown in Fig. 1(b), which provided 1He1H connectivity of
neighbouringprotons, showingacorrelationbetweenHaandHb. This
correlation is in good agreement with the labelled pre-PLA structure
in Fig.1(a). The assignment of protons in Fig.1(a):1HNMR (d6-DMSO,
d ¼ 2.53 ppm [14]): d (ppm)¼ 1.47 (d, Ha), 5.20 (m, Hb), 1.27 (m, Hc),
4.20 (m, Hd), 4.10 (m, He), 1.61 (m, Hf), 3.93 (q, Hg), 1.25 (m, Hh), 5.48
(m, eOH). Herein, comparing the spectrum of pre-PLA with that of
PPLA in Fig. 1(a), we can notice that, actually, there mainly exist two
differences between them. One is the position of 5.48 ppm, which is
corresponding to the hydroxyl protons of the end group of pre-PLA,
while itdisappears in thespectrumofPPLA, indicatingmorehydroxyl
groups are consumed in the chain extension.

The other is a new tiny quadruplicate peak at the position of
3.93 ppm appeared in the local magnification of PPLA spectrum,
which corresponded to the methylene of the phosphorus-contain-
ing chain extender ((eOe)2P(]O)eCH2CH3). Those differences just
identify the structure of PPLA and prove the success of chain
extension. Furthermore, more direct evidence comes from the 31P
NMR spectrum of PPLA in Fig. 1(c), showing single peak at�2.2 ppm
corresponding to the phosphorus-containing unit [(eOe)2P(]O)e
OCH2CH3] in the PPLA structure. Therefore, we conclude that
the PPLA, which contains phosphorus in the backbone, has been
synthesized successfully by chain extension.
Table 2
Effect of the molar ratio eOH/eP(]O)eCl) on chain-extending reaction of PLA.

Samples Molar ratio
of eOH/eP(]O)eCl

Mn (�104)
(g/mol)

Mw (�104)
(g/mol)

PPLA-7 1:1 0.7 1.4
PPLA-1 1:1.2 2.6 24
PPLA-8 1:1.25 0.9 1.6
PPLA-9 1:5 1.7 13
PPLA-10 1:1.75 1.9 9.6
3.2. Flame retardancy of PPLA

In this section, a comprehensive flame retardancy of PPLA has
been evaluated by microscale combustion calorimetry (MCC), cone
calorimeter test (CCT), limiting oxygen index (LOI) and vertical
burning test (UL-94), respectively, comparing with pure PLA. MCC
is a smaller-scale flammability testing technique to screen polymer
flammability prior to scale-up of a large size, which is a convenient
and new technique developed in recent several years [15e18]. For
MCC measurement, only 5e50 mg samples were needed. Like the
cone calorimeter, MCC is also based on the principle of oxygen
consumption. For PPLA and commercial PLA, their results of heat
release rate (HRR) fromMCC are shown in Fig. 2. Obviously, there is
a significant difference between two samples. The peak heat release
rate (pHRR) is generally regarded as an important parameter which
can be used to evaluate the intensity of flames [19]. In the case of
the neat commercial PLA, the curve shows a sharp HRR peak, and
the value of pHRR is 480 W/g. The temperature corresponding
to the pHRR (TpHRR) is 325 �C, which means that the maximum fuel
produced by PLA decomposition at this temperature, and the initial
fuel emergence temperature (Tinitial fuel) of PLA is about 270 �C.
However, it can be seen from Fig. 2 that the HRR curve of PPLA is
significantly different from that of PLA. Firstly, the pHRR value of
PPLA is 274 W/g, which is only 57% pHRR of PLA. Secondly, the
shape of HRR curve of PPLA looks a bit gentle compared with the
sharp curve of PLA, meaning that the decomposition process of
PPLA has been changed by introducing phosphorus into the back-
bone of PLA. More interestingly, the Tinitial fuel and TpHRR of PPLA are
increased considerably to 325 �C and 385 �C, respectively. As we
know, actually, only a small amount of phosphorus has been
incorporated in the backbone of PPLA. Why can the so small
Polydispersity Theoretical content
of P (wt.%)

Measured content
of P (wt.%) by ICP

2.0 0.86 0.65
9.1 1.03 0.80
1.8 1.07 0.78
7.5 1.27 1.06
5.1 1.46 1.18



Fig. 4. Heat release rate (HRR) results of FRPLA and PLA from cone calorimeter test
(CCT).
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phosphorus content and structural difference lead to the significant
difference in their flame retardancy? Although there has been no an
exact answer to this question so far, undoubtedly, this should be
a pioneering work and novel approach for preparing flame-retar-
dant PLA. Also, if the result of this smaller-scale flammability test is
assured, the flame retardancy of PPLA for scale-up flammability
tests, such as LOI, UL-94 and cone calorimeter, might be predicted.

Owing to its excellent flame retardancy, PPLA also has a poten-
tial as a flame retardant for PLA. PPLA has the structure similar with
PLA, therefore it can be expected to have more advantages than
other additive flame retardants for PLA, which will be further
studied in the future. Here only the flame retardancy of PPLA on
a commercial PLAwas investigated, that is, PPLAwas added into the
commercial PLA matrix to prepare flame-retardant PLA (FRPLA).
The flame retardancy of FRPLA has been investigated via LOI,
vertical burning (UL-94) and cone calorimeter. The effects of PPLA
content on the LOI value and UL-94 rating of FRPLA were shown in
Fig. 3.

From Fig. 3, we can see that PPLA shows high flame retardant
efficiency to PLA. In comparison with the LOI value (LOI ¼ 20) and
UL-94 rating (no rating) of PLA, FRPLA had good flame retardant
properties even if only 5 wt.% of PPLA was added into PLA. When
the content of PPLA comes to 10 wt.%, FRPLA can reach a LOI value
of 34 and UL-94 V-0 rating. Furthermore, the significant improve-
ment in flame retardancy of FRPLA can also be seen from the
following cone calorimeter test.

Comparedwith LOI andUL-94 test forevaluating theflammability
of materials, the cone calorimeter provides a wealth of information
ontheburningbehavioursandon itspotential contribution inaflame
[20]. Actually, it has been found that some cone calorimeter results
have a good correlation with those obtained from large-scale flame
test, even in real flame. Therefore, cone calorimeter is deemed as
a powerful technique for investigating the flame retardancy of
materials and flame behaviours. Fig. 4 presents the curves of HRR
versus time of the FRPLA and PLA. For neat PLA, its peak heat release
rate (pHRR) value is 436 kW/m2 and ignition time is 66 s.

In the case of FRPLA, the HRR curve presents significant differ-
ence from that of PLA. On the one hand, the ignition time has been
prolonged from 66 s to 78 s. Generally, ignition of materials
happens until the concentration of fuel from material degradation
and releasing the pyrolysis gas reaches a limiting value. The pro-
longed ignition time is related to the reduction of decomposition of
FRPLA under heating condition, which should be attributed to the
Fig. 3. The LOI values and UL-94 ratings of flame retarding PLA (FRPLA) when PPLA
served as an additive for PLA.
addition of PPLA. This result has a good agreement with the
significant improvement of Tinitial fuel of PPLA in the microscale
combustion calorimeter measurement. On the other hand, the
pHRR value of FRPLA is decreased from 436 kW/m2 to 337 kW/m2,
which means that the flame intensity degrades with the combus-
tion of materials. Furthermore, some char residues are produced
and left on the aluminium foil pool after combustion in the cone
calorimeter for FRPLA, while there is nothing remaining for PLA
after combustion. A systematic research on the exact reactive and
flame-retardant mechanisms is underway.

As a consequence, it is an effective way to imparting PLA
excellent flame retardancy to introduce phosphorus into the
backbone of PLA by the chain-extending reaction of pre-PLA using
phosphorus-containing chain extender. The approach will have
a significant potential application in the future.

4. Conclusions

A novel approach to the preparation of flame-retardant PLA is
pioneered in this study. An inherently flame-retardant poly(lactic
acid) has been synthesized successfully via the chain-extending
reactions of dihydroxyl terminated pre-poly(lactic acid) using ethyl
phosphorodichloridate as chain extender. The flame-retardant
element phosphorus is incorporated into the backbone of PLA
macromolecules. The resulting phosphorus-containing PLA (PPLA)
exhibits excellent flame retardancy comparedwith commercial PLA
and it can even be used as a flame retardant for commercial PLA.
PPLA has much higher initial fuel emergence temperature (Tinitial
fuel) and temperature of pHRR than neat PLA, and its pHRR value is
remarkably reduced compared with that of neat PLA. As a flame
retardant for PLA, only 5 wt.% of PPLA can impart PLA a good flame
retardant property. When the content of PPLA is further increased
to 10 wt.%, FRPLA has a LOI value of 35 and UL-94 V-0 rating and
much lower pHRR value and longer TTI than neat commercial PLA.
Therefore, this novel method for the flame retardation of PLA is
very efficient and perspective.
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Determination of phase diagrams of polymer solutions with conventional techniques, like differential
scanning calorimetry (DSC), is limited to sufficiently high concentrations due to a low signal/noise ratio.
Controlling the nanoscale morphology formation upon solution processing of dilute conjugated polymer
solutions however requires this information. In this work, we introduce an experimental methodology
able to detect phase transitions in solutions over a wide concentration regime, by means of dielectric
spectroscopy. We tested the validity of our method for solutions of poly(3-hexylthiophene) in toluene.
Apart from providing crystallization and melting temperatures consistent with DSC data for the over-
lapping sample concentrations, our method turned out to be able to detect phase transition down to
trace level mass fractions as low as 10 ppm.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(3-hexylthiophene) (P3HT) is a conjugated polymer widely
used in the active layer of organic field effect transistors [1,2] and
solar cells [3,4]. The final yield of these electronic devices strongly
dependsonthenanoscalemorphologyof theactive layer [5],which is
influenced by parameters like regioregularity [6] andmolar mass [7]
of its components as well as solvent of choice [8], and annealing
conditions [9]. Increasing efficiently the performance of conjugated
polymer electronics thus requires the knowledge of the phase
behavior of the polymer in solution from the concentrated down to
thedilute regime(w1wt%), i.e. the startingpoint for layerdeposition.
Techniques like differential scanning calorimetry (DSC) and scat-
tering methods fail at determining transition temperatures for mass
fractions smaller than w0.01 because of a low signal/noise ratio
(SNR); on the contrary, due to saturation effects, optical methods
encounter difficulties with more concentrated solutions [10e12].
32 16 327984.
ven, Polymer Research Divi-
B-3001 Leuven, Belgium. Tel.:

en.be (S. Napolitano), erik.

All rights reserved.
In this Communication we introduce an experimental method-
ology able to detect phase transitions in solutions over a wide
concentration regime by means of dielectric spectroscopy (DS). At
the state of the art, this technique allows characterization of molec-
ular relaxations and crystallization events in bulk melts [13e17], in
concentrated solutions [18], under elevated pressures [19e21] and in
confined geometries [22,23]. Our approach is based on the temper-
ature dependence of localized fluctuations of the dielectric constant
and the conductivitywithin the solution.Aggregationofmolecules at
distances exceeding the path over which mobile charges screen out
the effects of external electric fields (Debye length, lD) provokes
interfacial polarization events affecting the apparent value of the
dielectric constant.

Following Jonscher “universal” law [24,25], such a polarization
grows with the inverse of the frequency, allowing an accurate
detection ofmolecular reorganizations at crystalline contents lower
than those detected by DSC.
2. Experimental section

2.1. Materials

Poly(3-hexylthiophene) (Plexcore OS1100,Mw ¼ 49800 g mol�1,
PDI ¼ 1.49 (GPC with PS standards in CHCl3), RR ¼ 96% (NMR), data

mailto:simone.napolitano@fys.kuleuven.be
mailto:erik.nies@chem.kuleuven.be
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as provided by the supplier, Plextronics) was mixed with toluene
(HPLC grade 99.8%, Acros).

2.2. Experimental methods

Dielectric spectra in a frequency range from 106 Hz to 0.1 Hz
weremeasured in isothermal conditions between 60 �C and�50 �C,
at an effective scanning rate of 0.2 �C min�1, with an Alpha High
Resolution Analyzer (Novocontrol Technologies). Solutions were
sealed in a parallel plate cell for investigation of liquids to avoid
evaporation during experiments.

Differential scanning calorimetry was performed with a DSC-7
(PerkinElmer) TAC 7/DX. Samples were placed in stainless steel
capsules and subjected to the following temperature profile:
isothermal 10min at 80 �C, cooling ramp at�10 �Cmin�1 to�30 �C,
isothermal 10 min and heating ramp to 80 �C. Crystallization (Tc)
andmelting temperatures (Tm)were respectively determined as the
onset of the exothermic and end point of the endothermic peaks.

3. Results and discussion

The temperature dependence of the dielectric constant (30) for
solutions containing mass fractions of P3HT ranging from 0.05 to
10�5 is shown in Fig. 1. Blue and red lines correspond to values of 30
Fig. 1. Temperature dependence of the dielectric constant 30 for solutions containing diff
subsequent heating scans are plotted in red. The measured dielectric response of pure tolue
temperature dependence of the conductivity and of the dielectric loss (see Supporting infor
their width includes the uncertainty (�2.5 K) due to the different scanning rate used.
respectively obtained during cooling and subsequent heating scans;
the response of pure toluene, appearing as a constant background
over the whole temperature range investigated, is given in black.

Measurements on even more dilute solutions suffered from the
increasing susceptibility to contaminations (e.g., from cell, sample
preparation) that might alter the crystallization kinetics. We could
promptly recognize contaminated samples, as the value of their
dielectric constant at low and high temperatures deviated signifi-
cantly from a flat response, see the lowest panel of Fig. 1. Never-
theless, regardless the reduction of the polarization intensity,
analysis of isochronal plots at lower frequencies provides enough
SNR to clearly observe transition phenomena at these extremely
low concentrations.

During cooling, the temperature dependence of 30 shows
a frequency independent maximum in correspondence to the onset
of crystallization measured by DSC, TC (blue rectangle in Fig. 1).

The reduction of 30 at lower temperatures could intuitively be
ascribed to the immobilization of polymer chains and a decrease
of the (mobile) dipole density in the samples, as expected during
crystallization and observed in dry samples [14,22]. However, such a
simplified picture cannot capture the enormous increase of the
dielectric constant starting already 15 �C before the onset of the
exothermicpeak in thecalorimetric runs. The increaseof 30 preceding
TC suggests that this method is able to detect changes affecting the
erent mass fractions of P3HT in toluene. Cooling runs are represented in blue while
ne is given as a black dashed line. Similar transition temperatures are observed in the
mation). Dashed rectangles indicate the transition temperatures measured by DSC, and



Fig. 2. Three-dimensional plot of the temperature and frequency dependence of the
dielectric constant 30 for a solution of toluene containing a mass fraction of P3HT of
10�3.
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dielectric properties of the solution already at crystalline contents
below the detection limit of DSC. This is in agreement with the
scenario revealed by crystallization of poly(3-caprolactone) [16],
where perturbations in the dielectric properties were observed well
before the onset of changes in the heat capacity or in neutron scat-
tering, and thus attributed to precrystalline order.

Considering the temperature range being well above the glass
transition temperature of the solution (corresponding to low
viscosityw1 cP) as well as the relative low frequencies at which the
phenomena appear, we can exclude dipolar fluctuations associated
with the structural relaxation as a molecular origin.

On the other hand, electrode polarization, a common low-
frequency process due to charge accumulation over macroscopic
distances, can also be ruled-out because of the low conductivity of
the sample [26]. Another argument disproving the role of “hidden”
dipolar based relaxation mechanisms is the frequency indepen-
dence of the maximum of the peak observed in 30(T), see the three-
dimensional plot of 30 for a solution of toluene containing a mass
fraction of P3HT of 10�3 as a function of frequency and temperature
Fig. 3. Impact of crystalline morphology on the dielectric properties of a dilute solution. Pre
a polarization process raising the value of the dielectric constant at low frequencies. Due to a
the crystals (nonconductive), an accumulation of charges at the borders of the nonconductiv
aggregation (reduction of the surface/volume ratio), when the average distances between n
in Fig. 2. The most likely origin of the observed build-up of polar-
ization is a Maxwell-Wagner (MW) process [15,17] due to charge
accumulation over scales related to lD (w1 mm).

A sketch of the possible scenario is given in Fig. 3. During the
early stages of crystallization, a polarization proportional to the
crystalline content is built up upon formation of agglomerates. This
induces local anomalies in the ionic conductivity and the dielectric
constant (1). In this specific case, it has been shown that poly-
alkylthiophene chains undergo a coil-to-rod transition [27] upon
decreasing temperature promoting crystalline lamellar organiza-
tion, eventually leading to the formation of crystalline nanowire
structures. At distances in between crystalline domains exceeding
lD, the strength of the MW process (and consequently of the value
of 30 in isochronal representations) grows with the ratio between
the size of the nonconductive and the conductive species. The
formation of sufficiently large domains with different dielectric
constant (3Ntoluene ¼ 2.5, 3NP3HT ¼ 4e6.5, where 3N is the dielectric
constant of the material in the limit of optical frequencies)
provokes an effective charge accumulation at the borders of the
nonconductive species (crystals) (2).

Further reduction of the temperature (T < TC) resulting in the
formation of larger crystals, or crystalline aggregates, causes
a reduction of the MW-polarization (3). The decrease of intensity of
the process is the result of the reduction of the average distance
between the crystalline species in solution. In this crystallization
regime, when inter-particle distance drops below the Debye
screening length, nearby or even associated crystals behave like
single particles. Moreover, gelation, commonly observed in solu-
tions of P3HT in toluene or xylene of similar concentration [28],
could also take part in the decrease of 30(T): the formation of
a network, possibly by physical entanglements of nanowires,
corresponds to a reduction of the overall surface/volume ratio and
thus of the intensity of the MW-polarization.

As the molecular scheme described above is perfectly reversible,
similar considerations can bemade for the heating scans, where the
increased chain mobility is finally associated to melting of the
crystalline structure. The melting temperature, defined as the end
point of the final endothermic transition in a DSC scan, corresponds
to the end of the peak of 30 (red rectangles in Fig. 1), proving that
the transition to the isotropic liquid phase is accompanied by the
disappearance of the investigated polarization process. At high
concentrations, heating curves revealed relatively broad transition
peaks, hinting to the presence ofmultiple non-resolvedmelting and
recrystallization events, in agreement with calorimetric investiga-
tion [29]. The presence of two resolved peaks in the temperature
sence of crystalline germs affects the local conductivity of the solution and introduces
mismatch between the dielectric constants of the solvent (conductive) and the one of

e media increases the strength of the process. The effective polarization decreases upon
onconductive domains get smaller than the Debye length.



0.0 0.2 0.4 0.6 0.8 1.0

-20

0

20

40

60

80

100

120

140

160

180

200

220

240

10 10 10 10 10

-20

0

20

40

60

Te
m

pe
ra

tu
re

 [°
C

]

Mass Fraction P3HT

 Tm (DSC)
 Tc (DSC)
 Tm (DS)
 Tc (DS)

Fig. 4. Phase diagram of the melting and crystallization point for solutions of P3HT in
toluene. In the inset, mass fractions are plotted in a logarithmic scale.

I. Monnaie et al. / Polymer 52 (2011) 239e242242
dependence of the dielectric constant at mass fractions of 10�3

reinforces this interpretation. Moreover, part of the broadening
could be attributed to convolution of molecular processes on the
temperature dependence of the conductivity. The coil-to-rod tran-
sition preceding crystallization leads to significant loss of the main
chain mobility, especially upon initial aggregation. However, local
rearrangements within the hexyl side groups are not prohibited
even after the phase transition takes place, hence smearing out the
actual transition over awider temperature domain. A phase diagram
of the investigated solution is provided in Fig. 4, the points collected
via the interfacial polarization method here described follow the
trend in the data obtained via DSC extending the concentration
range well below the limits of the calorimetric measurements.
Finally, it is noteworthy highlighting that similar increases in the
low-frequency response of the dielectric function were observed
also in solutions of crude oils in mixtures of heptane and toluene
[30]. The observation suggests that it might be possible to extend
our approach to a larger number of materials.

4. Conclusions

We described an experimental methodology to detect phase
transitions in dilute polymer solutions by means of dielectric
spectroscopy. We investigated crystallization and melting transi-
tions in solutions of P3HT in toluene by means of the temperature
dependence of the dielectric constant in the Hz and subHz region.
In this frequency regime, formation of new species in solution gives
rise to an interfacial polarization that allowed us to determine
transition temperatures down to ppm contents. The method can
be applied to different solute/solvent systems, pushing the
investigation of phase diagrams down to trace levels and providing
a sensitive approach for the control of gelation and network
formation in solution or the impact of contaminants on phase
transitions.
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Mono- and di-functional norbornene dicarboximide monomers containing acetal ester groups were
synthesised. The ROMP of the di-functional monomer using Grubbs ruthenium first generation initiator
at ambient temperature produced crosslinked material. Materials with various crosslink densities were
prepared by the ROMP, under the same condition, of mixtures of the mono- and di-functional monomers.
The FT-IR spectra clearly showed the presence of an acetal CeO band at 1135 cm�1. The TGA study of the
crosslinked materials showed that they are stable to 150 �C and that they exhibit rapid breakdown at
about 200 �C, as the result of the thermal decomposition of the acetal ester linkage. FT-IR analysis of the
retrieved materials following TGA-MS showed that the intensity of acetal CeO band at 1135 cm�1 was
greatly reduced.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Thermosetting polymers exhibit excellent thermal and
mechanical properties, and have been used in a wide range of
applications [1e3]. However, the poor tractability, recyclability and
biodegradability of thermosetting polymer limit their use in
applications where reworkability, recycling and biodegradation are
important [4,5].

Several research groups reported chemically breakable ther-
mosetting materials by incorporating chemically cleavable linkages
into their monomer systems [5e14]. Epoxy resins containing di-
sulfide linkages were prepared and reported to exhibit reversible
crosslinking behaviour through chemical reduction with triphe-
nylphosphene [6e8]. Di-functional epoxy monomers incorporating
chemically cleavable acetal and ketal linkages were prepared and
the resulting thermoset networkwas reported to degrade slowly by
applying acid-containing solvent mixtures [5]. Moreover, polymers
containing acetal or ketal linkages in their backbonewere prepared
as pH-sensitive polymers for therapeutics and drug delivery
applications [9,10]. The polymers were reported to degrade into
low molecular weight compounds by acid-catalysed hydrolysis.
Cationic polymerisation of diglycidylether of bisphenol A (DGEBA)
with butyrolactone, using ytterbium triflate as initiator was also
reported to yield degradable thermosets [11e13]. The ester groups
formed during this copolymerisation reaction were reported to
degrade by alkaline hydrolysis at 80 �C.
x: þ44 191 334 2051.
hosravi).

All rights reserved.
Although thermosetting materials incorporating chemically
cleavable linkages may find some applications, the degradation
process is unlocalised. In contrast, thermosetting materials with
thermally breakable linkages are anticipated to offer the possibility of
a localised degradation process. The syntheses of di-epoxide mono-
mers containing cycloaliphatic ester groups were reported and the
resulting thermosetting materials shown to degrade thermally at
250e300 �C [14e16]. Synthesis of a series of cycloaliphatic di-
epoxidemonomers containing carbamate linkages and their thermal
degradation in the range of 200e300 �Cwasalso reported [17,18]. The
system is further complicated by the fact that the carbamate groups
within the di-epoxides can act as an internal catalyst. Moreover, the
syntheses of cycloaliphatic di-epoxides containing carbonate link-
ages were reported [17,19]. The cured materials were found to
decompose at temperature slightly lower than of the cured samples
of cycloaliphatic di-epoxide without carbonate linkages of 350 �C.

Ring opening metathesis polymerisation (ROMP) initiated by
Grubbs well-defined ruthenium initiators has been demonstrated to
results in the synthesis of well-defined polymers with controlled
architectures, molecular weights, polydispersities, and terminal
functionalities [20e28]. Moreover, we recently developed a ROMP
processing technique for the synthesis of thermosetting materials
with well-defined crosslinked networks from mixtures of mono-
functional and di-functional norbornene dicarboximide monomers
for applications in Resin Transfer Moulding (RTM) and Reaction
Injection Moulding (RIM) [29,30]. We were able to demonstrate an
excellent level of control over crosslink density by controlling the
amount of added di-functional monomer to the reaction mixture. As
the percentage of di-functional monomer was increased the Tg shif-
ted to a higher temperature, and the plateau shearmodulus above Tg

mailto:ezat.khosravi@durham.ac.uk
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.12.015
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was increased. The resulting crosslinked materials showed values of
yield strength and toughness which were either comparable to or
better than the currentlyusedengineeringpolymermaterials, suchas
polycarbonates [30]. These ROMP thermosetting materials were
thermally stable, degrading above 400 �C, and could be used only for
applications where high temperature stability is required.

We recently started a programme of work to render these well-
defined thermosetting ROMP materials thermally degradable,
biodegradable and recyclable by introducing degradable linkages
into the crosslinkable structures. The aim was to create oppor-
tunities in three interesting applications. First, the method of
synthesis of these well-defined crosslinked ROMP materials is
versatile and allows the introduction of functional groups such as
OH and COOH into the monomer systems to promote adhesion to a
wide range of substrates. This would be expected to lead to a
potential application as reworkable adhesives, particularly in the
electronics industry. Second, the decomposition of the thermally
degradable linkage upon heating leads to a decrease in crosslinking
density and modulus. The complete breakdown of all linkages is
expected to result in the formation of linear thermoplastic mate-
rials, if the main chains remain intact. Doing so, would give the
potential for recycling of thermosetting materials which is pres-
ently difficult to achieve. Third, the incorporation of biodegradable
linkages into these thermosetting materials would result in mate-
rials which are tough and yet biodegradable leading to the break-
down of the bulk material. The benefit of developing recyclable and
biodegradable thermosetting materials in an increasingly envi-
ronmentally conscience society is obvious as it will render the
thermosetting materials environmentally friendly [31].

Recently, acetal ester linkageswere introduced intomaleimides-
based compoundswhichwerepolymerised bya thermally triggered
process at 125 �C into highly crosslinked networks and the resulting
thermosetting materials were reported to degrade at 225 �C [32].
However, the process requires thermally triggered polymerisation
and, as it is expected for a free radical process, the curing reactions
and the resulting thermosetting materials are ill-defined in terms
of control over the degree of crosslinking and reproducibility.

The decomposition temperatures of the epoxy-based thermo-
setting materials containing esters, carbamates and carbonates
linkages reported earlier are very close to that of epoxy resinwithout
these linkages of 350 �C. Therefore, these linkages are unsuitable for
our purpose. Moreover, the thermosetting materials containing
esters, carbamates, carbonates and acetal esters exhibit 100% weight
loss at temperature between 250 and 350 �C since these linkages are
incorporated into the main chains. We became interested in devel-
oping well-defined thermosetting materials containing acetal ester
linkages by an efficient, controllable and reproducible process at
room temperature such as ROMP. The crucial part of the design of
our thermosetting material is the thermal breakdown of only the
linkages, leaving the main chains intact allowing the transition from
thermosetting to thermoplastic facilitating the recycling. In thework
presented here, we describe the synthesis of the first examples of
thermosetting ROMP materials based on poly(norbornene dicar-
boximide) networks containing acetal ester linkages and report their
thermal degradation behaviour. The combination of well-defined
ROMP process, thermal degradation and biodegradability potential
of acetal ester groups was anticipated to enable us to achieve the
overall aims of the programme.

2. Experimental

2.1. Materials

6-aminocaproic acid (>99%), 1,4-butanediol divinyl ether (98%),
4-methoxyphenol (99%), Amberlyst A21 (free base), Grubbs’ catalyst
first generation, Cl2Ru ¼ CHPh(PCy3)2, ethyl vinyl ether (99%) and
butyl vinyl ether (98%) were purchased from Aldrich and used as
received. Toluene, chloroform and dichloromethane were acquired
from the departmental solvent purification system.

2.2. Measurements

All reactions were carried out under an atmosphere of nitrogen,
or in a M-Braun 150B-G glove box. NMR spectra were either recor-
ded on a Bruker Avance 400 spectrometer at 400.0 MHz (1H) and
100.6 MHz (13C); or a Varian Inova 500 spectrometer at 499.8 MHz
(1H, COSY, HSQC) and 125.7 MHz (13C); all chemical shifts were
referenced to the residual proton impurity of the deuterated solvent,
CDCl3 unless otherwise stated. Melting points were determined on
Electrothermal 1A 9100 apparatus. Infrared spectra were recorded
using a Perkin Elmer RX1 FT-IR machine. Elemental Analyses were
carried out on an Exeter Analytical E-440 elemental analyser. Mass
Spectral analyses were carried out on a micromass LCT using posi-
tive and negative ionisation electrospray modes as specified.

Thermogravimetric analysis-mass spectrometry (TGA-MS)
measurements were performed using a Perkin Elmer Pyris 1 TGA in
conjunction with a Hiden HPR20. For TGA-MS experiments
3.0e15.0 mg of sample was heated under Helium atmosphere (CP
grade, 99.6% pure) from25 to 400 �C at a heating rate of 10 �Cmin�1.
Mass spectra were taken sequentially at intervals of 50 �C.

The gel fraction contents of crosslinked polymers 6e9 were
determined by sol-gel extraction in boiling chloroform or
dichloromethane, followed by thorough drying in a vacuum oven
for one day at 50 �C. The gel fraction content (percent) was deter-
mined as a ratio of the final weight after extraction and drying,
Wfinal, divided by the initial weight before extraction, Winitial:

Gel content ð%Þ ¼ Wfinal
Winitial

� 100

2.3. Synthesis of exo-norbornene dicarboxylic anhydride (1)

A mixture of endo-/exo-isomers of norbornene dicarboxylic
anhydride was prepared according to the literature [30]. The
mixture of endo-/exo- norbornene dicarboxylic anhydride, con-
taining 80% exo-isomer (27.33 g, 167 mmol) was placed in a round
bottom flask (250 mL) fitted with a reflux condenser. Acetone
(40mL) was added and themixturewas refluxed until the solid was
completely dissolved. Themixturewas then left to recrystallise. The
crystals were filtered and dried in a vacuum oven at room
temperature. The final product 1 was obtained as white crystals in
a 68% yield (18.71 g, 114 mmol).
Mp 142e143 �C; IR (neat) v/cm�1: 2886 (CeH), 1698(C]O); NMR:
dH (400 Mhz; CDCl3): 6.27 (2H, t, JHAHB ¼ 1.46, HA), 3.39 (2H, m, HB),
2.93 (2H, d, JHBHC ¼ 0.89, HC), 1.61 (1H, d, JHDHE ¼ 9.16, HD), 1.40 (1H,
d, JHDHE ¼ 9.16, HE); dC (100 MHz; CDCl3): 171.52 (C5), 137.96 (C3),
48.77 (C4), 46.88 (C2), 44.11 (C1).

2.4. Synthesis of N-caproic acid-exo-norbornene dicarboximides (2)

Exo-norbornene dicarboxylic anhydride 1 (15.51 g, 94 mmol)
and 6-aminocaproic acid (13.63 g, 103 mmol) were placed in a dry
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two necked round bottom flask (250 mL), fitted with a reflux
condenser and kept under nitrogen. Toluene (dry, 65 mL) was
added and the mixture was kept at 115 �C for 17 h. The reaction
mixture was cooled to ambient temperature and toluene was
removed under reduced pressure. The crude product was re-crys-
tallised twice from ethyl acetate. The crystals were dried in
a vacuum oven at ambient temperature. The product 2 was
obtained as a white powder; 95% yield (25 g, 90 mmol).
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Mp: 62e63 �C. IR (neat) v/cm�1: 2886 (CeH), 1698(C]O). Found: C,
64.93; H, 6.93; N, 5.03; O, 23.12%. C15H19NO4 requires C, 64.97; H,
6.91; N, 5.05; O, 23.08%. NMR: dH (500 MHz; CDCl3): 10.46 (1H,
broad, eOH), 6.22 (2H, t, JHAHB ¼ 1.46, HA), 3.42 (2H, t, JHFHG ¼ 7.32,
HF), 3.20 (2H, m, HB), 2.64 (2H, d, JHBHC ¼ 1.00, HC), 2.32 (2H, t,
JHJHI ¼ 7.32, HJ), 1.61 (2H, m, HI), 1.57 (2H, m, HG), 1.48 (1H, d,
JHDHE ¼ 9.76, HD), 1.32 (2H, m, HH), 1.19 (1H, d, JHDHE ¼ 9.76, HE); dC
(126 MHz; CDCl3): 179.47 (C11), 178.40 (C5), 138.01 (C3), 48.00 (C2),
45.34 (C1), 42.92 (C4), 38.64 (C6), 34.03 (C10), 27.61 (C7), 26.55 (C8),
24.37 (C9).; MS m/z (ESþ): found: 300.3 [M þ Na]þ,100%. MS m/z
(ES�): found: 276.3 [M � H]�, 100%.
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2.5. Synthesis of mono-functional norbornene dicarboximide
monomer (4)

In a similar procedure to that in the literature [32], butyl vinyl
ether 3a (2.00 g, 20 mmol) and 4-methoxyphenol (0.016 g,
0.13 mmol) were added to a dry two necked round bottom flask
(250 mL), fitted with a dry ice reflux condenser and kept under
nitrogen. The mixture was heated to 75 �C and compound 2 (3.05 g,
11 mmol) was added in several portions over a period of 1 h. The
mixture was stirred for an additional 10 h at 75 �C and was then
allowed to reach the ambient temperature. Amberlyst A21 ion
exchange resin (4.76 g) and toluene (dry, 20 mL) were added and
the mixture was stirred for a further hr. The Amberlyst A21 was
removed by filtration, and toluene was removed under reduced
pressure. The product was dried under reduced pressure at ambient
temperature. The product 4 was obtained as a viscous orange-
ebrown liquid in a 50% yield (2.09 g, 5.5 mmol).
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IR (neat) v/cm�1: 2937 (CeH), 1694(C]O), 1136 (acetal CeO).
Found: C, 66.97; H, 8.34; N, 3.80; O, 20.89%. C21H31NO5 requires C,
66.82; H, 8.28; N, 3.71; O, 21.19%. NMR: dH (500 MHz; CDCl3): 6.22
(2H, t, JHAHB ¼ 1.71, HA), 5.87 (1H, q, JHLHM ¼ 5.25, HL), 3.62e3.48
(2H, m, HN), 3.42 (2H, m, HF), 3.21 (2H, m, HB), 2.65 (2H, d,
JHBHC ¼ 1.01, HC), 2.32 (2H, t, JHIHJ ¼ 7.69, HJ), 1.61 (2H, m, HI), 1.60
(2H, m, HO), 1.57 (2H, m, HG), 1.48 (1H, d, JHDHE ¼ 9.88, HD), 1.36 (3H,
d, JHLHM ¼ 5.25, HM), 1.33 (2H, m, HP), 1.32 (2H, m, HH), 1.19 (1H, d,
JHDHE¼ 9.88, HE), 0.89 (3H, t, JHPHQ¼ 7.32, HQ); dC (126MHz; CDCl3):
178.23 (C5), 173.35 (C11), 138.02 (C3), 96.51 (C12), 69.19 (C14) 48.00
(C2), 45.36 (C1), 42.95 (C4), 38.66 (C6), 34.50 (C10), 31.77 (C15) 27.66
(C7), 26.65 (C8), 24.57 (C9), 21.02 (C13), 19.38 (C16), 14.04 (C17).

2.6. Synthesis of di-functional norbornene dicarboximide
monomer (5)

In a similar procedure to that for the synthesis of the mono-
functional monomer 4, 1,4-butanediol divinyl ether 3b (0.71 g,
5mmol), and 4-methoxyphenol (0.016 g, 0.13mmol) (inhibitor)were
added to a dry two necked round bottom flask (250 mL), fitted with
a reflux condenser and kept under nitrogen. The reaction mixture
was heated to 90 �C and compound 2 (3.0 5 g,11mmol) was added in
several portions over a period of 1 h, upon which the colourless
mixture turned orange. Themixturewas left to stir for further 10 h at
90 �Candwas thenallowed to reachambient temperature. Amberlyst
A21 ion exchange resin (4.76 g) and toluene (dry, 19 mL) were added
and themixture was stirred for an additional 2 h. The Amberlyst A21
was removed by filtration, and toluene was removed under reduced
pressure. The product was then dried under reduced pressure at
ambient temperature. The product5wasobtained as a highly viscous
orangeebrown liquid in a 50% yield (1.741 g, 2.50 mmol).
IR (neat) v/cm�1: 2942 (CeH),1693(C]O),1133 (acetal CeO). Found:
C, 65.26; H, 7.56; N, 3.96; O, 23.22%. C38H52O10N2 requires C, 65.50; H,
7.52; N, 4.02; O, 22.96%. NMR: dH (500 MHz; CDCl3): 6.22 (4H, t,
JHAHB¼ 1.59,HA), 5.87 (2H, q, JHLHM¼ 5.24,HL), 3.62e3.48 (4H,m,HN),
3.42 (4H, t, JHFHG¼ 7.44, HF), 3.21 (4H,m,HB), 2.64 (4H, d, JHBHC¼ 0.98,
HC), 2.32 (4H, t, JHIHJ¼ 7.32, HJ), 1.61 (4H, m, HI), 1.60 (4H, m, HO),1.57
(4H, m, HG), 1.48 (2H, d, JHDHE ¼ 9.76, HD), 1.36 (6H, d, JHLHM ¼ 5.24,
HM), 1.32 (4H, m, HH), 1.19 (2H, d, JHDHE ¼ 9.76, HE); dC (126 MHz;
CDCl3): 178.25 (C5), 173.33 (C11), 138.03 (C3), 96.44 (C12), 68.99 (C14),
48.00 (C2), 45.36 (C1), 42.95 (C4), 38.65 (C6), 34.46 (C10), 27.66 (C7),
26.65 (C8), 26.37 (C15), 24.55 (C9), 21.02 (C13).

2.7. Preparation of crosslinked material (6)

Ruthenium first generation catalyst (0.012 g, 0.014 mmol) was
dissolved in dichloromethane (1.5 mL) in a sample vial containing
a stirrer bar. Di-functional monomer 5 (0.546 g, 0.783 mmol) was
dissolved in another sample vial in dichloromethane (1.5 mL). The
monomer solutionwas added to the vial containing the initiator. An
insoluble polymer was formed soon after the addition of initiator to
monomer. The crosslinked product was filtered and dried in
a vacuum oven at 50 �C for 18 h. A known amount of the product
was subjected to a sol-gel extraction to remove any soluble frac-
tions. TGA-MS analysis was performed on the dried material.

Monomer:Initiator ratio ¼ 57:1; Gel Content: 89% (Winitial,
0.172 g; Wfinal, 0.153 g); IR before TGA (neat), v/cm�1: 2937 (CeH),
1693 (C]O), 1133 (acetal CeO); IR after TGA (neat), v/cm�1: 2937
(CeH), 1683 (C]O), 1146 (acetal CeO).

2.8. Preparation of crosslinked material (9e7)

7: Di-functional monomer 5 (0.274 g, 0.39 mmol) and mono-
functional monomer 4 (0.049 g, 0.13 mmol) were dissolved in
dichloromethane (4 mL) in a sample vial to obtain a molar ratio of
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di-functional:mono-functional of 75:25. Ruthenium first genera-
tion initiator (0.008 g, 0.01 mmol) was dissolved in dichloro-
methane (1.5 mL) in another sample vial containing a small stirrer
bar. The monomer solution mixture was added to the initiator and
stirred for 2 h. The insoluble product was filtered and dried in
a vacuum oven at 50 �C for 18 h. A known amount of the product
was subjected to a sol-gel extraction to remove any soluble frac-
tions. TGA-MS analysis was performed on the dried material.

Monomer:Initiator ratio ¼ 57:1; Gel Content: 82% (Winitial,
0.222 g; Wfinal, 0.181 g); IR before TGA (neat), v/cm�1: 2929 (CeH),
1692 (C]O), 1135 (acetal CeO); IR after TGA (neat), v/cm�1: 2934
(CeH), 1695 (C]O), 1146.5 (acetal CeO).

8: Similar procedure using Di-functional monomer 5 (0.183 g,
0.26 mmol) and mono-functional monomer 4 (0.098 g, 0.26 mmol)
to obtain a molar ratio of di-functional:mono-functional of 50:50.

Monomer:Initiator ratio ¼ 57:1; Gel Content: 79% (Winitial,
0.202 g; Wfinal, 0.162 g); IR before TGA (neat), v/cm�1: 2919 (CeH),
1692 (C]O), 1133 (acetal CeO); IR after TGA (neat), v/cm�1: 2924
(CeH), 1694 (C]O), 1146 (acetal CeO).

9: Similar procedure using Di-functional monomer 5 (0.091 g,
0.13 mmol) and mono-functional monomer 4 (0.147 g, 0.39 mmol)
to obtain a molar ratio of di-functional:mono-functional of 25:75.

Monomer:Initiator ratio ¼ 57:1; Gel Content: 89% (Winitial,
0.144 g; Wfinal, 0.128 g); IR before TGA (neat), v/cm�1: 2939 (CeH),
1691 (C]O), 1135 (acetal CeO); IR after TGA (neat), v/cm�1: 2927
(CeH), 1693 (C]O), 1147 (acetal CeO).
3. Results and discussion

3.1. Synthesis of monomers

Mono- and di-functional norbornene dicarboximide monomers
4 and 5, containing acetal ester groups were synthesised following
the reaction pathway shown in Scheme 1.

The reaction between exo-norbornene dicarboxylic anhydride
1 and 6-aminocaproic acid in refluxing toluene gave N-caproic
acid-exo-norbornene dicarboximide 2 with 95% yield. The struc-
tures of intermediates 1 and 2 were confirmed by NMR Spectro-
scopy. The integration, in 1H NMR spectrum of 2, of the CH2 next to
Nitrogen (NeCH2e) at 3.42 ppm and that for the vinylic protons of
norbornene at 6.22 ppm showed a ratio of 1:1 indicating the
Scheme 1. Reaction pathway for the synthesis of mono- and di-functional norbornene
dicarboximide monomers 4 and 5 containing acetal ester linkage.
attachment of one caproic acid chain per each norbornene moiety.
The structure of 2was further confirmed bymass spectroscopy and
elemental analysis.

The reaction of 2 with butyl vinyl ether 3a and 1,4-butanediol
divinyl ether 3b gave the mono-functional monomer 4 and the di-
functional monomer 5, respectively, both containing the acetal
ester group. The structures of monomers 4 and 5 were confirmed
by NMR spectroscopy. The clear indication for the formation of the
acetal ester groups in monomers 4 and 5 is the appearance of the
resonance due to the methyl of the acetal ester group at 1.36 ppm
and 21.02 ppm in 1H and 13C NMR spectra, respectively. The inte-
gration, in 1H NMR spectrum of monomer 4, of the single proton of
the acetal group (OeCH(CH3)eO) at 5.87 ppm and that for the
vinylic protons of norbornene at 6.22 ppm showed a ratio of 1:2,
indicating the attachment of one acetal ester chain per each nor-
bornene moiety. For the monomer 5, the integration of the single
protons in two acetal groups (OeCH(CH3)eO) at 5.87 ppm and that
for the vinylic protons of two norbornene at 6.22 ppm showed
a ratio of 2:4, indicating the attachment of one chain containing
two acetal groups per two norbornenemoieties. Furthermore, FT-IR
spectra of monomers 4 and 5 clearly showed the presence of acetal
CeO bonds at 1135 cm�1. Elemental analysis also confirmed the
formation of monomers 4 and 5.
3.2. Synthesis of crosslinked materials

The di-functional monomer 5 was subjected to ROMP using
Grubbs ruthenium first generation initiator to produce the cross-
linked material 6. Mixtures of di-functional 5 and mono-functional
4monomers were also subjected to ROMP using Grubbs ruthenium
first generation initiator to produce thermosetting materials with
different degrees of crosslinking. Three materials were prepared
using molar ratios of di-functional:mono-functional monomer of
75:25; 50:50, and 25:75, labelled 7, 8 and 9, respectively. Scheme 2
shows idealised structures for materials 6e9, but the network may
also contain some di-functional units which are incorporated
through only one norbornene moiety [30].

FT-IR spectra clearly showed the presence of an acetal CeO band
at 1135 cm�1. The materials were all insoluble in common solvents.
The sol-gel analysis of crosslinked materials 6e9 revealed gel
contents of 79e89%, indicating the high efficiency of the ROMP
crosslinking process.
3.3. Thermal degradation

The thermal degradation of the materials 6 studied by TGA
showed that the crosslinked material was stable to 150 �C and only
a few percent weight loss was observed due to the moisture
contaminant or residual solvent in the material, Fig. 1. However, the
material showed weight loss of 13%, 36% and 44% at 200 �C, 250 �C
and 300 �C, respectively, Table 1.

The thermal degradation of the materials 7e9 was also studied
by TGA under the similar conditions to that for material 6, Fig.1. The
weight loss was found to be 36%, 25%, 21% and 21%, respectively, for
materials 6, 7, 8 and 9 at 250 �C. This behaviour is consistent with
material 6 having the highest di-functional content, highest degree
of crosslinking and hence higher weight loss; andmaterial 9 having
the lowest di-functional content, least degree of crosslinking and
hence lower weight loss.

Materials 6e9 were also subjected to TGA-MS analysis to
determine the fragments resulted from thermal decomposition of
the materials by taking sequential mass spectrometric traces at
50 �C intervals. The fragments obtained from TGA-MS analysis are
also presented in Table 1.
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Scheme 2. Synthesis of thermosetting materials 6e9 via ROMP using Grubbs first generation ruthenium initiator in chloroform at ambient temperature.

Fig. 1. TGA thermographs observed during the thermal degradation of materials 6e9.

Table 1
TGA and TGA-MS results for thermosetting materials 6e9.

Temp. (�C) Weight loss % Fragments observed

6 7 8 9 m/z ratio
100 0.5 0.5 1 1 44
150 3 1 3 1 44
200 13 9 14 9 44, 54, 72, 100
250 36 25 21 21 44, 54, 72, 100
300 44 37 30 26 44, 54, 72, 100
350 58 45 33 30 44
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Thermal degradation studies on crosslinked materials from
ROMP of mono-functional, exo-N-alkyl dicarboximide norbor-
nenes, and di-functional bis(exo-N-alkylenedicarboximide norbor-
nenes) reported earlier [30], showed that the resulting crosslinked
material without acetal ester linkages is very stable to 400 �C, Fig. 2.

Therefore, the fragments observed during TGA-MS analysis
must be the result of the thermal decomposition of the acetal ester
linkage which is supported by considerable reductions in the
intensity of CeO bands at 1135 cm�1 in the FT-IR spectra observed
for the retrieved materials.
Fig. 2. TGA thermographs observed during the thermal degradation of crosslinked
materials without acetal ester linkages.



Table 2
Fragment m/z ratios and corresponding structures.

Fragments m/z ratio Proposed corresponding structures
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The most abundant fragments detected for the degradation of
the material 6e9 were between 200 �C and 250 �C, possessed m/z
ratios of 44, 54, 72 and 100mass units, Table 1. These fragments and
their proposed structures are shown in Table 2. The fragments with
m/z ratios of 44, 54, 72, and 100 units, are believed to be corre-
sponding to acetaldehyde, butadiene, butenyl alcohol and pente-
noic acid, respectively.

The mechanisms by which these fragments are produced via
thermal breakdown of the acetal ester linkages appear to be very
complex. However, one plausible mechanism for the formation of
these fragments is shown in Fig. 3. The FT-IR showed a considerable
CeO shift whenmaterials were heated, so it would be reasonable to
suggest that one step involves the cleavage of the acetal CeO
resulting in the formation of acetaldehyde 10 (m/z¼ 44) along with
compounds with terminal vinyl 11 and acid 12 groups. Further
decomposition of the remaining acetal ester linkages is believed to
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Fig. 3. A proposed mechanism for the thermal degradation of t
give butenyl vinyl ether 13 (m/z ¼ 98) and more 12. The decom-
position of 12 leads to the formation of pentenoic acid 14 (m/
z¼ 100). Butenol 15 (m/z¼ 72) is formed from thermal degradation
of 13. The thermal dehydration of 15 then results in the formation
of butadiene 16 (m/z ¼ 54).

The complete decomposition of all acetal ester linkages in
thermosetting materials 6e9 was anticipated to result in the
formation of soluble linear thermoplastic materials. However, the
materials remained insoluble in common solvents after thermal
treatment. It is not possible to determine accurately whether or not
all the CeO bonds in the acetal ester in the crosslinking units have
been broken upon heat treatment as the side chains also contain
acetal ester groups. Considerable reductions in the intensity of CeO
bands at 1135 cm�1 in the FT-IR spectra is observed for the retrieved
materials which is estimated to be about 70%. This extent of
reduction in intensity is comparable to that reported for thermal
degradation of maleimide resins containing acetal ester linkages
[32]. The possibility of secondary crosslinking due to the thermal
reactions between the double bonds of polynorbornene is ruled out
since this secondary reaction has not been observed for poly-
norbornene-based thermosetting materials without acetal ester
linkages. The possibility of thermal oxidation and hence cross-
linking is also ruled out as the TGA experiments have been carried
out under Helium atmosphere (CP grade, 99.6% pure). Our previous
work on crosslinking behaviour of the thermosetting materials
obtained from ROMP of mono- and di-functional norbornene
dicarboximide monomers without acetal ester linkages revealed
the chemical crosslinking as well as crosslinking due to physical
entanglement [30]. Therefore, one plausible reason for the insolu-
bility of materials 6e9 could be the presence of crosslinking due to
the physical chain entanglement.
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Interestingly, the thermosetting ROMP materials containing
acetal ester linkage reported here begin to breakdown around
200 �C, which is in the same region as the lead-free solder reflow
temperature (217 �C). The crosslinkedmaterials became very brittle
after the heat treatment indicative of reduction in crosslinking
density. This behaviour is extremely advantageous in the electronic
industry, as it would allow easy chip removal and replacement, if
these materials are used as adhesives.
4. Conclusions

The mono- and di-functional norbornene dicarboximide
monomer 4 and 5, containing acetal ester groups were synthesised
and fully characterised.

The ROMP of di-functional monomer 5 using Grubbs’ ruthenium
first generation initiator at ambient temperature produced cross-
linkedmaterial6. Using the same condition, crosslinkedmaterials7,8
and 9with various crosslink densitywere also prepared by the ROMP
ofmixtures ofmono-functionalmonomer4with75%, 50%, 25%molar
ratios of di-functional monomer 5, respectively. The FT-IR spectra
clearly showed the presence of an acetal CeO band at 1135 cm�1.

The TGA study of the crosslinked materials 6e9 showed that
they are stable to 150 �C, but exhibit rapid weight loss at 200 �C. The
weight loss was found to be 36%, 25%, 21% and 21%, respectively, for
materials 6, 7, 8 and 9 at 250 �C. This behaviour is consistent with
material 6 having the highest di-functional content, highest degree
of crosslinking and hence higher weight loss; and material 9 having
the lowest di-functional content, least degree of crosslinking and
hence lower weight loss.

The fragments obtained from TGA-MS analysis of materials 6e9
revealed that the most abundant fragments detected between
200 �C and 250 �C were acetaldehyde, butadiene, butenyl alcohol
and pentenoic acid. These fragments are the result of the thermal
decomposition of the acetal ester linkage which is supported by
considerable reductions in the intensity of CeO bands at 1135 cm�1

in FT-IR spectra observed for the retrieved materials.
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A series of four arm stars with copolymer arms composed of poly(tert-butyl-glycidylether)-b-polyglycidol
were prepared using a multi-step process based on anionic ring-opening polymerization. Control of the
length of the arms and the number of functional (hydroxyl) reactive groups was achieved by anionic
polymerization. Stars with molar masses up to 12200 g/mol were prepared. The amphiphilic character of
the star structure was varied using different polyglycidol block lengths. The star structure and molar mass
of the obtained stars were characterized by SECeMALLS and NMR spectroscopy.

The temperature behavior of an aqueous solution of the obtained polymers was also investigated. The
phase transition temperaturewas strongly dependent on the hydrophilicehydrophobic balance of the star
structure and varied in the range of 25e59 �C. As shown by DLS and SEM, the stars formed temperature-
sensitive spherical aggregates in aqueous solution. The aggregatesmay be used for controlled transport and
release of active compounds.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymers with nonlinear topology have been extensively
described in the literature [1e5]. Studies have focused on the
synthesis, characterization and application of branched polymers.

Star polymers are macromolecules containing a single branch
point from which arms spread out, forming macromolecules with
a spherical architecture. The properties of star macromolecules are
significantly different than those of linear chains of the same
composition and molar mass. The preparation methods and prop-
erties of star polymers have been widely reviewed [2,6e10].

The classification of star polymers is frequently related to the
structure of their arms. The simplest star structures contain chem-
ically identical chains emanating from a central point. The arms of
the stars may consist of the homopolymer chains (An type stars) or
block copolymer (AB)n type stars. The stars consisting of chemically
different arms are called miktoarm or heteroarm stars. Among all
types of stars, symmetric and asymmetric stars are also distin-
guished. The asymmetric ones have arms of different molar mass,
functional groups or topology.
on Materials, Polish Academy
e, Poland. Tel.: þ48 32 27 16

worak).

All rights reserved.
There are two main synthetic methods used to obtain star poly-
mers: “core-first” and “arm-first”. The “core-first” method is based
upon the polymerization of amonomer, initiated bya polyfunctional
core. The length of the star arms increases during polymerization.
The “arm-first” method is based upon the synthesis of living
macromolecular chains (the prospective arms of the star) and their
termination with a multifunctional terminating agent, the core [8].

The number of initiation centers on the branch point of a star
has to be higher than 2. The branch point can be composed of
a multifunctional low molar mass compound [11e16], a dendrimer
[17,18], a hyperbranched polymer [3,19e22], an arborescent struc-
ture [23,24] or a microgel [25,26]. When the core is big enough, the
stars obtained are called coreeshell structures. They exhibit inter-
esting properties, especially when the internal and external parts
are chemically different. The hydrophilicehydrophobic balance
between the core and shell may be controlled, when the arms of the
star are generated using living polymerization techniques.

The formation of a micellar structure from star polymers in
solvents with different selectivity for the blocks of star arms was
reported [27e30]. The self-assembly of amphiphilic four arm stars
with poly(3-caprolactone)-block-poly(N-(2-hydroxypropyl)meth-
acrylamide) arms in aqueous solution was investigated by Leroux
[27]. The critical aggregation concentration and size of particles
formed were measured as a function of copolymer composition and
solution concentration. Themicellizationof fourarmstars consisting
of poly(acrylic acid)-b-polystyrene was reported by Monteiro [28].

mailto:adworak@cmpw-pan.edu.pl
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.12.001
http://dx.doi.org/10.1016/j.polymer.2010.12.001
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Table 1
The molar ratios of monomers and yields of synthesis.

S-[(BGE)n-b-(EGE)m]4 S-[(BGE)n-b-(G)m]4 Ratio of blocks in armsc

Monomer used [mol] Conversion
(%)a

Yield
(%)b

Before
hydrolysis

After
hydrolysis

PENT BGE EGE (BGE)/(EGE) (BGE)/(G)

1.47 � 10�3 0.058 0.041 99.9 88.3 1.38 1.44
1.61 � 10�3 0.064 0.077 99.8 87.6 0.82 0.79
1.79 � 10�3 0.079 0.108 99.9 89.2 0.72 0.69
1.22 � 10�3 0.048 0.083 99.9 90.5 0.59 0.56
1.34 � 10�3 0.053 0.113 99.8 87.7 0.47 0.45

a Measured by GC.
b Product after hydrolysis.
c Estimated after 1H NMR analysis.

HOH2C C CH2OH
CH2OH

CH2OH
+ t-BuO  K
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HOH2C C CH2O
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ionization<20%
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Scheme 1. The synthesis of potassium pentaerythritolate.
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The stars aggregated in water, forming coreeshell micelles with
sizes that increased with the length of the hydrophobic inner block.
In DMF, a good solvent for both blocks no aggregationwas observed.
Micelle formation by other amphiphilic stars with poly(ethylene
oxide)-b-poly(3-caprolactone) or poly(ethylene oxide)-b-polylac-
tide arms and PEO as an inner blockwere also presented [29]. Pispas
et al. [30] reported the synthesis and micellization properties of
eight arm polyisoprene-b-polystyrene stars that were prepared by
anionic polymerization. The sizes and aggregation numbers of
micelles depended on solvent selectivity.

The polymers of glycidol, which are hydrophilic polyethers that
contain hydroxyl groups in their structures, have been intensively
studied [31e35]. Polyglycidols with linear topology [31] and such of
branched structures [32e35] were investigated. The anionic ring-
opening polymerization of glycidol, with the use of slow monomer
addition, leads to a branched polyether structure. Control of the
molarmass andmolecular structure of polyglycidol can be achieved
by anionic polymerization of glycidol with a protected hydroxyl
group [31e34].

Amphiphilic block copolymers, based upon glycidol and other
oxiranes with different topologies, are investigated as new water
soluble biocompatible materials [20,24,36e39]. The investigation
uses highly branched copolymers of polyglycidol as biocompatible
unimolecular micelles [20,24,36,37]. Linear copolymers of poly-
glycidol and other oxiranes that form micelles in water solutions
were studied [38,39]. The relationship between the composition of
the block copolymers and their association properties were inves-
tigated [39]. The modification of hydroxyl groups of polyglycidol to
create amphiphilicity in this material was also investigated [38].

Theprecise synthesis of polyoxiraneswith tert-butyl-glycidylether
as a comonomerwas reported recently [40,41]. The authors described
the kinetics of the copolymerization of tert-butyl-glycidylether and
allyl-glycidylether. The obtained copolymers were used to study the
reaction condition for selective removal of the tert-butyl group [40].
The copolymer of tert-butyl-glycidylether and glycidol were used to
functionalize hydroxyl groups with alkyl isocyanates [41].

Previous studies [24] of the copolymerization of ethylene oxide
with 1-ethoxyethyl-glycidylether, and subsequent removal of
1-ethoxyethyl groups to recover the polyglycidol hydroxyl groups,
has opened a route for preparing branched polyoxiranes with
controllable molar masses and high hydroxyl group content.

Here we report the synthesis of four arm star block copolymers
withwell-definedamphiphilic armsofpoly(tert-butyl-glycidylether)-
block-polyglycidol with different polyglycidol block lengths. A multi-
stepprocess, basedonanionic ring-openingpolymerization,wasused
for synthesis. The sensitivity of the star to temperature changes,
accompanied by their aggregation behavior, is also described.

2. Experimental section

2.1. Materials

tert-Butyl-glycidylether (Aldrich) was dried for several days over
CaH2 and distilled before use. 1-Ethoxyethyl glycidylether was
synthesized according to Fitton et al. [42], distilled several times
under reduced pressure, stored over CaH2 and distilled before
polymerization. A fraction of 99.98% purity was used. Dimethyl
sulfoxide (DMSO, POCh) was distilled over calcium hydride, stirred
under argon with barium oxide for several days, and then distilled
into an ampoule equipped with a Rotaflo glasseteflon valve. Tetra-
hydrofuran (THF,POCh)wasdriedoverCaH2, refluxedoverNa/Kalloy
and distilled prior to use. Pentaerythritol (PENT, Aldrich) was crys-
tallized from water and dried under high vacuum for several days.
Potassium tert-butoxide (Fluka), formic acid and trichloroacetyl
isocyanate (TCAI) were used as received.
2.2. Synthesis of four arm [poly(tert-butyl-glycidylether)-block-
polyglycidol]4 stars S-[(BGE)n-b-(G)m]4

2.2.1. Synthesis of potassium pentaerythritolate e initiator
Potassium alcoholate of pentaerythritol was prepared in DMSO.

Dry pentaerythritol (1.47 mmol, 0.2 g) was placed in the reactor
under argon atmosphere, additionally dried under a high vacuum,
dissolved in DMSO (30 mL). All DMSO was removed under reduced
pressure to remove adventitious water. The new portion of 30mL of
dry DMSO was added to the reactor along with the solution of
potassium tert-butoxide (1.18 mmol, 0.13 g) in 20 mL DMSO.
Nascent tert-butanol and almost all of the DMSO were removed by
distillation under reduced pressure and the mixture was dissolved
in 30 mL of dry DMSO. To avoid precipitation of the initiator from
the solution, only up to 20% of all hydroxyl groups were ionized.

2.2.2. Synthesis of four arm [poly(tert-butyl-glycidylether)-block-
poly(1-ethoxyethyl-glycidylether)]4 stars S-[(BGE)n-b-(EGE)m]4

All syntheses of star copolymers were carried out using a high-
vacuum technique or dry argon atmosphere in reactors and
ampoules equipped with glasseteflon valves. The proper molar
ratios of themonomers used for star syntheses are placed in Table 1.

tert-Butyl-glycidylether (0.058 mol, 7.64 g) was distilled under
high vacuum and placed in a reactor with a freshly prepared solu-
tion of potassium pentaerythritolate (partly ionized) (1.47mmol) in
30 mL of DMSO. The reactor was placed in the oil bath and the
mixturewas stirred at 65 �C. After 24 h, freshly distilled THF (30mL)
was added to the reactor to keep the reaction mixture homoge-
neous. The polymerization was carried out at 74 �C. After 72 h, the
conversion of tert-butyl-glycidylether was 100% (GC analysis).
Freshly distilled 1-ethoxyethyl-glycidylether (0.041 mol, 5.99 g)
was then added to the reactor. The reaction mixture was stirred at
74 �C for 72 h until complete conversion of the second monomer
was achieved. The polymerizationwas terminated by adding water.
After polymerization, the solvents were removed under reduced
pressure, and the crude star block copolymer S-[(BGE)n-b-(EGE)m]4
was analyzed by SECeMALLS and 1H NMR.

2.2.3. Deprotection of hydroxyl groups in the (EGE)m block
Each star S-[(BGE)n-b-(EGE)m]4 (13.5 g) was dissolved in formic

acid (30 mL). After dissolution, the formic acid was removed under
reduced pressure and the remaining material was dissolved in 1,4-
dioxane (100 mL). A solution of potassium hydroxide (6.5 g) in
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Scheme 2. The synthesis of an S-[(BGE)n-b-(EGE)m]4 star.
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methanol (100 mL) was added to the polymer solution for sapon-
ification. Themixturewas stirred 24 h at room temperature and the
solvents were removed under reduced pressure. The crude product
was dissolved in methanol and desalinated through dialysis using
a Spectra/Pore MWCO:3500 membrane against methanol at room
temperature for two weeks. The methanol was changed two times
per day. After dialysis, the methanol was removed under reduced
pressure and a viscous, light yellow transparent product (6 g) was
dried under high vacuum (1 �10�6 mbar) at 60 �C for several days.

The procedure yielded four arm [poly(tert-butyl-glycidylether)-
block-polyglycidol]4, S-[(BGE)n-b-(G)m]4 stars.

2.3. Measurements

2.3.1. Gas chromatography
Gas chromatography measurements were performed to deter-

mine the residual monomer content in the reaction mixture. A gas
chromatograph VARIAN 3400 equipped with an FID detector and
a J&W Scientific DB-5 (30 m � 0.32 mm) column was used.

2.3.2. NMR
1H NMR spectra were recorded on a Varian UNITY-INOVA

spectrometer operating at 300 MHz and a Bruker 600 Ultra Shield
Plus spectrometer operating at 600 MHz. Either CDCl3 or DMSO-d6
with tetramethylsilane (TMS) as an internal standard were used as
solvents. Trichloroacetyl isocyanate was added directly to the NMR
tube to determine the number of hydroxyl groups.
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Scheme 3. Hydrolysis of (EGE)m bloc
2.3.3. Size exclusion chromatography (SECeMALLS)
The molar mass and dispersity of the polymers were determi-

ned using gel permeation chromatography with a refractive index
detector and a multiangle laser light scattering detector. SEC
measurements of the products before deprotection were carried out
in THF at 35 �C using a PSS-SDV set of columns: 1 � 103, 1 � 105,
2 � 100 A. The refractive index increment of poly(tert-butyl-glyci-
dylether) and poly(1-ethoxyethyl-glycidylether) was measured
separately in THF (dn/dc ¼ 0.057 mL/g, dn/dc ¼ 0.045 mL/g respec-
tively). The products, after deprotection, were analyzed in DMF
(5 mmol/L solution of LiBr). Measurements were carried out at 45 �C
using a set of columns: 1 � GRAM 100A (Polymer Standards Serv-
ice)þ2�Mixed-C (Polymer Laboratories). A refractive indexdetector
Dn-2010 RI (WGE Dr. Bures) and a multiangle laser light scattering
detector DAWN HELEOS of Wyatt Technologies (l ¼ 658 nm) were
used to determine the concentration and molar mass of the poly-
mers. Measurements were performed with a nominal flow rate of
1 mL/min. The refractive index increment of poly(tert-butyl-glycidy-
lether) wasmeasured in DMF (dn/dc¼ 0.028mL/g). SEC results were
collected and evaluated by ASTRA software fromWyatt Technologies.

2.3.4. UVeVIS spectroscopy
Cloud point measurements of star aqueous solutions were per-

formed using a Jasco V-530 UVeVIS spectrophotometer equipped
with a programmable Medson MTC-P1 thermocontroller. The
polymer concentration in aqueous solutions varied in the range of
1e10 g/L. The transmittance was measured at 500 nm. A heating
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rate of 0.05 �C/min was applied. The data were collected every 2 �C
0.5 min after temperature stabilization. The cloud point was
defined as the temperature where the polymer solution reached
50% transmittance.

2.3.5. Light scattering measurements
DLS measurements were performed on a Brookhaven BI-200

goniometer with vertically polarized incident 632.8 nmwavelength
light supplied by a heliumeneon laser operated at 35 mW and
a Brookhaven BI-9000 AT digital autocorrelator. The polymer
concentrations in the solutions used formeasurements were from 2
to 10 g/L. Measurements were made at different angles Q from 60�

to 120� at temperatures in the range between 15 and 40 �C for one
polymer, and in the range 15e85 �C for the other. Calculations of
the obtained results weremade using a CONTIN algorithm to obtain
distributions of the decay rates (G). The apparent diffusion coeffi-
cients (Dapp) were calculated from the angular dependence of
G: Dapp ¼ G/q2, where q is the magnitude of the scattering vector
q ¼ ð4pn=lÞsinðQ=2Þ, n is the refractive index of the solvent, and l

is the wavelength of the light source in vacuum. The apparent
hydrodynamic radii were obtained from the StokeseEinstein
equation Rapph ¼ kT=ð6phDappÞ, where k is the Boltzmann constant
and h is the viscosity of water at temperature T. The values of D for
polymers below the phase transition temperature were plotted
against concentration and extrapolated to zero concentration
D0 ¼ lim

c/0
D. The hydrodynamic radii Rh for polymers below the

phase transition temperature were obtained, taking into account
the diffusion coefficient D0.

The values of the apparent radii of gyration, Rg, were obtained
from partial Berry plots, given by the following equation:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=IexðqÞ

p
¼ C

h
1þ

�
R2gq

2
�.

6
i

where Iex is the excess of the scattered light.

2.3.6. SEM measurements
The star polymer aggregates were observed by scanning elec-

tronmicroscopy (SEM). SEMwas performed on a Quanta 250 ESEM
FEG Scanning Electron Microscope (FEI Company). A star polymer
water solution was heated above its cloud point and dropped on
a hot glass cover slide. After drying, the probe was coated with
a gold film (5 nm) using a Leica EM SCD050 vacuum sputtering
device.

3. Results and discussion

3.1. Synthesis of four arm [poly(tert-butyl-glycidylether)-block-
polyglycidol]4 S-[(BGE)n-b-(G)m]4 stars

Four arm amphiphilic (AB)n type stars with hydrophobic poly
(tert-butyl-glycidylether) internal parts andhydrophilic polyglycidol
external blocks were synthesized using the “core-first” method.
Table 2
Characteristics of S-[(BGE)n-b-(G)m]4 stars.

Stars S-[(BGE)n-b-(G)m]4

n:m Mn (g mol�1) Mass ratioa

of PG (%)
From feed NMR From feed NMR GPC Mw/Mn

1-S4 10:7 9.2:6.2 7400 6800 8200 1.02 27
2-S4 10:12 9:11.5 8900 8200 9100 1.01 41
3-S4 11:15 10.6:15 10300 10100 11400 1.03 44
4-S4 10:17 9.5:16.9 10400 10100 11600 1.03 50
5-S4 10:21 9:20.3 11550 10800 12200 1.03 56

a PGð%Þ ¼ ð4� 74Þm=Mn . The “m” and “Mn” values were calculated from 1H NMR
spectrum.
The potassium alcoholate of pentaerythritol was used as the
initiator in the polymerization process. Synthesis of the initiator
with hydroxyl active groups is shown in Scheme 1.

tert-Butanol was distilled off to shift the equilibrium. The tert-
butanol hydroxyl groupmight act as a transfer agent. Therefore, the
complete removal of tert-butanol was important to prevent the
formation of linear chains.

Anionic living polymerization was applied to form arms with
precise control over the arm’s length and the structure of the star
block copolymer.

In the first step, ionization of the pentaerythritol hydroxyl groups
was accomplished by reaction with potassium tert-butoxide, taking
into account that the final amount of ionized hydroxyl groups of
pentaerythritol has to be lower than 20% to prevent precipitation of
the initiator in DMSO [24]. The exchange reaction between the
hydroxyl group and alcoholate active centers is much faster than the
initiation reaction,which leads to simultaneous armgrowth. Thefirst
monomer was added to the freshly prepared initiator. The synthe-
sis of [poly(tert-butyl-glycidylether)-block-poly(1-ethoxyethyl-gly-
cidylether)]4 S-[(BGE)n-b-(EGE)m]4 is shown in Scheme 2.

After initiation of tert-butyl-glycidylether polymerization and
progressive growth of the polymer chain, the hydrophobic star
polymer S-[(BGE)n]4 precipitated inDMSO.However, the subsequent
addition of THF kept the reaction mixture homogeneous. A full
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conversion of tert-butyl-glycidylether was obtained after 74 h of
reaction at 65 �C. The secondmonomer,1-ethoxyethyl-glycidylether,
was subsequently added to the reactionmixture. A full conversion of
the secondmonomerwas obtained after 96 h at 74 �C. Control of the
monomer conversion was verified by gas chromatography.

In the second step, the polyglycidol block hydroxyl groups were
recovered by hydrolysis of the acetal linkages in the poly(1-ethox-
yethyl-glycidylether) block. The acetal groups were converted to
formates using formic acid and then saponified using KOH in
methanol. The hydrolysis is shown in Scheme 3.

Completeness of the hydrolysis was checked by NMR. As an
example, the spectrum of the star before and after hydrolysis is
shown in Fig. 1.

The characteristic signal of methine protective group protons in
a poly(1-ethoxyethyl-glycidylether) block (Fig. 1a, signal “i” at
4.68e4.58 ppm) is not visible in the NMR spectrum after hydrolysis.
Complete hydrolysis of the protective groups was confirmed by
NMR spectroscopy for all synthesized polymers. The average ratio
of blocks estimated from the 1H NMR for polymers after hydrolysis
are in good agreement with the polymers before hydrolysis, which
indicates that no degradation of the arms took place.

The molar ratios between the initiator and monomers used for
polymerization of all the stars are presented in Table 1. Complete
monomer conversion after each step is important for controlling
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block length. Total monomer conversion, as measured by gas chro-
matography, is higher than 99.8% in all cases. The yield of stars after
hydrolysis and purification by dialysis is higher than 87% in all cases.

The length of the blocks in the star arms, “m” and “n,” was esti-
mated after the quantitative reaction of the hydroxyl groups of
polyglycidol with trichloroacetyl isocyanate (TCAI) by NMR spec-
troscopy. For example, the spectrum of the 2-S4 star after the reac-
tionwith TCAI is shown in Fig. 2. The results are collected in Table 2.

Signals from methine end group and methylene group protons
of the obtained urethanes and protons of the tert-butyl groups were
used to calculate the length of the glycidol “m” and tert-butyl-
glycidylether “n” blocks. The ratio of the signal areas derived from
polyglycidol pendant CH2 group protons (Fig. 2, signal “j” at
d¼ 4.65e4.20 ppm) to the CH end group protons (Fig. 2, signal “i” at
d ¼ 5.30 ppm) was used to determine the DP of the polyglycidol
blocks. Similarly, the ratio of the signal area derived from the tert-
butyl group CH3 protons (Fig. 2, signal “a” at d¼ 1.17 ppm) to the CH
end group protons (Fig. 2, signal “i” at d ¼ 5.30 ppm) was used to
determine the DP of the poly(tert-butyl-glycidylether) block. The
results are collected in Table 2. Table 2 also contains the DP ratio of
the poly(tert-butyl-glycidylether) block to the polyglycidol block,
estimated from the feed. Both results are in good agreement, which
verifies the structure of the obtained amphiphilic stars.

Themolarmasses and theirdispersities for all obtained starswere
determined using SECeMALLS. Chromatograms of all star polymers
are monomodal (Fig. 3). The dispersity of molar masses did not
exceed1.03. The refractive index increments (dn/dc) of the starswere
estimated from the weight ratio of the comonomers and refractive
index of polyglycidol in DMF (0.055 L/g) and poly(tert-butyl-glyci-
dylether) in DMF (0.028 L/g). The value of dn/dc for both polymers
was measured separately. The absolute molar masses obtained from
SECeMALLS (Table 2) are in good agreement with the molar masses
calculated from NMR and with the values calculated from the feed.

The obtained results proved that the anionic polymerization
of oxiranes lead to star shaped polymers with well controlled
architectures.
3.2. Thermoresponsive behavior of stars

The [poly(tert-butyl-glycidylether)m-b-(polyglycidol)n]4 are
(except for the insoluble 1-S4) temperature sensitive. Their behavior
resembles that of the linear amphiphilic block copolymers poly
(ethylene oxide)-b-poly(n-alkyl glycidyl carbamates) [38,39] or poly
(ethylene oxide)-b-poly( glycidyl acetates) [44]. These copolymers
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form at room temperature micelles above cmc and aggregates at
elevated temperatures, which precipitate from water solutions.

Star block copolymers [poly(tert-butyl-glycidylether)m-b-(pol-
yglycidol)n]4 with polyglycidol block lengths of 12, 15, 17 and 21
monomer units were all water soluble at room temperature. After
heating solutions of 2-S4, 3-S4 and 4-S4 became opalescent, the
solution of 5-S4 was opaque. The cloud point temperature of 2 g/L
water solutions of these polymers measured as the changes in
transmittance at a wavelength of 500 nm are shown in Fig. 4.

In no case did the transmittance fall to zero. The breadth of the
transition range was narrowed with increasing hydrophilic poly-
glycidol block length.

Extension of the hydrophilic block shifts the transition
temperature towards higher values. Changing the hydrophilic/
hydrophobic ratio (the ratio of the block lengths of the polyglycidol
and poly(tert-butyl-glycidylether) blocks) makes control of the
transition temperature possible within wide limits.

The influence of the polymer concentration, in the range from
2 g/L to 10 g/L, on the cloud point temperature and the breadth of
the transition range was also studied (Fig. 5). The cloud point
temperature, measured as the value at which the transmittance
falls to 50% of its final value, does not practically depend upon
concentration. The final transmittance, however, does depend upon
the concentration. The lower the concentration, the higher the final
value of transmittance.
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The sizes of the structures formed by the star polymers [poly
(tert-butyl-glycidylether)m-b-(polyglycidol)n]4 were investigated
using static and dynamic light scattering as a function of
temperature.

Dynamic light scattering (DLS) was used to follow how the
hydrodynamic dimensions of the particles change with tempera-
ture. The measurements were carried out for solutions ranging
from 2 g/L to 10 g/L. The dispersion of the particle sizes is expressed

as m2=G
2
, where G is the average relaxation rate and m2 is the second

moment of the G function [43]. For all systems, the G function was
monomodal and diffuse in character. Examples of the distribution
of the hydrodynamic radii at 20 �C (before the cloud point) and
40 �C (above cloud point), for the star 2-S4, measured at the light
scattering angle of 90�, are shown in Fig. 6a.

Changes in the hydrodynamic radii for all stars as a function of
temperature are shown in Fig. 6b. Below the phase transition, the
diffusion coefficient, determined from the slope of the linear fit of
relaxation time G versus the scattering angle expressed as
sin2ðQ=2Þ (Fig. 7a), was practically concentration independent
(Fig. 7b). The extrapolation of D ¼ fðcÞ to zero yields D0, so the
hydrodynamic radii below the phase transition are therefore given
as Rh ¼ kT=ð6phD0Þ, (Fig. 6b).

However, above the transition temperature, the diffusion coef-
ficients obtained by the extrapolation of G fall significantly with
increasing concentration. It cannot be dismissed that this was
caused by an increase in the particle sizes with an increasing
concentration of aggregates. Therefore, in Fig. 6b, above the phase
transition, the apparent values Rapph of the hydrodynamic radii are
given, as measured from Rapph ¼ kT=ð6phDÞ for 2 g/L. D was
calculated from the slope of G(q2). Fig. 8 shows how the radii
change with temperature at different concentrations.

The apparent hydrodynamic radii of the aggregates above the
phase transition growwith increasing concentration from 80 nm to
Table 3
Characteristics of thermoresponsive behavior of poly(tert-butyl-glycidylether)-
block-polyglycidol stars in aqueous solution.

Stars Tcp (�C) Rh (nm)
(15 �C)

m2=G
2

Rapph (nm)a

(75 �C)
m2=G

2
Rg (nm)
(75 �C)

r

2-S4 26.1 5.1 0.07 80b 0.13b 63b 0.79
3-S4 51.1 5.2 0.07 107 0.08 82 0.77
4-S4 62.8 5.4 0.06 110 0.07 85 0.77
5-S4 69.0 6.5 0.04 132 0.14 104 0.79

a Measured for 2 g/L solution concentration.
b Measured at 40 �C.



Fig. 9. SEM images of 5-S4 star aggregates.
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93 nm for 2-S4, from 107 nm to 124 nm for 3-S4, from 111 nm to
132 nm for 4-S4 and from 133 nm to 167 nm for 5-S4. At constant
concentration (Fig. 6b) the sizes of the aggregates depend upon the
length of the hydrophilic block.

In contrary to what was observed for the thermosensitivity of
linear amphihilic block copolymers [38,39,44] the aggregates
formed above 27 �C by the stars described here are stable and do
not change up to 95 �C.

The values of the hydrodynamic radius of the stars measured
below the phase transition point indicate that, for the studied range
of concentrations, the stars in the solutiondonotexist asunimers, but
formmicelles.Micellizationof the amphiphilic star block copolymers
has been observed for several systems, as discussed in the intro-
duction [27e30]. For four arm poly(acrylic acid)-block-polystyrene
stars with much higher molar mass lower values of hydrodynamic
radii (ca. 3 nm) were measured in a good solvent, which prevented
micellization [28]. So here even smaller structures should be
observed for starunimers, as the stronglyhydrophobic core shouldbe
collapsed in water, thus lowering the size of the separate star.

DLS measurements of the studied stars in DMF, a good solvent
for both blocks, indicated only a very low scattering intensity.
Although the radii could not be measured with sufficient accuracy,
this proves that the sizes of the structures in DMF aremuch smaller,
probably corresponding to separate stars.

The radii of gyration, Rg, of the structures formed inwater above
the cloud point were measured by static light scattering (Table 3).
The knowledge of both the hydrodynamic radius and the radius of
gyration makes the shape factor r ¼ Rg=Rh available. The value of
r is close to 0.775, which indicates that the aggregates assume the
structure of a dense sphere [1,45]. The data are collected in Table 3.

Aggregates of the star block copolymers were visualized using
scanning electron microscopy. Sample 20 mg/L were heated above
the cloud point and dispersed on a heated glass plate. After drying,
the plate was covered with gold (ca. 3 nm) and measured by SEM
under high vacuum. Fig. 9 shows the images. The structures are of
spherical shape. The diameters vary from 240 to 300 nm.

4. Conclusions

The anionic sequential polymerization of tert-butyl-glycidy-
lether and 1-ethoxyethyl-glycidylether, initiated by partially ioni-
zed pentaerythritol, leads to four arm stars with block copolymer
arms of controlled length. 1H NMR spectroscopy and SECeMALLS
measurements confirm the structure of stars. The amphiphilic
character of the star arms causes temperature sensitivity in water
solution. The adjustment of the length of the hydrophobic and the
hydrophilic blocks permits control of the phase transition temper-
ature in a broad range. Above the phase transition, stars formed in
water stable aggregates of 60e100 nm radius and of low size dis-
persities. The thermosensitivity of synthesized stars and their
amphiphilic character makes them a prosperous tool for tempera-
ture controlled delivery of active compounds.
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Periodate oxidized dextran has been widely studied in a broad range of biotechnological applications,
regardless of this, usually little attention is paid to the oxidation extension consequences on the prop-
erties of the final modified dextran. Based on a bidimensional NMR analysis, we suggest that the two
aldehydes groups, resulting from the periodate oxidation, are not fully reactive with N-nucleophiles,
under certain pH conditions. The aldehyde group bonded to C3 appeared to be the only prone to react.
The other aldehyde might be arrested in more stable hemiacetal structures. The hemiacetals are also
responsible for oxidized dextran crosslinking, interfering in simple processing steps, such as dissolution
and solubility, as well as increasing the viscosity of the solutions. The molecular weight variation on
the oxidized samples can be followed by dynamic mechanical thermal analysis in consequence of the
variation of glass transition temperature with the molecular weight, which was corroborated by the
onset temperature of the thermal degradation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Dextran is a polysaccharide synthesized by a large number of
bacteria, when grown on sucrose-containing media [1]. Nowadays,
Leuconostoc mesenteroids (strain B-512) [2] is responsible for the
majority of the commercially available dextrans. They are charac-
terized by having over 95% of a-1,6 linkages and some low degree of
branching. From the late 1940’s, dextrans have attracted attention
from the biotechnology world. They were accepted as a plasma
volume expander, due to its linear structure, high water solubility,
and especially owing to its a-1,6 linkage, more relevant to biological
applications, in virtue of the slower hydrolysis by body enzymes,
compared to the a-1,4 linkage (e.g. glycogen) [1,2].

The dextran oxidation by the periodate ion is a catalysis-free
aqueous reaction which yields a purified product with a simple
dialysis step. The periodate ion attacks vicinal diols promoting bond
breaking. Typically, the a-1,6 residues in dextran are attacked
between carbons C3eC4 or C3eC2, breaking the CeC bond and
yielding aldehyde groups, being able to be further reduced on
a second and independentoxidation reaction (Scheme1) [3]. Initially,
this method was used in the characterization and elucidation of
the polysaccharide structure, through the complete oxidation and
epartamento de Engenharia
351 239 798 743; fax: þ351

All rights reserved.
consequent analysis of the degradation products [4]. Nowadays, low
and mild periodate oxidations are used to confer the dextran chain
with aldehyde functionalities, which have as main characteristic the
highly reactive nature towards N-nucleophiles, such as amines,
hydrazines or carbazates [5].

Concerning the oxidized dextran (dexOx) application on a
biomedical perspective, the accurate assessment of the periodate
oxidation consequences in mild oxidation conditions is of utmost
importance in predicting the extent of drug loading [6] or the final
physico-chemical properties of hydrogels [7]. Due to the highly
reactive nature of the formed aldehydes, they are easily attacked by
neighbouring hydroxyl groups, leading to the formation of hemi-
acetals [8]. These hemiacetals are the most consensual resulting
structures, even taking into account that some studies restrict these
structures to a narrow pH window (4.0e5.2) [9]. Other conse-
quences of the dextran oxidation are the decreased average
molecular weight and polydispersity increase [10].

Herein we address the consequences of low and mild dextran
oxidation and try to further elucidate the structural nature of dexOx
through bidimensional NMR, upon reaction with tert-butyl carba-
zate. Our data suggest that only one aldehyde per residue might be
involved on this reaction, while the second aldehyde could be
arrested to a stable hemiacetal structure. We will explore the
oxidation influence on simple manipulation steps, such as aqueous
dissolution and the solutions viscosity outcome. Dynamic mechan-
ical thermal analysis (DMTA) data on dexOx are discussed and
correlated with the molecular weight trend. The relative thermal

mailto:joaom@eq.uc.pt
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.058
http://dx.doi.org/10.1016/j.polymer.2010.11.058
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Scheme 1. Dextran’s a-1,6 glucose residue possible periodate oxidations. (A) Periodate attack at C3eC4; (B) C3eC2 and (C) double oxidation.
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stability of dexOx sampleswas evaluated by thermogravimetric (TG)
measurements.

2. Materials and methods

2.1. Materials

Dextran (from Leuconostoc mesenteroides; Mw 60 kDa,
according to Fluka’s specification), sodium periodate, adipic acid
dihydrazide (AAD), tert-butyl carbazate (tBC), ethyl carbazate (EtC),
phosphate buffered saline (PBS; pH 7.4), dialysis membranes
(MWCO 12 kDa) and NaOD were purchased from Sigma (Sintra,
Portugal) and used as received.

2.2. Dextran oxidation

An aqueous solution of dextran (1 g; 12.5% (w/v) ∼ pH 5.5) was
oxidized with 2 mL of sodium periodate solution with different
concentrations (33e264 mg/mL) to yield theoretical oxidations
from 5 to 40%, at room temperature (The oxidation degree (OD) of
dexOx is defined as the number of oxidized residues per 100
glucose residues). The reaction was stopped after 4 h. The resulting
solution was dialyzed for 3 days against water and lyophilized
(Snidjers Scientific type 2040, Tillburg, Holland). The scale-up of
the reactionwas done using the same procedure albeit using 30 g of
dextran and a calculated amount of periodate to yield a theoretical
oxidation of 5, 10, 25 and 40%, referred hereafter as D5, D10, D25
and D40, respectively.

2.3. Nuclear magnetic resonance (NMR)

1H spectra were acquired on a Varian 600 NMR spectrometer
(Palo Alto, CA) using a 3 mm indirect detection NMR probe with z-
gradient. 1H NMR spectra were recorded in D2O (20e25 mg in
0.2 mL; pD of c.a. 4.5 or 10.2 after addition of NaOD) using a 90�

pulse and a relaxation delay of 30 s. The water signal, used as
reference line, was set at d 4.75 ppm and was partially suppressed
by irradiation during the relaxation delay. A total of 32 scans were
acquired for each 1H NMR spectra. Bidimensional spectra were
recorded on the same magnet and probe. 1He1H correlation spec-
troscopy (COSY) spectra were collected as a 2048 � 1024 matrix
covering a 5 kHz sweep width using 32 scans/increment. Before
Fourier transformation, the matrix was zero filled to 4096 � 4096
and standard sine-bell weighting functions were applied in both
dimensions. 1He13C heteronuclear multiple quantum coherence
(HMQC) spectra were collected as a 2048 � 1024 matrix covering
sweep widths of 5 and 25 kHz in the first and second dimensions,
respectively. Before Fourier transformation, the matrix was zero
filled to 4096 � 4096 and standard Gaussian weighting functions
were applied in both dimensions. The spectra were analyzed with
iNMR software, version 2.6.4 (www.inmr.net). The oxidation
degree (OD) refers to the theoretical value unless otherwise stated.

2.4. DexOx’s solubility and solutions viscosity

The different dexOx and dextran samples were dissolved in PBS
(20% w/w). Aliquots of 1 mL were distributed in small glass vials,
frozen at�20 �C and freeze-dried, in order to obtain a similar freeze-
drying cake across every sample. The original dextranprocessed this
way will be referred as D0. To each sample, 0.85 mL of miliQ water
was added and the dissolution time was recorded at different
temperatures (n¼ 3). The reasonwas tomimic the reconstitution of
a pharmaceutical freeze-dried product. The vials were preserved
under reduced pressure on a glass desiccator supplied with silica
gel. Dextran and dexOx solutions, with concentrations ranging from
10 to 30% w/w, were prepared and tested in a Brookfield Program-
mable D-IIþ Viscometer with an S18 spindle, assisted by DVLoader
v1.0 software. The chamber temperature was controlled by an
external bath to 25 �C. Low viscosity solutions were measured by
a Labolan V1-R viscometer with an LCP spindle (low viscosity
adapter) and controlled temperature to 25 �C.

2.5. Size exclusion chromatography

Performed in an HPLC system composed by a degasser and
a WellChrom Maxi-Star k-1000 pump (Knauer), coupled to an LS
detector (evaporative light scattering PL-EMD 960) and one column
(Polymer Laboratories, aquagel-OHMixed 8 mm). The whole system
was kept at room temperature and the eluent used was KNO3
(0.001 M; pH 3.9) at a flow rate of 0.4 mL/min. Samples and stan-
dards were dissolved in the eluent at 4e6 mg/mL (Fluka Chemie
AG, dextran standards from 12 to 80 kDa).

2.6. Dynamic mechanical thermal analysis

The freeze-drying samples obtained above were subjected to
dynamical mechanical thermal analysis (DMTA) on a Triton Tritec
2000 analyzer. About 50 mg of sample were loaded into metal
pockets fabricated from a sheet of stainless steel. The pocket was
clamped directly into the DMTA using a single cantilever configu-
ration. Temperature scans, from �200 �C to þ300 �C with a stan-
dard heating rate of 2 �C min�1 were performed in

http://www.inmr.net
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a multifrequency mode (1 and 10 Hz) in order to identify the
temperature transition peaks.

2.7. Thermogravimetric analysis

The thermal stability of dextran and dexOx samples was studied
in a TA Instruments Q500 thermogravimetric analyzer (thermo-
balance sensitivity 0.1 mg). The temperature calibration was per-
formed in the range 25e1000 �C by measuring the Curie point of
nickel standard, using open platinum crucibles, a dry nitrogen
purge flow of 100 mL min�1, and a heating rate of 10 �C min�1, the
Scheme 2. (A) Single periodate oxidation outcome after periodate ion attack at C3eC4 and
(C) Periodate doubly oxidized residue, possible hemiacetals and tBC reactions.
later being the conditions applied throughout the thermoanalytical
measurements. At least two runs were performed for each sample
(sample weights of ca. 8 mg) in order to check the repeatability of
measurements.

3. Results and discussion

3.1. DexOx characterization

Dextran with a molecular weight of 60 kDa, was oxidized with
variable amounts of sodium periodate in order to obtain different
(B) C3eC2 cleavage, followed by possible intra-hemiacetals formation and tBC reaction.
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OD. Usually, the aldehyde group is not observed by FTIR spectros-
copy, unless in highly oxidized samples (1730 cm�1), nor in theNMR
spectrum, except during the first minutes of reaction (w9.7 ppm)
[10]. It is widely accepted that the aldehyde groups react with
nearby hydroxyl groups, forming hemiacetals or hemialdals [3,8].
These transitory events could be either intra or inter-residue
(Scheme 2) and, in certain situations, interfere with the oxidation
evolution. Themost important aspect arising from thismodification
Fig. 1. (A) COSY and (B) HMQC spectra of D25. The peaks assigned with plain numbers refer t
oxidized residues are represented by: a: C3eC4 oxidation; b: C3eC2 oxidation; c: C4eC2 dou
is the final oxidation degree. It defines the dexOx’s reactivity on
drug conjugation[6]or gelation rate on hydrogel formulations [7,10].
Concerning the estimation of the oxidation degree, several ways
have been used to approach the problem. On extensive oxidations,
acid-base titration is useful in assessing the released formic acid and
the percentage of doubly oxidized residues [4].

On mild oxidations, colorimetric titrations, such as the
hydroxylamine hydrochloride[11]or the TNBS assay [12], have been
o correlations arising from the intact residue. The correlations arising from the different
ble oxidation; and d: a-1,3 branched oxidized residue.



Fig. 2. (A) Dissolution time profiles, at different temperatures and (B) the shear stress
vs. shear rate profile at 20% (w/w) concentration and 25 �C for dextran (B), D5 (,),
D10 (>), D25 (6) and D40 (7).
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used. However, the calculations are usually performed assuming
that both aldehydes react with the carbazates. On an earlier study
[10], our two-dimensional NMR results led us to suggest that
just one of the aldehydes per residue reacts with the carbazates,
in agreement with the single correlation observed on the
1He13CeHMQC spectrum. Our new results suggest that, under the
studied conditions, only one aldehyde per residue is reacting.

3.2. Bidimensional NMR

The NMR datawas collected in D2Owith ameasured pH ofw4.5,
which falls inside the consensual pH window for hemiacetals
formation. Therefore, our bidimensional NMR analysis will take
into account the most likely hemiacetal populations, based on
previously proposed structures found in the literature. These
structures will serve as a starting ground for the carbazone peak
assignment. The C3eC4 cleavage (Scheme 1A) was described to be
7.5-fold faster than the C3eC2 cleavage (Scheme 1B) [8]. On a mild
oxidation, the double oxidized structure (Scheme 1C) is likely less
representative, as most periodate would be rapidly consumed on
single oxidations and such scenario is favored by the starting pH
(w5) [13]. Furthermore, it is thought that the hemiacetal formation
could hinder further oxidation, even of neighboring residues [8].
Therefore, the structures arising from the C3eC4 oxidation will be
treated as more representative, followed by the C3eC2 oxidation
and the double oxidation. The titration of dexOx with carbazates
yields a carbazone moiety, evidencing the former aldehydic proton,
which helps clarifying the bidimensional spectra. The region
around 7.3 ppm (proton axis) and 145 ppm (carbon axis) on the
1He13CeHMQC (Fig. 1B inset) unveiled two main peak populations
of carbazone protons. A third carbazone peak exists (7.16 ppm),
only seen on the COSY (correlation spectroscopy) spectrum (Fig.1A)
and is apparently correlated with the a-1,3 anomeric proton (see
left axis dextran’s proton spectrum overlay for the native peaks).
Therefore, it seems to exist two main carbazone peaks, out of four
possible different carbazones (C2, C4 and two different C3

0s), though
each of them could have different environments influencing the
chemical shifts. Analyzing the C3eC4 cleavage (Scheme 2A), an
intra-hemiacetal structure is likely to occur, after a hydroxyl (C2)
attack to the C4 aldehyde, forming a stable six sides ring [14],
despite several different possibilities due to the rotativity of the
oxidized residue. The aldehyde on C3 could suffer an attack from
any hydroxyl group (HOeC4 from the downstream residue sug-
gested in the structure). We propose that this aldehyde would be
the more susceptible of attack by tBC, represented by the most
shielded of the protons (Fig. 1A 3a; w7.28 ppm) in the 7.3 ppm
region. Analyzing this peak correlation on the COSY, one can see
a correlation with a proton at w4.25 ppm (2a), correlating itself
with a carbon (Fig. 1A) on the same chemical shift as glucose C2
(w71.6 ppm). The same proton (2a) further correlates downfield,
with a possible anomeric proton/carbon (1a). Considering this
structure as the most likely and stable after C3eC4 cleavage, frames
the C4 proton in an anomeric-like environment and possibly could
be associated with a correlation with C5 like those proposed
according to the bidimensional spectra (4a and 5a, respectively).

The C3eC2 cleavage yields an aldehyde on C2, which has been
proposed to form a stable and conformationally plausible 1,4-
dioxepane ring after reaction with the OH on C4 from the down-
stream residue (Scheme 2B) [8]. Again, the aldehyde on C3 (3b)
would be more prone to react with tBC. Following the other car-
bazone proton atw7.35 ppm (Fig. 2B; 3b), it correlateswith a proton
at ∼ 4.55 ppm (4b), which further correlates with a single proton
upfield, falling near the glucose residue proton/carbon 5 (5b). There
is a strong correlation between an anomeric proton and a proton at
w3.65 ppm, which could be an unshielded proton on C2 and also
correlates with a carbon in the same chemical shift as glucose C2.
This correlation could likely arise from 1b to 2b, but also 1c and 2c,
from the doubly oxidized residue, being the environments very
similar. Regarding the doubly oxidized residue, the hemiacetal
structure depicted in Scheme 2C was also suggested by Ishak and
Painter (1978) [8] to be plausible. Therefore, C4 would be more
sensitive to a carbazate attack. However, the third major visible
correlation in the COSY spectrum, at 7.16 ppm, apparently correlates
with the anomeric proton (a-1,3), which would be an unlikely
chemical shift for a proton on C5. It would bemore reasonable if this
correlation arose from the carbazate attack at C2 of the doubly
oxidized, but a second correlation would have to be present in the
HMQCspectrum (Fig.1B). It is possible that the correlations from the
doubly oxidized residue, as well as other minor populations, are
masked within the major peaks. The transient nature of the hemi-
acetals and the similar environments turn the peak assigning task
a hard mission, which could have several interpretations. Anyhow,
the two main correlations on the COSY spectrum suggest that not
every aldehyde is reacting with a carbazate under these pH
conditions.

At alkaline pH (10.2), some new peaks can be seen in the range of
7.5e9.5 ppm for the D25 sample (Supplementary Fig. 1A). These
peaks were previously attributed to isomeric enol forms. Such
structures are under an aldoeenol equilibrium [15].Manyother peak
populations are observed between 4 and 6 ppm, due to the higher
resolution (Supplementary Fig. 1A). Though, the addition of EtC, at
this pH, did not revert most of the identified new peaks, it presented
more correlations on the zone of interest for the carbazone protons
(w7.3 ppm; Supplementary Fig.1B and C).We have observed before,
that dexOx crosslinkedwith AADhydrogels dissolved quickly at pH9
[10], suggesting the sensitivity of the hydrazone bond to alkaline
pH’s, thus, the likelyhood of a similar behavior for the carbazone
bond also exists. These new correlations, suggest that, every alde-
hydic carbon is sensitive to a carbazate attack. Under this pH, the
aldoeenolic structures are likely more exposed to attack than under
the hemiacetal form, establishing a higher number of equilibriums,
concomitantly expressed on the COSY spectrum (Supplementary
Fig. 1D). The overlay of both COSY spectra shows the appearance of
a high number of new correlations after the addition of EtC
(Supplementary Fig. 1D, black contour), partially reverting the
correlations of D25 (red contour). These results identify pH as
a strongmodulator of dexOx reactivity,whichmight be interesting to
contemplate under certain pH sensitive applications.

3.3. Macroscopic consequences of the oxidation

The extensive and complete dextran oxidation leads to the
destruction of the molecule into characteristic degradation by-
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products [4]. Lowandmild oxidations also degrade dextran, leading
to slight molecular weight decrease. The destruction of the glucose
residue, yielding aldehydes, could also contribute in altering the
dexOx behavior in solution. The periodate oxidation in non-buff-
ered solutions leads to pH decrease, after formic acid release [10],
possibly contributing for acid-hydrolysis [16]. This phenomenon
can be observed in several ways. The reference technique in the
characterization of polymers is the size exclusion chromatography
(SEC), which separates the different populations in accordancewith
the hydrodynamic volume, which can be translated to molecular
weight and the polydispersity index (Table 1). Themolecularweight
is a key property of polymers, defining certain macroscopic char-
acteristics, such as solubility, viscosity and clearance rates in bio-
logical systems [17]. Besides 1H NMR and SEC, we have gathered
results of techniques and empirical evidences, which clearly reflect
the molecular weight differences between the several dexOx
samples. One direct consequence of the dextran oxidation is the
longer dissolution times in aqueous media. This phenomenon is of
utmost importance on an off-the-shelf freeze-dried product. The
dissolution time periods of the several samples under exactly the
same conditions (Fig. 2A) but at different temperatures show that
D5 and D10 have very close dissolution profiles to dextran (D0).
However, the D25 andD40 dissolutionprofiles clearly reflect the OD
increase. The viscosity of a dextran solution is directly related to the
increment of concentration and Mw [18,19]. The molecular weight
decreasing, due to periodate oxidation, should theoretically yield
a less viscous solution than the original dextran, for the same
concentration conditions. At lower concentrations (5%) the viscosity
variation is negligible (Table 1). However, the reactivity of the
oxidized dextran, through inter-hemiacetals formation, has great
influence on the behavior of the solutions. We observed that the
oxidation degree could invert the viscosity trend, depending on the
dexOx concentration. Concentrated solutions favor the inter-chain
hemiacetals formation, resembling a molecular weight increasing,
hence the higher resistance to flow. Within the same concentration
range (20% w/w), only D25 viscosity falls below the dextran
viscosity. On the other hand, D40 has an extremely high resistance
to flow, reflecting the cross-reactivity (Table 1 and Fig. 2B). We
suggest that this effect is due to the inter-chain hemiacetals formed,
inverting what would be the natural viscosity trend and demon-
strating how both parameters (OD and Mw) can interfere with the
viscosity of a given dexOx solution.
Table 1
Macroscopic characteristics of native dextran and the several oxidized samples. OD
estimated by 1H NMR analysis, Mw and PDI calculated by SEC, viscosities at different
concentrations and time necessary until complete dissolution.

Sample Oxidation degree Mw
c PDId he 20% hf 5% t37 �C

g (hours)

IO4
�a EtCb kDa (m Pa s) (m Pa s)

Dextran e e 60.1 1.47 30.7 2.7 1.0 � 0.04
D5 5 3.6 � 0.1 61.2 1.59 35.9 2.9 1.3 � 0.08
D10 10 8.6 � 0.2 60.8 1.61 35.1 3.0 1.5 � 0.05
D25 25 22.2 � 0.7 60.3 2.03 26.8 2.7 3.9 � 0.65
D40 40 33.0 � 0.8 25.4 3.05 102.8 2.7 26.6 � 0.44

a Theoretical OD, calculated as the molar ratio of sodium periodate per initial
glucose unit in dextran.

b Calculated by 1H NMR after titration with ethyl carbazate, taking into account
the ratio between the integral of the peak at d 7.3 ppm and the integral of the
anomeric proton at d 4.9 ppm. Five independent integrations.

c Weighteaverage molecular weight estimated by SEC.
d Polydispersity index corresponding to Mw/Mn.
e Viscosities of dextran and oxidized dextrans at 20%w/w. Taken from the slope of

the curves Shear Stress ¼ f(Shear Rate) plot. The linear regression was forced to
cross the origin as every sample showed a Newtonian behavior.

f Viscosities of dextran and oxidized dextrans at 5% w/w, at 200 rpm.
g Dissolution time taken, at 37 �C, in PBS, without agitation.
3.4. Thermal analysis

We have extended the study on the influence of the oxidation
extension by analyzing the thermoanalytical curves of the different
oxidized species. DMTA methods is frequently used to evaluate the
effects of excipients on polymer’s glass transition temperature (Tg).
In amorphous polymers, a primary relaxation transition may be
observed at the characteristic temperature Tg. In this point, the
glass-like state (restricted motion of the polymeric chains) changes
to a rubber-like state indicating loss in rigidity (i.e. increased
relaxation) associated with enhanced polymeric chain mobility.
Typically, the glass transition is defined as the temperature(s) at
which either a maximum in the mechanical damping parameter
(tan d) or loss modulus (G00) occurs [20]. The presence of moisture
can also be assessed by DMTA, being visible in the thermoanalytical
curves as characteristic transitions at certain temperatures [21]. In
terms of damping, it is possible to identify four main transitions for
the original dextran, approximately at �80 �C, 105 �C, 235 �C and
305 �C (Fig. 3A*/**). The peak at �80 �C is a secondary relaxation
due to absorbed water, which contributes to the formation of
amore diffuse and stronger H-bond network than observed in a dry
sample [21]. The peak at 105 �C refers to the water evaporation
from dextran. These thermal events show that even after the
freeze-drying process some residual water is present. These events
have different profiles on the oxidized samples (not shown), which
will not be addressed since this issue is out of the scope of this
work. The next peak at ca. 235 �C corresponds to Tg (**). At this
temperature, the storage modulus decreases rapidly and is
frequency dependent on the Tan d (Fig. 3A inset). This peak reflects
an a-relaxation from non-frequency dependent events, such as
crystallization, melting, curing or thermal degradation [22]. The
peak at 305 �C reflects an overall degradation stage and will be
discussed further ahead.

It has been reported that the molecular weight of dextrans
influences the Tg due to the decrease of the free volumewith theMw
increase [23]. To confirm such influence, the thermoanalytical data
of several dextrans (Mw: 580, 60 and 19.5 kDa; tested as supplied)
were analyzed. In fact, the Tg of the tested dextran samples decrease
directlywith theMw, being the correspondent peak values observed
at 237.8, 235.4 and231.1 �C, respectively (Fig. 3B). These Tg values are
in agreement with the trend described by Icoz et al. [23]. For
a comparable Mw range, despite determined by a different tech-
nique. The different oxidized samples were processed in a similar
way to avoid any artifacts that could arise from freezing and freeze-
drying and there was an effort to minimize the samples moisture.

Interestingly, D0 presented a broader peak and shifted to lower
temperature (223.6 �C) when compared with the original dextran
(Fig. 3B). The presence of the phosphate salts could interfere with
the freezing process of dextran, leading to different dextran chain
conformation,which is reflected by the broader Tg peak and the shift
to lower temperatures [24]. By freeze-drying a phosphate buffered
aqueous dextran solution, it can impair the crystallizationprocess of
the salts [25] as well as the dextran derivative itself. Nevertheless,
the Mw difference, within the dexOx’s samples, is clearly visible on
the DMTA curves (Fig. 3C and Table 2) corroborating the SEC and
NMR data. It is known that crosslinking agents can also increase the
Tg [20]. However, the hemiacetals crosslinking effect, observed on
the viscosity studies, apparently is not reflected on the Tg, sug-
gesting that the real molecular weight is dominant on the Tg onset.

A first look to the TG curve profiles (Fig. 4A) allows to identify
a quite dramatic change in going from native dextran to its pro-
cessed (freeze-dried PBS solution) counterpart, D0. Apart from
a shift in the onset temperature of themainmass loss stage towards
lower temperatures (by 41 �C), a remarkable difference is observed
in the residual mass (at 600 �C), which should be ascribed to the



Table 2
Glass transition temperatures obtained from the DMTA curves and characteristic
quantities (mean and standard deviation) obtained from the TG/DTG curves.

Sample Tg (�C) Ton
a (�C) Tp

b (�C) Δmc (%)

Dextran 235.5 298.6 � 0.4 315.0 � 0.2 92.8 � 0.2 8.3 � 0.4
D0 223.6 257.6 � 1.4 269.9 � 1.7 96.3 � 1.1 29.7 � 0.2
D5 211.5 195.2 � 1.4 247.5 � 0.8 267.1 � 1.6 94.7 � 0.2 29.7 � 0.2
D10 207.9 198.6 � 0.6 241.5 � 0.4 279.2 � 0.2 93.2 � 0.3 28.8 � 0.0
D25 200.5 190.8 � 0.4 234.1 � 0.3 266.2 � 0.2 93.1 � 0.4 30.9 � 0.3
D40 190.7 179.7 � 0.2 233.0 � 0.7 274.4 � 1.8 94.3 � 0.3 35.4 � 0.0

a Ton: extrapolated onset temperatures (TG curve).
b Tp: peak temperature, corresponding to the maximum decomposition rate (DTG

curve).
c Δm: residual mass at the temperatures 150 �C and 600 �C.

Fig. 4. (A) TG and (B) DTG curves of dextran and dexOx samples. (F ¼ 10 �C min�1; dry
nitrogen at 100 mL min�1).

Fig. 3. (A) Full thermogram of native dextran marked with the non-frequency
dependent transitions (*) and Tg identification through frequency dependent transition
(** and inset); (B) Tg of the different molecular weight dextrans; (C) Tg of the different
oxidized samples. All samples presented with a frequency of 1 Hz, except for dotted
line at a frequency of 10 Hz.
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salts coming from PBS. The original dextran exhibits a quite familiar
behavior [21,26e28], with a first mass loss stage below ca. 120 �C
due to the elimination of water, as observed in the DMTA, followed
by the overall degradation stage (depolymerization) along the
approximate temperature range from 298 to 328 �C, in good
correspondence with the fourth transition, identified by the DMTA
results (Fig. 3A). However, the thermal decomposition of oxidized
dextran samples should be analyzed with reference to thermal
decomposition of the sample that reflects the influence of PBS in
dextran, D0. In this case, the differences in the thermoanalytical
curves appear to be more subtle.

Both D0 and oxidized dextran samples exhibit a first mass loss
stage, from the ambient temperature to 150 �C. The correspondent
mass loss rate is somewhat variable among the samples, but the
residual mass at 150 �C is quite comparable (see Table 2). This first
weight change is caused by the loss of adsorbed water, and, prob-
ably, of some water of crystallization related with the PBS
components (phosphates). Above 150 �C, the differences in the
response of samples under comparison becomemore apparent. The
complexity of the global thermal decomposition, probably
involving several kinetically independent processes as suggested
by the TG data and, mainly, by the differential thermogravimetric
(DTG) curves profiles (Fig. 4B), increases with the degree of the
oxidation of the samples. A first change in the mass loss rate within
the approximate temperature range 180e220 �C can be observed
(Fig. 4B inset), being only incipient in the case of the D5 sample,
moderate in the D10 one, and rather evident in the remaining
oxidized dextran samples (see also Table 2 for the onset tempera-
tures). This stage is followed by the main decomposition process,
whose pattern is also clearly influenced by the oxidation degree, as
revealed by the DTG curve profiles. In terms of characteristic
quantities, while the onset temperature of the main decomposition
stage obeys to a well defined pattern, monotonically decreasing
with the increase of the oxidation degree from 247.5 �C (D5) to
233.0 �C (D40), the undefined trend of the peak temperature at the
maximum decomposition rate (Table 2) reflects differences in
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decomposition pathways. The residual mass at 600 �C for the most
oxidized sample (D40) suggests a pronounced different decompo-
sition course when compared to the remaining oxidized samples.

4. Conclusions

Our bidimensional NMR data suggests that only one aldehyde
per residue is responding to the carbazate under mildly acidic
conditions. We propose that the two main peak populations
(w7.3 ppm) arise from carbazates on C3 from single oxidized resi-
dues. There are more downfield shifted peaks, but not more than
5.5 ppm, which indicate the non-existence of more carbazate
proton populations. These peaks should arise from protons
involved in hemiacetals, which form anomeric-like environments.
At alkaline pH, the aldehyde groups appear to be under different
structures than hemiacetals. The enol forms appear to be more
reactive towards carbazates, though more labile and less stable.

The periodate oxidation of dextran is a harsh reaction which
promotes chain degradation, confers high chemical reactivity to
a natively neutral molecule and deeply alters its physico-chemical
properties. The increasing OD, impairs water solubility, taking
longer periods of time to solubilize, and interferes with the
resulting viscosity, especially at high polymer concentrations. The
solutions viscosity could impair injectability and mixibility of
certain formulations.

The degree of oxidation is also reflected on the glass transition
temperature according to DMTA data. Interestingly, the hemi-
acetals do not seem to affect the thermal properties of the freeze-
dried samples. The glass transition temperatures shift is in direct
accordance with the molecular weight decrease, but do not give
much insight on the structural consequences of the oxidation. On
the other hand, the DTG profiles, for the diverse samples, are quite
interesting. An increase in the thermal decomposition complexity
with the increase in the oxidation degree was identified,
evidencing the deleterious effect of periodate oxidation on
dextran’s structure. Low oxidative conditions, up to 10%, do not
damage extensively dextran’s structure, however milder oxidation
conditions, result in extensive disruption of the dextran structure.
These set of results may rise awareness for the consequences of
periodate oxidation on the final structural properties of the
modified dextran, helping researchers to better guide the design of
dexOx-based formulations.
Acknowledgements

The authors thank Carla Ventura for the support on the viscosity
studies. JM acknowledges the finantial support of Instituto de
Investigação Interdisciplinar (III/BIO/20/2005).
Appendix. Supplementary data

Supplementary data related to this article can be found online at
doi:10.1016/j.polymer.2010.11.058.
References

[1] Sidebotham RL. Adv Carbohydr Chem Biochem 1974;30:371e444.
[2] Bixler GH, Hines GE, McGhee RM, Shurter RA. Ind Eng Chem

1953;45:692e705.
[3] Guthrie R. Adv Carbohydr Chem 1961;16:105.
[4] Jeanes A, Wilham C. J Am Chem Soc 1950;72:2655e7.
[5] Suvorova OB, Iozep AA, Passet BV. Rus J App Chem 2001;74:1016e20.
[6] Hudson S, Langer R, Fink GR, Kohane DS. Biomaterials; 2009.
[7] Maia J, Ribeiro MP, Ventura C, Carvalho RA, Correia IJ, Gil MH. Acta Biomat

2009;5:1948e55.
[8] Ishak MF, Painter TJ. Carbohydr Res 1978;64:189e97.
[9] Drobchenko SN, IsaevaIvanova LS, Kleiner AR, Lomakin AV, Kolker AR,

Noskin VA. Carbohydr Res 1993;241:189e99.
[10] Maia J, Ferreira LS, Carvalho R, Ramos MA, Gil MH. Polymer 2005;46:9604e14.
[11] Zhao H, Heindel ND. Pharm Res 1991;8:400e2.
[12] Bouhadir KH, Hausman DS, Mooney DJ. Polymer 1999;40:3575e84.
[13] Novikova EV, Tishchenko EV, Iozep AA, Passet BV. Rus J App Chem

2002;75:985e8.
[14] Aalmo KM, Grasdalen H, Painter TJ, Krane J. Carbohydr Res 1981;91:1e11.
[15] Drobchenko SN, IsaevaIvanova LS, Kleiner AR, Eneyskaya EV. Carbohydr Res

1996;280:171e6.
[16] Basedow AM, Ebert KH, Ederer HJ. Macromolecules; 1978.
[17] Mehvar R. J Control Rel 2000;69:1e25.
[18] Ioan CE, Aberle T, Burchard W. Macromolecules 2000;33:5730e9.
[19] Xu X, Li H, Zhang Z, Qi X. J App Polym Sci 2009;111:1523e9.
[20] Jones DS. Int J Pharm 1999;179:167e78.
[21] Scandola M, Ceccorulli G, Pizzoli M. Int J Biol Macromol 1991;13:254e60.
[22] Coelho JFJ, Carreira M, Goncalves PMOF, Popov AV, Gil MH. J Vinyl Addit Tech

2006;12:156e65.
[23] Icoz DZ, Moraru CI, Kokini JL. Carbohydr Polym 2005;62:120e9.
[24] Izutsu K, Heller MC, Randolph TW, Carpenter JF. J Chem Soc Far Trans

1998;94:411e7.
[25] Randolph TW. J Phamaceutical Sci 1997;86:1198e203.
[26] Hussain MA, Shahwar D, Tahir MN, Sher M, Hassan MN, Afzal Z. J Serb Chem

Soc 2010;75:165e73.
[27] Katsikas L, Jeremic K, Jovanovic S, Velickovic J, Popovic I. J Therm Anal

1993;40:511e7.
[28] Tang M, Dou H, Sun K. Polymer 2006;47:728e34.

http://dx.doi.org/10.1016/j.polymer.2010.11.058


lable at ScienceDirect

Polymer 52 (2011) 266e274
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Influence of soft segment molecular weight on the mechanical hysteresis and set
behavior of silicone-urea copolymers with low hard segment contents

Iskender Yilgor a,*, Tugba Eynur a, Sevilay Bilgin a, Emel Yilgor a, Garth L. Wilkes b

aKoc University, Chemistry Department, Sariyer 34450, Istanbul, Turkey
bDepartment of Chemical Engineering, Virginia Tech, Blacksburg, VA 24061-0211, USA
a r t i c l e i n f o

Article history:
Received 9 August 2010
Received in revised form
19 October 2010
Accepted 23 November 2010
Available online 1 December 2010

Keywords:
Silicone-urea
Hysteresis
Elastomer
* Corresponding author. Tel.: þ90 212 338 1418; fa
E-mail address: iyilgor@ku.edu.tr (I. Yilgor).

0032-3861/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.polymer.2010.11.040
a b s t r a c t

Effect of polydimethylsiloxane (PDMS) soft segment molecular weight (Mn ¼ 3200, 10,800 and 31,500 g/
mol) and urea hard segment content (2.0e11.4% by weight) on the hysteresis and permanent set
behavior of segmented silicone-urea (TPSU) copolymers were investigated. In spite of very low hard
segment contents, all copolymers formed self-supporting films and displayed good mechanical prop-
erties. When the mechanical hysteresis and set behavior of the silicone-urea copolymers with similar
hard segment contents (around 7.5% by weight) but based on PDMS-3K, PDMS-11K and PDMS-32K were
compared, it was very clear that as the PDMS molecular weight increased, hysteresis and instantaneous
set values decreased significantly. Copolymers based on the same silicone soft segment (PDMS-11K or
PDMS-32K) but with different hard segment contents showed a linear increase in hysteresis and a slight
decrease in the instantaneous set as a function of hard segment content. Constant initial stress creep
experiments also showed lower creep as the PDMS segment molecular weight increased for copolymers
with similar urea contents. Since the critical entanglement molecular weight (Me) of PDMS is stated to be
24,500 g/mol, our results tend to suggest important contribution of chain entanglements on the
hysteresis and instantaneous set of these silicone-urea copolymers.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoplastic silicone-urea copolymers (TPSU), which combine
very nonpolar polydimethylsiloxane (PDMS) soft segments with
highly polar urea hard segments display interesting physico-
chemical properties. Synthesis and structure-property behavior of
silicone-urea copolymers have been extensively investigated since
their discovery in the early 1980s [1e10]. The unique combination
of properties displayed by TPSU copolymers is due to the very
different chemical nature and characteristics of the PDMS and urea
segments. These include an extremely low glass transition
temperature, good oxidative and thermal stabilities, water repel-
lency, physiological inertness and high gas permeability charac-
teristics gained from the PDMS soft segment. Meanwhile, the high
cohesiveness induced by the bidentate hydrogen bonding of the
urea based hard segments promote enhanced tensile strength but
can still allow melt processability at low urea contents. Due to
substantial differences between the solubility parameters of PDMS
and urea hard segments, which are 15.6 and 45.6 (J/cm3)1/2

respectively [11,12], even at very low hard segment contents,
x: þ90 212 338 1559.

All rights reserved.
silicone-urea copolymers display the presence of a microphase
morphology. Similar to the soft segment molecular weights in
conventional polyether and polyester based TPUs; comparable
PDMS soft segments in the preparation of silicone-urea copolymers
also have <Mn> values in the range of 1000e5000 g/mol [1e10].

In our earlier publications we reported on the influence of PDMS
molecular weight and urea hard segment content on the tensile
behavior of silicone-urethane and silicone-urea copolymers [13,14].
Very interestingly and somewhat surprisingly, we found out that at
identical hard segment contents, silicone-urea copolymers based
on PDMS-32K displayed at least a 40% higher tensile strength as
well as a higher elongation at break when compared with copoly-
mers based on PDMS-11K [14]. The critical entanglement molecular
weight (Me) of PDMS is reported to be 24,500 g/mol [15,16]. As
a result we proposed that the difference in tensile behavior was due
to the synergistic influence of the entanglements in PDMS soft
segment on the mechanical behavior [14]. In fact, this proposal is in
line with the early work of Tong and Jerome [17] who had reached
a similar conclusion for classical ABA triblock copolymers such as
the SBS type but where the center elastomeric block was kept at
nearly the same volume content but was varied in chemistry to, in
turn, vary the molecular weight between entanglements of this
center block accordingly.

mailto:iyilgor@ku.edu.tr
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.040
http://dx.doi.org/10.1016/j.polymer.2010.11.040
http://dx.doi.org/10.1016/j.polymer.2010.11.040


Table 1
Average molecular weights of aminopropyl terminated telechelic PDMS obtained
from their end group titrations and GPC measurements.

<Mn>

titration
(g/mol)

<Mw>
a

(g/mol)
<Mn> GPC
(g/mol)

<Mw> GPC
(g/mol)

<Mw>/<Mn>

GPC

PDMS-3K 3200 5000 3700 5750 1.56
PDMS-11K 10,800 17,200 13,300 21,200 1.59
PDMS-32K 31,500 50,400 34,600 55,300 1.60

a Obtained by using <Mn> from titration and <Mw>/<Mn> from GPC.
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In the present study we investigated the influence of average
PDMS molecular weight (<Mn> ¼ 3200, 10,800 and 31,500 g/mol)
and urea hard segment content (2.0e14.4% by weight) on the
hysteresis, instantaneous set and constant initial stress creep
behavior of selected thermoplastic silicone-urea copolymers.
Aminopropyl terminated telechelic PDMS soft segments used in
this study were obtained by equilibration reactions and therefore
exhibit a normal size distribution [18,19]. To our knowledge there
are no detailed reports in the open literature where the effect of
soft segment entanglements on the hysteresis and set behavior of
segmented copolymers was investigated. Cooper[20] discussed the
effect of PEO soft segment molecular weight (830e3000 g/mol) on
microphase separation and melt rheology of polyurethanes. Gay-
mans also reported the influence of PPO molecular weight
(1000e4000 g/mol) [21] and PTMO molecular weight [22] on the
microphase separation and thermal and mechanical properties of
segmented polyamides, which also included data on hysteresis and
compression set behavior. However, the molecular weights of the
PPO and PTMO oligomers used were belowMc.We believe silicone-
urea copolymers are excellent models for the investigation of the
effect of soft segment entanglements on the hysteresis behavior. As
stated above, that belief extends from the fact that there are no
significant intermolecular interactions between the PDMS soft
segments and the urea hard segments in these systems which, in
turn, promote good microphase separation of the hard and soft
segments in these materials [23].
2. Experimental

2.1. Materials

a,u-Aminopropyl terminated polydimethylsiloxanes were
kindly supplied by Wacker Chemie, Munich, Germany. Number
averagemolecular weights were determined by end group titration
in isopropanol with standard HCl using bromophenol blue indi-
cator. Bis(4-isocyanatocyclohexyl)methane (HMDI) was kindly
Table 2
Chemical composition and GPC molecular weights of the silicone-urea copolymers.

Polymer Code PDMS <Mn>

(g/mol)
Chain
Extender (CE)

Molar Rat

PSU-3-7.6 3200 e 1/1/0
PSU-11-DY-5.1 10,800 DY 1/2/1
PSU-11-ED-7.8 10,800 ED 1/3/2
PSU-11-DY-9.7 10,800 DY 1/3.4/2.4
PSU-11-DY-11.4 10,800 DY 1/4/3
PSU-11-DY-14.4 10,800 DY 1/5/4
PSU-32-ED-2.8 31,500 ED 1/3/2
PSU-32-ED-3.7 31,500 ED 1/4/3
PSU-32-ED-4.7 31,500 ED 1/5/4
PSU-32-DY-2.0 31,500 DY 1/2/1
PSU-32-DY-5.3 31,500 DY 1/5/4
PSU-32-DY-7.4 31,500 DY 1/7/6

a Molar ratio of [PDMS]/[HMDI]/[CE].
b Obtained from reaction stoichiometry.
c Obtained from GPC.
supplied by Bayer, Germany, which had a purity better than 99.5%
as determined by the dibutylamine back titration. Chain extenders
2-methyl-1,5-diaminopentane (Dytek A, DY) (DuPont) and ethylene
diamine (ED) (Aldrich) and reagent grade reaction solvents, iso-
propyl alcohol (IPA) (Merck) and tetrahydrofuran (THF) (Merck)
were all used as received.

2.2. Segmented copolymer synthesis

Polymerization reactions were carried out in three-neck, round
bottom, Pyrex reaction flasks equipped with an overhead stirrer
and an addition funnel. All reactions were carried out in THF/IPA
(50/50 by volume) solution, at room temperature using the “pre-
polymer” method. A detailed description of the polymerization
reactions is provided in earlier publications [8,14].

2.3. Characterization methods

Gel permeation chromatography studies were performed on
a Shimadzu LC20-A system equipped with a 8 � 50 mm precolumn
and 50, 102, 103, 104, and 105 Å SDV columns (from Polymer Stan-
dards Service) and a refractive index detector. Measurements were
made in a THF solution at 30 �C, with a flow rate of 1.0 mL/min.
Polystyrene standards with<Mn> values in 1000e1,000,000 g/mol
were used for calibration. Aminopropyl terminated PDMS oligo-
mers were end capped with cyclohexylisocyanate in order to
prevent adsorption of amine end groups onto the columns. Table 1
provides the molecular weight data obtained from the end group
titration and GPC measurements on PDMS oligomers.

Stress-strain and hysteresis tests were performed on an Instron
model 4411 tester, controlled by Series IX software. Polymer films
with final thicknesses of 0.3e0.5 mm were cast into Teflon molds
from solution (THF/IPA; 50/50 by volume) and kept at room
temperature overnight to slowly evaporate the solvent. Then they
were transferred into a 50 �C air oven and kept there until the
solvent is completely evaporated and the films reached a constant
weight. Dog-bone shaped specimens (ASTM D 1708) were cut from
these films. Original sample length (Lo) was 25.0 mm and samples
were stretched and released with a 25.0 mm/min crosshead speed.

The ten-cycle hysteresis behaviors of silicone-urea copolymers
were investigated by stretching them to 200 or 300% elongation
and immediately releasing (unloading) them with the same
crosshead rate of 25.0 mm/min which represents 100% elongation
per minute based on the initial undeformed sample length.
Consecutive hysteresis cycles were initiated after the crosshead
returned to the original starting position. As a result there was an
extremely short relaxation time between cycles. Tests were
ioa Hard
segment (wt%)

<Mn> (g/mol)b <Mw> (g/mol)c

7.57 4.6 � 104 8.2 � 104

5.12 1.5 � 105 2.6 � 105

7.75 2.0 � 105 3.6 � 105

9.67 1.2 � 105 1.9 � 105

11.4 e e

14.4 e e

2.80 3.2 � 105 5.7 � 105

3.73 2.1 � 105 3.4 � 105

4.70 e e

1.99 4.1 � 105 6.8 � 105

5.34 3.7 � 105 6.1 � 105

7.35 e e
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Fig. 1. 200% and 300% Hysteresis curves for PSU-3-7.6 (a) 200% hysteresis cycles 1e5, (b) 200% hysteresis cycles 6e10, (c) 300% hysteresis cycles (1e5), (d) 300% hysteresis cycles
(6e10).
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conducted at room temperature and for each segmented copolymer
at least three specimens were tested.

Constant initial stress creep tests were performed at room
temperature. A dog-bone shaped specimen (ASTM D 1708) was
attached to the upper grip of the Instron 4411 tester. A constant
weight was applied to the lower end of the hanging dog-bone
specimen with a metal grip. Depending on the thickness of the
sample different precise loads were applied in order to promote an
equivalent stress at the beginning of the test for each sample. The
load was applied very quickly but gently. A ruler was attached to
the apparatus to measure the extension of the specimen with time
for up to 120 h. The initial length of the specimen was 25.0 mm.
Two replicates were tested for each initial stress level.
Table 3
Ten-cycle, 200% hysteresis and instantaneous set behavior of PSU-3-7.6.

Percent hysteresis after each cycle

Cycles 1 2 3 4 5 6 7 8 9 10

200% deformation 54 38 36 35 34 33 33 32 32 31
300% deformation 60 47 46 45 45 45 45 44 44 44
3. Results and discussion

As stated in the introduction section, our goals in this study
were to investigate the influence of: (i) the PDMS soft segment
molecular weight (<Mn> ¼ 3200, 10,800, 31,500; <Mw> ¼ 5000,
17,200 and 50,400 g/mol), (ii) the urea hard segment content
(2.0e14.4% by weight), and (iii) chain extender structure (ethylene
diamine and 2-methyl-1,5-diaminopentane) on the hysteresis and
instantaneous set behaviors of selected silicone-urea copolymers.

At this point it is important to note that the critical entangle-
ment molecular weight, which is obtained from conventional melt
rheology studies, correlates well with theweight averagemolecular
weight of polymers <Mw>. Functionally terminated PDMS soft
segments used in this study were obtained by equilibration reac-
tions and therefore exhibit a normal size distribution [18,19]. As
explained in detail in the experimental section and in Table 1, using
the molecular weight distribution values (<Mw>/<Mn>) obtained
from gel permeation chromatography studies and absolute <Mn>

values obtained from the end group analysis, <Mw> values of
PDMS-3K, PDMS-11K and PDMS-32K were calculated to be 5000,
17,200 and 50,400 g/mol respectively, which match very well with
the GPC data. This means that only PDMS-32K is distinctly above
the critical value of (Me) while PDMS-11K displays a slightly lower
<Mw> value than Me and PDMS-3K is well below it [15,16].

Table 2 gives the list of silicone-urea copolymers prepared by
using aminopropyl terminated PDMS with different molecular
weights, HMDI and ED or DY chain extenders and their chemical
compositions. The sample abbreviations used to identify the
copolymers were as follows: PSU indicates the silicone-urea copol-
ymer; the following number indicates the <Mn> value of PDMS in
kg/mole; which is again followed by two letters (ED or DY) which
indicate the specific chain extender used. Thefinal numbers indicate
the urea hard segment content of the copolymer in weight percent.
For example, a PDMS-32K, HMDI and ED based silicone-urea
copolymer with 3.73% by weight hard segment content is therefore
coded as: PSU-32-ED-3.7. No chain extender was used in PSU-3-7.6.

In spite of their very low hard segment contents, all silicone-
urea copolymers listed on Table 2, formed clear, non-tacky, elas-
tomeric films with reasonably good ultimate tensile strengths. A
detailed report on the composition dependent thermomechanical
(DMA) behavior and tensile properties (excluding hysteresis and
set behavior) of these copolymers has already been published [14].
3.1. Influence of the PDMS molecular weight on the hysteresis
behavior of silicone-urea copolymers

Prior to providing the hysteresis data it might be stated that the
hysteresis behavior of elastomers, whether they are crosslinked or
thermoplastic, plays an important role in their commercial appli-
cations. Tensile hysteresis results from the energy losses that occur
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in polymers when they are repeatedly stretched and released.
Hysteresis depends on the rate, temperature, amount andnumberof
extension cycles applied. During the stretching process the equi-
librium structure or morphology of the polymer is often distinctly
changed or destroyed thereby causing a major difference in the
hysteresis behavior of the first versus the second or any later
deformation cycle. Upon removal of the load, which usually is fast
following stretching, the polymer chains generally do not
% Hysteresis ¼ Area under the loading curve� Area under the recovery curve
Area under the loading curve

� 100 (1)
completely regain their original configurations. This leads to an
energy loss,which is also termed as tensile ormechanical hysteresis.
High hysteresis can lead to a large temperature increase in polymers
(particularly in cyclic deformation) since the dissipated mechanical
energy is converted to heat. Tensile hysteresis of conventional TPUs
is fairly high,which leads to heat build-up in the cyclic loading of the
materials and can limit their applications. In such segmented
copolymers hysteresis partially arises from the disruption of the
hard segment organization of the microphase morphology which is
often due to the partial destruction of intermolecular hydrogen
bondingandhardsegmentdomaindisruption. The tensilehysteresis
inTPUs is thereforeoften reported tobe a functionof themicrophase
morphology, hard segment type and content, domain ductility,
extent of mixing between hard and soft segments and nature of the
interfacial region between soft and hard segments [24]. In general,
and not surprisingly, chemically crosslinked elastomers typically
display lower hysteresis values when compared with thermoplastic
elastomers[25]. This is understandable since it is more difficult to
alter a chemical network system consisting of covalent crosslinks,
when compared to a physical network in a microphase separated
thermoplastic elastomer.

In the present study the ten-cycle hysteresis behavior of sili-
cone-urea copolymers were investigated as stated earlier by
stretching them ten times to 200% and 300% elongation and
unloading at the same crosshead speed for 10 cycles. Since all of the
PDMS-10,800 based silicone-urea copolymers failed before reach-
ing 300% elongation [14], their hysteresis and set behaviors (for
each loading cycle) were only investigated at 200% elongation and
compared with PDMS-3K and PDMS-32K based copolymers.

3.1.1. Hysteresis behavior of copolymer based on PDMS-3K at 200%
and 300% deformation

As stated in the introduction, segmented thermoplastic poly-
urethanes and polyureas are typically prepared from soft segments
with <Mn> values in the 1000e5000 g/mol range. Therefore, in
this study, as a reference/comparison, we investigated the hysteresis
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Fig. 2. 200% hysteresis curves for PSU-11-ED-7.8 co
behavior of a silicone-urea copolymer (PSU-3-7.6) based on a PDMS
soft segment with<Mn>¼ 3200 g/mol. The 200% hysteresis curves
for PSU-3-7.6 are provided on Fig. 1a (cycles 1e5) and Fig. 1b (cycles
6e10), whereas the 300% hysteresis curves are reproduced in Fig.1c
(cycles 1e5) and Fig. 1d (cycles 6e10). The percent hysteresis
values, as determined for the respective loading-unloading curves
were calculated by using Eq. (1), given below, are provided in
Table 3:
As shown in Fig. 1a,c and Table 3, PSU-3-7.6 displays quite high
hysteresis during the first few cycles for both the 200 and 300%
deformation and also fairly high hysteresis in the subsequent
cycles, as indicated by the relatively large areas associated with
each cycle. As can be seen from Table 3, after 200% deformation, the
first cycle hysteresis displayed by PSU-3-7.6 is 54%. As expected, in
the second cycle hysteresis decreases substantially to 38% and this
trend is followed until the tenth cycle, where the hysteresis goes
down to 31%. At 300% elongation the hysteresis after the first cycle
is 60%, higher than the first cycle hysteresis for 200% elongation
which is expected. In the subsequent cycles the hysteresis slowly
goes down to 44% after 10 cycles. As expected in each cycle the
300% hysteresis is much higher than the corresponding same cycle
hysteresis observed at 200% deformation.

High first cycle hysteresis in PSU-3-7.6 clearly indicates a major
reorganization in themicrophasemorphology of this thermoplastic
elastomer upon 200 or 300% stretching. Based on their modulus-
temperature behavior it is expected that silicone-urea copolymers
even with fairly low hard segment contents display microphase
morphologies, where strongly hydrogen bonded urea hard
segments are dispersed in a continuous PDMS matrix [14]. The
hydrogen bonding between urea groups, as mentioned earlier, is
reported to be bidentate in nature [26].

We believe such a high hysteresis in PSU-3-7.6 silicone-urea
segmented copolymer is mainly due to the weakening and/or
disruption of the bidentate hydrogen bonding in the hard segment
domains. This arises due to poorer microphase separation in this
systemdue to low PDMSmolecular weight of the soft segments and
very short hard segment lengths as well. Furthermore, due to short
soft segment lengths, the soft segment extensibility is also limited.

3.1.2. 200% hysteresis behavior of copolymers based on PDMS-11K
and PDMS-32K with similar hard segment contents

Hysteresis curves for PSU-11-ED-7.8 copolymer are provided in
Fig. 2a and b. Similarly, the hysteresis curves for the PDMS-32K
based silicone-urea copolymer with hard segment content of 7.4%
0 10 20 30 40 50
0

1

2

3

4

Elongation (mm)

Lo
ad

 (N
)

polymer. (a) Cycles 1e5 and (b) Cycles 6e10.
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Fig. 3. 200% hysteresis curves for PSU-32-DY-7.4 copolymer. (a) Cycles 1e5 and (b) Cycles 6e10.
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(PSU-32-DY-7.4) are reproduced in Fig. 3a and b. The hysteresis
values calculated for PSU-11-ED-7.8 and PSU-32-DY-7.4 together
with those of PSU-3-7.6 are provided in Table 4 for comparison.
Curves provided in Figs. 2 and 3 and the results reported in Table 4
clearly show major differences in the hysteresis behavior of the
silicone-urea copolymers with similar hard segment contents but
based on different molecular weight PDMS. It is very clear that as
the PDMS soft segment molecular weight increases, a dramatic
reduction in the hysteresis values of the copolymer is observed.
Hysteresis after the first cycle for PDMS-3K, PDMS-11K and PDMS-
32K based homologous silicone-urea copolymers are 54, 31 and 11%
respectively. Second cycle hysteresis values are significantly lower
for PSU-11-ED-7.8 and PSU-32-DY-7.4, which are 13 and 4%
respectively. The hysteresis values become smaller after each cycle
for both copolymers until the tenth cycle. Fig. 4 graphically shows
the dramatic difference between the hysteresis behaviors of sili-
cone-urea copolymers based on PDMS-3K, PDMS-11K and PDMS-
32K with similar hard segment contents.

Considering the dramatic downward trend in the hysteresis of
silicone-urea copolymers with similar hard segment contents but
different PDMS molecular weights, there seems to be a substantial
influence of the average PDMS segment molecular weight on
hysteresis. It is important to restate that the critical entanglement
molecular weight (Me) of PDMS is reported to be 24,500 g/mol
[15,16]. Therefore, one may certainly consider that soft segment
entanglements in PDMS-32K, which has an <Mw> value of
50,400 g/mol, which distinctly exceeds (Me), may be contributing
substantially to lowering the hysteresis in thermoplastic silicone-
urea copolymers. As stated earlier, in an earlier publication we
demonstrated that there also is a strong contribution from soft
segment entanglement on the tensile strengths of silicone-urea
copolymers [14].

Another factor that needs to be considered in the hysteresis
behavior is the microphase morphologies of the silicone-urea
copolymers with similar hard segment contents based on the
different PDMS soft segment molecular weights. In this regard
Table 5 provides the average molecular weights and average
number of repeat units in the urea hard segments in silicone-urea
copolymers, calculated from the reaction stoichiometry. In these
calculations aminopropyl chain ends of the PDMS oligomers are
also considered to be a part of the hard segment. Since PSU-3-7.6 is
prepared by a stoichiometric reaction between PDMS-3K and
Table 4
Influence of PDMS molecular weight on 200% hysteresis behavior of homologous
silicone-urea copolymers.

Percent hysteresis after each cycle

Cycles 1 2 3 4 5 6 7 8 9 10

PSU-3-7.6 54 38 36 35 34 33 33 32 32 31
PSU-11-ED-7.8 32 13 11 10 10 9 9 9 9 9
PSU-32-DY-7.4 11 4 4 4 4 4 4 3 3 3
HMDI, the hard segment only consists of HMDI and aminopropyl
end groups of the PDMS, but has no chain extenders.

We have already discussed the morphology of silicone-urea
copolymers extensively using SAXS, DMA and DSC data [9]. Due to
surface coverage by PDMS caused by their low surface energy,
especially when at high PDMS soft segment contents andmolecular
weights, it is often difficult to obtain morphological features of
silicone-urea copolymers by AFM. While we do not yet have direct
microscopy evidence showing any differences in the nature of the
microphase morphological structure of the PSU-3-7.6 copolymer
with those of PSU-11-ED-7.8 or PSU-DY-7.4, all of which have nearly
identical hard segment contents, it is clear that there must be
a major difference in view of the difference in the mechanical
behavior of the latter two from the former material. However, if we
tentatively assume that the low molecular weight soft segment
system PSU-3-7.6 has a more percolated or interconnected hard
segment texture and that the other two much longer soft segment
systems possess a more particulate or dispersed hard segment
domain texture, the major difference in the hysteresis behavior of
these copolymers might well be explainable. We make this argu-
ment on the basis of an earlier study [27], where we showed by use
of AFM that when very nonpolar and low molecular weight
(<Mn>¼ 3340 g/mol) soft segment of poly(ethylene-butylene) was
used instead of PDMS, the morphology by AFM led to a consider-
ably interconnected, thread-like hard segment phase. In this
copolymer, the hard segment content was also low (7.8% byweight)
and the hard segment was based on HDI and DY or ED, which is
fairly similar to what has been used in this study. This thread-like
textured system displayed considerable instantaneous hysteresis
due to the breaking of the hard segment microphase interconnec-
tions but, if given enough time, it would recover/heal well. If the
Fig. 4. Effect of PDMS molecular weight on the first cycle, 200% hysteresis behavior
of homologous silicone-urea copolymers. (A) PSU-3-7.6, (B) PSU-11-ED-7.8, (C) PSU-
32-DY-7.4.



Table 5
Average PDMS soft segment and hard segmentmolecular weight in the silicone-urea
copolymers (n) is the average (HMDI-CE)n repeat unit in urea hard segments (CE,
chain extender).

Polymer code Hard
segment
(wt %)

Stoichiometry
[PDMS]/[HMDI]/
[CE]

Hard
segment
(Mn) (g/mol)

Average
HS Repeat
unit (n)

PSU-3-7.6 7.57 1/1/0 380 1
PSU-11-ED-7.8 7.75 1/3/2 1023 2
PSU-32-DY-7.4 7.35 1/7/6 2650 6

Table 6
Influence of hard segment content on hysteresis behavior of thermoplastic silicone-
urea copolymers based on PDMS-11K (200%, 10 cycles).

Percent hysteresis after each cycle

Cycles 1 2 3 4 5 6 7 8 9 10

PSU-11-ED-7.8 32 13 11 10 10 9 9 9 9 9
PSU-11-DY-9.7 32 14 12 11 11 10 10 10 10 10
PSU-11-DY-11.4 34 14 12 11 11 10 10 10 10 10
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hard segment texture had initially been of a particulate type, which
we hypothesize is the case for the longer soft segmentmaterials but
of comparable hard segment contents, we would anticipate less
instantaneous hysteresis. We are therefore hoping to verify this in
the future using AFM for the PDMS based materials in the present
study.

As shown in Table 5, the lengths of the urea hard segments are
dramatically different in this series of silicone-urea copolymers.
Due to strong microphase separation in silicone-urea copolymers
and bidentate hydrogen bonding between urea groups, one would
expect the formation of a greater amount of hydrogen bonding in
urea hard segments as the hard segment length is increased. It is
also expected that much higher energy will be needed to deform or
rupture such a strongly hydrogen bonded physical network, which
may help to explain the dramatic reduction in the hysteresis in
silicone-urea copolymers with high molecular weight PDMS soft
segments and longer urea hard segments. However, in our
discussions later on in the paper, where we will investigate the
effect of hard segment content on the hysteresis behavior of sili-
cone-urea copolymers with identical PDMS soft segment molecular
weights, it will become clear that this assumption does not seem to
be correct.

3.1.3. Effect of hard segment content on 200% hysteresis behavior of
copolymers based on PDMS-11K

In order to understand the influence of urea hard segment
content on the hysteresis behavior of silicone-urea copolymers,
various PDMS-11K based copolymers with different hard segment
contents were also investigated. These copolymers are designated
PSU-11-ED-7.8, PSU-11-DY-9.7 and PSU-11-DY-11.4 respectively.
Hysteresis curves for the former polymer were already provided in
Fig. 2. The hysteresis curves (first 5 cycles) for the latter two
copolymers are reproduced in Fig. 5. The hysteresis values calcu-
lated for these copolymers after various cycles are provided in Table
6, which clearly shows that as the hard segment content of the
copolymer increases, the hysteresis also increases but only very
slowly. This result strongly suggests that the average length of the
hard segment is therefore not a very critical factor with respect to
the hysteresis behavior e at least in the range we address in this
report. Fig. 6 provides the hysteresis after the first cycle as a function
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Fig. 5. 200%, 5 cycle hysteresis curves for (a)
of the urea hard segment content for the same copolymers. There
seems to be a linear relationship with a positive slope, between the
hard segment content and the first cycle hysteresis for these
copolymers. (Note: We rounded the hysteresis values to integer
numbers. Actual values used in the plot are: 31.6; 32.2; 34.4).

3.1.4. Effect of hard segment content on the 300% hysteresis
behavior of copolymers based on PDMS-32K

In order to further investigate the effect of hard segment content
on the hysteresis behavior, a series of PDMS-32K based silicone-
urea copolymers with fairly low hard segment contents were
evaluated. In this study 300%, ten-cycle hysteresis behavior of PSU-
32-ED-2.8, PSU-32-ED-3.7 and PSU-32-ED-4.7 was investigated.
The hysteresis curves obtained are reproduced in Figs. 7 and 8. A
summary of the hysteresis results are provided on Table 7. Similar
to the results observed for the 200% hysteresis data tabulated on
Table 6 for the PDMS-11K based copolymers, the percent hysteresis
seems to increase linearly but only slightly with the hard segment
content (and this average HS length) for PDMS-32K based silicone-
urea copolymers (Table 7).

Fig. 9 provides a plot of the percent hysteresis after the first cycle
as a function of the hard segment content for PDMS-32K based
silicone-urea copolymers. As can clearly be seen in Fig. 9, the
hysteresis after the first cycle increases linearly with the hard
segment content of the copolymer. These results indicate that
during the 300% deformation process (stretching and release cycle)
the energy dissipated increases linearly with increasing hard
segment content. Or from a different perspective, they also may
indicate that upon unloading, the PDMS-32K based silicone-urea
copolymers with lower hard segment contents recover more
rapidly suggesting their morphological structure is less altered by
the prior deformation.

3.2. Influence of the chain extender structure on the hysteresis
behavior of silicone-urea copolymers

As we have reported earlier [14] structure of the chain extender
employed (ethylene diamine (ED) and 2-methyl-1,5-dia-
minopentane (DY)) do not seem to have any noticeable influence on
the tensile properties of silicone-urea copolymers with low hard
segment contents. Similarly, the chemical structure of the low
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PSU-11-DY-9.7 and (b) PSU-11-DY-11.4.



Fig. 6. Influence of hard segment content on 200% hysteresis behavior of PDMS-11K
based silicone-urea copolymers after the first cycle.
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molecular weight diamine chain extender employed (ED or DY)
does not seem to have a significant role on the hysteresis behaviors
of silicone-urea copolymers investigated in this study. Hysteresis
results provided on Tables 4, 6 and 8, based on different chain
extenders seem to follow the same trend. A more detailed study is
underway to further investigate the effect of chain extender
structure on the hysteresis behaviors of silicone-urea copolymers.

3.2.1. Instantaneous set behavior of thermoplastic silicone-urea
copolymers

In addition to the tensile strength and hysteresis behavior, other
important application parameters for crosslinked rubbers and
thermoplastic elastomers are the compression set, instantaneous
set and permanent set values. The “set” behavior of a rubber is
related to its recovery of the original dimensions after being sub-
jected to a deformation. As is well documented in the literature, and
as we have demonstrated for the tensile behavior for the silicone-
urea copolymers in this study, when an elastomer is stretched and
released it typically does not return to its exact original length.
Depending on its structure, after the stretcherelease cycle its length
is somewhat longer than its original length before stretching. The
increase in length of the elastomer sample is usually termed as the
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Fig. 8. 300%, 5 cycle hysteresis curves for (a
“set”. Set can be divided into two categories, which are the
“instantaneous set” and the “permanent set”. Instantaneous set can
be defined as the extent (percent) of deformation in length dis-
played by a sample immediately after deformation and release. If
a deformed elastomer sample that has undergone release is left as is,
it generally recovers further over time and reaches a constant length
at equilibrium, which is often still higher than its original length.
“Permanent set” can be defined as the extent (percent) of perma-
nent deformation displayed by the sample at equilibrium, compared
to its original length. Similarly “compression set” can be defined as
the extent (percent) of deformation experienced by an elastomer
subjected to a compressive load for a fixed period of time. It might
also be mentioned that the difference between permanent set and
instantaneous set is also greatly dependent on the sample’s
temperature relative to the Tg of the elastomericmatrix but we have
not addressed this variable in this study for in practical applications
of PDMS based elastomers, one is typically well above the Tg of this
segment so that there is considerable soft segment mobility due to
the very good microphase separation that occurs in these systems.

Instantaneous set values can be determined by comparing the
sample length (L) immediately after each reloading cycle with the
original length before stretching (Lo). Instantaneous set values are
calculated by using the Eq. (2), where Lo ¼ 25.0 mm in our
experiments.

Instantaneous set ¼ ðL � LoÞ � 100=Lo (2)

Instantaneous set values for the silicone-urea copolymers after
200% and 300% deformation are tabulated in Tables 8 and 9,
respectively. These results clearly show that in addition to high
hysteresis, PSU-3-7.6 also shows very high instantaneous set values
after 200% and 300% deformation, which is calculated to be 42% and
71% respectively after the first cycle. It increases after each subse-
quent cycle and reaches 70% (for 200% elongation) and 120% (for
300% elongation) after the tenth cycle. The instantaneous set
behavior of PSU-3-7.6 is comparable to those of non-chain
extended polyether based polyureas [28]. On the other hand
PSU-11-ED-7.8, which has a very similar hard segment content as
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Table 7
Effect of hard segment content on the hysteresis behaviors of homologous silicone-
urea copolymers based on PDMS-32K (300% elongation).

Hysteresis after cycles (%)

Cycles 1 2 3 4 5 6 7 8 9 10

PSU-32-ED-2.8 12 6 6 5 5 5 5 5 5 5
PSU-32-ED-3.7 19 8 6 6 6 6 6 6 5 5
PSU-32-ED-4.7 26 8 6 6 6 6 6 5 5 5

Table 8
Instantaneous set behaviors of silicone-urea copolymers (200% elongation).

Percent instantaneous set after each cycle

Cycle 1 2 3 4 5 6 7 8 9 10

PSU-3-7.6 42 50 56 59 62 63 65 67 68 70
PSU-11-ED-7.8 14 15 15 16 16 16 16 17 17 17
PSU-11-DY-9.7 12 13 13 13 13 14 14 14 14 14
PSU-11-DY-11.4 10 10 11 11 11 11 11 12 12 12
PSU-32-DY-7.4 4 5 5 6 6 6 7 7 7 7

I. Yilgor et al. / Polymer 52 (2011) 266e274 273
that of PSU-3-7.6, but based on PDMS-11K, shows a much smaller
instantaneous set value of only 14% after the first cycle at 200%
elongation. Compared to the original length, the set values for PSU-
11-ED-7.8 increase only fairly slowly after each cycle and reaches
17% after the 10th cycle, which is substantially smaller when
compared to 70.0% set for PSU-3-7.6 at 200% elongation.

More interestingly, the homologous silicone-urea copolymer
based on PDMS-32K (PSU-32-DY-7.4) strikingly displays a very small
instantaneous set value of only 4% after the first cycle and only 7%
after the 10th cycle (Table 8). All of these results clearly show the
dramatic effect of PDMS soft segment molecular weight on the
instantaneous set behavior of these segmented silicone-urea copol-
ymers. Similar to the hysteresis behavior discussed earlier, as the
PDMS molecular weight increases, correspondingly instantaneous
set values decrease dramatically.

Data provided in Tables 8 and 9 also provide a clear picture on
the effect of the urea hard segment content on the instantaneous
set behavior of silicone-urea copolymers based on identical PDMS
soft segments. Finally, Table 8 provides percent instantaneous set
values for PDMS-11K based silicone-urea copolymers with 7.8, 9.7
and 11.4% hard segment contents at 200% elongation. As shown on
Table 8, instantaneous set values become smaller with an increase
in the hard segment content of the copolymer. Similar behavior is
observed for PDMS-32K based silicone-urea copolymers at 300%
elongation, as shown on Table 9. Interestingly, this is just the
opposite behavior when compared to the hysteresis behaviors of
these copolymers, where the hysteresis values displayed a slight
increase as a function of the hard segment content, as shown on
Figs. 6 and 9. Fig. 10 shows the effect of PDMS molecular weight on
the set behavior of silicone-urea copolymers with identical hard
segment contents after the first cycle at 200% elongation. As the
PDMS molecular weight increases, instantaneous set decreases
dramatically from 42% for PSU-3-7.6 to 4% for PSU-32-DY-7.4.

3.3. Effect of PDMS molecular weight and urea hard segment
content on constant initial stress creep behavior for the silicone-
urea copolymers investigated

When a polymeric material is subjected to an initial constant
stress, it deforms quickly to a strain roughly predicted by its stress-
Fig. 9. Tensile hysteresis after the first cycle as a function of the urea hard segment
content of silicone-urea copolymers based on PDMS-32K.
strain modulus and then continues to deform slowly with time.
This phenomenon of time dependent deformation now under
constant load is denoted as creep [25]. At higher loads and longer
times, the polymer may rupture, whereas at a low enough load and
time, failure may never occur. It is well recognized that the creep
behavior of elastomers (thermoplastic or crosslinked) can play an
important role in their applications. The extent of creep depends on
several factors, such as; the magnitude of the initial stress applied,
loading time, temperature, chemical structure, morphology and
topology (i.e., uncross-linked versus crosslinked) of the polymer. In
this study the creep behavior of silicone-urea copolymers with
similar compositions but based on PDMS segments with quite
different molecular weights were investigated e each creep test
being initiated at an equivalent initial stress. Time dependent creep
curves for PSU-3-7.6, PSU-11-ED-7.8 and PSU-32-DY-7.4 initiated at
a constant initial stress (s ¼ 1.30 MPa) are reproduced in Fig. 11.
Original lengths of all samples were 25.0 mm.

It is interesting to note in Fig. 11 that after the creep experiment
is initiated, the silicone-urea based on PDMS-3K shows the lowest
instantaneous deformation and elongates to 31.0 mm (24% elon-
gation) while the sample based on PDMS-11K elongates to 38.5mm
(54% elongation). The copolymer sample based on PDMS-32K, in
contrast, displays the highest instantaneous deformation upon
application of the initial stress and elongates to 58.0 mm (132%
elongation). Very interestingly, following this fairly fast instanta-
neous elongation, samples based on PDMS-11K and PDMS-32K
show only very slow time dependent creep (or elongation) in 24 h,
increasing in length to 49.4 mm and 66.5 mm respectively and
displaying 28.3% and 14.7% increase in length after the initial
deformation. On the other hand, the sample based on PDMS-3K
displays a fairly steady deformation and its overall length reaches
to 88.0 mm after 24 h indicating 184% increase in length after initial
deformation. We believe these results clearly show that for sili-
cone-urea copolymers with similar hard segment contents as the
PDMS soft segment molecular weight increases creep decreases
substantially.

It is well known that as the crosslink density of an elastomer or
hard segment content of a thermoplastic elastomer increases, the
magnitude of creep typically decreases for a given initial stress [25].
The constant initial stress (0.60 MPa) creep curves for the PDMS-
11K based silicone-urea copolymers with urea contents of 5.1, 7.8
and 14.4% by weight are shown in Fig. 12. As clearly seen in this
figure, as the hard segment content of the copolymer increases the
creep decreases dramatically.
Table 9
Instantaneous set behaviors of silicone-urea copolymers (300% elongation).

Percent instantaneous set after each cycle

Cycle 1 2 3 4 5 6 7 8 9 10

PSU-3-7.6 71 79 88 94 100 106 111 115 118 120
PSU-32-ED-2.8 8 9 9 10 10 10 11 11 11 11
PSU-32-ED-3.7 7 8 8 9 10 10 11 11 11 11
PSU-32-ED-4.7 7 7 7 8 8 9 9 9 9 9



Fig. 10. Effect of PDMSmolecularweight on the set behavior of silicone-urea copolymers
(after first cycle, 200% elongation). (A) PSU-3-7.6, (B) PSU-11-ED-7.8, (C) PSU-32-DY-7.4.

Fig. 11. Comparison of the constant initial stress creep behavior of (O) PSU-3-7.6, (D)
PSU-32-DY-7.4 and (,) PSU-11-ED-7.8 (s ¼ 1.30 MPa).

Fig. 12. Effect of the hard segment content on the constant initial stress creep behavior
of silicone-urea copolymers based on PDMS-11K (s ¼ 0.60 MPa). (>) PSU-11-DY-5.1,
(O) PSU-11-ED-7.8 and (D) PSU-11-DY-14.4.
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4. Conclusions

Hysteresis, instantaneous set and creep behaviors of novel
thermoplastic silicone-urea copolymers based on PDMS soft
segment molecular weights of (<Mn> ¼ 3200, 10,800, 31,500 and
<Mw> ¼ 5000, 17,200, 50,400 g/mol) and fairly low urea hard
segment contents of 2e14.4% by weight, were investigated. When
the hysteresis and instantaneous set behavior of silicone-urea
copolymers with similar hard segment contents (around 7.5% by
weight) but based on PDMS-3K, PDMS-11K and PDMS-32K were
compared, it was very clear that as the PDMS molecular weight
increased the hysteresis and set values decreased significantly.
Copolymers based on the same PDMS soft segment (PDMS-11K or
PDMS-32K) but with different hard segment content showed only
a small linear increase in the hysteresis and a slight decrease in the
instantaneous set as a function of hard segment content. The
structure of the chain extender (ED or DY) did not seem to have
a major effect on the tensile or hysteresis behavior of silicone-urea
copolymers investigated.

Similarly, constant initial stress creep experiments for homolo-
gous silicone-urea copolymers indicated a decrease in the amount
of creep as the molecular weight of the PDMS increased. When
PDMS molecular weight was kept constant the amount of creep
decreased as the hard segment content of the copolymer increased.

The critical entanglement molecular weight (Me) of PDMS is
reported to be 24,500 g/mol [15,16]. (Me) and correlates well with
(Mw) since it is obtained from melt rheology measurements. Among
the three PDMS oligomers utilized, only the <Mw> value of PDMS-
32K, which is 50,400 g/mol distinctly exceeded the (Me). We believe
oneof themost importantoutcomesof this study is the extremely low
hysteresisand instantaneoussetvaluesdisplayedbyPDMS-32Kbased
silicone-urea copolymers. This we also believe clearly demonstrates
the dramatic effect of soft segment entanglements on lowering the
hysteresis and instantaneous set in silicone-urea copolymers.
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Living/controlled polymerization of hex-1-ene initiated by nickel diimine catalysts of general form [ArN¼C
(1,8-naphthalenediyl)C¼NAr]NiBr2 activated by simple organoaluminium compounds was investigated.
Polyhexenes with a very narrow molar mass distribution and molar mass controlled by the monomer/initi-
ator ratio were prepared using diethylaluminiumchloride, ethylaluminiumdichloride and methyl-
aluminiumdichloride as cocatalysts for nickel complexes1 (Ar¼ 2,6-iPr2C6H3) and 2 (Ar¼ 2-tBuC6H4).Nickel
complexes with smaller aryl substituents (3, Ar¼ 2,6-Me2C6H3; 4 Ar¼ 2,4,6-Me3C6H2; 5, Ar¼ 2,6-Et2C6H3)
undergo transfer reactions significantly. For themostbulkycomplex1 activatedbyethylaluminiumdichloride
living hex-1-ene polymerization was achieved, proved by the reinitiation of polymer growth upon the
addition of fresh monomer. The effect of Al/Ni ratio on the activity of the catalytic systems was studied by
dilatometry. The catalytic systems were investigated by UVevis spectrometry and a new interpretation of
their absorption spectra was suggested.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyolefins represent the largest commodity plastics group. It is
due to their structural and consequently properties versatility [1].
One of the further developments in a new polyolefin materials
preparation is represented by macromolecular engineering [2] and
its methods: living/controlled coordination polymerization [3] and
chain-shuttling [4]. Despite the lower productivity of living/
controlled olefin polymerization (one chain per growing center) in
comparison with chain-shuttling, it is the most precise method of
macromolecule construction.

One of the interesting post-metallocene catalyst groups allowing
living/controlled polymerization of olefins [5] is represented by
diimine late metal complexes [6,7]. Especially nickel derivatives are
of current interest due to their high polymerization activity toward
both ethylene and higher olefins. The lack of the stereospecificity
control of these catalysts is balanced by their inconvenient mecha-
nistic feature, so called chain-walking mechanism, allowing the
catalytic center to migrate back into the growing polymer chain
[6,8]. Chain-walking thus allows one to formbranching points in the
polymer arising fromethylene homopolymerization or to straighten
the incorporated monomer unites in higher olefin polymerization
(1,u-insertion). In both cases the polyolefin materials ranging from
: þ420 220443175.

All rights reserved.
completely amorphous (rubbery) to semi-crystalline can be
prepared [9].

Most of the catalytic systems are bicomponent, formed by the
activation of a catalyst precursor (catalyst, initiator) by a cocatalyst
(activator). The most common cocatalysts for homogeneous olefin
polymerization catalysts are methylalumoxane (MAO), borates,
boranes and less often simple organoaluminium compounds
(AlRnX3�n, X ¼ halogen atom) [10]. MAO is the most widely used
cocatalyst for nickel diimine catalysts and, in comparison with met-
allocenes, 10e100 times less of it is sufficient to activate nickel
complexes (Al/Ni ¼ 101e102) [11]. Compared to other catalytic
systems allowing living/controlled olefin polymerization, nickel
diiminecomplexescanbeactivateddirectlybycommerciallyavailable
MAO which contains around 30% of trimethylaluminium (TMA) that
usually acts as a chain transfer agent and must be removed before
contact with a catalyst [12e14]. However, MAO has several draw-
backs. Beside the fact that its structure is not perfectly known,MAO is
instable and its activation ability decreases during the storage. Safety
and economic reasons for its more complicated manufacture in
comparison with simple organoaluminium compounds should also
be considered.

In contrast to early transition metal based catalysts that are
predominantly activated by MAO, nickel diimine catalysts can be
activated also by simple organoaluminiums which usually fail in an
activator role for the most of metallocene catalysts [15e21]. More-
over, much lower Al/Ni ratios (Al/Ni ¼ 100) were shown to be
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sufficient for activation of nickel diimine complexes in ethylene
polymerization when using simple organoaluminium compounds
instead ofMAO [22,23]. Coates et al. used diethylaluminiumchloride
(DEAC) to activate Ni complexes 1 and rac-[ArN¼C(1,8-naph-
thalenediyl)C¼NAr]NiBr2, Ar¼(2-(2,4,6-Me3C6H2)ethyl-4-methyl)
C6H3] to polymerize hex-1-ene, hept-1-ene and oct-1-ene to poly-
mers with very narrow molar mass distribution (Ð ¼ 1.06e1.15)
at �40 �C to maximize selectivity for u,2-enchainment [24].

During the investigation of living olefin polymerization Peruch
and we found that the activation of nickel complexes byMAO is not
quantitative and up to 30% of catalyst is converted into inactive
species [11,25]. This behavior was correlatedwith UVevis spectra of
the catalytic system by Peruch et al. [11]. Species with absorption
around 530 nmwere ascribed to active species and band at 710 nm
was proposed to be caused by inactive species with unknown
structure. Interpretation of the spectra was based on the observa-
tion that the increase of peak at 710 nm and decrease of peak at
530 nm at room temperature is accompanied with the lost of
catalyst livingness. Also the other UVevis investigations of nickel
diimine catalytic systems explained a similar observation by equi-
librium between active and inactive (dormant) species [26e28].

Here, we describe several new catalytic systems based on non-
MAO cocatalysts and nickel diimine complexes that enable living/
controlled olefin polymerization. Kinetics and UVevis spectral
behavior of non-MAObased catalytic systemswere investigated and
a new interpretation of catalyst absorption spectra was proposed.
N N

R1

R2

R1

R2

R3R3

1    R1=R2=iPr, R3=H
2    R1=tBu, R2=R3=H
3   R1=R2=R3=Me
4    R1=R2=Me, R3=H
5    R1=R2=Et, R3=H

Ni
Br Br

Fig. 1. Structure of nickel diimine complexes used in this work.
2. Experimental part

All manipulations with air-sensitive compounds were done
using standard Schlenk techniques. Nitrogen (SIAD, 99.999%) was
purified by passing through a column packed with Cu-catalyst and
molecular sieves to remove traces of oxygen and water. Chloro-
benzene (p.a., Penta) was refluxed over CaH2 and distilled under
nitrogen. Hex-1-ene (99%, Aldrich) was dried over sodium/potas-
sium alloy and distilled under nitrogen. MAO (10 wt% solution in
toluene, Aldrich), diethylaluminiumchloride (1.8 M in toluene,
Aldrich), ethylaluminiumdichloride (EADC, 1.0 M in hexanes,
Aldrich), dimethylaluminiumchloride (DMAC, 1.0 M in hexanes,
Aldrich), methylaluminiumdichloride (MADC, 1.0 M in
hexanes, Aldrich) were used as received. Nickel complexes were
synthesized and purified according to reported procedures [7,17].

Polymerizations were carried out under dry nitrogen in
magnetically stirred 20 mL glass ampoules. Ampoules with chlo-
robenzene, hex-1-ene and initiator were placed in a bath kept at
a desired temperature and tempered for 15 min. Polymerization
was initiated by addition of the cocatalyst solution (MAO, DEAC,
EADC, DMAC or MADC). After the desired reaction time the poly-
merization was quenched by 1 mL of 10% HCl in MeOH, polymer
was precipitated in 300mL of MeOH, washed byMeOH and dried at
50 �C under vacuum until constant weight. Kinetics of hex-1-ene
polymerization was followed in 10 mL capillary dilatometer
equipped with a PTFE valve. Monomer conversion (Y) was calcu-
lated according to eq. (1):

Y ¼ L0 � Lt
ðL0 � Lterm=YwÞ (1)

where L0 is the level of polymerization mixture at the moment of
activation, Lt is level at time t, Lterm is the level at the moment of
termination and Yw is gravimetrical conversion of monomer
calculated from the ratio of mass of the obtained polymer to the
mass of monomer. Apparent propagation rate constants and initial
propagation rates of the polymerization were calculated from the
following expressions (2) and (3):
lnð½M0�=½M�Þ ¼ lnð1=ð1� YÞÞ ¼ kappp � t (2)

Rp ¼ kp � ½Ni�a½Al�b½M�g¼ kappp � ½M�1 (3)

where [M0]and [M] are the initial and instantaneous concentration
of monomer; a, b and g are the kinetic orders with respect to Ni
catalyst, Al cocatalyst and hex-1-ene monomer, respectively. As the
first-order time-conversion plots were linear at least up to 50%
conversion, initial rates of polymerizations were calculated using
g ¼ 1, assuming first order to monomer kinetics.

UVevis spectra of catalytic systems were recorded on a Varian
Cary 50 spectrometer. A quartz cell (0.5 cm optical length) con-
nected directly to a Schlenk flask was used for measurements.

The microstructure of polyhexenes was determined by 1H NMR
spectroscopy on 500 MHz Bruker Avance DRX 500 spectrometer in
CDCl3 solution at 30 �C.

The total number of branches per 1000 carbon atoms (N) was
determined by integrating methyl proton signals with respect to
signals of all protons in 1H NMR spectrum and calculated using the
formula:

N ¼ 2
�
ICH3

�

3
�
ICHþCH2þCH3

�� 1000 (4)

The degree of polyhexene chain rearrangement (x) expressed as
the fraction of 1,6-monomer insertions was calculated according to
expression (5):

x ¼
�
1� N

167

�
� 100ð%Þ (5)

Molar masses were determined using Waters Breeze chro-
matographic system equippedwith RI detector operating at 880 nm
and multi-angle laser light scattering (MALLS) miniDawn TREOS
fromWyatt operating at 658 nm. Separations were performed with
two Polymer Laboratories Mixed C columns at 35 �C in THF at an
elution rate of 1 mL min�1. The dn/dc value 0.078 � 0.002 mL g�1

was used for polyhexene in THF at 35 �C [29].

3. Results and discussion

3.1. Controlled polymerization

To study the behavior of catalytic systems activated by non-MAO
catalysts, five nickel catalysts were used that are known to initiate
living/controlled olefin polymerization when activated by MAO
(Fig. 1) [29]. First, bulky t-butyl substituted catalyst 2 was used in
the polymerization of hex-1-ene for screening of four simple
organoaluminium compounds: diethylaluminiumchloride (DEAC),



Table 1
Polymerization of hex-1-ene initiated by complex 2 activated with various
cocatalysts.

Run Cocatalyst Monomer
conversion [%]

Mn
a kg$mol�1 Ða NPM/N(Ni)b Nc

1 MAO 100 84.2 1.3 0.8 93
2 DEAC 100 57.7 1.3 1.2 73
3 EADC 100 74.3 1.4 0.9 67
4 DMAC 85 11.5 2.2 e 64
5 MADC 70 60.5 1.3 0.8 80

[Ni] ¼ 1.0 mM, Al/Ni ¼ 500, [hex-1-ene] ¼ 0.8 M, chlorobenzene, total volume
10 mL, Tp ¼ 0 �C, time of polymerization 4 h.

a Number average molar mass and dispersity determined by SEC with PS
standards.

b NPM/N(Ni) ¼ polymer mass/(molNi$Mn).
c Number of branches per 1000 C atoms determined by 1H NMR spectroscopy.

Table 2
Polymerization of hex-1-ene initiated by 1e5 activated by MAO, DEAC and EADC in
chlorobenzene.

Run Catalyst Cocatalyst Yw
a

[%]
Mn

b

[kg.mol�1]
Ðb NPM/N(Ni)c Nd

1 1 MAO 89 91.6 1.03 0.70 127
2 DEAC 94 59.3 1.07 1.08 113
3 EADC 88 58.3 1.11 1.05 118

4 2 MAO 95 60.8 1.13 1.11
5 DEAC 84 48.9 1.27 1.11

6 3 MAO 90 59.1 1.30 1.09
7 DEAC 94 39.6 1.97 e

8 EADC 30 89.7 1.67 e

9 4 MAO 75 60.1 1.13 0.85
10 DEAC 66 20.2 2.71 e

11 EADC 4 33.7 2.13 e

12 5 MAO 90 66.0 1.08 1.09 131
13 DEAC 95 49.7 1.30 1.33 115
14 EADC 50 74.7 1.41 0.46 124

[Ni] ¼ 1.0 mM, Al/Ni ¼ 200, [hex-1-ene] ¼ 0.8 M, polymerization time 5 h,
Tp ¼ �10 �C, total volume 10 mL.

a Monomer conversion.
b Number average molar mass (Mn) and dispersity determined by SEC-MALLS.
c NPM/N(Ni) ¼ polymer mass/(molNi$Mn).
d Number of branches per 1000 C atoms determined by 1H NMR spectroscopy.
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Fig. 2. SEC traces of polyhexenes obtained by nickel complex 1 activated by MAO (dash
dot), EADC (solid) and DEAC (dash). [Ni] ¼ 1.0 mM, Al/Ni ¼ 200, [hex-1-ene] ¼ 0.8 M,
5 h, Tp ¼ �10 �C
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ethylaluminiumdichloride (EADC), dimethylaluminiumchloride
(DMAC) and methylaluminiumdichloride (MADC) in role of cocat-
alysts (activators) and compared with MAO (Table 1). Compared to
methyl aluminium derivatives, ethyl aluminium analogues afforded
more active catalytic species, completely transforming monomer
into polymer in 4 h at 0 �C.With the exception of DMAC, all catalytic
systems produced polyhexene with narrow molar mass distribu-
tion, comparable to that of the polyhexene produced by MAO
activated catalyst, suggesting controlled polymerization with
respect to molar mass. Efficiency of the catalysts was further
expressed by number of polymer molecules produced per molecule
of initiator [NPM/N(Ni)] calculated from the amount of obtained
polymer, amount of Ni catalyst and molar mass of polymer. For all
the catalytic systems producing polymers with low dispersity,
NPM/N(Ni) is closed to unity showing a good efficiency of simple
organoaluminium compounds as the activators of nickel complex 2
and further showing that molar masses of the prepared polymers
are appropriate to monomer/initiator ratio, another typical feature
of living/controlled polymerizations.

Concerning the microstructure of the polymers we found that
the choice of cocatalyst influences also the branching of the poly-
mer chain in agreement with previous studies of ethylene and
propylene polymerization [15,17,20]. All polymerizations activated
by simple organoaluminium compounds led to polyhexene with
lower amount of branches than in MAO activated system, which
shows higher degree of chain-walking reactions in comparison to
propagation. The highest degree of rearrangement (62%) was
observed for DMAC. Comparison with MAO activated catalyst (44%
rearrangement) indicates the possibility to efficiently control the
polymer microstructure also by choice of the cocatalyst.

Since some chain transfer was evident from slightly broadened
molar mass distribution of the polyhexenes prepared at 0 �C, further
experimentswere carriedout at�10 �C tominimize the extentof side
reactions. Other four nickel complexes were tested in combination
with the most effective cocatalysts DEAC and EADC. Based on the
kinetic investigation (see below) and literature data for 2/MAO [11],
which show reaching activity plateau at Al/Ni ¼ 50, we used
decreased Al/Ni¼ 200 ratio for the rest of experiments. As seen from
Table 2, all the catalysts activated by MAO gave high yield of poly-
hexenewith a very lowdispersity inmolarmasses in agreementwith
previously published works [7,29]. Using DEAC or EADC, only bulky
catalysts 1 and 2 produced polyhexenes with a narrow molar mass
distribution at high yield, indicating a controlled manner of the
polymerization. NPM/N(Ni) values within these two nickel
complexes are very close tounity usingDEACandEADCas cocatalysts
supporting further a controlled character of the polymerization.

In the case of complexes 3 and 4 with methyl ortho-substitu-
ents, significantly broadenedmolar mass distributionwas observed
and, using EADC, also the catalyst activity dropped substantially.
Complex 5with ethyl substituents was efficiently activated only by
DEAC producing polyhexene with fairly low dispersity values.
However, when activated by EADC, complex 5 showed only low
monomer conversion and, according to NPM/N(Ni) parameter, less
than half of the nickel precursor was activated. This is in contrast
with our previous experiments in which MAO activated complex 5
controlled hex-1-ene polymerization in a similar or even better
manner than the most widely used complex 1 [29]. This stress out
the role of MAO as a bulky cocatalyst which helps to protect the Ni
center from b-eliminations and ensures the livingness of poly-
merization even in case of less bulky Ni diimine complexes.

At �10 �C, chain walking is less pronounced [6,30] and poly-
hexenes with a similar branching degree are obtained with cata-
lysts 1 and 5. DEAC and EADC again showed higher degree of
rearrangement in comparison with MAO leading to less branched
polymers in case of both catalysts.

The best control over the polymerization activated by DEAC and
EADC was achieved with bulky catalyst 1 demonstrated by a very



Fig. 3. SEC chromatograms of polyhexenes obtained by nickel complex 1 activated by
EADC after 5 h of polymerization (right peak) and after reinitiation by addition of
second portion of monomer after additional 12 h of polymerization (left peak).
Tp ¼ �10 �C, [Ni] ¼ 1.0 mM, Al/Ni ¼ 200, [hex-1-ene] ¼ 0.4M þ 0.4 M. Monomer
conversion 96%.

Table 3
Influence of Al/Ni ratio on hex-1-ene polymerization initiated by 2/EADC in
chlorobenzene.

Run Al/Ni Yw
a

%
Mn

b

kg mol�1
Ðb NPM/N(Ni)c

1 200 89 52.8 1.14 1.13
2 100 85 53.7 1.23 1.05
3 50 87 59.7 1.22 0.97
4 20 86 72.8 1.07 0.78
5 10 85 62.0 1.15 0.91
6 5 82 67.7 1.07 0.81

[Ni] ¼ 1.0 mM, [hex-1-ene] ¼ 0.8 M, polymerization time 4 h, Tp ¼ �10 �C, total
volume 10 mL.

a Monomer conversion.
b Number average molar mass (Mn) and dispersity determined by SEC-MALLS.
c NPM/N(Ni) ¼ polymer mass/(molNi$Mn).
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narrow molar mass distribution, similar to that obtained by 1/MAO
(Fig. 2). To investigate the livingness of these catalytic systems we
decided to perform a reinitiation experiment consisting of the
addition of fresh monomer after the consumption of initial
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Fig. 4. First-order time-conversion plots of hex-1-ene polymerization initiated 2/DEAC
(A) and 2/EADC (B), Tp ¼ �10 �C, [Ni] ¼ 1.0 mM, [hex-1-ene] ¼ 0.8 M; 1 < Al/Ni < 200.
monomer feed. Although 1/DEAC produced polyhexene with nar-
rowermolar mass distribution than 1/EADC, DEAC activated system
failed in the reinitiation test and, according to SEC traces, significant
portion of growing centers was inactive in the second phase of
polymerization. On contrary, 1/EADC system surprisingly displayed
very good reinitiation capability, polyhexene molar mass was
doubled (and equaled to theoretical value) and its distribution
remained very narrow after second monomer addition (Fig. 3). This
could be explained by the coordination of activator molecule to Ni
center after complete monomer consumption, which is stronger in
case of DEAC compared to EADC (vide infra).

3.2. Kinetics of polymerization

To investigate the reactivity of catalytic systems toward olefin,
kinetic measurements were carried out by means of dilatometry.
For this purpose we used nickel complex 2 activated by DEAC and
EADC and compared with MAO. All experiments with MAO and
DEAC displayed first-order kinetics with respect to hex-1-ene
concentration in the initial period of polymerization. Typical first-
order kinetic plots for 2/DEAC system are shown in Fig. 4A. At Al/Ni
ratio lower than five, polymerization did not proceed up to high
conversion due to the consumption of significant part of cocatalyst
by impurities. In the case of 2/EADC system an induction period,
shortening with increase of Al/Ni ratio, was observed caused by
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Fig. 5. Logarithmic variations of hex-1-ene polymerization rate on activator concen-
tration, in chlorobenzene at �10 �C, complex 2. [Ni] ¼ 1.0 mM, [hex-1-ene] ¼ 0.8 M;
0.0009 < [Al] < 0.1966 M; 1 < Al/Ni < 200. Cocatalysts: MAO (diamonds), DEAC
(squares), EADC (triangles).
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Fig. 6. UVevis spectra of 2/DEAC catalytic system activated in presence of hex-1-ene:
after activation (curve 1), after 8 h of polymerization (curve 2), after addition of second
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Fig. 7. UVevis spectra of 2/DEAC catalytic system activated in absence of hex-1-ene
(curve 1), in presence of hex-1-ene (curve 2-after monomer addition, curve 3-after
18 h).[hex-1-ene] ¼ 0.4 M, [Ni] ¼ 0.8 mM, Al/Ni ¼ 200, Tp ¼ �10 �C.
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slow activation (Fig. 4B). Once activated all centers propagate at
a similar rate and the polymerization follows first-order kinetics to
monomer as in the case of DEAC and MAO activation. Propagation
constants were therefore calculated from the linear part of ln([M]0/
[M]) dependence on polymerization time to allow the comparison
with the other systems using the same kinetic model. Despite
relatively slow activation rate of EADC, polyhexenes with a very low
dispersity were prepared even at low Al/Ni ratios as a consequence
of rather slower propagation (Table 3). However, the decrease of
Al/Ni ratio leads to the detectable decrease of polymerization
activity as a consequence of lower initiator efficiency caused by
incomplete activation of complex 2 by EADC at Al/Ni ratios below
50, as visible from decrease of NPM/N(Ni) values.

Initial propagation rates of hex-1-ene polymerization were
calculated and plotted against Al/Ni ratio (Fig. 5). In case of all the
activators, an increase of activity with increase of Al/Ni ratio was
observed followed by reaching a plateau. This breakpoint was
reached at Al/Ni ¼ 50 for MAO, which is in exact agreement with
the previous work of Peruch [11]. For DEAC and EADC the activity
plateau was reached at considerably lower Al/Ni ratio equal five.
From this point of view, DEAC and EADC seem to be more efficient
cocatalysts. According to maximum activity values DEAC forms the
most active catalytic systemwith complex 2 in comparison to EADC
and MAO which displayed similar propagation rate.

3.3. UVevis spectroscopy of catalytic systems

In previously published literature [11], UVevis spectroscopy was
suggested as a method for investigation of catalytic species obtained
by MAO activated catalyst 2. Two characteristic peaks in 2/MAO
UVevis spectra were ascribed to two types of species: active,
N N
Ni

R Bu

N

RBu

A

consumption of monomer
by polymerizaton

Scheme 1. Proposed structures of nickel diimine catalytic species corresp
absorbing at 530 nm, and inactive, absorbing at 700 nm. The stability
of the absorption spectra at�10 �Cwascorrelatedwith the stabilityof
active centers and thereforewith livingness of the catalytic system.At
room temperature authors observed the evolution of spectra when
peak at 530nm (active species) decreasedwhile simultaneously peak
at 700 nm increased its intensitywhichwas accompanied by the lost
of livingness.

In our UVevis experiments we observed much different
behavior of non-MAO activated nickel complexes. In contrast to
MAO activated system both DEAC and EADC activated complex 2
displayed only one peak at 530 nm in UVevis spectra from 400 to
900 nm (Fig. 6, curve 1).

Assuming the activeeinactive species hypothesis it would mean
that only active species were formed and nickel complexes were
quantitatively activated. NPM/N(Ni) values for bulky catalysts 1 and
2were close to unity (Tables 1 and 2) which would support the idea
of complete catalyst activation. However, in the case of 2/DEAC
activated system, we observed the formation of a new peak around
650 nm at prolonged reaction times (after 8 h at 0 �C), when the
conversion of monomer is completed (Fig. 6, curve 2). Simulta-
neously, the peak at 530 nm disappeared and the mixture color
turned from violet to green. At this moment we added fresh hex-
1-ene to the mixture. To our surprise, we observed that the
apparently inactive catalytic system reacted with the monomer
leading to the disappearance of the peak at 650 nm and regener-
ation of the peak at 530 nm (Fig. 6, curve 3). Simultaneously, the
color of the mixture turned to red immediately after monomer
addition and increased its intensity returning back to deep violet
color in several hours. Such easily observable changes in color
mixture could be useful for indication of monomer consumption
which could be advantageous e.g. in preparation of block copoly-
mers by sequential monomer addition.
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onding to observed absorption peaks in UVevis spectra of 2/DEAC.



400 500 600 700 800
0,0

0,5

1,0

1,5

A
b

s
o

r
b

a
n

c
e

Wavelength [nm]

1

2

3

Fig. 8. UVevis spectra of 1/MAO catalytic system activated in presence of hex-1-ene
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However, intensity of the peak at 530 nm did not reach the initial
value of freshly activated system indicating some decomposition of
the catalytic system in absence of monomer. This instability of nickel
diimine catalyst was observed previously for MAO activated system
[11]. Despite some catalyst deactivation the most of the monomer
from both feeds was converted to polymer (conversion 91%).
However, SEC analysis of the sample withdrawn from the polymer
mixture before second monomer addition and after it revealed
a substantial increase of molar mass dispersity as a consequence of
termination of chain growth on deactivated centers.

The above described behavior of the catalytic system led us to
a proposal of new explanation of the absorption spectra in which
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N
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R= alkyl or polymeryl
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Scheme 2. Proposed mechanism of active and dormant centers orig
peak at 530 nm corresponds to alkyl-olefin Ni complex (Scheme 1,
structure A), known as the resting state (active species) of diimine
catalysts [5,9,30], whereas the peak at 650 nm do not belong to
inactive centers but corresponds to alkyl-Ni complex with “vacant”
coordination position (Scheme 1) which can be converted back to
complex A by the addition of fresh monomer. It is probable that
hypothetical complex with free coordination position would be
instable in the reaction mixture and would immediately coordinate
either solvent or rather cocatalyst molecule. Therefore, species
absorbing at 650 nm could be describedmore properly as complex B
(Scheme 1) with coordinated solvent or cocatalyst molecule, which
could be replaced by strongly binding olefin molecule to regenerate
the active complex A. The interaction between Ni center and acti-
vator halogen atom (Ni/CleAl) was already proposed and investi-
gated by several X-ray absorption methods by de Souza et al. [31].

To support our hypothesis, we performed an additional exper-
iment inwhich complex 2was activated by DEAC in absence of hex-
1-ene. UVevis spectra (Fig. 7, curve 1) displayed only one peak at
650 nm. Addition of hex-1-ene to the mixture leads to immediate
disappearance of the peak at 650 nm and formation of the intensive
peak at 530 nm belonging to active species as a consequence of
replacement of coordinated activatormolecule by hex-1-ene (Fig. 7,
curve 2). Complete reaction of hex-1-ene with catalyst took several
hours as indicated by slow increase of intensity of the peak at
530 nm (Fig. 7, curve 3). The reaction produced polyhexene with
molar mass 22 800 g mol�1 and dispersity Ð ¼ 2.66 after 20 h
reaching conversion of only 36% suggesting partial irreversible
deactivation of the catalyst centers and competition between
monomer and activator coordination to Ni center. Compared to
values obtained in experiments when the catalyst was activated in
presence of monomer (Table 2, run 5) this observation emphasizes
the importance of monomer presence at the stage of nickel catalyst
activation.
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in and their transformation by addition of terminating agents.
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A similar behavior was observed also in EADC activated system
which afforded a peak at 530 nm after the activation in presence of
monomer. In absence of monomer the peak at 700 nmwas formed.
In comparison with DEAC, no peak at 700 nm is generated even
after prolonged reaction times if nickel catalyst is activated by EADC
in presence of monomer. That could be explained by the presence of
small amount (1% of remaining monomer at 99% conversion is
enough to coordinate all Ni centers) of unreacted monomer (or
olefin generated by b-H elimination) which is sufficient to form
alkyl-olefin complex A. The position of peak corresponding to
species B is thus influenced by cocatalyst and for EADC and MAO
have maximum at approximately 700 nm whereas for DEAC at
650 nm. The shift in maximum absorption is probably caused by
different interaction of Ni complex cation and counteranion
generated from each cocatalyst or by coordination of cocatalyst
molecules to vacant position of nickel complex after monomer
consumption.

This interaction is important for spectral behavior of the cata-
lytic system, because the addition of hex-1-ene to MAO activated
system does not lead to diminution of the peak at 700 nm and even
the spectra obtained in presence of monomer at low temperatures,
when the system is living, contain the peak at 700 nm [11]. This
could be explained by the stabilization of alkyl nickel complex B by
bulky MAO counteranion (we excluded the coordination of trime-
thylaluminium present in MAO by using dried MAO in another
experiment) which, in absence of monomer, can coordinate to
nickel complex and block the coordination of monomer to part of
nickel centers. Therefore, we decided to investigate MAO activated
catalytic system in more detail to prove the consistency of our
mechanistic explanation. For this purpose we reacted MAO acti-
vated system with compounds that coordinate to nickel center
stronger than hex-1-ene. In Fig. 8, curve 1 represents MAO acti-
vated complex 1 in presence of hex-1-ene at �10 �C when the
catalyst is considered to be stable. Two main peaks at 530 nm and
700 nm were observed as in previous studies and that we propose
to be alkyl-olefin complex A and alkyl complex B with coordinated
activator (Scheme 2). Addition of styrene led to the shift of the peak
at 530 nm to 580 nm confirming the replacement of hex-1-ene by
strongly coordinating styrene (Fig. 8, curve 2). However, the peak at
700 nm remained unchanged indicating that styrene was not
capable to coordinate strong enough to break the interaction
between cationic center and MAO. Therefore, we added methyl-
acrylate, which due to its polar group coordinate stronger than
non-polar olefins, and we observed immediate disappearance of
the peak at 700 nm and increase of intensity of the peak at 580 nm
(Fig. 8, curve 3). This shows that the peak at 700 nm represents
species that are capable of further coordination and could be rep-
resented by alkyl complex B inwhich the vacant position is blocked
by MAO.

4. Conclusions

We found that controlled polymerization of olefins can be
initiated by bulky nickel diimine complexes 1 and 2 activated by
non-MAO cocatalysts resulting in polyolefins with a very narrow
molar mass distribution and molar mass tunable by monomer/
initiator ratio. EADC activated catalyst 1 displayed truly living
behavior enabling reinitiation of chain growth after freshmonomer
addition. Kinetics investigation shows that simple organo-
aluminium compounds are efficient cocatalysts at order of magni-
tude lower Al/Ni ratios in comparison with MAO while the
polymerization remains controlled. Despite slower activation,
EADC activated catalytic systems afford polyhexenes with a narrow
molar mass distribution. We proposed a new interpretation of
UVevis spectra of the catalytic systems based on partially revers-
ible conversion between alkyl-olefin Ni (A) and alkyl-Ni complexes
with coordinated activator (B). The hypothesis was supported by
changes of spectra during the polymerization and upon addition of
monomer or terminating agents.
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PolyHIPEs are emulsion-templated polymers synthesized within high internal phase emulsions (HIPEs).
The miscibility of acrylonitrile (AN) with water has made it difficult to synthesize PAN-based polyHIPEs.
This paper describes the successful synthesis of PAN-based polyHIPEs by crosslinking through copoly-
merization with divinylbenzene (DVB), by stabilization with a polyglycerol polyricinoleate surfactant,
and by initiation with both oil- and water-soluble initiators. The PAN-based polyHIPEs had porosities of
over 86% and porous structures that were different from those of typical polyHIPEs. This paper also
describes the production of porous carbon monoliths through the pyrolysis of these PAN-based poly-
HIPEs. Pyrolysis did not produce significant changes in the porous structures, which were quite similar to
those of the original polyHIPEs. The porosities were around 95% and the carbon monoliths were largely
macroporous and mesoporous, with some microporosity. These results indicate that PAN-based polyHIPE
templates can be used for the a priori design of porous carbon monoliths.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Porous polymer systems termed polyHIPEs can be produced
through an emulsion templating synthesis in which the external
phase of a high internal phase emulsion (HIPE) is polymerized and
then the internal phase is removed through drying [1e7]. A HIPE is
formed when the volume fraction of the internal phase of an
emulsion is over 0.74, which is the maximum packing fraction of
uniform spheres [4e8]. During polymerization, ruptures can occur
at the thinnest point within the film of continuous phase separating
droplets of the internal phase [4]. A preponderance of such
ruptures leads to the formation of a highly interconnected internal
phase. The highly interconnected internal phase can then be
removed through drying. PolyHIPEs are usually crosslinked in order
to enhance their stability and their resistance to collapse under the
capillary stresses generated during drying [4]. The crosslinking is
usually achieved through copolymerization with a crosslinking
comonomer. A typical porous structure for polyHIPEs consists of
empty voids, evacuated internal phase droplets, that are highly
interconnected through holes in the polymer walls.

The interest in polyHIPE materials is driven by the large number
of applications involving porous polymers (catalyst supports, sepa-
rationmembranes, ion exchange resins, tissue engineering scaffolds,
.
ilverstein).

All rights reserved.
etc.) and by the ability to adapt the molecular structures and the
porous structures of polyHIPEs to particular applications. A wide
variety of polyHIPEs and polyHIPE-based materials have been
synthesized including copolymers [9,10], interpenetrating polymer
networks (IPN) [11], crystallizable side chain polymers [12], hydro-
gels [13e15], biocompatible polymers [16e18], degradable polymers
[19], step-growth polymers [20], bicontinuous polymers [21], func-
tional surfaces [5,22,23], organic-inorganic hybrids [24,25], and
composites [26e29]. Porous silica monoliths have been produced
through the pyrolysis of porous hybrid polyHIPEs and nano-
composite polyHIPEs [25,30].

Porous carbon is also used for a wide variety of applications
including gas separation, water purification, catalyst supports, and
electrodes for capacitors and for fuel cells [31]. Porous carbon can
be synthesized using various methods. These methods often
include the pyrolysis of a polymer that produces a high degree of
char either within a porous structure or within a blend containing
a polymer that does not produce char [32]. Polyacrylonitrile (PAN)
fibers are commonly used as precursors for carbon fibers. PAN
undergoes a cyclization reaction at high temperatures producing
a ladder polymer and imparting an unusually high thermal stability
[33]. It should be possible to design the pore sizes and porous
structures of carbon monoliths a priori through the synthesis of
porous polymer templates [31]. Unfortunately, the miscibility of AN
with water makes it difficult to form AN-based HIPEs for the
synthesis of PAN polyHIPEs [32].

mailto:michaels@tx.technion.ac.il
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.026
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This paper describes the successful synthesis of PAN-based pol-
yHIPEs through a careful choice of crosslinking comonomer,
surfactant, and initiator systems. This paper also describes how
PAN-based polyHIPEs could be used as templates for the production
of porous carbon monoliths through pyrolysis. Ideally, PAN homo-
polymer would yield the most suitable molecular structure for the
formation of carbon. However, crosslinking comonomers are often
necessary for the synthesis of stable polyHIPEs. The effects of the
synthesis parameters, most importantly, the effects of the cross-
linking comonomer content, on the resulting PAN-based polyHIPEs
and on pyrolyzed PAN-based polyHIPEs will be described.

2. Experimental

Forming HIPEs containing AN, polymerizing the AN within the
HIPEs, and drying the PAN-based polyHIPEs without collapse all
posed a great challenge. The procedure described below reflects
one of the only systems that consistently produced highly porous
PAN-based polyHIPEs.

2.1. Materials

Themonomer was acrylonitrile (AN, Merck-Schuchardt) and the
crosslinking comonomer was divinylbenzene (DVB, which contains
40% ethylstyrene, Riedel-de-Haen). AN was used as received. DVB
was washed to remove the inhibitor, three times with a 5 wt %
sodium hydroxide (NaOH, Carlo Erba) solution followed by three
times with deionized water. The structure of the organic-soluble
emulsifier, polyglycerol polyricinoleate (PGPR, C57O9H104, Palsgaard
4125), is illustrated in Scheme 1. The water-soluble initiator was
potassium persulfate (KPS, Riedel-de-Haen) and the organic-
soluble initiator was benzoyl peroxide (BPO, Fluka). Potassium
sulfate (K2SO4, Frutarom, Israel) was used to stabilize the HIPEs.

2.2. Synthesis

The HIPEs were formed in 500 ml polypropylene beakers by
adding the internal aqueous phase (water, initiator, and stabilizer)
drop-wise to the external organic phase (monomers and emulsi-
fier). The detailed procedure for polyHIPE synthesis was as follows:
the external organic phase was placed in the beaker and stirred
with a magnetic stirrer. The aqueous phase was added drop-wise
with constant stirring and the resulting HIPE was covered with
a plastic film. Polymerization took place in a circulating air oven at
65 �C for 24 h. The water was removed from the polyHIPE by drying
at room temperature in a vacuum oven for about 3 days, until
a constant weight was reached. Soxhlet extraction was used to try
Scheme 1. Schematic illustration of PGPR structure.
and remove salts and emulsifier from the polyHIPE. The polyHIPE
was placed in a Soxhlet apparatus using water for 24 h and then
methanol for 24 h. The polyHIPE was then dried in a convection
oven at 60 �C for 24 h.

The AN content in the AN/DVB mixture, wAN, was varied from
82.5 to 94.8 wt %. The external phase content was 11.8 wt %. A
number of similar AN-based polyHIPEs containing external phase
contents of up to 23.1 wt % were also synthesized. The polyHIPE
sample names listed in Table 1 reflect the AN content in the AN/DVB
mixture with AN83 containing 82.5 wt % AN in the AN/DVB
mixture. A typical HIPE recipe (for AN83) is listed in Table 2.

2.3. Pyrolysis

The polyHIPEs were pyrolyzed by heating to 250 �C under O2 at
a rate of 10 �C/min and then heating to 960 �C under N2 at a rate of
10 �C/min.

2.4. Characterization

The densities, r, were determined using gravimetric analysis.
The porosities, p, of the polyHIPEs were calculated using Equation
(1) by assuming awall density, rw, of 1.2 g/cm3 for the polymer [34].
The porosities of the pyrolyzed polyHIPEs were calculated
assuming a wall density of 1.8 g/cm3 [35]. The densities of some of
the pyrolyzed polyHIPEs were difficult to measure accurately due to
their high porosities and the associated brittleness. The crystallinity
was investigated using X-ray diffraction (XRD, Philips PW 1840
X-ray) with a Ni-filtered Cu Ka X-ray beam excited at 40 kV and
40 mA.

p ¼
�
1� r

rw

�
� 100% (1)

The porous structures were investigated through high resolu-
tion scanning electron microscopy (HRSEM, Zeiss LEO 982) of
cryogenic fracture surfaces. The uncoated polyHIPE samples were
viewed using an accelerating voltage of 4 kV. The molecular
structure of the polymer was characterized using Fourier transform
infrared spectroscopy (FTIR, Equinox 55, Bruker) from 400 to
4000 cme1 at a resolution of 4 cme1 with a photoacoustic attach-
ment (MTEC Model 300). The FTIR spectra were collected from the
polyHIPEs without any sample preparation.

The specific surface areas were determined using the single-
point BET (BrunauereEmmetteTeller) method, with nitrogen
adsorption at 77 K (Quantachrome). The pore size distribution for
macroporosity was determined using mercury porosimetry from
0 to400kPa (Macropore120, Carlo Erba Instruments) and from0.1 to
200MPa (Porosimeter 2000, Carlo Erba Instruments).Mesoporosity,
microporosity, and the BJH (BarreteJoynereHalenda) surface area
were determined using nitrogen absorption from 0 to 127 kPa
(Micromeritics ASAP 2010).

The composition of the surface was characterized using X-ray
photoelectron spectroscopy (XPS, Thermo VG Sigma Probe with Al
Table 1
Descriptions of the HIPEs, polyHIPEs, pyrolysis, and pyrolyzed polyHIPEs.

Sample HIPE PolyHIPE Pyrolysis Pyrolyzed
PolyHIPE

wAN, wt % r, g/cm3 p, % mL, % vL, % r, g/cm3 p, %

AN95 94.8 0.17 86 31.7 73.7 0.25 86
AN90 89.7 0.17 86 67.8 54.3 0.12 93
AN85 84.7 0.13 89 61.1 37.6 0.08 96
AN83 82.5 0.12 90 89.3 85.4 0.09 95



Table 2
Typical HIPE recipe (AN83).

Component Amount, wt %

Organic phase AN 8.0
DVB 1.7
PGPR 1.9
BPO 0.2
Total 11.8

Aqueous phase Water 87.5
K2SO4 0.5
KPS 0.2
Total 88.2
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Ka source). Low resolution XPS was used to characterize the atomic
composition and high resolution C1s XPS was used to characterize
the carbon bonds. The high resolution C1s XPS data was fit by
removing the background and optimizing the sum of two or three
peaks, all of which were set to have the same full width at half
maximum (FWHM).
Fig. 2. Variation of normalized nitrile band height with DVB content.

3. Results and discussion

3.1. Molecular structure

FTIR spectra of three polyHIPEs based on HIPEs with different
DVB contents are seen in Fig. 1. The bands at 713, 1452, 2852, and
2930 cm�1 are associated with the methylene group. The band at
2240 cm�1 is associated with the nitrile group of AN. The variation
of the height of the band at 2240 cm�1 normalized by the height of
the band at 2930 cm�1 in Fig. 2 represents the variation of the
nitrile content in the polyHIPEs. The normalized height of the
nitrile band is seen to decrease with increasing DVB content in
a linear fashion.

The prominent bands at 3533 and 1734 cm�1 in Fig. 1 represent
hydroxyl groups and carbonyl groups, respectively. These bands are
associated with residual PGPR. Previous work on polyHIPEs con-
taining sorbitan monooleate (SMO) as an emulsifier with no PGPR
has shown that extraction with water and methanol removes the
SMO [36]. This may not be the case with PGPR, which could remain
in the polyHIPEs following the extractions.
Fig. 1. FTIR spectra of: (a) AN95; (b) AN90; (c) AN85.
3.2. Porous structure

The polymerizations produced white monoliths with yields of
around 90%. Based on the HIPE volume fractions, the densities
expected for these polyHIPEs were around 0.1 g/cm3. The polyHIPE
densities ranged between 0.12 and 0.17 g/cm3 (Table 1), depending
on the DVB content. The polyHIPE density was higher for the lower
DVB contents, indicating that the crosslink density and chain
stiffness in those polyHIPEs were not high enough to prevent
partial collapse from the capillary stresses generated during drying.
The polymer network was sufficiently stiff and crosslinked to resist
the capillary stresses when there was 15 wt % DVB in the monomer
mixture. The corresponding porosities ranged from 90% for the
higher DVB contents to 86% for the lower DVB contents (Table 1).

The porous structure of AN83 is seen in the SEMmicrographs in
Fig. 3. The polyHIPE has an open-cell, highly interconnected porous
structure with voids between 5 and 20 mm, however it is quite
different from a typical polyHIPE structure [7]. Interestingly, all the
AN-based polyHIPEs exhibited this structure, regardless of DVB
content. The differences in density that result from the partial
collapse at low DVB contents is not reflected in the porous struc-
tures seen in the SEM micrographs. Increasing the external phase
content produced porous structures that seemed more closed-cell
in nature (not shown) reflecting an increase inwall thickness which
can limit interconnectivity.

3.3. PolyHIPE surfaces

The atomic composition of the AN83 surface fromXPS is listed in
Table 3. Based on the monomer feed composition, a nitrogen
content of 20.4% was expected from the XPS analysis. The nitrogen
content of 10.9 at % was surprisingly low for a polymer based on
82.5 wt % AN in the feed. The FTIR results indicated that residual
PGPR was present. The surfactant is preferentially located at the
HIPE’s watereoil interface [4] and, therefore, the residual surfactant
is expected to be preferentially located on the polyHIPE’s surface.
An analysis of the surface composition from XPS was based upon
the following three assumptions: (1) the nitrogen content repre-
sents the number of AN units in the polymer; (2) the AN/DVB ratio
in the polymer is the same as that in the feed; (3) the oxygen
content represents the number of PGPR molecules. The atomic
contents calculated on the basis of these three assumptions are also



Fig. 3. SEM micrographs of the AN83 cryogenic fracture surface.
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listed in Table 3. It is important to emphasize that no assumptions
have been made regarding the relative amounts of PGPR and AN. In
fact, the relative amounts of PGPR and AN can be calculated using
the results of the XPS analysis.
Table 3
XPS atomic compositions of the AN83 and pyrolyzed AN83 surfaces.

AN83 Pyrolyzed AN83

XPS, at % Analysis, at % XPS, at %

C 82.8 82.7 83.3
N 10.9 11.0 3.8
O 6.3 6.3 8.4
K 0.0 0.0 2.2
S 0.0 0.0 2.3
The negligible differences in the atomic contents between the
prediction of the model and the experimental results support
the validity of the analysis. According to the recipe in Table 2, the
external phase of the HIPE contained 16.1 wt % PGPR. Based on the
XPS analysis, thepolyHIPE surface consists of 48.2wt% PGPR, 42.7wt
% AN, and 9.1 wt % DVB. These results confirm that, as expected, the
PGPR is preferentially located on the polyHIPE’s surface.

The high resolution C1s XPS spectrum from AN83 and the three
peaks used to fit the experimental results are seen in Fig. 4. The
positions of the Gaussian peaks used to fit the data are: (1) 285.0 eV
(CeC); (2) 286.6 eV (C*eC^N, C^N, CeO); and (3) 289.0 eV
(OeC]O). The peak FWHMs were 1.4 eV. The contributions of
each peak to the overall spectrum in the optimized fit are listed in
Table 4. The contributions of the various groups can also be
calculated using the surface composition that was derived from the
previous analysis. A comparison of the results from the previous
analysis with the results from the curve fit to the C1s spectrum
(Table 4) yields an average error of 18%. The correspondence
between the results from the previous analysis and the results from
a fit to the C1s spectrum is quite reasonable and supports the
derived surface composition.
3.4. Pyrolyzed polyHIPEs

Pyrolysis of the polyHIPEs produced significant mass losses, mL,
and volume losses, vL, in the samples (Table 1). An mL of 32.1% is
expected from an ideal PAN pyrolysis inwhich all the hydrogen and
nitrogen are removed and all the carbon remains. The mL of 31.7%
for AN95 is similar to the ideal mL. However, increasing the DVB
content from 5% to 10% yields a significant increase in mL which
rises to 67.8%. This increase inmL reflects the profound disruption of
AN cyclization that hinders the ability to form thermally stable
structures. Increasing the DVB content to 17% produces an mL of
almost 90%. In general, the densities of the pyrolyzed polyHIPEs
were lower than those of the original polyHIPEs (Table 1). The one
exception is AN95, whose density increased upon pyrolysis. The
DVB crosslinking is expected to prevent polyHIPE collapse during
pyrolysis as the temperature rises above the PAN glass transition of
Fig. 4. High resolution XPS curve fit for the AN83 surface.



Table 4
High resolution XPS curve fit parameters for AN83.

Peak Groups AN83 Pyrolyzed AN83

XPS Fit, % Analysis, % XPS Fit, %

1 CeC 56.7 65.7 83.2
2 C*eC^N, C^N, CeO 40.2 31.7 16.8
3 OeC]O 3.1 2.6 0.0

Fig. 6. Microporosity from nitrogen adsorption.
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85 �C. The relatively low degree of crosslinking in AN95 can result
in partial collapse during pyrolysis. The reduction in density for the
other pyrolyzed polyHIPEs yields an increase in porosity, especially
since the density of the carbonaceous wall material following
pyrolysis is higher than that of the original PAN-based polymer in
the polyHIPE. The porosities in the pyrolyzed polyHIPEs can reach
as high as 96% (Table 1).

In spite of the significant reductions in samplemass and volume,
the porous structure of the pyrolyzed polyHIPE (Fig. 5) is quite
similar to that of the original polyHIPE (Fig. 3). This holds for all the
other pyrolyzed polyHIPEs and is similar to the results for pyro-
lyzed hybrid polyHIPEs and nanocomposite polyHIPEs [25,30]. The
lack of crystalline peaks in the X-ray diffractions from the pyrolyzed
polyHIPEs (not shown) indicate that they are amorphous materials.

The carbon monoliths have the macroporous structure seen in
Fig. 5 as well as mesoporosity and microporosity. The BET surface
area of the pyrolyzed AN90 was 26.5 m2/g, which is about an order
of magnitude lower than that of other macroporous carbonaceous
materials [32]. The BJH surface area was 16.4 m2/g and the BJH to
BET ratio indicates that the mesoporous content was 61.9%. The size
distribution of micropores in Fig. 6 exhibits a peak at around
Fig. 5. SEM micrographs of the pyrolyzed AN83 fracture surface.
0.85 nm and a median pore diameter of 0.91 nm. The total volume
of the pores from 1.7 to 300 nm was 0.032 cm3/g and the total
volume of the macropores was significantly larger, 0.987 cm3/g.

Low resolution XPS analysis of the surface of the pyrolyzed
AN83 shows that the nitrogen content on the surface is reduced to
3.7 at % by pyrolysis while the oxygen content increases to 8.4 at %
(Table 3). The potassium and sulfur in the pyrolyzed polyHIPE
originate in residual initiator and stabilizer. The amounts of
residual potassium and sulfur are relatively small. These elements
are overwhelmed by the amounts of carbon, nitrogen, and oxygen
in the original polyHIPE and, therefore, are not detected by low
resolution XPS. During pyrolysis there are significant losses of
carbon and nitrogen, enhancing the relative potassium and sulfur
contents and, thus, their detectability by low resolution XPS [37].

The high resolution C1s XPS spectrum from the pyrolyzed AN83
in Fig. 7 is quite different from the spectrum from the original AN83
polyHIPE in Fig. 4 and is quite similar to the spectra fromother PAN-
based carbonaceous materials [38]. The spectrum in Fig. 7 is best fit
Fig. 7. High resolution XPS curve fit for the pyrolyzed AN83 surface.
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using only two Gaussian peaks with FWHMs of 1.18 eV. The peak at
285.0 eV represents CeC bonds and the peak at 286.2 eV represents
CeO and CeN bonds. The contribution of each of these peaks to the
total spectrum is listed in Table 4. The nitrogen and oxygen contents
listed in Table 3 are reflected in the 16.8% contribution of the CeN
and CeO bonds to the spectrum in Fig. 7. These results indicate that
the pyrolyzed PAN-based polyHIPEs are highly porous, slightly
oxidized, amorphous carbonaceous materials.

4. Conclusions

PAN-basedpolyHIPEswere successfully synthesized by usingDVB
crosslinking, PGPR stabilization, and both internal phase initiation
and external phase initiation. The PAN-based polyHIPEs had poros-
ities of over 86%. The porous structures were not typical polyHIPE
structures and the effects of DVB content on the porous structure
werenegligible. Extraction inwaterandmethanol did not remove the
PGPR from the polyHIPE surface. Porous carbon monoliths were
successfully produced by pyrolyzing the PAN-based polyHIPEs.
Pyrolysis did not produce a significant change in the overall macro-
porous structure, in spite of the significant reductions in samplemass
and volume. The porous structures of the polyHIPEs can act as
templates for the production of porous carbon monoliths. The pyro-
lyzed polyHIPEs, with porosities of around 95%, were largely meso-
porous and macroporous with some microporosity.
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Molecular dynamics simulations were carried out to investigate carbon nanotube (CNT) interactions and
dispersion in a polyethylene oxide (PEO)/water solution. The potential of mean forces (PMF) which
embodies the entropic and enthalpic contributions by the solvent and the polymer molecules were
computed. The relative enthalpic and entropic contributions to the PMF were studied in order to
understand the CNT interaction mechanisms in solution. An adaptive biasing force (ABF) method was
used to speed up the PMF calculations. The simulation results provide detailed atomic arrangements and
atomic interactions between the CNTs and surrounding molecules (PEO and water). This molecular level
computational study provides insights into the CNT’s interactions with PEO polymer/water systems.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Single-walled carbon nanotubes (SWNTs) have been vigorously
studied in the last two decades because of their outstanding
intrinsic properties [1e5]. Incorporating small volume fractions of
SWNTs within a polymer matrix may lead to increased stiffness,
improved electrical conductivity, and modified permeability of
the composite [6e8]. However, experimental studies have shown
that aggregation and improper orientation of CNTs in the polymer
matrix can degrade the ultimate properties and performance of
the composite significantly [9e11]. In order to maximize the im-
provement in material properties while minimizing the quantity of
carbon nanotubes (CNT), one must carefully control the dispersion
of CNTs within the polymer matrix. During the initial processing
of nanocomposites, CNTs are often dispersed in a liquid [12].
Controlling dispersion of CNTs within the matrix requires a funda-
mental understanding of how the CNTs interact with the liquid and
polymer. Polyethylene oxide (PEO) is a potential candidate to be
used for obtaining CNT reinforced nanocomposites specifically for
bio-nanofiber based applications due to its water solubility and
biocompatibility [13e15].

There are numerous atomistic modeling studies [16e18] con-
ducted for polyethylene oxide (PEO)/water systems investigating
).

All rights reserved.
the interactions between PEO [chemical formula: CH3eOeCH2
(eCH2eOeCH2e)n�1CH2eOeCH3] and water. For example, Borodin
et al. [16] investigated the influence of the polymer on water
dynamics. Simulations were performed on 12-repeat unit CH3-
capped PEO chains at 318 K covering a composition range (polymer
weight fraction) from 0.17 to 1.0. Pang et al. [19] investigated the
dispersion effect of carbon nanotubes (CNTs) in aqueous solutions
by a silicon surfactant (ethoxy modified trisiloxane) using experi-
mental method and molecular dynamics simulation. They found
that SieOeSi chain of silicon surfactant was flexible due to long
SieC bond and it could easily wrap around the surface of a CNT
through hydrophobic and other intermolecular interactions. From
the experimental study, they found that the hydrophilic part of PEO
aided in the dispersion of the CNTs in the aqueous solution. They
further carried out simulations for CNT/water/Ag-64 systems. Kang
et al. [20] revealed that the interaction of poly[p-poly[p-{2,5-bis
(3-propoxysulfonicacidsodiumsalt)}phenylene]ethynylene] (PPES)
with SWNTs gives rise to a self-assembled superstructure in which
a polymer monolayer helically wraps the nanotube surface. Their
experimental structural predictions were confirmed by molecular
dynamics simulations. Panhuis et al. [21] elucidated the interaction
between single-walled carbon nanotubes and a conjugated poly-
mer by an atomistic molecular dynamics computer simulation.
Their calculations indicate an extremely strong non-covalent
binding energy between CNT and polymer. The nature of the
interaction between a short (10,10)-SWNT and a poly(m-phenyl-
enevinylene-2,5-dioctyloxy-p-phenylenevinylene) (PmPV) polymer

mailto:bfarouk@coe.drexel.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.056
http://dx.doi.org/10.1016/j.polymer.2010.11.056
http://dx.doi.org/10.1016/j.polymer.2010.11.056
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Fig. 1. Schematic of the orientation of two CNTs.

Table 1
List of cases studied for CNT interactions in water/polymer systems.

No. Simulation cell
composition

Number of
PEO repeat
units (RU)

Number of
PEO chains

Number of
water
molecules

Temperature
(K)

1 CNT/water/polymer 12 20 3174 310
2 CNT/water/polymer 20 20 2782 310
3 CNT/vacuum e e e 310
4 CNT/polymer 12 20 e 310
5 CNT/polymer 20 20 e 310
6 CNT/water e e 3762 310
7 CNT/water e e 3762 287
8 CNT/water e e 3762 333
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chain of eight repeating units was probed by Lordi and Yao [22].
They found that binding energies and frictional forces play only
a minor role in determining the strength of the interface, but
helical polymer conformations are essential. Qiao and Ke [23]
performed 24 ns atomistic molecular dynamics simulations of
the interaction of zwitterionic lysophosphatidylcholine, or LPC
(18-carbon chain), with an (18,0) CNT (length 118 Å and diameter
14 Å) in aqueous solution. Their study found that LPC is
predominantly aligned along the CNT axis.

This is the first study that determines a potential of mean force
(PMF) for the interaction between CNTs in the presence of PEO.
Following our previous molecular dynamics study [24] which
focused on CNT interactions in water/surfactant systems, we
present in this paper the simulation results for CNT/polymer/water
systems with PEO polymer and (10,10) single-walled nanotubes
(SWNTs) at room temperature and atmospheric pressure. Specifi-
cally, we analyze the interactions between SWNTs in PEO/water
systems in terms of the potential of mean force (PMF) for two
different polymer concentrations. Solvent and PEO induced inter-
actions are also investigated. Entropic and enthalpic contributions
to the PMF of CNT interactions in water are reported to understand
the CNT/polymer solution interaction mechanisms. The calculated
PMF from a molecular perspective characterizes the interactions
in the polymer/nanoparticle/water systems in a way which can be
used for mesoscale simulation.

2. Simulation details

2.1. Computational specifications

The present molecular dynamics (MD) study includes a repre-
sentative volume element (RVE) consisting of two single-walled
CNTs surrounded by water molecules and PEO polymer chains.
The RVE was equilibrated for 2 ns with a time step of 1 fs in the
NPT ensemble (the number of particles N, the pressure P and the
temperature T) using the NAMD software package [25]. The simu-
lation cell dimensions (x � y � z) are (120 � 60 � 60) Å3. Periodic
boundary conditions with the minimum image convention were
applied in all three spatial directions.

The Langevin dynamics method [26], where additional damping
and random forces are introduced to maintain an approximately
constant temperature across the system, was employed to keep the
temperature at 310 K. The pressure was maintained at 1 atm using
a Langevin piston.[27] This method was combined with the
method of temperature control and Langevin dynamics to simulate
the NPT ensemble. The intermolecular three point potential (TIP3P)
model was employed [28] to represent water molecules. The
empirical ‘Chemistry at HARvard Molecular Mechanics’ (CHARMM)
force field [29] was used to describe the inter-atomic interactions.
Electrostatic and van der Waals interactions were truncated
smoothly bymeans of a 12 Å spherical cutoff in conjunctionwith as
witching function. To investigate the effect of PEO concentration on
CNT interactions in water covering two different PEO compositions
(each with 20 chains with n values of 13 and 21). PEO chains were
first distributed randomly in the simulation cell containing two
SWNT and thenwater molecules were inserted randomly to ensure
thewater density as 0.99 gm/cm3. TheMD simulations were carried
out to observe the progress of migration and final equilibrium
positions of the PEO chains and CNTs in water in NPT ensemble.
Once the equilibrium system was obtained, the interactions
between the CNTs were determined by calculating the potential of
mean force (PMF) between the center of mass of the CNTs. The PMF
(denoted by W) was computed as a function of separation distance
between theCNTs in theNVT (NPT for equilibration andNVT for PMF
calculation) ensemble for different systems (CNT/water/polymer).
All simulations were carried out using the NAMD software
package [25].
2.2. Calculation of the potential of mean force, W

The PMF between two CNTs can be written as a function of
the separation between them, W ¼ f(r). The mean force, F(r)
between these two atoms is then defined as:

FðrÞ ¼ � d
dr
½WðrÞ� (1)

However, characterizing the interaction between two CNTs
(Fig. 1) requires the computation of the PMF:

W ¼ f ðrÞ ¼ �kTlnPðrÞ þW0 (2)

where r is the distance between the center of mass of CNT 1 and
CNT 2 (see Fig. 1); k is the Boltzmann constant; T is the tempera-
ture; P(r) is the probability of finding the system with specified r;
and W0 is a constant. In Equation (2), W is the effective interaction
between CNT 1 and CNT 2 averaged over the conformations of all
other components in the system.

Using the adaptive biasing method, we use constrained molec-
ular dynamics simulations and a discretization of phase space to
obtain the PMF. In each simulationwe fix the position of the CNTs in
the presence of mobile solvent (water) and PEO and then determine
the constraint forces required to hold the molecule in place.

To explore the interactions between CNTs as a function of r,
each systemwas equilibrated for 2 ns, then the PMF was calculated
with the adaptive biasing force (ABF) method from a 10 ns MD
simulation. The center of mass of the CNTs, r was chosen as the
reaction coordinate, x for ABFmethod and simulations were carried



Fig. 2. (a) Initial and (b) Equilibrium system configuration of CNTs with PEO for case 1 (for clarity water molecules are not shown).

Fig. 3. Image of two CNTs in water/PEO of 12-repeat unit with 20 chains considered in
potential of mean force calculations.
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out restraining the range of the reaction coordinate to d � x � 30 Å
with a bin size of dx ¼ 0.1 Å, where d represents the diameter of
the CNT.

3. Results and discussion

In this study, the cases considered are listed in Table 1. Cases 1
and 2 were studied by varying the polymer concentration in water.
Case 3 was considered to quantify the solvent and polymer
contributions to the governing CNT interaction force, PMF. Cases 4
and 5 were studied to understand the CNT interactions in polymer
only cases. Cases 6 to 8 were considered (CNT/water only) in order
to calculate the enthalpic and entropic contributions to the CNT
interaction energy.

3.1. Description of equilibrium systems

The thermodynamic parameters such as total energy of the
system, temperature and pressure were monitored during each
simulation case to observe the simulation accuracy. Energy,
temperature and water density data were saved after 1000 time
steps. The density of water at 310 K fluctuated between 1.02 and
1.03 gm/cm3.

The initial configuration was determined by randomly inserting
the CNTs, PEO chains, and finally water molecules into the simu-
lation cell. The initial and final (at thermodynamically equilibrium)
configurations of the simulation cell of a characteristic CNT/
water/polymer (Case 1, Table 1) are presented in Fig. 2. During the
simulation the PEO chains were found to migrate towards the CNT
surface and wrap around the CNTs in the equilibrium state. The
chemical structure of PEO chain, CH3eOeCH2(eCH2eOeCH2e)n�1
CH2eOeCH3 contains a large hydrophobic tail. The hydrophobic tail
of the PEO chains was attracted to the CNT surface due to van der
Waals attraction. This adsorption of PEO chains on the CNT surface
creates a layer of polymer between CNTs. However, the surfactant
molecules (not considered in the present paper) are much more
efficient at reducing the attraction between CNTs due to the
charged hydrophilic head group on the surfactant molecule. The
adsorption of the PEO observed in these simulations matches
the experimental investigation of Holland et al. [30] on PEO
adsorption onto a graphite substrate. In addition, it is clear that
PEO chains form clusters where the chain ends have the tendency
to stick to other chain due to hydrophobic tendency of the chain
ends. This creates network structures where both ends are tet-
hered or branched structures where only one end is tethered. This
observation agrees with the experimental investigation of Ham-
mouda et al. [31] on clustering of PEO in solutions by using small-
angle neutron scattering.

3.2. CNT interactions in CNT/PEO/Water systems (Case 1 in Table 1)

CNT interactions in PEO/water were investigated with two
armchair single-walled CNT (10, 10) and 12-repeat unit PEO chains
as shown in Fig. 3. Molecular dynamics simulations were carried
out for these systems at 310 K temperature in the NPT ensemble.
The intermolecular three point potential (TIP3P) model was
employed [28] to represent water molecules. The empirical
CHARMM force field [29] was used to describe inter-atomic inter-
actions for all other molecules. Periodic boundary conditions with
minimum image conventions were applied in all three spatial
directions.

The computed PMFs between carbon nanotubes as a function of
their separation are shown in Fig. 4 for CNT/water and CNT/water/
PEO (case 1 in Table 1). The PMF curves have characteristics



Fig. 4. Potential of mean force, W as a function of inter-atomic distance, r between the
center of mass of CNTs for CNT/water (solid line) and CNT/water/PEO (dashed line)
systems (Case 1 in Table 1).
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shapes with one deep minimum each at about 1.21 d and
1.23 d, corresponding to CNT/water and CNT/water/PEO systems
respectively, where dw13.6 Å is the CNT diameter. This mini-
mum is referred to as the contact minimum (CM) [32]. The CM,
Fig. 5. Four different configurations of CNT/water/PEO systems showing the indicated PM
(c) solvent-separated minimum (SSM), and (d) third minimum (TM). Each configuration is
intervals (Case 1 in Table 1).
configuration (a) for CNT/water/PEO is shifted due to PEO adsorp-
tion on hydrophobic CNT surface. The CM for CNT/water is deeper
than that of CNT/water/PEO which indicates that free energy
between the CNTs in water is more favorable than that in water/
PEO. This favorable free energy would enhance CNT interactions
and ultimately the tendency of aggregation.

The PMF curves also contain the second minima referred to as
‘solvent-separated minima (SSM) at distances about 1.45 d and
1.53 d, corresponding to CNT/water and CNT/water/PEO [configu-
ration (c)] systems respectively. The depth of the SSM minima
indicates that the formation of a single layer of water between CNTs
is more favorable for CNT/water than that of CNT/water/PEO
systems. It can also be noted that the water-separated configura-
tions of hydrophobic CNTs become less favorable relative to the
contact configurations with the addition of PEO to the CNT/water
system.

The maximum in the PMF curve between the contact and
solvent-separated minima is referred to as the desolvation maxi-
mum (DM) [32]. The DM is higher (approximately 1.42 kcal/mol) for
CNT/water/PEO [configuration (b)] than that of CNT/water system
(approximately 1.35 kcal/mol). As seen from Fig. 4, the heights
and the positions of these DMs change significantly due to PEO
addition to the CNT/water system. The appearance of a second
desolvation barrier and a third minimum (TM) is also clearly
observed in case of CNT/water system but not for CNT/water/PEO
[configuration (d)]. The four significant corresponding PMF
configurations of CNT/water/PEO system are described in Fig. 5.
F locations in Fig. 4 for (a) contact minimum (CM), (b) desolvation maximum (DM),
taken from the equilibrated simulations during PMF calculations at 10 000 time steps



Fig. 6. Images (a) initial and (b) equilibrium configurations of two CNTs and PEO of 20 repeat unit with 20 chains considered in potential of mean force calculations (for clarity water
molecules are not shown) (Case 1 and 2 of Table 1).
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For CNT/water system, the behavior at larger CNTeCNT sepa-
rations (i.e., >1.3 d) is considerably different. Both the desolvation
barrier and the SSM are relatively weak, and the water-mediated
force of interaction is attractive at even larger distances. The fact
that PMF has a positive slope that does not approach a value of 0 at
larger separations indicates a strong tendency to associate and form
aggregates in the system. For CNT/water/PEO, the PMF is signifi-
cantly different from that of CNT/water system at larger distances.
The CM is destabilized by 8.1 kcal/mol; the desolvation barrier
moves inward by 0.15 d and increases in height by approximately
10.5 kcal/mol. A significant SSM and a well-developed desolvation
barrier appear due to PEO addition. Since the net change in PMF
at CM, is very small, the significant changes in the overall nature of
the PMF, especially those at larger distances, with the addition of
PEO may not be sufficient to destabilize and dissolve the CNT
aggregates.
Fig. 7. Potential of mean force, W as a function of inter-atomic distance, r between the
center of mass of CNTs for CNT/water/PEO-12 repeat unit (RU) and CNT/water/PEO-20
repeat unit systems (Cases 1 and 2 in Table 1).
3.3. Effects of PEO concentrations(Cases 1 and 2)

The effect of PEO concentration on CNT interactions in water/
PEO systems are investigated with two armchair single-walled
CNTs (10, 10):

(a) 12-repeat units as shown in Fig. 2 earlier.
(b) 20-repeat unit PEO chains as shown in Fig. 6.

MD simulations were carried out for these systems at 310 K
temperature in the NPT ensemble. The intermolecular three point
potential (TIP3P) model was employed [28] to represent water
molecules. The empirical CHARMM force field [29] was used to
describe inter-atomic interactions for all other molecules. Periodic
boundary conditions with minimum image conventions were
applied in all three spatial directions.

The computed PMFs between carbon nanotubes as a function of
their separation are shown in Fig. 7 for two different PEO concen-
trations in water. The PMF clearly depends on the PEO concentra-
tion. As compared with the PMF for CNT/water/PEO-12 RU system,
we can see that the contact minimum (CM) shifts outward by about
0.03 d and is destabilized by 6.2 kcal/mol; the desolvation barrier
moves inward by 0.06 d and decreases in height by approximately
5.5 kcal/mol. A significant solvent-separated minimum (SSM) is
more prominent and moves inward by about 0.1 d. Notable
changes occur in the SSM configurations: with 12 unit RU, the
larger distance between the CM and the SSM indicates a possibility
of CNT-separated configurations in the aggregate near the second
minimum (SSM). However, with increasing PEO concentration, the
distance between the CM and the SSM shortens indicating disso-
ciated (i.e., water-separated) configurations at the SSM. Appearance
of a second barrier and a third minimum is also observed.

All of these four configurations (CM, DM, SSM, and TM) for PEO-
20 repeat units (RU) case shown in Fig. 7 are described in Fig. 8. This
quantitative potential may be used to evaluate the formation of
aggregates during dispersing CNTs in PEO/water. Since the net
change in WCM is small, the significant changes in the overall
nature of the PMF, with the increment of PEO concentration, may
not be sufficient to destabilize and dissolve the CNT aggregates in
PEO solution.

3.4. CNT interactions in PEO only (Cases 3e5)

CNT interactions in PEO are investigated with two armchair
single-walled CNT (10, 10) and 12-repeat unit (RU) 12-RU PEO and
20-RU PEO chains. The computed PMFs between carbon nanotubes
as a function of their separation are shown in Fig. 9 for two different
PEO concentrations as well as for two CNTs in vacuum for reference.
The PMF changes for CNTs in PEO where there is a little effect of



Fig. 8. Four different configurations of CNT/water/PEO with 20 repeat units (20 chains) systems showing the indicated PMF locations in Fig. 7 for (a) contact minimum (CM),
(b) desolvation maximum, (c) solvent-separated minimum (SSM), and (d) third minimum (TM). Each configuration is taken from the equilibrated simulations during PMF
calculations at 10 000 time step intervals (Case 2 Table 1).
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PEO concentration on PMF except the contact minima (CM) for
PEO-20 RU is deepened by about 8 kcal/mol. As compared with
the PMF for CNT/vacuum and CNT/PEO-12 RU, we can see that the
CM (configuration 1) is deepened by about 21 kcal/mol indicating
Fig. 9. Potential of mean force, W as a function of inter-atomic distance, r between the
center of mass of CNTs for CNT/PEO-12 repeat unit (RU), CNT/water/PEO-20 RU, and
CNT/vacuum (Cases 3e5 in Table 1).
stronger CNT interactions in PEO; a significant PEO-separated
minimum (configuration 3) is prominent at about 1.6 d due to PEO
chain layer in between the CNTs. The desolvation barriers (config-
uration 2) for both PEO cases occur at about 1.5 d because of the
fact that PEO chains tend to move in between CNTs causing the
unfavorable free energy of the system.

At the longer distance, PEO chains become stable in between
CNTs and CNT interactions become weaker and weaker as the PMF
tends to become zero. The three distinct configurations for the case
5 are described in Fig. 10. Fig. 10 (a) shows the CM for the CNTS
where some PEO chains are wrapped around the CNTs and most of
the PEO chains are aggregated. Some PEO chains are trying to get in
between the CNTs causing the destabilization of the system (DM) as
shown in Fig. 10 (b). Fig. 10 (c) shows stable PEO layers in between
the CNTs which are similar to SSM.
3.5. Solvent and PEO contributions to CNT interactions (Cases 1, 3,
and 6)

In order to investigate the solvent and PEO contributions to
the CNT interactions in aqueous solutions, molecular dynamics
simulations are carried out with the biased method described in
Section 2 for two CNTs in vacuum, water, and PEO/water
(Cases 1, 3, and 6 in Table 1) at 310 K temperature in the NPT
ensemble. The computational specifications are same as the
previous sections.



Fig. 10. Four different configurations of CNT//PEO-20 RU (20 chains) showing the indicated PMF curve locations in Fig. 9 for (a) contact minimum (CM), (b) desolvation maximum,
and (c) PEO-separated minimum. Each configuration is taken from the equilibrated simulations during PMF calculations at 10 000 step intervals (Case 5 Table 1).

Fig. 11. Potential of mean force,W as a function of inter-atomic distance, r between the
center of mass of CNTs in solvent and in vacuum: CNT (solid line), CNT/water (dashed
line), and water (dotted line) (Cases 3 and 6 Table 1).
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Fig. 11 shows the comparison of the computed PMFs between
the CNT(10,10)/water and CNT(10,10). It is clear that the interaction
between CNTs in vacuum is very strong as the CM is deeper than
that in water. Fig. 11 presents also the water contribution to the
PMF determined as a difference between the PMFs in water and
in vacuum. As seen from Fig. 11, the water contribution to the PMF
has one maximum corresponding to the position of the desolvation
maximum in the PMF curve for the CNTs in water. It can be seen
that the contribution to the PMF by the water solvent is purely
a repulsion effect, which agrees very well with several published
works such as Li et al.’s works on carbon nanoparticles in water
[33], Choudhury and Pettitt’s work on graphene in water, [34], and
Li et al.’s on C60 fullerenes in water [35] etc.

Fig. 12 shows the PEO induced contributions to PMF deter-
mined as a difference between the PMFs in CNT/water/PEO and
in CNT/water. It is clear that the PEO contribution to PMF is very
weakly repulsive. As seen from Fig. 12, the PEO contribution to the
PMF has one maximum corresponding to the position of the
desolvation maximum in the PMF curve for CNT/water/PEO and
two minima corresponding to the positions of the desolvation



Fig. 12. Potential of mean force,W as a function of inter-atomic distance, r between the
center of mass of CNTs: CNT/water/PEO (solid line), CNT/water (dashed line), water
(dotted line), and PEO (long dashed line) (Cases 1, 3, and 6 Table 1).

Fig. 14. Energy as a function of inter-atomic distance, r between the center of mass of
CNTs for two CNTs in water with enthalpic (dotted line) and entropic (dashed line)
contributions to the PMF, W(r, 310 K) between CNTs in water calculated based on
Fig. 13.
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maxima in the PMF curve for the CNTs in water. It can be noted
that PEO exhibits a weak long-range interactions because PEO
chains weakly aggregate in aqueous solution as seen in Fig. 2(b)
and 6(b).

3.6. Enthalpyeentropy contributions to the CNT interactions(Cases
6e8)

Entropic and enthalpic contributions to the interactions
between CNTs, are investigated considering CNT (10,10) in water
using molecular dynamics simulations. Simulations are carried out
with the biased method described in Section 2 for CNTs immersed
in a water system in the NPT ensemble for the equilibration and
NVT ensemble for PMF calculations. The intermolecular three point
potential (TIP3P) model was employed [28] to represent water
molecules. The empirical CHARMM force field [29] was used to
describe inter-atomic interactions for all other molecules. The
simulation cell dimension (x� y� z) is (120� 60� 60) Å3. Periodic
boundary conditions with minimum image conventions were
applied in all three spatial directions.

Entropy is calculated from the finite difference temperature
derivative of the PMF, W(r) at each inter-atomic distance between
the COM of CNTs, r, viz.,
Fig. 13. Potential of mean force,W as a function of inter-atomic distance, r between the
center of mass of CNTs for two CNTs in water at three different temperatures (Cases
6e8).
�TDSðrÞ ¼ T
Wðr; T þ DTÞ �Wðr; T � DTÞ

DT
(3)
� �

where, DT is the temperature difference.
The enthalpy contribution to the free energy, H(r), can then be

obtained from entropy S(r) and the PMF, W(r) at temperature T as
[35],

DHðrÞ ¼ DWðr; TÞ þ TDSðrÞ (4)

In the present calculation for the cases 6, 7, and 8 of Table 1,
values of T and DT are chosen to be 310 K and 23 K, respec-
tively. Fig. 13 shows the PMF variation at three different
temperatures. The corresponding entropic and enthalpic contri-
butions obtained from the data in Fig. 13, to the PMF between
the center of mass (COM) of CNTs at 310 K along with the PMF,
are shown in Fig. 14. The stabilizing effects of entropic and
enthalpic contributions of the PMF act in opposite direction to
each other, and the relative proportion of the two contributions
depends on the COM of CNTs. The contact minimum state of
PMF is entirely stabilized by the favorable enthalpic contribu-
tion, entropic contribution being highly unfavorable. The favor-
able enthalpic contribution is significantly high and it stabilizes
the CNT association even after compensating the unfavorable
entropic effect.

Beyond the first contact minimum in free energy, there are
two other minima which correspond to the second and third SSM
states with a CNT-solvent configuration having two/three inter-
vening water layers which is stabilized by enthalpy. The barrier
between CM and SSM is determined from a slight imbalance
between the stabilizing enthalpic contribution and the destabiliz-
ing entropic contribution. Therefore, favorable enthalphic contri-
bution to the CNT interaction is responsible for strong interactions
between CNTs and in-turn poor dispersion in water.

4. Conclusions

Molecular dynamics simulations aroused to determine the
effective interactions between two carbon nanotubes as a function
of their separation distance inwater/PEO systems. The effect of PEO
polymer concentration on CNT interactions as well as water and
PEO induced contributions to the PMF were also investigated. In
the CNT/water system at larger CNTeCNT separations (i.e., >1.3 d),
both the desolvation barrier and the solvent-separated minimum
are relatively weak, and the water-mediated force of interaction is
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attractive distances. For CNT/water/PEO, at larger distances, the
PMF is different from that of CNT/water system. A significant
SSM and a well-developed desolvation barrier appear due to the
addition of PEO. Since the net change in WCM is very small, the
significant changes in the overall nature of the PMF, especially
those at larger distances, with the addition of PEO may not be
sufficient to destabilize and dissolve the CNT aggregates.

The PMF varied with changes in PEO concentration. As
compared with the PMF for CNT/water/PEO-12 RU system, for
CNT/water/PEO-20 RU we can see that the contact minimum
(CM) is destabilized; the desolvation barrier moves inward and
decreases in height. A significant SSM is more prominent and
moves inward. Notable changes occur in the SSM configurations
which indicate a possibility of CNT-separated configurations in
the aggregate near the SSM. However, with increasing PEO
concentration, the distance between the CM and the SSM shortens
indicating dissociated (i.e., water-separated) configurations at the
SSM. Appearance of a second barrier and a third minimum was
also observed.

PEO chains were found to be weakly adsorbed at the CNT
surface and this adsorption behavior matches well with the
experimental investigations reported in the literature on PEO ad-
sorption onto a graphite substrate. In addition, it was clear that PEO
chains form cluster where the notable feature is that the chain
ends have the tendency to stick to other chain. These chain ends
are the dominant factor driving PEO cluster formation because of
hydrophobic forces on chain ends. This creates network structures
where both ends are tethered or branched structures where only
one end is tethered. This finding matches exactly with the exper-
imental investigations.

The contribution to the PMF by the water solvent is purely
a repulsion effect, which agrees very well with several published
works. The PEO contribution to the PMF is very weakly repulsive
and PEO exhibits a weak long-range interaction because PEO
chains weakly aggregate in aqueous solution. The entropic and
enthalpic contributions to the PMF were calculated from the
temperature dependence of the PMF obtained from the MD
simulations of CNT/water systems at two different temperatures.
This study confirms the theoretical picture of the hydrophobic
interactions of CNTs in water. Specifically, it was found that the
stabilization of the contact minimum state is mainly due to an
increase in entropy arising from the expulsion of the highly
structured water layer and the enthalpic effect from the inter-CNT.
Understanding these thermodynamic behaviors may help in ex-
plaining CNT aggregation phenomena observed in many solvent
systems.
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High ion-exchange capacity (IEC) sulfonated polystyrene nanoparticles were synthesized by an emulsion
copolymerization of styrene, divinyl benzene and sulfonated styrene (SS). The effects of varying the
counterion of the sulfonated styrene monomer, the SS concentration, the surfactant and the addition of
a crosslinking agent on the ability to stabilize the emulsion nanoparticles to high IEC were studied.
Water-insoluble nanoparticles, 20e160 nm in diameter, with IEC as high as 5.2 meq/g were achieved
using sulfonated styrene with a quaternary alkyl ammonium cation, a non-ionic surfactant and a cross-
linking agent in the emulsion formulation. That IEC corresponds to fully sulfonated crosslinked
polystyrene.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Ion-exchange resins such as sulfonated crosslinked polystyrene
(SXLPS) particles have applications in chromatography [1e3],
synthesis of magnetic particles [4e7], catalysis [8,9], polymeric
actuators [10,11] and water purification [12]. Recently, it has been
considered as a component of a composite proton-exchange
membranes (PEM) for fuel cells, because of its high ion-exchange
capacity (IEC [¼] meq/g) [13e18] and crosslinked structure. The
crosslinked structure stabilizes and prevents dissolution of the
particles in water. A practical range of the degree of crosslinking is
4e16% [19]. The IEC, degree of crosslinking, and particle size
depend on the application.

High IEC, ∼4e5 meq/g, micrometer-size particles are commonly
obtained via suspension copolymerization of styrene with a cross-
linker such as divinyl benzene, followed by sulfonation of the
particles [20e23]. In suspension polymerization, the particle size
ranges from 10 to 1000 mm. Another method of obtaining XLPS
particles is by emulsion polymerization which produces
50e500 nm size particles [14,24]. However, ionic nanoparticles
tend to coalesce into mm-size particles during a post-poly-
merization sulfonation step. An alternative method for directly
producing SXLPS nanoparticles is by an emulsion copolymerization
x: þ1 330 258 2339
), montgomery.shaw@uconn.

All rights reserved.
of sulfonated styrene (SS) with (or without) styrene and a cross-
linker such as divinyl benzene (DVB) [15,25e27]. In the afore-
mentioned polymerization methods, the formulation typically
consists of monomers, water, surfactant, and initiator. The solu-
bility of the initiator in the water phase differentiates emulsion
from suspension polymerization.

Composite PEMs are of interest, because a two-phase system
provides the ability to decouple the transport and mechanical
properties, which is a problem with single ion membranes such as
Nafion� and sulfonated homopolymers [28]. For a composite PEM
application, one wants SXLPS nanoparticles with high IEC, <100 nm
diameter and crosslinked to prevent excessive swelling or dissolu-
tion by water. Composite PEMs, containing sulfonated crosslinked
polystyrene (SXLPS) dispersed into various polymer matrices have
previously been described, though in those cases, usually micro-
meter-size particles were used [13e18]. The conductivity (s) of
those composite membranes was as high as 0.3 S/cm [16], which is
comparable to that of Nafion� 117 (s ∼ 0.1 S/cm). High IEC
(∼3.5e5.2 meq/g) SXLPS microparticles, ∼1 to 50 mm, were obtained
by either grinding conventional ion-exchange resins [15e18] or
post-sulfonation of crosslinked polystyrene particles [13,14]. A
disadvantage of micrometer-sized particles is that the particle size is
similar to the thickness of the membrane (e.g., Nafion 117 is
∼180 mm thick), which produces a poor dispersion of the particles
and a relatively small ratio of surface area/volume (S/V) of the
conducting phase.

In summary, previous work [13e18], has demonstrated that
crosslinked sulfonated polystyrenemicro- and nanoparticles can be
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Fig. 1. Schematic of the preparation of QAA salt of styrene sulfonate. R ¼ CxH2xþ1,
where x ¼ 1, 4, 6, 8.
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used to prepare composite PEMs and that alignment [18,29,30] of
the particles improved the proton conductivity. However, that work
was limited to either high IEC microparticles or low IEC nano-
particles. The hypothesis driving the research reported herein is that
onemight expect better dispersion, higher proton conductivity, and
improved mechanical properties of a composite membrane if the
dispersed particles were nm-sized and had high IEC.

Weiss andcoworkers [25e27] previouslydescribed the synthesis
of the sodium salt of poly(styrene-co-sulfonated styrene) (PSSS-Na)
using an emulsion copolymerization, but theywere concernedwith
the development of ionomers with low IEC. Brijmohan et al. [31]
extended that work to prepare the sodium salt of crosslinked poly
(styrene-co-sulfonated styrene) (XLPSSS-Na) nanoparticles
(∼50 nm) using an emulsion copolymerization of styrene, sodium
styrene sulfonate (Na-SS) and divinyl benzene (DVB). The highest
IEC achieved in that work, however, was 2.2 meq/g, which is lower
than the theoretical limit for fully sulfonated polystyrene, 5.4meq/g.
The IECwas limitedby the stabilityof theemulsionand the solubility
of the Na-SS in the polymerizing particles. In the emulsion copoly-
merization used, the styrene and DVB monomers were in the
dispersed oil phase and the Na-SS was in the continuous aqueous
phase. Weiss and coworkers [25e27] concluded that the locus of
the polymerizing species was the interface between the two
phases.

Kim et al. [32] studied the synthesis of emulsifier-free copoly-
merization of Na-SS and styrene where the targeted IEC was
∼0.50 meq/g. They proposed that homogenous nucleation was the
primary source of particles at low concentration of Na-SS. When
the Na-SS concentration increased, they proposed a dual particle
nucleation mechanism where particles were formed by homoge-
nous and micelle nucleation. They suggested that micelles formed
from aggregation of either the Na-SS or a water-soluble poly-
electrolyte rich in Na-SS. They concluded that synthesis of high IEC
particles was not possible due to formation of high IEC water-
soluble polymer. More recently, Arunbabu et al. [33] reported the
formation of water-soluble polymer due to homopolymerization of
Na-SS in the water phase. Hence, in order to eliminate the
production of water-soluble polymer and achieve high IEC nano-
particles, the solubility of sulfonated styrene needs to be altered
so that it is soluble in the oil phase. That, together with the
addition of a crosslinker, should improve its incorporation into the
nanoparticles.

This paper reports on the synthesis and characterization of high
IEC (∼5.2 meq/g) crosslinked poly (styrene-co-sulfonated styrene)
(XLPSSS) nanoparticles prepared by emulsion copolymerization of
a quaternary alkyl ammonium (QAA) neutralized-sulfonated
styrene, styrene, and divinyl benzene. The effects of varying the
counterion of the sulfonated styrene (SS) monomer (alkali metal
and QAA cations), SS concentration, and the addition of a cross-
linking agent (divinyl benzene) on the ability to stabilize the
nanoparticles to higher IECs were assessed. The QAA salts were
chosen specifically to shield the polar character of the sulfonate
group in SS and alter its partition between the water and the oil
phase in the emulsion polymerization. In addition, the QAA cations
were expected to be beneficial in membrane fabrication by sup-
pressing agglomeration of the nanoparticles and improving
dispersion in a hydrophobic matrix.

2. Experimental details

2.1. Materials

Sodium styrene sulfonate, NaSS; tetrabutyl ammonium
hydroxide (TBAH) 30-hydrate ; a 40 wt% aqueous solution of tet-
rabutyl ammonium hydroxide (TBAH); a 25 wt% aqueous solution
of tetramethyl ammonium hydroxide (TMAH); tetrahexyl ammo-
nium bromide (99% THAB); tetraoctyl ammonium bromide (98%
TOAB); potassium persulfate (99.99% KPS); sodium dodecyl sulfate
(98% SDS); poly(oxyethylene-4-lauryl ether), (Brij 30; FW 362.6;
HLB 9.7); poly(oxyethylene-20-lauryl ether), (Brij 99; FW 1149.5;
HLB 15); lithium acetate dihydrate; hydroxide-exchange resin
(Amberlite IRN-78, 1.1 meq/mL); and a proton-exchange resin
(Amberlite IRN-77, 1.8 meq/mL) were obtained from Aldrich
Chemical Co. and used as received. A water-soluble non-ionic
initiator, 2,2020-azobis[2-(2-imidazolin-2-yl)propane] dihydro-
chloride (VA-044) was obtained fromWako Chemicals, and used as
received. Styrene (>99%) and divinyl benzene (∼80% mixture of
isomers, DVB) from Aldrich Chemical Co. were washed three times
with an aqueous solution consisting of 5 wt% NaOH and 25 wt%
NaCl, and then twice with de-ionized water to remove the inhibi-
tors. De-ionized water (18 MU cm (@ 25 �C) was used in all the
polymerizations.

2.2. Synthesis of PSSS-Na nanoparticles

Although crosslinked nanoparticles are needed for a PEM
application to prevent dissolution in an aqueous medium, most of
the synthetic work reported in this paper was carried out on
uncrosslinked systems, i.e., DVB was not incorporated into the
formulation. However, some preliminary result using DVB in the
formulations are also reported.

The Na-SS was converted to the free acid form (H-SS) by passing
an aqueous solution through a bed of proton-exchange resin. The
extent of ion exchange was 95e98%, as determined by titration
with 0.01 N NaOH. The H-SS was neutralized to the QAA salt (QAA-
SS) by adding an aqueous solution of a QAA hydroxide to the
aqueous H-SS solution and agitating at 25 �C for 0.5 h, see Fig. 1. In
a separate investigation, the neutralization reaction of H-SS with
QAA salt was determined to go to completion. This was done by
neutralizing a given amount of QAA hydroxide with excess H-SS.
The amounts of unreacted and reacted H-SS were determined by
titration using 0.01 N NaOH. Equal amounts of QAA hydroxide and
reacted H-SS indicated complete reaction.

Tetrahexyl and tetraoctyl ammonium hydroxides (THA-OH and
TOA-OH) were prepared by passing a solution of TOAB or THAB
(20 g/L) in a mixed solvent of water and methanol (30/70 g/g)
through a packed column of a hydroxide-exchange resin. Methanol
was used because TOAB and THAB are not soluble in water. The
addition of a small amount of water increased the ion-exchange.
The extent of ion exchange was 90e95%, as determined by titration
with 0.01 N HCl. Similarly, the Li-SS monomer was prepared by
passing an aqueous solution of Na-SS (20 g/L) through a packed
column of a Liþ-ion-exchange resin, which was prepared by
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regenerating the proton-exchange resin using an aqueous solution
of lithium acetate dihydrate. For some of the experiments, the
sodium dodecyl sulfate (SDS) surfactant, was converted to tetra-
hexyl ammonium-dodecyl sulfate (THA-DS) by first converting SDS
to the sulfonic acid derivative using a proton-exchange resin and
then neutralizing the sulfonic acid to THA-DS with THA-OH.

The nanoparticle synthesis was carried out in a 250-mL three-
necked jacketed reactor at 70 �C under a continuous nitrogen feed.
The reactor was equipped with a condenser, natural rubber septa,
magnetic stirrer, and a nitrogen blanket. The reactor was first
purged with nitrogen for 5 min and then charged with de-ionized
water, surfactant (Brij 30, SDS, Brij 99, or a mixture of the two
surfactants) and M-SS, where M denotes the cation. After slightly
agitating the mixture, styrene and DVB (for the crosslinked nano-
particles) were added and the solution was agitated more vigor-
ously. The initiator (KPS or VA-044) was added 5min later. A typical
reaction time was ∼6 h, at which time a 3-mL aliquot of 10%
hydroquinone solution was used to terminate the reaction.

The product solution was dialyzed using cellulose dialysis
tubing (12,000MWCO) placed in a de-ionized water bath. The solid
product was isolated by vacuum drying at 60 �C overnight. In some
reactions, the product was isolated without dialysis to determine
the mass fraction of water-soluble/polymer and insoluble nano-
particles. This was achieved by first isolating the solid product by
drying the reaction solution. The resulting solid product was
washed and filtered several times using hot water (∼60 �C) and
dried at 60 �C. The water-soluble polymer was isolated by evapo-
rating thewashwater. The nomenclature used for the poly(styrene-
co-sulfonated styrene) nanoparticles is xyPSSS-M where xy is the
concentration of M-SS in the product expressed as ion-exchange
capacity (meq/g) and M denotes the cation. Crosslinked nano-
particles are denoted as xyXLPSSS-M. The materials that were
produced in this research are summarized in Tables 1 and 2. Note
that all of these formulations produced nanoparticles, except the
samples indicated as bold faced. The conversion data are provided
only for the experiments where the nanoparticles were isolated
Table 1
Polymerization experiments: dialyzed samples.

Sample Feed (mol% M-SS)a Feed (mol%
styrene/DVB)

Product IEC
(meq/g)b

1.9 PSSS-Li 10 90/0 1.9
3.1 PSSS-Li 20 80/0 3.1
3.3 PSSS-Li 50 50/0 3.3
4.4 PSSS-Li 32 68/0 4.4
4.8 PSSS-Li 80 20/0 4.8
1.2 PSSS-Na 15 85/0 1.2
1.5 PSSS-Na 20 80/0 1.5
2.5 PSSS-Na 31 69/0 2.5
3.5 PSSS-Na 50 50/0 3.5
3.9 PSSS-Na c 53 47/0 3.9
5.0 PSSS-Na 75 25/0 5
1.1 PSSS-TMA 15 85/0 1.1
1.5 PSSS-TMA 20 80/0 1.5
2.1 PSSS-TMA 30 70/0 2.1
3.5 PSSS-TMA 50 50/0 3.5
5.5 PSSS-TMA 80 20/0 5.5
1.1 PSSS-TBA 11 89/0 1.1
2.4 PSSS-TBA 28 72/0 2.4
3.7 PSSS-TBA 20 80/0 3.7
3.9 PSSS-TBA 50 50/0 3.9
4.0 PSSS-TBA 50 50/0 4
5.2 PSSS-TBA 75 25/0 5.2

Bold face: Samples where the product was only water-soluble polymer, i.e., no
particles.

a mol% M-SS was based on the total monomer feed (styrene, DVB, and M-SS).
b The product IEC was measured by elemental analysis.
c SDS was used as the surfactant in this batch.
and dried. For the other experiments, the emulsions were dialyzed,
but the particles were not precipitated. Unless otherwise stated, in
all formulations, the surfactant used was Brij 30e0.02e0.05 pph in
water and the initiator was KPS ∼1e3 pph based on the total
monomer feed.

2.3. Characterization of PSSS-M

2.3.1. Composition
A Nicolet� 380 Fourier transform infrared (FTIR) spectrometer in

reflectionmodewas used to confirm the conversion of Na-SS to QAA-
SS or Li-SS, and also to confirm the incorporation of the sulfonated
monomer into the copolymer. The IR samples for the Na-SS, Li-SS,
QAA-SS monomers, and polymers were compression molded thin
films. Spectra covered a frequency range of 400e4000 cm�1 using 32
scans, which provided a resolution of ∼2 cm�1. Prior to analysis each
sample was dried in an oven at ∼95 �C overnight and then placed in
a desiccator to cool to room temperature.

2.3.2. Ion-exchange capacity (IEC)
As described above, some of the samples in Table 1 were dia-

lyzed and others were not. All samples were vacuumed dried at
60 �C and elemental analysis (C, H, N, S) was carried out by
combustionwith an Elementar VarioMicro Cube. The S content was
used to calculate the IEC (based on the mass of the acid form of the
ionomer) using Eq. (1). The standard error of the mean determined
from analyses of multiple samples was ∼�0.01 meq/g.

IECðmeq=gÞ ¼ %S
32ðg=eqÞ � 10 (1)

2.3.3. Morphology
Samples obtained from the emulsion solutionwere dialyzed and

diluted with water. A 3-mL drop was then placed onto a carbon-
coated grid and the water was allowed to evaporate at room
temperature for at least 20 min. The particle sizes were measured
from images of unstained samples obtained with a Philips 420 or
a FEI Tecnai G2 BioTwin transmission electron microscope (TEM)
operating at 80 kV.

3. Results and discussion

3.1. Conversion of Na-SS to M-SS

The exchange of the Naþ cation of Na-SS with QAAþ or Liþ was
confirmed by FTIR. Fig. 2 shows the FTIR spectral region from 850 to
1650 cm�1 for the five M-SS monomers that were studied. This
spectral region includes the SO3

� stretching vibrations. The sulfo-
nate absorptions for the different monomers are summarized in
Table 3. The interaction between the cation and the sulfonate anion
(SO3

�) affected the position of the symmetric and anti-symmetric
stretching vibrations of the sulfonate anion, which show up at
w1040 cm�1 and ∼1200 cm�1, respectively, for a solvated anion.
However, the interaction had no effect on the SeO bending band at
∼905 cm�1. The bands at ∼950 cm�1 and ∼865e905 cm�1 for TMA-
SS and TBA-SS respectively arise from vinyl CeH out of plane
bending.

The Coulombic field strength of the ion pair, i.e., the cation and
the sulfonate anion, is F ¼ kqcqa/a2, where qc and qa are the charges
on the cation and anion respectively, k is Coulomb’s constant
(8.99 � 109 N m2 C�2), and a is the ionic radius of the cation. In
general, as the Coulombic field strength between ion pair increases,
the symmetric stretching vibration moved to higher frequency and



Table 2
Polymerization experiments: fractionated product.

Sample Feed
(mol% M-SS)a

Feed
(mol% styrene/DVB)

Conversion (%) Product
IEC (meq/g)b

Water-soluble
fraction (wt%)

IEC of water-soluble
fraction
(meq/g)

IEC of
nanoparticles
(meq/g)

2.4 PSSS-Li 31 69/0 75 2.2 42 4.5 0.9
4.6 PSSS-Li 65 35/0 79 4.6 100 4.6 e

1.7 PSSS-Na 17 83/0 45 1.7 35 4.4 0.3
2.0 PSSS-Na 30 70/0 99 2 31 4.7 0.8
4.7 PSSS-Na 55 45/0 58 4.7 100 4.7 e

5.1 PSSS-Na 95 5/0 80 5.1 100 5.1 e

1.1 PSSS-TMA 12 88/0 97 1.1 1 5.8 1.1
2.1 PSSS-TMA 27 73/0 98 2.1 22 5.4 1.2
4.9 PSSS-TMA 95 5/0 77 4.9 100 4.9 e

1.5 PSSS-TBA 14 86/0 81 1.5 28 3.8 0.6
2.4 PSSS-TBA 27 73/0 87 2.4 55 3.4 1.1
2.6 PSSS-TBA 30 70/0 87 2.6 63 3.4 1.2
4.0 PSSS-TBA 49 51/0 78 4 84 4.4 2.4
4.6 PSSS-TBA 95 5/0 90 4.6 100 4.6 e

3.8 XLPSSS-THA 62 0/38 e 3.8c 0 e 4.5
4.1 XLPSSS-THA 68 0/32 91 4.1c 0 e 4.9
4.4 XLPSSS-THA 74 0/26 90 4.4d 0 e 5.4
1.3 XLPSSS-Na 11 76/12 96 1.3 8 5.5 1
1.7 XLPSSS-Na 21 67/12 99 1.7 15 4.3 1.3
2.4 XLPSSS-Na 29 59/12 95 2.4 29 3.8 1.8
3.4 XLPSSS-Na 51 38/11 93 3.4 43 5 2.2
4.8 XLPSSS-Na 76 13/11 99 4.8 100 4.8 e

4.5 XLPSSS-Na 80 9/11 96 4.5 100 4.5 e

Bold face: Samples where the product was only water-soluble polymer, i.e., no particles.
a mol% M-SS was based on the total monomer feed (styrene, DVB, and M-SS).
b The product IEC was calculated by IEC ¼ x$IEC(soluble) þ (1 � x)$IEC (nanoparticles), where x is the mass fraction of the water-soluble polymer. The IEC of water-soluble

polymer and nanoparticles were measured by elemental analysis.
c VA-044 was used as initiator. A mixture of surfactants was used, Brij 30 and Brij 99 with mass proportions of 1:1.4. The product was ∼70 wt% stable emulsion and ∼30%

coagulated polymer. The product IEC was calculated assuming that the concentration of M-SS in the product was the same as in the feed.
d VA-044 was used as initiator. Brij 99 was used as a surfactant. The product was 84 wt% stable emulsion and 16 wt% coagulated polymer. The product IEC was calculated

assuming that the concentration of M-SS in the product was the same as in the feed.
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the splitting of the two asymmetric stretching bands, which
constitute a doublet centered around 1200 cm�1, also increases as
was expected for sulfonated polystyrenes [34]. The in plane skel-
eton vibration of M-SS at ∼1140 cm�1 also followed a similar trend
as the symmetric stretching. The symmetric stretching frequency
increased, but the splitting of the asymmetric stretching doublet
decreased as the cation was changed from Naþ to Liþ. The increase
Fig. 2. FTIR absorption spectra of M-SS monomers. The dashed lines represent anti-
symmetric, symmetric SO3

� stretching, and the bending of SO�.
in frequency is expected, because for alkali metal cations the
Coulombic force decreases with increasing size of the cation [34].
However, the splitting of the asymmetric stretching doublet is also
expected to increase. The deviation in that behavior observed here
can probably be attributed to difficulty in removing water from the
Li-SS. The stronger Coulombic field strength allows Liþ to hold onto
water more strongly, and the hydrogen bonding of water with Liþ

weakens the interaction between Liþ and sulfonate anion (SO3
�)

[34]. For the TMA-SS, TBA-SS, THA-SS, and TOA-SS monomers, the
symmetric stretching frequency decreased and the splitting of the
asymmetric stretch doublet also decreased, see Table 3, which is
due to the weaker Coulombic force of the ion-pair. The splittings of
the asymmetric stretching doublet of the anion for THA-SS and
TOA-SS were slightly higher than for TMA-SS and TBA-SS, which
may be due to residual hydrogen-bonded water in the latter two
monomers, which are more hydrophilic than the former.

The solubility of M-SS in water and styrene were determined by
adding excess M-SS to the solvent, extracting a known volume of
sample from the clear phase and measuring the monomer
concentration gravimetrically. The solubility behavior is described
in Table 4. The TMA-SS, TBA-SS and Li-SS monomers formed clear,
viscous solutions in water with relatively high concentration
(>37 g/100 g water), which may have been a consequence of the
formation of micelles. Similar to the metal salts of the SS monomer,
TMA-SS was insoluble in styrene; however, TBA-SS was slightly
soluble in styrene. As the alkyl chain length of the QAA-SS
increased, the monomer became less soluble in water and more
soluble in the styrene phase. It was thought that this would be
beneficial with regard to incorporation of the SS monomer into the
emulsified styrene phase and, consequently into the nanoparticles
during the emulsion polymerization. Neat TOA-SS and THA-SSwere
viscous oils that were insoluble in water. Thus, they can be used



Table 3
IR assignments for M-SS monomers.

Group Wavenumber (cm�1)

Li-SS Na-SS TMA-SS TBA-SS THA-SS TOA-SS

SO� bending 905 905 e e 904 904
SO3

� symmetric stretching 1051 1046 1030 1032 1032 1032
In-plane skeleton vibration of substituted styrene 1130 1130 1120 1120 1120 1120
Asymmetric stretching doublet of sulfonate 1232 1235 1206 1206 1217 1216

1188 1182 1191 1193 1198 1199
Splitting of doublet 44 53 15 13 19 17
Methylene/methyl CeH sym./asym. bending e e 1465e1510 1430e1510 1410e1510 1410e1510
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directly as the oil phase in an emulsion polymerization without
including styrene.
3.2. Polymerization of PSSS-M nanoparticles

The emulsion polymerization produced two different products:
1) dispersed nanoparticles and 2) water-soluble polymer. The IECs
of the total PSSS-M products from the emulsion polymerizations
are summarized in Table 1 and plotted as a function of the feed
composition in Fig. 3. The IEC calculated from the elemental sulfur
analysis (see Eq. (1)) was based on the free acid derivative. The solid
line in Fig. 3 represents stoichiometric conversion of M-SS in the
product. Data from Refs. [31] and [27] are included in Fig. 3. Only
the experimental data from the present study for the polymers that
were dialyzed, see Table 1, were used in this graph. The polymers
from Ref. [31] were also dialyzed, but the products from Ref. [27]
were not.

In general, the polymerization reaction produced a near stoi-
chiometric incorporation of the sulfonated monomer into the
product, regardless of what monomer was used. Where the data
deviated significantly from stoichiometry (data above the line in
Fig. 3), a higher concentration of the sulfonated monomer was
incorporated into the product as a result of a loss of styrene
monomer during the reaction, primarily because of absorption by
the rubber septa. That problem was resolved by using glass stop-
pers. Nonetheless, some styrene was still carried away by nitrogen
gas stream. The results from Weiss et al. [27] were generally lower
than the stoichiometric line, which may be due to the presence of
buffer, reducing agent and/or chain transfer agent residues, as
a consequence of not dialyzing the product.

The water-soluble polymer was separated from the nano-
particles by first forming a film from the entire polymer product on
a glass substrate, drying it and then washing the film with 60 �C
water several times to remove the water-soluble fraction. The
water-soluble polymer was isolated by filtering the wash solutions
with a cotton-filled syringe that served to remove any water-
insoluble material transferred from the glass surface during the
washing steps. Fig. 5 plots the mass fraction of the water-soluble
polymer and water-insoluble nanoparticles produced by the
Table 4
Solubility of M-SS in water and styrene at room temperature.

Monomer Water
(g/100 g)

Styrene
(g/100 g)

Li-SS Clear, viscous solution (gelled at
concentration >68% > 44)

0

Na-SS 18 0
TMA-SS Clear, viscous solution (gelled at

concentration >68%)
0

TBA-SS Clear, viscous solution (gelled at
concentration >37%)

4.0

THA-SS 0 Miscible (viscous solution)
TOA-SS 0 Miscible (viscous solution)
emulsion polymerizations as a function of the sulfonate monomer
concentration in the feed. The feed compositionswere corrected for
loss of styrene due to absorption by the rubber septa. The solubility
of styrene in the rubber septa was determined separately by
exposing the septa to styrene vapor. The water-soluble fraction of
the PSSS-TBA samples included some water-insoluble nano-
particles due to insufficient separation. As a result, the IEC of the
water-soluble fractions were slightly lower compared to the other
cations for the feed composition range of ∼1.5e2.5 meq/g; see
Fig. 6.

Fig. 4 shows that as the sulfonate monomer concentration in the
feed increased, the fraction of nanoparticles produced decreased
and the amount of water-soluble polymer increased. Above a feed
composition of about 50 mol% M-SS, essentially only water-soluble
polymer was produced. The relative amounts of water-soluble
polymer and nanoparticles produced by the emulsion polymeri-
zation appeared to be insensitive to the sulfonate salt used and to
the use of divinyl benzene as a crosslinking agent. However, the
incorporation of divinyl benzene significantly lowered the relative
amount of water-soluble polymer produced, due to stabilization of
the high IEC nanoparticles by crosslinking.

As might be expected, thewater-soluble polymer was rich in the
sulfonated monomer. The IECs for the water-soluble fraction
ranged between 3.0 and 5.4 meq/g. The water-insoluble nano-
particles had much lower IEC than the water-soluble polymer, see
Fig. 5. For most of the M-SS monomers used, the nanoparticles had
an IEC ∼ 1 meq/g. The one notable exception was a single experi-
ment with TBA-SS, where an IEC >2 meq/g was achieved. Also
noteworthy is that the IECs for the nanoparticles from the QAA-SS
Fig. 3. IEC (meq/g) of emulsion products (based on the acid form of the ionomer)
versus the IEC of the M-SS in the feed. The IEC of the product was calculated by
elemental analysis, except for the data from Ref. [8], where the IEC was calculated by
titration. The solid line represents stoichiometric conversion of the M-SS in the
product. The products are: (Δ) PSSS-Li, (q) PSSS-Na, (,) PSSS-TMA, (B) PSSS-TBA,
(;) XLPSSS-Na from Ref. [31], and (C) PSSS-Na from Ref. [27].



Fig. 4. Mass fraction of water-soluble polymer and water-insoluble nanoparticles in
the emulsion polymerization product versus concentration of M-SS in the feed. The
filled symbols represent the water-soluble fraction and the open symbols are the
nanoparticle fraction: (Δ,:) Li,-SS (q,+) Na-SS, (,,-) TMA-SS, (B,C) TBA-SS, and
(>,A) XLPSSS-Na.

Fig. 6. FTIR absorption spectra of PSSS-M nanoparticles. The dashed lines the anti-
symmetric stretching doublet of the SO3

�, the symmetric stretching of the SO3
� and SeO

bending�.
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polymerizations had a mean value of 1.3 � 0.2 meq/g, while for the
metal salts, the mean value was 0.54� 0.03 meq/g. The values after
the � sign are the 95% confidence interval from the mean. These
two observations are consistent with the earlier hypothesis that the
QAA-SS monomer is more soluble in the oil-phase micelles and
thus should be more efficient at incorporation into the nano-
particles than the more water-soluble monomers, see Table 4.

Brijmohan et al. [31] reported the synthesis of an XLPSSS-Na
emulsion where the isolated polymer had an IEC ∼ 2.2 meq/g for
16mol%NaSS in the feed. In thatwork,however,noattemptwasmade
to isolate awater-soluble fraction, so the IEC of the nanoparticles per
sewas not known. Fig. 5 shows that by crosslinking the nanoparticles
as they are produced, higher IEC nanoparticles were stabilized, since
the particleswere no longerwater soluble. Crosslinked nanoparticles
had IEC ∼ 1e2 meq/g, which was similar to that obtained by using
TBA-SS as the sulfonate monomer, though a higher concentration of
nanoparticles was obtained using the crosslinker.

Figs. 4 and 5 show, however, that crosslinking alone was not
sufficient for producing nanoparticles with IEC>2meq/g. That may
Fig. 5. IEC of the water-soluble and nanoparticle fractions of the emulsion polymeri-
zation product versus the concentration of M-SS in the feed. The filled symbols are for
the water-soluble polymer and the open symbols are for the insoluble nanoparticles:
(Δ,:) Li,-SS (q,+) Na-SS, (,,-) TMA-SS, (B,C) TBA-SS, (�) from Ref. [25], (>,A)
XLPSSS-Na, and (4) XLPSSS-THA.
require using the crosslinker in combination with a completely oil-
soluble QAA-SS monomer to maximize the concentration of
sulfonated monomer in the oil domains. THA-SS was chosen to test
that hypothesis, because it was observed to be soluble in styrene
and it produced a lower-viscosity mixture with styrene than did
the higher molecular weight TOA-SS. A higher viscosity within
the emulsified nanoparticle domains presented two problems:
1) poorer dispersion of the two monomers (styrene and the QAA-
SS) and 2) increased difficulty of exchanging the QAA cationwith an
acid once the polymer was produced.

With a combination of the THA-SS monomer and the addition of
divinyl benzene, very high IEC nanoparticles, ranging from 4.5 to
5.4 meq/g, were obtained, see Fig. 5. The data deviated from stoi-
chiometry (i.e., the point is above the line in Fig. 5), which suggests
somemonomerwas lost either due to evaporation into the nitrogen
purge stream or by less than complete conversion. The amount of
monomer (DVB) lost by evaporation was estimated to be >50 wt%
of its initial amount, assuming the amount lost is the only cause for
IEC to deviate from stoichiometry. Note that the crosslink density of
the crosslinked nanoparticles particles produced is not known. This
is not a trivial characterization for nanoparticles and was consid-
ered beyond the scope of this project.

In the synthesis of XLPSSS-THA, a non-ionic initiator (VA-044)
was used, because of concern that the THA-SS would be converted
to M-SS and become water soluble in the presence of ionic initiator
or surfactants containing metal cations. Attempts to produce stable
nanoparticles were unsuccessful, except when the non-ionic
surfactant, Brij 99, was used. Nanoparticles are stabilized electro-
statically when similar charges are located at the surface of adja-
cent particles, i.e., in the electrical double layer. This electrostatic
repulsion is greatly reduced when a non-ionic surfactant and the
bulky tetraalkylammonium cation are present, as in the case of the
XLPSSS-THA nanoparticles. The QAA may actually behave as an
organic electrolyte, which is known as a latex coagulant [35,36].
The strong attraction between water molecules, due to hydrogen
bonding, forces the QAA out of the aqueous phase, resulting in
neutral particles which can coagulate the nanoparticles because of
their weak repulsive interactions.

In sterically stabilized emulsions, a non-ionic surfactant is used
to increase the separation of adjacent particles, which prevents



Fig. 7. Normalized intensity of the IR sulfonate symmetric stretching vibration as
a function of IEC for the nanoparticles. The dashed curve is a least-squares fit of
a quadratic equation to the data and the dotted curves represent the 95% confidence
interval.
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coagulation. Sterically stabilized emulsions depend on many
factors. For example, the molecule must adsorb onto the particle
surface, it must be large enough to separate adjacent particles and it
should be soluble in the dispersion medium. Although Brij 99
successfully stabilized the XLPSSS-THA emulsion, THA-dodecyl
sulfate and Brij 30were unable to stabilize the nanoparticles. Brij 99
has a higher molecular weight and is more soluble in the water
phase. The difference between Brij 30 and Brij 99 is primarily that
the latter has 20 oxyethylene groups, while Brij 30 has only 4. In
addition to its better solubility inwater, the larger size of the Brij 99
molecule probably improved its ability to separate adjacent nano-
particles. The poor efficacy of the THA-dodecyl sulfate is probably
due to poor solubility in water.

Even with the use of Brij 99, a slight amount of coagulated
polymer formed, which was probably due to the high shear rate
used during the polymerization and may be insufficient surfactant
[24]. A mixture of Brij 99 and Brij 30 also produced a relatively
stable emulsion, but the dilution of the Brij 99 increased the
amount of coagulated polymer. The mixture of Brij 30 and Brij 99,
however, produced smaller particles, ∼80 nm, than Brij 99 alone.
The formation of smaller particles is due to the lower critical
micelle concentration of Brij 30 (0.004 mM versus 0.265 mM for
Brij 99), which allows the Brij 30 to produce more micelles at the
feed concentrations used in these experiments.
3.3. FTIR analysis of the copolymers

Incorporation of M-SS into the copolymer was confirmed by the
presence of the IR bands associated with the sulfonate groups; see
Fig. 6. The frequencies and assignments for the sulfonate vibrations
are listed in Table 5. The IR bands associated with SO3

� appeared at
lower frequency for the polymers than in the M-SS monomer,
which was due to the greater difficulty in removing water from the
polymer. That was confirmed by the presence of the OeH stretch-
ing vibration of water between 3000 and 3700 cm�1 in the IR
spectra of the polymers. The alkali metal cations had the most
prominent OeH stretching vibration in the IR spectrum, which is
expected, since they were the more hygroscopic copolymers.

The absorbance intensity of the symmetric stretching vibration
of SO3

� at ∼1040 cm�1 for PSSS-M nanoparticles normalized by the
absorption for CeC in-plane stretching of benzene ring at
1600 cm�1 is plotted against the IEC measured by elemental anal-
ysis in Fig. 7. The dashed line in Fig. 7 is a quadratic (y ¼ ax þ bx2),
least-squares fit of the data and the dotted lines represent the 95%
confidence band of the fit. The deviation of the confidence band at
low IEC is a consequence of the quadratic fit, which is unavoidable
since we had no measure of the pure error for a single condition.
Although one expects a linear fit from Beer’s law, errors in the
elemental analyses and/or in the measurement of the symmetric
stretching peak intensity due to broadening of the peak (see Fig. 6)
may be responsible for the non-linearity of the IR-concentration
Table 5
IR assignments for PSSS-M and XLPSSS-M copolymers.

Group Wave number (cm�1)

1.0PSSS-Li 0.8PSSS-Na

SO� bending 905 905
SO3

� symmetric stretching 1046 1040
In-plane skeleton vibration of substituted styrene 1130 1127
Asymmetric stretching doublet of sulfonate 1232 1221

1179 1177
Splitting of doublet 53.0 44.0
Methylene/methyl CeH sym/asym. bending e e

CeC in-plane stretching of styrene ring 1600 1600
relationship. However, the quadratic fit was good and provides
a reasonable estimate of the sulfonation level in these copolymers.
3.4. Nanoparticle size distribution

Representative micrographs of the PSSS-M and XLPSSS-M
nanoparticles produced by the emulsion copolymerizations are
shown in Fig. 8. The nanoparticles were spherical, and the average
volume-equivalent particle diameter, D, was calculated from Eq.
(2),

D ¼

0
BBBB@

PNbins

i¼1
nid3i

PNbins

i¼1
ni

1
CCCCA

1=3

(2)

where ni is the number of particles in the bin with diameters
di � Δd/2 and Δd ¼ di � di�1. The values of D are summarized in
Table 6. The distortion seen in some of the micrographs is probably
due to the drying and handling. The slightly dark background may
be due to a film of the water-soluble polymer that was rich in the
M-SS.

In a classical emulsion polymerization of styrene, the primary
site for particle formation is the monomer-swollen micelles
[37e40]. Styrene is initiated in the aqueous phase, forming oligo-
meric radicals that propagate until captured by the micelles. As
the reaction progresses, micelles are consumed by growth and
formation of particles. When the micelles are depleted, secondary
1.1PSSS-TMA 1.1PSSS-TBA 4.4 XLPSSS-THA 1.2PSSS-TOA

905 905 e e

1033 1033 1033 1033
1120 1120 1120 1120
1213 1216 1214 1217
1184 1196 1193 1199
29.0 20.0 21 18
1430e1500 1430e1500 1430e1500 1430e1500
1600 1600 1600 1600



Fig. 8. TEM images of xyPSSS-M nanoparticles.
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Table 6
Average nanoparticle size for PSSS-M and XLPSSS-M copolymers.

Samples Number of
particles
counted

Diameter
(std dev)
(nm)

a (nm) q/a
(nm�1)

1.5 PSSS-Na 104 42 (17) 0.097 [41] 10.3
3.5 PSSS-Na 67 34 (7) 0.097 10.3
5.2 PSSS-Na None e 0.097 10.3
1.4 PSSS-Li 58 73 (19) 0.068 [42] 14.7
3.1 PSSS-Li 45 18 (3) 0.068 14.7
1.5 PSSS-TMA 53 42 (4) 0.347 [42,43] 2.88
3.5 PSSS-TMA None e 0.347 2.88
1.1 PSSS-TBA 70 19 (3) 0.494 [44] 2.02
3.7 PSSS-TBA 87 61 (17) 0.494 2.02
3.8 XLPSSS-THA 91 83 (22) 0.560 [45] 1.78
4.4 XLPSSS-THA 74 156 (27) 0.560 1.78

Table 7
Kink function parameters.

Parametera Value 95% confidence interval p valuesb

b 1.3 �1.2 0.017
d �1.3 �1.4 0.028
x0 1.0 �0.4 <0.001
y0 2.2 �0.3 <0.001
s 0.1 (fixed) e e

a See Eq. (3) for definition of parameter symbols
b Probability of Type I error by rejecting zero value hypothesis using one-tail t

test; see text for explanation.
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particles form by homogenous nucleation. Nonetheless, the particle
size distribution usually has a relatively low polydispersity.

For the copolymerization of styrene and Na-SS, monomer-
swollen micelles were not the only source of particle formation.
Particles also form simultaneously by homogenous nucleation in
the aqueous phase [32]. Water-soluble Na-SS oligomeric radicals
grow to a critical length by capturing styrene prior to precipitating
and forming aggregates that absorb styrene and behave as styrene-
swollen micelles. Homogenous nucleation of particles occurs
throughout the reaction; and, as a result, particles grow at different
rates which leads to a broader particle size distribution compared
to polymerization of styrene, see Table 6.

The diameter data are plotted against the quantity cq/a in Fig. 9
as a logelog plot, where c is the sulfonate ion concentration of
the emulsion product, a is the ionic radius of the cation and q is the
charge of the cation. Values for a are listed in Table 6. The
Coulombic energy of the ion-pair is Ec¼ kqcqa/a, where qc and qa are
the charges on the cation and anion, respectively, and k is
Coulomb’s constant (8.99 � 109 N m2 C�2). For a fixed anion, in this
case the sulfonate anion, qa is a constant and the Coulombic energy
is proportional to q/a, where q ¼ qc. For ionomers, many properties
scale with the product of the Coulombic energy and the ion
concentration (cq/a) [47e51]. The data in Fig. 9 were fitted using
a continuous kink function [46]. The kink function consists of two
straight lines connected with a small curve of certain width. The
equation used for the continuous kink function is:
Fig. 9. Nanoparticles size versus the product of Coulombic energy and sulfonate
concentration for PSSS-M and XLPSSS-M; a is the ionic radius of the cation, q is the
charge, and c is the concentration of sulfonate ion of the emulsion product expressed
as ion-exchange capacity: (,) M ¼ Li; (B) Na; (Δ) TMA; (>) TBA; (4) THA. Filled
symbols are polymers with IEC between 1.1 and 1.5 meq/g and open symbols represent
polymers with IEC between 3.1 and 5.4 meq/g. The curve is a kink function [46] with
s ∼ 0.1, Eq. (3).
y� y0 ¼ bðx� x0Þ þ sðd� bÞln
�
1þ exp

�
x� x0

s

��
(3)

where b and d are the slopes of the straight lines, x0 and y0 are the
intercepts and s is known as the “sharpness” parameter. The statis-
tics obtained fromfitting the datawith the kink function are listed in
Table 7. We hypothesize the kink in the curve is due to distinct
differences in themechanismof particle formation and stabilization
of QAA and metal neutralized particles. The positive and negative
slope regions of the curve illustrate the behavior of QAA and metal
neutralizedparticles, respectively. ForQAAneutralizedparticles, the
particle size increased with increasing cq/a, or since q/a was rela-
tively constant for those data, with increasing sulfonate ion
concentration, c. On the other hand, for the metal neutralized
particles, the particle size decreased with increasing cq/a.

The difference in the number of particles formed during the
reactionmay be responsible for these two opposite effects of cq/a on
particle size, at low sulfonate concentration. Na-SS is reported to
aggregate in aqueous solution at concentrations >0.1 M, due to is
amphiphilic nature, i.e., a hydrophobic phenyl ring and ahydrophilic
sulfonate group [32]. The lowerhydrophilic-lipophilic balance (HLB)
of the QAA-SS salt is expected to lower the critical micelle concen-
tration (CMC) of M-SS and also increase the number of micelles
formed in the order of THAþ � TBAþ � TMAþ � Naþ � Liþ. Higher
micelle concentration produces more primary particles. More
primary particles reduces the average particle size. At high
concentration of sulfonatedmonomer, the effect of the cation on the
particle size reverses as a consequence due to poor electrostatic
stabilization of the emulsion by the QAA cations, reducing the effect
of the electrical double layer.
4. Conclusions

Water-insoluble sulfonated polystyrene nanoparticles with IEC
up to ∼5.4 meq/g, can be synthesized by an emulsion copolymeri-
zation of styrene, divinyl benzene and a salt of p-styrene sulfonic
acid (M-SS). The choice of the sulfonate cation affects the poly-
merization reaction; the most significant effect occurs for bulky
quaternary alkyl ammonium (QAA) salts, such as tetrahexyl
ammonium. Changing the cation from an alkali metal to a quater-
nary alkyl ammoniummakes theM-SSmonomer less water soluble
and more soluble in the oil phase of the emulsion. The IEC of the
nanoparticles increased with increasing solubility of the M-SS
monomer in the oil phase, but increasing the hydrophobic nature of
the sulfonated polymer is not by itself sufficient to achieve nano-
particles with IEC >∼2.4 meq/g.

The addition of crosslinking agent, such as divinyl benzene,
stabilizes the nanoparticles to higher IEC by preventing their
dissolution into the water phase. But, if the sulfonate monomer is
water soluble, adding a crosslinker has limited effectiveness for
achieving nanoparticles with IEC >2.4 meq/g. An emulsion poly-
merization using a combination of a water-insoluble sulfonated
styrene monomer (e.g., using the tetrahexyl ammonium salt) and
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a crosslinking agent can achieve water-insoluble sulfonated poly-
styrene nanoparticles with IEC up to ∼5.4 meq/g.

When a water-soluble M-SS monomer is used, nanoparticles
with sizes ranging from 20 to 70 nm are produced when the feed
concentration of M-SS is <50 mol%. At higher M-SS concentration
in the feed, the water-soluble M-SS oligomeric radicals do not
precipitate into particles, because of the low concentration of
styrene: and, as a result, only water-soluble, highly sulfonated
polymer is formed, even when a crosslinker is added. For oil-
soluble M-SS, monomers, high IEC nanoparticles with sizes of
80e160 nm are produced at feed concentrations of M-SS>50mol%.
The choice of the surfactant is also important in achieving high IEC
nanoparticles. Non-ionic surfactants with a high hydrophilic/lipo-
philic balance (HLB) are the most effective at stabilizing the
nanoparticle emulsion to high IEC.

However, in the case of oil-soluble, THA-SS, high IEC nano-
particles with sizes ∼80e160 nm were formed at high THA-SS
concentration in the feed. Compared to Brij 99, the mixture of Brij
30 and Brij 99 stabilized smaller particles (∼80 nm). The formation
of smaller particles can be attributed to the ability of Brij 30 to
producemoremicelles. The critical micelle concentration for Brij 30
and Brij 99 are 0.004 and 0.265 mM, respectively.

Futureworkwill includepreparing largerquantitiesof thehigh IEC
crosslinked nanoparticles prepared from tetrahexyl ammonium
(THA) neutralized styrene sulfonatemonomer, and thesewill be used
to prepare composite proton-exchange membranes with a relatively
hydrophobic polymer matrix. The use of the QAA counterions of
sulfonated styrene is expected to improve the dispersion of the
nanoparticles in a relatively hydrophobic polymer matrix.
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Historically, applications for traditional phenolic resin/polyurethane materials are limited due to the
inherently weak thermal stability of urethane-phenolic linkage and slow reaction rate. A novel concept
has been developed to produce phenolic resin/polyurethane copolymers via benzoxazine chemistry.
Through one-pot synthesis, a series of linear poly(benzoxazine-co-urethane) materials has been
synthesized via the reaction of a newly developed dimethylol functional benzoxazine monomer with
4,40-methylene diphenyl diisocyanate and poly(1,4-butyleneadipate). The structure of the copolymers
has been characterized by Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic reso-
nance spectroscopy (NMR). The copolymers in the film forms have been further thermally treated for
crosslinking to produce crosslinked poly(benzoxazine-co-urethane) via the ring opening polymerization
of cyclic benzoxazine moieties in the main-chain. The tensile properties of the films have been studied
and compared with those of traditional high performance materials. The thermal properties of the
crosslinked copolymers have also been studied by dynamic mechanical analysis, and thermogravimetric
analysis (TGA).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyurethanes (PUs) represent one of the most versatile classes
of polymers due to their advantages, which include excellent low
temperature flexibility, superb oil and abrasion resistance, and
extraordinary easy processability [1e3]. PUs are segmented poly-
mers that consist of soft segments derived from polyols and hard
segments derived from isocyanate and chain extenders. The hard
segments offer stiffness to the resulting materials, whereas the soft
segments act as flexible connectors between the hard segments.
PUs also have a wide variety of properties, ranging from elastic to
plastic behavior, which make them suitable for a broad number of
applications, such as coatings and paints, flexible foams, insu-
lations, adhesives, and sealants. Nonetheless, the use of PUs is
associated with some disadvantages, including high water up-take,
poor resistance to polar solvents, and poor thermal stability. They
also undergo dissociation of urethane linkages at elevated
temperatures [4]. As a result, tremendous research efforts have
been reported to improve the thermal stability of PUs. Most of the
x: þ1 20 40 3350804.
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reported approaches are based on copolymerization or blending
with other polymers of high thermal stability such as polyimides
[5e8], polyurea [9,10], polyamide [11,12], epoxy [13], and poly-
diacetylene [14].

Polybenzoxazines, as a newly developed class of high perfor-
mance polymers, have attracted much interest of academia and
industries. They are characterized by many useful properties, such
as low moisture absorption, excellent mechanical properties, self-
extinguishing properties, and excellent dimensional stability
[15e18]. They also offer a remarkable flexibility in molecular design
of monomers and, consequently, a versatile performance as poly-
mers [19e21]. Benzoxazine monomers are polymerized by the
thermally activated cationic ring opening polymerization of ben-
zoxazine without any added initiators, catalysts, or by-product
formation [22e26]. The potential application areas of poly-
benzoxazines include coatings, electronic packaging materials,
printed circuit boards, frictional materials, catalysis, and matrices
for composite materials.

Due to the excellent thermal and mechanical properties of
polybenzoxazines, they have been incorporated into PUs aiming
at improving their thermal and mechanical properties. The flow
chart shown in Fig. 1 represents all reported routes for preparing
polybenzoxazine/PU materials. The concept adapted in all the
previous studies is based on blending of either preformed

mailto:taa16@cwru.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.052
http://dx.doi.org/10.1016/j.polymer.2010.11.052
http://dx.doi.org/10.1016/j.polymer.2010.11.052


Fig. 1. Previous approaches of polybenzoxazine/PU materials.
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benzoxazine monomers or main-chain benzoxazine polymers as
polybenzoxazine precursors, with NCO-terminated PUs followed by
thermal treatment. As a result, the phenolic groups produced upon
ring opening polymerization of benzoxazine react with the NCO
groups of PU prepolymer, leading to the formation of phenolic-
urethane linkage.

The first study of polybenzoxazine/PU systems was reported by
Takeichi et al. [27,28]. They blended bisphenol A/aniline-type
benzoxazine monomer (BA-a) and phenol/aniline-type monomer
(P-a) with NCO-terminated PU prepolymer. The results of thermal
and mechanical properties indicated that polybenzoxazine/PU
materials with elastomeric properties can be obtained by adding ca.
10e15% of polybenzoxazine, whereas films with greater plasticity
can be produced by increasing the polybenzoxazine content. They
also further improved the tensile modulus by adding organoclay to
produce polybenzoxazine/PUnanocomposites [29].Wang et al. [30]
prepared interpenetrating polymer networks (IPNs) of poly-
benzoxazine/PU system. Their morphological studies indicated that
the copolymer networks exhibit only physical bonding with slight
phase separation behavior. Rimdusit et al. investigated various
aspects of polybenzoxazine/PU systems. They found that a system
with 10 wt.% PU content exhibited improved flexural strength
without deterioration of the thermal degradation temperature [31].
The char yield was slightly increased by using a polyol of higher
molecular weight [32]. They also studied the effect of various
isocyanates on the properties of a polybenzoxazine/PU system and
the reinforcement of the system by carbon fiber [33]. Yeganeh et al.
studied various polybenzoxazine/PU systems for electrical insu-
lation applications by blending BA-a monomer and main-chain
benzoxazine polymer (BA-ddm) with epoxy-terminated PU pre-
polymer [34,35]. They have also recently prepared phenolic-
terminated PU prepolymer by end-capping of NCO-terminated PU
prepolymer with bisphenol A, which was then mixed with BA-a to
form polybenzoxazine/PU materials [36].

Despite the known slow kinetics of isocyanate reacting with
phenolic compounds and the poor thermal stability of the urethane
linkages produced, most of the aforementioned methods of
synthesizing polybenzoxazine/PUmaterials used similar concept of
reacting NCO-terminated PU prepolymers with the phenolic groups
of polybenzoxazine [27e36]. It is known that the nature of the
group attached to a urethane linkage controls its thermal stability.
In general, the thermal stability increases in the presence of elec-
tron donating groups and decreases in the presence of electron
withdrawing groups in the following order; aryl-NHCOO-
aryl< alkyl-NHCOO-aryl< aryl-NHCOO-alkyl< alkyl-NHCOO-alkyl
[4,37,38]. Thus, urethane-phenolic linkage produced through the
previous approaches is considered to have lowest thermal stability.
As a result of these disadvantages, phenolic/PU materials have
historically limited applications.

Thus, it is believed that the use of an aliphatic hydroxyl-func-
tional benzoxazine for urethane linkage formation instead of
a phenolic hydroxyl group will lead to polybenzoxazine/PU mate-
rials of fundamentally different structure and properties than the
previously reported approaches. This new approach preserves the
oxazine ring upon main-chain polymer formation, which can then
be used to further crosslink the copolymer to produce poly-
benzoxazine/PU network that contains free phenolic moieties.
Preservation of the phenolic moieties will maintain the well-known
advantages of polybenzoxazines by allowing the formation of intra-
molecular 6-membered ring hydrogen bonding that offers poly-
benzoxazines the unique characteristics [22,23]. In the current
study, a newly developed hydroxymethyl functional benzoxazine
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monomer has been used to produce poly(benzoxazine-co-urethane)
s as a main-chain type benzoxazine polymers. The reaction of
aliphatic hydroxymethyl functionalities with isocyanate groups is
expected to produce thermally stable urethane linkages. Applying
this concept of one-pot method will also lead to avoid the draw-
backs associated with the use of NCO-terminated PU prepolymer,
such as poor shelf life due to their high sensitivity towards moisture
and susceptibility to undesirable side reactions. Furthermore, the
unique advantage of the recently developed concept of thermo-
plastic-thermosetting crossover of main-chain type benzoxazine
polymers [39,40] will be highly beneficial in designing varieties of
poly(benzoxazine-co-urethane)s with unique characteristics in
terms of processability and performance. The preparation, charac-
terization, crosslinking and properties of this new class of copoly-
mers are discussed in the current study.

2. Experimental

2.1. Materials

4,40-Methylenediphenyldiisocyanate (MDI) (>99%), 4,40-dia-
minodiphenylmethane (DDM) (98%), and paraformaldehyde (96%)
were obtained from Acros Organics USA and used as received.
4-Hydroxybenzyl alcohol (4HBA) (98%) was purchased from Sigma
Aldrich. Poly(1,4-butylene adipate) (PBA) with molecular weight of
1000 was purchased from Sigma Aldrich and dried at 80 �C for 10 h
under vacuum just before use. N,N-dimethylformamide (DMF) was
purchased from Fisher and dried over molecular sieves prior to use.

2.2. Synthesis of methylol-functional benzoxazine monomer
(4HBA-ddm)

In a 500 mL flask, 4HBA (19 g, 150 mmol), DDM (15.02 g,
75 mmol), and paraformaldehyde (9.01 g, 300 mmol) were mixed
together and heated at 140 �C in xylenes (175 mL) for 5 h. The
reaction was allowed to cool to room temperature followed by
washing with hexane to afford a yellow product. The product was
then recrystallized in chloroform, (Yield: 80e85%).

IR spectra (KBr, cm�1): 1228 (asymmetric stretching of
AreOeC), 1076 (asymmetric stretching of CeOeC), 952 (out-of-
plane vibration, benzene ring to which oxazine is attached).

1H NMR spectra (DMSO-d6, frequency: 600 MHz, ppm: d) 4.36
(d, eCH2eO), 4.57 (s, CeCH2eN), 4.99 (t, eOH), 5.36 (s,
NeCH2eOe).

13C NMR spectra (DMSO-d6, ppm, d): 49.23 (CeCH2eNe), 62.61
(s, eCH2eOH), 78.87 (NeCH2eO).

2.3. Synthesis of model compound

The model compound has been synthesized by dissolving
4HBA-ddm (0.5 g, 1 mmol) and phenyl isocyanate (0.238 g,
N N

O O

HO OH

+ +

Xylenes

HO

OH NH2H2N
2 CH2O4 n

Reflux

Scheme 1. Preparation of dimethylol benzoxazine monomer (4HBA-ddm).
2 mmol) in a 50 mL dry three neck flask in extra dry DMF
(<50 ppm, 20 mL) containing dibutyltindilaurate (0.02 g) under
nitrogen atmosphere. The mixture was heated at 70 �C for 30 min
to afford a yellow solution. The solution was then cooled and
precipitated in cold water, washed by ethanol, and dried in
a vacuum oven at room temperature for 24 h to afford a white
powder, (Yield: 84%).

IR spectra (KBr, cm�1): 1224 (asymmetric stretching of
AreOeC), 1037 (asymmetric stretching of CeOeC), 950 (out-of-
plane vibration, benzene ring to which oxazine is attached).

1H NMR spectra (DMSO-d6, ppm: d, frequency: 600 MHz): 4.59
(s, CeCH2eNe), 4.98 (s, eCH2eO), 5.38 (s, NeCH2eOe), 9.67 (s,
eNH).

13C NMR spectra (DMSO-d6, ppm, d): 49.15 (CeCH2eNe), 65.62
(s, eCH2eOH), 79.03 (NeCH2eO).

2.4. Synthesis of poly(benzoxazine-co-urethane)s

The following is an example of the synthesis of poly(benzox-
azine-co-urethane)s with a 1:0.8:0.2 M ratio of MDI:4HBA-
ddm:PBA respectively. Into a 50 mL dried three neck flask was
dissolved 4HBA-ddm (0.594 g, 1.2 mmol), and PBA (0.3 g,
0.3 mmol) in an extra dry DMF (<50 ppm, 35 mL) solvent con-
taining dibutyltindilaurate (0.02 g), under dry nitrogen atmo-
sphere. The mixture was stirred until clear solution was obtained,
followed by adding MDI (0.376 g, 1.5 mmol). The mixture was
then continually stirred at 70 �C for 30 min. The resulting solu-
tion was precipitated in water to afford a slightly yellowish
powder, which was dried under vacuum at room temperature for
24 h.

IR spectra (KBr, cm�1): 1733 (the C]O stretching of non-
hydrogen bonded carbonyl group of urethane and ester groups),
1540 (the CeN stretching, combined with NeH out-of-plane
bending), 1414 (the stretching of CeNH), 1228 (the asymmetric
stretching of AreOeC),1076 (the asymmetric stretching of CeOeC),
955 (the out-of-plane vibration of benzene ring to which oxazine is
attached).

1H NMR spectra (DMSO-d6, ppm: d, frequency: 600 MHz): 4.58
(s, CeCH2eNe), 4.99 (s, eCH2eO), 5.38 (s, NeCH2eOe).

2.5. Crosslinking of poly(benzoxazine-co-urethane)s

Solutions of the copolymers in DMF were cast onto glass plates
that were pretreated by methylmethoxysilane and dried in an air-
circulating oven at 70 �C for 24 h. The produced films were then
crosslinked at various temperatures in the air-circulating oven. The
temperature profile used to crosslink the samples was as follows:
90 �C/2 h, 120 �C/2 h, 150 �C/2 h, and 180 �C/3 h. The color of the
film changed from yellow to red during the crosslinking process.
+ N N
O O
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Scheme 2. Preparation of model compound.



Fig. 2. 1H NMR spectrum of model compound and benzoxazine monomer.

Table 1
Compositions of poly(benzoxazine-co-urethane)s.

Copolymer
code

MDI
(g, mmol)

4HBA-ddm
(g, mmol)

PBA
(g, mmol)

4HBA-ddm
(mol%, wt.%)

I-0 0.25, 1 0.495, 1 0, 0 50, 66.4
I-10 0.25, 1 0.396, 0.8 0.2, 0.2 40, 46.8
I-20 0.25, 1 0.297, 0.6 0.4, 0.4 30, 31.4
I-30 0.25, 1 0.198, 0.4 0.6, 0.6 20, 18.9
I-40 0.25, 1 0.099, 0.2 0.8, 0.8 10, 8.6
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2.6. Measurements

Both proton (1H) and carbon (13C) NMR spectrawere obtained by
Varian Oxford AS600 spectrometer, operating at a proton frequency
of 600 MHz and a corresponding carbon frequency of 150.9 MHz.
Deuterated dimethylsulfoxide (DMSO-d6) was used as a solvent.

Fourier transform infrared spectra (FTIR) were obtained using
a Bomem Michelson MB-100 FT-IR spectrometer, which was
equipped with a deuterated triglycine sulfate (DTGS) detector.
Thirty two scans were recorded at a resolution of 4 cm�1 after
purging with dry air. The spectrumwas taken by casting a film from
polymer solution onto a KBr crystal.

Thermal analysis was performed with differential scanning
calorimetry (DSC) using TA Instruments DSC model 2920 to study
the curing behavior and thermal stability. The temperature was
ramped at 10 �C/min and a nitrogen flow rate of 65mL/minwas used
for all tests. All samples were crimped in hermetic aluminum pans
with lids.

The thermal stability was studied by thermogravimetric analysis
(TGA) with a TA Instruments High Resolution 2950 thermogravi-
metric analyzer using nitrogen as a purging gas. A heating rate of
10 �C/min and nitrogen flow rate of 60 mL was used for all tests.

Dynamic mechanical behavior (DMA) was performed on a TA
Instruments Q800 DMA applying controlled strain tension mode
with amplitude of 10 mm and a temperature ramp rate of 3 �C/min.

Atomic forcemicroscopy (AFM) experiments were performed by
tapping mode at ambient temperature in air. Phase and height
images of the cross sections were recorded simultaneously using
the Nanoscope IIIa instrument Multi-Mode scanning probe (Digital
Instruments, Santa Barbara, CA). A tip made of silicon (110e140 mm
in length with ca. 327e383 kHz resonant frequency and at
20e80 N/m of force) was used. In these images, the height of any
spot in the phase image together with the corresponded height of
the same spot in the topography image was used to study the
morphology of any specific system under study.
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Scheme 3. Preparation of main-chain
Mechanical properties of crosslinked films were evaluated in
uniaxial tension on an Instron 5565 universal tester. Dog bone
shaped specimens were punched from the films using an ASTM
D638 punch tool. An average of four to five specimens were cut and
tested at ambient temperature using 1 mm/min as a strain rate. The
reported modulus values were calculated from the initial slope of
the stress-strain curve at 1% strain.

3. Results and discussion

3.1. Synthesis of dimethylol-functional benzoxazine monomer
(4HBA-ddm)

4HBA-ddm as a novel benzoxazine monomer has been synthe-
sized following the newly developed method in our laboratory for
the synthesis of difficult benzoxazine monomers [41]. Scheme 1
shows the preparation of 4HBA-ddm. The structure of the mono-
mer has been confirmed by 1H NMR, 13C NMR, and FT-IR spectra. In
the 1H NMR spectrum, the characteristic resonances attributed to
cyclic benzoxazine structure are observed at 4.57 ppm (s,
CeCH2eN) and 5.36 ppm (s, NeCH2eOe), whereas the resonances
of methylol group are observed at 4.36 ppm (d, eCH2eO) and
4.99 ppm (t, eOH). 13C NMR spectra showed the typical resonances
for benzoxazine structure at 49.23 ppm (CeCH2eNe) and
78.87 ppm (NeCH2eO) that further support the formation of
benzoxazine monomer. The FT-IR spectra further show the char-
acteristic absorption bands of benzoxazine structure at 1228 cm�1

due to the stretching of CeOeC and at 952 cm�1 due to the out-of-
plane bending vibration of the benzene ring attached to the oxazine
ring [42,43].

3.2. Synthesis of model compound

A model compound has been synthesized from the reaction of
4HBA-ddm and phenyl isocyanate. The reaction was carried out in
dry DMF under nitrogen atmosphere as illustrated in Scheme 2.
This model compound helps to understand the reaction condition
at which the methylol groups (eCH2OH) of the benzoxazine
monomer react with the isocyanate group (eNCO) to form
urethane linkages and to confirm the stability of cyclic benzoxazine
structure under the reaction condition. The structure of the model
NN
OO

OHHO+ z

4HBA-ddm

O NN

O
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MF
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poly(benzoxazine-co-urethane)s.
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compound has been confirmed by 1H NMR, 13C NMR, and FT-IR
spectra. 1H NMR spectrum depicted in Fig. 2 shows the character-
istic resonances at 4.59 ppm (s, CeCH2eN) and 5.38 ppm (s,
NeCH2eOe) due to benzoxazine structure, indicating its stability at
this reaction condition. A new resonance was observed at 9.67 ppm
attributed to the eNH of urethane linkage. In the FT-IR spectra,
benzoxazine structure was confirmed by the characteristic
absorption bands at 1224 cm�1 due to the stretching of CeOeC and
the band at 950 cm�1 due to the out-of-plane bending vibration of
the benzene ring that is attached to the oxazine ring. This confirms
the high reactivity of the methylol group in a benzoxazine
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Fig. 4. DSC thermograms of uncrosslinked films at different benzoxazine molar ratio.
monomer towards the isocyanate group to form urethane linkage
in a short time at relatively low reaction temperature.

3.3. Synthesis of main-chain type poly(benzoxazine-co-urethane)s

Main-chain type poly(benzoxazine-co-urethane)s have been
prepared by the reaction of MDI, PBA and different molar ratio of
4HBA-ddm. The proposed structure is depicted in Scheme 3. This
structure does not represent the exact structures of the copolymers,
but rather idealized structure is shown. The compositions of the
synthesized copolymers and their nomenclature are illustrated in
Table 1. The uncrosslinked copolymers will be abbreviated as I# and
the crosslinked forms will be poly(I#). The number (#) is used to
indicate the molar percent of polyol in copolymer.

The consumption of the NCO groups of MDI due to the reaction
with the OH groups of both 4HBA-ddm and PBA to produce
urethane linkages has been followed by FT-IR. Fig. 3 illustrates the
FT-IR spectra of I-10, as an example. FT-IR spectra indicate that the
typical absorption at 2275 cm�1 due to eNCO group disappeared
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Fig. 6. DSC thermograms for I-10 at various polymerization temperatures.
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quickly within 10min. It was also observed that the C]O stretching
of non-hydrogen bonded carbonyl group of urethane and ester
groups at 1733 cm�1 and the CeN stretching combined with NeH
out-of-plane bending at 1540 cm�1 attributed to the formation of
urethane linkage increased. Also, the band at 955 cm�1 due to the
out-of-plane bending vibration of the benzene ring attached to
oxazine ring is maintained intact, confirming the presence of
benzoxazine structure in the resulting polymer [27,34,38,42,43].

3.4. Polymerization behavior of poly(benzoxazine-co-urethane)s

Differential scanning calorimetry (DSC) has been used tomonitor
the crosslinking behavior of the main-chain type poly(benzoxazine-
co-urethane). Fig. 4 shows the DSC thermograms of copolymers
containing different content of cyclic benzoxazine in themain-chain
after drying at 70 �C. The DSC thermograms indicate that as the
content of benzoxazine in copolymers increases, the amount of the
exothermic heat increases. The heat of polymerization of benzox-
azine for crosslinking are 128, 46, 41, 31, and 8 J/g for I-0, I-10, I-20,
I-30 and I-40, respectively. This exothermic heat is attributed to the
crosslinking reaction of poly(benzoxazine-co-urethane)s via ring
opening polymerization of benzoxazine structure.

DSC thermograms have been used to monitor the residual
benzoxazine in the main-chain of the crosslinked copolymers after
O N 

O 

N O 

O 

H H 
O 

O H O 

N 

O 

O
O N 

O 

N O 

O 

H H O 
O 

n
O 

O

Scheme 4. Proposed idealized, crosslinked structure o
thermal treatment up to 180 �C as depicted in Fig. 5. The residual
exothermic peaks represent the remaining unpolymerized ben-
zoxazine in the copolymers. Since the amount of benzoxazine is
varied in the main-chain copolymer, there is a gradual decrease in
the remaining exothermic peaks with decreasing the benzoxazine
content in the copolymers. By comparison of the amount of exo-
therm before and after the crosslinking (Figs. 4 and 5), we can
conclude that the copolymers with low benzoxazine content such
as poly(I-40) and poly(I-30) showed the completion of polymeri-
zation of more than 93%, whereas copolymers with higher ben-
zoxazine content such as poly(I-20), poly(I-10) and poly(I-0)
showed the completion of polymerization of w66e80%.

The crosslinking of I-10 as an example has been studied by DSC
and FT-IR after each thermal treatment cycle. Fig. 6 shows the
DSC thermograms of the films at various thermal treatments. The
DSC thermograms show that the heat of polymerization decreases
from 56 J/g to 19 J/g as the temperature increases from 70 to
180 �C, indicating the presence of residual benzoxazine structure.
Further thermal curing has been avoided to eliminate the possi-
bility of partial degradation of aliphatic segment of PUs copolymer
[1,4,27,28].

To further confirm the crosslinking of the copolymers, FT-IR
spectra of the copolymers have been studied. Fig. 7 shows the FT-IR
spectra of I-10 after various thermal treatments. A gradual decrease
of the characteristic absorption bands of benzoxazines with
thermal treatment was observed at 1510 cm�1 of trisubstituted
benzene, 1325 cm�1 of CH2 of benzoxazine ring, and 1231 cm�1 of
ether linkage. Meanwhile, a new band appeared at 1490 cm�1 of
tetrasubstituted benzene rings, indicating the formation of poly-
benzoxazine and hence the crosslinking of the copolymer [18,25].
However, a residual absorption band at 955 cm�1 due to the out-of-
plane bending vibration of benzene ring is still observed. None-
theless, thermal treatment up to 180 �C has been fixed as last
polymerization cycle to avoid any partial degradation of the
aliphatic component of PU [1,4]. Scheme 4 shows the proposed
structure of the crosslinked copolymer network structure. As
a result of the thermally activated ring opening polymerization of
cyclic benzoxazine in the main-chain, crosslinking is achieved
through the formation of polybenzoxazine as crosslinkers between
copolymer chains.
3.5. Morphology studies

The surface morphologies of main-chain poly(benzoxazine-co-
urethane) films were monitored by AFM in tapping mode and are
displayed in Fig. 8. It was obvious, by comparing the images (a)e(e),
that the higher benzoxazine ratio creates more wrinkled surface
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Fig. 8. AFM morphology of crosslinked films at 180 �C for 3 h: a) poly(I-0), b) poly(I-10), c) poly(I-20), d) poly(I-30), and e) poly(I-40). Left: phase images and right: topographic
images.
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Table 2
Tensile properties of I-20 films after different thermal treatment.

Polymerization
temp.(�C)

Modulus
(MPa)

Tensile
strength (MPa)

Elongation
at break (%)

120 �C 90 15 73
150 �C 197 27 28
180 �C 533 32 16
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than the system with lower benzoxazine ratio. This phenomenon
was attributed to the increase in the hard segment content which is
represented by aromatic structure in MDI and 4HBA-ddm in
comparison to the PBA that is responsible for the soft segments in
the moiety. The AFM images exhibit difference in height and phase
in micro-regions around 100 nm, which indicates the presence of
specific microphase-separatedmorphologies. These regions consist
of hard segment-rich and soft segment-rich domains as in poly(I-
40) and poly(I-30) samples. Besides the small phase micro-regions,
many rougher domains appear in the poly(I-20) and poly(I-10)
samples with the dimension of around 200 nm and more. In the
case of poly(I-0) film as a control, it shows a rough surface due to
the presence of hard segment-rich domains which is attributed to
the high aromatics content in the molecular structure.

3.6. Tensile properties

The tensile properties of the crosslinked poly(benzoxazine-co-
urethane) films have been evaluated. The effect of varying the
thermal treatments of the main-chain poly(benzoxazine-co-
urethane) films on the tensile properties has been studied in details
for the I-20 sample. Fig. 9 shows stress-strain curves of the I-20
films after various thermal treatment cycles for crosslinking. The
tensile properties data of I-20 including tensile modulus, tensile
strength, and elongation at break are tabulated in Table 2. It is
obvious that, as the thermal treatment temperature increases, both
tensile modulus and tensile strength increase whereas the elon-
gation at break decreases. This behavior is attributed to the increase
of crosslinking density coupled with the increase of the thermal
treatment temperature, which leads to further ring opening poly-
merization of benzoxazine structures in the main-chain to take
place and the formation of a more rigid three dimensional network
structure. As a result, both tensile modulus and tensile strength
increased whereas elongation at break decreases.

The effect of benzoxazine content as a crosslinking agent on the
tensile properties of poly(benzoxazine-co-urethane) films has also
been studied. Fig. 10 shows the stress-strain curves of copolymers
after thermally treated up to 180 �C. Table 3 summarizes the results
of the tensile properties. Both the tensile modulus and tensile
strength increase with an increase in the benzoxazine content in
copolymers as depicted in Fig. 11. For example, the tensile modulus
values are 2360, 737, 517, 54 and 18 MPa whereas the tensile
strengths are 78, 40, 32, 13 and 3 MPa for samples poly(I-0), poly
(I-10), poly(I-20), poly(I-30), and poly(I-40) respectively. On the
other hand, the elongation at break increased with decreasing
the benzoxazine content to be 4,12,16, 73 and 109% for samples poly
(I-0), poly(I-10), poly(I-20), poly(I-30), and poly(I-40) respectively.
Fig. 9. Stress-strain curves of I-20 treated at different temperatures.
This behavior is attributed mainly to the decrease of crosslinking
density as the content of benzoxazine decreases. Thus, the more
benzoxazine content in the copolymer, the greater the crosslinking
density, leading to a more rigid structure. The trends in mechanical
behavior are in agreement with reported studies [27,31e36].
Nonetheless, the values of tensile modulus and tensile strength of
crosslinked poly(benzoxazine-co-urethane)s produced through the
concept adapted in this study are higher than that of the reported
polybenzoxazine/PU materials. For example, poly(I-30) with ca.
18 wt.% of polybenzoxazine content showed tensile strength and
tensile modulus of 13.0 and 73.0 MPa. These values are significantly
higher than the reported values for polybenzoxazine/PU materials
containing the same content of polybenzoxazine which showed
tensile strength and tensile modulus of <5 and< 20 MPa, respec-
tively [27,34,35]. For polybenzoxazine/PU materials reported by
Takeichi et al. [27], the films cured at 180 �C had higher elongation at
break than the current concept and all the reported approaches for
Fig. 10. Stress-strain curves of crosslinked copolymer films at different benzoxazine
molar ratio.



Table 3
Tensile properties of copolymer films of different benzoxazine content after thermal
treatment at 180 �C.

Sample code Modulus
(MPa)

Tensile
strength (MPa)

Elongation
at break (%)

Poly(I-0) 2358 78 4
Poly(I-10) 737 40 12
Poly(I-20) 517 32 16
Poly(I-30) 54 13 73
Poly(I-40) 18 3 109
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polybenzoxazine/PU materials. This high value of the elongation at
break is attributed to the use of benzoxazine monomer that leads to
lower crosslinking density than the current concept through the
main-chain type benzoxazine polymers. In addition, the lower
elongation at break in this method for polybenzoxazine/PU mate-
rials is presumably due to the role of the inter- and intra-molecular
hydrogen bonding of free phenolic groups of polybenzoxazine that
acts as additional physical crosslinks between the chains of the
copolymer [22,44]. Moreover, most of the previously reported
approaches for polybenzoxazine/PU materials used toluene diiso-
cyanate (TDI) and 1,6-hexamethylene diisocyanate (HDI) to prepare
PU prepolymer. However, in this study methylene diphenyl diiso-
cyanate (MDI) of more rigid aromatic content has been used that
adds more rigidity in the molecular structure [1,44]. Also, in
comparison towell-knownhigh performance poly(urethane-imide),
the crosslinked poly(benzoxazine-co-urethane) copolymers showed
comparable values for samples containing similar PU content. For
example poly(I-20) exhibited higher tensile strength but lower
elongation at break thanpoly(urethane-imide) of the same urethane
content [5,8].
Fig. 12. DMA analysis for poly(benzoxazine-co-urethane) films polymerized at 180 �C.

3.7. Thermal properties of crosslinked poly(benzoxazine-co-
urethane)s

Dynamic mechanical analysis (DMA) of crosslinked copolymer
films has been performed and the results are shown in Fig. 12. The
DMA results indicate that the initial storage moduli (E`) of the
copolymer films increased with increasing the content of benzox-
azine in the main-chain. It was also observed that the storage
modulus maintained at higher value by increasing the benzoxazine
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Fig. 11. The effect of benzoxazine content on the modulus and tensile strength.
content, indicating the increase in the stiffness of the copolymers.
In addition, the Tg of crosslinked poly(benzoxazine-co-urethane)s
shifted to lower temperature with increasing the content of PBA as
a soft segment and decreasing the crosslinking density. For
example, Tg decreased from 230 to 219 �C by increasing the polyols
content in the main-chain from 0 to 10 mol% for samples poly(I-0)
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Fig. 13. TGA analysis of cured poly(benzoxazine-co-urethane)s films.



Table 4
TGA data of poly(benzoxazine-co-urethane) films cured up to 180 �C.

Sample Td5 (�C) Td10 (�C) Char yield (%)

Poly(I-0) 280 311 53.0
Poly(I-10) 300 333 44.3
Poly(I-20) 293 323 35.0
Poly(I-30) 287 310 27.5
Poly(I-40) 285 309 17.5
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and poly(I-10), respectively. This behavior is attributed to the
increased chain mobility of the copolymer as a result of decreasing
the crosslinking density that leads to decreased Tg.

Thermogravimetric analysis (TGA) has been used to investigate
the thermal stability of the crosslinked poly(benzoxazine-co-
urethane) films. Fig. 13 shows the TGA profiles of copolymer films
after 180 �C treatment. The results of TGA are summarized in Table
4. The thermal stability of poly(I-0), which can be used as a control,
shows an early weight loss from 280 �C. 4HBA-ddm monomer
which has been used in this study is a methylol functional end-
capped benzoxazine which, by thermal treatment, will condensate
to produce water at about 200 �C, similar to traditional resole. Since
the copolymer poly(I-0) contains the highest content of 4HBA-ddm
and the thermal treatment did not exceed 180 �C, the early weight
lost is attributed to the condensation reaction of methylol end
groups in the copolymer which will be discussed in details else-
where [41]. For the rest of the crosslinked copolymers, a higher
benzoxazine content led to an improvement in the onset of the
degradation as can be seen from the 5 and 10% weight loss
temperatures, Td5 and Td10. For example, Td5s are 300, 293, 287,
and 285 �C whereas Td10s are 333, 323, 310, and 309 �C for samples
poly(I-10), poly(I-20), poly(I-30), and poly(I-40), respectively. The
onset of degradation is higher than the control due to the absence
of methylol groups that are consumed for urethane linkage
formation. Although depolymerization of urethane bonds occurred
at about 240 �C [8], the incorporation of benzoxazine in the poly
(benzoxazine-co-urethane) copolymer shifted the decomposition
temperature to w285e300 �C, depending on the benzoxazine
content. The onset of the degradation did not improve significantly,
since the increase of the benzoxazine content will shift the initial
weight to low temperature due to methylol condensation. On the
other hand, the increase of polyol content as aliphatic component
will contribute to the shift of initial weight loss to lower temper-
ature. Despite the aforementioned reasons of the initial weight loss
of the copolymers, the thermal stability of this new system is still
comparable with the reported similar polybenzoxazine/PUs. For
example, Td5 changed from 285 �C for poly(I-40) copolymer of
8.6 wt.% benzoxazine weight percent to 300 �C for poly(I-10)
copolymer of 46.8 wt.%, respectively. The char yield also showed
significant increase upon increasing the benzoxazine content in the
main-chain. For example samples poly(I-0), poly(I-10), poly(I-20),
poly(I-30) and poly(I-40) have char yield of ca. 53.0, 44.3, 35.0, 28.0
and 18.0%, respectively. Thus, this new concept of crosslinked poly
(benzoxazine-co-urethane) copolymer is shown to be effective for
producing polybenzoxazine/PU materials of significant higher
thermal stability than the previously reported approaches. For
example, sample poly(I-20) of ca. 70 wt.% of PU has char yield of
35.0%, whereas the previously reported polybenzoxazine/PU
materials of similar PU content showed a char yield in the range of
22-25% [27,28,36] and not more than 30% for systems of ca. 30 wt.%
of PU [32,33]. This enhancement in thermal stability is attributed to
the presence of polybenzoxazine as a part of the copolymer main-
chain and the thermal stability of urethane linkage that result in
better thermal properties than the reported polybenzoxazine/PU
materials.
4. Conclusions

A new concept to produce polybenzoxazine/PU copolymers has
been developed by incorporating oxazine and urethane groups in
one molecule through main-chain type poly(benzoxazine-co-
urethane)s. These copolymers have been synthesized via copoly-
merization of diisocyanate monomer with a dimethylol-functional
benzoxazine monomer and polyol to afford a linear main-chain
type polymer. The produced copolymers were further crosslinked
through thermally activated ring opening polymerization of ben-
zoxazine to produce network structure. Films were subjected to
mechanical and thermal tests and the results were associated with
the chemical structure of corresponding films according to the
content of benzoxazine in the moiety. This novel class of poly-
benzoxazine/PU materials is characterized by the following:

� One-pot synthesis of phenolic-urethane materials that avoids
the drawbacks associated with the use of preformed NCO-
terminated PU prepolymers.

� Superior thermal stability compared to previous approaches.
� Excellent mechanical integrity as can be seen from high tensile
modulus and tensile strength due to the presence of poly-
benzoxazine as part of the main-chain.

� These copolymers showed thermal and mechanical properties
that are comparable to the well-known high performance poly
(urethane-imide).
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According to the observable evidence from 1H and 13C nuclear magnetic resonance and mass spec-
trometry, new dinuclear constrained geometry catalysts (DCGCs) with a structure of [{Ti(h5:h1-(C9H5)Si
(CH3)2NtBu)Cl2(CH2)n}2(C6H4)] [n ¼ 0 (10), n ¼ 1 (11), n ¼ 2 (12)] were synthesized successfully. Copo-
lymerization of ethylene and styrene were tested by using three new DCGCs and Dow CGC. The catalyst
activity, the molecular weight (MW) and styrene content of the copolymers were sharply improved as
the bridge structure was transformed from para-phenyl (10) to para-xylyl (11) and para-dieth-
ylenephenyl (12). The activity of 11 and 12 was about four to five times greater than that of 10 regardless
of the polymerization conditions. In addition, the capability to form high MW polymers increased in the
order of Dow CGC z 10 < 11 < 12. The styrene contents in copolymers generated by 11 and 12 were
higher than those of 10.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Since applying metallocene catalyst in olefin polymerization
became more usual, a variety of dinuclear metallocene compounds
[1e15], which contain two mechanically linked metallocene units,
have been prepared and tested their polymerization properties.
These systems may provide a new possibility to improve the
catalytic properties of metallocene ascribed by the cooperative
electronic and chemical interaction between two active sites
[11e23]. Beside of the properties of well-defined mononuclear
metallocenes, the natures of the bridging unit such as the length,
the flexibility or the rigidity were the key effective features to lead
to the unique catalytic behaviors of the dinuclear metallocenes
references. Mülhaupt first studied the propylene polymerization
using phenylene-bridged dinuclear zirconocene in 1993, and
showed that the molecular weights of polypropylenes obtained
with these catalysts were smaller than those made by the mono-
nuclear one because of the electronic and cooperative interaction of
the two adjacent zirconium center [3]. In 1996, Green demon-
strated that the activities and molecular weights of polymers were
varied according to the various dimethylsilyl-bridged dinuclear
metallocenes used [4]. In 2002, Mark’s group reported that the
copolymers of ethylene and a-olefin obtained by ethylene bridged
dinuclear zirconium CGC had the higher monomer incorporation
: þ82 53 810 4651.

All rights reserved.
than those obtained by mononuclear CGC presumably due to the
nuclearity effects caused by the close spatial proximity between
two active sites of dinuclear CGC [13,14]. Our previous studies also
demonstrated that the presence of a long and flexible poly-
methylene bridge between two active sites facilitated both the
polymerization activity and the comonomer response of DCGC
[15,16]. Recently, it was found that the presence of a phenyl ring in
dinuclear metallocene catalyst was even more effective in
improving the polymerization activity. This result was able to be
interpreted that the bridge unit contributed not only to limit the
free movement of the active species but also to reduce the
frequency of the intramolecular deactivation [17e23]. Sun’s group
showed that the catalytic activities of 4,40-bis(methylene)biphe-
nylene-bridged dinuclear metallocene were more than three times
and twice higher than that of the phenyldimethylene bridged
dinuclear metallocene and the corresponding mononuclear,
respectively, in ethylene polymerization [19]. In addition, dinuclear
compound produced polyethylene with broad molecular weight
distribution. Consequently, both the electronic and steric effects of
the active site induced by the bridge unit of the dinuclear metal-
locene can be considered as the major element to be responsible for
the final polymerization behaviors of the catalyst.

Althoughmany studies have investigated the effect of the bridge
structure on dinuclear metallocenes, few have reported specifically
on the effect of bridge length on the DCGC characteristics free from
the steric issue. Herein, we therefore describe the polymerization
properties of three DCGCs having a distinguished bridge length of

mailto:sknoh@ynu.ac.kr
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.049
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para-phenyl (10), para-xylyl (11) and para-diethylenephenyl (12), in
order to examine the role of the bridge length of dinuclear metal-
locene (Scheme 1).

2. Experimental

2.1. Materials

Toluene and tetrahydrofuran (THF) were distilled from sodium-
benzophenone ketyl prior to use. Diethyl ether and hexane were
purified by using MBRAUN MB-SPS-800 series. 1,4-dichloroben-
zene, a,a0-dichloro-p-xylene, titanium chloride (Aldrich Co. USA),
1,4-bis(2-chloroethyl)benzene (TCI Tokyo Chemical Industry), n-
BuLi (2.5 M solution in hexane, Aldrich Co. USA), and indene
(Aldrich Co. USA) were used without further purification.
[TiCl3(THF)3] was prepared by literature methods [24]. Dichlor-
odimethyl silane and tert-butyl amine purchased from Aldrich Co.
USA were used after distilling from calcium hydride. Ethylene
(polymer grade) was purified by passage through a column of
molecular sieve (4 Å) and Drierite (8mesh). MMAO (type 4, 6.4 wt.%
Al, Akzo, USA) was used without further purification.

2.2. Methods

2.2.1. General considerations
All reactions were carried out under a dry, oxygen-free atmo-

sphere using standard Schlenk techniques with a double manifold
Scheme 1. Structure of DCGC 10, 11 and 12.
vacuum line. Nitrogen gas was purified by passage through
a column of molecular sieve (4 Å) and Drierite (8mesh).

2.3. Measurements

1H NMR and 13C NMR spectra were recorded on a VNS-300 NMR
spectrometer at >300 MHz, using CDCl3 as a solvent at 25 �C. Mass
spectra were measured on an Autospec-Ultima E with high-reso-
lution condition using CHCl3 as a solvent for liquid samples. The
styrene contents were calculated based on the 1H NMR assays of
the polymer which were conducted in 1,1,2,2-tetrachloroethane-d2
at 110 �C [25,26]. Differential scanning calorimetry (DSC) was
carried out with a Pyris Diamond DSC under nitrogen atmosphere
[conditions: heating from 20 �C to 300 �C (10 �C/min), cooling from
300 �C to 20 �C (10 �C/min)]. The second heating cycle was used for
collecting the DSC thermogram data at a ramping rate of 10 �C/min.
The viscosity averaged MW (Mv) of the polymer was measured in
decahydronaphthalene at 135 �C by a modified Ubbelohde-type
viscometer according to ASTM-4020. MW and MW distribution
were measured by GPC (PLGPC220) at 170 �C using 1,2,4-tri-
chlorobenzene. The MW was calculated by a standard procedure
based on the calibration with standard polystyrene samples.

2.4. Synthesis

2.4.1. Preparation of [(C9H6)2(C6H4)] (1)
A solution of Indene lithium (IndLi) salt (1.72 g,14.21mmol)/THF

(40 ml) was cooled to �78 �C. 1,4-Dichlorobenzene (0.84 g,
5.68 mmol)/THF (20ml) was dropped into solution of IndLi salt. The
reactor was warmed to room temperature, then heated up 60 �C in
48 h. THF was volatilized in vacuo at least 4 h. Product was sepa-
rated by filter through celite with ether. The light yellow solution
was removed solvent to get light yellow powder. (1.69 g, 98.25%). 1H
NMR (300 MHz, CDCl3, 25 �C, d, ppm): 7.45 (d, 2H, C9H7), 7.40
(d, 2H, C9H7), 7.28 (t, 2H, C9H7), 7.17 (t, 2H, C9H7), 6.86 (s, 4H, C6H4),
6.55 (s, 2H, C9H7), 3.38 (s, 4H, C9H7).

2.4.2. Preparation of [{(C9H6)(CH2)}2(C6H4)] (2)
The compound was synthesized from a,a0-dichloro-p-xylene

(3.27 g, 18.68 mmol) using the same reaction conditions and
procedures as for 1. A light yellow compound was obtained (5.81 g,
93%). 1H NMR (300 MHz, CDCl3, 25 �C, d, ppm): 7.49 (d, 2H, C9H7),
7.32 (d, 2H, C9H7), 7.30 (t, 2H, C9H7), 7.29 (t, 2H, C9H7), 7.21 (s, 4H,
C6H4), 6.16 (s, 2H, C9H7), 3.91 (s, 4H, CH2), 3.38 (s, 4H, C9H7).

2.4.3. Preparation of [{(C9H6)(CH2)2}2(C6H4)] (3)
The compound was synthesized from 1,4-bis(2-chloroethyl)

benzene (1.29 g, 6.35 mmol) using the same reaction conditions
and procedures as for 1. A light yellow compound was obtained
(2.15 g, 93.4%). 1H NMR (300MHz, CDCl3, 25 �C, d, ppm): 7.46 (d, 2H,
C9H7), 7.38 (d, 2H, C9H7), 7.32 (t, 2H, C9H7), 7.26 (t, 2H, C9H7), 7.13
(s, 4H, C6H4), 6.22 (s, 2H, C9H7), 3.32 (s, 4H, C9H7), 2.86 (s, 4H, CH2 ),
2.81 (s, 4H, CH2).

2.4.4. Preparation of [{(CH3)2SiCl(C9H6)}2(C6H4)] (4)
The solution of n-BuLi 2.5 M (5.55 ml, 13.88 mmol) was dropped

directly in solution of [(C9H7)2(C6H4)] (1.69 g, 5.55 mmol)/THF
(60 ml) at �78 �C. The solution was stirred at room temperature in
1 h and heated up 60 �C for 12 h, then cooled to room temperature
before removed THF. The salt was purified by filtering with hexane
and drying under vacuum pressure (1.55 g, 88%).

A solution of Me2SiCl2 (1.48 ml, 12.25 mmol) in ether (40 ml)
was cooled to �78 �C and treated dropwise over 15e20 min with
a solution of {[Li(C9H6)]2(C6H4)} (1.55 g, 4.9 mmol) in ether (25 ml).
The mixture was quickly warmed at room temperature (RT) and
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a yellow suspension solution appeared. The reaction was then
stirred at RT for 6 h. The yellow compoundwas extractedwith ether
to afford a yellow sticky product (1.83 g, 76.47%). 1H NMR (300MHz,
CDCl3, 25 �C, d, ppm): 7.58 (d, 2H, C9H6), 7.48 (d, 2H, C9H6), 7.28
(t, 2H, C9H6), 7.21 (t, 2H, C9H6), 7.00 (s, 4H, C6H4), 6.66 (s, 2H, C9H6),
3.74 (s, 2H, C9H6), 0.24 (s, 6H, SieCH3), 0.18 (s, 6H, SieCH3).

2.4.5. Preparation of [{(CH3)2SiCl(C9H6)(CH2)}2(C6H4)] (5)
The compound was synthesized from [{(C9H6)(CH2)}2(C6H4)],

(2) using the same reaction conditions and procedures as for 4. A
light yellow compound was obtained (79.27%). 1H NMR (300 MHz,
CDCl3, 25 �C, d, ppm): 7.54 (d, 2H, C9H6), 7.34 (d, 2H, C9H6), 7.23
(t, 2H, C9H6), 7.21 (t, 2H, C9H6), 7.18 (s, 4H, C6H4), 6.23 (s, 2H, C9H6),
3.91 (s, 4H, CH2), 3.62 (s, 2H, C9H6), 0.17 (s, 12H, SieCH3).

2.4.6. Preparation of [{(CH3)2SiCl(C9H6)(CH2)2}2(C6H4)] (6)
The compound was synthesized from [{(C9H6)(CH2)2}2(C6H4)],

(3) using the same reaction conditions and procedures as for 4. The
yellow sticky product was obtained (79.96%). 1H NMR (300 MHz,
CDCl3, 25 �C, d, ppm): 7.59 (d, 2H, C9H6), 7.50 (d, 2H, C9H6), 7.36
(t, 2H, C9H6), 7.28 (t, 2H, C9H6), 7.16 (s, 4H, C6H4), 6.37 (s, 2H, C9H6),
3.73 (s, 2H, C9H6), 3.01 (m, 4H, CH2), 2.99 (m, 4H, CH2), 0.20 (s, 12H,
SieCH3).

2.4.7. Preparation of [{(NHtBu)(CH3)2Si(C9H6)}2(C6H4)] (7)
A solution of 4 (1.83 g, 3.74 mmol) in THF (60 ml) was treated

with tert-butylamine (1.97 ml, 18.69 mmol) via a syringe slowly at
below 0 �C. As the reactor was warmed to RT, more suspensionwas
formed. The mixture was then heated to 60 �C and stirred over-
night. After THF was removed in vacuo for 4 h, hexanewas added to
extract the product. Volatiles were removed in vacuo for 4 h to
afford an orange-yellow sticky product. (1.54 g, 73.08%). 1H NMR
(300 MHz, CDCl3, 25 �C, d, ppm): 7.57 (d, 2H, C9H6), 7.48 (d, 2H,
C9H6), 7.28 (t, 2H, C9H6), 7.22 (t, 2H, C9H6), 7.14 (s, 4H, C6H4), 6.66
(s, 2H, C9H6), 3.57 (s, 2H, C9H6), 1.17 (s, 18H, t-Bu), 0.68 (s, 2H, NH),
�0.09 (d, 6H, SieCH3), �0.14 (d, 6H, SieCH3).

2.4.8. Preparation of [{(NHtBu)(CH3)2Si(C9H6)(CH2)}2(C6H4)] (8)
The compound was synthesized from 5 (6.34 g, 12.2 mmol)

using the same reaction conditions and procedures as for 7. An
orange-yellow sticky product was obtained (6.2 g, 85.7%). 1H NMR
(300 MHz, CDCl3, 25 �C, d, ppm): 7.33 (d, 2H, C9H6), 7.26 (t, 2H,
C9H6), 7.21 (t, 2H, C9H6), 7.14 (s, 4H, C6H4), 6.27 (s, 2H, C9H6), 3.92
(s, 4H, CH2), 3.47 (s, 2H, C9H6), 1.14 (s, 18H, t-Bu), 0.86 (s, 2H, NH),
�0.06 (d, 6H, SieCH3), �0.15 (d, 6H, SieCH3).

2.4.9. Preparation of [{(NHtBu)(CH3)2Si(C9H6)(CH2)2}2(C6H4)] (9)
The compound was synthesized from 6 using the same reaction

conditions and procedures as for 7. The orange-yellow sticky
product was obtained (95.47%). 1H NMR (300 MHz, CDCl3, 25 �C, d,
ppm): 7.59 (d, 2H, C9H6), 7.55 (d, 2H, C9H6), 7.36 (t, 2H, C9H6), 7.28
(t, 2H, C9H6), 7.16 (s, 4H, C6H4), 6.37 (s, 2H, C9H6), 3.68 (s, 2H, C9H6),
3.01 (m, 4H, CH2), 2.98 (m, 4H, CH2), 1.14 (s, 18H, t-Bu), 0.63 (s, 2H,
NH), �0.06 (d, 6H, SieCH3), �0.12 (d, 6H, SieCH3).

2.4.10. Preparation of [{Ti(h5:h1-C9H5Si(CH3)2NtBu)Cl2}2(C6H4)] (10)
In this 2-stage step, tetralithium salt was created in the first

stage. A solution of 7 (1.54 g, 2.74 mmol) in hexane (40 ml) was
treated with five equivalents of n-BuLi (2.5 M hexane solution,
5.47 ml, 13.68 mmol) at �78 �C drop by drop, and then slowly
warmed to RTand heated to 60 �C. After stirring for at least 12 h, the
solution of tetralithium salt was cooled down to RT, the salt was
washed with hexane and the volatiles were removed at reduced
pressure overnight to afford an orange salt (1.49 g, 93%). The
complex 10 was created in the second stage. TiCl3(THF)3 (1.38 g,
3.75 mmol)/THF (25 ml) was cooled to�78 �C and cannula transfer
was used to dropwise the solution of tetralithium salt (1 g,
1.7 mmol) to TiCl3(THF)3. After the reaction was warmed to RT, the
color of the solution changed very quickly from dark brown to black
and the reaction was continued for 3 h more. Then, AgCl (0.54 g,
3.75 mmol) was added and the silver mirror precipitated imme-
diately. After stirring for 1h at RT, THFwas removed in vacuo for 4 h.
Toluene was added to the residue and stirred for a while. After
being filtered and having the toluene removed, the residue was
recrystallized with mix of toluene and hexane, washed with
hexane. Recrystallization of the resulting solution gave the product
as a dark brown-yellow solid (0.41 g, 30.1%). 1H NMR (300 MHz,
CDCl3, 25 �C, d, ppm): 7.72 (t, 2H, C9H5), 7.40 (t, 2H, C9H5), 7.28
(d, 2H, C9H5), 7.22 (d, 2H, C9H5), 7.14 (s, 4H, C6H4), 6.57 (s, 2H, C9H5),
1.17 (s, 18H, t-Bu), 0.92 (d, 6H, SieCH3), 0.70 (d, 6H, SieCH3). 13C
NMR (75.46 MHz, CDCl3, 25 �C, d, ppm): 138.00 (C6H4), 136.07
(C9H5), 134.87 (C9H5), 129.23 (C9H5), 128.36 (C9H5), 127.53 (C9H5),
125.42 (C9H5), 120.06 (C6H4), 98.52 (C9H5), 63.44 (C, t-Bu), 32.41
(CH3, t-Bu), 3.56 (SieCH3), 1.13 (SieCH3). High-resolution mass
spectrum: [Pþ] C36H44N2Ti2Cl4Si2, m/z ¼ 800 (Mþ), 763 (Mþ e Cl),
728 (Mþ e Cl2), 689 (Mþ e Cl3).

2.4.11. Preparation of [{Ti(h5:h1-C9H5Si(CH3)2NtBu)Cl2(CH2)}2(C6H4)]
(11)

The compound was synthesized from 8 using the same reaction
conditions and procedures as for 10. Recrystallization of the
resulting solution gave the product as a dark brown-yellow solid
(31.5%). 1H NMR (300MHz, CDCl3, 25 �C, d, ppm): 7.71 (d, 2H, C9H5),
7.58 (d, 2H, C9H5), 7.38 (t, 2H, C9H5), 7.28 (t, 2H, C9H5), 7.10 (s, 4H,
C6H4), 6.35 (s, 2H, C9H5), 4.35 (q, 4H, CH2), 1.35 (s, 18H, t-Bu), 0.86
(d, 6H, SieCH3), 0.63 (d, 6H, SieCH3). 13C NMR (75.46 MHz, CDCl3,
25 �C, d, ppm): 138.01 (C6H4), 136.38 (C9H5), 135.18 (C9H5), 129.19
(C9H5), 128.90 (C9H5), 128.38 (C9H5), 128.08 (C9H5), 124.75 (C6H4),
97.43 (C9H5), 63.48 (C, t-Bu), 34.80 (CH2), 32.54 (CH3, t-Bu), 3.52
(SieCH3), 1.22 (SieCH3). High-resolution mass spectrum: [Pþ]
C38H48N2Ti2Cl4Si2, m/z ¼ 828 (Mþ), 790 (Mþ e Cl), 758 (Mþ e Cl2),
720 (Mþ e Cl3).

2.4.12. Preparation of {[Ti(h5:h1-C9H5Si(CH3)2NtBu)Cl2(CH2)2]2(C6H4)}
(12)

The compound was synthesized from 9 using the same reaction
conditions and procedures as for 10. The dark brown-yellow solid
was obtained (35.1%). 1H NMR (300MHz, CDCl3, 25 �C, d, ppm): 7.71
(d, 2H, C9H5), 7.55 (d, 2H, C9H5), 7.41 (t, 2H, C9H5), 7.28 (t, 2H, C9H5),
7.16 (s, 4H, C6H4), 6.30 (s, 2H, C9H5), 3.33 (m, 4H, CH2eC6H4), 3.03
(m, 4H, CH2eC9H5), 1.36 (s, 18H, t-Bu), 0.92 (d, 6H, SieCH3), 0.66
(d, 6H, SieCH3). 13C NMR (75.46 MHz, CDCl3, 25 �C, d, ppm): 138.92
(C6H4), 135.77 (C9H5), 135.00 (C9H5), 129.06 (C9H5), 128.42 (C9H5),
127.91 (C9H5), 127.42 (C9H5), 124.43 (C6H4), 96.83 (C9H5), 63.11 (C,
t-Bu), 35.67 (CH2), 32.23 (CH3, t-Bu), 31.37 (CH2), 3.42 (SieCH3), 1.11
(SieCH3). High-resolution mass spectrum: [Pþ] C40H52N2Ti2Cl4Si2,
m/z ¼ 852 (Mþ), 815 (Mþ e Cl), 786 (Mþ e Cl2), 711 (Mþ e Cl3).

2.5. Polymerization

Ethylene/styrene copolymerizations were carried out in a dry
300-ml glass reactor, sealed with a rubber septum and cycled two
times between vacuum and nitrogen to remove the oxygen. After
nitrogen evacuation, the reactor was saturated with a continuous
flow of ethylene at atmospheric pressure (1.0 atm) and reaction
temperature. Then, proper amounts of toluene, MMAO and styrene
monomer were injected into the flask. The polymerization was
initiated by injection of the prepared catalyst solution in toluene.
After a measured time interval, the polymerization was quenched
by the addition of acidified methanol containing 10% HCl. The
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polymer was collected by filtration, washed with excess methanol,
and dried under vacuum overnight to a constant weight.

3. Results and discussion

3.1. Synthesis and characterization

The three DCGCs, distinguished by their bridge structure of
para-phenyl, para-xylyl, and para-diethylenephenyl were prepared
by the procedure shown in Scheme 2. The complexes 10, 11, and 12
were prepared by the reaction of TiCl3(THF)3 with the corre-
sponding tetralithium salt of ligand in THF at �78 �C followed by
oxidation with AgCl [27e29]. These catalysts can be separated as
a reddish brown solid via recrystallization in a mixed solvent of
toluene and hexane with a moderate yield (w35%). All the
produced catalysts were easily contaminated through decomposi-
tion by moisture or air exposure.

The dinuclear metallocenes catalysts 10, 11, and 12 were char-
acterized by 1H and 13C nuclear magnetic resonance (NMR) and
mass spectrometry. The 1H NMR spectra of the complexes 10, 11,
and 12 were conveniently used to identify the assigned DCGC
structure. All of these outcomes were in accord with the reported
results of DCGC with polymethylene bridges [15,16]. The remaining
assignments are summarized in the Experimental section. In the
proton NMR spectra of these compounds, the four resonances
exhibited between 7.2 and 7.6 ppm were assigned as the four
protons of the six-member ring in the indenyl fragment. The single
peak at 7.1 ppm indicated the four protons of phenyl bridge. The
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Scheme 2. Preparation route of the catalysts 10, 11, and 12.
peak located at about 6.3 ppm as a singlet was due to one proton of
the five-member ringside at the indenyl group (Fig. 1). In the 1H
NMR catalyst spectra, two positions of chemical shift changed at
0.92 ppm and 0.66 ppm comparing to amine ligand spectra (instead
of�0.14 ppm and �0.09 ppm). It indicated that the existence of the
metallated dinuclear complexes as these chemical shifts of two
methyl groups at silicon moved to the high field. In addition, the
chemical shifts of the two protons of the methylene (CH2) in DCGC
11 between the indenyl and phenyl groups presented as two
strongly coupling doublets at 4.35 ppm because these two protons
became chemical shift inequivalent due to titanium coordination to
the indenyl ring. For DCGC 12, the resonances of the twomethylene
groups between the indenyl and phenyl groups appeared as two
multiplets at 3.03 and 3.33 ppm. The 13C NMR spectra of the
complexes also exhibited these features well. Chemical shifts from
120 ppm to 140 ppm indicated the aromatic carbons of the phenyl
and indenyl groups. The peak at 32 ppm was assigned to 3 methyl
carbons at the t-butyl group and the peaks near 1 and 3 ppm
indicated 2 methyl carbons connected at the silicon atom. The
resonance signals at 63 ppmwhich are attributed to the quaternary
carbon of the tert-butyl group connected at the coordinated
nitrogen demonstrated the right structure of catalyst. In contrast,
the chemical shift of the carbon bridgehead of the indenyl ring
moved toward the high field to present at around 98 ppm due to
the metal coordination.

Because these catalysts were extremely sensitive to moisture
and air exposure, successful elemental analysis could not be
obtained. Therefore, mass spectrometry was used to confirm their
formulation. The mass spectra of these compounds exhibited not
only molecular ions of catalysts 10 (800),11 (828) and 12 (855), but
also the fragment masses of (Mþ e 35) and (Mþ e 70) generated
from the exclusion of one and two chlorines, respectively.
3.2. Copolymerization

Since CGC proved to be powerful catalyst when activated with
methylaluminoxane (MAO) for the copolymerization of ethylene
and a-olefin [30e32], the dinuclear complexes 10, 11 and 12 were
used, along with Dow CGC as the typical mononuclear CGC for
comparison, for the copolymerization of ethylene and styrene to
Fig. 1. 1H NMR (a) and 13C NMR (b) spectrum catalyst 11.



Table 2
Results of ethylene/styrene copolymerizationa at styrene concentration [S] ¼ 0.4 M.

Tpb Catalyst Activityc Sd Mv (�10�3)e

40 Dow CGC 190.6 9.5 44.6
10 92.3 11.3 87.0
11 293.1 14.2 342.0
12 394.8 16.5 461.0

70 Dow CGC 240.5 10.4 42.6
10 102.8 11.3 47.7
11 385.5 16.0 121.0
12 473.9 16.5 135.0

a Conditions: [cat] ¼ 20 mmol/l, [MMAO]/[cat] ¼ 2000, styrene concentration
[S] ¼ 0.4(mol/l), 100 ml toluene ethylene 1 atm, 2 h.

b Polymerization temperature (�C).
c Activity (kg-polymer mol�1 h�1).
d Styrene content in copolymer calculated by 1HNMR spectra of E/S copolymer (%).
e The viscosity averaged molecular weight (g/mol).
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identify the catalytic characteristics. The results are summarized in
Table 1 and Table 2.

3.3. Polymerization activity

From the standpoint of the catalyst activity, several important
points should be noted for characterizing DCGC in terms of the
nature of the bridge. Firstly, the catalytic activity increased
dramatically with lengthening of the bridging ligand. At a styrene
concentration of 1.3 mol/l at 70 �C, the catalyst activity increased in
the order of 10 (168.7 kg of polymer/mol of Ti.h.atm) < Dow CGC
(290.5 kg of polymer/mol of Ti.h.atm) < 11 (739.9 kg of polymer/
mol of Ti.h.atm) < 12 (791.0 kg of polymer/mol of Ti.h.atm), which
illustrated that DCGCs 11 and 12 with para-xylene and para-
diethylenephenyl bridges, respectively, showed four to five times
greater activity than DCGC 10 with para-phenyl bridge and about
three times higher activity than Dow CGC. This basic tendency was
observed consistently even in a variety of changing reaction
condition such as styrene concentration and polymerization
temperature, as shown in Fig. 2. This result supports the critical role
played by the length of the linkage unit between two active sites in
enhancing the DCGC activity.

To compare the approximated length of the bridge between two
indenyl groups, the well-known software ChemBio 3D Ultra 11.0
was applied because of its simplicity. The separation distance of
approximately 5.4 Å (para-phenyl) between the two indenyl frag-
ments of the catalyst 10may not have permitted a satisfactory room
for monomer coordination that lead to the low activity. In contrast,
the equivalent distances of 7.3 Å and 9.8 Å for the catalysts 11 and
12, respectively, should provide sufficient space for copolymeriza-
tion to enhance the activity. The length of the styrene monomer of
about 6.6 Å implies that the DCGC bridge length should be at least
6.6 Å in order to provide an appropriate active site volume for
styrene for moving in and out and thus increase the activity. A
minimum of five methylene molecules is required for poly-
methylene-bridged dinuclear zirconocene to exhibit greater
activity than that of mononuclear zirconocene [33]. The activities of
the dinuclear zirconocenes with three methylenes were lower than
those of the mononuclear one. Interestingly, the stretched lengths
of five and three methylenes, at 7.3 Å and 4.9 Å, respectively, are
similar to the lengths of para-xylyl (7.3 Å) and para-phenyl (5.4 Å),
which further supports the mechanism presented above.

Regarding the activity gap between the three DCGCs, the
average activity of DCGC 11was about four-fold greater than that of
10, while that of DCGC 12 was only 20e30% greater than that of
DCGC 11, even though the 2.5 Å length difference between para-
diethylenephenyl and para-xylyl is actually more than that (of
1.9 Å) between para-phenyl and para-xylyl. This outcome suggests
Table 1
Results of ethylene/styrene copolymerizationa at styrene concentration [S] ¼ 1.3 M.

Tpb Catalyst Activityc Sd Mw (�10�3)e MWDe

40 Dow CGC 253.7 19.9 75.0 2.40
10 101.7 20.0 62.8 2.42
11 481.0 22.4 135.5 2.82
12 594.6 22.3 213.0 2.56

70 Dow CGC 290.5 25.2 38.3 1.72
10 168.7 26.0 28.4 2.25
11 739.9 32.5 56.0 3.37
12 791.0 32.5 105.0 4.01

a Conditions: [cat] ¼ 20 mmol/l, [MMAO]/[cat] ¼ 2000, styrene concentration
[S] ¼ 1.3(mol/l), 100 ml toluene, ethylene 1atm, 2 h.

b Polymerization temperature (�C).
c Activity (kg-polymer mol�1 h�1).
d Styrene content in copolymer calculated by 1HNMR spectra of E/S copolymer (%).
e GPC data in 1,2,4-trichorobenzene(TCB) vs polystyrene standards at 170 �C.
the existence of a critical bridge length in dinuclear metallocenes
that determines the catalyst performance, which is actually an
obvious merit of dinuclear metallocene compared to the normal
mononuclear metallocene system. These experimental results
provided further confirmation that the critical DCGC bridge length
is around 6.6 Å, which is the length of the styrene monomer. It is
likely that the effect of the bridge length gradually diminishes to
reach a plateau as the length exceeds the critical length.

The second point to be considered regarding the activity
difference between DCGCs 11 and 12 is the potential difference in
the electronic effect between the para-xylyl and para-dieth-
ylenephenyl groups. The active site with greater electron density
generally exhibits more pronounced activity because a greater
electron density is able to stabilize the electron-deficient active site
more effectively. Accordingly, the para-diethylenephenyl bridge of
DCGC 12 was assumed to deliver greater electron density to the
electron-deficient titanium cationic species than the para-xylyl
bridge of DCGC 11. Considering the distance from the methylene to
the active site, the contribution of the increased electron density
induced by the single methylene unit to the catalytic activity may
have been a secondary factor compared to that of the bridge length
effect.

An important featureof theDCGCactivity is that thecompositionof
themonomer feedwas the primary influence on the catalytic activity.
Irrespective of the catalyst type or the polymerization temperature,
the activities with styrene concentration ([S]) [S] ¼ 1.3 mol/l were
significantly higher than thosewith [S]¼ 0.4mol/l.WithDCGC 12, the
activitieswith theconditionof [S]¼1.3mol/l at 70 �Candat40 �Cwere
1.7 and 1.5 times, respectively, larger than those with the condition of
Fig. 2. The correlation between activity and the catalysts.
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[S] ¼ 0.4 mol/l at the same temperatures. However, the decrease in
polymerization temperature from 70 �C to 40 �C at the same styrene
concentration enhanced the activity by 20e30%. The high styrene
concentration eased the reversible deactivation of the active site to
a dormant species by additional coordination of the phenyl ring’s
p-electron system [28e30]. However, in this study the correlation of
the activity of DCGC and styrene concentration was considered
unlikely to comply with this tendency.

3.4. Molecular weight (MW)

The variations of molecular weight (MW) with the type of
catalyst are plotted in Fig. 3 at constant temperature and styrene
concentration. Because GPC was not able to be used to measure
MWs of some copolymer samples formed at [S] ¼ 0.4 M, the
viscosity average molecular weights (Mv) were measured to obtain
MWs of those polymers instead. Among the noticeable trends, the
DCGC structure primarily affected the MW of the copolymer. The
capability to form a high MW polymer increased in the order of
Dow CGC z 10 < 11 < 12 either [S] ¼ 1.3 M or [S] ¼ 0.4 M. Mw as
well as Mv values of copolymers made by DCGCs 11 and 12 were
greater at least 2 and 3 times, respectively, than those made by
either DCGC 10 or Dow CGC. Beside the difference of MWs, the
molecular weight distribution (MWD) of copolymers obtained by
DCGC 11 and 12 became broader than those obtained by DCGC 10 or
Dow CGC. It is a general feature that the polymers made by the
dinuclear metallocenes exhibit broader distribution of MW [19].
This large difference in the MWs and MWDs of the polymers may
have been caused by the bridge length difference in the dinuclear
metallocene. Some previous studies showed thatMWvariationwas
not sensitive to the catalyst structure, and that polymerization
Fig. 3. The correlation of molecular weight of Ethylene/Styrene copolymer with the
catalysts: (a) styrene concentration [S] ¼ 1.3 M; (b) styrene concentration [S] ¼ 0.4 M.
conditions such as temperature and concentration were more
important factors in determining the MW of the polymer [15e18].
However, the present study results clearly demonstrated the
predictive power of the DCGC structure, as determined by the
bridge length, in characterizing the polymer properties.

In another surprising result, DCGC 12, with the longest para-
diethylenephenyl linkage, generated copolymers with the highest
MW, followed by DCGC 11 with the second longest para-xylyl one.
In cases of polymethylene-bridged dinuclear metallocenes, the
catalyst with a longer bridge formed a lower MW polymer [15,16].
Accordingly, the influence of the bridge length with the rigid
property of the phenyl-containing bridge group on MW was actu-
ally opposite to that with the flexible property of the poly-
methylene bridge.We considered that themore facile interaction of
the two active sites through the short flexible linkage was
responsible for the formation of a long polymer chain due to the
disturbed termination via b-H elimination. The para-dieth-
ylenephenyl bridgemay have been long enough to permit sufficient
and untouchable room between the two active sites. Similarly, the
7.3 Å long bridge of para-xylyl, which is slightly longer than 6.6 Å,
may have experienced some steric hindrance that may have been
a minor factor in increasing the polymer MW. Consequently, the
effect of the steric interference of the two active sites of DCGCs 11
and 12 in reducing the b-H elimination frequency should not be
considered the principal factor to explain the formation of a high
MW polymer.

This introduces the question of what is the secondary cause of
this result. Exclusion of the steric issue surely leaves the electronic
factor behind. In terms of the electronic effect of DCGC, the bridge
of para-diethylenephenyl of DCGC 12 was anticipated to generate
the most stable active site among the three DCGCs due to the
greater electron supply arising from the existence of twomethylene
units at the active site. This explanation is in good agreement with
action of DCGC 12, followed by DCGC 11, in forming a longer
polymer since the more stable active site affords a higher MW
polymer in metal-catalyzed polymerization systems. Another
reason may have been the combined effect of the rate of coordi-
nation and the b-H elimination because the degree of polymeri-
zation is determined by the relation between the rate of
propagation and that of termination. This suggested that catalyst 12
may have not only a faster rate of coordination but also easier b-H
elimination compared with catalysts 10 and 11. The final degree of
polymerization derived from the relation of the two factors of DCGC
12 was actually greater than those of DCGCs 10 and 11. As a final
point, DCGC 10 could be used to fabricate copolymers with similar
Fig. 4. The correlation between styrene content of Ethylene/Styrene copolymer and
the catalysts.



Fig. 5. 13C NMR spectra of poly(ethylene-co-styrene) prepared by catalyst 11 at 70 �C, (a) [S] ¼ 1.3 M, styrene content 32.5%; (b) [S] ¼ 0.4 M, styrene content 16.0%.
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MW to those achieved with Dow CGC. The close proximity of the
two active sites may have delayed the b-H elimination process and
thereby offered an opportunity for chain lengthening.

3.5. Styrene contents in copolymer

The study results revealed the efficiency of DCGC for incorpo-
rating styrene into the polyethylene backbone. Among the three
catalysts 10, 11 and 12, the styrene contents in the generated
copolymers increased in order of catalyst DowCGC< 10<11<12 at
the same styrene concentration (Fig. 4). Remarkably, DCGC 10
exhibited a higher styrene reactivity than the mononuclear Dow
CGC, considering that the 5.4 Å long para-phenyl bridge is actually
shorter than the styrene length of 6.6 Å in DCGC 10. This may reflect
that the nucleating effect of DCGC with short ethylene bridge
proposed by Marks [13,19] is likely to be active in dinuclear metal-
locene possessing short phenyl-based rigid bridges. Despite the
strong ability of DCGC 10 to incorporate styrene on the polyethylene
backbone, a comparison between the styrene reactivity of DCGCs 11
and 12 supports the inferior styrene reactivity of DCGC 10. The
styrene contents in the copolymers generated by DCGCs 11 and 12
were almost same, regardless of the polymerization conditions.
However, the styrene incorporation capability differed between
DCGCs 10 and 11. This result was attributed to the critical effect of
the DCGC bridge length in determining the reactivity of the como-
nomer. In an outstanding result, DCGC 12, with the longest para-
diethylenephenyl bridge, was used to prepare copolymers with not
only the greatest MW but also the highest styrene contents.

Fig. 5 shows 13C NMR spectra (methylene and methane region)
of the copolymers prepared by catalyst 11 at 70 �C. From the styrene
concentration 0.4 Me1.3 M, the reducing resonance intensities of
strong signals at 29.7 ppm of the polyethylene sequences, the
increasing of resonance intensities at 27.5, 36.9, and 46.2 ppm (Sbd,
Sad, and Tdd, respectively) of sequences of EESEE and in addition of
peak at 25.3 ppm (Sbb) which represents the SES sequence indi-
cated that produced polymers had a substantially alternating
structure. The absence of a signal for Tbb at 41.3 ppm and for Saa at
43.6 ppm shows that there is no styreneestyrene sequence in the
copolymers. This demonstrated that the dinuclear CGC in this
experiment might be advantageous over the reported catalysts to
obtain more randomly distributed poly(ethylene-co-styrene)s.

Beside that the copolymerization products are rubber-like in
appearance. The melting points (Tm) of the obtained copolymers
couldnot bedetected byDSCmeasurements, nomatterhowhigh the
comonomer incorporation in the copolymers is. The melting point
(Tm) is attributed to a unique blocky microstructure which offers
enough consecutive sequences of comonomer units in the polymer
backbone to form a crystalline phase. Therefore, all ethylene/styrene
copolymer produced by our catalyst were amorphous.

4. Conclusion

A series of new DCGCs with the structure of [{Ti(h5:h1-(C9H5)Si
(CH3)2NtBu)Cl2(CH2)n}2(C6H4)] [n ¼ 0 (10), n ¼ 1 (11), n ¼ 2 (12)]
were synthesized and characterized successfully. In the presence of
modified MAO as cocatalyst, ethylene and styrene were copoly-
merized to examine specifically the effect of bridge length on the
polymerization behaviors of DCGCs, with Dow CGC being used for
comparison. Not only the catalyst activity but also the MWs and
styrene contents of the copolymers were promoted as the bridge
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structurewas extended from para-phenyl (10) to para-xylyl (11) and
then to para-diethylenephenyl (12), which demonstrated that the
overall DCGC performance could be controlled by the addition of
a long and rigid unit as the bridge ligand of DCGC. The activity of the
catalysts increased in the order of 10 < Dow < 11 < 12. The
important feature of the DCGC activity is that the composition of the
monomer feed was the principal factor affecting the catalytic
activity. Irrespective of the catalyst type or the polymerization
temperature, the activities with [S] ¼ 1.3 mol/l were significantly
higher than those with [S] ¼ 0.4 mol/l. The capability to form high
MW polymer increased in the order of Dow CGC z 10 < 11 < 12,
which indicated that the DCGC structure, as distinguished by the
bridge length, could be used as a decisive tool to characterize the
polymer length. This result provided further support for the exis-
tence of a critical bridge length in dinuclear metallocenes to control
theMWof the produced polymer. In addition, the electron donating
effect of the longer bridge may be regarded as the secondary factor
promoting the polymerization properties of DCGC. The styrene
contents in the copolymers increased in order of catalyst Dow
CGC< 10< 11<12 at the same styrene concentration. Remarkably,
DCGC 12, with the longest para-diethylenephenyl bridge, exhibited
the highest activity while being used to prepare copolymers with
not only the greatest MW but also the highest styrene contents.
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Low band-gap polythiophene (PT) derivatives, with bulky conjugated side-chains composed of the tri-
phenylamine, thiophene, and vinylene groups (TPATh), are synthesized. The copolymers, synthesized by
Grignard metathesis and Stille coupling with different copolymer configurations and side-chain densi-
ties, are regioregular-TPATh-PT (rr-TPATh-PT) and random-TPATh-PT (r-TPATh-PT), respectively. The
incorporation of bulky conjugated moiety curtails the effective conjugation length in the main chain;
thus, low HOMO levels are obtained for the copolymers. Moreover, r-TPATh-PT with less bulky side-chain
content exhibits a better conjugation along the polymer backbone than rr-TPATh-PT. Higher absorption
intensity in the vision region is observed for r-TPATh-PT in comparison with rr-TPATh-PT. In addition,
polymer solar cells (PSCs) are fabricated based on an interpenetrating network of PT derivatives as the
electron donor and the fullerene derivatives (PC61BM and PC71BM) as the electron acceptors. Better
compatibility is observed for the r-TPATh-PT/PC61BM-blend film as compared to the rr-TPATh-PT/
PC61BM-blend film. Higher photovoltaic (PV) performances of the r-TPATh-PT/PC61BM-based PSCs are
observed in comparison with the rr-TPATh-PT/PC61BM-based PSCs. The power conversion efficiency
(PCE) of the PSC based on the blend of r-TPATh-PT and PC61BM (w/w ¼ 1:1) reaches 0.94% under an
illumination of AM 1.5G, 100 mW cm�2, which is almost twice that of the cell based on rr-TPATh-PT.
Further improvement of PV performance is achieved for the PSC fabricated from the blend of r-TPATh-PT
and fullerene derivative PC71BM (w/w ¼ 1:3), with a short-circuit current of 6.83 mA cm�2, an open-
circuit voltage of 0.71 V and a PCE of 1.75%.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

During the past decade, polymer solar cells (PSCs) have been
attracting considerable attention. PSCs are considered the most
promising fossil fuel alternative due to their being potentially low-
cost, lightweight, suitable for a large area manufacture, and their
flexibility [1,2]. For PSCs, significant progress in solar energy
conversion efficiency has been accomplished by replacing the
double-layer cell with a bulk heterojunction (BHJ) blend for the
photo-active layer [2]. The photo-active layer of a PSC is based on
a blend of an electron-donor polymer and an electron-acceptor
fullerene derivative, [6,6]-phenyl C61 butyric acid methyl ester
(PC61BM), for most BHJ cells. Polythiophenes (PT)s are one of the
most important classifications of conjugated polymers utilized in
8; fax: þ886 49 2912238.
x: þ886 4 22854734.
n), rjjeng@nchu.edu.tw (R.-J.

All rights reserved.
a wide variety of applications, such as conducting polymers [3e5],
light-emitting diodes [6], field-effect transistors [7] and PSCs, due
to their excellent optical and electrical properties. In particular,
regioregular poly(3-hexylthiophene) (rr-P3HT) has been widely
studied as the donor material in the photo-active layer of PSCs. The
power conversion efficiency (PCE) of an rr-P3HT-based PSC has
reached 4.37% [8]. Although PTs are considered to be the most
promising conjugated polymers for PSC applications [9,10], some
issues have yet to be resolved.

The mismatched and narrow absorption bands of PTs have
hindered further improvementof thephotovoltaic (PV)properties of
PSCs. Therefore,many researchgroupshavedesignednovel PTswith
a broader absorption bands to produce photocurrent density more
effectively [11e13]. Several strategies have been demonstrated to
enhance the related properties of PTs, such as introducing a conju-
gated side-chain moiety to the 3-position of the thiophene ring in
the PT backbone. By introducing the conjugated side-chain to the
thiophene ring, the resulting polymer possesses two absorption
bands in the UV and visible regions. The absorption band in the UV

mailto:lhchan@ncnu.edu.tw
mailto:rjjeng@nchu.edu.tw
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.036
http://dx.doi.org/10.1016/j.polymer.2010.11.036
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region is ascribed to the absorption of the thiophene units with the
conjugated side-chains, and that in the visible region corresponds to
the absorption of the PT main chains [11e15]. Therefore, PT
absorption behavior is expected to be accurately modulated by
introducing conjugated moiety as pendants with various densities.
Generally, an open-circuit voltage (Voc) value of the PT-based PSCs is
about0.4e0.6V [16,17].Moreover, theVoc of aBHJ cell is proportional
to the difference between the highest occupied molecular orbital
(HOMO) level of the electron-donor polymer and the lowest unoc-
cupied molecular orbital (LUMO) level of the electron-acceptor
fullerene derivatives. The lower HOMO levels of the polymers will
provide a higher Voc value according to the theoretical prediction
[18]. With the introduction of bulky side-chains onto the polymer
backbone, the effective conjugation length can be curtailed via
twisting the conjugated p-system out of planarity and, thus, the
HOMO level can be decreased [15,19]. As a result, a high Voc value of
a PSC can be obtained by using a conjugated polymer with bulky
side-chains. On the other hand, the PV performance of polymer/
fullerenederivative-blendfilm-basedPSCs is alsoheavily influenced
by the interpenetrating nanostructure formed by the two semi-
conductors. The literature has reported that polymer chains with
sufficient free volume are helpful for the intercalation of fullerene
molecules into polymer chains, which is favorable for the
improvement of PV performance [20,21]. Moreover, the packing
density and morphology in polymer thin film are strongly depen-
dent on the spaces between the polymer side-chains [22,23]. Hence,
the appropriate side-chain spacing of conjugated polymer is also an
important parameter to be considered for designing a newelectron-
donor polymer for PSC applications.

In this study, we synthesized novel PT derivatives with bulky
conjugated side-chains, which comprised triphenylamine, thio-
phene, and vinylene groups (TPATh). The TPATh group was known
to exhibit a good electron-donating capacity and high hole-
mobility [24,25]. The copolymers regioregular-TPATh-PT (rr-TPATh-
PT) and random-TPATh-PT (r-TPATh-PT) with different copolymer
configurations and side-chain densities were synthesized by
Grignard metathesis (GRIM) and Stille coupling, respectively. A
lower side-chain density of r-TPATh-PT was designed and synthe-
sized as compared to that of rr-TPATh-PT. The influence of config-
uration and side-chain density of these copolymers on the
photophysical and electrochemical properties were investigated in
detail. Moreover, the morphological and PV characteristics of the
copolymer/fullerene derivative-blend films were also discussed.

2. Experimental details

2.1. Chemical materials

The starting material triphenylamine, 5-Bromothiophene-2-
carbaldehyde (3), reagents and chemicals were purchased from
Aldrich, Alfa, TCI Chemical Co. and used as received without any
further purification. All the solvents, such as dichloromethane
(DCM), tetrahydrofuran (THF) and dimethylformamide (DMF), and
toluenewere freshlydistilledoverappropriatedrying agentsprior to
use and were purged with nitrogen. 4-Bromotriphenylamine (1)
[26], N,N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-
yl)aniline (2) [27], diethyl (2,5-dibromothiophen-3-yl) methyl-
phosphonate (5) [15], 2,5-dibromo-3- hexylthiophene (7) [28] and
2,5-bis(trimethylstannyl)- thiophene (8) [29], as shown in Scheme1,
were synthesized according to the literature.

2.1.1. 5-(4-(diphenylamino)phenyl)thiophene-2-carbaldehyde (4)
A mixture of compound 2 (3.0 g, 8.08 mmol), 5-Bromothio-

phene-2-carbaldehyde (3) (0.88 g, 8.08 mmol), and Pd(PPh3)4
(467 mg, 5 mol %) was added in a mixture solution of degassed
toluene (40 mL) and 10 mL of degassed aqueous K2CO3 (2 M). The
reaction mixture was vigorously stirred at 90e95 �C for 8 h under
a nitrogen atmosphere. After cooling, the reaction solution was
extracted with dichloromethane and water. The organic layer was
collected and dried over magnesium sulfate. Further purification
was performed using silica gel chromatography (EA/hexanes, 1:10)
to generate a yellow solid (2.13 g, yield ¼ 74%). 1H NMR (d-CDCl3,
300 MHz, d/ppm): 9.87 (s, 1H), 7.72 (d, 1H, J ¼ 3.5 Hz), 7.52 (d, 2H,
J ¼ 8 Hz), 7.22 (m, 7H), 6.99 (m, 6H). 13C NMR (d-CDCl3, 150 MHz, d/
ppm):182.62, 154.59, 149.13, 146.95, 141.28, 137.75, 129.47, 127.23,
126.10, 125.16, 123.86, 122.84, 122.34. MS(m/z):355.2[Mþ]. Anal.
Calcd for C23H17NOS: C, 77.72; H, 4.82; N, 3.94. Found: C, 77.79; H,
4.59; N, 3.40.

2.1.2. (E)-4-(5-(2-(2,5-dibromothiophen-3-yl)vinyl)thiophen-2-yl)-
N,N-diphenylaniline (6)

A mixture of compound 5 (2 g, 5.10 mmol) and CH3ONa (0.75 g,
13.89 mmol) in 10 mL DMF was stirred under an ice water bath for
several minutes. Compound 4 (1.64 g, 4.62 mmol) was then added
to the solution. After 2 h, the reaction was quenched with ice water
and the yellow powder was precipitated. The precipitate was
filtered and washed with water several times. Further purification
was performed using silica gel chromatography (hexane as eluent)
to give a yellow solid (2.22 g, yield ¼ 81%). The product was filtered
and dried under vacuum. The yellow solid product obtained had an
81% yield (2.22 g). 1H NMR (d-CDCl3, 300 MHz, d/ppm): 7.47 (d, 2H,
J ¼ 8.7 Hz), 7.27 (m, 4H), 7.14 (m, 6H), 7.05 (m, 5H), 6.99 (d, 1H,
J ¼ 15.6 Hz), 6.77 (d, 1H, J ¼ 15.9 Hz) 13C NMR (CDCl3, 150 MHz, d/
ppm): 147.53, 147.35, 144.00, 140.37, 138.86, 129.33, 128.33, 127.89,
127.16, 126.45, 124.62, 124.48, 123.40, 123.23, 122.69, 118.89, 111.88,
109.57. MS (m/z):593.0[Mþ]. Anal. Calcd for C28H19Br2NS2: C, 56.67;
H, 3.23; N, 2.36. Found: C, 56.51; H, 3.86; N, 2.57.

2.1.3. rr-TPATh-PT
As shown in Scheme 1, rr-TPATh-PT was synthesized via

condensation polymerization using the GRIM method initially
reported by McCullough and coworkers [30,31]. Compound 6
(0.59 g, 1 mmol) and compound 7 (0.33 g, 1 mmol) were dissolved
in 10 mL of dry THF under an N2 atmosphere. Methylmagnesium
bromide (2 mL, 1.0 M solution in THF) was then added to the stirred
mixture. The mixture solution was refluxed for 2 h. Then, Ni(dppp)
Cl2 (10 mg, 1 mol%) was added to the reaction mixture and the
reactions were continued for a further 8 h. The whole mixture was
then poured into methanol (100 mL) and the precipitated material
was filtered into a Soxhlet thimble. Soxhlet extractions were per-
formed with methanol, hexane, acetone and chloroform. The
polymer was recovered from the chloroform fraction by rotary
evaporation. The solid was dried under vacuum for 24 h. After
drying, rr-TPATh-PT was obtained as a red solid with isolated yields
of 36%. Gel permeation chromatography (GPC) (THF):Mw¼ 13.3 kg/
mol and PDI ¼ 1.7. 1H NMR (d-DCM, 600 MHz, d/ppm): 6.9e7.3 (br,
21H, vinylic and aromatic hydrogens), 2.75e2.85 (t, 4H, aCH2 alkyl
chain), 1.25e1.7 (m, 16H, CH2), 0.92 (br, 6H, CH3).

2.1.4. r-TPATh-PT
The synthesis of r-TPATh-PT via the Stille coupling route is

shown in Scheme 1.Compound 6 (0.30 g, 0.5 mmol), compound 7
(0.17 g, 0.5mmol), and compound 8 (0.41 g,1mmol) were dissolved
in 10 mL of dry toluene. The reaction mixture was purged with N2
and subjected to three freeze-pump thaw cycles to remove O2. Pd
(PPh3)4 (11.5 mg, 1 mol %) was added to the mixture solution. Then,
the mixture was stirred and refluxed for 24 h. The whole mixture
was then poured into methanol (100 mL) and the precipitated
material was filtered into a Soxhlet thimble. Soxhlet extractions
were performed with methanol, hexane, acetone and chloroform.
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The polymer was recovered from the chloroform fraction by rotary
evaporation. The purified solid product was dried under vacuum for
24 h. After drying, the r-TPATh-PT was obtained as a black-red solid
with isolated yields of 41%. GPC (THF): Mw ¼ 11.7 kg/mol and
PDI ¼ 2.3, 1H NMR (d-DCM, 600 MHz, d/ppm): 6.9e7.3 (br, 24H,
vinylic and aromatic hydrogens), 2.75e2.85 (b, 2H, aCH2 alkyl
chain), 1.25e1.7 (m, 8H, CH2), 0.88 (br, 3H, CH3).

2.2. Characterization of copolymers

1H NMR (300 MHz) and 13C NMR (150 MHz) spectra were
recorded on a Varian Unity Inova Spectrometer. The average
molecular weights of the polymers were measured by the GPC
method. GPCwas carried out on aWaters chromatography (Waters,
717 plus Autosampler), using two Waters Styragel linear columns,
with polystyrene as the standard and tetrahydrofuran (THF) as the
eluent. The glass transition temperatures (Tg) and thermal
decomposition temperatures (Td) of the copolymers were deter-
mined by differential scanning calorimetry (DSC) and thermogra-
vimetric analysis (TGA) using the Seiko DSC 6220, SII Extra 6000
and Thermo Cahn Versa Thermo analyzer systems, respectively.
Both thermal analyses were performed in a nitrogen atmosphere at
a scanning (both heating and cooling) rate of 10 �C/min. The
temperatures at the intercept of the curves on the thermogram
(endothermic, exothermic, or weight loss) and the leading baseline
were taken as the estimates for the onset Tg and Td. Absorption
spectra were measured using an HITACHI U3010 UV-vis spec-
trometer. Fluorescence spectra were measured using a Varian Cary
Eclipse luminescence spectrometer. Redox potentials of the poly-
mers were determined by cyclic voltammetry (CV) using an



H.-J. Wang et al. / Polymer 52 (2011) 326e338 329
electrochemical analyzer CHI 611D with a scanning rate of
50 mV s�1, equipped with platinum (Pt) electrodes and an Ag/Agþ

(0.10 M AgNO3 in MeCN) reference electrode in an anhydrous, N2-
saturated solution of 0.1 M Bu4NClO4 in MeCN. Bu4NClO4 (98%, TCI)
was recrystallized three times from mixed solvent methanol/water
(1:1) and then dried at 100 �C under reduced pressure. A Pt plate
coated with a thin polymer filmwas used as the working electrode;
and a Pt wire and an Ag/Agþ electrodewere used as the counter and
reference electrodes, respectively. The electrochemical potential
was calibrated against Ferrecene/Ferroceneþ. The morphology of
the copolymer/PCBM-blend films were studied using a polarized
optical microscope (POM, Leitz laborlux 12 Pol), an atomic force
Fig. 1. 1H NMR spectra of (a) rr-T
microscope (AFM, Seiko SII SPA400) operated in the tapping mode,
and a transmission electron microscope (TEM, JEOL JEM-1400).

2.3. Fabrication and characterization of PSCs

All PSCs were prepared using the following device fabrication
procedure. Glass substrates [Sanyo, Japan (8U/sq.)] coated with
indium tin oxide (ITO)were sequentially patterned lithographically,
cleaned with detergent, ultrasonicated in acetone and isopropyl
alcohol, dried on a hot plate at 120 �C for 5 min, and treated with
oxygen plasma for 5 min. Hole-transporting material poly(3,4-eth-
ylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios
PATh-PT, and (b) r-TPATh-PT.



Fig. 2. TGA and DSC thermograms of rr-TPATh-PT and r-TPATh-PT.

Fig. 3. Normalized UV-vis absorption spectra of copolymers.
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P-VP AI4083) was passed through a 0.45-mm filter prior to being
deposited on the ITO-coated glass by the spin-coating method
(3000 rpm). The sample was then dried at 150 �C for 30 min in
a glovebox.Amixture solutionof fullerenederivatives (bothPC61BM
and PC71BM were used) and the copolymer [with various weight
ratios (w/w), 15 mg/mL in o-dichlorobenzene (o-DCB)] was stirred
overnight and then filtered through a 0.2-mm poly(tetrafluoro-
ethylene) (PTFE) filter. The copolymer/fullerene-derivatives
composite films-based photo-active layer was formed above the
PEDOT:PSS layer by the spin-coating (1000 rpm, 30 s) of themixture
solution. By using AFM, film thicknesses of the photo-active layer in
PSCs are shown as follows: rr-TPATh-PT/PC61BM (1:1,w/w), 124 nm;
r-TPATh-PT/PC61BM (1:1, w/w), 77 nm; r-TPATh-PT/PC61BM (1:3, w/
w), 119 nm; r-TPATh-PT/PC71BM (1:3, w/w), 98 nm. The Ca-based
(30 nm)/Al (100 nm) cathode was thermally deposited onto the
photo-active thin film in a high-vacuum chamber. The active area of
the PSC was 4 mm2. After the Al electrode deposition, the PSC was
encapsulated using UV-curing glue (Nagase, Japan). Current densi-
tyevoltage (IeV) curves of the PSCs were measured on a program-
mable electrometer with current and voltage sources (Keithley
2400) under the illumination of a 100 mW cm�2 solar light from an
AM 1.5G solar simulator (Peccell solar simulator). The illumination
intensity was calibrated using a standard Si photodiode detector
equipped with a KG-5 filter. The output photocurrent was adjusted
to match the photocurrent of the Si reference cell to obtain a power
density of 100 mW cm�2.

3. Results and discussion

3.1. Characterization of polymers

The chemical structures of the conjugated polymers were
characterized by 1H NMR spectroscopy, and the 1H NMR spectra of
the copolymers rr-TPATh-PT and r-TPATh-PT are shown in Fig. 1.
Chemical shifts, in the range of 6.8e7.6 ppm, were attributed to the
signal of protons (eej) in the vinylene, phenyl and thiophene
groups. Moreover, the signals of protons (aed) in the hexyl chains
were observed at chemical shifts ranged from 0.8 to 2.8 ppm. The
regioregularity of the thiophene-based copolymer could be deter-
mined from the chemical shifts of a-methylene protons in the hexyl
chains [32]. In Fig. 1(a), the chemical shift of a-methylene protons
d was observed at d ¼ 2.5e2.9 ppm, which indicates that the
protons were in the same chemical environment for rr-TPATh-PT.
This result demonstrates that the regioregular head-to-tail (HT)
linkage in the thiophene-based polymer backbone was larger than
98.5% [32]. Thus, the copolymerization of rr-TPATh-PT using the
GRIM method led to a high regioregularity of the polymer back-
bone. The integral values of protons d and eej were about 9.01 and
44.2, respectively. This demonstrates that the repeat unit ratio (x/y)
of co-monomers TPATh (compound 6) and thiophene (compound
7) was about 1:2.04. The molar percentage of TPATh in rr-TPATh-PT
was about 33%. Apart from that, two absorption bands of proton
d were observed in the range of 2.4e2.8 ppm for the r-TPATh-PT
(Fig. 1(b)). This implies that the a-methylene proton d was present
in two different chemical environments. In other words, the poly-
mer backbone exhibited HT and head-to-head (HH) regioisomeric
structures. The integral values of two absorption bands imply that
the ratio of HT and HH linkages in r-TPATh-PT was about 0.49. For r-
TPATh-PT, the integral values of protons d and eej were about 5.42
and 62.18, respectively. This demonstrates that the molar ratio (x/y)
of repeat units TPATh-thiophene and hexyl-substituted thio-
pheneethiophene was about 1:1.05. The molar percentage of
TPATh-containing repeat unit in r-TPATh-PT was about 49%. On the
other hand, the weight-average molecular weights (Mw) and
polydispersity indexes (PDIs, Mw/Mn) were characterized by GPC,
with THF as the eluent and polystyrenes as the internal standards.
The copolymers were readily soluble in THF. Mw and PDI were
about 1.33 � 104 g/mol and 1.77 for the rr-TPATh-PT. For the r-
TPATh-PT, Mw and PDI were about 1.17 � 104 g/mol and 2.34,
respectively.



Table 1
Optical and electrochemical properties of copolymers.

Copolymers In solution (nm) In Filmb (nm) Eoptg (eV)c Eoxon (V) HOMO/LUMOd

labsmax lemmax labsmax
a lemmax lonset

rr-TPATh-PT 413 594 421/532 662 652 1.90 0.67 �5.38/�3.48
r-TPATh-PT 421 596 434/556 667 681 1.82 0.64 �5.35/�3.35

a UV-vis absorption wavelength of two maximum absorbencies.
b Films cast on quarts substrates, excitation wavelength was 400 nm.
c Measurements performed on films from the onset absorption (lonset): E

opt
g ¼ 1240/lonset.

d The energy levels were calculated according to: ðHOMO ¼ �eðEoxon � Eoxon;ferrocene þ 4:8ÞðeVÞ ; LUMO ¼ ðHOMO� Eoptg ÞðeVÞÞ.

H.-J. Wang et al. / Polymer 52 (2011) 326e338 331
The operational stability of an optoelectronic device is directly
related to the thermal stability of the conjugated polymers. Thus,
high Tg and high Td are desirable for the application of a conjugated
polymer in PSCs. DSC and TGA thermograms of rr-TPATh-PT and r-
TPATh-PT are shown in Fig. 2. The Tds (at which a 5% weight loss
occurred) of rr-TPATh-PT and r-TPATh-PT were observed at 332 �C
and 347 �C under a nitrogen atmosphere, respectively. It was
apparent that the two copolymers exhibited good thermal stability.
As to DSC experiments, r-TPATh-PT exhibited a broad glass transi-
tion centered at 125 �C, whereas rr-TPATh-PT showed no clear
thermal transitions in a temperature range of 40e300 �C. No
significant order phase transition signal was observed under the
DSC trace, which implied that the bulky pendant suppressed the
crystal formation for the copolymers.
3.2. Optical properties of the conjugated copolymers

The normalized UV-visible absorption spectra of rr-TPATh-PT and
r-TPATh-PT inCHCl3 solution and as solidfilms are shown in Fig. 3.The
photophysicalpropertiesof thecopolymersaresummarized inTable1.
Two absorption bandswere observed for the copolymers: one located
at 275e350 nm, which was attributed to the electronic transition
absorptionof thebulkypendantgroup;and theother, at350e650nm,
was due to the pep* transition of the thiophene-based conjugated
main chains [12]. With increased conjugated bulky pendant group
content in the copolymer, increased absorption intensity in the UV
region (275e350 nm) could be observed [15]; yet the absorbance in
the visible region (350e650 nm) might be decreased. Moreover, the
maximal absorption wavelengths were observed at around 413 nm
and 421 nm for the copolymers rr-TPATh-PT and r-TPATh-PT, respec-
tively. A red shifting of the absorption bandwas observed for r-TPATh-
PT as compared to rr-TPATh-PT. This indicated that r-TPATh-PT with
less bulky side-chain content exhibited a longer conjugation length
Fig. 4. Normalized UV-vis absorption spectra of copolymer/PC61BM-blend films.
and a better p-electron delocalization along the main chains than rr-
TPATh-PT. The presence of the three-dimensional non-coplanarity
configuration of TPA moiety resulted in the twist of the molecular
structure [33,34]. The effective conjugation length of the polymer
backbonewas therefore reducedwith increases in the bulky TPA side-
chain density. As a result, the maximal absorption wavelength of
r-TPATh-PT with less TPA moiety content was larger than that of rr-
TPATh-PT. In addition, a red shift and a full-width at half-maximum
enhancement of the absorption bands were observed for the copoly-
mersas solidfilm, as compared to those insolution. These resultswere
attributed to the interaction and p-p stacking between the polymer
chains. In particular, higher thiophene-based segment content resul-
ted in the higher absorption intensity in the range of 500e700 nm for
r-TPATh-PT as compared with rr-TPATh-PT. The quantification
absorption spectra of rr-TPATh-PT and r-TPATh-PT as thin films were
also investigated. Thin film of r-TPATh-PT (100158 cm�1 at lmax ¼ ca.
434 nm) displayed higher absorption coefficients than that of rr-
TPATh-PTfilm(86856cm�1atlmax¼ca. 421nm) in theUVevisregion.
In general, conjugated polymer with relatively high absorption
intensity was favorable for the light harvesting of solar light. This
strong absorption characteristic was expected to improve the
absorption efficiency of the photo-active layer and, thus, induce
a larger photocurrent generation of PSC.

Normalized UV-vis absorption spectra of r-TPATh-PT/PC61BM-
and rr-TPATh-PT/PC61BM-blend films are also shown in Fig. 4. The
absorption band of the conjugated polymer ranged from 350 to
700 nm, while the absorption band of PC61BM ranged from 300 to
375 nm. The maximal absorption wavelengths of rr-TPATh-PT, r-
TPATh-PT and PC61BM were observed at around 421 nm, 434 nm,
and 325 nm, respectively. Moreover, the absorption intensity of the
conjugated polymer was reduced as the PCBM content increased
for the conjugated polymer/PC61BM-based blend films. From
a photon-absorption viewpoint, employing less PCBM in the photo-
active layer was preferred. However, the typical stoichiometry of
Fig. 5. Normalized PL spectra of copolymers and copolymer/PC61BM-blend films.



Fig. 6. Cyclic voltammograms of copolymer films on platinum plates in acetonitrile
solution of 0.1 mol L�1 of Bu4NClO4.
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a polymer/PCBM blend is 1:4 by weight, which has been found to
be optimal for devices in several PSC systems [35]. A high propor-
tion of PCBM limits optical absorption in the composite layer
because the PCBM absorption is quite inefficient in the visible
region [36,37]. In addition, the maximal absorption wavelengths of
the conjugated polymer/PC61BM-blend films were varied with
PC61BM content. For the rr-TPATh-PT/PC61BM-blend films, the
maximal absorption wavelengths of the conjugated polymer had
a slight red shift with increases in the PC61BM content. This implied
that the dilution of the small molecules PC61BM resulted in the
decrease of the main chains aggregation of rr-TPATh-PT. As a result,
the effective conjugation length of rr-TPATh-PT was enhanced by
the blending of PC61BM. In particular, the dilution effect of PC61BM
was more pronounced for the r-TPATh-PT/PC61BM-blend films. The
maximal absorption wavelength of the conjugated polymer had
a significant red shift for the r-TPATh-PT/PC61BM-blend (w/w¼ 1:1)
film. Noticeably, the maximal absorption wavelength showed
a blue shift as the blending content of PC61BM was further
enhanced. A blue shift of the maximal absorption wavelength was
observed for the r-TPATh-PT/PC61BM-blend (w/w ¼ 1:3) film as
compared to the r-TPATh-PT/PC61BM-blend (w/w ¼ 1:1) film. This
was attributed to the excellent compatibility between r-TPATh-PT
and PC61BM. The intercalating of PC61BM into the polymer chains
led to the twist of the polymer backbone. Hence, the maximal
absorption wavelength of r-TPATh-PT showed a blue shift for the r-
TPATh-PT/PC61BM-blend (w/w ¼ 1:3) film.

PL spectra of the copolymers rr-TPATh-PT and r-TPATh-PT and
the copolymer/PCBM-based composite films are shown in Fig. 5. PL
emission maximums of rr-TPATh-PT and r-TPATh-PT in solution
were observed at 594 and 596 nm, respectively. PL emission bands
of rr-TPATh-PT and r-TPATh-PT as solid films were near the red-
emission region with maximum emission at wavelengths of 662
and 667 nm, respectively. A red shift and a broadening of the
emission peaks were observed for the copolymers as solid film, as
compared to in solution, due to the inter-chain aggregation
formation in the polymer film. Moreover, r-TPATh-PT with less
bulky side-chain content exhibited a longer conjugation length and
a better p-electron delocalization along the main chains than rr-
TPATh-PT. For that reason, a red-shift of the emission band was
observed for r-TPATh-PT as compared to that of rr-TPATh-PT.
However, PL emissions were almost completely quenched upon the
addition of PC61BM (w/w ¼ 1:1) for copolymers, as shown in
Fig. 5.The same quenched PL emissions were observed for the
polymer-blend film with higher PC61BM content (w/w ¼ 1:3). High
efficient PL quenching phenomena suggested that the excitons
generated by the absorbed photons completely dissociated to free
charge carriers (electrons and holes). Moreover, an effective charge
transfer from the copolymer to PC61BM was achieved, which was
a basic requirement for preparing a PSC with excellent PV perfor-
mance [38].

3.3. Electrochemical properties of conjugated copolymers

Cyclic voltammetry (CV) was employed to investigate electro-
chemical behavior and to estimate the HOMO and LUMO energy
levels of the conjugated polymers. The reversible oxidation
behaviors in the CV curves of the copolymers are shown in Fig. 6.
The electrochemical properties of the copolymers are summarized
in Table 1. The oxidation potentials of rr-TPATh-PT and r-TPATh-PT
were 0.67 V and 0.64 V, respectively. From those values, the HOMO
levels of the copolymers were calculated according to the follow
equation:

HOMO ¼ �eðEoxon � Eoxon;ferrocene þ 4:8ÞðeVÞ
The 4.80 eV was the energy level of ferrocene below the vacuum

level and the Eoxon of Ferrecene/Ferroceneþ was 0.09 V in the eval-
uation 0.1 M Bu4NClO4/MeCN solution. Hence the corresponding
HOMO levels were �5.38 eV for rr-CzPh-PT and �5.35 eV for r-
TPATh-PT. Because no reversible n-doping process was observed in
the CV spectrum, the LUMO levels were estimated from the HOMO
levels and UV-vis absorption Eoptg using the equation:

LUMO ¼
�
HUMOþ Eoptg

�
ðeVÞ

As shown in Fig. 3, the onset of absorption in the thin films of rr-
TPATh-PT and r-TPATh-PT were observed at 652 nm and 681 nm,
respectively. From the onset of absorption, the energy band-gap
(Eoptg ) values of rr-TPATh-PT and r-TPATh-PT were 1.90 eV and
1.82 eV, respectively. As a result, the LUMO levels were�3.48 eV for
rr-CzPh-PT and �3.35 eV for r-TPATh-PT. A relatively lower Eoptg for
r-TPATH-PT would improve the light harvesting of the photo-active
layer and, therefore, enhance the photocurrent generation of PSC.
In addition, the HOMO levels of PTs were approximately �4.7w
�4.9 eV [11,39]. The HOMO levels of the copolymers rr-TPATh-PT
and r-TPATh-PT were about �5.35 and �5.38 eV, respectively,
which were approximately 0.4 eV lower than the PTs. The effective
conjugation length of the copolymers with bulky conjugated side-
chains was curtailed due to the twist of the main chain out of the p-
system conjugation planar. Consequently, the HOMO energy level
was lowered by grafting the bulky pendant groups in PT [15,19]. In
general, the HOMO level of the p-type conjugated polymer was an
important parameter in BHJ cells. High Voc values were obtained for
PSCs fabricated from r-TPATh-PT and rr-TPATh-PT with low HOMO
levels.

3.4. Morphology investigation of copolymer/fullerene derivatives
blend films

PSC performance was strongly dependant on the morphology of
the conjugated polymer/fullerene-derivative composite film [40].
To avoid the recombination of exciton, the P/N heterojunction
phase was controlled under nano-scale distribution, as the diffu-
sion range of the charge carrier was about 3e10 nm [2,41]. It has
been shown earlier that PC61BM was capable of organizing crys-
talline order in pristine PC61BM films at elevated temperatures [42].
The existence of micro-meter clusters indicated that the large-scale
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phase separation of P/N heterojunction led to a recombination of
electrons and holes. Moreover, the charge mobility decreased due
to the aggregation of PC61BM [22]. Therefore, it was important to
study the crystalline morphology of PC61BM in polymer-blend
films. The POM images of pristine copolymer films and copolymer/
PC61BM-blend films are shown in Fig. 7. No crystals were observed
in Fig. 7(aeb), which presents the amorphous morphology of rr-
TPATh-PT and r-TPATh-PT pristine films. As shown in Fig. 7(ced),
several crystalline domains were observed for both the rr-TPATh-
PT/PC61BM- and r-TPATh-PT/PC61BM-blend (w/w ¼ 1:1) films. For
copolymer film with a higher weight ratio of PC61BM (w/w ¼ 1:3)
(Fig. 7(eef)), the amount and size of PC61BM-based crystalline
domains were larger apparently in rr-TPATh-PT-blend film than in
r-TPATh-PT-blend film. The acute micro-phase separation and poor
miscibility was verified for the rr-TPATh-PT-blend film with
a higher PC61BM ratio (w/w ¼ 1:3). In contrast, only a small portion
of PC61BM-based crystalline domain was observed for r-TPATh-PT/
Fig. 7. POM images of (a) rr-TPATh-PT, (b) r-TPATh-PT, (c) rr-TPATh-PT/PC61BM (w/w ¼ 1:1
TPATh-PT/PC61BM (w/w ¼ 1:3) films.
PC61BM-blend film. Poormiscibility between PC61BM and rr-TPATh-
PT was attributed to less intercalating of PC61BM into the polymer
chains [20]. In other words, r-TPATh-PT with less bulky conjugated
side-chains was favorable for the intercalating of PC61BM into the
polymer chains. As a result, better compatibility was observed for
the r-TPATh-PT/PC61BM-blend film as compared to the rr-TPATh-
PT/PC61BM-blend film. The phase separation of polymer/PCBM-
blend film reduced the hole-mobility in the photo-active layer [22].
Consequently, a better PCE of r-TPATh-PT/PC61BM-based PSC was
expected in comparison with the rr-TPATh-PT/PC61BM-based PSC.

Recently, it has been reported that the PV properties of PSCs can
be improved by manipulating the morphology within the photo-
active polymer-blend [36]. The compatibility andmorphology of the
conjugated copolymer/PCBM composite films were investigated
using AFM microscopy. The topography (aed) and phase (eeh)
nano-scale images of the rr-TPATh-PT/PC61BM and r-TPATh-PT/
PC61BM-blendfilms are shown in Fig. 8. As shown in Fig. 8(aeb, eef),
), (d) r-TPATh-PT/PC61BM (w/w ¼ 1:1), (e) rr-TPATh-PT/PC61BM (w/w ¼ 1:3), and (f) r-



Fig. 8. Tapping mode topographic (aed) and phase (eeh) images of rr-TPATh-PT/PC61BM (w/w ¼ 1:1) (a, e), r-TPATh-PT/PC61BM (w/w ¼ 1:1) (b, f), rr-TPATh-PT/PC61BM (w/w ¼ 1:3)
(c, g), and r-TPATh-PT/PC61BM (w/w ¼ 1:3) (d, h). The area was 500 nm � 500 nm.
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Fig. 9. BF-TEM images of (a, b) rr-TPATh-PT/PC61BM (w/w ¼ 1:1) and (c) r-TPATh-PT/
PC61BM (w/w ¼ 1:1).
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the copolymers/PC61BM (w/w ¼ 1:1) films displayed low levels of
root-mean-square (RMS) (0.34nmfor rr-TPATh-PTand0.53nmfor r-
TPATh-PT), which presented a satisfactory miscibility of films. The
introduction of electron-donating side-chains reduced the phase
separation due to the intermolecular steric hindrance of the bulky
side-chains to the conjugated main chain [16]. The presence of the
bulky side-chains reduced the packing density of the polymer main
chains and, subsequently, enhanced themiscibility of the copolymer
and PC61BM. In addition, with a higher PC61BM content of rr-TPATh-
PT/fullerene derivatives-blend film (Fig. 8 (c, g)), the higher surface
roughness (0.91 nm) and apparent phase separation in nano-scales
were observed. However, the r-TPATh-PT-blend film with higher
a PC61BM content (Fig. 8(d, h)) retained a lower surface roughness
(0.41 nm) and smoother surface. r-TPATh-PT with a low bulky side-
chain density provided more free volume between the side-chains
to accommodate the higher amount of fullerene molecules, thus
improving the compatibility between the polymer and fullerene
molecules for the r-TPATh-PT/fullerene derivative-blend films.

In order to further characterize the distribution of fullerene
derivatives in polymer/fullerene derivative-blend film, TEM inves-
tigation was carried out [43]. Bright field (BF)-TEM images of rr-
TPATh-PT/PC61BM and r-TPATh-PT/PC61BM-blend films are shown
in Fig. 9.The dark areas of the BF-TEM images were attributed to the
PC61BM domains. This is because the electron scattering density of
PC61BM is greater than that of the conjugated polymer [44]. As
shown in Fig. 9(a), the phase separation and aggregation of PC61BM
were formed in the rr-TPATh-PT/PC61BM (w/w ¼ 1:1) blend film.
The PC61BM clusters could be observed more obviously in the
magnified TEM image (Fig. 9(b)). In contrast, a relatively homoge-
neous morphology was present in the r-TPATh-PT/PC61BM (w/
w¼ 1:1) blend film (Fig. 9(c)). Indeed, the TEM images indicate that
the r-TPATh-PT/PC61BM-blend film exhibited better compatibility
than the rr-TPATh-PT/PC61BM-blend film. This is also confirmed by
POM and AFM investigations.

Based on the results of POM, AFM, and TEM, the side-chain
density effect on the compatibility of the polymer and fullerene
derivatives is further illustrated in Fig. 10. The distribution of the
fullerene molecules is sketched out in the polymer chains of the rr-
TPATh-PT/PC61BM- and r-TPATh-PT/PC61BM-blend films. As illus-
trated in Fig. 10 (a), the PC61BM clusters (the shadow area) were
formed between the polymer chains in the rr-TPATh-PT/PCBM-
blend film. There was insufficient space between the side-chains of
rr-TPATh-PT for intercalation to occur. On the other hand, excitons
in nonintercalated blends split only at the interface between two
different phases, a polymer phase and a fullerene phase [22]. Even
though the PC61BM-based electron-transporting channel was
formed between the polymer backbones. In contrast, the free
volume is sufficient for the fullerene molecules to accommodate
between the side-chains of r-TPATh-PT (Fig. 10(b)). Sufficient room
for PC61BM intercalation was evidenced by the good compatibility
between r-TPATh-PT and PC61BM. The intercalation of PC61BM was
favorable for the electron-transfer from polymer backbone to
PC61BM. It was concluded that r-TPATh-PT with less bulky side-
chains possessed sufficient free volume for PC61BM to intercalate
into the polymer chains, which was a crucial factor for the
morphology of the polymer/fullerene derivative-based blend film.

3.5. Current density versus electrical field of the polymer/PC61BM-
based hole-only and electron-only devices

In order to investigate the charge-transporting properties in
polymer/PC61BM-blend films, hole-only devices (ITO/PEDOT:PSS/
polymer:PC61BM/Au) and electron-only devices (ITO/Ca/poly-
mer:PC61BM/Ca/Al) were fabricated in this study [45e47]. Current
density was plotted as a function of electrical field of the polymer/
PC61BM-based hole-only (Fig. 11(a)) and electron-only (Fig. 11(a))
devices, respectively. Based on current density versus electrical
field plots, the hole-current density of r-TPATh-PT/PC61BM-based
device was much higher than that of the rr-TPATh-PT/PC61BM-
based device. Higher hole-current density was attributed to the
longer conjugation in polymer backbone of r-TPATh-PT. This is due
to the fact that holes in photo-active layer were transported
through the p-type polythiophene derivative to the electrode. The
results indicate that the hole-transporting property was strongly
dependent on the side-chain density of polythiophene derivatives.
In addition, the electron-current density of r-TPATh-PT/PC61BM-
based device was slightly higher than that of the rr-TPATh-PT/
PC61BM-based device. The side-chain density effect on the elec-
tron-transporting property was not as significant as that on hole-
transporting property. This is because the electrons were mainly



Fig. 10. Possible distribution of fullerene molecules in the copolymer chains of (a) rr-TPATh-PT, and (b) r-TPATh-PT.
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transported through the PC61BM phase to the electrode. It is
concluded that higher electron- and hole-transporting capacities
were observed for the r-TPATh-PT/PC61BM-based device as
compared to the rr-TPATh-PT/PC61BM-based device.
Fig. 11. Current-density versus electrical field of the polymer/PC61BM-based (a) hole-
only and (b) electron-only devices.
3.6. Photovoltaic properties of PSCs

The PSCs were fabricated from copolymer/PC61BM- and copol-
ymer/PC71BM-blend films in various weight ratios via the spin-
coating method. The optimal PCE performance of the PSCs was
observed when the photo-active layer was spin-coated (1000 rpm)
from the o-DCB solution. The photocurrent density versus voltage
(IeV) characteristics of PSCs prepared from copolymer/PC61BM and
copolymer/PC71BM with various weight ratios are shown in Fig. 12.
PV properties of these PSCs, including Voc, short-circuit current
density (Jsc), fill factor (FF), and PCE are summarized in Table 2. The
r-TPATh-PT/PC61BM-based (w/w¼ 1:1) PSC showed an Voc of 0.74 V,
Jsc of 3.43 mA/cm2, FF value of 0.37, and a PCE of 0.94%; while the rr-
TPATh-PT/PC61BM-based (w/w ¼ 1:1) PSC presented a equal FF, but
lower Voc (0.66 V) and Jsc (2.21 mA/cm2) values, resulting in a lower
PCE of 0.49%. Basically, the Voc is mainly determined by the energy
difference between the LUMO of the electron-acceptor PC61BM and
the HOMO of the electron-donor (conjugated polymer). The Voc
value of rr-TPATh-PT was smaller than those of r-TPATh-PT, despite
the fact that the HOMO level of rr-TPHTh-PT was lower than that of
r-TPAT-PT. This was attributed to the aggregation of PC61BM in
blend film. The formation of PC61BM cluster in rr-TPATh-PT/
PC61BM-blend filmwould reduce the effective LUMO level of PCBM
[48]. Consequently, the Voc value of rr-TPATh-PT/PCBM-based PSC
was smaller than the r-TPATh-PT/PCBM-based PSC. Furthermore,
the larger Voc and higher Jsc values led to a superior PCE value,
which was supposed to a satisfactory HOMO level and high light
harvest ability in the visible region of r-TPATh-PT. Nevertheless, the
regioregularity of rr-TPATh-PT promoted organization of the poly-
mer backbone and facilitated the enhancement of the charge
mobility and photocurrent density [49,50]. In addition, low
molecular weights of the polymers results in poor film quality,
leading to the current leakage in the PSC [51,52]. As a result of that,
moderate FF values were observed for the r-TPATh-PT/PC61BM-
based and rr-TPATh-PT/PC61BM-based PSCs as compared to those
reported in previous literature [15,34].

To further improve the PV performance of r-TPATh-PT-based
PSC, the PSC was prepared based on the blend film of r-TPATh-PT/
PC61BM with a higher PC61BM content (w/w ¼ 1:3). Moreover,
PC71BMwas introduced instead of PC61BM as the electron-acceptor
in the photo-active layer of the PSC. The PV properties of the r-
TPATh-PT/PC71BM-blend (w/w ¼ 1:3) film-based PSC were also
investigated. Both r-TPATh-PT/PC61BM- and r-TPATh-PT/PC71BM-
blend film-based photo-active layers were thermal annealed above



Table 2
Photovoltaic performances of copolymer/PCBM based solar cells.

Active layer(w/w ratio) Voc (V) Jsc (mA/cm2) FF h(%)

rr-TPATh-PT: PC61BM (1:1) 0.66 2.21 0.37 0.49
r-TPATh-PT: PC61BM (1:1) 0.74 3.43 0.37 0.94
r-TPATh-PT: PC61BM (1:3)a 0.69 6.03 0.35 1.45
r-TPATh-PT: PC71BM (1:3)a 0.71 6.83 0.36 1.75

a The photo-active layer was annealed under 140 �C for 20 min.

Fig. 12. Current density-potential characteristics of illuminated (AM 1.5G, 100 mW/
cm2) copolymer/PCBM-based solar cells (* with annealing).
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the Tg of the copolymer (140 �C for 20 min) [53,54]. The Jsc value of
the r-TPATh-PT/PC61BM-based (w/w ¼ 1:3) PSC was 6.03 mA/cm2,
a value which was two times of magnitude higher than the Jsc value
(2.21mA/cm2) of the r-TPATh-PT/PC61BM-based (w/w¼ 1:1) PSC. In
addition to the thermal annealing effect on PV performance, the PV
properties of PSCs were also determined from the electro-acceptor
content in the photo-active layer. The enhancement of photocur-
rent for the PSC fabricated from the PC61BM-rich blend film might
have been attributed to the formation of an adequate electron and
hole percolation path in the photo-active layer. An efficient disso-
ciation of the exciton and higher charge collection to the electrode
were therefore achieved. Moreover, the enhancement of the
photocurrent might have been attributed to the intercalation of
PC61BM in the polymer chains for the r-TPATh-PT/PC61BM-blend
(w/w¼ 1:3) film-based PSC [20,22]. In addition, PSC fabricated from
the r-TPATh-PT/PC71BM-blend (w/w ¼ 1:3) film showed a Voc of
0.71 V, Jsc of 6.83 mA/cm2, FF of 0.36, and a PCE of 1.75%. Better PV
performance was observed for the r-TPATh-PT/PC71BM-based (w/
w ¼ 1:3) PSC as compared to the r-TPATh-PT/PC61BM-based (w/
w ¼ 1:3) PSC. This was because of the enhanced light absorption in
the visible region of PC71BM [55,56].
4. Conclusion

The regioregular and random polythiophene derivatives (rr-
TPATh-PT and r-TPATh-PT) with conjugated side-chains were
synthesized and developed for PSC application. r-TPATh-PT with less
bulky side-chain content exhibited a longer conjugation length and
a better p-electron delocalization along the main chains than rr-
TPATh-PT. Higher thiophene-based segment content resulted in the
higher absorption intensity in the vision region for r-TPATh-PT in
comparison with rr-TPATh-PT. Moreover, r-TPATh-PT with less side-
chain content provided sufficient free volume between the side-
chains for the intercalation of fullerene molecules into the polymer
main chains. Better compatibility was observed for the r-TPATh-PT/
PC61BM-blend film as compared to the rr-TPATh-PT/PC61BM-blend
film. Therefore, the r-TPATh-PT/PC61BM-based PSCs showed higher
PV performances than the rr-TPATh-PT/PC61BM-based PSCs. In
addition, the incorporation of bulky conjugatedmoiety also curtailed
the effective conjugation length in themain chain; thus, a lowHOMO
level and a satisfactory Voc value of the copolymers were obtained.
TheoptimumPSCperformance inour studywasdemonstratedby the
r-TPATh-PT/PC71BMratioof 1:3 (w/w),when thePCEwas1.75%under
AM 1.5G simulated solar light. The suitable bulky conjugated side-
chain density had a crucial influence on the photophysical, electro-
chemical, morphological and PV properties of the PT derivatives.
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We synthesized a polyamidoamine (PAMAM) dendrimer with a 1,2-diaminoethane surface by an ami-
dation reaction of PAMAM (G3.5) with diethylenetriamine (DET; PAM-DET). By titration and a lactate
dehydrogenase (LDH) assay, we showed that PAM-DET has excellent buffering capacity and pH-depen-
dent membrane destabilizing activity during the acidification process from pH 7.4 to pH 5.5. Further,
through transfection experiments with various PAMAM derivatives that have different surface amines,
we showed that the high transfection efficiency of PAM-DET was due to the introduction of a 1,2-dia-
minoethane moiety. Even though the intracellular uptake of PAM-DET was not significantly different
from that of PAMAM, its transfection efficiency was highly dependent upon the presence of nigericindan
inhibitor of endosomal acidificationdwhich verified that the increased transfection efficiency by PAM-
DET originated from the facilitation of endosomal escape during endosome acidification. DNA-delivery
efficiency can be greatly enhanced by this simple modification and small change to the surface amine
structure.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyamidoamine (PAMAM) dendrimers are nanoscale biomate-
rials with highly controlled branched structures andmonodispersed
array (Mw/Mn < 1.01); they are recognized as a unique class of
synthetic macromolecules replacing traditional synthetic polymers
such as linear, cross-linked, and branched polymers with relatively
broad molecular weight distributions [1,2]. PAMAM dendrimers are
often referred to as “artificial proteins” since their structures are
similar to those of globular proteins. From earlier to higher genera-
tion, PAMAM dendrimers closely match the sizes and shapes of
natural proteins. For example, PAMAM G3.0, G4.0, and G5.0 have
approximately the same size and shape as insulin (w30 Å), cyto-
chrome C (w40 Å), and haemoglobin (w55 Å), respectively [3]. In
addition, PAMAM dendrimers have high potential in gene delivery
because the structure resembles that of the histone protein core
around which the DNA in chromatin is wrapped [4].

The globular structure of PAMAM dendrimers can be divided
into two parts: the surface that has primary amine groups and the
interior that contains tertiary amine groups, which are closely
: þ82 2 871 2496.

All rights reserved.
related with the capability of the complex formation with DNA and
efficient delivery into the cytosol or nucleus. Due to their relatively
high pKa value (pKa 9.2), the primary amine groups undergo
protonation at neutral pH so that there is a high density of positive
charges on the surface of PAMAM dendrimers, which enables the
formation of a nano-sized complex with negatively charged DNA (a
polyplex) through electrostatic interactions [5,6]. Since excess
amounts of dendrimers are usually used for polyplex formation, the
DNA-dendrimer polyplex exhibits a net positive charge, which
facilitates interactions with negatively charged glycoproteins and
phospholipids on the surface of cells to promote entry into the cell
by endocytosis [7,8].

Due to their low pKa (pKa 6.7), tertiary amine groups in the
PAMAM interior are protonated only at acidic pH environments,
such as that in the endosome [9]. Previous studies revealed that the
escape from the early endosome is one of the most important steps
for successful transfection [10,11]. According to the proton sponge
hypothesis suggested by Behr et al., the buffering effect of the low
pKa moieties in polycations, which are protonated at acidic endo-
somal pH, induces the excessive uptake and accumulation of
protons and its counterions in the endosome causing disruption of
the endosomal membrane possibly by mechanical or osmotic
swelling [12]. Although the detailed role of the PAMAM dendrimer
as a DNA-delivery carrier leading to gene expression is not fully
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understood and is being investigated, it has been suggested that the
high buffering capacity of the dendrimer at endosomal pH values
facilitates endosomal escape. However, the transfection efficiency
of PAMAMdendrimers is still not sufficiently satisfactory for clinical
use; further investigation is needed to increase its transfection
efficiency [13,14].

Recently, it has been reported that introduction of a 1,2-dia-
minoethane moiety into cationic polymers can be a good strategy
to enhance transfection efficiency. The 1,2-diaminoethane moiety
undergoes a distinctive two-step protonation process from the
mono-protonated state (gauche form) at neutral pH to di-proton-
ated state (anti form) at weakly acidic pH, thereby exhibiting an
effective buffering function in the early endosome (Fig. 1).
Furthermore, the di-protonated state of the 1,2-diaminoethane
moiety shows strongmembrane destabilizing activity, although the
mono-protonated state causes minimal membrane destabilization.
Some of the recently developed gene-delivery carriers have
exceptional transfection efficiency due to the endosomal destabi-
lizing activity of 1,2-diaminoethane moieties [15,16].

In this paper, we combine the structural uniqueness of PAMAM
dendrimers with the strong endosomal destabilizing activity of 1,2-
diaminoethane moieties. Assuming that the transfection efficiency
limit of PAMAM dendrimers is due to inefficient endosomal escape,
enhancement of transfection efficiency is expected due to the
endosomal destabilizing activity of the 1,2-diaminoethane moiety.
In addition, the mechanism of transfection efficiency enhancement
will provide important information for the further development of
an ideal polymer-based gene-delivery carrier.

2. Experimental section

2.1. Materials

PAMAM (G3.0, 4.0, 5.0), PAM-OH, PEI 25 kDa, methyl acrylate
(MA), diethylenetriamine (DET), dipropylenetriamine (DPT), 1,5-
pentanediamine (PD), nigericin, chloroquine, 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT), methanol (MeOH),
and deuterium oxide (D2O) were purchased from SigmaeAldrich
(St. Louis,MO).Methanol-d4 (MeOD)waspurchased fromCambridge
Isotope Laboratories Inc., (Andover, MA, USA). The lactate dehydro-
genase (LDH) Cytotoxicity Detection kit was purchased from
Clontech Laboratories, Inc. (Mountain View, CA, USA). Luciferase
1000 Assay System and Reporter Lysis Buffer were purchased from
Promega (Madison, WI). Dulbecco’s Modified Eagle’s Medium
(DMEM), trypsin-ethylenediaminetetraacetic acid (EDTA), antibiotic-
antimycotic and fetal bovine serum (FBS) were purchased from
GIBCO (Gaithersburg, MD). Phosphate-buffered saline (PBS) was
purchased from Cambrex Bio Science (Walkersville, MD). Label ITR�

CX-Rhodamine Nucleic acid labeling kit was purchased from Mirus
Bio (Japan).Micro BCA� Protein Assay Kitwas purchased from Pierce
(Rockford, IL). All chemicals were used without further purification.
Thefirefly luciferaseexpressionplasmidpCN-Luciwasconstructedby
subcloning Photinus pyralis luciferase cDNA with the 21 amino acid
nuclear localization signal of the Simian vacuolating virus 40 (SV40)
large T antigen into pCN.
Fig. 1. Two-step protonation of the 1,2-diaminoethane moiety with a distinctive
gauch-anti conformational change.
2.2. Synthesis of PAMAM derivatives

Amixtureof PAMAM(G3.0) and100equivalents ofMAper surface
primaryaminegroupof thePAMAMdendrimer inMeOHwere stirred
at 37 �C (Fig. 2). After 1 d, MeOH and excess MA were evaporated
under reduced pressure. For introduction of DET (DPT, PD), the
resulting PAMAM (G3.5) was reacted with 100 equivalents of DET
(DPT, PD) per surfacemethyl ester group of the PAMAM (G3.5) for 3 d
at 50 �C. The resulting mixture was dialyzed against distilled water
and lyophilized. Products were analyzed using 1H NMR (Fig. S1). (1H
NMR (300 MHz, MeOD, d ppm) of PAMAM (G3.5): d 2.40e2.42
(t, eNHCH2CH2CONHe), d 2.42e2.50 (t, eNHCH2CH2COOe),
d 2.53e2.65 (m, eCH2CH2NHCH2e and eNHCH2CH2NHCH2e),
d 2.73e2.90 (m, eNHCH2CH2CONHe and eNHCH2CH2COOe),
d 3.22e3.36 (t, eCONHCH2CH2NHe), d 3.65e3.72 (s, eCOOCH3)).

2.3. Acidebase titration

An acidebase titration was performed for the comparison of the
buffering capacity of PAM-DET with that of PAM-OH (G4.0) and
PAMAM (G4.0). In this assay, each dendrimer was dissolved in 10 mL
ofwater at a concentrationof 10mM,and then100mL of 1NNaOHwas
added to each solution to adjust the pH into the alkaline range. HCl
(0.01 N) was used as the titrant to lower the pH to acidic conditions.

2.4. LDH assay

The membrane destabilization activity according to pH change
was examined by measuring the activity of cytosolic LDH released
from cells into the media. HeLa (human cervical cancer cell) cells
were seeded on 96-well plates and incubated overnight in 100 mL of
DMEM containing 10% FBS. The cell culturemediumwas changed to
100 mL of the PAMAM (G4.0) and PAM-DET solutions with various
concentrations in 20 mM HEPES buffered saline (pH 7.4) or 20 mM
MES buffered saline (pH 5.5). After incubation at 37 �C for 1 h,
samples were centrifuged at 180� g. Aliquots of each sample
(100 mL) were collected for the LDH assay. The LDH activity was
determined using a commercial kit according to the manufacturer’s
protocol, which determines the LDH activity from the amount of
diformazan that is produced through the two-step reduction of
nicotinamide adenine dinucleotide (NAD) and nitrobluetetrazolium
in the presence of LDH and diaphorase. The amount of the difor-
mazan was measured from the absorbance at 570 nm using
a microplate reader (Molecular Devices Co., Menlo Park, CA).

2.5. Zeta potential and size determination

The zeta potential and size distribution of the dendrimer/
plasmid DNA (pDNA) complexes were analyzed using a Malvern
Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, U.K.)
at 37 �C. PAMAM (G4.0) and PAM-DET polyplex solutions with
varying charge ratios were prepared with a pDNA concentration of
10 mg/mL in 10 mM TriseHCl (pH 7.4) buffer.

2.6. Cell lines and culture

Human cervical cancer HeLa cells and mouse myoblast C2C12
cells were grown in DMEM with 10% FBS. HeLa and C2C12 cells
were incubated in plastic tissue culture dishes (Falcon) in a 5% CO2
humidified incubator.

2.7. In vitro transfection

HeLa and C2C12 cells were seeded at 30,000 cells/well in 24-
well plates in 600 mL of DMEM containing 10% FBS and incubated at



Fig. 2. The synthetic scheme of PAM-DET.
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37 �C for 1 d before transfection. Polyplexes were prepared with
1 mg of pDNA at different charge ratios in 120 mL of FBS-free
medium, and the mixtures were incubated for 30 min at room
temperature. After adding the polyplex, the cells were further
incubated for 48 h. For the assay, growthmediumwas removed and
the cells were washed with PBS and lysed for 30 min at room
temperature with 120 mL of reporter lysis buffer (Promega, Madi-
son, WI). Luciferase activity in the transfected cells was measured
using an LB 9507 luminometer (Berthold, Germany) with 10 mL of
the lysate dispensed into a luminometer tube and 50 mL of Lucif-
erase Assay Reagent injected automatically. All experiments were
performed in triplicate.

2.8. MTT cytotoxicity assay

To measure the cytotoxicity of the polyplex, MTT assays were
performed. HeLa and C2C12 cells were seeded at 6000 cells/well in
96-well plates in 120 mL of DMEM containing 10% FBS and incu-
bated at 37 �C for 1 d prior to polyplex addition. Polyplexes were
prepared with 0.2 mg of pDNA at different charge ratios in 24 mL
of FBS-free medium. After adding the polyplex, the cells were
further incubated for 48 h. The cells were then washed with PBS,
followed by the addition of 26 mL of filtered MTT solution (2 mg/mL
in PBS). After incubation at 37 �C for 4 h, the mediumwas removed
from the well and 150 mL of DMSO was added to dissolve the
insoluble formazan crystals. The absorbance was measured at
570 nm using a microplate reader (Molecular Devices Co., Menlo
Park, CA) and the cell viability was calculated as a percentage
relative to untreated control cells.

2.9. Labeling of pDNA

Labeling of pDNA was performed using a Label IT� CX-Rhoda-
mine Nucleic Acid Labeling Kit. Nuclease-free water (35 mL), 5 mL of
10� Labeling buffer A and 5 mL of plasmid DNA sample (1 mg/mL)
weremixed together. After the addition of 5 mL of Label IT� Reagent,
the mixture was incubated at 37 �C for 1 h. The labeled pDNA was
purified by ethanol precipitation.



Table 1
Properties of PAMAM derivatives.

PAMAM
(G4.0)

PAM-PD PAM-DET PAM-DPT PAMAM
(G5.0)

Molecular weight 14214a 16398b 16428b 17967b 28825a

No of protonatable
amines

128 122 178 178 256

Dendrimer
diameter (Å)

40 44c 45c 48c 54

a Molecular weight provided by the manufacturers.
b Molecular weight determined by 1H NMR analysis of each polymer.
c Dendrimer diameter calculated from the average bond lengths between car-

bonecarbon and carbonenitrogen atoms.
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2.10. FACS analysis

HeLa cells were seeded at a density of 30,000 cells/well in
a 24-well plate in DMEM medium containing 10% FBS and incu-
bated at 37 �C for 1 d prior to transfection. Before transfection, the
medium of eachwell was exchangedwith freshmedium containing
10% FBS. The cells were incubated with polyplex solutions (2 mg of
rhodamine-labeled pDNA) for 8 h at 37 �C. The medium was then
aspirated from the wells and cells were washed 3 times with PBS.
Cells were incubated with trypsineEDTA for 5 min and detached
from the well by washing with PBS. The trypsinized cells were
collected by centrifugation at 1000 rpm and suspended in 1 mL PBS
containing 1% FBS. The cellular uptake of rhodamine-labeled pDNA
in 10,000 cells was examined using the FACS Canto II with an
excitation wavelength of 488 nm (Becton Dickinson, Mountain
View, CA).
2.11. Transfection in the presence of nigericin and chloroquine

Transfection experiments were performed with or without
nigericin and chloroquine to investigate the mechanism of trans-
fection enhancement in the PAM-DET polyplex system. HeLa cells
were seeded at 30,000 cells/well in 24-well plates in 600 mL of
DMEM containing 10% FBS and incubated at 37 �C for 1 d. Then,
2.5 mM nigericin or 100 mM chloroquine was added to the cells
before transfection. After incubation for 4 h, cells werewashedwith
PBS and maintained in DMEM containing 10% FBS at 37 �C for 2 d.
Cell lysis and luciferase assays were performed using the same
protocol described above. To compare the RLU values of PAMAM
(G4.0) and PAM-DET in the presence or absence of nigericin or
chloroquine, parametrical analysis using the Student’s t-test was
performed.
3. Results and discussion

3.1. Synthesis and characterization of PAMAM derivatives

For the introduction of a 1,2-diaminoethane moiety into the
PAMAM dendrimer, ester-surface PAMAM (G3.5) was synthesized
from PAMAM (G 3.0), as described by Tomalia et al. [17]. PAM-DET
was synthesized by the aminolysis of PAMAM (G3.5) with excess
DET (Fig. 2). Comparison of the integration ratio of the proton
peaks (c and eeg) reveals that 89% of dendrimer surface was
substituted by DET moiety (Fig. S1). The imperfect introduction
of DET moiety, contrasting to the nearly perfect introduction of
ethylenediamine to dendrimer surface during the synthesis of
PAMAM dendrimer, may be related with the longer chain length
and higher steric hindrance of DET than ethylenediamine. Simi-
larly, other PAMAM derivatives which will be discussed below
(PAM-PD and PAM-DPT) showed similar conjugation efficiencies of
about 90%. Based on the 1H NMR analysis, we calculated the
molecular weights of PAMAM derivatives and the number of
amines and size of the PAMAM derivatives. The 1,2-diaminoethane
moiety was in a mostly mono-protonated state (gauche form) at
pH 7.4; hence, one 1,2-diaminoethane moiety in PAM-DET was
considered as one positive charge [14]. We calculated the size of
PAM-DET on the basis of the average length of newly added car-
bonecarbon (CeC) and carbonenitrogen (CeN) bonds and the
molecular diameter of the PAMAM (G4.0) dendrimer [18]. In this
calculation, we also considered the angle between 3 atoms (109.5�

for CeCeC bond and 120� for CeNeC bond) and between adjacent
branch points in dendrimers (45�) as described below [19]. All
these characteristics of PAMAM derivatives are summarized in
Table 1.
Diameter of PAMAM derivative
¼ Diameter of PAMAM ðG4:0Þ

þ 2
��

number of CeC� bond length of CeC� sin
109:5�

2

�

þ
�
number of CeN� bond length of CeN� sin

120�

2

��

� cos 45�

3.2. Buffering capacity and pH-dependent membrane destabilizing
ability of the dendrimers

Previous studies revealed that an essential factor for high
transfection efficiency is efficient endosomal escape of DNA cargos,
which can often be accomplished by the endosomal disruption of
polycations [20e22]. Endosomal disruption can be facilitated by
protonation of polymers in endosomal acidic compartments (the
proton sponge effect). Hence, the development of polycations with
high buffering capacity between neutral pH and early endosomal
pH (pH 7.4 and pH 5.5, respectively) is recommended for successful
transfection [23]. In this regard, the buffering capacity of PAMAM
(G4.0) and PAM-DET was compared by titration over the pH range
of 2e11 (Fig. 3a). Considering the ionization degree (a) and total
number of amines in each dendrimer, the number of protonated
amines was calculated and plotted against pH, as shown in Fig. 3b
[24]. Fig. 3a shows that PAMAM (G4.0) exhibits two distinct
protonation steps. Compared with the titration curve of PAM-OH
(G4.0), which has only internal tertiary amine groups without any
primary amine on the surface, the primary amine groups in PAMAM
(G4.0) were protonated in the first step from pH 10 to pH 7, while
the tertiary amine groups were protonated in the second step from
pH 7 to pH 3.

Protonation of PAM-DET shows evenmore dramatic features. As
shown in Fig. 3b, PAM-DET has about 2-times higher buffering
capacity than PAMAM (G4.0) during acidification from pH 7.4 to pH
5.5, which is likely due to the 57 more protonatable secondary
amine groups (in addition to 64 internal tertiary amine groups) on
PAM-DET. As mentioned above, the 1,2-diaminoethane moiety
maintains a mainly mono-protonated state at pH 7.4; the di-
protonated state is generated during the acidification procedure.

Furthermore, the potential to destabilize the early endosomal
membrane was examined. Since the endosomal membrane initially
originates from the plasma membrane, the destabilizing activity of
the plasma membrane at the endosomal pH can be a reasonable
estimate of the activity of the actual endosomal membrane desta-
bilization. For the estimation, we measured the enzymatic activity
of cytosolic LDH liberated from cells into media [25]. Fig. 4 shows
that the activity of LDH liberated from HeLa cells incubated with
PAMAM (G4.0) was low regardless of the pH value. The activity of
LDH from the cells incubated with PAM-DETat pH 7.4 was the same
as that of PAMAM (G4.0), while the activity of LDH at pH 5.5 was



Fig. 3. Comparison of buffering capacity of PAM-OH (G4.0), PAMAM (G4.0), and PAM-DET. (a) acid-base titration profile (b) change in pH against the protonated numbers of amines
in PAM-OH (solid line), PAMAM (dotted line), and PAM-DET (dashed line).
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surprisingly increased. In other words, PAM-DETcan destabilize the
biomembrane only at the early endosomal pH due to the di-
protonated state of the 1,2-diaminoethane moiety. Based on the
high buffering capacity and pH-dependent membrane destabili-
zation activity of PAM-DET, it is likely that PAM-DET facilitates
effective endosomal escape.

3.3. Analysis and characterization of the polyplex formation

As described above, protonated primary amine groups in
PAMAM (G4.0) and mono-protonated 1,2-diaminoethane moieties
of PAM-DET provide positive charges on the surface of each den-
drimer at neutral pH. The positively charged dendrimers can form
polyplexes with negatively charged pDNA through electrostatic
interactions. To measure the stoichiometry of polyplex formation,
charge ratios between the positive charges of dendrimers and
negative charges of pDNA were used. The number of positive
charges was calculated from the number of primary amine groups
of PAMAM (G4.0) or the number of mono-protonated 1,2-dia-
minoethane moieties of PAM-DET because protonation of internal
tertiary amines of both dendrimers and the di-protonation of 1,2-
diaminoethane moieties in PAM-DET can only be accomplished at
Fig. 4. pH-dependent membrane destabilizing activity of PAMAM (G4.0) at pH 7.4 (C)
and 5.5 (;) and PAM-DET at pH 7.4 (B) and 5.5 (6). X axis means the concentration
of protonated amine groups of PAMAM (G4.0) and PAM-DET at pH 7.4. Error bars
indicate standard deviation.
an acidic pH (Table 1). The number of negative charges was also
calculated based on the fact that pDNA has one phosphate group
per 330 Da of molar mass [26].

At various charge ratios, the hydrodynamic diameter and zeta-
potential of the polyplex from PAMAM (G4.0) and PAM-DET were
measured by the light scattering method. As shown in Fig. 5a, each
Fig. 5. Change in the size and zeta-potential of PAMAM (G4.0) and PAM-DET poly-
plexes according to charge-ratio variation. (a) Hydrodynamic diameter and (b) zeta-
potential: (C) PAMAM, (B) PAM-DET. Error bars indicate standard deviations.



Fig. 6. In vitro transfection efficiency in (a) HeLa and (b) C2C12 cells with PAMAM (G4.0) (white bars), PAM-DET (black bars) and PEI 25 kDa (gray bars) polyplexes at varying charge
ratios, which was determined by luciferase assays. Error bars indicate standard deviations.
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polyplex had the critical charge ratio of 1 with a large size of about
800e900 nm. Considering that the zeta-potential of each polyplex
was close to zero at this charge ratio (Fig. 5b), the large-sized
particles were supposed to be the aggregation between polyplexes
due to the neutralization of the charges and insufficient electro-
static repulsive stabilization [27]. By addition of the cationic den-
drimers over the critical charge ratio, the size of both polyplexes
can be maintained below 200 nmwith a unimodal size distribution
(Fig. S2). Both polyplexes in this size range exhibited almost
constant positive zeta-potentials: þ40 mV for the PAMAM (G4.0)
polyplex andþ30mV for the PAM-DET polyplex. It is supposed that
the relatively low positive zeta-potential of PAM-DET polyplex
comparing to PAMAM polyplex is due to the imperfect conjugation
efficiency of DET moiety on the surface of dendrimer as mentioned
in Section 3.1, resulting to the loss of positive charge of dendrimer
at pH 7.4.

3.4. In vitro transfection efficiency and cytotoxicity

The transfection efficiencies of the luciferase gene against two
cancer cell lines (HeLa and C2C12) were compared between the
PAMAM (G4.0), PAM-DET and PEI (25 kDa), which is a well-known
polymeric transfection reagent [28,29]. The transfection efficiency
data are shown in Fig. 6. In both cell lines, the PAM-DET polyplexes
exhibit high transfection efficiency, which was almost 10e20 times
greater than that of PAMAM (G4.0) polyplexes and 2e7 times
greater than that of PEI 25 kDa. The luciferase gene expression of
PAM-DET in HeLa cells was nearly one order of magnitude higher
than in C2C12 cells, so PAM-DET was able to transfect HeLa cells
more efficiently than C2C12 cells. Furthermore, the higher the
charge ratio, the higher the overall transfection efficiency of both
polyplexes.

The cytotoxicity of the polyplex was evaluated by the MTT cell
viability assay [30]. Neither polyplex was cytotoxic at any charge
ratios used in this study (Fig. S3).
Fig. 7. Comparison of the transfection efficiency in HeLa cells with various PAMAM d
3.5. Structure-transfection efficiency relationship

To elucidate how structural factors are related to the significant
enhancement of transfection efficiency of PAM-DET comparing to
PAMAM (G4.0), we synthesized other PAMAM derivatives with
variations in the surface moiety. It was previously reported that the
transfection efficiency of PAMAM dendrimers was related to the
size of the dendrimers; larger dendrimers generally had higher
transfection efficiency than smaller dendrimers [31]. Therefore,
PAMAM derivatives with different sizes were prepared and the
molecular diameter was estimated by the calculation in Section 3.1.
PAM-PD and PAM-DPT were synthesized by the aminolysis of
PAMAM (G3.5) with pentaethylenediamine (PD) and dipropylene-
triamine (DPT), respectively. By comparing the integration ratio of
the proton peaks (c and eeh) in Fig. S1, the introduction of 90% PD
and 89% DPT on the surface of the PAMAM dendrimer was
confirmed. The calculated physicochemical characteristics of all the
PAMAM derivatives are summarized in Table 1.

The PD moiety has the same chain length as the 1,2-diamino-
ethane moiety but has a central methylene group instead of the
secondary amine that is in 1,2-diaminoethane [32]. Therefore, PAM-
PD might be a useful control to elucidate the effect of the central
secondary amine groups of PAM-DET. Although the 1, 3-dia-
minopropane moiety of PAM-DPT has a secondary amine in the
middle of the chain, it does not undergo the characteristic gauche-
anti type of protonation process with distinct pKa values as clearly
shown in the protonation of the 1,2-diaminoethane moiety. There-
fore, PAM-DPT can be used as a control to examine the influence of
pH-dependent protonation on transfection efficiency [33].

Fig. 7 compares the transfection efficiency of the dendrimer
derivatives in HeLa cells. There is no strong correlation between den-
drimer size and transfection efficiency. AlthoughPAMAM(G5.0) (54Å)
showed somewhat higher transfection efficiency than PAMAM (G4.0)
(40 Å), two middle-sized dendrimers, PAM-DET (45 Å) and PAM-DPT
(48 Å) showed even higher transfection efficiency than the larger
erivative polyplexes (Charge ratio ¼ 1:8). Error bars indicate standard deviations.
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PAMAM (G5.0). Also, PAM-PD, which has a larger size (44 Å) than
PAMAM (G4.0), showed significantly lower transfection efficiency
than PAMAM (G4.0). The importance of the secondary amines can be
demonstrated by comparison of the transfection efficiency between
PAM-PD, PAM-DET and PAM-DPT. However, the high transfection
efficiency of PAM-DETover other PAMAMderivatives, especially PAM-
DPT, can not be explained by the existence of secondary amine group
and the size effect but by the buffering capacity and endosome
destabilization effect. As shown in Fig. S4, the order of the buffering
capacity of PAMAM derivatives coincided with the order of trans-
fection efficiency shown in Fig. 7 (PAM-DET > PAM-DPT > PAMAM
(G5.0) > PAMAM (G4.0) > PAM-PD). Furthermore, remarkable pH-
dependent membrane destabilization ability of PAM-DET comparing
with all other PAMAMderivatives (Fig. S5) strongly supported that the
high transfection efficiency of PAM-DET was closely related to the
endosome disrupting activity of 1,2-diaminoethane moiety. Based on
these results, we can verify that the introduction of the 1,2-diamino-
ethane moiety onto the surface of dendrimers is the key-factor in the
enhancement of transfection efficiency.

3.6. Cellular uptake

Flow cytometry analysis was performed to examine the influ-
ence of the 1,2-diaminoethane on the internalization of the
Fig. 8. Cellular uptake of rhodamine-labeled pDNA in HeLa cells (a) cells only, (b)
PAMAM (G4.0) polyplex, (c) PAM-DET polyplex.
polyplexes. The intracellular fluorescence of HeLa cells that had
been transfected with rhodamine-labeled pDNA/dendrimer poly-
plexes was compared (Fig. 8). There was no significant difference of
fluorescence distributions between PAMAM (G4.0) and PAM-DET
polyplexes. Therefore, it was concluded that the higher transfection
efficiency of PAM-DET is not derived from an enhancement in
cellular uptake of the polyplexes [34,35].
3.7. Endosomal disruption

Finally, transfection experiments were performed in the pres-
ence of nigericin or chloroquine to determine if the enhanced
transfection efficiency of PAM-DET is due to efficient endosomal
escape (Fig. 9). Chloroquine is a well-known transfection helper
reagent with an endosome buffering capacity [34,36]. Chloroquine
facilitates release of polyplexes from the endosome even if the
polyplexes do not have endosome disrupting activity. In other
words, the transfection efficiency of the gene delivery carriers that
have low endosome disrupting activity would be increased by the
addition of chloroquine, but the gene delivery carriers that have
enough endosome disrupting activity would show little changes in
transfection efficiency. In fact, the transfection efficiency of PAMAM
(G4.0) was significantly (P < 0.01) enhanced by chloroquine treat-
ment. In contrast, the transfection efficiency of PAM-DET was
slightly decreased in the presence of chloroquine. We hypothesized
that PAM-DET, unlike PAMAM (G 4.0), already possesses enough
endosomal destabilization activity so that no further enhancement
could be obtained by treatment with chloroquine.

Nigericin is an inhibitor of endosomal acidification. Nigericin is
an inhibitor of endosomal acidification [37,38]. By the co-treatment
of nigericin, the endosomal escape of gene delivery carriers was
significantly inhibited. Therefore, nigericin can suppress the
transfection of the gene delivery carriers with high endosomal
escape activity the most effectively. Even though PAMAM (G4.0)
showed some increase of transfection, PAM-DETexhibited only 20%
of its transfection efficiency when co-incubated with nigericin. This
result strongly supports that transfection of PAM-DET proceeds
mainly through an endosomal acidification-dependent pathway.

The dependence of transfection efficiency on transfection time
was also investigated (Fig. S6). When HeLa cells were transfected
with PAMAM (G4.0), gene expression gradually increased after
4 h of transfection, and expression continued to increase with
an unsatisfactory efficiency up to 24 h after transfection. While
Fig. 9. Effect of nigericin or chloroquine treatment on the transfection efficiency of
PAMAM (G4.0) and PAM-DET polyplexes at a charge ratio ¼ 1:8. RLU values in the
presence of nigericin (gray bars) or chloroquine (black bars) were normalized as the
relative values comparing to RLU values without nigericin and chloroquine (white
bars). Error bars indicate standard deviations.
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expression in cells that had been transfected with PAM-DET
increased at 2 h after transfection, there was a sharp increase from
4 h to 12 h, which reached a maximum plateau 12 h after trans-
fection. The rapid induction of gene expression in cells transfected
with PAM-DET versus PAMAM (G4.0) provides strong supporting
evidence of the efficient and fast endosomal escape of PAM-DET
polyplexes [39].

4. Conclusion

We can greatly enhance the transfection efficiency of PAMAM
dendrimers by the introduction of the 1,2-diaminoethanemoiety on
the surface of PAMAM. Detailed comparative analysis with various
PAMAM derivatives revealed that the 1,2-diaminoethane moiety on
the surface of PAM-DET is essential for enhancement of transfection
efficiency. The 1,2-diaminoethane moiety does not significantly
influence the intracellular uptake of polyplexes, but facilitates
endosomal escape by the high buffering capacity and membrane
destabilizing activity during endosomal acidification. The augmen-
tation of transfection efficiency provides an important starting point
for future development of synthetic gene delivery vehicles. The
surface modification of 1,2-diaminoethane moieties can be a simple
and effective method to construct an efficient carrier system for the
successful intracellular delivery of biomacromolecules.
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Herein novel polyrotaxanes (PRs) comprising g-CDs and Pluronic F127 end-capped using poly(N-iso-
propylacrylamide) blocks were prepared via the atom transfer radical polymerization in aqueous
medium at room temperature. The structure was characterized in detail by 1H NMR, 2D NOESY NMR,
FTIR, GPC, WXRD and DSC analyses. Solvent treatments were conducted on the resulting PRs via incu-
bation in water and DMF, respectively. Interestingly the treatments resulted in two crystal structures: the
DMF-incubated PRs appeared to give a novel crystal structure, while the water treated samples yielded
a typical channel-type crystal structure. The entrapped g-CDs were found to be aggregated mainly
around the central PPO segment in the DMF-incubated PRs while some of g-CDs were randomly
dispersed on the PEO segments in the water treated samples. The two crystal structures exhibited
a strong solvent dependence and were convertible through solvent incubation. The solubility and flex-
ibility were greatly changed with the crystal structure conversion. Hence this provides an opportunity to
alter the physical properties of PRs without any chemical modification of entrapped CDs. The aggregated/
dispersed state of g-CDs along the Pluronic F127 chain as a result of response to solvent treatment
renders the PRs great potential to be used as smart materials.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyrotaxanes (PRs) are one of the most vigorously investigated
types of supramolecular polymers with many cyclic molecules
threaded onto a linear polymer axis and end-cappedwith two bulky
moieties on both terminals of the linear polymer axis [1e6].
Cyclodextrins (CDs) are 1e4 a-linked cyclic oligomers of anhy-
droglucopyranose with six (a-), seven (b-), or eight (g-) glucose
units. These CDs assume a toroidal shape with the primary hydroxyl
groups at the narrow side and the secondary hydroxyl groups at
the wide side [3,4]. Since the first discovery of PRs made from
a-CDs with poly(ethylene glycol) (PEG) reported by Harada and
colleagues [7], tremendous effort has been devoted to designing and
preparing various advanced architectural CD-based PRs, such as
main and side chain PRs [4,7e12], insulated molecular wires
[13e16], slide-ring gels [17e20], and other amazing PR derivatives
[4,21e25], because CDs can be selectively self-assembled with
a number of polymers and readily functionalized by a variety of
synthetic strategies [3e5,8].
: þ86 01 68944630.

All rights reserved.
Recently, the atom transfer radical polymerization (ATRP) was
successfully introduced as an end-capping technique in preparing
PRs at almost the same time by three independent groups in China
[26e28]. Since then, a variety of novel PR-based triblock copoly-
mers have been prepared, including dual thermo-responsive PRs
[29], amphiphilic PRs as carrier for the controlled drug release [30],
and H-type polymers [31]. Regarding the coupling reactions typi-
cally used in the preparation of PRs, the ATRP technique exhibits
several superiorities, such as it can be carried out in aqueous
solution at room temperature to depress the dethreading of
entrapped CDs, which is substantial at higher temperatures in N,N-
dimethylformamide (DMF) or N,N-dimethylacetamide (DMAc), and
the end-capping groups with a controlled architecture and tunable
block length greatly improve the PR solubility in water, tetrahy-
drofuran, chloroform and so on. Additionally these PR-based tri-
block copolymers can be further modified from the two flanked
blocks while the native CDs remain unchanged [23,28e31].

Since a great deal of effort is drawn to the end-capping tech-
niques and the intriguing characteristics of free sliding and rotation
of the threaded CDs around the polymer chains, little attention has
been ever paid to the CD residence states on the guest polymers
due to an accepted viewpoint that the unique steric fittings exist
between CDs and polymers so that single PEO is included by a-CDs
and poly(propylene oxide) (PPO) by either b-CDs or g-CDs, while
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two PEO chains are fitted into the cavity of g-CDs to give a charac-
teristic channel-type crystal structure [1e6]. Recently a kind of b-
CD dispersed state rather than typical channel-type or aggregated
state structure PRs was prepared in our group [29]. Furthermore,
Yui et al. also reported g-CD-based loose-fit PRs in which only one
PEO molecule is fitted in the g-CD cavity, and this leaves room to
accommodate another PEO chain or other small molecules [32].

In this paper, a kind of novel PRs was prepared via the in situ
ATRP of N-isopropylacrylamide (NIPAAm) initiated with self-
assemblies of a distal 2-bromopropionyl end-capped Pluronic F127
(PEO100-b-PPO65-b-PEO100) with a varying amount of g-CDs in
aqueous solution at ambient temperature (Scheme 1). Similar to b-
CD-based PPRs or inclusion complexes (ICs) [33,34], g-CDs may
preferably select the PPO segment to encircle [35], and as a result
these PRs would also exhibit a solvent-responsive feature with a g-
CD dispersed or aggregated solid state structure along the Pluronic
F127 chain. Moreover, the movement of g-CDs toward the PEO
segments was expected to form a loose-fit structure. In fact the
resulting PRs gave rise to a g-CD aggregated statemainly on the PPO
segment having a novel crystal structure after DMF treatment with
anhydrous ether while they yielded a g-CD aggregated state
holding a typical channel-type crystal structure after water incu-
bation. Their physical properties were markedly changed as
a function of solvent treatments. These findings not only contribute
to the theoretical understanding of the CD residual state along
the PR axle, but also provide an opportunity to improve the physical
properties of PRs without any chemical modification of the
entrapped CDs.
Scheme 1. Schematic description of PR-based triblock copolymers and their solvent-
responsive structures.
2. Experimental section

2.1. Materials

g-Cyclodextrin (g-CD) (WAKO, Japan) was used as received. N-
isopropylacrylamide (NIPAAm) (Acros, Belgium) was purified by
recrystallization from n-hexane. Pluronic F127 (Mn ¼ 127 kDa, Mn/
Mw ¼ 1.07), and N,N,N0,N00,N00-pentamethyldiethylenetriamine
(PMDETA) were both purchased from Sigma, USA. 2-Bromopro-
pionyl bromide and 4-dimethylaminopyridine (DMAP) were
available from Alfa Aesar, USA. Triethylamine (TEA) (VAS Chemical
Reagents Company, Tianjin, China) was refluxed with p-toluene-
sulfonylchloride and distilled under vacuum. The resultant free TEA
was stored over CaH2. Copper(I) chloride (Cu(I)Cl) was prepared
from CuCl2, purified by stirring in acetic acid, washed with meth-
anol and finally dried under vacuum prior to use. DMF was stirred
with CaH2 and distilled under reduced pressure. All other solvents
and reagents were of analytical grade.

2.2. Synthesis of a distal 2-bromopropionyl end-capped Pluronic
F127 (BrP-F127-PBr)

Pluronic F127 was converted to the corresponding ATRP mac-
roinitiator by the end-capping reactionwith a fourfoldmolar excess
of 2-bromopropionyl bromide in CH2Cl2 using a method similar to
one described previously [28]. 1H NMR analysis was used to
determine the degree of esterification (>98%). 1H NMR (DMSO-d6):
d 4.23e4.24 (s, 4H, eCH2eOeC(]O)e), 1.02e1.04 (d, 210H, eOe
CCH3eCeOe), 1.71e1.73 (d, 3H, CH3eCeBr) ppm.

2.3. Synthesis of PR-based triblock copolymers

A typical protocol for the synthesis of PR-based triblock copol-
ymer via the ATRP of NIPAAmwas similar to the method described
previously [29]. In a sealable Pyrex reactor, a saturated aqueous
solution containing a predetermined amount of g-CD was added to
1 ml aqueous solution of BrPeF127ePBr (0.13 g, 1.0 � 10�5 mol),
followed by vigorous stirring at room temperature for 24 h to
produce PPR. NIPAAm (0.113 g, 1.0 mmol) and PMDETA (4.3 mg,
0.024 mmol) were then added to the resulting suspension of PPR.
After quenching in the liquid nitrogen, Cu(I)Cl (2.0 mg, 0.02 mmol)
was added, followed by three degassings using a nitrogen purge.
The reactor was sealed under vacuum and the reaction started and
maintained at 25 �C for 8.0 h. The polymerization stopped after
breaking the Pyrex reactor. The product was purified through
dialysis using a cellulose membrane (MWCO 3500) for 4 days with
water changing every 12 h. All the contents were freeze-dried. 1H
NMR (DMSO-d6): d 1.02e1.04 (d, 210Hþ 6mH,eOeCCH3eCOe and
eC(CH3)eCH3),1.44e1.57 (d, 2mH,eCH2eC(C]O)eCe), 1.97 (s, 1m
H, eCeCH(C]O)eCe), 3.85 (s, 1m H, eNeHC(C)eC), 7.21e7.33 (d,
1mH,eC(]O)eNHeCe), 4.50 (s,7n H,eO(6)H), 4.88 (s, 7n H, H(1)),
5.71 (s, 7n H, eO(3)H), 5.74e5.75 (d, 7n H, eO(2)H) ppm.

As a control, a pentablock copolymer PNIPAAm-b-F127-b-PNI-
PAAmwas prepared with the same protocol as described above but
in the absence of g-CDs. 1H NMR (DMSO-d6): d 1.02e1.04 (d,
210Hþ 6mH,eOeCCH3eCOe andeC(CH3)eCH3),1.44e1.57 (d, 2m
H, eCH2eC(C]O)eCe), 1.97 (s, 1m H, eCeCH(C]O)eCe), 3.85 (s,
1m H, eNeHC(C)eC), 7.21e7.33 (d, 1m H, eC(]O)eNHeCe) ppm.

For the convenience of expression, the obtained PR-based tri-
block copolymers were designated as Fn, where F means Pluronic
F127 used as axle chain molecule and n stands for the feed molar
ratio ofg-CD toBrP-F127-PBr. The feedmolar ratioofNIPAAmtoBrP-
F127-PBr kept constant at 100, and the number (m) in the 1H NMR
shift captions means the found NIPAAm repeat units. When the
productswere subjected to post-treatmentwithwater (incubated in



Table 1
Compositions and GPC analytical results of PR-based triblock copolymers.

Entry Molar composition (BrP-
F127-PBr:CD:NIPAAm)

Molecular weight and
polydispersity index

Yield (%)c

Feed ratio Found ratioa Mn(10�3)a Mn(10�3)b Mw/Mn
b

F0 1:0:100 1:0:119.9 26.5 38.8 1.54 86.8
F10 1:10:100 1:8.6:176.5 44.1 45.9 1.29 76.2
F20 1:20:100 1:25.1:163.3 64.0 53.8 1.28 91.9
F30 1:30:100 1:27.1:135.5 63.5 52.3 1.31 82.7
F40 1:40:100 1:31.9:114.1 67.3 54.4 1.25 79.1

a Determined by 1H NMR analysis in DMSO-d6.
b Determined by GPC in DMF at 1.0 ml/min using PS standards.
c Yields are calculated based on the weight of product divided by that of all raw

materials.
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water and then freeze-dried) or DMF (incubated in DMF and then
precipitated with anhydrous ether), W or D was added ahead of Fn.

2.4. Solvent treatment of as-prepared PRs

The solvent-responsive behavior means the variation of the g-
CD dispersed or aggregated state or the crystal structure in the
resulting PRs in response to solvent treatment [29]. Herein DMF
and water treatments were conducted toward the PR samples in
order to gain insight into their structure and physical property
changes. A protocol for DMF treatment was as follows: a pre-
determined amount of the purified PRs was dissolved in 6 ml DMF
and vigorously stirred for 5 min at room temperature. Then 100 ml
anhydrous ether was added to the solution under stirring, and the
precipitatewas collected by centrifugation and dried under vacuum
at 30 �C for 48 h. The procedure for water treatment was slightly
different from that of DMF: a predetermined amount of the purified
PR-based triblock copolymer was added into 12 ml distilled water,
vigorously stirred at room temperature until it was fully swollen to
form a suspension, and then freeze-dried.

2.5. Measurements

1H NMR (400 MHz) spectra were recorded on a Bruker ARX 400
spectrometer at room temperature using DMSO-d6 as solvent and
tetramethylsilane (TMS) as internal standard. 2D NOSEY experi-
ment was carried out at 400 MHz with DMSO-d6 as the solvent at
25 �C on a Bruker ARX 400. FTIR spectra were measured using
Shimadzu IR Prestige-21 FTIR spectrometer at room temperature in
the range between 4500 and 500 cm�1, with a resolution of 2 cm�1

and 20 scans. Powder samples were prepared by dispersing the
samples in KBr and compressing the mixtures to form disks. Gel
permeation chromatographic (GPC) measurements were carried
out at 40 �C on a Waters 2410 instrument using DMF as eluent at
a flow rate of 1.0 ml/min. All the GPC data were calibrated by using
polystyrene (PS) standards. The wide-angle X-ray diffraction
(WXRD) measurements were carried out with powder samples
using Philips X’Pert Pro diffractometer with an X’celerator detector
in a reflection mode. The radiation source used was Ni-filtered, Cu
Ka radiation with a wavelength of 0.154 nm. The voltage was set at
40 kV and the current 20 mA. Samples were mounted on a sample
holder and scanned from 4.5� to 60� in 2q at a speed of 5�/min. The
differential scanning calorimetry (DSC) analysis was conducted on
a NETZSCH DSC 204 differential scanning calorimeter with a scan-
ning temperature range from �50 to 150 �C at a scanning rate of
10 �C/min. A typical DSC sample size was about 4 mg. The samples
were encapsulated in hermetically sealed aluminum pans, and the
pan weights were kept constant. The following protocol was used
for each sample: heating from �50 �C to 150 �C at 10 �C/min,
holding at 150 �C for 5 min, then cooling from 150 �C to �50 �C at
10 �C/min, and finally reheating from�50 �C to 150 �C at 10 �C/min.
Data were collected during the second heating run. The morphol-
ogies of the PRs (F0, WF30, DF30) were visualized by field-emission
scanning electron microscopy (FE-SEM) on a Hitachi S-4800 scan-
ning electron microscopy at room temperature. The FE-SEM
samples were prepared by drop a PR solution (50 mg/ml) on an
aluminum foil and dried at 50 �C in an oven for 5 days, and were
coated with a thin conductive Au layer prior to observation.

3. Results and discussion

3.1. Preparation and characterization of g-CD-based PRs

As reported previously, a series of PRs consisting of b-CD and
Pluronic F127 end-capped with PNIPAAm were prepared via the in
situ ATRP of NIPAAm in aqueous solution at room temperature [29].
Although g-CD is well known to self-assemble with a variety of
polymers, few g-CD-based PRs have been reported due to the larger
cavity of g-CDs that only a few bulky stopper groups can effectively
hinder the dethreading of g-CDs [32,35]. To combine the g-CD-
Pluronic F127 PPR with PNIPAAm would create multiple stimuli-
responsive PRs, as the middle PPR block shows both thermo and
solvent-responsive in the manner of sliding and rotation of g-CD
along the Pluronic F127 chain [29,33,34], as well as the two flanking
PNIPAAm blocks display a clear lower critical solution temperature
(LCST) around 32 �C in aqueous solution [34]. Therefore, a kind of
novel g-CD-based PRs end-capped by two PNIPAAm blocks was
synthesized via the in situ ATRP at room temperature using self-
assemblies of a varying amounts of g-CD with a distal 2-bromo-
propionyl terminated Pluronic F127 as macroinitiator (Scheme 1).
Their compositions and GPC analytic results are summarized in
Table 1.

As illustrated in Table 1, the yield of the resulting g-CD-based
PRs in a range of 76.2e91.9% was greatly improved as compared to
b-CD-based ones having yields generally around 40% [29]. The
number of entrapped g-CDs as determined by 1H NMR analysis was
in accordance with the feed molar ratio unless it went beyond
a saturated inclusion complex value of 34 (on the assumption that
one CDmolecule can accommodate two repeating units of PPO) [1].
As a result ca. 32 g-CDs were entrapped in F40 even though the
molar feed ratio of g-CDs to BrP-F127-PBr was 40. Herein the
relatively controlled number of entrapped CDs was probably arisen
from the in situ ATRP process at 25 �C, which effectively depressed
the dethreading of g-CD. Notably the polydispersity index was kept
around 1.30. It suggested that the in situ ATRP of NIPAAm initiated
with PPRs made from a varying amount of g-CDs with 2-bromo-
propionyl end-capped Pluronic F127 was successful and the
resulting PRs exhibited a narrowmolecular weight distribution and
relative high yields.

The PR products were characterized using 1H NMR analysis with
DMSO-d6 as solvent. Fig. 1 shows the 1H NMR spectra of pure g-CD
(A), F0 (B) and F20 (C), respectively. As can be seen, all the proton
peaks of g-CDs, Pluronic F127, and PNIPAAm were discernable in
F20. However, the resonance peaks of O(2)H, O(3)H and O(6)H of g-
CD in F20 are sharp without any broadening and chemical shifts.
According to literature [28,36], the corresponding resonance peaks
of O(2)H, O(3)H and O(6)H of a- and b-CDwould be broadenedwith
slightly changed chemical shifts due to the decrease in the
conformational flexibility upon forming a PR. In fact as the inner
cavity of g-CD is larger than that of a- and b-CD, and the included
PPO chain is still slim with regard to the cavity of g-CD, the
conformation flexibility of the g-CD is so high that no broadening
and shift of the resonance peaks of O(2)H, O(3)H and O(6)H were
observed here. This phenomenonwas also seen in the following 2D
NOESY NMR spectrum of the F30 PR sample. In order to calculate



Fig. 1. 1H NMR spectra of g-CD (A), F0 (B) and F20 (C) in DMSO-d6.
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the number of incorporated NIPAAm monomers and that of
entrapped g-CDs on the Pluronic F127 chain, the integration area of
methylene proton peak of the side group of PNIPAAm (c) and that of
(1)H proton resonance peak of g-CD should be employed. As the
methyl proton peaks of Pluronic F127 were superposed with that of
the end methyl of NIPAAm (a þ b), it should be subtracted 6 times
the integration area of peak c from the integration area of methyl
proton peaks.

The 2D NOESY NMR spectrum of F30 is depicted in Fig. 2.
According to a previous report [37], the signals of (3)H and (5)H
protons of a-CDwhich are directed toward the cavity are correlated
with the resonance of the CH2 of PEO upon forming a PR. However,
in the g-CD-based PRs, no such correlation was noticed between
the resonance of (3)H of g-CD and that of the methyl proton of
Pluronic F127 as indicated at a and a0 in Fig. 2. However, the signal
of (5)H of g-CD was found to correlate with the resonance of eCH3

of Pluronic F127 (b and b0 in Fig. 2), indicating that the Pluronic
F127 chain is preferably included into the g-CD cavity even in
a polar DMSO solvent. It is most likely due to the fact that the cavity
of g-CD is larger with regard to the slim PEO segment. Therefore,
the (3)H proton located at the wider side of g-CD cannot correlate
with theeCH3 protons, while the (5)H proton located at the narrow
side of g-CD is correlated with the eCH3 protons.

The FTIR spectra of powder samples of pure g-CDs (a), macro-
initiator (b), F0 (c), F10 (d) and F30 (e) are outlined in Fig. 3. The
vibration absorption peaks for the amide bond of PNIPAAm appear
at 1643 and 1547 cm�1, clearly indicating that the NIPAAm mono-
mers were polymerized and attached to two ends of PPRs because
of a significant increase in the intensity of the amide bond
stretching vibration of Fn compared to BrP-F127-PBr. In addition,
the NeH symmetric and asymmetric stretching vibration modes of
the amide bond in F0 are located at 3562, 3259 and 3073 cm�1,
while for the traces d, and e, the peaks at 3562 and 3259 cm�1

disappear because they are superposed with the peak of OeH
bonds from g-CDs. However, the peak at 3073 cm�1 was still clearly
observed. The characteristic peaks of g-CD at 1029 and 1159 cm�1

were also seen in the spectra of F10, and F30. This provided direct
evidence confirming that the PR-based triblock copolymers were
successfully synthesized via the in situ ATRP of NIPAAm in aqueous
solution at room temperature.

TheWXRD patterns of pure g-CD, F0, PPO-g-CD PPR and PRs are
presented in Fig. 4. The major diffraction peaks of pure g-CD of the



Fig. 4. WXRD patterns of pure g-CDs, F0, PPO-g-CD PPR and PRs after water and DMF
treatments.

Fig. 2. 2D NOESY NMR spectrum of the F30 PR in DMSO-d6.
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cage-type crystalline appear at 2q ¼ 5.13�, 6.22�, 12.34�, 16.45�,
18.77�, and 21.69�, respectively. And the pentablock copolymer F0
shows two strong peaks at 19.02� and 23.29� arising from the
crystal structure of PEO blocks [28,29]. Both the g-CD-PPO PPR and
thewater treated PRs were found to adopt a head-to-head channel-
type crystal structure in which g-CD molecules are stacked along
a PPO axis to form a cylinder [38]. This clearly indicated that the g-
CDs accommodate the Pluronic F127 chain. However, it should be
noted that g-CDs cannot only self-assemble with a single PPO chain
but also include double PEO chains in their cavity [1,6,31]. There-
after when Pluronic F127 is accommodated with g-CDs, both the
cases may exist. According to the previous report [35], the WXRD
results in Fig. 4 as well as the DSC results in Fig. 5, the g-CDs seemed
to preferably include the middle PPO block rather than the flanking
PEO blocks in Pluronic F127. As can be seen, all the water treated
Fig. 3. FTIR spectra of pure g-CD (a), BrP-F127-PBr (b), F0 (c), F10 (d) and F30 (e).
PRs (WF10, WF20, WF30) present two peaks at 7.54� and 12.01�,
respectively, which are ascribed to the channel-type crystal struc-
ture formed from g-CDs and the PPO block as in the case of g-CD-
PPO PPR. With decreasing the number of entrapped g-CDs, the PEO
crystal diffraction peaks located at 19.02� and 23.29� gradually
appeared, suggesting that the g-CDs are mainly resided on the PPO
block unless an excess of g-CDs is added so that part of g-CDs are
extruded to the PEO blocks to restrict the crystallization of PEO.
This is well coherent with the DSC results as illustrated in Fig. 5,
where there is a PEO crystal melting peak in WF10 while no such
melting peak occurs in WF30. At the same time, if g-CDs can form
double chain stranded ICs with the PEO block, the ICs of g-CDs with
central PPO block cannot be formed because PPO was flanked by
two PEO segments. If this is true, the different WXRD and DSC
results of the PRs would be observed.

Interestingly the aforementioned channel-type crystal structure
of all the PRs was destroyed after DMF treatment with anhydrous
ether, while a novel crystal structure emerged with five charac-
teristic diffraction peaks appeared at 2q of 5.89�, 8.27�, 10.15�,
16.99�, and 22.21�, respectively. From their WXRD patterns, it can
be sure that this novel crystal structure is different from either the
pure g-CD cage-type crystal structure or the typical channel-type
crystal structure as previously reported in nearly all the literature
except for the recently reported loose-fit g-CDs-based PRs [32].

Fig. 5 depicts the heating and cooling DSC curves of pure g-CDs,
F0, and water and DMF treated PRs (F10, F20, F30, and F40),
respectively. The pentablock copolymer F0 exhibits an endothermic
peak at 48.7 �C, and it corresponds to the melting temperature (Tm)
of crystallized PEO segments [29]. Upon forming a PR, this crys-
talline melting peak disappears in WF30 and WF40 due to part of
threaded g-CDs being randomly dispersed on the PEG segments to
restrict their crystallization. However, all the water and DMF
treated F10 and F20 show a PEO melting peak, indicating that the
entrapped g-CDs preferably reside on the PPO segment under such



Fig. 5. DCS curves of pure g-CD, F0 and PRs after water and DMF treatments: the heating run (A) and the cooling curves (B).

Fig. 6. GPC traces of pure g-CD (1), F0 (2) and F20 (3) using DMF as eluent at 40 �C.
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circumstances. Otherwise, if PEO is double chain stranded in the g-
CD cavity, there appears no PEO melting peak [31]. This also
provided direct evidence that g-CDs cannot form double chain
stranded ICs with Pluronic F127. Similar to our previously report
[29], the Tm of PEO crystalline in F10 and F20 is lower than that of
F0, possibly due to the fact that some g-CD molecules are dispersed
on the PEO segments to give imperfect PEO crystalline domains, as
well as the existence of g-CDs on the Pluronic chain reduces the
chain flexibility to lower crystalline ability for PEO as illustrated in
Fig. 5B of the cooling run. As for WF30 and WF40, the DSC curves
and the WXRD results (Fig. 4, WF30) indeed display no PEO crys-
talline phase existence because more entrapped CDs get randomly
dispersed on the PEO segments as compared to F10 and F20, and
those g-CD molecules resided on the PEO segments hinder their
crystallization. However, a broad PEO crystalline melting peak
around 46.7 �C was observed in DF30 and DF40 after DMF treat-
ment with anhydrous ether, which is well coherent with theWXRD
data of DF30 and DF40 (Fig. 4 for DF30 and Fig. 7A for DF40),
respectively. Consequently, quite different from our previous report
[29], these g-CD-based PRs obtained from DMF treatment with
anhydrous ether showed a novel crystal structurewith g-CDmainly
being aggregated around the central PPO segment, while those
from water treatment exhibited a typical channel-like crystal
structure with some g-CDs being randomly dispersed on the PEO
segments. A proposed mosaic structure of this novel crystal struc-
ture will be described below.

As mentioned above, the PR structure formed from g-CDs with
Pluronic F127 was confirmed by 2D NOESY NMR, WXRD, and DSC
analyses.However,whetherornot theend-cappingPNIPAAmblocks
effectively hinder the dethreading of g-CDs is not fully elucidated.
Hence GPC measurements were conducted and the curves of pure
g-CD, F0 and F20 are illustrated in Fig. 6. Meanwhile, the GPC curves
of F10, F30 and F40 are displayed in Figure S3. As can be seen, the
molecular weight of PRs is increased and the elution time becomes
shorter with the number of g-CDs increasing. All PR samples exhibit
a nearly symmetrical and unimodal main peak with a relatively low
polydispersity index range from 1.25 to 1.28. However, very small
peaks at relatively shorter elution time of 10e15 min were also
observable, maybe arisen from self-aggregation of the resulting PRs
in the DMF eluent solvent. This aggregation behavior of PRs in GPC
analysis was also noticed in previously reports [28,29]. As for F0,
a relatively broad molecular weight distribution was possibly
ascribed to the uncontrolled ATRP nature of NIPAAm in aqueous
solution. As no g-CD peak appeared in all PR samples, it suggested
that the PNIPAAm blocks can impede the dethreading of g-CDs and
the g-CD-based PR supramolecular polymers were successfully
prepared via the in situATRP of NIPAAm in aqueous solution at room
temperature.

3.2. Proposed model of the novel crystal structure

Since the first report on PRs made from a-CDs with PEO, [7]
a large variety of PRs comprising a-, b- or g-CDs with various poly-
mers have been prepared. As for their crystal structure, one parti-
cular characteristic is always mentioned, that is the channel-type
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crystal structure. As a result WXRD analysis becomes an essential
technique to distinguish the PRs [2,6]. Recently Kawaguchi et al. [39]
and Hirayama et al. [40] described hexagonal and tetragonal
columnar crystal structures formed from a- and g-CD ICs, while the
building blocks for these columnar crystals are still the channel-type
crystal structure ICs. This situation was kept until the loose-fit PRs
[32] and dispersed state PRs [29] were reported, both of which are
featured by no channel-type crystal structure. Notably the resulting
PRs after DMF treatment with anhydrous ether in this study gave
a novel crystal structure as evidenced by theWXRD results in Fig. 4.
This crystal structure is different from the channel-type crystal
structure yielded after water treatment with g-CD being aggregated
mainly around the central PPO segment.

According to our previous report [29], a mosaic crystal structure
model was proposed to gain insight into the WXRD data as shown
in Fig. 4, in which the most g-CDs are aggregated around the PPO
segment forming a concave-convex structure and several PR
molecules are embedded in each other resulting in a mosaic crystal
structure as illustrated in Scheme 2 and Fig. 7B. As proposed in
Scheme 2, the hydrogen bonds between neighboring g-CDs are
broken after dissolution in DMF and the g-CDs get dispersed along
the PPO block to form a concavo-convex morphology in step 1,
where a concave space forms between two adjacent g-CDs and the
round wall of g-CD gives a convex part. In step 2, with addition of
anhydrous ether, a non-solvent for both g-CD and Pluronic F127,
the concavo-convex state PRs inset into each other to yield a novel
mosaic crystal structure.
Scheme 2. Proposed process of g-CD-based PRs forming a mosaic crystal structure by
DMF treatment.

Fig. 7. The d-spacing values and Miller indices of DF40 (A) and different direction
views of the mosaic crystal structure model (B).
According to the proposed mosaic crystal structure as presented
in Scheme 2, a tetragonal columnwould be formed as illustrated in
Fig. 7B. Different from the tetragonal columnar channel structure
obtained from double chain stranded PEO and g-CDs [39], the
existence of the PPO block between two PR molecules results in
a relatively larger unit cell, and the building block of the tetragonal
column appears to be amosaic structure rather than a channel-type
structure. The value a of the unit cell should be in a range between
16.9 Å (average diameter of g-CD molecule) and 33.8 Å (two times
of the diameter of g-CD). The observed d-spacing values and the
corresponding Miller indices are presented in Fig. 7A. Table 2
summarizes the observed and calculated d values of the mosaic
crystal structure. As can be seen, the proposed tetragonal columnar
mosaic crystal has a cell dimension of a ¼ b z 30 Å, and c ¼ 17.4 Å
(>2 times of the depth of g-CD). Based on this result, the observed
d spacing is well fitted to the calculated result, and the slight
differences (for instance, dobs of (220) is 10.68 Å while dcalc of (220)
is 10.61 Å) may arise from defects in the crystal structure as it was
yielded via precipitation fromDMFwith anhydrous ether. However,
as reported previously [29], the b-CD-based PRs using Pluronic
F127 as guest end-capped with PNIPAAm held a dispersed state
rather than a mosaic structure after DMF treatment. The reason for
this difference maybe the fact that the diameter of b-CD molecule
(15.3 Å) is shorter than that of g-CD molecules (16.9 Å) [41]. This
meant that even though the b-CDs can be distributed around the



Table 2
Crystallographic characteristics of DMF treated g-CD-based PRs.

2q (�) hkl dobs (Å) dcalc (Å)a

5.89 200 14.98 15.00
8.27 220 10.68 10.61
10.15 002 8.70 eb

16.99 440 5.21 5.30
22.21 800 3.99 3.75

a Calculated assuming a tetragonal unit cell with a ¼ b z 30.00 Å.
b The observed results indicated that the unit cell with c ¼ 17.4 Å, a little bigger

than 2 times of the depth of two CDs (ca. 16 Å), as they are loosely packed.
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PPO segment to form a concavo-convex morphology, the concaves
maybe not deep enough to form a stable mosaic structure due to
the shorter diameter of b-CD. As a result, they form a dispersed
state structure with b-CDs being randomly dispersed along the
whole Pluronic F127 chain. Herein the DMF-incubated PRs can give
rise to the novel mosaic crystal structure with g-CDs being aggre-
gated mainly around the central PPO block while those water
treated ones only yield the channel-type crystal structure with part
of g-CDs being dispersed onto the PEG segments. To our knowl-
edge, this is the first time to observe this novel crystal structure
beyond the typical channel-type crystal structure in the native CD-
based PRs. It may contribute to a better understanding of the crystal
structure of ICs and/or PRs made from CDs and polymers. However,
as indicated by arrows in Fig. 7A, a tiny part of channel-type crystal
structure was still observed which is similar to our previous
observation [29]. Because there are 25e32 CDmolecules entrapped
on PPO block, some of them would be packed head-to-head even
after DMF treatment. Moreover, as indicated by a star sign, the
diffraction peak of PEO crystalline was also seen here, which is
correlated with the melting peak in its DSC curves (Fig. 5).

The micro-topography of the DMF treated PRs was also visual-
ized by FE-SEM. As shown in Fig. 8C, the DMF treated F30 (DF30)
sample gives ordered tetragonal blocks, suggesting that it is build up
with numerable tetragonal unit cells. At the same time, the images
of F0 andWF30 are also shown in Fig. 8A and B, respectively. As can
be seen, neither F0 nor WF30 exhibits tetragonal topographies.
AlthoughWF30 holds a channel-type crystal structure as evidenced
by WXRD, no tetragonal or channel-type topography exists in its
SEM image. This is most likely due to the fact that the sample was
made by evaporation of water, and consequently the hydrophilic
PNIPAAm segments may spread on the surface of the channel-type
crystal after drying. This may also explainwhy the images of F0 and
WF30 are similar to each other. It is noteworthy that the sample
preparation for FE-SEM characterizationwas slightly different from
the standard solvent treatment as described in the experimental
section. However, the WXRD results presented in Figure S1
demonstrated that the crystal structures are identical whether
a PR was dried directly from DMF or precipitated from DMF with
anhydrous ether. The only difference is the former to form a more
perfect mosaic structure crystal, showing sharper characteristic
diffraction peaks than the latter using the standard treatment
Fig. 8. FE-SEM images of
method. This maybe due to the fact that the precipitation was
a rapid process, while air drying was a relatively prolonged one.
3.3. Observation of solvent responsiveness and impacts of solvent
treatment on physical properties

Similar to our previous report [29], the solid state structure of
these g-CD-based PRs is also solvent-responsive. It means that the
aggregated/dispersed state of g-CDs along the Pluronic F127 chain
and the crystal structure are a function of solvent treatment. As can
be seen in Fig. 4, all thewater treated samples (WF10,WF20,WF30)
exhibit two channel-type crystal diffraction peaks at 7.54� and
12.01�, respectively. After DMF treatment, their crystal structure is
transformed into a novel crystal structure as demonstrated by the
appearance of five new diffraction peaks at 5.89�, 8.27�, 10.15�,
16.99�, and 22.21�. The difference between DSC curves ofWF30 and
DF30 also implied their different structures, respectively. The FE-
SEM images of WF30 and DF30 presented in Fig. 8 also confirmed
that the different structures exist between WF30 and DF30.
Although the g-CD-based PRs exhibit a solvent response similar to
our previous report [29], the WXRD and FE-SEM results suggested
that they form a novel mosaic crystal structure having the g-CD
aggregated state on the PPO chain in response to DMF treatment.

The impact of the solvent treatments on the physical properties,
such as solubility and film flexibility was also briefly investigated.
As illustrated in Table S1, the water treated PRs were almost
insoluble in water, while the solubility of DMF treated samples in
water was greatly enhanced (ca. 93.7 mg/10 ml for DF10 and
63.5 mg/10 ml for DF40, respectively). As discussed above, these
DMF treated PRs give rise to a mosaic crystal structure, in which
most PEO segments are left uncomplexed leading to water solu-
bility. Furthermore, the mosaic crystal structure is looser than the
channel-type crystal structure in the water treated samples, prob-
ably allowing water molecules easily to enter the mosaic crystal to
dissolve the product.

Figure S2 shows the images of water and DMF treated PR
samples. Here thewater treated samples can form thin slices except
for WF30, while for WF0 and WF10 slices less than 0.3 mm in
thickness, they exhibit a bit of flexibility and can be rolled up.
However, for the DMF treated PR samples, they are too brittle to
form slices or films. Furthermore, with the increase of entrapped g-
CDs, all the samples become more and more brittle. For example,
WF30 cannot form films, whileWF10 can give rise to a film but with
some cracks as indicated by arrows in Figure S2C. The F0 samples
without any g-CDs can be cast into slices in both water and DMF
treatments. The FE-SEM results revealed that the DMF treated PRs
are crystallized with a tetragonal topography while the water
treated ones are similar to the F0 samples. So it was reasonable that
the DMF treated samples are more brittle than the water treated
ones. It was a pity that the mechanical properties (maximum
tensile strength, elongation at break and so forth) cannot be tested
because even though F0 and WF10 can form slices, they are too
F0, WF30 and DF30.



Fig. 9. WXRD patterns of WF30 (A), sample A after DMF treatment (B) and sample B
after water treatment (C).
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brittle to go through the mechanical testing, possibly due to their
relatively low molecular weights.

As the solvent response of the resulting PRs is a physical process,
the structure transformation must be a reversible process. Fig. 9
presents the WXRD patterns of F30 subjected to successive
solvent treatments. The water treated WF30 shows the channel-
type crystal diffractions peaks at 7.54� and 12.01�, respectively
(Fig. 9A). After DMF treatment, it was transformed into the novel
mosaic crystal structure (Fig. 9B). If it was treated with water again,
the typical channel-type crystal structure was recovered with the
reappearance of the diffraction peaks at 7.54� and 12.01�, (Fig. 9C),
respectively. These results demonstrated that the crystal structures
of these as-prepared g-CD-based PRs are not only solvent-respon-
sive but also convertible by the corresponding solvent treatments.

Evidently an introduction of two flanking PNIPAAm segments
produced a kind of novel PR-based triblock copolymers. Their
thermo-responsive behaviors in aqueous solution and solid state
due to the introduction of PNIPAAm segments are our ongoing
studies.

4. Conclusions

A series of novel PR-based triblock copolymers comprising g-
CD-Pluronic F127-PPR as a middle block and two PNIPAAm as
flanking blocks were prepared via the ATRP of NIPAAm in aqueous
medium at room temperature. Interestingly the resulting PRs gave
a g-CD aggregated state around the PPO segment showing a novel
crystal structure after DMF treatment, while they yielded a g-CD
aggregated state onto the PPO segments exhibiting a typical
channel-type crystal structure after water incubation. The two
crystal structures were found to be not only a function of solvent
incubations, but also convertible by the solvent treatments. The
solubility and flexibility of the PRs were greatly changed after
solvent treatments. These findings provide an opportunity to alter
the physical properties of PRs without any chemical modifications
of entrapped CDs. Furthermore, the changes of aggregated and
dispersed states of g-CDs along the polymer chain as a function of
solvent stimuli render these PRs potential to be used as smart
materials.
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We report on the synthesis and self-assembly of a novel well-defined miktoarm star copolymer of
(polyethylene)2�(polystyrene)2, (PE)2�(PS)2, with two linear crystalline PE segments and two PS
segments as the building blocks based on chain shuttling ethylene polymerization (CSEP), click reaction
and atom transfer radical polymerization (ATRP). Initially, alkynyl-terminated PE (PEe^) was synthe-
sized via the esterification of pentynoic acid with hydroxyl-terminated PE (PE�OH), which was prepared
using CSEP with 2,6-bis[1-(2,6-dimethylphenyl) imino ethyl] pyridine iron (II) dichloride/methyl-
aluminoxane/diethyl zinc and subsequent in situ oxidation with oxygen. (PE)2�(OH)2 was then obtained
by the click reaction of PEe^ with diazido and dihydroxyl containing coupling agent. The two hydroxyl
groups in (PE)2�(OH)2 were then converted into bromisobutyrate by esterification. At last, the (PE)2
�(PS)2 miktoarm star copolymers were synthesized by ATRP of styrene initiated from (PE)2�Br2 mac-
roinitiator. All the intermediates and final products were characterized by 1H NMR and gel permeation
chromatography (GPC). The self-assembly behavior was studied by dynamic light scattering (DLS) and
atomic force microscopy (AFM). The crystallization of the (PE)2�(PS)2 miktoarm star copolymers was
studied by differential scanning calorimetry (DSC).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The synthesis of functionalized polyethylene has attracted
a great deal of interest due to its improved properties in adhesion,
compatibility with other polymer materials [1,2]. The use of func-
tionalized polyethylene can widen its application in polymer
blends, thermoplastic elastomers and polymer alloy [3]. However,
the synthesis difficulty is due to the fact that polar functional
groups can hardly be incorporated into polyethylene chains when
produced by catalytic ethylene polymerization [4e6]. Fortunately,
the advancements in chain transfer technologies permit the
synthesis of functionalized polyethylene with desired structure
successfully. The introduction of chain shuttling ethylene poly-
merization (CSEP) seems to shed a light for the highly efficient
preparation of end-functionalized polyethylene with narrow
molecular weight distribution [7e9]. Chain transfers to silicon [10],
boron [11], zinc [12], aluminum [13] and magnesium [14] are most
ce, School of Chemistry and
zhou 510275, China. Tel.: þ86

All rights reserved.
commonly used to achieve the end-functionalized polyethylene
and many polyethylene-based block copolymers have been synthe-
sized by combination of chain transfer reaction and chain extension
reaction, including coupling reaction qand living polymerization
initiated from macroinitiator, such as living ring-opening polymeri-
zation (ROP)[15], atom transfer radical polymerization (ATRP)
[3,16e18] and reversible addition-fragmentation chain transfer
(RAFT) polymerization [19,20].

Compared to their linear block copolymers, miktoarm star
copolymers consisting of chemically different chains emanating
from a central junction point, have received ever-increasing atten-
tion due to their unique properties in bulk and solution [21,22]. The
synthesis routine can be generally categorized into two strategies,
namely the “core-first” and “arm-first” approaches. In the core-first
approach, a multifunctional initiator or macroinitiator which is
usually prepared by living polymerization and post-functionalized
reaction is employed to grow arms via various controlled/living
polymerizations including living anionic polymerization [23], ROP
[24,25] and controlled/living radical polymerization, such as nitro-
xide-mediated polymerization (NMP) [26], ATRP [27,28], RAFT
[29,30] and single-electron-transfer living radical polymerization
(SET-LRP) [31]. The second approach relies on the preparation of
terminally functionalized linear polymer chains followed by linking
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to the multifunctional cores. Especially in recent years, click
coupling reaction has been applied to the synthesis of polymers
with complex topologies. Miktoarm star copolymers can also be
synthesized by the click coupling reaction between end-clickable-
functionalized polymer chains [32e34]. Two AB block copolymer
chains were linked together to form A2B2 type miktoarm star
copolymers, the chemical connection in the junction point can play
an important role in bulk and solution properties. Originally, the
A2B2 miktoarm star copolymers were synthesized by living anionic
polymerization. Hadjichristidis reported the synthesis of
(PS)2�(PB)2 and (PI)2�(PB)2 [35]. Up to date, the living/controlled
polymerizations, such as ROP, ATRP and RAFT, have provided
versatile routines to synthesize A2B2 miktoarm star copolymers.
Hadjichristidis has prepared (PCL)2�(PS)2 by combination of ROP of
caprolactone and ATRP of styrene [36]. Likewise, Tunca also has
reported (PS)2�(PMMA)2 by two steps including NMP of styrene
and ATRP of methyl methacrylate [37]. Zhu has reported
(PAA)2�(PVAc)2 by combination of ATRP and RAFT [30]. Recently,
click chemistry has been proved to be a powerful tool to synthesize
polymers with complex architecture. Accordingly, one can prepare
the A2�B2 miktoarm star copolymers by click coupling reactions
between end-functionalized polymer chains [38].

To the best of our knowledge, the synthesis of A2�B2 miktoarm
star copolymers with linear crystalline polyethylene (PE) and
polystyrene (PS) as building blocks has not been reported. In this
work, we reported a convenient route for the preparation of novel
A2�B2 miktoarm star copolymer, (PE)2�(PS)2. At first, alkynyl end-
terminated PE (PE�^) was synthesized via the esterification of
pentynoic acidwithmonohydroxyl- terminated PE (PE�OH), which
was prepared using CSEP with 2,6-bis[1-(2,6-dimethylphenyl)
imino ethyl] pyridine iron(II) dichloride (complex 1)/methyl-
aluminoxane (MAO)/diethyl zinc (ZnEt2) and subsequent in situ
oxidation with oxygen. Then two PEe^ chains were linked
together by click reaction with 2,2-bis(azidomethyl)-1,3-propane-
diol as the coupling agent. Then the two hydroxyl groups at the
junction point were converted to the ATRP initiators by esterifica-
tion with 2-bromo-2-methylpropionyl bromide. In the end, the
polyethylene macroinitiator was used to grow polystyrene arms via
ATRP to yield the (PE)2�(PS)2 miktoarm star copolymer. All the
intermediates and final products were characterized by 1H NMR
and gel permeation chromatography (GPC). The thermal behavior
of the PE and PS blocks was investigated by differential scanning
calorimetry (DSC). The resultant miktoarm star copolymers can
self-assemble into spherical micelles in cyclohexane through the
study of dynamic light scattering (DLS) and atomic force micros-
copy (AFM).
2. Experimental section

2.1. Materials

Styrene was purified twice by passing through a basic alumina
to remove the inhibitor. ZnEt2 was purchased from Alfa Aesar as
a 1.0 mol/L solution in hexane. Toluene was refluxed over sodium/
benzopheone. Chlorobenzene was dried over CaH2 and distilled
under reduced pressure. N,N0-dimethylformamide (DMF) was
dried and distilled over CaH2 under vacuum. Dichloromethane
(CH2Cl2) was distilled from P2O5. pentynoic acid, sodium azide
(NaN3), N,N,N0,N00,N000-pentamethyldiethylenetriamine (PMDETA)
and 2-bromo-2-methyl-propionyl bromide were purchased from
Aldrich and used as received. Copper(I)bromide (Acros 99.5%) was
stirred in glacial acetic acid overnight, washed with ethanol and
ether, dried under vacuum overnight. 2,2-bis(brmomethyl)-1,3-
propanediol (TGI 98%) was recrystallized from hot water. Other
reagents if not specified were purchased from Sinopharm Chemical
Reagent Co. Ltd. and used as received.

2,6-bis[1-(2,6-dimethylphenyl) imino ethyl] pyridine iron(II)
dichloride (complex 1) was synthesized according to the literature
[39]. MAO was prepared by partial hydrolysis of trimethylalumi-
num in toluene at 0e60 �C with Al2(SO4)3$18H2O as the water
source. The initial [H2O]/[Al] in molar ratio was 1.3.

2.1.1. Synthesis of PE�OH
To a 300mL steel reactor equippedwith amechanical stirrer and

a temperature probewere introduced 100mL toluene, MAO (0.23 g,
[Al] ¼ 3.75 mmol), ZnEt2 (2.5 mL, 2.5 mmol) and saturated with
ethylene. 2,6-bis[1-(2,6- dimethylphenyl) imino ethyl] pyridine
iron(II) dichloride (3.0 mg, 5.0 mmol) in 10 mL toluene was then
added to start the polymerization. The pressure of ethylene was
kept at 2.5 Mpa. After 30 min, the mixture was warmed to 100 �C
and dry oxygen was bubbled for 2 h. Followed the oxidation reac-
tion, the mixture was poured into acidic methanol to precipitate
the product. After filtration, washed with methanol and dried
under vacuum at 60 �C overnight, a white powder was obtained.
Yield 2.3 g 1H NMR (300 MHz, CDCl3, ppm): d ¼ 0.87e0.90 (t,
�CH3), 1.20e1.30 (m, �CH2CH2�), 3.62 (t, �CH2OH).

2.1.2. Synthesis of PE�CH2OCOCH2CH2C^CH (PE�^)
To a 150 mL round bottom flask were added 80 mL anhydrous

toluene, PE�OH (1.4 g, [OH] ¼ 1.5 mmol), pentynoic acid (1.5 g,
15 mmol) and a small amount of HfCl4$2THF under nitrogen
atmosphere. The reaction mixture was refluxed for 24 h with
a water separator to remove water. After reaction, the mixture was
cooled, poured into methanol to precipitate the product. The white
powder was dried under vacuum at 60 �C overnight. Yield 1.3 g,
91%. 1H NMR (300 MHz, CDCl3, ppm): d ¼ 0.87e0.90 (t, �CH3),
1.20e1.40 (m, �CH2CH2�), 1.97e2.01 (t, �CH2C^CH), 2.46e2.51
(m, �COCH2CH2), 4.03e4.05 (t, �CH2OCOCH2).

2.1.3. Synthesis of 2,2-Bis(azidomethyl)-1,3-propanediol
To a 50 mL round bottom flask were added 2-bis(azidomethyl)-

1,3-propanediol (5 g, 19.2 mmol), sodium azide (3 g, 46.8 mmol)
and 20 mL DMSO. The mixture was heated to 100 �C for 36 h. After
the reaction, the mixture was poured into 40 mL water and
extracted for five times with dichloromethane, the organic layer
was then washed three times with water and dried under reduced
pressure to yield a light yellow oil. Yield 3.4 g, 78%. 1H NMR
(300 MHz, CDCl3, ppm): d ¼ 3.60e3.64 (s, �CH2OH), 3.42e3.46 (s,
�CH2N3), 2.32e2.41 (b, CH2OH).

2.1.4. Coupling reaction between PE�^ and 2,2-Bis(azidomethyl)-
1,3-propanediol

To a 25 mL round bottom flask were added 2-bis(azidomethyl)-
1,3-propanediol (0.03 g, 0.17 mmol), PE�^ (0.40 g, 0.38 mmol)
and 10 mL DMF. The mixture was heated to 120 �C until PE�^melt.
Then CuSO4 (0.01 g, 0.06 mmol) and sodium ascorbate (0.025 g,
0.12 mmol) were added. Rapidly, the color turned from yellow to
brown. After 3 h, the mixture was cooled, poured into 100 mL
methanol. The solid was filtrated, washed with EDTA solution
(0.01 mol/L), methanol and dried under vacuum at 60 �C for 2 h.
The resultant brown solid was then extracted with boiling THF
for 2 h. The insoluble fraction was collected, dissolved in 10 mL
toluene at 100 �C, poured into 200 mL methanol. The obtained pale
yellow powder was filtrated, dried under vaccum at 60 �C overnight.

2.1.5. Synthesis of polyethylenemacroinitiator for ATRP [(PE)2�(PS)2]
In the typical procedure, (PE)2L(OH)2 (0.5 g, 0.27 mmol), tri-

ethylamine (0.17 mL, 2.1 mmol), 2-bromo-2-methyl-propionyl
bromide (0.22 mL, 1.7 mmol) and 20 mL toluene were introduced



Scheme 1. Synthetic Route Employed for the Synthesis of PE�OH.

Fig. 1. 1H NMR spectra for PE�OH (a) and PE�COCH2CH2C^CH (b).
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into a 100 mL flask under nitrogen. The flask was then sealed with
a rubber septum and heated to 90 �C for 12 h. After reaction, the
mixture was poured into 200 mL acidic methanol (containing
20 mL HCl). The resulting polymer was filtrated, washed with
methanol, dried at 60 �C overnight to yield a light brown solid.

2.1.6. Synthesis of (PE)2�(PS)2 miktoarm star copolymers
In the typical polymerization, polyethylene macroinitiator

((PE)2�(Br)2, 0.3 g, 0.32 mmoleBr) was added to a 10 mL Schlenk
tube. This tubewas then deoxygenated by degassing and backfilling
nitrogen for 4 times, then 2.0 mL styrene, PMDETA (0.14 mL,
0.64 mmol) and 6 mL chlorobenzene were added via syringe. Then
nitrogen was bubbled for 30 min to remove the residual oxygen.
CuBr (0.048 g, 0.32 mmol) was then added to the tube under
nitrogen atmosphere. The Schenk tube was sealed under nitrogen
and stirred at room temperature for 30 min. At last the tube was
immersed into 100 �C oil bath for a certain time. After the poly-
merization, the solutionwas cooled, poured into 100 mL methanol.
The resulting blue solid was washed with EDTA solution (0.01 mol/
L), methanol and dried under vacuum at 60 �C overnight to yield an
off-white solid.

2.1.7. Self-assembly of (PE)2�(PS)2 mikroarm star copolymer in
cyclohexane

Typically, 10 mg of copolymer was placed in a 50 mL flask and
20 mL cyclohexane was then added. The resultant mixture was
stirred at 50 �C for 24 h, then the trasparent solution was slowly
cooled down and passed through a 0.45 mm PTFE filter. All the
micelle solutions were stood for 48 h before analysis.

2.1.7.1. Measurements. 1H NMR (300 MHz) spectra were recorded
in CDCl3 or in 1,2-dichlorobenzene-d4 at 80 �C. Molecular weight
and molecular weight distribution (Mw/Mn) were determined by
gel permeation chromatography (GPC) against narrow molecular
weight distribution polystyrene standards on a Waters 2414
refractive index detector at ambient temperature with THF as
solvent or a Water 150C at 135 �C with 1,2,4-trichlorobenzene as
solvent.

DSC experiments were carried out on a PerkineElmer Pyris 1.
The calibration was performed with indium and tin, and all tests
were run employing ultra pure nitrogen as purge gas. DSC heating
scans were performed at 10 �C/min over a temperature range of
e20 to þ 150 �C.

DLS measurements were conducted at 25 �C on a Brookhaven
BI-200SM apparatus with a BI-9000AT digital correlator and
a HeeNe laser at 532 nm. The angle was fixed to be 90�. The
samples were placed in an index-matching decaline bath with
temperature control within �0.2 �C. Each solution was clarified by
passing through a 0.45 mm PTFE filter to remove dust. The stock
aqueous solution (0.5 mg/mL) was first prepared and then diluted
to a proper concentration for the DLS measurement. The data were
analyzed by CONTIN algorithm, while the hydrodynamic radius (Rh)
and size polydispersity of the particles (individual chains or
micelles) were obtained by a cumulant analysis of the experimental
correlation function. In DLS, the Laplase inversion of eachmeasured
intensity time-correlated function in a dilute solution can result in
a characteristic line width distribution G(G). For a purely diffusive
relaxation, G(G) can be converted to a hydrodynamic radius (Rh)
distribution by using the StokeseEinstein equation.

The morphological observation of the micelle was performed on
SPA300HV Probe station (Japan) in tapping mode. The samples
were prepared by drying the micelle solution on freshly cleaved
mica at room temperature.
3. Results and discussion

3.1. Synthesis and characterization of (PE)2�(PS)2 miktoarm star
copolymers

As shown in Scheme 1, chain shuttling ethylene polymerization
was conducted with complex 1/MAO as catalyst and ZnEt2 as chain
shuttling agent to produce linear PELOH according to our previous
report and literature [16,40]. In this case, at a ratio of Fe:Al:Zn ¼
1:750:500, a white product was obtained. 1H NMR of PELOH was-
shown in Fig.1a. By comparing the integration areas of c and a peaks
(0.89 and 3.62 ppm), the efficiency of hydroxyl termination could be
estimated to be about 80%. On the basis of the 80% functionality, the
molecular weight of PELOH in terms of the proportion of integra-
tion areasof c andbpeaks (0.89 and1.25 ppm)was800.GPC analysis
(Fig. 2a) of the PELOH also revealed a monomodal and symmetric
elution peak, Mn ¼ 1100 and Mw/Mn ¼ 1.12.

PE�CH2OCOCH2CH2C^CH (PE�^) was easily obtained by
esterification of PE�OH with pentynoic acid using HfCl4$2THF as
catalyst. The 1H NMR of PE�CH2OCOCH2 CH2C^CH was shown in
Fig. 1b. The signal of the methylene protons adjacent to the
hydroxyl group at 3.62 ppm completely disappeared. Alternatively,
the new signal of methylene protons adjacent to the ester group
was observed at 4.05 ppm. Furthermore, the signal assignable to
the hydrogen on the alkynyl appeared at 1.95 ppm. These results
indicated the efficiency of the esterification was almost 100%. So,
80% of the PE chains were capped with alkynyl group.



Fig. 2. GPC curves of PE�OH (a), (PE)2�(OH)2 (b), (PE)2�(PS)2-2 h (c), (PE)2�(PS)2e4 h
(d) and (PE)2�(PS)2e6 h (e).

Fig. 3. 1H NMR spectra for (PE)2�(OH)2 (a) and (PE)2�(Br)2 (b).
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Click chemistry is widely used in the polymer coupling reactions
to prepare linear and star copolymers due to its high efficiency
[41e43]. In this work, 2,2-bis(azidomethyl)-1,3-propanediol was
used as the coupling agent to combine two polyethylene chains
together. CuSO4/Sodium ascorbate were used as the catalyst system
to produce Cu(I) in situ according to the literature [13]. To make
sure the complete consumption of the azido containing coupling
agent, a slight excess of PE�^was used. After reaction, the residual
copper salt could be easily removed by washing with EDTA solu-
tion. Then the crude product was extracted with boiling THF to
remove PE homopolymers, the insoluble fractionwas collected and
dried under vacuum [40]. The resultant polymer was studied by
GPC. Fig. 2b showed the GPC curves of coupling product. The
elution peak was monomodal and quite symmetric with narrow
molecular weight distribution (Mw/Mn ¼ 1.15), Compared to PE�^

(Fig. 2a), the elution peak clearly shifted toward higher molecular
Scheme 2. Synthetic Route Employed for the Synth
weight region. The product was also characterized by 1H NMR.
Fig. 3a revealed the 1H NMR spectra of the coupling product. The
signal of hydrogen on the alkynyl at 1.95 ppm completely dis-
appeared and the new signal of methine proton in the triazole ring
was observed at 7.68 ppm. Furthermore, the signals assigned to the
methylene protons in the neighborhood of the triazole ring and
hydroxyl group appeared at 4.27 ppm and 3.62 ppm respectively.
We also confirmed all the azido groups which were consumed in
terms of the complete disappearance of the methylene protons
next to azido group at 3.42 ppm. So based on the above results, we
demonstrated that well-defined coupled PE with two hydroxyl
group at the junction point was prepared by combination of CSEP
and click reaction.
esis of (PE)2�(PS)2 Miktoarm Star Copolymer.



Table 1
GPC results of the (PE)2�(PS)2 miktoarm star copolymers.

Polymers Mn
a

(kg/mol)
Mn

b

(kg/mol)
Mw/Mn

a PS wt%

PE 1.1 0.8 1.12 /
(PE)2L(OH)2 1.8 1.7 1.15 /
(PE)2L(PS)2-2 h 4.7 5.6 1.15 62.7
(PE)2L(PS)2e4 h 7.5 8.7 1.16 76.2
(PE)2L(PS)2e6 h 10.1 12.4 1.21 82.2

a Determined by GPC
b Determined by 1H NMR.

Fig. 5. Hydrodynamic diameters (Dh) of the micelles of (PE)2�(PS)2-2 h (a),
(PE)2�(PS)2e4 h (b) and (PE)2�(PS)2e6 h (c) self-assembled in cyclohexane at 25 �C.
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The hydroxyl groups in (PE)2L(OH)2 can be easily converted to
bromo groups by esterification with 2-bromo-2-methylpropionyl
bromide in the presence of NEt3 [16,17]. To make sure the complete
conversion of hydroxyl into bromisobutyrate, a large excess of
2-bromo-2-methylpropionyl bromide was used. Fig. 3b showed the
1H NMR spectra of the (PE)2L(Br)2 macroinitiator. The signal of
eCH2OH at 3.62 ppm disappeared completely and the methylene
group next to the ester group e(CH3)2Br could also be observed at
1.98 ppm. These results indicated that the esterification of hydroxyl
group proceeded quantitatively.

Finally, the (PE)2L(Br)2 macroinitiator was used to grow poly-
styrene arms via ATRP to yield (PE)2L(PS)2miktoarm star copolymer.
ATRP of styrene was conducted with CuBr/PMDETA as catalyst
system and chlorobenzene as solvent to dissolve the (PE)2L(Br)2
macroinitiator efficiently [16,17]. The synthesis routine was illus-
trated in Scheme 2. The polymerization time varied from 2 h to 6 h to
control the length of PS blocks. After polymerization, the solutionwas
poured into methanol to precipitate the product and the copper salt
could also be removed by EDTA solution. The final product was
analyzed by GPC. Fig. 2cee showed GPC curves of miktoarm star
copolymers and the results were summarized in Table 1. All the
resultant miktoarm star copolymers showed monomodal peaks with
narrowmolecular weight distribution, although with polymerization
time increasing, the molecular weight distribution broadened
slightly. Compared to their precursors, the elution peaks clearly
shifted toward higher molecular weight region. These results indi-
cated the successful ATRP of styrene from (PE)2L(Br)2 macroinitiator.
The product was also characterized by 1H NMR. Fig. 4 revealed the 1H
NMR spectrum of the typical miktoarm star copolymer (PE)2L
(PS)2e6 h. The resonance signals of the corresponding protons of
both blocks were found in 1H NMR spectra. The characteristic
Fig. 4. 1H NMR spectrum for (PE)2L(PS)2 miktoarm star copolymer.
resonance peak of �CH2CH2� repeating unit in PE block appeared at
1.25 ppm. Two new broad peaks for the hydrogen of phenyl ring (-Ph,
6.52e7.28 ppm) and the alkyl chain proton linked to the phenyl
(-CH2-CH-Ph, 1.90e2.46 ppm) could be also observed. So based on
the above results, we demonstrated that well-defined (PE)2L(PS)2
Fig. 6. Scattering intensity I (a) and micelle diameter Dh (b) versus polymer
concentration.
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miktoarm star copolymers with different content of PS segments
were obtained by combination of CSEP, click chemistry and ATRP.
3.2. Self-assembly of (PE)2�(PS)2 miktoarm star copolymers in
cyclohexane

Note that the self-assembly of linear polymethylene-b-poly-
styrene in THF has just been reported recently, spherical micelles
with a diameter of 150 nm were formed [44]. Here linear poly-
ethylene could not be dissolved in cyclohexane, but polystyrene can
be easily dissolved. So micelles may be formed when (PE)2L(PS)2
miktoarm star copolymers were dissolved in cyclohexane as
selective solvent. The (PE)2L(PS)2 miktoarm star copolymers were
directly dissolved in cyclohexane at 50 �C for 24 h for sufficient
dissolution and micellization, then the solution was filtrated
through a 0.45 mm filter to yield a transparent solution. First, the
self-assembly behavior was carefully studied by DLS. Fig. 5 showed
the hydrodynamic diameters (Dh) determined by DLS at 25 �C and
C ¼ 0.20 mg/mL for all the (PE)2L(PS)2 miktoarm star copolymers.
The results showed a clear aggregation of the polymer chains, as
the average Dh was between 100 and 150 nm, much larger than the
individual chains. The critical micelle concentration (CMC) was also
studied to determine whether the polymer forms aggregates or
exists as a unimer by DLS. Fig. 6a showed the relationship between
light scattering intensity and polymer concentration. The CMC
values were determined from the crossover point which were in
the range of 0.05 mg/mL to 0.1 mg/mL. Also themicelle size showed
Fig. 7. AFM images of the micelles of (PE)2�(PS)2e6 h (a) and (PE)2�(PS)2-2 h (b) self-
assembled in cyclohexane at 25

�
C.
a rather small dependence on the polymer concentration above
CMC within the studied ranges as shown in Fig. 6b. These results
further indicated that stable micelles were formed in cyclohexane.
Finally, the morphorlogy of the micelles was studied by AFM. Fig. 7
showed the typical AFM images of themicelles formed from (PE)2L
(PS)2-2 h and (PE)2L(PS)2e6 h. Spherical micelles were formed, the
lateral dimensions were in the range of 100e180 nm and the
heights of the micelles were in the range of 30e50 nm, which were
significantly smaller than the diameters, these results indicated
that the micelles may lay flat due to the adsorption of the PS corona
on the silicon wafer [45,46].

3.3. Crystallization of (PE)2�(PS)2 miktoarm star copolymers

The crystallization of the (PE)2L(PS)2 miktoarm star copoly-
mers was studied by DSC. The cooling scans from melt and the
subsequent heating scans were presented in Fig. 8. In the cooling
scans, PE block in the miktoarm star copolymers exhibited a crys-
tallization exotherm signal around 80 �C (first crystallization) and
a small second crystallization around 60 �C. For the crystalline-
amorphous block copolymers with chemically distinct blocks, the
crystallization of the crystalline block is chemically restricted by
the neighborhood amorphous block. Meanwhile the crystalline
surroundings have a profound influence on the crystallization [47].
In this article, neat linear PE withMw about 1000 andMw/Mn ¼ 1.12
showed a broad crystallization temperature (Tc) from 60 �C to 90 �C
due to its low Mw, the glass transition temperature (Tg) of PS block
with Mw 5000 located around 60 �C [48]. Upon cooling from melt,
Fig. 8. DSC cooling curves (A) and heating curves (B) of PE (a), (PE)2�(PS)2-2 h (b),
(PE)2�(PS)2e4 h (c) and (PE)2�(PS)2e6 h (d).
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when temperature was above the Tg of PS block, PS domains were
rubbery and PS chains were easy to move, the crystallization of PE
was confined by chemically connected PS block [49,50], this
chemical confinement led to a lower Tc than neat PE at 80 �C
[36,51,52] As temperature dropped bellow Tg of PS, PS block became
glassy and the mobility of PS block was frozen, the crystallization of
PE developed between the glassy PS boundaries. Compared to the
rubbery PS chains, the rigid PS blocks provided stronger confine-
ments on PE crystallization, thus a small second crystallization
appeared around 60 �C much lower than neat PE [50,52]. For the
heating scans, PE blocks in miktoarm star copolymers showed
lower Tm than the corresponding polyethylene homopolymers.
These results further indicated the confinements from PS blocks in
the (PE)2L(PS)2 miktoarm star copolymers during the crystalliza-
tion of PE blocks [36,52,53].

4. Conclusions

(PE)2L(PS)2 mikroarm star copolymers were prepared via
a combination of CSEP, click chemistry and ATRP. First, PE�^ with
narrow molecular weight distribution was highly effectively
synthesized by CSEP and post-functionalization. Then, the (PE)2L
(Br)2 macroinitiator was obtained from the esterification of
2-bromo-2-methylpropionyl bromide with (PE)2L(OH)2, which
was synthesized by click coupling reaction between PE�^ and 2,2-
bis(azidomethyl)-1,3-propanediol. The resultant mikroarm star
copolymers were yielded by ATRP of styrene initiated from
(PE)2�Br2 macroinitiator. The obtained (PE)2L(PS)2 mikroarm star
copolymers could self-assemble to form spherical micelles in
cyclohexane with crystallized PE core and swollen PS shell. The
crystallization of (PE)2L(PS)2 miktoarm star copolymers was
investigated by DSC. Tm of PE blocks was lower than the corre-
sponding polyethylene homopolymer resultant from the confine-
ment from PS blocks during the crystallization of PE blocks.
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The chiral polymer P-1 incorporating (S)-2,20-binaphthol (BINOL) and (S)-2,20-binaphthyldiamine
(BINAM) moieties in the main chain of the polymer backbone was synthesized by the polymerization of
(S)-6,60-dibutyl-3,30-diformyl-2,20-binaphthol (S-M-1) with (S)-2,20-binaphthyldiamine (S-M-2) via
nucleophilic additioneelimination reaction, and the chiral polymer P-2 could be obtained by the
reduction reaction of P-1 with NaBH4. The fluorescence intensity of the chiral polymer P-1 exhibits
gradual enhancement upon addition of (D)- or (L)-phenylalaninol and keeps nearly a linear correlation
with the concentration molar ratios of (D)- or (L)-phenylalaninol. The value of enantiomeric fluorescence
difference ratio (ef) is 6.85 for the chiral polymer on (D)-phenylalaninol. On the contrary, the chiral
polymer P-2 shows no obvious fluorescence response toward either (D)- or (L)-phenylalaninol.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Molecular recognition, especially chiral recognition, is one of the
most fundamental and crucial properties of various natural
systems. It is of particular significance for understanding the
interactions of biological molecules and for the designing of
asymmetric catalysis systems [1e5]. More and more attentions
have been paid on fluorescence-based enantioselective sensors due
to their high selectivity and potential application in analytical,
biological, clinical and biochemical environments. They can also
effectively provide a real-time analytical tool for chiral compound
assay [4,6e9]. Using chiral fluorescence-based sensors can not only
greatly facilitate rapid determination of enantiomeric composition
of chiral compounds, but also allow a rapid screening of high-
throughput catalysts for their asymmetric synthesis [10e13]. So far,
reports of successful enantiodiscriminating sensors are mainly
focused on a variety of chiral macrocycles (fluorophore-modified
calixarenes, cyclodextrins, and crown ethers), dendrimers, and
oligomers [4,14e17].

Chiral amino alcohols are very useful as intermediates for
making a variety of biologically active molecules or as ligands for
stereoselective catalysts. Due to their great application in medical
: þ86 25 83317761.

cjzhu@nju.edu.cn (C. Zhu).

All rights reserved.
and biological fields, there have been some reports on developing
sensors for amino alcohols, especially the enantioselective recog-
nition of chiral amino alcohols [18,19]. Although great progress has
been made for the asymmetric synthesis of chiral amino alcohol
compounds, the search for highly enantioselective as well as
practical catalysts still keeps great interest. Therefore, the design of
fluorescent sensors for the highly enantioselective recognition of
chiral molecules and the rapid determination of their enantiomeric
composition is highly desirable [5,20e24].

The chirality of 2,20-binaphthol, 2,20-binaphthyldiamine and
their derivatives is derived from the restricted rotation of the two
naphthalene rings. The rigid structure and C2 symmetry of the
chiral binaphthyl molecules can play an important role in inher-
ently chiral induction [25e33]. The skeletal structure of BINOL at
the 3,30-, 5,50- or 6,60-positions of binaphthyl can be selectively
functionalized at well-defined molecular level and lead to a variety
of polybinaphthyls which can exhibit efficient and stable chiral
configuration as well as high chiral induction and chiral discrimi-
nation in fluorescence chemosensor and asymmetric catalysis
[34e41]. Pu’s group reported that the bisbinaphthyl macrocycles
containing chiral diamine were useful for the enantioselective
fluorescence recognition for amino acid derivatives and a-hydrox-
ycarboxylic acids [15,42e44]. Hou and his coworkers also reported
that the enantioselective fluorescent sensors based on multiple
chiral center could exhibit highly enantioselectivity for the recog-
nition of diverse a-hydroxycarboxylic acids [45,46].
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Many chiral fluorescence host compounds for enantioselective
recognition of chiral guest compoundshavebeen reported, butmost
of them are based on chiral small molecules, and fluorescent poly-
mer-based sensors are very few [47e54]. Recently, wehave initiated
a project to focus on the chiral polymer used as fluorescence sensors
for enantioselective recognition of chiral molecules [50]. Chiral
polymers used as fluorescence-based sensors for chiral molecule
enantioselective recognition offer several advantages over small
molecule sensors, such as fluorescence efficiency enhancement and
possible cooperative effects of multiple chiral units [55e61].
Moreover, these fluorescent chiral polymers can be systematically
modifiedby the introductionof the functional groupsbasedon steric
and electronic property and represent a newgeneration ofmaterials
used as chemosensors in chiral molecule recognition.

In this paper, we report the synthesis of chiral polymers P-1 and
P-2. The chiral (S)-BINOL and (S)-BINAMmoieties can orient a well-
defined spatial arrangement in the main chain of the polymer
backbone. This kind fluorescence polymer P-1 can exhibit the most
pronounced chiral discrimination of D-phenylalaninol. The results
also indicated that P-1 can be used as a fluorescence sensor for
enantiomer composition determination of phenylalaninol.
However, the chiral polymer P-2 obtained by the reduction reaction
of P-1with NaBH4 shows no obvious fluorescence response toward
phenylalaninol.

2. Experimental part

2.1. Materials

All solvents and reagents were commercially available and
analytical-reagent-grade. (S)-2,20-binaphthol and (S)-2,20-binaph-
thyldiamine were purchased from Aldrich directly used without
purification. THFand toluenewerepurifiedbydistillation fromsodium
in the presence of benzophenone. CH3CN was distilled from P2O5.

2.2. Measurements

NMR spectra were obtained using a 300-Bruker spectrometer
300MHz for 1HNMR and 75MHz for 13C NMR and reported as parts
per million (ppm) from the internal standard TMS. FT-IR spectra
were taken on a Bruck VERTEX70 FT-IR spectrometer. Fluorescence
spectra were obtained from an RF-5301PC spectrometer. Specific
rotation was determined with a Ruololph Research Analyfical
Autopol III. MS was determined on a Micromass GCT. C, H, N of
elemental analyses were performed on an Elemental Vario MICRO
analyzer. GPC measurements were carried out on a BI-200SM using
polystyrene as a standard and HPLC grade THF as eluent.
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2.3. Preparation of (S)-6,60-dibutyl-2,20-bis(methoxymethoxy)-1,10-
binaphthyl (2) (Scheme 1) [62]

(S)-6,60-Dibromo-2,20-bis(methoxymethoxy)-1,10-binaphthy (1)
[63] (5.9 g, 11.1 mmol) was dissolved in anhydrous THF (50 mL), n-
BuLi (15.0 mL, 2.5 mol/L in hexanes, 37.5 mmol) was added by
syringe injection at�78 �C under N2 atmosphere. After the reaction
mixture was stirred for 10 min, n-C4H9Br (5.3 g, 38.7 mmol) was
added to the above solution at �78 �C under N2 atmosphere. The
reaction mixture was gradually warmed to room temperature and
stirred overnight. The mixture was extracted with ethyl acetate
(2 � 100 mL). The combined organic layers were washed with
water and brine, and then dried over anhydrous Na2SO4. After
removal of solvent under reduced pressure, the crude product was
purified by column chromatography (petroleum ether/ethyl
acetate) (30:1, v/v) to afford a colorless viscous product (S)-6,60-
Dibutyl-2,20-bis(methoxymethoxy)-1,10-binaphthyl (2) in 70.4%
yield (3.8 g). [a]D25 ¼�38.0 (c 0.5, CH2Cl2). Mp: 150e152 �C. 1H NMR
(300 MHz, CDCl3): d 7.93 (d, 2H, J ¼ 9.0 Hz), 7.71 (s, 2H), 7.6 (d, 2H,
J ¼ 9.0 Hz), 7.19 (s, 4H), 5.12 (d, 2H, J ¼ 6.6 Hz), 5.01 (d, 2H,
J ¼ 6.6 Hz), 3.21 (s, 6H), 2.79 (t, 4H, J ¼ 7.2 Hz), 1.75e1.67 (m, 4H),
1.48e1.41 (m, 4H), 0.98 (t, 6H, J¼ 7.2 Hz). 13C NMR (75MHz, CDCl3):
d 152.6, 138.5, 132.9, 130.4, 129.0, 128.1, 126.6, 125.9, 121.7, 117.5,
95.3, 55.7, 35.9, 33.8, 22.8, 14.3. FT-IR (KBr, cm�1): 2956, 2929, 2857,
1596, 1500, 1480, 1241, 1151, 1028. MS (EI, m/z): 486 (Mþ, 7%), 410
(100%), 382 (48%), 339 (34%).

2.4. Preparation of (S)-6,60-dibutyl-3,30-diformyl-2,20-binaphthol
(S-M-1) (Scheme 1) [62]

Compound 2 (3.36 g, 6.6 mmol) was dissolved in anhydrous THF
(80 mL), n-BuLi (9.4 mL, 2.5 mol/L in hexanes, 23.5 mmol) was
added by syringe injection at room temperature under a N2
atmosphere. The mixture was first stirred for 2 h, and then cooled
to 0 �C.1.9 mL of DMF (24.8 mmol) was added to the above solution.
The reaction mixture was gradually warmed to room temperature
and continued to stir for 4 h. After 60 mL of HCl (12 mol/L) was
added to the solution, the solutionwas stirred at room temperature
overnight. After the removal of the solvent under reduced pressure,
the residue was extracted with CH2Cl2 (3 � 50 mL). The combined
extract was washed with 100 mL of saturated NaHCO3 solution and
brine twice and then dried over anhydrous Na2SO4. After removal
of solvent under reduced pressure, the crude product was purifed
by column chromatography (petroleum ether/ethyl acetate) (10:1,
v/v) to afford (S)-6,60-dibutyl-3,30-diformyl-2,20-binaphthol (S-M-
1) as yellow solids in 38.4% yield (1.2 g). [a]D25 ¼ �216.0 (c 0.5,
CH2Cl2). Mp: 150e152 �C. 1H NMR (300MHz, CDCl3): d 10.55(s, 2H),
OMOM
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10.19(s, 2H), 8.28(s, 2H), 7.77(s, 2H), 7.30(dd, 2H, J¼ 8.7, 1.8 Hz), 7.15
(d, 2H, J ¼ 8.7 Hz), 2.75(t, 4H, J ¼ 7.8 Hz), 1.73e1.67(m, 4H),
1.47e1.35(m, 4H), 0.96(t, 6H, J ¼ 7.2 Hz). 13C NMR (75 MHz, CDCl3):
d 196.9, 153.1, 139.0, 137.9, 136.0, 132.5, 128.2, 127.9, 124.8, 122.1,
116.6, 35.3, 33.2, 22.4, 14.0. FT-IR (KBr, cm�1): 3426, 2955, 2928,
2856, 1658, 1506, 1377, 1294. MS (EI, m/z): 454 (Mþ, 100%), 436
(11%), 411 (21%), 393 (15%). Anal. Calcd for C30H30O4: C, 79.27; H,
6.65. Found: C, 79.21; H, 6.67.

2.5. Preparation of P-1 (Scheme 1)

A mixture of Compound S-M-1 (0.1 g, 0.22 mmol) and S-BINAM
(S-M-2) (62.5 mg, 0.22 mmol) was dissolved in 10 mL of toluene.
The obtained solution was stirred at 80 �C for 48 h. 20 mL of
Methanol was added to precipitate the yellow polymer. The
resulting polymer was filtrated and washed with methanol several
times and dried in the yield of 75% (0.12 g). GPC results:
Mw ¼ 10800,Mn ¼ 6230, PDI¼ 1.73; [a]D25 ¼ þ83.4 (c 0.28, THF); 1H
NMR (300 Hz, CDCl3): d ¼ 0.87e2.77 (m, 21H), 6.88e8.64 (m, 20H),
10.04e10.54 (m, 0.04H), 11.90 (s, 0.54H). FT-IR (KBr, cm�1): 3467,
2957, 2927, 1625, 1610, 1588, 1506, 1260. Anal. Calcd for
C50H42N2O2: C, 85.44; H, 6.02; N, 3.99. Found: C, 79.07; H, 6.00; N,
4.04.

2.6. Preparation of P-2 (Scheme 1)

0.15 g polymer P-1was dissolved in the mixed solvents of 10 mL
THF and 10 mL MeOH, and then NaBH4 was added in batches to the
above solution. The reaction mixture was stirred at room temper-
ature until the yellow color disappeared. The colorless solutionwas
stirred for another 30 min, and 10 mL water was added to stop the
reduction reaction. The mixture was extracted with CH2Cl2
(3 � 20 mL). The combined organic layers were dried with anhy-
drous Na2SO4 and evaporated under reduced pressure to afford
salan-based polymer P-2 as a white solid (0.11 g, 73% yield).
[a]D25 ¼ þ71.9 (c 0.17, THF); 1H NMR (300 Hz, CDCl3): d ¼ 0.91e2.68
(m, 25H), 6.55e8.45 (m, 20H),10.19 (s, 0.10H),10.52 (s, 0.04H). FT-IR
(KBr, cm�1): 3528, 3412, 2963, 2927, 1619, 1598, 1511, 1262. Anal.
Calcd for C50H46N2O2: C, 84.95; H, 6.56; N, 3.96. Found: C, 84.78; H,
6.64; N, 4.01.

2.7. General procedure for the enantioselective molecular
recognition of host compounds to guest compounds

1.0 � 10�5 mol/L solution of host compounds in toluene and
0.1 mol/L solution of guest compounds in THF were freshly
prepared. To give the mixed solutions of host and guest compound
with the mole ratio 1:1, 1:5, 1:10, 1:20, 1:50, 1:80 and 1:100,
3.00 mL host compound solution and a certain volume of guest
compound solution were added in each micro-test tube, respec-
tively. The resulting solution was allowed to stand at room
temperature for 12 h before the fluorescence measurement. Fluo-
rescence intensity of alone host compound solution and above
solution of host-guest compound solutionwere obtained on the RF-
5301PC Spectrometer under respective optimal exciting wave-
length with 3 nm exciting slit width and 3 nm emissionwavelength
in fast scan speed.

3. Results and discussion

3.1. Syntheses and feature of the polymers

The synthesis procedures of the monomer S-M-1 and chiral
polymer sensors are shown on Scheme 1. (S)-6,60-dibutyl-2,20-bis
(methoxymethoxy)-1,10-binaphthyl (2) was synthesized from (S)-
6,60-dibromo-2,20-bis(methoxymethoxy)-1,10-binaphthyl (1)
according to reported literatures [63]. Compound 2 was first lithi-
ated with n-BuLi, and then followed by carbonylation to afford the
MOM-protected intermediate, which was hydrolysed in HCl solu-
tion to afford the crude product (S)-6,60-dibutyl-3,30-diformyl-2,20-
binaphthol (S-M-1). The purification of S-M-1 could be carried out
by column chromatography on silica gel to afford a yellow solid
product in 38.4% yield [62]. The chiral polymer P-1 incorporating
(S)-2,20-binaphthol and (S)-2,20-binaphthyldiamine moieties could
be obtained by Schiff-base formation via nucleophilic addi-
tioneelimination reaction between S-M-1 and S-M-2 in 75% yield.
And polymer P-2 could be obtained by the reduction of P-1 with
NaBH4 in 81% yield. This two chiral polymers are air stable solid and
show good solubility in common solvents, such as toluene, THF,
CHCl3, and CH2Cl2, which can be attributed to the nonplanarity of
the twisted polymer chain backbone and the flexible n-butyl
substituents. TGA result of P-1 shows the chiral polymer has high
thermal stability without loss weight before 420 �C and tends to
completely decompose at 750 �C. (See Supporting information
Fig. S1) Therefore, polymer P-1 can provide a desirable thermal
property for practical application as a fluorescence sensor.

3.2. Fluorescence recognition of (D)- or (L)-phenylalaninol

The fluorescence response behavior of the two chiral polymers
on (D)- or (L)-phenylalaninol has been investigated by fluorescence
spectra. Fig. 1(a) shows the fluorescence spectra of P-1
(1.0 � 10�5 mol/L corresponding to (S)-BINOL unit in toluene
solution) upon addition of (D)- or (L)-phenylalaninol (0.1 mol/L in
THF) at 1:100 M ratio on excitation at 360 nm. Remarkable differ-
ences in fluorescence enhancement were observed as demon-
strated in Fig. 1(a), (L)-phenylalaninol has little effect on the
fluorescence of the polymer, on the contrary, (D)-phenylalaninol
causes a large increase in the fluorescence intensity of the polymer
under the same determination condition. It also can be found that
the fluorescent emission wavelengths do not show an obvious
difference between the guest-free polymer and guestepolymer
complexes. The selective recognition effect on the guest of the
chiral molecular isomers is related to the enantiomeric fluores-
cence difference ratio, ef [ef¼ (Id� I0)/(Il� I0)]. Herein, I0 represents
the fluorescence emission intensity in the absence of the chiral
substrate, ID and Il are the fluorescence intensities in the presence of
(D)-substrate and (L)-substrate, respectively [50,64]. The value of ef
is 6.85 for this polymer, which indicates that this polymer can
exhibit highly enantioselective response toward (D)-phenyl-
alaninol. The reason may be attributed to an inherent chiral
recognition property based on the steric repulsion of the chiral
polymer sensor for (D)-phenylalaninol. The building block of (S,S)-
receptor containing imine and hydroxyl groups can well fit for the
formation of a more stable complex of S,S-D complex as compared
to the S,S-L diastereomeric complex. On the contrary, chiral polymer
P-2 shows no obvious enantioselective response toward (D)- or (L)-
phenylalaninol (Fig. 1(b)). In a set of comparable experiments, we
also studied the fluorescence response behavior of polymer P-1 on
other guest molecules. As shown in Fig. 1(c), polymer P-1 can
exhibit obvious enantioselective response toward D-alaninol, and
the value of ef is 1.86 at 1:100M ratio. While using (D)-/(L)-mandelic
acid, (R)-/(S)-phenylethylamine, or (D)-/(L)-phenylglycinol as guest
molecules, no obvious fluorescence response on the enantiose-
lectivity of these guest molecule enantiomers was observed
although the fluorescence intensities can appear great enhance-
ment (See Supporting information Figs. S2eS4).

In addition, the interaction of the chiral polymer P-1 with phe-
nylalaninol was investigated at amuch broader concentration range
of the substrate. In regard to the fluorescence signal changes of this
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Fig. 2. Fluorescence spectra of P-1 with and without (D)-phenylalaninol (a), (L)-phe-
nylalaninol (b) at different molar ratios.
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chiral polymer sensor on (L)- or (D)-phenylalaninol, the fluorescence
intensities appear gradual enhancement upon addition of (D)- or (L)-
phenylalaninol in the range from 1:0 to 1:100 M ratios (Fig. 2).
Meanwhile, it can also be found that the addition curve keeps
a nearly linear correlation with the molar ratio of (L)- or (D)-phe-
nylalaninol (Fig. 3). The obvious fluorescence enhancement can be
attributed to suppressed PET (photoinduced-electron-transfer)
quenching [65e68] when the protons of phenylalaninol interact
with the nitrogen atoms of imine moieties in the chiral polymer
main chain through the intramolecular hydrogen bonding. On
complexation, the lone pair of electrons on the nitrogen atom is no
longer available for PET, leading to the fluorescence enhancement.
We further investigated the fluorescence response of polymer P-
1 on different enantiomeric compositions of phenylalaninol. The
fluorescence intensities based on various molar ratios of (L)- or (D)-
phenylalaninol revealed a fair linear relationship between I/I0 and
the percent of the (D)-phenylalaninol component (Fig. 4). The result
indicates that the enantioselective fluorescence sensor can be
effectively applied for enantiomer composition determination of
phenylalaninol.
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In summary, a novel fluorescence-based polymer P-1 incorpo-
rating (S)-BINOL and (S)-BINAM moieties in the main chain back-
bone can exhibit an excellent fluorescence sensor for
enantioselective recognition of (D)-phenylalaninol, and can also be
used in ascertaining the enantiomeric composition of (D)- or (L)-
phenylalaninol. The value of enantiomeric fluorescence difference
ratio (ef) is 6.85 for the chiral polymer on (D)-phenylalaninol.
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Well-defined multi-stimuli responsive fluorinated graft poly(ether amine)s (fgPEAs) were synthesized
through nucleophilic substitution/ring-opening reaction of commercial poly(propylene glycol) diglycidyl
ether and Jeffamine L100, followed by functionalization of hydroxyl groups in backbone by fluorinated
alkyl carboxylic acid. fgPEAs are comprised of hydrophilic short poly(ethylene oxide) (PEO) and hydro-
phobic fluorinated alkyl chains, which are grafted on poly(propylene oxide) (PPO) backbone alternately
to form well-defined structure. In aqueous solution, fgPEA11 and fgPEA12 self-assembled into multi-
dispersed micelles, while fgPEA13 formed the uniform-sized micro-micelles with diameter of about
200 nm. These obtained micelles from fgPEAs were multi-responsive to temperature, pH and ionic
strength with tunable cloud point (CP). It’s notable that CP of fgPEAs aqueous solution increased with the
increasing amount of graft fluorinated alkyl chains.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their potential applications inwaste-water treatment, oil
recovery, nanotechnology and drug delivery, stimuli-responsive
polymers have been extensively investigated [1e4]. Among them,
amphiphilic block copolymers with stimuli-responsive properties
are of particular interests. They can self-assemble into various
supramolecular structures which can solubilize lipophilic guest
molecules such as drug molecules while the release of guest
molecules can be triggered by external stimuli such as light [5e7],
temperature [8e10], pH [11e15], redox potential [16,17] and
polarity [18,19]. Quite a few stimuli-sensitive polymeric micellar
systems have been reported so far, but most of them focus on
response to single stimuli. However, the environmental change of
nature is not a single factor but complex ones. Therefore, much
attention should be paid on amphiphilic polymer responsive to
multi-stimuli [6,7,20,21].

Because of their interest in academic and technological field,
fluorinated amphiphilic polymers have attracted much attention.
Fluorinated groups can improve surface active properties, molec-
ular aggregation and self-assembling morphology, which can not
be achieved by other amphiphilic polymers [22,23]. As fluorine
confers extreme hydrophobicity andwater insolubility to polymers,
x: þ86 21 54747445.
yin@sjtu.edu.cn (J. Yin).

All rights reserved.
fluorinated polymers have beenwidely applied in many fields, such
as blood substitutes, drug delivery and fire-fighting foams [24e26].
In addition, their excellent inertness to oil and moisture adsorption
as well as their good thermal stability and evidently low surface
energy make them advantageous [27e33]. Herein, we introduced
fluorinated alkyl side chains to the responsive graft poly(ether
amine) (PEA). Perfluorinated alkyl chains are considerably more
hydrophobic than hydrocarbon chains, and their introduction
greatly intensified the amphiphilic character, resulting in strong
tendencies to self-associate into supermolecular assemblies.

Recently, we reported a series of novel responsive poly(ether
amine)s (PEAs), which exhibited sharp response to temperature,
pH and ionic strength [34e37]. PEA can be obtained through
nucleophilic substitution/ringeopening reaction of commercial
di-epoxy and di-amine monomer, which possesses characteristics
of “click-chemistry” [38]. This one-step synthesis of PEA is facile
and “green”. Moreover, hydroxyl groups generated in reaction
between epoxy and amine groups can be used for the further
functionalization. As a continuous work in this text, a series of
fluorinated graft PEAs (fgPEAs) were synthesized through func-
tionalization of hydroxyl groups in backbone of PEA, which was
expected to endow micelles with enhanced stability and lower
surface energy. These obtained fgPEAs exhibit multi-response to
temperature, pH and ionic strength with controlled cloud point
(CP), and can self-assemble into responsive micelles, which could
be revealed by DLS and TEM.
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Table 1
Component and molecular weight data of fgPEAs.

Molar ratio
in raw
materials

Molar ratio
in products

Polymer a gPEA NDFDA F(%) b C9F19
Chain/L100

Mn(�104) c Mw/Mn
c CMC

(g/L) d

fgPEA11 1 1 14.6 0.9 1.3 1.46 0.23
fgPEA12 1 2 19.7 1.3 1.2 1.43 0.18
fgPEA13 1 3 24.6 1.8 1.1 1.44 0.16

a fgPEAxy, x,y represent the molar ratio of the raw gPEA and NDFDA, respectively.
b The content of fluorine in fgPEAs were determined by element analysis.
c Molecular weight and molecular weight polydispersity were measured by GPC.
d CMC of fgPEAs were measured by using Nile Red as the fluorescent probe

at pH 7.4.

R. Wang et al. / Polymer 52 (2011) 368e375 369
2. Experimental

2.1. Materials

Poly(propylene glycol) diglycidyl ether (PPO-DE, Aldrich,
Mn ¼ 640 g/mol), Jeffamine L100 (Hunstman, Mn ¼ 1000 g/mol),
Nonadecafluorodecanoic acid (NDFDA, ABCR Chemical Reagent),
Dicyclohexylcarbodiimide (DCC, Alfa Aesar), 4-Dimethylamino-
pyridine (DMAP, Alfa Aesar) were used as received.
2.2. Synthesis of gPEA

gPEA was synthesized according to previous report [35]. The
reaction was conducted in a 50-mL two-neck flask equipped with
a nitrogen inlet tube and a reflux condenser. PPO-DE and Jeffamine
L100 were added to the flask with molar ratio of 1:1. Then ethanol
was added to dissolve these monomers. The total monomer
concentration was kept at 0.5 g/mL. The reaction was carried out
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by refluxing for 12 h. Then the reaction was poured into n-hexane.
After removing the supernatant, the product was collected and
dried. Then the product was dialyzed against water (Cellulose ester
dialysis membrane MWCO3500).

2.3. Synthesis of fgPEAs

To the solution of dichloromethane in a 50-mL two-neck flask
equipped with a nitrogen inlet tube, gPEA and NDFDA were added
in proportion (shown in Table 1). Then DCC and DMAP were added
to the solution. The reaction was carried out at room temperature
for 18 h. After filtration of unreacted NDFDA and DCU and removing
the solvent by rotary evaporation, water was added. The suspension
was centrifugated to get the clear solution, which was concentrated
and dried to obtain the product. Then the product was dialyzed
against water (Cellulose ester dialysis membrane MWCO3500).

3. Characterization

FT-IR spectra of products were recorded on a PerkineElmer
Paragon 1000 FT-IR spectrometer. 1H NMR & 19F NMR measure-
ments were carried out on a Varian Mercury Plus spectrometer,
operating at 400 MHz by using CDCl3 as solvent and TMS as an
internal standard. The ratios of fluorine in products were deter-
mined by vario EL III of Elementar Company. Molecular weights
(Mn) and molecular weight distributions (Mw/Mn) were deter-
mined by a Serious 200 gel permeation chromatography (GPC).
N,N-dimethylformamide (DMF) was used as the eluent at a flow
rate of 1.0 mL/min and polystyrene as the calibration standard.

The optical transmittance of the polymer solutions were
measured at 500 nm with a UV-2550 spectrophotometer
(Shimadzu, Japan) equipped with circulating water bath. The
temperature at 90% light transmittance of the polymer solutionwas
defined as the CP. DT was defined as the difference in temperature
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measured between 90% and 10% transmittance of the overall
heating process. The copolymer aqueous solutions were prepared
from 0.1 M citrate buffered aqueous solutions with 1 wt.% copol-
ymer concentration.

The Critical Micelle Concentration (CMC) of fgPEAs were
determined at pH 7.4 by using Nile Red as the fluorescent probe.
Solutions of fgPEAs with concentrations ranging from 1 � 10�4 to
1 g/L were prepared. Excess amount of Nile Red was put into the
solution and fully oscillated. Nile Red was then encapsulated into
the hydrophobic micellar interior (Fig. 3a). The emission spectra
were recorded under LS-50B luminescence spectrometer (Per-
kineElmer Co.). The emission wavelength was set at 559 nm.
The fluorescence emission spectra were recorded between 580 nm
and 700 nm at room temperature.

Dynamic Light Scattering (DLS) was performed in the 1 mg/mL
copolymer solution with pH 7.0 using a Malvern Instruments
Zeta sizer Nano S instrument (Malvern Instruments) equipped
with a 4 mW HeeNe laser (l ¼ 633 nm) at an angle of 173�, an
avalanche photodiode detector with high quantum efficiency, and
an ALV/LSE-5003 multiple s digital correlator electronics system.
The CONTIN analysis method was used. Transmission Electron
Microscopy (TEM) images were recorded using a JEOLZ 100F
microscope, operating at 200 kV. Before measurement, a drop of
1 mg/mL fgPEAs solution was placed onto a copper grid and the
excess solution was removed by a filter paper.

4. Results and discussion

4.1. Synthesis and characterization of fgPEAs

fgPEAs were synthesized through nucleophilic substitution/
ringeopening reaction of commercial available poly(propylene
glycol) diglycidyl ether and Jeffamine L100, followed by esterifica-
tion of hydroxyl groups in backbone by fluorinated alkyl carboxylic
acid (NDFDA) of different amount. The whole process for synthesis
of fgPEAs is illustrated in Scheme 1. Because two hydroxyl groups
are generated in reaction between one PPO-DE and L100, the ratio
between hydrophilic chain L100 and fluorinated alkyl chain C9F19
will keep 1/2 if all hydroxyl groups are esterified. By controlling the
esterification degree of hydroxyl groups in gPEA, we synthesized
three fgPEAs containing different amount of C9F19 as side-chain,
which were named by fgPEA11, fgPEA12 and fgPEA13. Their
component and molecular weight (Mn) are summarized in Table 1.
4000 3500 3000 2500 2000 1500 1000 500

 gPEA

 fgPEA11

3450
ν(O-H)

1695
ν(C=O)

 fgPEA12

1210
ν(C-F)

1147
ν(C-O-C)

Wavenumber(cm-1)

 fgPEA13

Fig. 1. FT-IR spectra of gPEA and fgPEAs.
The synthesis of fgPEAs was confirmed by FT-IR, NMR, elemental
analysis and GPC.

As shown in the FT-IR spectra (Fig. 1), the peaks at 3400, 1695
and 1210 cm�1 are attributed to stretching vibration of OeH in
gPEA, C]O and CeF in fgPEA, respectively. The appearance of peaks
at 1695 and 1210 cm�1 indicated that fluorinated alkyl chain C9F19
has been introduced into the backbone of gPEA. From fgPEA11 to
fgPEA13, the peak at 3400 cm�1, attributed to OeH group decreased
obviously, indicating the gradual increase of the amount of C9F19.
As a result of the almost full esterification of OeH group in
fgPEA13, the peak at 3400 cm�1 almost disappeared in FT-IR
spectrum of fgPEA13, which is in agreement with the elemental
analysis. The preparation of fgPEAs is further supported by NMR
spectra. As shown in Fig. 2a, the peak assigned to Ha (d ¼ 4.3 ppm)
appeared and became more and more obvious with the increase of
the amount of C9F19 from fgPEA11 to fgPEA13, resulted from
esterification of hydroxyl groups in gPEA. In Fig. 2b, every peak in
19F NMR spectrum of fgPEA13 could be well assigned to each
fluorine atom in C9F19 fluorinated alkyl chain, which also indicates
presence of fluorinated alkyl chain in the structure of fgPEA13.

The graft amounts of C9F19 were determined by element anal-
ysis, and are summarized in Table 1. The molar ratio of grafted C9F19
and L100 chain increases with the increasing amount of NDFDA
from fgPEA11 to fgPEA13. In the structure of fgPEA13, C9F19/L100 is
about 1.8, indicating that 90% hydroxyl groups have been esterified.
The molecular weight (Mn) of fgPEAs was determined by GPC, and
the results are shown in Table 1. It is interesting that Mn of fgPEAs
Fig. 2. (a) 1H NMR spectra of fgPEAs; (b) 19F NMR Spectrum of fgPEA13 in CDCl3.
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decreases with the increasing amount of C9F19 chain from fgPEA11
to fgPEA13. This might be ascribed to the special hydrophobic and
hydrophilic effect of C9F19 fluorinated alkyl chain. Due to the poor
solubility of C9F19 fluorinated alkyl chain in DMF (eluent in GPC
measurement), the hydrodynamic volume of fgPEAs decreases
with the increasing amount of C9F19 chain, resulting in the decrease
of Mn from fgPEA11 to fgPEA13.

4.2. Micelle formation behavior of fgPEAs

With hydrophilic L100 and hydrophobic C9F19 fluorinated alkyl
chain, fgPEAs could self-assemble into micelles in aqueous solution
above critical micelle concentration (CMC), which is similar to
other amphiphilic polymers [39e42]. As a strong evidence for self-
assembly of amphiphilic polymer into micelle, CMC value for
fgPEAs was determined by a fluorescence spectroscopy using Nile
Red as a fluorescence probe. In the presence of fgPEAs, the hydro-
phobic dye Nile Red can be dispersed in water, indicating that
Nile Red was encapsulated into the hydrophobic micellar interior
(Fig. 3a). The fluorescence emission spectra of Nile Red in fgPEA13
solution with different concentration are recorded in Fig. 3b. An
increasing intensity of the Nile Red band was observed with the
increasing fgPEA13 concentration shown in the inset of Fig. 3b,
resulted from the micellar solubilization of Nile Red. The intensity
increases significantly beyond a certain concentration, indicating
Fig. 3. (a) Photograph of the aqueous solution of Nile Red; (left) before and (right) after
adding fgPEA13. (b) Intensity of Nile Red plotted versus fgPEA13 concentration. Inset:
fluorescence emission spectra of Nile Red solution with different fgPEA13 concentra-
tion, pH ¼ 7.4.
the formation of the micelles. A plot of the intensity against the
logarithm of the polymer concentration exhibits an inflection
point at the critical micelle concentration (CMC) [20]. The CMC of
fgPEA13 is about 0.16 g/L. The CMC of fgPEA11 and fgPEA12 was
also determined through this method, and summarized in Table 1.
The CMC of fgPEAs decreases with the increasing amount of C9F19
chain in fgPEAs. Besides the increasing emission intensity with
the increasing fgPEA13 concentration, it’s also observed that the
emission wavelength maximum of Nile Red is systematically blue-
shifted from 638 nm to 627 nm, also indicating that Nile Red was
encapsulated into the hydrophobic micellar interior.

The formation of micelle from fgPEAs was further verified by
DLS experiments, which were carried out in aqueous solutions at
25 �C with concentration of 1 mg/mL (Fig. 4). fgPEAs can be well
dispersed in aqueous solution to form transparent solution at room
temperature, indicating that fgPEAs are dispersed as micelle in
water. gPEA displayed relative uniform-sized nano-micelles of
w30 nm in diameter [35]. The nano-micelles might be comprised
of hydrophobic PPO as the core and hydrophilic L100 as the corona,
which make nano-micelles stable in aqueous solution. While in
aqueous solution at pH 7.0, fgPEA11 presents most nano-micelles of
w10 nm in diameter, and some bigger micelles of w200 nm are
formed. Compared with gPEA, fgPEA11 contains the hydrophobic
fluorinated alkyl graft chains, which enlarge the hydrophobic core
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Fig. 5. Micelle size distribution of fgPEA13 obtained by DLS at different temperature,
pH ¼ 7.0.
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of the micelles. A fluorocarbon chain is stiffer than a hydrocarbon
one because of the bulky fluorine atoms. Hence, the aggregates of
fluorinated amphiphiles have a tendency to form a structure with
less surface curvature, which can explain the larger molecular
volume of the aggregates [43,44]. With the increasing fluorine
contents from fgPEA11 to fgPEA13, more large micelles are formed.
For fgPEA13, the relative uniform-sized micelles of w200 nm in
diameter are formed. However, its aqueous solution was still
transparent, which indicates the good optical property due to its
low refractive indexes [45,46].

4.3. Responsive aggregation behaviors of micelles.

The aggregation behaviors of micelles formed by fgPEAs under
different conditions were investigated. Due to the formation and
cleavage of hydrogen bond between water molecules and hydro-
philic L100 chain, amphiphilic polymers containing L100 chain
exhibit the thermo-sensitive behaviors [35]. Micelles formed by
fgPEAs are comprised of hydrophobic fluorinated alkyl chain as
core and hydrophilic L100 chain as outer shell, which optimizes the
surface contacting with water and prevent the micelles to aggre-
gate further. If this hydrophilic outer shell become less hydrophilic
with the increase of temperature, the micelles will aggregate,
then resulting in turbidity of solution. To test the possibility of
response to temperature, the size distribution of micelle formed by
fgPEA13 at low and high temperature was checked by DLS, and
shown in Fig. 5. It was observed that fgPEA13 can converted into
large particles with a diameter of several micrometers at high
temperature. To study systematically the responsive aggregation
behavior of micelles under different conditions, temperature
dependent transmittance measurements were carried out using
a UV-vis spectrometer. In all cases, the concentration of three
obtained fgPEAs was 10 mg/mL, which was much higher than CMC
to ensure the formation of micelle. The corresponding temperature
dependence of transmittance for three aqueous solutions of fgPEAs
Table 2
CP of fgPEAs aqueous solution at different pH.

CP of fgPEAs aqueous solution at different pH (�C)

Copolymer pH ¼ 5.0 pH ¼ 6.0 pH ¼ 7.0 pH ¼ 8.0

fgPEA11 62.0 59.1 56.3 55.8
fgPEA12 62.4 59.3 57.1 56.0
fgPEA13 67.2 64.1 60.1 58.0
at pH 7.0 is shown in Fig. 6, from which cloud point (CP) can be
obtained. These solutions exhibit sharp transition from trans-
parence to turbidity with increase of temperature. It should be
noted that CP for fgPEAs increased with the increasing amount of
hydrophobic C9F19 chain from fgPEA11 to fgPEA13. Generally, CP for
responsive amphiphilic polymer decreases with the increasing
0 2 4 6 8 10 12

50

[NaCl] (g/L)

Fig. 8. Ionic strength-response of fgPEA13 in aqueous solution (a) temperature
dependence of transmittance for fgPEA13 aqueous solutions at different NaCl
concentration by UV-Vis spectra, (b) Dependence of the CP of fgPEA13 on NaCl
concentration. Polymer concentration is 10 mg/mL, pH ¼ 7.0.
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amount of hydrophobic parts. The interesting phenomenon of
fgPEAs’ CP which is completely different out previous report of
other PEAs [35,36], was not fully understood yet, and might be
attributed to different size of the formed micelle. The micellar size
Fig. 10. TEM images of (a) fgPEA12 and (b) fgPEA13 at room temperature; (c) fgPEA12 and (d
1 mg/mL, pH ¼ 7.0.
increased with the increase of the amount of C9F19 chain, thus
might resulting in the increase of CP from fgPEA11 to fgPEA13.
That means CP of fgPEAs aqueous solution is determined not only
by the macromolecular structure but also by the size of the formed
micelles.

The backbone of fgPEAs is comprised of ternary amino moieties,
which can be protonated or deprotonated at different pH, resulting
in fgPEAs’ response to pH. To test this possibility of pH effect on
aggregation of micelles, temperature dependence of transmittance
for fgPEAs aqueous solutions at different pHweremeasured (Fig. 7).
From Fig. 7, the effect of pH on transition temperature of fgPEA13
solution is significant, suggesting that transition temperature can
be controlled by pH: i.e. by increasing pH value, the transition
temperature became lower accordingly. With decreasing pH value
from8.0 to 5.0, CP of fgPEA13 increases from58.0 �C to 67.2 �C. CP of
all fgPEAs at different pH value is summarized in Table 2. For all
fgPEAs, the decreasing pH value leads to the increase of CP.

Because of its outer shell comprising of L100 chain, the aggre-
gation of micelle formed by fgPEAs is also expected to be sensitive
to ionic strength, which is one of the dominating parameter in
various aqueous system. Fig. 8a shows transmittance versus
temperature curves of fgPEA13 with different NaCl concentration.
fgPEA13 exhibits very sharp phase transition in wide range of
) fgPEA13 at temperature higher than their CP. The concentration of sample solutions is
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NaCl concentration when heated. CP decreases obviously with the
increasing NaCl concentration because of partial dehydration of
polymer chain. These results can be explained by salt-out effect,
and also indicates that the aggregation behaviors of micelles
formed by fgPEAs can be controlled by ionic strength. It is notable
that CP of fgPEA13 aqueous solution exhibited a linear relationship
to NaCl concentration (Fig. 8b).

The phase transition of fgPEA13 aqueous solution with different
concentration, ranging from 1 to 10 mg/mL, was further investi-
gated (Fig. 9). CP of fgPEA13 aqueous solution showed no obvious
dependence on the polymer concentration. Meanwhile, when the
polymer concentration decreased, DT increased from one to several
degrees.
4.4. Morphology of micelles formed by fgPEAs

The morphology of fgPEAs in aqueous solution was revealed by
TEM. Fig. 10 shows the representative TEM images of the micelles
formed by fgPEA12 and fgPEA13 at room temperature, indicating
that fgPEAs were dispersed as micelles inwater. The size of fgPEA12
micelle is not uniform, while fgPEA13 can form uniform-sized
micelle in water. These results are in good agreement with the
results obtained by DLS. When temperature is higher than their CP,
fgPEAs aggregates were observed with diameter more than 1 mm
by TEM results.

The proposed transition process of fgPEAs aqueous solution is
presented in Scheme 2. The transition of gPEA has already been
investigated by our group. Similar to gPEA, fgPEAs form micelles
with hydrophobic core of fluorinated alkyl graft chains and PPO
backbones and hydrophilic corona of L100 when dispersed in
aqueous solution at room temperature. Raising temperature higher
than their CP, the L100 graft chains becomes less hydrophilic,
resulting in aggregation of micelles.
5. Conclusions

We have synthesized a series of multi-stimuli responsive graft
fluorinated poly(ether amine)s (fgPEAs) with varied fluorine
contents. The amphiphilic fgPEAs exhibit very sharp response to
temperature, pH and ionic strength. In aqueous solution, fgPEAs
can self-assemble into stable micro & nano-micelles and are
capable of encapsulating hydrophobic guest molecules, such as Nile
Red. CP of fgPEAs aqueous solution increases with the increasing
amount of graft fluorinated alkyl chains or the decreasing ionic
strength and pH value.
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Miniemulsion polymerization is most suitable for the targeted synthesis of vinyl copolymers than the
conventional emulsion polymerization, because in miniemulsion polymerization each monomer nano-
droplet is a nanoreactor, and the monomers in each droplet are in situ converted to the corresponding
polymers. Soluble and hyperbranched poly(methyl methacrylate)s (PMMA) were prepared with quan-
titative monomer conversion and without gelation by the miniemulsion copolymerization with di- and
tri-acrylate and mediated with 1-dodecyl thiol (DDT). DDT acted both as a gelation prohibitor and as
a reactive cosurfactant. The PMMAs with varied “X” or “H” shaped branches, depending on the di- and
tri-functional acrylate used as the branching agent, are characterized and interpreted in terms of the
repeating units per part, parts and branches per macromolecule, average molecular weight, latex particle
size and size distribution. Effects of topology changes of the branched PMMAs on the rheological
behaviors are observed for the first time: from Newtonian flow for the densely branched PMMAs to the
non-Newtonian flow with pronounced shear thickening for the PMMA samples with high-molecular-
weight and longer parts.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Compared with the step-growth polymerization, the chain
polymerization of vinyl monomer is simpler, cost-effective and can
be performed in aqueous medium. Inspired by the dendritic poly-
mers from step-growth polymerization, branched vinyl polymers
have attracted great attentions in research and development,
especially for applications where viscosity and reactivity are more
emphasized than mechanical properties, such as the case of reac-
tive molding, sealing or coating [1]. Due to the lack of chain
entanglements, the hyperbranched vinyl polymers resembled the
compact globular structure, and posses Newtonian flow behavior,
i.e., no shear thinning or thickening, observed in dendritic polymers
produced by step-growth polymerization of ABx monomers [2].
However, the effects of chain topology on the rheological properties
are found very evident [2,3]. The number of branch points, the
length and number of the arms are essential to define the rheo-
logical behavior. It is of fundamental importance and practical
interest to develop a synthetic methodology capable of finely
All rights reserved.
controlling the chemical and topological structures, and to further
reveal the rheological properties of these polymers.

Several approaches to the synthesis of branched vinyl polymers
have been proposed [4e11]. Originally, the self-condensing vinyl
polymerization (SCVP) was first reported by Fréchet [7]. Group
transfer polymerization [8] and controlled radical polymerization
with multivinyl monomers as the branching units were later
exploited. For example, Wang [9] et al. prepared hyperbranched
vinyl polymers by deactivation enhanced atom transfer radical
polymerization (ATRP) of multivinyl monomers, and Armes et al.
[10,11] prepared branched vinyl polymers by reversible addition
fragmentation chain transfer (RAFT) polymerization and by atom
transfer radical polymerization (ATRP). These controlled polymer-
izations provided a handle for preparing macromolecules with
tailorable molecular weight and branching structures, but the
overall monomer conversion had to be kept below 60% in order to
prevent cross-linking or microgel formation [9]. A facile method for
the preparation of branched poly(meth)acrylates was recently
developed [12e14] by conventional free radical polymerization
under the presence of both multifunctional acrylates and a thiol
compound. Themultifunctional monomer leads to chain branching,
and the thiol compound prevents gelation. When applying this
method to emulsion polymerization, however, the limited solu-
bility of thiol compounds in water retards its transportation from

mailto:wangyc@scu.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.050
http://dx.doi.org/10.1016/j.polymer.2010.11.050
http://dx.doi.org/10.1016/j.polymer.2010.11.050
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monomer droplets through water to the polymerization loci. To
ensure enough thiols existed in the droplets, either smaller thiol
molecules (thus with relatively higher solubility in water), such as
benzylthiol, or a phase transfer agent to help the transportation of
thiols through water was used [15,16]. As the odour of thiol
compounds is tightly molecular size dependent, the use of smaller
thiol molecules for emulsion polymerization is not convenient. For
the latter method, phase transfer agent will remain in the final
latex, and impurity problem results.

Miniemulsion polymerization is a unique and useful technique
for preparing vinyl copolymers. Unlike the conventional emulsion
polymerization, for an ideal miniemulsion polymerization polymer
particles are formed primarily by the radical entering into mono-
mer droplets, in other words, polymer particle nucleation takes
place at the monomer droplets, not at the swollen monomer
micelles as the case of conventional emulsion polymerization. This
feature has been supported by the fact that polymer particle size
was found the same as the size of monomer droplets [17e19].
Because most of the polymer latex particles are in situ converted
from themonomer droplets, there is nomass transportation during
polymerization, and thus no need to take account of the water
solubility when using thiol compounds. Furthermore the polymers
have the same composition as the monomers in each droplet. As
the branched vinyl polymers are usually prepared by the copoly-
merization of monomers, rather than by the homopolymerization
of a single monomer, from the point of view of practical application,
miniemulsion polymerization is the best way for this targeted
synthesis than conventional emulsion polymerization, Thus it is
worthy to develop the thiol mediated miniemulsion polymeriza-
tion, and it is surprising that there is scarcely a study on this
important issue.

In this paper we report the synthesis and the unique rheological
behaviors of branched PMMAs prepared by thiol mediated mini-
emulsion copolymerizations of methyl methacrylate (MMA) with
1,6-hexanediol diacrylate (HDDA) and with trimethylolpropane tri-
acrylate (TMPTA). Soluble and highly branched PMMAs with varied
degrees of branching were prepared with narrow distribution of
latex particle sizes and with quantitative monomer conversion
without gelation. The dramatic changes of Newtonian flow to shear
thickening (non-Newtonian flow) of PMMA melts resulted from
changes of chain topology from dense to medium branches are first
observed.

2. Experimental section

2.1. Materials

MMA (99%, analytical grade from Shanghai Chemical Company,
China) was purified by passing through activated basic alumina
prior to use. 4,40-Azobis(4-cyanovaleric acid) (ACVA, 95%), sodium
hydrogen carbonate (NaHCO3, 95%), 1-dodecyl thiol (DDT, 98%),
sodium dodecyl sulfate (SDS, 98%), tetrahydrofuran (THF) and
n-hexane were used as supplied by Kelong Chemical Co., Chengdu,
Table 1
The miniemulsion copolymerization of MMA with di- or tri-functional acrylate.

Latex samples Feed mole ratio Mole ratioa Conv (%)

PMMA1 MMA/HDDA/DDT 100/2/4 100/2.6/5 99.2
PMMA2 MMA/HDDA/DDT 100/2/6 100/2.7/6 98.8
PMMA3 MMA/HDDA/DDT 100/5/10 100/8/16 98.7
PMMA4 MMA/HDDA/DDT 100/10/20 100/13.7/27 99.1
PMMA5 MMA/TMPTA/DDT 100/1/4 100/0.8/4.2 99.4
PMMA6 MMA/TMPTA/DDT 100/3/12 100/2.4/15 99.6
PMMA7 MMA/TMPTA/DDT 100/5/20 100/4/19.7 98.2

Dd and Dp: the droplet size and latex particle size respectively. Nd and Np: the number o
a Determined by 1H NMR.
China. 1,6-Hexanediol diacrylate (HDDA, 92%) and trimethylolpro-
pane triacrylate (TMPTA, 90%) (Cytec Industries Inc. USA, in
Shanghai China), were industrial grade and used without further
purification. The impurities in the multifunctional monomers
include the non-completely esterified acrylates and trace of higher
degree oligomers.

2.2. Miniemulsion polymerization

In a typical polymerization, (as sample PMMA3, Table 1), the
organic phase composed of 10 g of MMA, 1.1 g of HDDA, 2.02 g of
DDT, weremixedwith 0.24 g of SDS and 42 g of deionedwater. After
vigorously stirring by magnetic stirrer for 30 min, the dispersion
was ultrasonicated on ice bath for 7 min with a Vibra-Cell Ultra-
sonic Processor (BILON 98, Shanghai). The miniemulsion was dea-
erated using a stream of nitrogen, and then 0.2 g of ACVA and 0.1 g
of NaHCO3 in 8 g of water were introduced. The polymerizationwas
carried out at 70 �C for 5 h under mechanical stirring at 200 rpm
and the protection of nitrogen atmosphere. Crude polymer was
recovered by freezing and thawing the synthesized polymer latex.
Samples for characterization were purified by precipitation of the
THF solution of the crude product from n-hexane. The purification
was repeated for three times, and then the polymer samples were
dried under reduced pressure at 60 �C.

3. Characterizations

3.1. Latex characterization

The volume weighted average diameters (Dv) of monomer
droplets and polymer particles, as well as their dispersities, were
measured with a granulometer (Malvern Mastersizer Hydro
MS2000) at 25 �C. Particle sizes were determined by transmission
electron microscopy (TEM) with a JEOL 1200 microscope. The
number of droplets Nd or latex particles Np were calculated by
N ¼ 6s/p(Dv)3r, here s stands for concentration (g/mLLatex), and
r for the density of monomers or the polymer. The density of
monomer mixture was calculated by:

P
wiri/

P
wi, here wi and

ri are the mass fraction and the density of each monomer,
respectively. The density of the branched PMMA was assumed as
that of linear PMMA. Solid content of latex and monomer conver-
sionwere determined gravimetrically at the end of polymerization.
The obtained data are listed in Table 1.

3.2. Molecular weight evaluation

The apparent molecular weights (MwGPC) and the poly-
dispersities (Mw/Mn) were determined by gel permeation chro-
matography (GPC) (Agilent 1100 series) with a 30 cm PLgel Mixed-C
column and a refractive index detector, calibrated with linear
polystyrene standards (Polymer Laboratories), using THF (1.0
mL/min) as the eluent at 30 �C. The weight averaged molecular
weights (MwMALLS) were determined by GPC (515 HPLC PUMP,
Dd (nm) Nd (�10�14) (glatex�1 ) Dp (nm) Np (�10�14) (glatex�1 ) Np/Nd

105 3.65 103 2.85 0.783
118 2.77 105 2.88 1.039
116 3.18 103 3.06 0.963
122 2.82 106 3.33 1.18
117 2.36 104 2.65 1.123
121 2.51 112 2.38 0.949
129 2.43 107 2.58 1.065

f droplets and latex particles per gram of latex respectively.
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Waters Corp.) on a Waters 2690 separation module fitted with
a DAWN EOS multiangle laser light scattering (MALLS) detector
from Wyatt Technology Corp. with 18 detectors placed at different
angles (laser wavelength ¼ 690 nm) and a RI detector (Wyatt
Technology). THF was used as the mobile phase at a flow rate of
1.0 mL/min at 40 �C. The datawere processed using software ASTRA
4.90.07 (Wyatt Technology).

3.3. Copolymer chemical composition

1H NMR spectra were recorded using a Bruker 400 spectrom-
eter. The copolymer compositionwas determined by comparing the
integral at about 4.10 ppm from eOCH2 groups of HDDA or TMPTA
with that at 3.6 ppm from eOCH3 group on MMA. The incorpora-
tion of DDT residues in polymer was determined from the 1H NMR
spectra with the integral at 2.5 ppm (from eCH2eSe).

3.4. Glass transition temperature, Tg

Tg was recorded with a PerkineElmer Pyris-1 series differential
scanning calorimeter (DSC) under a flowing nitrogen atmosphere
with about 10 mg sample at 10 �C/min heating rate. Samples were
heated to about 110 �C and then rapidly cooled. Tg was recorded
from the second run.

3.5. Rheology measurements

All rheological characterizations of the polymer melts were
conducted on a stress controlled rheometer (AR2000ex, TA) in
a 25mmparallel platemodewith a gap of 1.0 mm. The experiments
were performed at 130 �C, with the exception for PMMA4 and
PMMA7 that were performed at 80 �C. The polymer samples were
subject to steady-shear and small-amplitude oscillatory shear. In
the steady-shear mode, at least 3 orders of magnitude of shear rates
were covered. In the small-amplitude dynamic oscillation mode,
the frequency was varied from 0.01 to 50 Hz.

4. Results and discussion

4.1. Miniemulsification

Miniemulsion is not thermodynamically stable, but can be
stabilized by the combined help of surfactant and cosurfactant. It
was found that cosurfactant is a key component for mini-
emulsification, and the predominant requirement for it is the
extremely low water solubility. DDT was reported as a suitable
cosurfactant for the miniemulsion polymerization of styrene and
methyl methacrylate [20,21]. SDS and DDT were used as surfactant
and cosurfactant for the miniemulsion in this work.
Fig. 1. The distribution of droplet size of a miniemulsion (for sample
The miniemulsion was prepared by vigorously stirring the
aqueous dispersion of the monomers, DDT and SDS for 30 min, and
immediately followed with ultrasonication. The effect of ultra-
sonication timeon the structure ofminiemulsionwas studied, and is
illustrated in Fig. 1(a). When the dispersion was ultrasonicated for
only 1 min, the distribution of droplet sizes was quite broad. Even
after 4.5 min of ultrasonication the swollen micelles (droplets size
below50nm) still existed. Afterultrasonication for 7min thedroplet
size was decreased to about Dv ¼ 118 nm, and size distribution
became narrowedwith no freemicelles. Further ultrasonication did
not reduce the size and narrow the size distribution of droplets.

In miniemulsion polymerization there exists an interval (typi-
cally about 10 min) for particle nucleation [22]. To ensure well
controlling over the polymer particle size and size distribution, the
metastableminiemulsionmust be stableduring the intervalwithout
the help of ultrasonication. The stability of the metastable mini-
emulsion was studied by analyzing the changes of the droplet size
and its distribution respect to the delay time after finishing ultra-
sonication, and the results are showed in Fig. 1(b) for the mini-
emulsion sample PMMA2. With the increasing of delay time, the
droplet sizes and size distribution gradually increased. The droplets
sizes (Dv)wereabout118,121,137,139, 246nmfordelay timeof 2, 50,
90, 120, 270 min, respectively, and after 270 min, the swollen
micelles emerged. The droplet size and the size distribution were
kept almost constant within 50 min after ultrasonication. The
stabilities of other miniemulsion samples with higher level of DDT
were better. Ostwald ripening in theseminiemulsions is sufficiently
retarded to allow nucleation and polymerization taken place before
significant diffusional degradation of monomer droplets.

4.2. Miniemulsion polymerization

For the miniemulsion polymerization as listed in Table 1, all the
miniemulsions were used immediately after the preparation, and
no monomer micelles were detectable. The droplet sizes were in
the range of 50e230 nm, within the typical range for mini-
emulsions (50e500 nm). The amount of DDT in these samples was
varied from 7.2 to 24.8 wt% (relative to all monomer weight), cor-
responding to the ratio of DDT/SDS was about 3.0e15.3. The
average size of polymer latex particle, Dp, was found slightly
smaller than that of monomer droplets, Dd, owing to volume
shrinkage by polymerization. This is expected and indicates that
the mechanism of latex particle nucleation is primarily radical
entry into the monomer droplets. When every nucleated droplet
results in the formation of polymer particle, the ratio of latex
particle number, Np, to monomer droplet number, Nd, (Np/Nd), is
around one. It can be seen that when the ratio of DDT/SDS was
above 4.6 (samples PMMA2 to PMMA7), the ratio Np/Nd was
roughly around one, and Dd and Dp data do support a mechanism of
droplet nucleation, see Fig. 2(a) and Table 1. At lower ratio,
PMMA2), (a) by varied ultrasonication time; (b) after delay time.



Fig. 2. The size distributions of monomer droplets and latex particles of PMMA2 (a) and PMMA1 (b).

C. Li et al. / Polymer 52 (2011) 376e382 379
however, such as the case of PMMA1, theNp/Nd is less than one, and
the curves of particle size distributionwere almost overlappedwith
that of monomer droplets, as showed in Fig. 2(b), indicating that
the polymerization did not follow a true miniemulsion process.
Thus when the ratio DDT/SDS is below 3.0 (as the case of PMMA1),
coalescence of monomer droplets or Ostwald ripening may
company with the droplet nucleation during miniemulsion poly-
merization. TEM micrographs of PMMA2 and PMMA5 latexes are
shown in Fig. 3. It can be seen that the distribution of particle sizes
is nearly monodispersive.
Scheme 1. The schematic illustration of polymerization and formation of branches by
thiol mediated copolymerization of vinyl monomer with a difunctional monomer.
4.3. Synthesis of branched PMMAs

Besides the action as an effective cosurfactant, DDTalso prevents
gel formation through the mechanism as showed in Scheme 1. The
propagating carbon radical species abstract hydrogen fromthe thiol,
and further growing stops. The thus generated thiyl radical subse-
quently adds to the C]C bonds of monomers or of the appended
acrylate groups on the macromolecular chains to initiate another
growth of polymer chain. Thus gelation is prohibited by changing
the site of chain growth, and branching structure results.

Topologically, each multifunctional acrylate (MFA) monomer
with f functionalities will introduce additional 2(f�1) chain parts
into the macromolecular backbone. Thus the homopolymerization
of the multifunctional monomer with f functionalities requires at
least (f�1) moles of thiols to inhibit the cross-linking reaction.
Similarly chain growth will be stopped with 2(f�1) moles of thiols.
For the copolymerization of multifunctional monomer with
a monomer, more thiol molecules than the least (f�1) moles are
required for preventing gelation, because the monomer will also
consume the thiols. The copolymerizations ofMMAwithHDDAwith
three ratios ofDDT/HDDA: 1.5,1.6,1.8,were investigated to study the
effects of thiol amount on the polymerization. It was found that
when the ratioDDT/HDDAwas above1.8, no gelationoccurred in the
Fig. 3. The transmission electron microscopy images of the branched polymer la
miniemulsion polymerization, and if the ratio was less than 1.6, the
polymerization became gelled at high monomer conversion.

It is worth to note that in the copolymerization of an acrylate
(M1) with a methacrylate (M2), the reactivity ratios are typically
r1 w 0.5 and r2 w 2.0 [23], or acrylate prefers to react with meth-
acrylate, rather thanwith itself, whilst methacrylate prefers to react
tex particles: (a) PMMA2, scale bar 200 nm, (b) PMMA5, scale bar 100 nm.
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with itself. As a result, at the reaction stage with lower monomer
conversion, the immediate copolymer composition is methacrylate
rich, and most part of the acrylate groups are consumed at the later
stage of polymerization. Therefore, gelation will occur at reaction
stage of high monomer conversion. On the other side, as the chain
transfer constant of thiol toward acrylic and methacrylic free
radical Cs, is w1.7 and w0.6 [24], respectively, thiols might exist
within the monomer/polymer particle till the last stage of poly-
merization reaction. Otherwise, more thiol is required to prevent
gelation. When the trifunctional acrylate monomer (TMPTA) is
used as the branching unit, more DDT is required and the gelation
was completely inhibited with the ratio DDT/TMPTA was about 4.

Branching control was realized by adjusting the feed ratio of
MMA/MFA, while gel formation was prevented by the appropriate
amount of DDT. Branched polymer using HDDA and TMPTA as the
branching agents, with several ration of MFA/MMA from 1 to
10 mol%, were synthesized and carefully characterized. The results
are listed in Table 2. It is well known that linear polymer possess
much larger hydrodynamic volume than the branched analogue
with the same molecular weight. Comparing the molecular weight
(MwMALLS) obtained by MALLS-GPC and that (Mw) by conventional
GPC with single detector, for all these samples, MwMALLS is much
larger than the apparent Mw. The difference for sample PMMA4
was even about 10 times. It seems the difference became even
greater when trifunctional monomer was used as the branching
units. The difference of molecular weight is an indication of the
branched structure of these polymers.

Topologically, when a difunctional acrylate monomer is copo-
lymerized with monomer, such as MMA, “X” shaped or branched
macromolecule with four chain parts results, and “H” shaped or
branched macromolecule with six chain parts results when a tri-
functional acrylate monomer is used as the branching unit. The
mole fractions of MFA, MMA and DDT in the polymer chains are
calculated by the ratio of the integrals at 4.1 ppme3.8 ppm,
3.47e3.80 ppm and 2.6e2.40 ppm in the 1H NMR spectra (Fig. 4).
With the MMA/MFA ratios and the number average molecular
weight (MnMALLS) obtained by MALLS-GPC, the average number of
MMA units and branching units per macromolecule, denoted as
NMMA and NMFA, respectively, is calculated. With these data, the
average number of MMA units per part (nMMA) is also calculated.
Thus, an MFA with functionalities f will divide the polymer chain
into F parts by:

F ¼ NMFA � ð2f � 1Þ þ 1 (1)

The average number of MMA units per part (nMMA) is obtained by:

nMMA ¼ NMMA=F (2)

The average number of chain-end groups per macromolecule (Nend)
is given by the equation:
Table 2
Characteristics of the branched PMMAs by miniemulsion polymerization.

Samples Mw(kg mol�1)a Mw/Mn
a Mw (kg mol�1)b Mw/Mn

b

PMMA1 299.6 6.17 73.3 53.07
PMMA2 113.5 3.82 47 2.81
PMMA3 35.4 4.74 15.9 6.98
PMMA4 39.7 5.75 16.4 5.81
PMMA5 690 3.77 218 5.56
PMMA6 2830 2.12 217 196
PMMA7 37.7 1.36 7.0 4.43

NMMA: average number of MMA units per macromolecule (polymer chain); NMFA: ave
macromolecule; nMMA: average number of MMA units per part; Nend: average number
macromolecule.

a Obtained by GPC-MALLS.
b Obtained by GPC with single refractive index detector.
Nend ¼ 2½1þ ðf � 1Þ � NMFA� (3)

These characteristic structure parameters of these branched
PMMAs are calculated and summarized inTable 2, togetherwith the
Tg values. From Table 2 and Table 1, it can be seen that with the
increase of MFA and DDT, the molecular weight of the branched
polymer reduced, and the average length of parts decreased, indi-
cating higher the degree of branching. For the four samples using
HDDA as the branching agent, nMMA decreased from 12.4 to only
about 2.3 as the feed ratio of HDDA/MMA increasing from 2mol% to
10 mol%. For sample PMMA7, prepared with TMPTA as the
branching agent, the average repeating units per parts are also only
about 4.9. It can be seen that Tg of these samples decreases from80.5
to 6.3 �C with the increase of branching. The decrease of Tg could be
a result of the free volume of branches and the free chain-ends. The
low Tg values also indicate a highly branched architecture without
cross-linking. Nevertheless, the opposite trend was observed that
Tg increased gradually with branching in the polyesters prepared by
the copolymerization of AB2 and AB monomers [25]. For this
branched polyester, H-bonding interactionswere confirmed by FTIR
measurements [26], and were found increasing with the degree of
branching and the number of chain-end groups (eOH).

However, it is not directly comparable for the samples prepared
with di- and tri-functional acrylate as branching agent. For
instance, sample PMMA4 and PMMA7 have the same Tg, but the
part length of the latter is longer than of former. Anyway, the
changes of Tg with the structure parameters are quite complex, and
need further study.

4.4. Melt properties

The rheological properties of these branched PMMA melts
toward shearing were studied by the small-amplitude oscillatory
shear and by the steady-shear methods. For samples PMMA4 and
PMMA7, the shear experiments were carried out at 80 �C, and for
all other PMMA samples the experiments were carried out 130 �C.
Oscillatory shear deformation is an effective way to probe the
complex fluids and can provide rich information on structural
changes of viscoelastic materials. Fig. 5 shows the dependences of
complex viscosity on oscillation frequency for the PMMAs with
different degree of branching. For comparison, the shear behavior
of a linear PMMA melt (Mw ¼ 24000, Mw/Mn ¼ 1.9) is also showed
in Fig. 5. The complex viscosity at low frequency of linear PMMA
is much higher (over several magnitudes), even though its
molecular weight is much less than that of branched PMMAs.
Increasing oscillation frequency decreased the complex viscosity
of linear PMMA about two magnitudes, a typical shear thinning
behavior of linear polymers, owing to disentanglement of the
polymer chains, whilst the samples PMMA2, PMMA3 and PMMA5
only showed a slightly shear thinning, and the PMMA4 and
Tg ( �C) NMMA NMFA F nMMA Nend NDDT

80.5 419 10.9 33.7 12.4 23.8 26
68.8 243 6.8 21.5 11.3 15.6 15
32.6 50 4.0 13 3.8 10 8
6.3 37 5.1 16.2 2.3 12.2 10

90.5 165 1.3 7.6 21.7 7.2 6.9
31 1834 44.0 221 8.3 178 275
7.3 183 7.3 37.5 4.9 31.2 36

rage number of branching units per macromolecule polymer chain; V: parts per
of chain-end groups per macromolecule; NDDT: average number of DDT units per



Fig. 5. Complex viscosity as a function frequency for the branched PMMAs (at 80 �C for PMMA4 and PMMA7, and at 130 �C for all the other samples).

Fig. 4. 1H NMR spectra (in CDCl3) of PMMA2 (left) and PMMA5 (right) using hexanediol diacrylate and trimethylolpropane triacrylate as the branching agent, respectively.
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PMMA7 samples showed Newtonian flow behavior, i.e., no shear
thinning. It is also worthy to note the melt difference between
PMMA6 and PMMA5, both were prepared with the trifunctional
TMPTA as the branching agent. The number averaged repeating
units per macromolecule, NMMA, of PMMA6 are over 10 times
greater that of PMMA5, but its complex viscosity is lower. This
could be attributed to the difference of nMMA, i.e., the number
averaged repeating units per part, or the length of each branched
part. nMMA of PMMA6 is much smaller than that of PMMA5,
meaning PMMA6 is more densely branched with more compact
globular conformations than PMMA5. Thus interpenetration
between neighboring molecules is greatly reduced in the PMMA6
melt, and viscosity is decreased.

In the steady-shear experiments, interesting phenomena of
shear thickening were observed for the first time: except for
PMMA4 and PMMA7 samples that exhibit a Newtonian flow
Fig. 6. Steady-shear viscosity as a function of shear rate for the branched PMMAs
behavior of highly branched polymers, the melt viscosity of PMMAs
melts increased with the increasing of shear rate, after the initial
shear thinning (decrease of viscosity), (Fig. 6). The shear thickening
behaviors for “H” shape branched PMMAs were more pronounced
than “X” shape branched PMMAs. For more clearly showing the
shear thickening, the viscosities at the initial (hi), the minima (hm)
and at the end (he) of shear experiments are summarized in Table 3.
The relative increments of viscosity, (he�hm)/hm, at the end of
experiment were about 35e42% from the minima, for samples
PMMA2, PMMA5 and PMMA6. The initial shear thinning is a result
of disentanglement of the branched chains, and the shear thick-
ening indicates the rebuilding up of fluid structure, or the
increasing of frictions among the parts on the branched macro-
molecules. A detailed expression of the shear thickening mecha-
nism needs more experiments, but we would briefly outline it, as
illustrated in Scheme 2. At lower shear rate, shearing results in
(at 80 �C for PMMA4 and PMMA7, and at 130 �C for all the other samples).



Table 3
The viscosities of the branched PMMAs by miniemulsion polymerization under
steady shearing.

Samples hi (Pa s) hm (Pa s) he (Pa s) he/hm (%) (he�hm)/(hi�hm) (%)

PMMA2 118 20.4 27.7 1.36 7.5
PMMA3 30 9.1 9.4 1.03 1.4
PMMA4 229 213 213 1.00 0
PMMA5 6215 3411 4600 1.35 42.4
PMMA6 289.5 75 107 1.42 14.9
PMMA7 36.8 22.2 23.5 1.05 8.9

hi: The viscosity at the initial of shear experiment, hm: the minima viscosity during
the shear experiment, he: the viscosity at the end of shear experiment.

Scheme 2. Schematic illustration for the mechanism of shear thickening of the
branched polymer melts from the entangled state (I) through disentanglement (II) and
finally leading to extended conformation by steady shearing with increased inner
frictions among the interpenetrated parts on the periphery of the branched macro-
molecules (III).
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disentanglement and an extended conformation of macromole-
cules in melt, and the viscosity decreased (Scheme 2II). Because the
motion of the parts is limited by the branched molecular skeleton,
further increasing shear rate leads to the increase of inner frictions
among molecules through the interpenetrated parts on the
periphery of the branched macromolecules, and thus the melt
exhibits shear thickening (Scheme 2III). The ratio of he/hm indicates
the increment of viscosity, and the ratio of (he�hm)/(hi�hm) is
a measurement of relative importance of shear thickening to chain
disentanglement. The high-molecular-weight samples PMMA2 and
PMMA6 exhibited the higher he/hm, and the PMMA5 sample
showed both high he/hm and the highest (he�hm)/(hi�hm). Thus the
branched macromolecules with higher molecular weight and
longer parts, i.e., greater NMMA and nMMA, will exhibit greater shear
thickening, he/hm; the branched macromolecules with dense and
compact branching structures, i.e., with smaller nMMA, will show
less or even no shear thickening, as the case of PMMA4
(nMMA ¼ 2.3) and PMMA7 (nMMA ¼ 4.9) that only exhibited the
typical Newtonian flow behavior.

5. Summary

WesynthesizedbranchedPMMAwithvarieddegreeofbranching
byaqueousminiemulsionpolymerization usingdi- and trifunctional
acrylates as the branching agents, and 1-dodecyl thiol both as
a reactive cosurfactant to suppress Ostwald ripening and as a chain
transfer agent to prevent gelation. Soluble and high-molecular-
weightpolymerswithvariedbranchingdensities, as indicatedby the
repeating units per part between the branching points, are prepared
withnarrowdistribution of latex particle sizes andwith quantitative
monomer conversionwithout gelation. Using 1-dodecyl thiol as the
reactive cosurfactant ensures no residue in the final latex. The
rheological properties for the branched PMMAs are also examined.
We observed for the first time that the melts of branched PMMAs
with high-molecular-weight-and with certain length of part (w8
repeating units per part) show shear thickening in steady-shear
experiments. More experimental data, however, are still needed to
better understand the branching structure and properties.
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A novel fluorescent conjugated polyelectrolyte with pendant glucosamine hydrochloride clusters was
prepared through Cu(I)-catalyzed azide/alkyne “click” ligation and Suzuki coupling polymerization.
Compared with monosugar-functionalized conjugated polymer, the water-solubility and fluorescence
quantum yield of the glycocluster-containing polymer (P-3) were significantly improved. As a glucos-
amine-containing cationic fluorescent polyelectrolyte, the water-soluble fluorescent polymer can
interact with heparin through electrostatic bindings, which induce great fluorescence quenching of P-3
due to the polymer aggregation. Furthermore, upon treatment of the P-3eheparin ensemble with
protamine, the fluorescence emission of P-3 recovered since the protamine possesses a competitively
strong binding affinity to the heparin and thus results in the release of the fluorescent glycopolymer P-3
from the P-3eheparin ensemble.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

With intrinsic optoelectronic properties of p-conjugated poly-
mers and good water-solubility of polyelectrolytes, water-soluble
fluorescent conjugated polymerswith pendant charged groups have
gained much attention during the past decade in exploiting novel
electro-optical devices [1], chemo- and bio-sensors [2]. Most of
water-soluble conjugated polymers possess pendant charged groups
such as carboxylate groups [3], sulfonate groups [4], phosphonate
groups [2l,5], and ammonium groups [6]. In the presence of oppo-
sitely charged acceptors, these polymers exhibit exceptional fluore-
scence quenching or energy transfer efficiency, resulting in
amplification of optical signals for the transduction of biological
recognizing events [2b,c]. However, water-soluble conjugated poly-
mers have a strong tendency to aggregate in aqueous media due to
the p-conjugated polymer backbone, resulting in their fluorescence
self-quenching to some extent and the decrease in their photo-
luminescence quantum efficiency [7]. Therefore, sensitivities of the
chem- and bio-sensors will decrease owing to the aggregations. To
overcome this drawback, dendrimers or cluster functional groups
were introduced into the branch of polymers to form envelopes that
All rights reserved.
can effectively prevent the conjugated polymer backbone from
aggregating and cross-talking due to the “site isolation” effect [8].

Heparin is a linear, unbranched, highly anionic polysaccharide
with alternating disaccharide units consisting of 1/4-linked
glucosamine and uronic acid residues. The uronic acid residues can
either be an L-iduronic acid (90%) or a D-glucuronic (10%), and the
glucosamine may either be N-acetylated or N-sulfonated [9]. As to
most complex glycosaminoglycans, heparin plays diverse roles in
a number of physiological and pathological processes including
coagulation, angiogenesis, immune response, and viral infection
[10]. Especially, it has been widely used as clinical anticoagulant
drug for decades during surgery and kidney dialysis [11]. It is noted
that heparin overdose can either induce thrombocytopenia or lead
to bleeding problems in patients during surgery [12]. Therefore, it is
critical to detect the heparin accurately and quickly. In recent years,
fluorescent assays for heparin based on chem-sensing or bio-
sensing have been reported [2j,13], in which water-soluble conju-
gated polymers containing pendant ammonium groups have been
successfully applied in multicolor detection assay for trace heparin
in aqueous solution based on the electrostatic interaction.

Sugar-carrying fluorescent conjugated polymers, most of which
are neutral and water-soluble, also provide a unique platform for
studies of carbohydrate-mediated biological interactions and
biosensor applications due to their distinctive optical properties,
specific selectivities, and high sensitivities to minor stimuli [14].
Our group has explored the facile prepolymerization and

mailto:hanbh@nanoctr.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.048
http://dx.doi.org/10.1016/j.polymer.2010.11.048
http://dx.doi.org/10.1016/j.polymer.2010.11.048
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postpolymerization functionalization approaches to prepare well-
defined fluorescent conjugated glycopolymers through Cu(I)-
catalyzed azide/alkyne “click” ligation [15]. Using those methods,
various conjugated polymers containing neutral sugars were
prepared for studies of specific carbohydrate-mediated biological
interactions [16]. Furthermore, the first cationic water-soluble
conjugated glycopolymer, polyfluorene with pendant glucosamine
hydrochloride, was also synthesized to investigate its interaction
with single-stranded DNA [17].

Owing to high efficiencies in both photoluminescence and
electroluminescence, conjugated backbones containing fluorene or
carbazole have gained much attention during the past decade as
versatile active materials in optoelectronic devices and fluorescent
sensory materials [18,19]. To extend the potential applications of
the fluorescent conjugated glycopolymers in biomacromolecule
detections, we prepared a water-soluble conjugated polymer with
pendant glucosamine hydrochloride cluster (P-3) through the
prepolymerization functionalization approach based on Cu(I)-
catalyzed azide/alkyne “click” ligation (Schemes 1 and 2). Conju-
gated poly(fluorene-alt-carbazole) is chosen as the polymer
backbone, considering its intrinsic optoelectronic properties and
facile modification with other functional moieties. As compared
with the monoglucosame-functionalized polymer [17], grafting
glucosamine hydrochloride cluster residues to the side chains of
the conjugated polymers can not only improve the water-solubility
of the resulted polymers, but also provide high density of positively
charged ammonium binding sites for conjugated polymers towards
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Scheme 1. Synthetic ro
artificial or natural polyanions. The preliminary studies of P-
3eheparin interaction were performed by a series of spectrofluo-
rometric titration. In addition, protamine, a positively charged
peptide in nature with high binding affinity to heparin, was used to
investigation of the relative binding ability of synthetic polymer
P-3 with heparin.

2. Experimental

2.1. Materials and measurements

All chemical reagents were commercially available and used as
received unless otherwise stated. Heparin was provided by Biodee,
China and protamine was purchased from Sigma Company for
direct use. Carbazole derivative 1 [15], tetrakis(2-propynyloxy-
methyl)methane 2 [20], and sugar intermediates 4 [17] and 5 [21]
(Scheme 1) were prepared according to reported procedures.

The 1H NMR and 13C NMR spectra were recorded on a Bruker
DMX300 NMR spectrometer. The optical rotations were measured
with a JASCO DIP-1000 digital polarimeter. Mass spectra were
recorded with a VG PLATFORM mass spectrometer using the ESI
technique. The molecular weights of the polymers were deter-
mined by an Agilent 1100 GPC system in THF. The number-average
and weight-average molecular weights (Mn and Mw) were esti-
mated using a calibration curve of polystyrene standard. IR spectra
were recorded using a PerkineElmer Spectrum One FTIR spec-
trometer. Ultravioletevisible (UVevis) spectra were measured
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using a PerkineElmer Lamda 950 UVeviseNIR spectrophotometer
and quartz cells with 1 cm path length. The fluorescence spectra
were measured in a conventional cell with 1 cm path length using
a PerkineElmer LS55 luminescence spectrometer.

2.2. Synthesis of monomers and polymers

2.2.1. Carbazole intermediate 3
To a mixture of 1 (450 mg, 1.0 mmol) and 2 (2.88 g, 10 mmol) in

H2OeTHF (1:1, 20 mL) were added freshly prepared aqueous 1.0 M
sodium ascorbate (150 mL, 0.15 mmol) and CuSO4 (12 mg,
0.075 mmol). The heterogeneous mixture was stirred vigorously in
dark place at room temperature for 12 h. After removal of THF under
reduced pressure, water (20 mL) was added and the product was
extractedwith ethyl acetate (3� 50mL). The combined organic layer
was dried over anhydrousNa2SO4 and evaporated in vacuo. The crude
product was subjected to column chromatography (ethyl aceta-
teepetroleum ether, 1:2) to give 3 as a foamy solid (368 mg, 50%). 1H
NMR(300MHz,CDCl3):d8.12 (d, J¼1.5Hz, 2H), 7.54 (dd, J¼8.7,1.8Hz,
2H), 7.48 (s,1H), 7.22 (d, J¼ 8.7 Hz, 2H), 4.63 (s, 2H), 4.27 (t, J¼ 7.2 Hz,
2H), 4.22 (t, J¼ 7.8Hz, 2H), 4.09 (d, J¼ 2.4Hz, 6H), 3.50 (s, 6H), 3.49 (s,
2H), 2.37 (s, 3H), 1.88e1.75 (m, 4H), 1.35e1.28 (m, 4H). 13C NMR
(75 MHz, CDCl3): d 144.8, 138.2, 128.1, 122.5, 122.3, 120.9, 111.1, 109.3,
79.1, 73.1, 68.2, 68.0, 64.3, 57.7, 49.0, 43.9, 42.1, 29.1, 27.7, 25.6, 25.3. ESI
(þ)-MS: calcd for C35H38Br2N4O4: 738.5 [M]. Found: 761.8 [MþNa]þ.

2.2.2. Monomer M-1
To a mixture of 3 (739 mg, 1.0 mmol) and 4 (1.72 g, 4.0 mmol) in

H2OeTHF (1:1, 30 mL) were added freshly prepared aqueous 1.0 M
sodium ascorbate (300 mL, 0.30 mmol) and CuSO4 (24 mg,
0.15 mmol). The heterogeneous mixture was stirred vigorously in
dark room at 50e60 �C until the complete consumption of the
reactants based on TLC analyses. After removal of THF under
reduced pressure, water (30 mL) was added and the product was
extracted with ethyl acetate (3 � 50 mL). The combined organic
layer was dried over anhydrous Na2SO4 and evaporated in vacuo.
The crude product was subjected to column chromatography (ethyl
acetateepetroleum ether, 3:1) to give M-1 as a foamy solid (1.74 g,
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86%). [a]D25 �76� (c 1, CHCl3); 1H NMR (300 MHz, CDCl3): d 8.07 (s,
2H), 7.87 (br, 3H), 7.49e7.43 (m, 3H), 7.22e7.17 (m, 2H), 6.01 (d,
J ¼ 9.0 Hz, 3H), 5.50e5.40 (m, 6H), 5.24e5.22 (m, 3H), 4.48 (s, 8H),
4.36e4.12 (m, 7H), 4.11e4.00 (m, 6H), 3.99e3.88 (m, 3H), 3.50e3.30
(m, 8H), 2.05e1.95 (m, 27H), 1.85e1.75 (m, 4H), 1.35e1.27 (m, 4H),
1.19 (s, 27H). 13C NMR (75 MHz, CDCl3): d 170.7, 170.3, 169.5, 155.0,
145.2, 139.2, 129.1, 123.4, 123.3, 122.0, 112.0, 110.4, 85.9, 80.3, 74.8,
72.4, 70.8, 69.0, 68.3, 64.6, 61.9, 60.4, 54.6, 50.0, 45.3, 43.1, 30.0,
28.6, 28.0, 26.6, 26.2, 21.0, 20.9, 20.6, 20.5. ESI(þ)-MS: calcd for
C86H116Br2N16O31: 2029.7 [M]. Found: 2052.9 [M þ Na]þ.

2.2.3. 2-Propynyl 3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-b-D-
thioglucopyranoside 6

To a cooled (0 �C) stirred solution of K2CO3 (93.7 mg, 0.68 mmol)
and Na2S2O5 (104.0 mg, 0.55 mmol) in H2O (5 mL) was added 5
(300mg, 0.68mmol) in acetone (5mL). And then propargyl bromide
(84 mg, 0.7 mmol) was added to the stirred solution. The reaction
mixture was stirred for 1.5 h at room temperature, and then poured
into ice-water. The product was extracted with ethyl acetate
(3 � 20 mL), and the organic layer was washed with 0.5 M KHSO4,
water, and brine. The combined organic layer was dried over Na2SO4

and evaporated in vacuo. The residue was purified by silica gel
column chromatography (ethyl acetateepetroleum ether, 1.5:1) to
afford 6 as a white solid (240 mg, 88%). [a]D25 �45� (c 1, CHCl3); 1H
NMR (300 MHz, CDCl3): d 5.56 (d, J ¼ 9.3 Hz, 1H), 5.21e5.18 (m, 2H),
4.80 (d, J ¼ 10.5 Hz, 1H), 4.27e4.12 (m, 3H), 3.73e3.54 (m, 1H), 3.57
(dd, J ¼ 2.7, 16.5 Hz, 1H), 3.28 (dd, J ¼ 2.7, 16.5 Hz, 1H), 2.26 (t,
J ¼ 2.7 Hz, 1H), 2.08 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.96 (s, 3H). 13C
NMR (75 MHz, CDCl3): d 170.2, 169.7, 169.1, 168.2, 82.1, 78.2, 72.8,
70.6, 67.3, 61.1, 52.0, 22.2, 19.7, 19.6, 19.5, 16.4. ESI(þ)-MS: calcd for
C17H23NO8S: 401.4 [M]. Found: 402.3 [M þ H]þ.

2.2.4. 2-Propynyl 3,4,6-tri-O-acetyl-2-deoxy-2-tert-
butoxycarbonylamino-b-D-thiogluco-pyranoside 9

To a stirred mixture of compound 6 (2.0 g, 5 mmol) and dime-
thylaminopyridine (DMAP, 0.61 g, 0.5 mmol) in THF (30 mL) was
added Boc2O (5.5 g, 25.0 mmol). Stirring was continued at 60 �C for
3 h. Then, the reaction mixture was concentrated in vacuo to give
crude 7. Without further purification, crude 7 was dissolved in
a solution of dry CH2Cl2 (20mL) andMeOH (20mL) under a nitrogen
atmosphere and followed by 1.0 M CH3ONa/CH3OH solution
(2.0 mL). The reaction mixture was stirred at room temperature
overnight. After removal of the solvent under reduced pressure,
acetic anhydride (8 mL) and pyridine (15 mL) were added to the
residue. The resulting solution was stirred at room temperature
overnight and concentrated in vacuo. The residue was purified with
silica gel column chromatography (ethyl acetateepetroleum ether,
1:1) to give the desired product 9 (1.95 g, 85%). [a]D25 �47� (c 1,
CHCl3); 1H NMR (300 MHz, CDCl3): d 5.16e5.10 (m, 1H), 5.00 (t,
J ¼ 9.6 Hz, 1H), 4.92 (d, J ¼ 6.0 Hz, 1H), 4.74 (d, J ¼ 10.2 Hz, 1H), 4.66
(d, J ¼ 8.4 Hz, 1H), 4.20e4.15 (m, 1H), 4.10e4.02 (m, 1H), 3.75e3.72
(m, 1H), 3.50 (dd, J ¼ 2.7, 16.5 Hz, 1H), 3.22 (dd, J ¼ 2.7, 16.5 Hz, 1H),
2.20 (t, J ¼ 2.7 Hz, 1H), 2.01 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.36 (s,
9H). 13C NMR (75MHz, CDCl3): d 170.6, 169.5,168.5, 154.8, 84.6, 80.2,
79.3, 73.7, 72.8, 71.4, 68.5, 62.1, 54.3, 28.2, 20.6, 20.5, 20.3. ESI
(þ)-MS: calcd for C20H29NO9S: 459.5 [M]. Found: 482.3 [M þ Na]þ.

2.2.5. Monomer M-2
To amixture of 1 (450mg,1.0mmol) and 9 (551mg,1.2 mmol) in

H2OeTHF (1:1, 15 mL) were added freshly prepared aqueous
1.0 M sodium ascorbate (150 mL, 0.15 mmol) and CuSO4 (12 mg,
0.075 mmol). The heterogeneous mixture was stirred vigorously in
dark room at 50e60 �C until the complete consumption of the
reactants based onTLC analyses. After removal of THF under reduced
pressure, water (20 mL) was added and the product was extracted
with ethyl acetate (3� 25mL). The combined organic layerwasdried
over anhydrous Na2SO4 and evaporated in vacuo. The crude product
was subjected to column chromatography (ethyl acetateepetroleum
ether, 1.5:1) to giveM-2 as a foamy solid (891mg, 98%). [a]D25�63� (c
1, CHCl3); 1H NMR (300 MHz, CDCl3): d 8.00 (d, J ¼ 1.8 Hz, 2H), 7.43
(dd, J ¼ 1.8, 6.9 Hz, 2H), 7.38 (s, 1H), 7.12 (d, J ¼ 8.7 Hz, 2H), 5.12
(t, J¼ 9.9 Hz, 1H), 5.01 (t, J¼ 9.6 Hz,1H), 4.94 (d, J¼ 9.6 Hz,1H), 4.68
(d, J ¼ 10.5 Hz, 1H), 4.19e4.15 (m, 3H), 4.11e3.98 (m, 4H), 3.82 (d,
J ¼ 10.5 Hz, 1H), 3.72e3.61 (m, 2H), 1.99 (s, 3H), 1.97 (s, 3H), 1.95 (s,
3H), 1.70e1.65 (m, 4H), 1.34 (s, 9H), 1.23e1.19 (m, 4H). 13C NMR
(75MHz, CDCl3): d 170.6,170.5,169.4,155.0,145.2,139.1,129.0,123.3,
123.2, 122.1, 111.9, 110.4, 84.0, 79.9, 75.7, 73.7, 68.7, 62.2, 60.3, 50.1,
42.3, 29.9, 28.6, 28.2, 26.5, 26.2, 20.7, 20.6, 20.5. ESI(þ)-MS: calcd for
C38H47Br2N5O9S: 909.7 [M]. Found: 910.5 [M þ H]þ.

2.2.6. Polymer P-1
Under a nitrogen atmosphere, sugar-carrying monomer M-1

(448 mg, 0.31 mmol), fluorene diborate 10 (60 mg, 0.36 mmol), Pd
(PPh3)4 (30 mg), and potassium carbonate (0.5 g, 3.62 mmol) were
placed in a 50 mL round-bottom flask, and then THF (20 mL) was
added. The mixture was stirred at 70 �C for 36 h under a nitrogen
atmosphere. The resulting polymer was purified by precipitation in
methanol and washed with methanoleacetone in a Soxhlet appa-
ratus for 48 h. P-1was obtained as a gray powder (328 mg, 78%). 1H
NMR (300 MHz, CDCl3): d 7.94 (br, 2H), 7.83 (br, 2H), 7.70e7.50 (m,
6H), 7.45e7.30 (m, 2H), 7.25e7.10 (m, 4H), 6.04 (br, 3H), 5.47e5.30
(m, 6H), 5.25e5.10 (m, 3H), 4.46 (br, 8H), 4.35e4.15 (m, 7H),
4.13e4.02 (m, 6H), 3.99e3.90 (m, 3H), 3.52e3.32 (m, 8H), 2.15e1.70
(m, 35H), 1.35e1.18 (m, 31H), 1.15e1.10 (m, 12H), 0.98e0.78 (m,
10H). 13C NMR (75 MHz, CDCl3): d 170.5, 170.3, 169.5, 155.1, 149.8,
145.3,143.3,141.0, 132.7,130.2,129.2,124.2,122.8,119.5,113.4,111.5,
110.4, 107.2, 85.9, 82.2, 81.8, 80.9, 74.8, 72.1, 70.8, 69.2, 68.3, 64.2,
61.9, 60.5, 54.1, 50.4, 44.5, 31.2, 30.4, 29.1, 28.9, 27.2, 27.0, 26.8, 26.3,
23.5, 21.1, 14.2. GPC (THF, polystyrene standard): Mn ¼ 33400 g/
mol; polydispersity ¼ 1.85.

2.2.7. Polymer P-2
Polymer P-2 was prepared from monomer M-2 (320 mg) using

the same procedure for preparation of polymer P-1 as a gray
powder (270 mg, 81%). 1H NMR (300 MHz, CDCl3,): d 7.78 (br, 2H),
7.76e7.52 (m, 4H), 7.50e7.20 (m, 5H), 7.17e6.98 (m, 3H), 5.09e4.95
(m, 2H), 4.67 (br, 1H), 4.29e4.12 (m, 5H), 4.03e3.96 (m, 2H),
3.81e3.76 (m,1H), 3.66e3.61 (m, 2H), 2.15e1.90 (m,17H),1.70e1.65
(m, 4H), 1.31 (s, 9H), 1.25e1.15 (m, 4H), 1.10e0.95 (m, 12H),
0.89e0.78 (m, 10H). 13C NMR (75 MHz, CDCl3): d 170.3, 169.4, 155.0,
149.6, 145.3, 143.5, 132.6, 129.8, 129.2, 124.4, 122.8, 120.1, 113.4,
111.7, 107.2, 83.9, 79.9, 75.8, 73.7, 68.9, 62.2, 60.3, 50.7, 44.5, 31.5,
30.4, 29.3, 28.9, 27.2, 26.9, 26.7, 26.3, 23.5, 20.9, 14.0. GPC (THF,
polystyrene standard): Mn ¼ 21700 g/mol; polydispersity ¼ 1.95.

2.2.8. Polymer P-3
Protected polymer P-1 (200 mg) was added to a solution of dry

CH2Cl2 (5 mL) andMeOH (10 mL) under a nitrogen atmosphere and
followed by 1.0 M CH3ONa/CH3OH solution (0.25 mL). The reaction
mixture was stirred at room temperature overnight. After removal
of the solvent under reduced pressure, the residue was dissolved in
5 mL THF and aqueous HCl solution (6 M, 10 mL), and then stirred
for 24 h at room temperature. The solvent was removed and 10 mL
of acetonitrile was added to precipitate the product as a brown
solid (137mg, 95%). 1H NMR (300MHz, DMSO-d6): d 8.56 (br, 6H), 8.
43 (s, 3H), 8.08 (br, 1H), 7.80e7. 60 (m, 8H), 7.45e7.40 (m, 4H), 6.05
(br, 3H), 5.45e4.95 (br, 12H), 4.53 (br, 8H), 4.25e4.23 (m, 2H),
3.83e3.61 (m, 6H), 3.55e3.14 (m, 17H), 2.05e1.99 (m, 4H),
1.85e1.70 (m, 4H), 1.40e1.19 (m, 4H), 1.10e0.95 (m,12H), 0.79e0.58
(m, 10H).13C NMR (75 MHz, DMSO-d6): d 156.9, 143.2, 139.2, 139.0,
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138.4,137.8,137.0,136.2,132.1,131.5,129.0,128.9,127.2,126.5,126.2,
125.0, 114.0, 83.5, 80.0, 72.7, 69.2, 60.1, 55.9, 54.3, 50.4, 44.5, 31.2,
30.4, 29.1, 28.9, 27.2, 27.0, 26.8, 26.3, 23.5, 21.1, 14.2.

2.2.9. Polymer P-4
Polymer P-4was prepared from polymer P-2 (150 mg) using the

same procedure for preparation of polymer P-3 as a gray powder
(114 mg, 93%). 1H NMR (300 MHz, DMSO-d6): d 8.38 (br, 3H), 8.13
(s, 1H), 8.08 (br, 1H), 7.80e7.60 (m, 6H), 7.59e7.40 (m, 6H), 6.80 (br,
1H), 4.80e4.60 (m, 4H), 4.53e4.23 (m, 2H), 4.03 (br, 2H), 3.72e3.51
(m, 6H), 3.20 (br, 2H), 2.05e1.99 (m, 4H),1.87e1.70 (m, 4H),1.40e1.15
(m, 4H), 1.10e0.95 (m, 12H), 0.80e0.60 (m, 10H). 13C NMR (75 MHz,
DMSO-d6): d 157.0,143.5,139.4,139.0,138.4,137.6,136.8,136.5,132.0,
131.5,128.8,127.2,126.5,126.3,125.3,114.0, 83.5, 79.9, 72.5, 69.0, 61.1,
54.4, 46.5, 32.2, 31.4, 29.4, 28.9, 27.4, 27.1, 26.8, 26.3, 23.5, 21.4, 14.3.

2.3. Preliminary studies of the interaction between polymer P-3
and heparin

A solution of polymer P-3was prepared in HEPES buffer solution
(5.0 mM, pH ¼ 7.4). Aliquots of the heparin in the same buffer were
Fig. 1. 1H NMR spectra of monomer
added to the solution. The final concentration of polymer P-3 is
1.5 � 10�5 M, corresponding to the repeating unit. After each
addition, the sample was allowed to equilibrate for 30 min prior to
recording a spectrum. The concentration of heparin ranges from
0 to 1.0 � 10�6 M. The excitation wavelength was 380 nm and the
emission scan ranged from 380 to 650 nm.

2.4. Studies of the interaction between heparin and protamine

For the study of interaction between heparin and protamine,
a buffer solution of P-3 [1.5 � 10�5 M in HEPES buffer solution
(5.0 mM, pH¼ 7.4)] was pre-saturated with heparin (3.0� 10�6 M),
followed by the addition of aliquots of protamine stock solution. The
solution was carefully mixed for fluorescence spectral measure-
ments. The excitation wavelength was 380 nm and the emission
scan ranged from 380 to 650 nm.

3. Results and discussion

The synthetic routes to the monomers are outlined in Scheme 1.
Cu(I)-catalyzed “click” ligation between carbazole derivative 1 and
M-1 and polymers P-1 and P-3.
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an excess of tetrakis(2-propynyloxymethyl)methane 2 furnished
tripropargyl-attached carbazole intermediate 3, which is suitable
for azide/alkyne click conjugation with azido group-functionalized
glucosamine 4 to afford the glycocluster-containing carbazole
monomer M-1 in a high yield. Formation of triazole ring is
confirmed by chemical shift at 7.96 ppm (single peak) on 1H NMR
spectrum and two peaks at 121.2 and 143.2 ppm on 13C NMR
spectrum. For control study, monosugar-carrying monomer coun-
terpart M-2 was also prepared by the same method from 1 and
propargyl-bearing thioglycoside 9, which is obtained through four
steps using the known N-acetyl glucosamine isothiourea derivative
5 as the starting material. One-pot S-alkylation of 5 gave N-acetyl
glucosamine thioglycoside 6, which was treated with Boc2O/DMAP
to afford 7 as N-diastereomeric mixture. Without further purifica-
tion, all the acetyl groups in 7 were removed under Zemplén
condition to furnish 8. After acetylation of all the hydroxyl groups in
8, the glucosamine intermediate 9 mentioned above was finally
obtained with 89% overall yield from 6 in three steps.

With monomers M-1 and M-2 in hand, palladium-catalyzed
Suzuki coupling polymerization between the monomers and fluo-
rene diborate 10 gave well-defined copolymers P-1 and P-2, that is,
poly(fluorene-alt-carbazole) derivatives containing pendant tri-
glucosamine and monoglucosamine, respectively (Scheme 2). After
removing all the acetyl groups with CH3ONa/CH3OH and depro-
tecting N-Boc groups in aqueous HCleTHF solution (6 M), the
desired water-soluble glycopolymer P-3 and the polymer P-4 used
for control studies were obtained in an excellent yield (95% in two
steps). Fig.1 shows 1H NMR spectra of polymers P-1 and polymer P-
3. We can find that the peak intensities of Boc (d ¼ 1.20 ppm), Ac
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Fig. 3. UVevis absorption and fluorescence spectra of polymers P-1 and P-3.
(d ¼ 2.04 ppm), and NHeBoc (dN-H ¼ 6.04 ppm) groups in P-1
disappeared after final efficient global deprotections and the peak
intensity of NH3

þ group (d ¼ 8.56 ppm) in P-3 appeared clearly. The
successful polymerization and deprotection are also confirmed by
FTIR spectra of the monomers and glycopolymers as shown in
Fig. 2. Compared with monomer M-1, the absorption bands at
2850e2950 cm�1 on the FTIR spectra of polymers P-1 and P-3
indicate the CeH stretching of alkyl chains derived from the fluo-
rene monomer 10. When the protecting groups Ac and Boc were
removed, the corresponding absorption bands at 1750 cm�1 (C]O)
and 1200 cm�1 (CeO stretching in ester) of P-1 disappeared for
FTIR spectra of the P-3. All these data apparently indicate that
polymerization of sugar-bearing monomers is a good approach to
prepare well-defined fluorescent conjugated glycopolymers.

Gel-permeation chromatography (GPC) analysis with poly-
styrene standards shows number-averaged molecular masses (Mn)
of 33400 g/mol for P-1 and 21700 g/mol for P-2, with poly-
dispersities of 1.85 and 1.95, respectively. Both P-1 and P-2 are
readily soluble in common solvents such as methylene chloride,
chloroform, and THF, but insoluble in methanol, ethanol, acetone,
and water. However, the solubility of the deprotected polymer P-3
is distinctly different from its precursor P-1. P-3 is soluble in
aqueous media and easily dissolves in DMF and DMSO. As for P-4, it
40 0 45 0 50 0 5 50 

0 

50 

100 

150 

200 

250 

300 

350 

5.5 x 10 
-6

 M 

0 

[heparin] 

Wavelength/nm

)
.

u
.

a
(

y
t

i
s

n
e

t
n
I

e
c

n
e

c
s

e
r

o
u
l

F

Fig. 5. Fluorescence spectra of polymer P-4 in the absence and presence of different
concentrations of heparin in HEPES buffer/DMF (8/2, V/V) solution: heparin concen-
trations (mM) from the top downwards are 0, 1.0, 2.0, 3.0, 4.0, 5.0, and 5.5.
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is hardly dissolved in water due to low density of glucosamine
hydrochloride moieties in the side chains of the polymer. The same
phenomenon has been observed in differently dendronized poly-
fluorenes containing charged amino groups [22].

The precursor polymer P-1 exhibits an absorption maximum
peak at 348 nm and an emission maximum peak at 407 nm with
a vibronic shoulder peak at 421 nm in THF solution, which are
assigned to the pep* transition of the conjugated polymer back-
bone (see Fig. 3). As for the resulting polymer P-3, it displays an
absorption maximum peak at 361 nm and an emission maximum
peak at 418 nm with a vibronic shoulder peak at 441 nm in water
(see Fig. 3). The obvious bathochromic/red shift in both absorption
and emission spectra for the same polymer backbone in different
solvents could be attributed to the solvatochromism of the conju-
gated poly(fluorene-alt-carbazole) in the solvent with increased
polarity (water). When conjugated molecule is excited from the
ground state to the excited state, polarity of the excited molecule is
higher than that at the ground state. Solvent with higher polarity
can produce better stabilizing effect on the excited molecule, and
then the energy for electron excitation become lower [23]. There-
fore, the obvious bathochromic/red shift in both absorption and PL
spectra of P-3 in high polarity solvent were observed. Fluorescence
quantumyields of the polymer weremeasured in dilute DMSO, and
calculated by using quinine sulfate in 0.1 M sulfuric acid as the
reference absolute quantum efficiency (55%) [24]. The fluorescence
quantum yields for P-3 and P-4 are 61% and 22% in DMSO solution,
Fig. 7. Schematic representation for studies of heparineprotam
respectively. Apparently, polymer P-3 possesses a much higher
fluorescence quantumyield than themonoglucosamine-containing
P-4. Furthermore, both the water-solubility (4.5 mg/mL) and fluo-
rescence quantum yield in water of P-3 (47%) are higher than
glucosamine hydrochloride functionalized water-soluble conju-
gated polyfluorene we prepared before [17]. These data indicated
that the introduction of glucosamine hydrochloride cluster onto the
poly(fluorene-alt-carbazole) backbone significantly enhance the
photoluminescence quantum yields of the polymer, which is
consistent with the similar reported results related to differently
dendronized polyfluorenes containing charged amino groups [22].

Chitosan is a natural cationic polysaccharide comprisingb(1/4)-
linked D-glucosamines, which shows great potential to condense
anionic biomacromolecules such as DNA, heparin, and hyaluronic
acid into compact complexes through electrostatic interactions [25].
As an artificial glucosamine-containing fluorescent polyelectrolyte,
the water-soluble cationic conjugated polymer P-3 is expected to
show potential applications in biomacromolecule detections. The
preliminary study of the interaction between P-3 and heparin was
performed bymonitoring the changes of fluorescence intensity of P-
3 when titrated with the heparin. As shown in Fig. 4, a substantial
fluorescence quenching of P-3 (1.5 � 10�5 M) was observed upon
gradual addition of the heparin (0e1.0 � 10�6 M) in HEPES buffer
solution (5.0 mM, pH ¼ 7.4). The emission quenching is observed at
a concentration as low as 0.1 mM, which is more sensitive than
reported result [2j]. A possible mechanism for the fluorescence
quenching of P-3 is attributed to its aggregation derived from P-
3eheparin electrostatic bindings, resulting in a significant self-
quenching. We have observed the apparent increase in particle size
accompanying the decrease in the fluorescence emission due to the
aggregation for another system [16b]. As a control study, a solutionof
P-4 in HEPES buffer/DMF (8/2, V/V) at the same concentration was
also exposed to heparin, and a less efficient concentration-depen-
dent fluorescence quenching occurring at relatively higher concen-
trations of the heparin was observed. When concentration of the
heparin is up to 5.5 mM, the fluorescence intensity of P-4 is only
quenched by 30% (see Fig. 5). The less sensitivity for P-4 to heparin
could be ascribed to its lower PL quantum efficiency and weaker
binding affinity to heparin due to the low density of glucosamine
moieties.

As a positively charged peptide possessing a strong binding
affinity to heparin, protamine can combine with heparin as an ion
pair to form a stable complex devoid of anticoagulant activity and
prevents heparin from enhancing the anticoagulant effect of anti-
thrombin III [26]. When treated with protamine(0e30 mM), the
fluorescence intensity of the P-3eheparin ensemble in HEPES buffer
solution (5.0mM, pH¼ 7.4) at 480 nm started to increase (see Fig. 6)
and finally was recovered almost up to the initial value of the free
ine interactions using polymer P-3 as a fluorescent probe.
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state polymer without heparin, which means that the fluorescent
glycopolymer P-3 is gradually released from the P-3eheparin
aggregation complex. It could be inferred that protamine possesses
a competitively strong binding affinity to heparin, therefore, prot-
amine can replace glycopolymer P-3 from the P-3eheparin
ensemble resulting in the disassembly of the aggregated complex.
This confirms the formation of the P-3eheparin aggregate. On
theotherhand, the glycopolymerP-3 canbe employedasfluorescent
probe for the heparineprotamine interaction. A schematic repre-
sentation of the whole processes of fluorescence quenching and
recovery was shown in Fig. 7. These results revealed that water-
soluble conjugated glycopolymer P-3, possessing fluorescent
backbone and multiple charged branches, was expected to have
potential applications as the fluorescent probe in detecting bio-
macromolecules or gene delivery.

4. Conclusions

Water-soluble cationic conjugated polymer with pendant glyco-
clusters was prepared through Cu(I)-catalyzed azide/alkyne “click”
ligation and Suzuki coupling polymerization. The introduction of
glucosamine hydrochloride cluster, as expected, should not only
provide the conjugated polymers with good solubility in water due
to the glucosamine moieties, but also reduce the aggregation of
polymers through the “site isolation” effect. The glycocluster branch
of polymer can form envelopes that will effectively prevent the
conjugated backbone from self-aggregation in aqueous solution,
resulting in the increase of its PL quantum efficiency. Fluorescent
assays for heparin based on P-3eheparin electrostatic bindings have
been successfully achieved. Moreover, the studies to evaluation of
the relative binding affinity of glycopolymer P-3 with heparin were
also performed by a series of spectrofluorometric titration using
protamine as a reference. Treatment of the P-3eheparin ensemble
with protamine in HEPES buffer solution can release the fluorescent
glycopolymer P-3 from the aggregated complex and then lead to
fluorescence recovery, whichmight be ascribed to the competitively
strong binding affinity and the better bio-compatibility for prot-
amine in the interaction with heparin. As an artificial water-soluble
fluorescent conjugated glycopolymer, its interactions with various
artificial or natural polyanions are still under exploration.
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Core crosslinked star (CCS) polymers, which have crosslinked poly (divinyl benzene-co-styrene) [P(DVB-
St)] core and multiple arms of polystyrene-b-poly(ethylene oxide) diblock copolymer (PEO-b-PS)
[denoted as PEO-b-PS/P(DVB-St) CCS], were synthesized via atom transfer radical polymerization(ATRP).
PEO-b-PS/P(DVB-St) CCS polymer was spherical with average diameters of scores of nanometers from
transmission electron microscopy (TEM) and dynamic light scattering (DLS), and blended with diglycidyl
ether of bisphenol (DGEBA) and 4,40-diamino diphenyl methane (DDM) in tetrahydrofuran (THF). With 5
or 10 wt% PEO-b-PS/P(DVB-St) CCS polymer, spherical coreeshell nanodomains with average diameters
of 29 or 32 nm were observed from atomic force microscopy (AFM), which were randomly distributed in
the resultant thermosets. Considering the difference in miscibility of the epoxy with P(DVB-St) and
PEO-b-PS after and before curing reaction, a reaction-induced microphase separation (RIMPS) mecha-
nism was proposed to account for the formation of the coreeshell nanodomains in the thermosets.
During curing, the RIMPS of PS subchain occurred but was confined by P(DVB-St) core, resulting in
formation of thermoplastic PS shell around the crosslinked core. Such coreeshell nanodomain could be
easily etched away by THF, whereas the control thermosets containing PEO/P(DVB-St) CCS polymer could
not be etched by THF. The glass transition temperatures (Tgs) of the epoxy thermosets containing PEO-b-
PS/P(DVB-St) CCS polymer were significantly improved compared with pure epoxy thermosets.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resin is a kind of densely studied thermosetting material
with excellent thermal andmechanical properties, and widely used
as electrical/electric materials [1e6]. To construct nanostructures in
epoxy matrix is a useful pathway for obtaining epoxy thermosets
with improved overall properties [7e14]. It is an efficient approach
to achieve nanostructured thermosets by incorporating amphi-
philic block copolymers into thermoset, which has attracted more
and more attentions in recent years [13e19]. To date, the strategies
of constructing nanostructure in a thermoset can be generally
categorized into two classes. One ingenious approach is pre self-
assembly/curingmethod, whichwas initially reported by Bates et al
[13,14]. In this protocol, driving force for the formation of nano-
structure in thermoset is self-assembly of block copolymers when
the precursors of thermosets act as the selective solvents of block
copolymers. The subsequent curing process only serves to fix the
formed nanophase in the matrix. It is a facile method to construct
2.
).

All rights reserved.
nanostructrued thermoset, and the structure of the nanophases can
be adjusted via the modification of the block copolymers and the
concentration of block copolymers. However, in many circum-
stances, this method does not work when all the subchains of block
copolymers are miscible with the precursor, as was pointed out by
Zheng et al. [15].

Another successful strategy involves reaction-induced micro-
phase separation (RIMPS). The driving force of RIMPSmethod is the
combined action of curing reaction kinetics and phase separation
kinetics. In such case, the blend is initially homogeneous. A part of
subchains of block copolymers demixes and forms the micro-
phases, while another part of subchains is still miscible with the
matrix during curing. Thus, the phase separation of the immiscible
subchains can generally take place in a nanometer scale due to the
restraint of the miscible subchain in the thermosetting matrix.
Some typical nanostructrured epoxy thermosets were developed
via RIMPS method by Zheng and coworkers [15e20].

By applying the aforementioned methods solely or simulta-
neously, ordered and/or disordered nanostructures and various
nanodomains in the thermosets can be formed after the curing
process via blending of the block polymers with precursors of the
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thermosets. However, few works were reported for constructing
coreeshell nanodomains in a matrix although such structure was
useful to improve the toughness of the resultant thermosets [19].
Zheng and coworkers reported the preparation of a thermoset with
PDMS-core/PS-shell nanodomains in the matrix via RIMPS of
PDMS-b-PCL-b-PS [19]. However, the thermal properties (e.g. glass
transition temperature, Tg) of the resultant thermosets were clearly
weakened. To date, the reported copolymers applied for con-
structing nanostructured epoxy thermosets were mostly linear
diblock or triblock polymers [13e19], which generally led to some
loss of the thermal properties of the resultant thermoset due to
incorporation of relatively more thermal unstable subchains (e.g.:
PEO, PCL [17,19]) of the copolymers into the matrix. Furthermore,
there is not any report concerning the construction of a crosslinked
core/thermoplastic shell nanostructure in epoxy thermoset, which
may possibly improve the thermal properties of the resultant
thermoset.

In the present work, we report for the first time the fabrication
of epoxy thermosets with nanostructured coreeshell nanodomains
via the solution blending of the epoxy resin and core crosslinked
star (CCS) polymers [21,22]. In this protocol, the CCS polymers,
which contain PEO-b-PS arms and P(DVB-St) cores (denoted as
PEO-b-PS/P(DVB-St) CCS polymer) and are of spherical shape with
scores of nanometers, were synthesized via “arm-first” method
[21,22] and then mixed with diglycidyl ether of bisphenol (DGEBA)
and 4,40-diamino diphenyl methane (DDM) in THF solution. The
crosslinked P(DVB-St) cores were immiscible with epoxy resin,
whereas the PEO subchains of PEO-b-PS arms were miscible with
epoxy throughout the curing reaction [16]. Noting that the PS
subchains were covalently linked to P(DVB-St) cores, the PEO-b-PS
underwent reaction-induced microphase separation process
around the core due to the confinement of the nanoscale P(DVB-St)
core. Therefore, in this model, the curing reaction not only fixed the
pre-made P(DVB-St) core, but also induced the phase separation of
PS subchains in a confined environment. Novel thermosets with
coreeshell nanodomains of crosslinked core/thermoplastic shell
were obtained. These coreeshell nanodomains largely improved
the Tgs of the resultant epoxy thermoset.

2. Experimental section

2.1. Materials

Poly (ethylene glycol) methyl ether with Mw of 5000 (MPEG
5000, Aldrich) was distilled azeotropicly with toluene to remove
trace water. 2-bromoisobutyryl bromide (2-BiB) and N,N,N0,N00,N00-
pentamethyl diethylene triamine (PMDETA) were purchased from
Aldrich and used as received. Diglycidyl ether of bisphenol (DGEBA)
with epoxide equivalent weight of 184e190 g/mL was supplied by
Jiadida chemical co., Ltd. 4,40-diamino diphenyl methane (DDM)
was purchased from SSS reagent Co., Shanghai and used as the
hardener. Triethyl amine (Et3N), styrene (St) and divinyl benzene
(DVB, Aladdin) were distilled according to the standard method.
Cuprous chloride (CuCl) was repeatedly washed with acetic acid
until the CuCl appeared pale gray. Ethanol was then used to remove
the remaining acetic acid in the treated CuCl. Dichloro methane,
tetrahydrofuran (THF), anisole, hexane and acetone were used
without further purification.

2.2. Synthesis of PEO-Br macroinitiator

MPEG 5000 (25 g, 5 mmol) and Et3N (2.1 mL, 15 mmol, here
served as an acid acceptor) were dissolved in THF (dried over with
Na chips, 130 mL). 2-BiB (1.85 mL, 15 mmol)/THF (dried over with
Na chips, 50 mL) mixed solution was then dripped into the system
under 10 �C, followed by stirring at room temperature for 24 h. The
reaction product was collected by filtration, the filtrate was
concentrated, and the obtained solid was dissolved into deionized
water (85 mL). This aqueous solution was extracted by CH2Cl2
(300 mL), and the obtained CH2Cl2 solution was dehydrated in the
presence of CaCl2. The dried solution was then concentrated using
a rotary evaporator and precipitated into hexane (800 mL). The
precipitates were collected by filtration and dried under vacuum.
1H NMR (CDCl3, ppm): 4.30e4.32 (CH2, 2H), 3.43e3.82 (OCH2CH2O,
4H), 3.36 (OCH3, 3H), 1.93 (CH3, 6H).

2.3. Synthesis of PEO-b-PS-Br macroinitiator

A 50 mL round-bottom flask was charged with a mixture of
PEO-Br macroinitiator (5.5 g, 1.1 mmol), CuCl (0.1111 g, 1.1 mmol),
PMDETA (0.460 mL, 2.2 mmol) and St (6.0 mL, 52 mmol). The
mixturewas degassed by three freezeepumpethaw cycles. The flask
was then backfilled with nitrogen and immersed in an oil bath at
110 �C. The reaction was stopped after 4 h via exposure to air and
then diluted with THF. The residual copper catalysts were removed
by passing the THF solution through a column of basic alumina.
The purified solutionwas concentrated using a rotary evaporator and
then precipitated into hexane. The precipitates were collected by
filtration and dried under vacuum. 1H NMR (CDCl3, ppm): 6.30e7.20
(Ph, 5H), 3.64 (OCH2CH2O, 4H), 1.20e2.10 (eCH2CH^, 3H).

2.4. Synthesis of PEO-b-PS/P(DVB-St) CCS polymer

The PEO-b-PS/P(DVB-St) CCS polymer was prepared by using the
atomic transfer radical polymerization (ATRP) technique. A mixture
of PEO-b-PS-Br macroinitiator (0.42 g, 0.04 mmol), CuCl (0.0040 g,
0.04 mmol), PMDETA (0.016 mL, 0.08 mmol), DVB (0.15 mL,
0.80 mmol), St (0.093 mL, 0.80 mmol) and anisole (1.2 mL) were
added into a 50mL flask and degassed by three freezeepumpethaw
cycles. The flask was then backfilled with nitrogen and immersed in
an oil bath thermostated at 110 �C. After 15 h, the reaction was
stopped via exposure to air. Themixturewas dilutedwith THF, which
was then passed through a column of basic alumina to remove the
copper complex. The purified solution was first concentrated and
then precipitated into large amount of n-hexane. The precipitates
were collected and dried under vacuum.

2.5. Synthesis of PEO/P(DVB-St) CCS polymer

Similarly, the PEO/P(DVB-St) CCS polymer was also prepared by
using ATRP technique. PEO-Br macroinitiator (0.30 g, 0.06 mmol)
along with a mixture of CuCl (5.9 mg, 0.06 mmol), PMDETA
(0.024 mL, 0.12 mmol), DVB (0.16 mL, 0.90 mmol), St (0.10 mL,
0.90 mmol) and anisole (1.2 mL) were charged into a dried round-
bottom flask. The flask was connected to a Schlenk line. The reac-
tive mixturewas degassed via three freezeepumpethaw cycles and
then backfilled with nitrogen and immersed in an oil bath at 110 �C
for 10h. The crude product was dissolved in THF and the copper
complex was removed by passing the THF solution through
a column of basic alumina. The purified THF solution was then
precipitated into hexane. The precipitates were collected and dried
under vacuum.

2.6. Preparation of the nanostructured epoxy thermoset

CCS polymers (0.062 and 0.125 g) were dissolved in THF. The CCS
THF solution was then mixed with DGEBA (1.00 g) at room
temperature under stirring. DDM, which was equimolar with the
epoxy resin (0.25 g), was then added into the mixture of epoxy
resin and CCS polymer under stirring. A homogeneous and
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transparent mixed solution was obtained. The mixed solution was
heated to 50 �C with vigorous stirring for 10 min to evaporate the
majority of THF until the mixture became viscous. The viscous
mixture was then poured into a mold and cured at 80 �C for 2 h and
at 160 �C for another 2 h to give the epoxy thermosets with
nanostructures.
3. Measurement and characterization

The molecular weights and molecular weight distributions of
the CCS polymers were measured by Gel Permeation Chromatog-
raphy (GPC) using a PL-GPC 220 instrument at 35 �Cwith THF as the
eluent and monodispersed polystyrene as the calibration standard.
1H NMR data were obtained on an Avance DMX 500 NMR spec-
trometer at 35 �C using CDCl3 as the solvent and tetramethylsilane
as the internal standard. Elemental analysis was performed on
a Flash EA1112 CHN-O-Rapid elemental analyzer using acetanilide
as the standard. Infrared spectrawere recorded by using a Vector 22
FTIR spectrophotometer (400e4000 cm�1, KBr pellet).

The average particle size of the CCS polymer was determined by
dynamic light scattering (DLS) on a Brookhaven 90 Plus DLS
instrument at 25 �C. The CCS polymers were dissolved into THF to
give a clear solution and then filtered through 0.45 mm Millipore
PVDF filters before DLS measurements. Each sample was parallelly
measured for 5 times. The morphology of the CCS polymers was
observed by transmission electron microscopy (TEM) on a JEOL
JEM-1230 high-resolution TEM at an acceleration voltage of 80 kV.
CCS polymer was firstly dissolved into THF to give a concentration
of 0.1 mg/mL. A droplet of the solution was cast on the copper grid
and dried at room temperature. The samples were negatively
stained with phosphotungstic acid before TEM measurement.

The surface morphology and inner structure of the cured epoxy
thermosets with CCS polymers were investigated by using atomic
force microscopy (AFM) and scanning electron microscopy (SEM).
The AFM experiments were performed with a SEIKO SPI 3800N
scanning probe microscope operated under tapping mode. A thin
film of epoxy thermoset with ca. 90 nm thickwas trimmed from the
bulk epoxy thermoset by amicrotomemachine. The thermoset thin
filmwas placed in 200 mesh copper grids for AFM observation. The
silicon tips (Olympus) with a resonant frequency of ca. 300 KHz
were used. The SEM observationwas carried out on a Hitachi S4800
SEM. The epoxy thermoset was first fractured and then etched by
THF. Before SEM observation, the etched thermoset samples were
coated with gold vapor for 20s.
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Scheme 1. Synthetic route of PEO/P(DVB-St) and
To evaluate the thermal property of the epoxy thermosets with
CCS polymers, the glass transition temperatures (Tgs) of the epoxy
thermosets were determined by differential scanning chromatog-
raphy (DSC). The epoxy thermosets of 3.0e5.0 mg were placed in
aluminum pan and measured on a Q200 (TA) thermal analyzer at
a heating rate of 10 �C/min under N2. The Tgs of the epoxy ther-
mosets were obtained from the second run of heating curves.

4. Results and discussion

4.1. Preparation of PEO-b-PS/P(DVB-St) and PEO/P(DVB-St) CCS
polymers

Core crosslinked star (CCS) polymers have attracted more and
more attention because of their unique coreeshell structure with
highly branched arms [21e25]. Two approaches have been reported
to synthesize CCS polymers [22,26]. One is the “core-first” method,
which employs a multifunctional initiator to initiate the polymeri-
zation of vinylic monomers to form the arms of the star polymer
[27,28]. The other is the “arm-first” method, with which linear
macroinitiators were used as arms to initiate the polymerization of
difunctional vinylic monomers to form a crosslinked core with
branched arms [29e35]. In present work, “arm-first” method was
used to synthesize CCSpolymerswith P(DVB-St) cores and PEO-b-PS
arms (or PEO arms, as control sample) via ATRP technique. The
synthetic route of the CCS polymers is shown in Scheme 1. In step
(A), PEO-Br was synthesized via the reaction of monomethoxyl
PEO5000 and 2-bromoisobutyryl bromide [36]. The obtained PEO-
Brwas then used as themacroinitiator for synthesizing PEO-b-PS-Br
via ATRP. The GPC curves of PEO-Br and PEO-b-PS-Br are shown in
Fig. 1. The number-average molecular weight (Mn) of PEO-b-PS-Br
was ca. Mn,GPC ¼ 1.83 � 104 with a narrow polydispersity of Mw/
Mn ¼ 1.13. Mn of PEO-b-PS-Br was also determined to be ca.
1.68 � 104 by 1H NMR, which indicated that the PS block contained
114 St units and the molar ratio of PEO/PS was close to 1. In step (B),
PEO-b-PS-Br or PEO-Br was used as macroinitiator to initiate the
ATRP of DVB and St. The multifunctional monomer DVB behaved as
cross-linker, leading to the formation of crosslinked P(DVB-St) core.
The optimal molar ratio of macroinitiator/DVB/St was 1:15:15 for
the successful preparation of both CCS polymers, and optimal
reaction time was found to be 15 h for the formation of PEO-b-PS/P
(DVB-St) CCS polymer and 10 h for PEO/P(DVB-St) CCS polymer,
respectively. No NMR signals could be captured with normal 1H
NMR method for both CCS polymers with crosslinked structures
because of the loss of intramolecularmobility of the P(DVB-St) cores
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[29]. GPC curves (Fig. 1) of the obtained PEO-b-PS/P(DVB-St) and
PEO/P(DVB-St) CCS polymers show that a majority of macro-
initiators were consumed in both systems. For the synthesis of PEO-
b-PS/P(DVB-St) CCS polymer, small amounts of linear copolymers
with the segments containing divinyl groups (see step B in Scheme
1) could not be introduced to crosslinked cores due to steric effect of
long chains of PEO-b-PS during copolymerization. This is consistent
to the reported work concerning of the synthesis of CCS polymers
with long arms [22].

The average particle size and size distribution of the PEO/P(DVB-
St) and PEO-b-PS/P(DVB-St) CCS polymers were characterized by
dynamic light scattering (DLS) measurements. Fig. 2 shows the
particle size and size distribution of the PEO/P(DVB-St) and PEO-b-
PS/P(DVB-St) CCS polymers in THF. A bimodal distribution of
particle size can be observed for both CCS polymers. This was in
good agreement with the corresponding GPC curves of which three
elution peaks were observed (the peak with low molecular weight
is linear and has no signal in DLS). PEO/P(DVB-St) CCS polymer
contained small particles with peak size of ca. 20 nm and large
particles with peak size of ca. 69 nm. Similarly, PEO-b-PS/P(DVB-St)
CCS polymer contained small particles with peak size of ca. 33 nm
and large particles with peak size of ca. 112 nm. Furthermore, both
small and large particles had relatively narrow size distribution.
Fig. 2 also indicates that CCS polymers obtained here were free of
gels or large size aggregates. TEMmeasurements were employed to
directly image the morphology of the CCS polymers. Fig. 3 shows
that the CCS polymers indeed exhibited spherical shape. The size
distributions of the CCS polymers obtained from TEM images were
in good agreement with those fromDLS. The sizes of PEO/P(DVB-St)
and PEO-b-PS/P(DVB-St) CCS polymers were in the range of
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Fig. 2. DLS size distribution of (A) PEO/P(DVB-St) CCS p
18.6e34.4 nm and 25.0e54.6 nm, respectively, which were smaller
than those measured by DLS. It is reasonable that the CCS polymers
would swell in solvent (THF) and hence present larger hydrody-
namic diameter in solvent as measured by DLS.

Considering the CCS polymers were composed of carbon,
hydrogen and oxygen, the structural constitution (i.e.: PEO, PS
subchains and P(DVB-St) core) of the CCS polymer can be obtained
if the weight percentage of carbon, hydrogen and oxygen were
known. The CCS polymers were thus subjected to the elemental
analysis and the structural constitution of the CCS polymers was
deduced, as shown in Table 1. It can be seen that the weight
percentage of PEO arms in the PEO-b-PS/P(DVB-St) CCS polymer
was only 18.5 wt% and smaller than that of PEO/P(DVB-St) CCS
polymer (68.5 wt%). Hence the epoxy thermosets containing
PEO-b-PS/P(DVB-St) CCS polymer with small amounts of thermal
unstable PEO chain will present relatively high thermal stability.

4.2. Nanostructured epoxy thermosets containing CCS polymers

The CCS polymers were then applied to prepare epoxy ther-
mosets with possible nanostructures and improved thermal prop-
erties, as described in the experimental section. The amount of CCS
polymers was controlled to be 5 or 10 wt% of the total weight of the
epoxy thermosets. The resultant epoxy thermosets were trans-
parent, suggesting that no macroscopic phase separation occurred
in the thermoset during the curing reaction.

Fig. 4 shows the AFM images of the epoxy thermosets containing
5 and 10wt% PEO-b-PS/P(DVB-St) CCS polymer. Note that a thin film
of the epoxy thermoset with ca. 90 nm thick was microtomed from
the bulk thermoset and then subjected to AFM measurements.
Randomly distributed spherical nanodomains can be observed
from the topology image of the epoxy thermoset (Fig. 4, left images).
Such spherical nanodomains appeared as dark region in the phase
image (Fig. 4, right images). According to the volume fraction of the
PEO-b-PS/P(DVB-St) CCS polymer and the difference of viscoelastic
properties between epoxy matrix and the CCS polymer, these
dispersed nanodomains were attributed to the PEO-b-PS/P(DVB-St)
CCS polymer. The mean sizes of the spherical nanodomains in the
thermoset with 5wt% and 10wt% PEO-b-PS/P(DVB-St) CCS polymers
were ca. 29 nm and 32 nm, respectively. Some spherical nano-
domains also interconnected together, to form the slightly bigger
nanodomains. The size of the nanodomainswas clearly smaller than
that of the original PEO-b-PS/p(DVB-St) CCS polymer from DLS and
TEM. It was understandable because the PS blocks shrinked due to
the phase separation and the PEO blocksweremixed into thematrix
of epoxy thermoset. Hence, the observed nanodomainsweremainly
composed of the PS blocks and P(DVB-St) cores.

Fig. 5 shows the AFM images of the control epoxy thermosets
containing 5 and 10 wt% PEO/P(DVB-St) CCS polymer. Similarly,
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Fig. 3. TEM images of (A) PEO/P(DVB-St) CCS polymer, and (B) PEO-b-PS/P(DVB-St) CCS polymer.
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nanodomains with average sizes of ca. 23 and 26 nmwere observed
for the epoxy thermosets with 5 and 10 wt% PEO/P(DVB-St) CCS
polymer, respectively. In these cases, the nanodomains weremainly
the P(DVB-St) cores because the PEO arms were miscible with the
epoxy matrix. Again, the average sizes of nanodomains were
smaller than those of original PEO/P(DVB-St) CCS polymer as
measured by TEM and DLS.

The PEO subchains of the PEO-b-PS/P(DVB-St) CCS polymer were
proved to be fully miscible with the epoxy thermoset by FTIR spectra
(Fig. 6). It can be clearly seen that the free hydroxyl groups in the
epoxy networks at 3570 cm�1 became indistinctive with increasing
the amounts of PEO-b-PS/P(DVB-St) CCS polymer to the system,
which indicates the formation of the intermolecular hydrogen-
bonding interactions between epoxy networks and PEO subchains.
The intermolecular hydrogen-bonding interactions became stronger
with increasing the CCS content. These results were in good agree-
ment with those reported in literature that PEO (with various blocks,
PCL, PS, etc.) was very well miscible with epoxy resin [16,37e39]. In
otherword, the PEO segments of CCS polymerweremisciblewith the
epoxy thermoset. Moreover, the crosslinked P(DVB-St) cores couldn’t
dissolve into the precursors and were hence immiscible with epoxy
thermoset before and after curing reaction.Whereas, the PS subchain
was immiscible with the cured epoxy resin after the reaction [16].
Based on the miscibility of PEO, PEO-b-PS arms and P(DVB-St) cores
with the epoxymatrix before and after curing reaction, the formation
of nanodomain in the resultant epoxy thermosets containing the
PEO/P(DVB-St) and PEO-b-PS/P(DVB-St) CCS polymer can be ratio-
nalized as following: (i) the nanosized crosslinked P(DVB-St) cores
were randomly dispersed into the epoxy matrix, which guaranteed
the formation of the spherical nanodomains; (ii) the diblock PEO-b-
PS arms, which were fixed covalently by the P(DVB-St) core, followed
the mechanism of reaction-induced microphase separation (RIMPS)
Table 1
Weight percentage of PEO, PS subchain and P(DVB-St) core in two CCS polymers.a

CCS polymer Elemental analysis

C H

PEO/P(DVB-St)b 66.28 8.78
PEO-b-PS/P(DVB-St)c 85.26 8.03

a Determined by CHN elemental analysis, Owt% ¼ 1 � C wt% � Hwt%.
b PEOwt% ¼ Owt% � (MCH2CH2O/MO) ¼ 44Owt%/16, p(DVB-St)wt% ¼ 1 � 44Owt%/16.
c PEOwt% ¼ 44 Owt%/16, PSwt% ¼ PEOwt% � (MPS/MPEO), p(DVB-St)wt% ¼ 1 � PEOwt% � PS

PEO-b-PS block polymer.
[10]; (iii) the PEO subchains were mixed with the epoxy matrix after
curing.

For the epoxy thermoset with PEO-b-PS/P(DVB-St) CCS polymer,
the microphase separation of PEO-b-PS arms occurred and was
confined on the surface of the P(DVB-St) cores due to the connec-
tion of covalent bonds, leading to the formation of coreeshell
nanostructures with thin PS shells and P(DVB-St) cores. This
process may be somewhat similar to the epoxy thermoset con-
taining PDMS-b-PCL-b-PS triblock copolymer [18]. However, in the
present systems, the size of spherical coreeshell nanodomain can
be well controlled by the crosslinked P(DVB-St) cores of the CCS
polymers. Therefore, the final structures of the epoxy thermoset
containing CCS polymers were less affected by the curing condi-
tions, which may have influences on the self-assembly and RIMPS
process of the linear block copolymers.

Fig. 7 shows the possible mechanism of the formation of coree
shell nanodomains in the epoxy thermosets containing PEO-b-PS/P
(DVB-St) CCS polymer. Before the curing reaction, both of PEO and
PS blocks were miscible with the precursors of epoxy, while
the crosslinked P(DVB-St) cores were immiscible but swelled with
the precursors. Note that the copolymerization of St and DVB
were designed to modulate the crosslink density of the P(DVB-St)
cores, leaving spaces for the filling of epoxy precursors into the
cores. In such way, nanoscale interpenetrating networks may be
possibly generated after the curing reaction. During the curing
reaction, microphase separation of the PEO-b-PS arms occurred and
a thin PS shell was formed onto the surface of the P(DVB-St) core.
The precursors inside the P(DVB-St) cores may be repelled out from
the cores. The miscible PEO blocks remained in the cured epoxy
matrix after curing. However, the immiscible PS shells may keep
the crosslinked P(DVB-St) cores isolated from the epoxy matrix.
Isolated nanodomains with a crosslinked P(DVB-St) core and
Composition of CCS polymer (wt %)

PEO subchain PS subchain P(DVB-St) core

68.5 0 31.5
18.5 43.7 37.8

wt%, MPS and MPEO are the molecular weight of PS segment and PEO segment in the



Fig. 4. AFM images of epoxy thermosets containing (A) 5wt% PEO-b-PS/P(DVB-St) CCS polymer and (B) 10 wt% PEO-b-PS/P(DVB-St) CCS polymer. Left: height image; right: phase
image.
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a thermoplastic PS shell were formed. If so, these nanodomains
isolated from the epoxy matrix may be etched away by a good
solvent.

However, for the epoxy thermosets containing PEO/P(DVB-St)
CCS polymer, due to themiscibility of PEO armswith the precursors
of the epoxy, the precursors swelled in the P(DVB-St) cores took
part in the curing reaction, leading to the formation of interpene-
tration network of epoxy and P(DVB-St) cores. As a result, the
nanodomains shown in Fig. 5 were interpenetrating network of
epoxy and P(DVB-St) cores, which cannot be etched away by good
solvent.

To confirm the above supposed mechanism, the epoxy ther-
mosets containing 5 wt% PEO-b-PS/P(DVB-St) and PEO/P(DVB-St)
CCS polymers were fractured and etched with THF for 1 h. Fig. 8
shows the SEM images of the fracture surface of the epoxy ther-
mosets after etching in THF. Randomly distributed nanoholes with
size of 14.0e74.5 nmwere clearly observed for the epoxy thermoset
containing PEO-b-PS/P(DVB-St) CCS polymer. While, the surface
was rather smooth for epoxy thermoset containing PEO/P(DVB-St)
CCS polymer. These results strongly support the above explanation
of the formation of nanostructure epoxy thermoset containing
PEO-b-PS/P(DVB-St) and PEO/P(DVB-St) CCS polymers.
Generally, the formation of nanostructures in thermosets via
incorporation of linear block copolymer will lead to the depression
of glass transition temperature (Tg) compared with pristine epoxy
resin [13,18]. Interestingly, a major increase in Tg was observed in
the present epoxy thermosets containing PEO-b-PS/P(DVB-St) CCS
polymer. Fig. 9 shows the DSC curves of the CCS polymers, the
pristine epoxy thermoset, and the epoxy thermosets containing
CCS polymers. A sharp melting transition peak at 50.8 �C was
observed for the PEO/P(DVB-St) CCS polymer (curve 1), which was
attributed to the crystalline PEO chains. However, no clear melting
peak of crystalline PEO was found for the PEO-b-PS/P(DVB-St) CCS
polymer (curve 2). A Tg at 72.7 �C was also observed for the PEO-b-
PS/P(DVB-St) CCS polymer, which can be attributed to the PS blocks.
Furthermore, for all of the thermosets containing CCS polymers, no
melting transition of PEO chains was observed (curves 3e7), sug-
gesting that the miscible PEO arms were stretched and mixed into
the epoxymatrix very well [16]. Tgs of epoxy thermosets containing
5 wt% and 10 wt% PEO-b-PS/P(DVB-St) CCS polymers were 146.9
and 147.9 �C (curves 4 and 5), respectively, which were significantly
higher than that of the pristine epoxy thermoset (138.1 �C, curve 3).
The widths of the glass transition regions of both thermosets were
similar with that of the pristine epoxy thermosets, indicating that



Fig. 5. AFM images of epoxy thermosets containing (A) 5wt% PEO/P(DVB-St) CCS polymer; (B) 10 wt% PEO/P(DVB-St) CCS polymer. Left: height image; right: phase image.
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the plasticization of PEO chains could be indistinctive. For the
control epoxy thermosets containing with 5 wt% and 10 wt% PEO/P
(DVB-St) CCS polymer (curves 6 and 7), Tgs were slightly lower than
that of the pristine epoxy thermoset (curve 3).

Therewere four possible factors accounting for the Tg of the final
thermosets containing PEO-b-PS/P(DVB-St) CCS polymers. They
were (1) PEO behaved a plasticizer and hence can decrease the Tg of
the resultant thermoset; (2) P(DVB-St) CCS polymers with a cross-
linked core may be possibly response to the increase of Tg of the
resultant thermoset because no Tg transition were found below
200 �C (curves 1 and 2, Fig. 9); (3) PS segments had lower Tg than
that of the epoxy matrix, which may decrease Tg of the resultant
thermoset; (4) The cured epoxy resin was the main component
(90% and 95%) in the final thermoset. The bigger the crosslinked
density of the epoxy matrix was, the higher the Tg was observed.

For the thermosets with 5 and 10% PEO/P(DVB-St) CCS polymers
(contain larger amounts of PEO chains), the plasticization of PEO on
epoxy matrix was predominant, leading to the decrease of Tg and
the broadened glass transition. However, the factors (1) to (3) will
lead to the decrease of Tg of the epoxy thermosets. Because the
cured epoxy resin was the main component (90% and 95%) in the
final thermoset, it was then accepted that the increase of Tg of
both thermosets studied here was mainly resulted from the
increase of the crosslinked density of the epoxy matrix. Generally,



Fig. 8. Typical SEM micrographs of epoxy thermosets containing 5 wt % of (A) PEO-b-PS/P(DVB-St) and (B) PEO/P(DVB-St) CCS polymers after etched with THF for 1 h.

Fig. 7. Possible formation mechanism of nanostructured epoxy thermosets containing PEO-b-PS/P(DVB-St) CCS polymer.
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the crosslinked density of an epoxy thermoset is predominantly
determined by the curing kinetic, which may be strongly influ-
enced by the phase separation process of epoxy matrix and PEO-b-
PS/P(DVB-St) CCS polymer in the blends. For the curing process of
both system, when Tg of epoxy domain was leveled to around
138.1 �C at 160 �C, the PS arms of CCS polymer had been gone
through an RIMPS and formed an elastic region with Tg of around
72.7 �C as determined, exhibiting “liquid” PS region as compared
with the pristine epoxy thermoset. As a result, the functional
50 100 150 200

50.8 oC

72.7 oC

(7)

(2)

(4)
(5)
(6)

(3)

oxE

Temperature (oC)

(1)

147.9 oC
146.9 oC

132.2 oC
135.5 oC

138.1 oC

Fig. 9. DSC curves of: (1) PEO/P(DVB-St) CCS polymer; (2) PEO-b-PS/P(DVB-St) CCS
polymer; (3) the DGEBA/DDM thermoset; (4) the thermoset with 5wt% PEO-b-PS/P
(DVB-St) CCS polymer; (5) the thermoset with 10 wt% PEO-b-PS/P(DVB-St) CCS poly-
mer; (6) the thermoset with 5wt% PEO/P(DVB-St) CCS polymer; and (7) the thermoset
with 10 wt% PEO/P(DVB-St) CCS polymer.
groups in epoxy matrix around the PS region may have a better
mobility, which may improve the reactivity of the residual func-
tional groups (diffusion control), leading to the increase of the
crosslinked density and Tg.

5. Conclusions

To sum up, we developed a new and facile strategy to construct
thermosets with spherical coreeshell nanodomain from blending
of epoxy resin and core crosslinked star polymers which have
multiple PEO-b-PS arm and crosslinked P(DVB-St) core. During
cure, the RIMPS of PS subchains occurred but was confined
directly by immiscible P(DVB-St) nanodomain due to PS subchains
linked to the P(DVB-St) core covalently, resulting in thin ther-
moplastic PS nanophase shells around the crosslinked P(DVB-St)
cores. Such coreeshell nanodomain in the thermoset could be
easily etched by THF. This was clearly confirmed by the SEM
images of the etched fracture surface of the thermoset. Tgs of the
epoxy thermosets containing PEO-b-PS/P(DVB-St) CCS polymer
were clearly improved as compared with those of the pristine
epoxy thermosets.
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Series of mesogenic biphenol derivatives HO6OPPOn (n ¼ 4,6,8) were prepared by asymmetric reaction
and purified. Then HOLAxO6OPPOn were prepared with controlled molecular weights by adjusting the
feed ratios of HO6OPPOn, SnOct2 catalyst and LLA by Ring-Opening Polymerization. P-AOLAxO6OPPOn
materials were obtained in high yields by the free radical polymerization of polymerizable macro-
monomers of AOLAxO6OPPOn synthesized by esterization of HOLAxO6OPPOn with acrylic acid in the
presence of DCC/DMAP. Their molecular weights were characterized by 1H NMR and GPC. Differential
Scanning Calorimeter method and Polarized Optical Microscopy method were used to study their
thermal behaviors. Both AOLAxO6OPPOn and P-AOLAxO6OPPOn materials are found to form LCs with
increased Tg, Tm and Ti with longer O-LLA segment length. Polymerization of AOLAxO6OPPOn also
resulted in the increase of Tg, Tm and Ti. X-ray diffraction measurements revealed the presence of smectic
phase in these materials. The O-LLA segments are in helical structure from CD spectra and this makes the
resulting polymer materials good candidate of optical materials for huge optical rotation power.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

PolyLactide (PLA) is one of the most important bioactive poly-
mers used as biodegradable and biocompatible materials [1e10]. It
is also noticeable that L, L-Lactide or D, D-Lactide, as important two
enantiomers of Lactide, can form interesting helical chiral poly-
mers, Poly-L-Lactide (PLLA) or PDLA. Compared to those well
studied racemeric PLAs used as biomaterials, PLLA and PDLA as
optical pure chiral helical polymers are still not well studied
[11e16].

Until now many papers have focused on the research of helical
polymers [17e27], but extensive study on PLLA helical polymer as
optically active polymers is still rare [28e31]. Helical PLLA poly-
mers were expected to exhibit optical rotation power in solid state
due to the asymmetric arrangement of atoms in helical main chain
structure. Kobayashi [32] has processed and measured the huge
intrinsic optical rotation power of PLLA in the fiber axis direction of
uniaxial crystal, r, as large as 7200�/mm, 300 times larger than that
of a-quartz. Also themeasured response change in the amplitude of
transmitted light was up to 10 MHz for fast light modulation [33].
This devotes PLLA as potential mateirals for optical elements and
devices.
ax: þ86 531 88564464.

All rights reserved.
Kimura et al. [34] has prepared series of oligo(L-lactic acid) with
an isopropoxyl end group. The ellipticity of oligo(L-lactic acid) (O-
LLA) by Circular Dichroism (CD) increased with the increase of
degree of polymerization and reached a maximal value at n ¼ 8,
indicating the completely built up of the helical structure in O-LLA,
The ellipticity was keep almost constant for O-LLA with more
repeating numbers but the ellipticity is a little lower than the
maximal value. The better processability of O-LLAs than PLLAs is an
advantage for large area flexible thin film optical devices.

Samuel I. Stupp et al. [35,36] has reported for the first obser-
vation of Liquid Crystal (LC) behavior of O-LLA with Cholesteryl
groups attached at the end and studied the self-assembling prop-
erty of Chol-(L-Lactic Acid)xOH as building blocks for self-assem-
bling materials. Attachment of LC groups to form LC-LLA materials
can be also a very good way of combining the self-organization
property of LC group and the optical rotation power of helical O-LLA
to get self-organized materials with huge optical rotation power.
Considering that these self-assembling materials could be very
good candidates as biomaterials and also good optical materials,
the study of LC-OLLA materials is one of the very interesting areas
of future.

This report presents the preparation, thermal and phase
behaviors of series of side chain polymers with O-LLA as important
helical chain segments, involving the preparation of molecular
weight-controlled LC-OLLA materials HOLAxOmOPPOn, AOLAx-
OmOPPOn and P-AOLAxOmOPPOn (Scheme 2 and Scheme 3).

mailto:qbxue@sdu.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.041
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2. Experimental sections

2.1. Materials

L-Lactide (LLA) was purified by recrystallization three times
from toluene dried as following method. The polymerization of LLA
was performed under Argon atmosphere. Toluene used for the
ring-opening polymerization of L-Lactide as best solvent was dried
on Sodium/potassium alloy Na/K (Benzophenone) and distilled off
just before use and transferred with syringes.

Acrylic acid was distilled just before use. Azodiisobutyronitrile
(AIBN) was recrystallized from ethanol and stored in refrigerator
at 0 �C. Stannous octoate, SnOct2, was redistilled three times first
as reported in reference [37] and used by quantitatively trans-
ferring with syringe as toluene (Na/K dried) solution of known
concentration. N, N0-Dicyclohexylcarbodiimide (DCC), 4-N, N0-
dimethylamino- pyridine (DMAP) was vacuum dried before use.
CH2Cl2 was dried over P2O5, when necessary. All the other
materials are commercial available and used as received unless
noted elsewhere.
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Scheme 2. Ring-opening polymerization of LLA and the synt
2.2. Synthesis

2.2.1. Synthesis of mono-substituted biphenol compounds
The synthesis procedure of the initiators was presented as

Scheme 1.
The general operations were as following [38]: After biphenol

(30 g, 0.16 mol) and KOH (40 g, 0.71mol) forming a clear solution in
192 mL Ethanol/H2O (v/v 2:1) solution at reflux by magnetic stir-
ring, equimolar BrCnH2n þ 1 (n ¼ 4,6,8) in ethanol were added
dropwisely under stirring and reflux for 12 h by Thin Layer Chro-
matography (TLC) monitor. The filtrates after filtering off nOPPOn
solid were diluted with large amount of diluted sodium hydroxide
water to recover the resultants by filtration as noted HOPPOn
(n ¼ 4,6,8) and recrystallized twice from ethanol.

HOPPO4 yield 32.8%, Rf ¼ 0.46 (CHCl3:C2H5OH ¼ 15:1)

HOPPO6 yield 23.3%, Rf ¼ 0.44 (CHCl3:C2H5OH ¼ 15:1)

HOPPO8 yield 32.0%, Rf ¼ 0.46 (CHCl3:C2H5OH ¼ 15:1)
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2.2.2. Initiators HO6OPPOn (n ¼ 4,6,8)
HOPPOn were reacted with NaOH, NaI, and Cl(CH2)6OH in

proper amount of solvent for 48 h with refluxing or by phase-
transfer reaction in toluene with catalytic amount of Bu4NBr for
8 h, monitoring by TLC. HO6OPPOn were recovered by Rotary
Evaporator and recrystallization from ethanol yielding white solid.
HO6OPPOn were then recrystallized in toluene and dried for ROP
reaction.

HO6OPPO4, yield 83.1%, Rf ¼ 0.35 (CH2Cl2:C2H5O
C2H5:CH3(CH2)4CH3 ¼ 2:1:1)

HO6OPPO6, yield 60.6%, Rf ¼ 0.40
(CH2Cl2:C2H5OC2H5:CH3(CH2)4CH3 ¼ 2:1:1)

HO6OPPO8, yield 73.1%, Rf ¼ 0.35 (CHCl3:C2H5OH ¼ 15:1)
Fig. 1. A representative 1H NMR
2.2.3. Ring-opening polymerization of L-LA
A general procedure for the Ring-Opening Polymerization (ROP)

of L-LA was shown in Scheme 2. The feed ratios of L-LA to
HO6OPPOn and SnOct2 were adjusted in order to get oligomers/
polymers of different molecular weight. The procedure was briefly
as following:

Proper amount of L-LA, HO6OPPOn were vacuum dried at near
50 �C for 3 h and then mixed with SnOct2 (tridistilled) solution in
toluene with typical ratio (x:1:1, x ¼ 5,10,15,20) and toluene. After
stirring for 10 h at 100 �C the viscous mixture was cooled and
evaporated to dryness. Then the residual was dissolved with CH2Cl2
and washed with 1 M HCl aqueous and water, concentrated. The
concentrated solution was then poured into ethanol or petroleum
ether to precipitate. The final targeted polymer compounds were
collected as white solid by filtration and dried (The H atomsmarked
for 1H NMR measurement were shown as in Fig. 1).
spectral of AOLAxO6OPPOn.



Table 1
Molecular weight and degree of polymerization and Degree of Polydispersity Index
(DPI) of HOLAxO6OPPOn obtained by 1H NMR and GPC methods.

Theo. 1H NMR GPC

n Mn n Mn Mn Mw Mw/Mn

HOLA10O6OPPO4 10 1063 10.8 1119 1944 2425 1.25
HOLA20O6OPPO4 20 1783 19.9 1777 2880 3952 1.37
HOLA30O6OPPO4 30 2504 29.1 2436 3633 5018 1.38
HOLA40O6OPPO4 40 3225 39.6 3196 4328 6213 1.44
HOLA10O6OPPO8 10 1119 9.9 1110 1924 2390 1.24
HOLA20O6OPPO8 20 1839 19.5 1802 2827 3917 1.39
HOLA30O6OPPO8 30 2560 29.1 2497 3681 5100 1.39
HOLA40O6OPPO8 40 3281 37.6 3111 4932 6352 1.29

Table 3
Phase transition temperatures (�C) of macromonomers AOLAxO6OPPOn.

Samples Tg Tm Ti

AOLA10O6OPPO4 22.8 53.0 89.0
AOLA20O6OPPO4 26.4 102.2 118.0
AOLA30O6OPPO4 30.0 119.6 125.2
AOLA40O6OPPO4 35.2 117.2 137.2
AOLA10O6OPPO6 17.0 62.0 107.9
AOLA20O6OPPO6 e 56.8 125.2
AOLA30O6OPPO6 28.2 28.2 129.6
AOLA40O6OPPO6 32.4 75.6 139.1
AOLA10O6OPPO8 e 39.4 107.9
AOLA20O6OPPO8 17.8 51.8 126.9
AOLA30O6OPPO8 21.7 87.3 130.4
AOLA40O6OPPO8 30.4 90.6 136.8
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HOLAxO6OPPO4 1H NMR (300 MHz, CDCl3): d(ppm) ¼ 0.986 (t,
3H, a); 1.406e1.706 (m, 3x þ 8, e þ f þ j þ p); 1.739e1.831 (m, 4H,
d); 2.700 (b,1H, q); 3.986 (t, 4H, b); 4.155 (t, 2H, c); 4.319e4.389 (m,
1H, k); 5.116e5.230 (m, n � 1, i); 6.913e7.469 (m, 8H, h).

HOLAxO6OPPO6 1H NMR (300 MHz, CDCl3): d(ppm) ¼ 0.941 (t,
3H, a); 1.255e1.703 (m, 3x þ 12, e þ f þ j þ p); 1.749e1.842 (m, 4H,
d); 2.700 (b, 1H, q); 3.984 (t, 4H, b); 4.156 (t, 2H, c); 4.323e4.392(m,
1H, k); 5.094e5.235 (m, n � 1, i); 6.914e7.470 (m, 8H, h).

HOLAxO6OPPO8 1H NMR (300 MHz, CDCl3): d(ppm) ¼ 0.941 (t,
3H, a); 1.255e1.703 (m, 3x þ 16, e þ f þ j þ p); 1.749e1.842 (m, 4H,
d); 2.700 (b, 1H, q); 3.984 (t, 4H, b); 4.156 (t, 2H, c); 4.323e4.392(m,
1H, k); 5.094e5.235 (m, n � 1, i); 6.914e7.470 (m, 8H, h).

2.2.4. Preparation of macromonomers
The preparation of the macromonomers was performed by the

reactions either with excess amount of acryloyl chloride/triethyl-
amine or acrylic acid/DCC/DMAP using 2,6-Di-tert-butyl-4-meth-
ylphenol (BHT) as inhibitor. Generally, the mixture of LC-OLLA-OH
corresponding to macromonomer with BHT, DCC/DMAP, dissolved
in CaH2-dried CH2Cl2, was kept magnetic stirring for 60 h at room
temperature and stopped with small amount of Ethanol/Acetic acid
mixture. After filtration and concentration the residual was poured
into cooled ethanol (�18 �C) and kept hours in refrigerator. White
powder was collected by the filtration of the cooled ethanol solu-
tion and vacuum dried to get the polymerizable macromonomers
in good yield.

AOLAxO6OPPO4 1H NMR (300 MHz, CDCl3): d(ppm) ¼ 0.986
(t, 3H, a); 1.496e1.706 (m, 3xþ 8, eþ fþ jþ p); 1.739e1.827 (m, 4H,
d); 3.962e4.016(m, 4H, b); 4.113e4.170 (m, 2H, c); 5.129e5.200 (m,
nH, iþ k); 5.878e5.913 6.135e6.227 6.451e6.507(m,1Hþ 1Hþ 1H,
r þ s þ t); 6.913e7.468 (m, 8H, h).
Table 2
Molecular weight and degree of polymerization and Degree of Polydispersity Index (DPI

Samples M.W. of AOLAxO6OPPOna

Theo. 1H NMRa

x Mn O-LLA x/Mn

P-AOLA10O6OPPO4 10 1117 12/1261
P-AOLA20O6OPPO4 20 1837 25/2137
P-AOLA30O6OPPO4 30 2558 33/2774
P-AOLA40O6OPPO4 40 3279 44/3567
P-AOLA10O6OPPO6 10 1144 9/1072
P-AOLA20O6OPPO6 20 1864 23/2070
P-AOLA30O6OPPO6 30 2588 31/2660
P-AOLA40O6OPPO6 40 3303 43/3519
P-AOLA10O6OPPO8 10 1171 15/1531
P-AOLA20O6OPPO8 20 1893 24/2181
P-AOLA30O6OPPO8 30 2614 33/2830
P-AOLA40O6OPPO8 40 3335 42/3479

a The theoretical molecular weight and degree of polymerization of macromonomers
b The degree of polymerization of P-AOLLA determined based on the Mn of P-AOLLAs
AOLAxO6OPPO6 1H NMR (300 MHz, CDCl3): d(ppm)＝0.913 (t,
3H, a); 1.24e1.70 (m, 3x þ 12H, j þ p þ e þ f); 1.76e1.85 (m, 4H, d);
3.988 (t, 4H, b); 4.154 (m, 2H, c); 4.350 (m, 1H, k); 5.129e5.200 (m,
nH, i þ k); 5.892 (d, 1H, s); 6.180 (t, 1H, t); 6.44 (d, 1H, r);
6.913e7.468 (m, 8H, h).

AOLAxO6OPPO8 1H NMR (300 MHz, CDCl3): d(ppm) ¼ 0.890 (t,
3H, a); 1.294e1.707 (m, 3x þ 16H, e þ f þ j þ p); 1.754e1.844 (m,
4H, d); 3.962e4.005(m, 4H, b); 4.125e4.177 (m, 2H, c); 5.129e5.200
(m, nH, i þ k); 5.815e5.913 6.134e6.227 6.385e6.509 (m,
1H þ 1H þ 1H, r þ s þ t); 6.914e7.470 (m, 8H, h).

2.2.5. Polymerization of macromonomers
Side chain grafted comb-like polymers with biphenyl group and

O-LLA segments were prepared by the radical polymerization of the
macromonomers, AOLAxO6OPPOn, prepared above. General
routine was as follows (AOLA10O6OPPO4 as an example):
AOLA10O6OPPO4 (0.1069 g, 95.7 mmol) was placed in a 10 mL flask,
and purged with dry Argon gas to remove oxygen before THF 3 mL
and AIBN (46 mL AIBN/THF solution, 0.96 mmol) were added. The
resulting mixturewas kept for 10 h at 70 �C under magnetic stirring
under Argon atmosphere. The targeted polymers were collected in
good yield by filtration as white solid after poured the reaction
mixture into petroleum ether to precipitate and then vacuum dry
overnight for further characterization.
2.3. Measurements and characterization

1H NMR was recorded on a AVANCE 300M/400M spectrometer
(Bruker) in CDCl3 or DMSO-D6 at room temperature. By 1H NMR,
) of AOLAxO6OPPOn and P-AOLAxO6OPPOn obtained by 1H NMR and GPC method.

M.W. of P-AOLAxO6OPPOn By GPC

Mn � 10�3 Mw � 10�3 Mw/Mn DP of PAb

21.2 23.2 1.09 17
24.5 26.7 1.09 11
28.7 31.7 1.11 10
38.5 47.7 1.24 11
11.6 14.6 1.26 11
12.5 15.2 1.22 7
20.3 30.7 1.51 8
21.9 28.1 1.28 6
15.9 17.5 1.1 10
23.3 27.3 1.17 11
33.1 37.2 1.13 12
33.6 39.5 1.18 10

AOLAxO6OPPOn;
by GPC and Mw of macromonomers as repeat units as side chains.



Table 4
Phase transition temperatures (�C) and degree of crystallinity of P-AOLAxO6OPPOn.

Samples T 0g
a Tg Tm Ti DHm(J/g) cc (%)b

P-AOLA10O6OPPO4 �3.1 24.8 43.1 e e e

P-AOLA20O6OPPO4 �3.8 39.8 106.4 120.5 14.32 15.28
P-AOLA30O6OPPO4 �5.5 31.6 106.9 120.6 23.72 25.31
P-AOLA40O6OPPO4 �5.1 41.1 106.9 127.9 33.08 35.30
P-AOLA10O6OPPO6 �4.4 30.1 61.0 e e e

P-AOLA20O6OPPO6 �4.7 24.5 107.9 131.9 22.17 24.36
P-AOLA30O6OPPO6 �4.3 45.1 105.7 127.3 10.39 11.42
P-AOLA40O6OPPO6 �4.5 20.1 107.2 132.3 12.65 13.90
P-AOLA10O6OPPO8 �4.2 25.3 68.9 106.0 e e

P-AOLA20O6OPPO8 �4.2 44.2 106.0 137.6 31.70 33.80
P-AOLA30O6OPPO8 �5.4 36.8 106.4 139.2 36.70 39.20
P-AOLA40O6OPPO8 �5.5 41.4 106.8 130.3 40.10 42.80

a The T 0gs are the glass transition temperatures of the polyacrylate ester main
chain parts;

b the DHm of complete crystal of PLLA is 93.7 J/g.
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the DPs of O-LLAs, DP¼ aþ 1, where the values of awere evaluated
by comparing the proton peak areas of triple peak a-CH2� of active
eO-R at d(ppm) ¼ 4.15 with those of chiral -*CH� of PLLA at d

(ppm) ¼ 5.17 (Fig. 1. where the H peaks were noted).
GPC measurements were performed on an HPLC equipped with

515HPLC pump, Waters 2414 Refractive Index Detector and Ultra-
vis detector and HR3/HR4/HR6 columns at 1.00 mL/min using THF
as eluent under 40.0 �C with Polystyrene standard (Shodex Stan-
dard SL-105，Japan). The samples were prepared by passing the
THF solution through a short neutral Al2O3 to remove any metal
cations and then pass 0.22 mm microfilter film.

UV and the Circular Dichroism (CD) spectra were recorded on
J-810-150L Spectropolarimeter (Jasco, Japan) from 190 nm to
550 nm at scan rate 0.1 nm using acetonitrile solvent under inert N2
at 20 L/min, cell length 0.5 mm, pure acetonitrile as blank. The [q]
value was only contributed LA part and thus calculated based on
the O-LLA segments.
Fig. 2. POM textures of P-AOLAxO6OPPOn. a, P-AOLA30O6OPPO4 at heating the original sam
111 �C; d, P-AOLA40O6OPPO8 heated to 113 �C.
Differential Scanning Calorimeter (DSC) measurements were
performed on a DSC-SP (Rheometric Scientific Inc., New Jersey,
USA) from�50e200 �C under inert N2 atmosphere with a scanning
rate of 10 �C/min. Glass transition temperatures (Tg) were deter-
mined by the mid point of baseline shift. Polarized Optical Micro-
scope observation was performed on a Olympus BX51p with
a Linkam THMSE600 coldehot stage (�196e600 �C) and photo-
graphed by a Q-imaging Micropublisher 5.0RTV (CCD). The thermal
transition temperatures were determined combining the DSC
measurement and POM observation.

TheX-ray diffractionmeasurementswereperformedon aRigaku
D/Max-rB X-ray diffractometer equipment (Japan) with CueK
(l¼ 1.54056 Å), 40 KV* 100mAand scanned from0.5� to 5� at a scan
rate of 2�/min and 3�e50� at 4�/min. The samples were spin-coated
or melt-pressed into pellets and annealed at 80 �C for 12 h.
3. Results and discussions

3.1. Preparation of initiators

The preparation of mono-substituted derivatives, HOPPOn, is
the most important step, while the resulting mixtures always
contain three possible compounds HOPPOH, HOPPOn and nOPPOn
because of the o-alkylation’s selectivity of homo- and bis- substi-
tutions biphenol, HOPPOH. Recrystallization only is not enough to
separate. The pure HOPPOnwere obtained by a two-step operation
according to the different solubility in different solutions: HOPPOH
is completely removed first by dissolving in alkaline solution and
then nOPPOn can be removed as solid by filtration of the hot
Ethanol/water alkaline solution. The HOPPOn could be recovered
by neutralization of the resulting filtrate. Further twice recrystal-
lization is enough to get pure HOPPOn free of HOPPOH and
nOPPOn. Best for initiators could be achieved by phase-transfer
reaction of HOPPOn with corresponding u-HO-alkane bromide or
chloride for ROP of L-LA.
ple to 84 �C; b, P-AOLA40O6OPPO6 heated to 104 �C; c, P-AOLA20O6OPPO8 cooled to
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Fig. 3. DSC curves of AOLAxO6OPPOn.
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3.2. Preparation and characterization of AO-LAxO6OPPOn

3.2.1. ROP of L-LA
The HO-group of HO6OPPOnwas sufficient active for the ROP of

L-Lactide if SnOct2 was used as catalyst but, for best results; need to
be recrystallized with dry toluene just before use to remove any
HO-containing molecules. Better control of the molecular weights
of the resulting O-LLAs can be achieved when SnOct2 was distilled
under vacuum for three times or more just before use. It is also
important that the L-LA solid were recrystallized with toluene
(Na/K dry) three times or more and used just before use. Among the
solvents used to recrystallize the L-LA, toluene is easy to purify and
dry for the best results.

The ROP reaction was almost complete around 12 h at 80 �C in
toluene but best results were achieved for 10 h at 100 �C.

The SnOct2 was removed by washing with cold HCl (0.5 M)
aqueous solution and water. Generally, the O-LLA samples with
lower feed ratios often have much lower yields due to the more
apparent weight loss caused by water-dissolve of low molecular
weight O-LLAs when washing with water.

3.2.2. Molecular weight of O-LLA segments
The molecular weights of O-LLAs were determined by 1H NMR,

GPC and listed inTable 1. Themeasuredmolecularweights of O-LLAs
were in good agreement with the theoretical results and found to
be well controlled by the feed molar ratios of the SnOct2 catalyst,
L-LA to HO6OPPOn (n ¼ 4,8) providing enough SnOct2 was used.

3.2.3. Preparation of macromonomers AOLAxO6OPPOn (AOLLA)
To form the polymerizable macromonomers, the acrylate esters

of O-LLA segments, acrylic group was attached by reacting with
HO-group of O-LLA. Considering that the HO-group percentages
were very low in each HOLLAxO6OPPOn’s, acrylic acid was used in
excess amount and used in its activated state. The procedure
involving the acrylic chloride, a highly active species, and trie-
thylamine, proton absorbent, was fast but the products color are
slight yellow and difficult to be avoided and removed. It changed
much more when acrylic acid/DCC/DMAP was used instead. White
powder samples were thus obtained from the later. However more
acrylic acid was necessary to achieve better conversion of
HOLAxO6OPPOn to AOLAxO6OPPOn. For example, here 10 times
excess of acrylic acid was used in this paper. The appearance of the
peaks of CH2 ¼ CH� around 5.8 to 6.3 in 1H NMR spectra and the
proper amount of protons indicated the successful complete
attachment of the acrylic group to the end of the O-LLA segments
(as may have noted in Fig. 1, for example). Also a slightly increase of
the average DP or the molecular weights of AOLAxO6OPPOnwere
observed from 1H NMR, indicating the weight loss of AO-LLA
molecules with lower DPs in the precipitation process due to their
higher solubility in the cold ethanol solution. The weight loss of
lower DPs also lead to the lower yields of AOLAxO6OPPOn, around
60% for x ¼ 10 and above 90% for x ¼ 40. The molecular weights of
the resulting products AOLAxO6OPPOn were then determined by
1H NMR and GPC measurements and listed in Table 1.

3.3. Preparation and characterization of Poly-AOLAxO6OPPOn

The macromonomers, as acrylate esters, can polymerize to form
comb-like polymers with polyacrylate as main chain and O-LLA
segments with mesogenic end group at the free end as side chains.
As theDP of AO-LLAmaybe controlled bychanging the initiator feed
ratios, the resulting P-AOLLA will be formed with a distinct side
chain length. The molecular weights of the polymers P-AOLLA
characterized by GPC were listed in Table 2, together with the 1H
NMR results listed for the calculation of the DP of AO-LLA segments
and the DP of P-AOLLA. The disappearance of the peaks in 1H NMR
spectra between 5.8 and 6.3, the acrylate part, is also distinct. The
polymerizationofAO-LLAcanbe again confirmedby the appearance
of peaks at highermolecularweight region and thedisappearance of
the peak corresponding to a lower molecular weight of AO-LLA by
GPC. The only single peak thus detected from each GPC was corre-
sponding to the Mw/Mn of P-AOLAxO6OPPOn as listed in Table 2.
3.4. Thermal behavior of macromonomers AOLAxO6OPPOn and
Poly-AOLAxO6OPPOn

The thermal behavior was evaluated by DSC measurements and
transition temperatures were confirmed again with POM observa-
tions. One or two heat scans were performed for macromonomers
(Table 3) and polymers (Table 4).

By POM observation on a hot stage with crossed polarizer all
these materials showed distinct birefringent texture, characteristic
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of layered smectic mesopahse, Fig. 2, until Tiwas reached. Similar to
what had been reported by Samuel I. Stupp, not only the Tm and Ti
of both the AOLAxO6OPPOn and P-AOLAxO6OPPOn samples
moved to higher temperature end, but also the LC phase ranges of
higher regime liquid crystal phases were decreased with longer O-
LLA segments length. Again, the Tm and Ti of the AOLAxO6OPPOn
became higher after polymerized to P-AOLAxO6OPPOn. POM
observations also give evidence that between Tg and Tm, POM
textures also existed if only treated by proper cut or press to
confirm, however the viscosity was relatively high compared to
samples at higher temperatures. This means that LC phases may
exist at these temperature ranges, as reported by Samuel I. Stupp.

FromDSC curves, eachmacromonomer AOLAxO6OPPOn (Fig. 3)
showed a distinct Tg around 30 �C and the Tg increased with the
increase of the degree of polymerization, x, of O-LLA segments from
x ¼ 10 to 40. The fact that Tgs of AOLAxO6OPPOn and P-AOLAx-
O6OPPOn with x ¼ 10, presented as distinct relative apparent
endothermic peaks, not baseline shifts only as those samples with
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Fig. 4. DSC scans of P-AOLAxO6OPPOn.
higher x values as shown in Fig. 4, indicates the melting behavior of
PLLA segments but not a simple glass transition behavior.

For the P-AOLAxO6OPPOns, compared with those correspond-
ing macromonomers, AOLAxO6OPPOns, Tgs moved to higher
temperature ranges and another T 0

g appeared distinctly at lower
temperature range, around �4 w �5 �C, denoted to those of the
polyacrylate ester main chains, and generally were more apparent
at second scans. However they are still not distinguished more
apparent at the second scans than those of Tg. The T 0

gs baseline-
shifted not large enough compared with the Tgs of O-LLA segment
parts. This is apparently corresponding to the relative higher
percentage of O-LLA segments and the lower percentage of acrylate
parts in P-AOLAxO6OPPOn. The almost constant T 0

gs are also the
indication of the similarity DPs of P-AOLAxO6OPPOns, which were
listed in Table 2, while those always increase of Tgs changed much
from 20 to 40 �C for P-AOLAxO6OPPOnswith the apparent increase
of x, from x¼ 10 to x¼ 40. Anyway these values are still lower than
57 �C, the normal Tg of those of high molecular weight PLLA [39].

Low Tgs are good help for the movement of the O-LLA segments
to form layered smectic phase which existed in both AOLAx-
O6OPPOn and P-AOLAxO6OPPOn samples. Generally, both types
of compounds have more than one peak on DSC curves indicating
the formation of mesophase at higher temperatures above Tg. Also
listed in Table 4 are the degrees of crystallinity, cc, of the
P-AOLAxO6OPPOn materials. Apparently the cc [40] values
increased with the increase of LLA chain length, indicating
a stronger crystallization tendency for higher molecular weight
Fig. 5. XRD scans of P-AOLA40O6OPPO4 at 80 �C and P-AOLA10O6OPPO8 at 80 �C.



Fig. 6. Typical CD spectra of P-AOLAxO6OPPO4 and P-AOLAxO6OPPO8.
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PLLA. The cc values are important for the preparation of layered
phase, because the crystals of PLLA are often spherulites.

3.5. Phase behaviors of P-AOLAxO6OPPOn

X-Ray diffraction characterizations were performed to confirm
the LC phase structure which may exist in P-AOLAxO6OPPOn and
several were listed in Fig. 5. Peaks in the wide angle region, strong
one at 2q ¼ 16.86� and those weak peaks at 2q ¼ 19.05�, 22.46�

(corresponding to d ¼ 5.26 Å, 4.65 Å, 3.96 Å), were found to be the
(110), (100), (203), (205) diffractions of a-form crystal of PLLA as have
been reported by Miyata [41,42]. This is rational result for PLLA
materials which formed a-crystal from solution and bulk. This
implies that the LC phase of P-AOLAxO6OPPOn was apparently
formed from the melting of PLLA a-crystals. Unfortunately, no
obvious peaks of layered structure were found by temperature
variable X-ray diffraction measurements without or with only short
time annealing, while samples after overnight annealing have peaks
appeared in small angle region. Because of the high molecular
weight, the chemical bonding attachment at both ends of PLLA
segments and the higher viscosity of P-AOLAxO6OPPOns, the
ordering of the PLLA segments to form mesophases was much
slower than those of common side chain Liquid Crystal Polymers and
also chol-LAxOH samples. Thus reasonable frozen mesophases
should exist after annealing overnight long and quenching to ice-
cold metal plate and be observed by X-Ray Diffraction measure-
ments. Theweak peaks found at d¼ 6.49 nm for P-AOLA40O6OPPO4
annealing at 80 �C overnight and that at d ¼ 7.61 nm for
P-AOLA10O6OPPO8 annealing at 80 �C overnight indicating the
presence of the layered structures for P-AOLAxO6OPPOn polymers
(Fig. 5). This is in good agreement with cholesterol initiated O-LLA
materials, which form layered phase reported by Samuel I. Stupp.

3.6. CD spectra of P-AOLAxO6OPPOn

All the CD spectra of P-AOLAxO6OPPOn materials showed
typical positive cotton effect, a peak can be observed for each
polymer around 210 nm, the absorption of C]O groups of O-LLA
segments, with [q] ¼ 4000e5000 deg*cm2 decimol�1 (Fig. 6.). This
indicated that stable helical structure has formed for these poly-
mers because the [q] value is comparative with any high Mw PLLA
materials with good helical structure. The CD spectra give clear
evidence that the P-AOLAxO6OPPOn materials may show strong
optical rotation power if they are proper treated to form ordered
films. Considering that LC materials can self-organized easily to
form ordered materials, the study of P-AOLAxO6OPPOn may be
used as optical materials in the future.

4. Conclusions

Series of mesogenic biphenol derivatives with active HO-group
have been used as initiators successively to form Oligomeric L-LA
materials with controlled molecular weight by adjusting the feed
ratios by Ring-Opening Polymerization of LLA with SnOct2 catalyst.
Main Chain polymers P-AOLAxO6OPPOn were finally prepared by
free radical polymerizationof thesepolymerizablemacromonomers
esters thatobtainedbyattachingacrylic group to theseOligomeric L-
LA materials correspondingly. These macromolecules can be
prepared with a controlled LLA length confirmed by 1H NMR and
GPC. All these materials can form good LC smectic phase from
a-crystal. TheO-LLA segments are inhelical structure and thismakes
the resulting polymermaterials good candidate of optical materials.
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By means of the “SwellingeDiffusioneInterfacial-Polymerization Method” (SDIPM), we successfully
coated polyaniline (PANi) onto micrometre-size, uncharged polystyrene (PS) particles, which were
synthesized by dispersion polymerization. After initially forming aniline-swollen PS particles, diffusion of
the aniline toward the aqueous phase was controlled through a slow addition of hydrochloric acid,
eventually leading to its polymerization on the substrate particle surface. The resultant PS/PANi
composite particles have been extensively characterized using scanning electron microscope (SEM),
transmission electron microscope (TEM), Fourier transform infrared (FTIR) and Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), and C, H, and N elemental microanalysis. At very low aniline/PS
weight ratio, the thin, uniform, but intact PANi overlayer was obtained owing to its unique “inside-out”
formation mechanism and considerably high efficiency of aniline to transform into the resultant
composites. As increasing the initial amount of addition of aniline, the uniform size and well-defined
morphology of the PS/PANi core-shell composite particles could still be maintained with a relatively high
PANi mass loading yield.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Synthesis of conducing composites has been focused on intense
researches over the last 15 years for alleviating the poor process-
ability of intrinsically conducting polymers [1e9]. Such hybrid
materials have the advantages of unique properties owing to the
core constituted by inorganic particle or vinyl-polymer endows the
system with mechanical properties while a conducting polymer as
the shell provides its conductivity [10e12]. Hence, as potential
materials they are promising for application in versatile fields such
as optoelectronic devices, chemical sensors, fuel cell, lightweight
batteries and space science [13e17].

Amongst conducting polymers, polyaniline (PANi) is the most
attractive one because of its electronic and optical properties,
coupled with excellent environmental stability [18e24]. Up to now,
the deposition of PANi onto various colloidal particle substrates has
been extensively investigated, especially when polystyrene (PS) is
used for the core, giving its spherical shape as well as mono-
dispersity. Hence, PANi-coated PS latex is one of the most prom-
ising candidates for conducting polymer composites. Despite
x: þ86 25 8331 7761.

All rights reserved.
a massive amount of work on the synthesis and characterization of
PS/PANi composite particles, total control over the structure and
morphology, which has a significant effect on the ultimate prop-
erties of the composite particles, is not yet achieved and remains
a scientific challenge.

In general, all the synthetic methods for preparing conducting
composite particles can be divided into depositionmethod and in situ
polymerization method based on the locus of polymerization of
aniline monomer. Deposition method means the monomer is first
dissolved in medium in the presence of the seed particles, and then
polymerization is initiated by the addition of an aqueous solution of
the oxidant. The suspended seed particles were coated with con-
ducting polymer by in situ and induced deposition from the aqueous
medium. Armes’s group initiated the polymerization of aniline
monomer in a strongly acidic solution in the presence of the PS seed
latex stabilized by poly(N-vinylpyrrolidone) (PVP) and explored
various surfacemodification strategies to improve the coating of PANi
[25]. Reynaud and co-workers reported a relatively high coverage of
PANi based on crosslinked PS particles stabilized by a surfactant
bearing an amide group, which allows the formation of hydrogen
bond with the PANi backbone [26]. In contrast to the simple deposi-
tion or induced deposition of the formed PANi by depositionmethod,
in situ polymerization method means that one or more of the reac-
tants is enriched or immobilized on the substrate surface inducing

mailto:zqwang@nju.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.025
http://dx.doi.org/10.1016/j.polymer.2010.11.025
http://dx.doi.org/10.1016/j.polymer.2010.11.025
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polymerization of aniline monomer in a given area. Zhou and co-
workers assembled polyelectrolyte (PE) multilayers onto melamine
formaldehyde particles via the layer-by-layer (LbL) self-assembly
technique [27]. Subsequently, anilinemonomerwas absorbed into PE
multilayers andoxidized in situ. The amountof PANimass loadingand
thicknessof PANi shellswere adjustedwith the changeof the initial PE
layer numbers. Liu et al. immobilized oxidant on the surface of PS
particles by electrostatic interaction, and then initiated polymeriza-
tion of anilinemonomer on the surface of PS particles [28]. Besides, in
order to increase the thickness of the PANi shell, the seeded growth
method was applied repeatedly. Obviously, time-consuming surface
pretreatment of theworkmentioned above complicates the synthetic
procedure, even though it could generally optimize the deposition
architecture of the PANi overlayer.

Recently, we reported a distinctly novel strategy, so-called
“SwellingeDiffusioneInterfacial-Polymerization Method” (SDIPM),
which could be classified into interfacial polymerization method
[29]. It can fabricate sub-micrometre core-shell PS/PANi composite
particles with well-defined shape regardless of the surface elec-
trical property of the PS seed particles. In comparison with the
widely used conventional methods containing in situ polymeriza-
tion or induced deposition, SDIPM presents a unique “inside-out”
mechanism to afford much more effective controlling over the
structure and morphology of the resultant PS/PANi composite
particles by simply changing the aniline/PS weight ratio or the rate
of addition of the doping acid.

In this work, PS particles, synthesized by dispersion polymeri-
zation using azoisobutyronitrile (AIBN) as initiator, were chosen as
the seed particles, and thus these particles bear no chemically
bound ionic groups. By means of SDIPM, we explored the success of
coating PANi onto the substrate particles almost without surface
charge and furthermore, independent of any other assistance, to
fabricate micrometre-sized PS/PANi core-shell conductive
composites with uniform size and well-defined morphology.
Additionally, the influences of PVP, presenting to the PS surface
derived from the dispersion polymerization, on the morphology of
PS/PANi composite particles were investigated.

2. Experimental section

2.1. Materials

Styrene and aniline (AR, Shanghai Chemical Reagent Co.) were
purified by distillation under reduced pressure. Azoisobutyronitrile
(AIBN) of chemical reagent grade (Shanghai Chemical Reagent Co.)
was purified by recrystallization in 95% ethanol. Ammonium per-
sulfate (APS) of analytical reagent grade (Shanghai Chemical
Reagent Co.) was purified by recrystallization inwater. All the other
chemicals were analytical reagent grade and used as received. Poly
(vinylpyrrolidone) (PVP) with an average molar mass of 58 kg/mol
(PVP K-30) was purchased from Acros Organics. Absolute ethanol,
95% ethanol, isopropanol and hydrochloric acid were purchased
from Nanjing Chemical Reagent Co. Distilled water was applied for
all of the polymerizations and treatment processes.

2.2. Synthesis of polystyrene seed particles

Polystyrene (PS) particles were prepared by dispersion poly-
merization. The PVP stabilizer (2.8 g) were dissolved in isopropanol
(160 mL) and heated up to 70 �C in a four-necked round-bottom
flask. It was purged with nitrogen to eliminate the inhibiting effect
of oxygen. A solution of AIBN initiator (0.2 g) predissolved in
styrene monomer (20 g) was added to the reaction vessel, with
vigorous mechanical stirring. The polymerization was allowed to
proceed for 24 h before cooling to room temperature. Subsequently,
the PS particles were purified by repeated centrifugation and
redispersion cycle, washing three times with ethanol and then
three times with water. Finally, the PS latex was diluted with water
to solid content of 10 wt % before use.

2.3. Preparation of polystyrene/polyaniline composite particles

First, aniline was added to water at 0 �C and under ultrasonic
treatment for 15 min followed by the addition of the PS seed
particles. The mixture was stirred with ultrasonic assistance for
30 min at 0 �C to allow sufficient swell of aniline into PS seed
particles, which was confirmed by the gradual disappearance of
aniline droplets appearing initially after mixing the PS latex and
aniline under optical microscope observation. The dispersion of
aniline-swollen PS particles was transferred to a three-necked
round-bottom flask in an ice bath. The aqueous solution of APS was
added to the dispersion in one batch and the initial oxidant/
monomer molar ration was fixed at 1:1. This was followed by the
addition of hydrochloric acid (1 mol/L), also in an equimolar
amount relative to aniline, dropwise via syringe. The temperature
was maintained at 0 �C for the first 5 h of the polymerization, after
which the polymerization was carried out for 18 h at room
temperature. The solid content of the PS latexes was kept constant
at 4 wt %, and the weight ration of aniline monomer to the seed
latex was varied from 1:40 to 1:2. If the aniline/PS weight ratio was
further increased, the system became colloidally unstable, and
finally, macroscopic precipitation and its amorphous suspensions,
derived from the dissolving of PS in aniline and thus the disinte-
gration of the microspheres, were observed. The resulting green PS/
PANi composite particles werewashed repeatedly by centrifugation
until the supernatant became colorless. Finally, the product was
dried in a vacuum oven for 48 h at 40 �C.

2.4. Characterization

Themorphology of the PS seed particles and the resultant PS/PANi
composite particles were observed both by scanning electron micro-
scope (SEM) using an S-4800 instrument (Hitachi Co., Japan) operated
at an accelerating voltage of 10 kV and transmission electron micro-
scope (TEM) using a JEM-100 CX (JEOL Co., Japan) microscope. The
samples were not sputter-coated with a metal overlayer for SEM
study. X-ray photoelectron spectroscopy analysis was carried out on
a VG ESCALAB MKⅡX-ray photoelectron spectrometer. Fourier trans-
form infrared (FTIR) analysiswasperformedwithaBrukerVECTORTM
22 FTIR spectrometer (Bruker Co., Germany). Raman spectrum was
measured by use of the MultiRam spectrometer (Bruker Co.,
Germany). A continuouswave Nd:YAG laser working at 1064 nmwas
employed for Raman excitation. A total of 200 scans were averaged in
each spectrum obtained with laser power 10 mW. C, H, N elemental
microanalyses of both PANi bulk power prepared in the absence of
latex particles and PS/PANi composite particles were carried out on
a CHN-O-Rapid instrument (Heraeus Co., Germany).

3. Results and discussion

The schematic process for “SwellingeDiffusioneInterfacial-
Polymerization Method” (SDIPM) is displayed in Scheme 1. In the
initial stage, upon mixing the monomer (i.e., aniline) with the
original seed latex, the former would be enriched inside the seed
particles after a certain period according to their good affinity,
eventually forming monomer-swollen seed particles [30]. That is,
the monomer is distributed mainly in the solid seed particles while
the other reactants participating in the chemical reaction exists in
the continuous phase, and hence the polymerization is almost
restrained at this stage. Following the change on factors of



Scheme 1. Schematic representation of the proposed “SwellingeDiffusioneInterfacial-Polymerization Method” (SDIPM).
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controlling the diffusion of the monomer from the seed particles
toward the aqueous phase, the original thermodynamic equilibrium
of the reactants between the two phases will be broken. During
diffusing toward the aqueous phase, the monomer could encounter
the other reactants existing in the water, such as oxidant APS in
present system, to initiate interfacial reaction, i.e., chemical oxida-
tion polymerization of the aniline at the external surface of the seed
particles. Thus, it would yield readily coats on the seed particles
simultaneously. As the formation proceeds, the swollen seed
particles act as reservoirs that constantly release monomer under
control to the external surface to keep the processes of diffusion and
Fig. 1. SEM images of PS seed particles (a), and PS/PANi composite particles prepared b
interface reaction going. In brief, the incorporation of second
component, i.e., PANi,with the seed particles can be carried outwith
a unique “inside-out” way, in contrast to the prevalent thinking
toward random deposition or induced deposition. In the process,
the outer surface of the seed particles is the necessary path where
the diffusing monomer passes through. As a result, an overlayer
of the PANi can be formed more efficiently and well controllable,
moreover, with a homogeneous distribution independent of the
surface modifications or functionalizations of the seed latex.

On the basis of the strategic considerations for SDIPM, systems
have to meet following requirements: first, at least one of reactants
y using different aniline/PS weight ratio: (b) 1:20, (c) 1:12, (d) 1:6, (e) 1:3, (f) 1:2.



Fig. 2. TEM images of PS seed particles (a), and PS/PANi composite particles prepared by using aniline/PS weight ratio of 1:6 (b).
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participating in the chemical reaction, preferably of the monomer,
can be swelled into the selected seed beads whereas another
involving initiator, catalyst etc. must exist in continuous phase.
Second, effective manners of governing the absorbate diffusion
from the seed beads toward the continuous phase can be found. In
this system, the hydrochloric acid, acting as doping agent of
conductive polymer, was used to control the diffusion since
hydrophobic aniline should be transformed into hydrophilic aniline
hydrochloride as adding HCl into the system.

Fig. 1 illustrates the scanning electron microscope (SEM) images
of the PS seed particles, which were synthesized by dispersion
polymerization, and PS/PANi hybrid particles prepared with
different aniline/PS weight ratio from 1:20 to 1:2. When the
aniline/PS weight ratio is lower than 1:3, the resultant composite
particles show almost the same smooth surface as the original PS
seed particles (Fig. 1b, c and d). Together with the elemental
analysis, indicating that the weight percent of conducting polymer
inside these composite particles was up to 12 wt %, these results
suggested that the PS seed particles were uniformly and smoothly
coated with PANi overlayers. It is no exaggeration to say that the
morphology of the PS/PANi composite particles is so excellent that
no direct evidence for the deposition of PANi overlayer is detected,
especially at a relative high mass loading of PANi (12 wt %). The
core-shell structure of the resultant composite particles can be
visually displayed in TEM image. As shown in Fig. 2, a uniform thin
ring around the PS core was clearly observed (Fig. 2b), different
from the original PS particles (Fig. 2a). These results obviously
exceed the previously reported ones that the PS/PANi composite
particles with patchy and coarse morphology were obtained by the
conventional methods at similar reaction condition [25]. This
relatively perfect morphology can be comparable with the
Binding energy (eV)

N 1s

408 406 404 402 400 398 396

a

Fig. 3. XPS spectra (a) N (1s) and (b) C (1s) of PS/PANi com
micrometre-sized polystyrene/polypyrrole (PS/PPy) composite
particles, whose easy control on morphology was acknowledged
[31]. Only at higher concentration of aniline, a few of precipitate is
observed on the surface of composite particles (Fig. 1e and f), which
should be due to the predominance of aniline diffusing over its
interfacial polymerization. With an increase in the initial amount of
aniline, a large amount of aniline would diffuse outward, poly-
merize in medium and ultimately, the formed anomalous PANi
fragments randomly deposit onto the composite particles surface.
In addition, the precipitatewas also partially arisen from the aniline
originally dissolved in water based on the thermodynamic
balanced distribution between the PS particles and water.

Fig. 3 displays X-ray photoelectron spectroscopy (XPS) of the PS/
PANi composite particles with the lowest aniline/PS weight ratio
(i.e.1:20). The N (1s) core spectrum (Fig. 3a) can be fittedwith three
components at 399.2, 400.8 and 401.8 eV. The lowest binding
energy (399.2 eV) is attributed to the neutral amine nitrogen,
whereas the components at 400.8 and 401.8 eV are due to two
cationic nitrogens. Moreover, two distinct peaks at 284.5 and
286.0 eV appeared in C (1s) core spectrum are also in conformity
with the characteristics of HCl doped PANi, and they are attributed
to C atoms linked to C or H atoms (284.5 eV) and N atom (286.0 eV),
respectively. XPS is known to be powerful for investigating the
surface compositions of colloidal composite particles. Armes et al.
detailedly examined the surface of micrometre-sized PPy-coated PS
and PANi-coated PS composite particles by XPS [32]. They affirmed
that if the surface of PS particles was successfully coated by PPy or
PANi overlayer, the corresponding N (1s) characteristic peaks
would appear. Therefore, even at very low aniline/PS weight ratio,
the PANi was successfully coated onto the surface of PS seed
particles by the SDIPM.
294 292 290 288 286 284 282 280

Binding energy (eV)

C 1sb

posite particles with aniline/PS weight ratio of 1:20.
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Fig. 4. Raman spectra of a dried PS latex (a), a dried PANi bulk powder (b), a hetero-
geneous admixture of 10 wt % PANi with 90 wt % PS (c), PS/PANi composite particle
with aniline/PS weight ratio of 1:40 (d) and 1:20 (e).
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The Raman spectra of a series of samples, involving PS particles,
PANi bulk powder, a heterogeneous admixture of 90 wt% PS
particles with 10 wt% PANi bulk powder, and the PS/PANi
composite particles preparedwith different aniline/PS weight ratio,
are depicted in Fig. 4. In curve a for the PS, there is a very strong
signal at about 1002 cm�1, which can be assigned to v1 ring-
breathing mode of the PS component according to the Raman
spectra of PS reported by previous workers [31b]. For the hetero-
geneous admixture (curve c), the signal at the samewave number is
readily observed with a relatively high strength. It means that the
PANi cannot obscure the signals of PS even though it has much
higher content. However, in sharp contrast to the admixture, this
characteristic signal completely disappears in the Raman spectrum
(curve e) of the resulting composite particles prepared at a very low
initial weight ratio of aniline/PS, i.e. 1:20. More importantly, when
a much lower aniline/PS weight ratio of 1:40 was adopted, the
strong signal of PS can also be well obscured by a newly formed
overlayer, as shown in the curve d. Together with the all results
mentioned above, therefore, we could come to the conclusion that
not only the uniform and smooth, but also intact and perfect PANi
overlayer was formed on the surface of “naked” PS particles
without any surface functionalizations and modifications by the
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Fig. 5. FTIR spectra of PS seed particles (a), PS/PANi composite particles with different
aniline/PS weight ratio: (b) 1:12, (c) 1:6, (d) 1:4.
proposed SDIPM, even though adopting a very small initial amount
of addition of aniline.

FTIR spectra of the PS seed particles and the PS/PANi composite
particles prepared with different aniline/PS weight ratio (i.e. 1:12,
1:6 and 1:4) are represented in Fig. 5. For the PS latex, the main
absorption bands are typical at 1500,1465, 750 and 698 cm�1. In the
spectra of PS/PANi composite particles, additional absorption bands
attributed to the PANi component are notably observed at 1300 and
1150 cm�1 [33]. These strong characteristic peaks of the PANi
component could be regarded as other supporting evidence for the
core-shell structure of the composite particles. Furthermore, the
intensity of these peaks enhances proportionally in accordancewith
an increasing initial amount of addition of monomer, suggesting
that the PANi mass loading is increased. In other words, increasing
the thickness of PANi overlayer can be conveniently achieved by
changing the weight ratio of aniline/PS based on the SDIPM.

Measurement of the PANi loading yield quantificationally
reveals the efficiency for the monomer to transform into the
resultant composite particles, and it was determined by comparing
the nitrogen content of the PS/PANi composite particles relative to
the theoretical value using C, H, and N elemental microanalyses.
Fig. 6 depicts PANi loading yields of PS/PANi composite particles
prepared by using different aniline/PS weight ratio. When the
aniline/PS weight ratio was lower (e.g., 1:12, 1:9), there was the
great efficiency above 90%. Therefore, almost entire transform of
aniline at its low added amount, as an outstanding advantage of the
SDIPM compared to the widely used conventional synthetic
protocols, can still be achieved by using the PS seed particles
without surface charge and further pretreatments. This is also the
reason of successfully obtaining the smooth, intact PANi overlayers
at very low concentration of aniline. With increasing aniline/PS
weight ratio, the values of loading yield decline, but a plateau value
is soon reached and maintains a relatively high value above 80%. In
addition, the PS/PANi composite particles are still provided with
the smooth surface when the aniline/PS weight ratio is high to 0.17
(i.e. 1:6) as shown in Fig. 1d.

PS seed particles used in our system were specially prepared.
Almost all of the PVP adsorbed on the surface of the seed particle
were washed off [34]. Direct evidence could be found in the FTIR
spectra (Fig. 5a), in which the characteristic absorption band at
1660 cm�1 attributed to PVP is hardly be detected. In order to
investigate the influence of the existence of PVP on morphology of
PANi overlayer prepared by SDIPM, PS/PANi composite particles
were fabricated by using PVP-stabilized and “naked” PS seed
particles, respectively, at constant aniline/PS weight ratio of 1:6.
0.0 0.1 0.2 0.3 0.4 0.5 0.6
50

60

70

80
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100

Weight ratio of aniline to PS latex

Fig. 6. PANi loading yields according to the swellingediffusioneinterfacial-polymeri-
zation method.



Fig. 7. SEM images of PS/PANi composite particles prepared by using different PS seed particles with constant aniline/PS weight ratio (1:6), a) PVP-stabilized PS, b) “naked” PS.
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SEM images of the resultant composite particles are shown in Fig. 7.
It is easy to find the distinct difference that the PS/PANi composite
particles prepared by “naked” seed particles have uniform surface.
On the other hand, the referenced composite particles fabricated by
PVP-stabilized PS particles have uneven shells and some PANi
fragments deposit on their surface. In the colloidal system, the
existence of PVP will affect the thermodynamic balance of aniline
between the polymeric phase and aqueous phase. In other words,
there would exist much more aniline in the aqueous medium.
Hence, the aniline distributed in the aqueous phase was oxidized,
polymerized and deposited onto the surface of the seed particles. In
fact, this phenomenon is essentially consistent with the fact that
the rough PANi overlayer formed at higher aniline/PS weight ratio
as shown in Fig.1e and f. As discussing above, the two conditions, at
higher aniline/PS weight ratio and with addition of PVP, would all
bring polymerization of more aniline in aqueous phase, and finally
result in the rougher surface of composite particles and simulta-
neously, decreasing PANi loading yield.

4. Conclusions

In summary, monodisperse micrometre-sized polystyrene/pol-
yaniline (PS/PANi) core-shell composite particles were controllably
fabricated using micrometre-sized, “naked” PS seed particles
without surface charge and further pretreatments according to the
proposed SDIPM. By means of this unique approach, the thin,
uniform but intact PANi overlayers were formed even on the
common, “naked” PS substrate particles, which profited from its
unique “inside-out” forming process and considerably high effi-
ciency of aniline to transform into the resultant composites. At
larger amounts of addition of aniline, the uniform size and well-
defined morphology of the PS/PANi core-shell composite particles
could be still maintained with a relatively high PANi mass loading
yield. To be brief, the SDIPM should be applied validly for such
common, uncharged PS particles as substrate and moreover, can
give powerful control over the structure and morphology of the
core-shell PS/PANi conducting composite particles.
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New donor/acceptor polymers PBDTTPT1 and PBDTTPT2 with alternating benzodithiophene (BDT) and
bisthiophene-dioxopyrrolothiophene (TPT) units were synthesized by Stille coupling reaction. The
polymers had optical bandgaps of 1.78 and 1.82 eV, and HOMO energy levels of �5.30 and �5.35 eV for
PBDTTPT1 and PBDTTPT2, respectively. Polymeric solar cell devices based on these copolymers as
donors and PC71BM as acceptor showed the highest open circuit voltage of 0.95 V and power conversion
efficiency of 2.68% under the illumination of AM 1.5, 100 mW/cm2.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Research on polymeric solar cells (PSCs) has been intensified in
recent years because PSCshave a potential to generate electricity from
sunlight at low cost [1e8]. Bulk heterojunction (BHJ) structure based
on blending of electron-donating conjugated polymers and high-
electron-affinity fullerene derivatives such as PCBM has become the
most successful device structure for organic photovoltaics (OPVs)
[9,10]. So far, the power conversion efficiency (PCE) of PSCs is still low
incomparisonwith thesiliconbasedsolarcells. Fourstepsare involved
the organic photovoltaic phenomena. Theyare photon absorption and
generation of exciton, exciton diffusion, exciton separation and sepa-
rated charge carriers migrate to electrodes. Short circuit current (Jsc),
open circuit voltage (Voc) andfill factor (FF) are threemainparameters
that determine the PCE of the PSC devices. Many examples of low
bandgap polymers, absorbing in the red and near-IR regions of the
solar spectrum, have been developed for maximizing solar photon
harvest, thereby increasing Jsc and PCE [11e14]. Systematic studies on
matching the energy levels of donor polymers with those of PCBM
have been carried out [15,16]. Low bandgap polymers with deep
HOMOenergy levelwill result high Jsc andVoc simultaneously, thereby
maximizing power conversion efficiency.
@sjtu.edu.cn (Q. Zhang).

All rights reserved.
Recently, low bandgap polymers with deep HOMO energy level
have been studied for achieving high Voc in PSC devices [17e20].
Polymers containing dioxopyrrolothiophene (DPT) unit have ach-
ieved the Voc of about 0.9 V and PCE around 4e7% [21e25]. In our
previous work, two polymers (PBDTDPTs) based on benzo [1,2-
b:4,5-b0] dithiophene (BDT) and DPT units were synthesized and
were shown relatively high performance in solar cell devices [25].
However, PBDTDPT polymer films have absorption spectra edged
around 675 nm. Design and synthesis of new polymers with
substantial absorption in longer wavelength will have lower
bandgap andmay result better solar photon harvest. Recently, there
are reports on further reduction of polymer bandgaps by incorpo-
ration of additional electron-rich thiophene moieties into existing
donor/acceptor polymers [26e28]. Herein, we report the synthesis
and structure/property relationship on two new low bandgap
polymers based on BDT and DPT units with additional alkyl-
substituted thiophene moieties.
2. Experimental section

2.1. Materials

n-Butyllithium, trimethyltin chloride and triphenylarsine were
obtained from Alfa Aesar Chemical Company. Tris (dibenzylideneace-
tone) dipalladium (Pd2dba3) and tri-o-tolylphosphinewere purchased
from SigmaeAldrich Chemical Company. All materials were used as

mailto:xiezy_n@ciac.jl.cn
mailto:qz14@sjtu.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.022
http://dx.doi.org/10.1016/j.polymer.2010.11.022
http://dx.doi.org/10.1016/j.polymer.2010.11.022


Scheme 1. Synthesis of monomers and polymer PBDTTPT1 and BDTTPT2.
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received without further purification. Tetrahydrofuran (THF) and
toluenewere freshly distilled overNawire under nitrogenprior to use.

2.2. Measurements and characterization

Nuclear Magnetic Resonance spectra were recorded on
aMercury plus 400MHzmachine. Gel permeation chromatography
(GPC) analyses were performed on a Perkin Elmer Series 200 gel
coupled with UVevis detector using tetrahydrofuran as eluent with
polystyrene as standards. Thermogravimetric analysis (TGA) anal-
yseswere conductedwith a TA instrumentQS000IR at a heating rate
of 20 �C min�1 under nitrogen gas flow. Differential scanning calo-
rimetry (DSC) analysis was performed on a TA instrumentation
Q2000 in a nitrogen atmosphere. All the samples (about 10.0 mg in
weight) were first heated up to 300 �C and held for 2 min to remove
thermal history, followed by the cooling rate of 20 �C/min to 20 �C
and then heating rate of 20 �C/min to 300 �C in all cases. UVevis
absorption spectra were recorded on a Perkin Elmer model l 20
UVevis spectrophotometer. Electrochemical measurements were
conducted with a CHI 600 electrochemical analyzer under nitrogen
in a deoxygenated anhydrous acetonitrile solution of tetra-n-buty-
lammonium hexafluorophosphate (0.1 M). A platinum electrode
was used as a working electrode, a platinum-wire was used as an
auxiliary electrode, and an Ag/Agþ electrodewas used as a reference
electrode. Polymer thinfilmswerecoatedonplatinumelectrode and
ferrocene was added as reference. A potential scan rate of 100 mV/s
was used for all experiments.

2.3. Device fabrication and characterization of solar cells

Polymer solar cells (PSCs) with the device structures of ITO/
PEDOT: PSS/polymer: PC70BM (1:2, w/w)/LiF/Al were fabricated as
follows: a ca. 40-nm-thick PEDOT: PSS (Baytron PAI 4083) was spin-
coated froman aqueous solution onto the pre-cleaned ITO substrates,
and dried at 120 �C for 30 min in air. Then the substrates were
transferred into a nitrogen filled glove box. The prepared solution of
PBDTTPT: PC70BM (5 mg/mL: 10 mg/mL) in chloroform with or
without diiodooctane (2 vol%) was spin-coated on top of the PEDOT/
PSS layer. Finally the samples were transferred into an evaporator
and LiF (1 nm) and Al (100 nm) with area of 0.12 cm2 were
thermally deposited under a vacuum of 10�6 Torr. The devices were
encapsulated in a glove box and measured in air. Current-voltage
characteristics were measured using a computer controlled Keithley
236 source meter. The photocurrent was measured under AM 1.5G
illumination at 100 mW/cm2 from a solar simulator (Oriel, 91160A-
1000). The external quantum efficiency (EQE) was measured at
a chopping frequency of 280 Hz with a lock-in amplifier (Stanford,
SR830) during illumination with the monochromatic light from
a Xenon lamp.

2.4. Synthetic procedures

4,8-Dihydrobenzoldithiophene-4,8-dione [29], thiophene-3,4-
dicarboxylic anhydride [30] and 5-tri-n-butylstannyl-3-dode-
cylthiophene [31] were synthesized according to the literature. The
synthesis of monomerM1,M2,M3 and the polymers are showed in
Scheme 1.

2.4.1. 5-Dodecylthieno [3,4] pyrrole-4,6-dione (1)
A solution of thiophene-3,4-dicarboxylic anhydride (3.09 g,

20.05 mmol) and n-dodecylamine (4.09 g, 22.06 mmol) in toluene
(250 mL) was refluxed for 24 h in a flask. After cooled to room
temperature, the reaction mixture was filtrated and was dried
under vacuum to afford a brown solid. Thionyl chloride (200 mL)
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was added and the mixture was refluxed for 5 h. The volatile
was removed under vacuum. The residue was recrystallization
from hexane to afford the titled compound as white crystals
(3.25 g, 50.5%). 1H NMR (400 MHz, CDCl3), d (ppm): 7.82 (s, 2H),
3.60 (t, J¼ 4.0 Hz, 2H), 1.63 (m, 2H), 1.25 (m,18H), 0.87 (t, J¼ 6.8 Hz,
3H).

2.4.2. 1,3-Dibromo-5-dodecylthieno [3,4] pyrrol-4,6-dione (2)
N-Bromosuccinimide (NBS) (6.65 g, 37.33 mmol) was added to

the solution of compound 1 (3.0 g, 9.33 mmol), concentrated
sulfuric acid (12.0 mL) and trifluoroacetic acid (40mL). The reaction
mixture was stirred at 55 �C for 24 h. The brown solution was
poured into ice water (500 mL) and was extracted with dichloro-
methane. The organic layer was collected and was dried with
anhydrous sodium sulfate. Solvent was removed under reduced
pressure and residue was purified by flash chromatography on
silica gel with diethyl ether/dichloromethane/petroleum ether (1:
1: 15) as eluent to give the titled compound (2.79 g, 62.5%). 1H NMR
(400 MHz, CDCl3), d (ppm) 3.58 (t, J¼ 7.2, 2H), 1.62 (m, 2H), 1.25 (m,
18H), 0.87 (t, J ¼ 6.8 Hz, 3H). 13C (100 MHz, CDCl3), d (ppm): 160.58,
135.00, 113.13, 39.05, 32.14, 29.86, 29.80, 29.67, 29.57 (2C), 29.38,
28.48, 27.02, 22.92, 14.37.

2.4.3. 1,3-Bis(4-n-dodecylthiophene)-5-dodecylthieno [3,4] pyrrol-
4,6-dione (3)

5-Tri-n-butylstannyl-3-dodecylthiophene (5.64 g, 10.43 mmol)
and compound 2 (2.0 g, 4.17 mmol) were dissolved in tetrahydro-
furan (20 mL) in a pressure tube. The solution was degassed by
a nitrogen flow for 30 min. Then Pd2dba3 (0.076 g, 0.0834 mmol)
and tri-o-tolylphosphine (0.051 g, 0.167mmol) were added into the
solution. The tube was capped and heated to 80 �C for 36 h. After
cooled to room temperature, the mixture was poured into an
aqueous solution of potassium fluoride (100 mL, 1.0 M) and stirred
for 30 min. The mixture was extracted with dichloromethane (3x).
The combined organic layer was dried over anhydrous sodium
sulfate. After removing solvent, the residue was purified by column
chromatography on silica gel using petroleum ether/dichloro-
methane (30: 1) as eluent. A yellow solid was obtained after
removal of the solvent (2.2 g, 64.3%). 1H NMR (400 MHz, CDCl3),
d (ppm): 7.87 (s, 2H), 7.02 (s, 2H), 3.65 (t, J ¼ 7.6 Hz, 2H), 2.62
(t, J ¼ 7.6 Hz, 4H), 1.65 (m, 6H), 1.23e1.35 (m, 54H), 0.88 (t, J ¼ 6 Hz,
9H). 13C (100 MHz, CDCl3), d (ppm): 162.88, 145.14, 136.97, 132.35,
131.28, 128.23, 123.72, 38.80, 32.16, 30.68, 30.64, 29.92,
29.90, 29.85, 29.82, 29.60, 29.58, 29.54, 29.50, 28.78, 27.24, 22.93,
14.37.

2.4.4. 1,3-Bis(4-n-dodecyl-5-bromo-thiophene)-5-dodecylthieno
[3,4] pyrrol-4,6-dione (M1)

Compound 3 (1.66 g, 2.02 mmol) and tetrahydrofuran (80 mL)
were added into a flask (250 mL) wrapped with aluminum foil. The
solutionwas stirred and degassed for 30 min. N-Bromosuccinimide
(NBS) (0.79 g, 4.45 mmol) was added in portions over a period of
30 min. The mixture was stirred at room temperature for 2 h, and
then the solution was poured into water (100 mL) and was
extracted with diethyl ether. The combined organic layer was dried
with anhydrous sodium sulfate. Solvent was removed under
reduced pressure and the residue was purified by column chro-
matography on silica gel with petroleum ether/dichloromethane
(30: 1) as eluent. After removing solvent, a yellow solid (1.28 g,
65.3%) was obtained. 1H NMR (400 MHz, CDCl3), d (ppm): 7.63 (s,
2H), 3.64 (t, J ¼ 7.6 Hz, 2H), 2.57 (t, J ¼ 7.6 Hz, 4H), 1.62 (m, 6H),
1.20e1.35 (m, 54H), 0.87 (t, J ¼ 6.4 Hz, 9H). 13C (100 MHz, CDCl3),
d (ppm): 162.64, 143.94, 135.66, 132.05, 130.45, 128.47, 113.76,
38.90, 32.18, 32.16, 29.92, 29.89, 29.82, 29.75, 29.74, 29.62, 29.48,
29.61, 28.74, 27.22, 22.95, 14.38.
2.4.5. 4,8-Didodecyloxybenzo [1,2-b:4,5-b0] dithiophene (4)
Water (40 mL) was added to benzo [1,2-b:4,5-b0] dithiophene-

4,8-dione (2.20 g, 10.0 mmol), zinc power (1.96 g, 30.0 mmol) and
sodium hydroxide (8.00 g, 200.0 mmol) in a round bottom flask
(150 mL). After refluxing for 1 h, a catalytic amount of tetra-n-
butylammonium bromide (0.032 g, 0.1 mmol) was added. 1-Bro-
modedecane (7.50 g, 30 mmol) was added drop-wise to the flask.
The reaction was refluxed overnight. After cooled to room
temperature, it was poured into water (200 mL). The mixture was
extracted with diethyl ether for three times. The combined organic
layer was dried with anhydrous sodium sulfate. Solvent was
removed under reduced pressure and residue was purified by
flash chromatography on silica gel with dichloromethane/hexane
(1: 15) as eluent to give the titled compound as white solid
(3.61 g, 64.7%). 1H NMR (400 MHz, CDCl3), d (ppm): 7.48 (d,
J ¼ 5.2 Hz, 2H), 7.36 (d, J ¼ 5.2 Hz, 2H), 4.27 (t, J ¼ 6.4 Hz, 4H),
1.86e1.92 (m, 4H), 1.54 (m, 4H), 1.23e1.37 (m, 32H), 0.88 (t,
J ¼ 6.4 Hz, 6H).

2.4.6. 4,8-Di(2-ethylhexyloxy)benzo [1,2-b:4,5-b0] dithiophene (5)
Same procedure was used as for compound 4. Compound

used were benzo [1,2-b:4,5-b0] dithiophene-4,8-dione (2.20 g,
10.0 mmol), zinc power (1.96 g, 30.0 mmol), sodium hydroxide
(8.00 g, 200.0 mmol), 1-bromo-2-ethylhexane (5.79 g,
30.0 mmol) and a catalytic amount of tetra-n-butylammonium
bromide (0.032 g, 0.1 mmol). A light yellow oil was obtained
(2.61 g, 58.2%). 1H NMR (400 MHz, CDCl3), d (ppm): 7.49 (d,
J ¼ 5.2 Hz, 2H), 7.37 (d, J ¼ 5.2 Hz, 2H), 4.19 (d, J ¼ 5.6 Hz, 4H),
1.78e1.86 (m, 1H), 1.66e1.74 (m, 1H), 1.56e1.64 (m,
2H), 1.46e1.56 (m, 2H), 1.25e1.45 (m, 12H), 1.03 (t, J ¼ 7.2 Hz,
6H), 0.95 (t, J ¼ 7.2 Hz, 6H).

2.4.7. 2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo [1,2-b:4,5-b0]
dithiophene (M2)

A solution of n-butyllithium (7.7 ml, 19.25 mmol, 2.5 M in
hexane) was added slowly to compound 4 (4.88 g, 8.75 mmol) in
tetrahydrofuran (120 mL) at �78 �C. After addition, the mixture
was stirred for 1 h at �78 �C. Trimethyltin chloride solution
(20.4 mL, 20.4 mmol, 1.0 M in hexane) was added to the mixture.
The mixture was warmed to room temperature and was stirred
overnight. The reaction was quenched with addition of water
(150 mL) and the mixture was extracted with diethyl ether for
three times. The combined organic layer was dried with anhy-
drous sodium sulfate. Solvent was removed under reduced pres-
sure and residue was purified by recrystallization in isopropanol
to afford a white solid (6.37 g, 82.2%). 1H NMR (400 MHz, CDCl3),
d (ppm): 7.51 (s, 2H), 4.29 (t, J ¼ 6.5 Hz, 4H), 1.86 (m, 4H), 1.57 (m,
4H), 1.23e1.37 (m, 32H), 0.88 (t, J ¼ 6.8 Hz, 6H), 0.45 (s, 18H). 13C
(100 MHz, CDCl3), d (ppm): 143.32, 140.68, 134.27, 133.20, 128.27,
73.87, 32.20, 30.77, 29.96, 29.92, 29.76, 29.63, 26.36, 22.99, 14.43,
�8.00.

2.4.8. 2,6-Bis(trimethyltin)-4,8-di(2-ethylhexyloxy)benzo
[1,2-b:4,5-b0] dithiophene (M3)

Same procedure was used as for compound M2. Compound
used were n-butyllithium (10.56 ml, 26.4 mmol, 2.5 M in
hexane), compound 5 (5.35 g, 12 mmol), trimethyltin chloride
solution (27.96 mL 27.96 mmol, 1M in hexane). After workup,
product was obtained as pale needle (7.07 g, 76.3%). 1H NMR
(400 MHz, CDCl3), d (ppm): 7.51 (s, 2H), 4.18 (d, 5.2 Hz, 4H),
1.78e1.86 (m, 1H), 1.66e1.74 (m, 1H), 1.56e1.64 (m, 2H),
1.46e1.56 (m, 2H), 1.28e1.45 (m, 12H), 1.02 (t, J ¼ 7.2, 6H), 0.92
(t, J ¼ 7.2, 6H), 0.45 (s, 18H). 13C (100 MHz, CDCl3), d (ppm):
143.46, 140.81, 134.10, 133.10, 128.19, 75.84, 40.88, 30.75, 29.47,
24.12, 23.42, 14.45, 11.60, �8.11.



Fig. 1. TGA curves of the polymer PBDTTPT1 and PBDTTPT2.
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2.4.9. Polymer PBDTTPT1
Tris(dibenzylideneacetone)dipalladium (0.015 g, 0.016 mmol)

and triphenylarsine (0.0098 g, 0.032 mmol) were added to a solu-
tion ofM1 (0.78 g, 0.80 mmol) andM2 (0.71, 0.80 mmol) in toluene
(20 mL) under nitrogen. The solution was subjected to three cycles
of evacuation and admission of nitrogen. Themixturewas heated to
110 �C for 72 h. After cooled to room temperature, the mixture was
poured into methanol (100 mL) and stirred for 2 h. A purple
precipitate was collected by filtration. The product was purified by
washing with methanol and hexane in a Soxhlet extractor for 24 h
each. The residuewas extractedwith hot chloroform in an extractor
for 24 h. After removing solvent, a purple solid was collected
(0.98 g, 89.5%). Mn ¼ 16.8 kDa; PDI ¼ 1.59. 1H NMR (400 MHz,
CDCl3), d (ppm): 7.98 (br, 2H), 7.27 (br, 2H), 4.25 (br, 4H), 3.71(br,
2H), 2.5e2.7(br, 4H), 1.02e2.02 (br, 100H), 0.7e0.95 (br, 15H).

2.4.10. Polymer PBDTTPT2
PBDTDPT2 are synthesized according to the same procedure as

forPBDTDPT1. CompoundusedwerePd2dba3 (0.015g, 0.016mmol),
triphenylarsine (0.098 g, 0.032 mmol), M1 (0.78 g, 0.80 mmol) and
M3 (0.62 g, 0.80 mmol). After workup, a purple solid was obtained
(0.87 g, 86.3%).Mn¼ 21.5 kDa; PDI¼ 1.84.1HNMR (400MHz, CDCl3),
d (ppm): 7.95 (br, 2H), 7.28 (br, 2H), 4.15 (br, 4H), 3.65 (br, 2H),
2.50e2.90 (br, 4H), 0.98e2.05 (br, 78), 0.70e0.95 (br, 21H).
3. Results and discussion

3.1. Synthesis of polymers

The synthetic routes for the monomers M1, M2, M3 and poly-
mers were illustrated in Scheme 1. The N-alkylated imide (1) was
reacted with an excess amount of N-bromosuccinimide (NBS) to
give the dibrominated imide (2) as a pale solid. The dibrominated
imide (2) was reacted with 5-tri-n-butylstannyl-3-dodecylth-
iophene to give 3 by Stille coupling reaction. The compound 3 was
halogenated by NBS in tetrahydrofuran to affordM1 in 65.3% yield.
The synthesis of benzo-dithiophenes were also outlined in Scheme
1. The tin containing monomersM2 andM3were synthesized from
compound 5 and 6 by lithiumation with n-butyllithium and
quenching with trimethyltin chloride. The alternating polymer
PBDTTPT1 and PBDTTPT2 were prepared by Stille coupling reac-
tion with 1:1 monomer ratio in the presence of Pd2dba3 as catalyst
and triphenylarsine as ligand to give PBDTTPT1 (yield 89.5%) and
PBDTTPT2 (yield 86.3%). The crude copolymers were purified by
precipitating in methanol and by washing with methanol and
hexane in a Soxhlet. The number averagemolecular weights (Mn) of
the copolymers were 16.8 kDa and 21.5 kDawith a polydispersity of
1.59 and 1.84 for PBDTTPT1 and PBDTTPT2, respectively. Both
copolymers showed good solubility in common organic solvents,
such as tetrahydrofuran, dichloromethane and toluene.
Fig. 2. Normalized UVevis spectra of PBDTTPT1 and PBDTTPT2 (a) in chloroform
solution and (b) as thin film.
3.2. Thermal stability

The thermal stabilities of copolymers were investigated by
thermogravimetric analysis (TGA). The TGA plots of PBDTTPT1, and
PBDTTPT2 were showed in Fig. 1. The point of five percent weight
loss was selected as the onset decomposition point. The thermal
decomposition temperatures for PBDTTPT1 and PBDTTPT2 were
determined around 352 �C under N2 atmosphere. This indicates
that the two copolymers have adequate thermal stability for
application in polymer solar cells and other optoelectronic devices.
Neither polymers displayed noticeable glass transition in differ-
ential scanning calorimetry (DSC) analysis.
3.3. Optical property

The UVevis absorption spectra of the copolymers in chloroform
solution and as thin film were shown in Fig. 2. The optical
absorption properties of the copolymers were listed in Table 1. The



Table 1
Optical and redox properties of PBDTTPT1 and PBDTTPT2.

Polymer Solution Film Film

labsmax (nm) labsmax (nm) labsonset (nm) Eoptg (eV) Eoxonset (V) HOMO (eV)a Eredonset (V)
b LUMO (eV)c

PBDTTPT1 531 576 695 1.78 0.59 �5.30 �1.19 �3.52
PBDTTPT2 511 535 680 1.82 0.64 �5.35 �1.18 �3.53

a HOMO ¼ �ð4:71þ EoxonsetÞ.
b Eredonset ¼ Eoxonset � Eoptg .
c LUMO ¼ �ð4:71þ EredonsetÞ.

Fig. 3. Cyclic voltammograms of polymers thin film on a platinum electrode in
Bu4NPF6/MeCN (0.1 M) at a scan rate of 100 mV/s.
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maximal absorption of PBDTTPT1 and PBDTTPT2 were at 531 and
511 nm in solution, respectively. The two copolymers exhibited
broad absorption between 350 and 700 nm, which resulted from
intramolecular charge transfer (ICT) between the donor and
acceptor units. The film absorption spectra of copolymers were
depicted in Fig. 2b, the absorption maximums of PBDTTPT1 and
PBDTTPT2 solid films were at 576 and 535 nm, respectively. The
thin film absorption spectra of PBDTTPT1 and PBDTTPT2 were
broadened. The absorption maximums were red-shifted about 35
and 24 nm in thin film comparing with those of the solution
spectra. These indicated that the strong intermolecular interaction
and aggregation occurred in solid-state of those polymers. The
absorption spectra of PBDTTPT1 (with all straight side chains) were
red-shifted both in solution and as thin film compared with those
of PBDTTPT2 (with two ethylhexyl side chains). The branch alkyl
chains of PBDTTPT2 might prevent effective conjugation of the
polymer. The optical bandgap (Eoptg ) was calculated from the
absorption edge of solid-state film. The optical bandgapwas 1.78 eV
(absorption edge at 695 nm) for PBDTTPT1 and 1.82 eV (absorption
edge at 680 nm) for PBDTTPT2. Only a slight decrease in bandgap
was observed compared with our previous reported polymer
Table 2
Devices performance of polymers solar cells.

Weight ratio PBDTTPT1: PC71BM PBDTTPT2: PC71BM

1:1 1:2 1:3 2:1 1:1 1:2 1:3 2:1

Jsc (mA/cm2) 3.04 2.06 1.73 2.18 3.93 3.12 2.20 2.49
Voc (V) 0.89 0.88 0.88 0.92 0.92 0.93 0.93 0.95
FF 0.62 0.60 0.58 0.53 0.57 0.56 0.56 0.50
PCE (%) 1.68 1.09 0.89 1.08 2.05 1.62 1.14 1.18
PBDTDPT1 and PBDTDPT2 (both of 1.84 eV) [25]. Unlike other
reported system [26,27], incorporation of additional thiophene
moieties into BDT and DPT system did not show significant change
on the bandgaps of polymers. The steric hindrance of the alkyl side
chains on thiophenes may introduce additional distortion on the
main chain of polymers and disrupt conjugation.

3.4. Electrochemical property

The electrochemical properties of the copolymers were inves-
tigated by cyclic voltammetry (CV). The onset oxidations (HOMO
energy level) were determined by CV. The CV curves of two
copolymers film in acetonitrile containing tetra-n-butylammonium
hexafluorophosphate (0.1 M) at a potential scan rate of 100 mV/s
were shown in Fig. 3. The potentials were referenced to the ferro-
cene/ferrocenium redox couple (Fc/Fcþ). It was assumed that the
redox potential of Fc/Fcþ had an absolute energy level of �4.8 eV to
vacuum [32]. The potential of Fc/Fcþ was measured under the same
conditions and located at 0.09 V related to the Ag/Agþ electrode.
The CV data were summarized in Table 1. The onset oxidation
potential of PBDTTPT1 and PBDTTPT2 were located at 0.59 and
0.64 eV, respectively. The HOMO energy levels of copolymer
PBDTTPT1 and PBDTTPT2 were calculated to be �5.30 and
�5.35 eV. The HOMO energy levels of PBDTTPT1 and PBDTTPT2
are slightly higher than polymer PBDTDPTs (�5.42 and 5.44 eV)
[25]. The small increasing of HOMO energy levels was resulted from
the addition of electron rich alkyl-substituted thiophene units. The
similar results were reported before [27,33]. The relatively low
HOMO energy level of two copolymers are desirable for achieving
higher open-circuit voltage when they are used as donors blended
with PCBM in PSCs. The relative lower HOMO energy levels in these
new polymers can be attributed to electron deficient imide group
Fig. 4. Current-voltage characteristics of polymers/PC71BM solar cells under illumi-
nation of AM 1.5G, 100 mW/cm2.



Table 3
Devices performance of polymers solar cells with and without processing additive.

PBDTTPT1:
PC71BM ¼ 1: 1

PBDTTPT2:
PC71BM ¼ 1: 1

No DIO 2% DIO No DIO 2% DIO

Jsc (mA/cm2) 3.04 4.75 3.93 5.28
Voc (V) 0.89 0.82 0.92 0.83
FF 0.62 0.62 0.57 0.61
PCE (%) 1.68 2.43 2.05 2.68

Fig. 5. External quantum efficiency of polymer/PC71BM blends.
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on TPT unit. The LUMO energy levels of PBDTTPT1 and PBDTTPT2
were �3.52 and �3.53 eV which were calculated from the optical
bandgap and HOMO energy levels of the polymers.
3.5. Photovoltaic property

Thephotovoltaicproperties of polymerPBDTTPT1 andPBDTTPT2
were evaluated inBHJ solar cell devices. The copolymerswere used as
donors and PC71BMwas used as electron acceptor. The device struc-
tures were ITO/PEDOT: PSS/Polymer:PCBM/LiF/Al. Solar cells were
characterized under AM 1.5G illumination at 100 mW/cm2 from
a solar simulator. The photovoltaic performance of the devices based
on the blend of copolymers and PC71BM at deference weight ratio
were summarized inTable2. The short-circuit currentdensities (Jsc) of
devices were varied at different weight ratio of donor polymer to
PC71BM. The weight ratios were optimized for device performance.
The changing the weight ratio of donor polymer to PC71BM had little
influence on open circuit voltage (Voc). The highest Voc of 0.95 V was
achieved with blend of PBDTTPT2: PC71BM (wt. ratio of 2: 1). The
optimized devices had Jsc of 3.04 and 3.93 mA/cm2, Voc of 0.89 and
0.92 V, which yield PCE of 1.68% and 2.05% for PBDTTPT1 and
PBDTTPT2, respectively. Adding a small amount of diiodooctane
(DIO) to the blend of copolymer and PCBM before spin-coating
significantly improved the efficiency of the cells. The current density-
voltage (J-V) curves of the devices based on the polymers: PC71BM
blendwith additive (DIO, 2% by volume) were presented in Fig. 4 and
the datawere summarized inTable 3. The enhanced Jsc and PCE value
were observed in both PBDTDPT1 and PBDTDPT2 based devices, the
deviceswithDIOhad the Jsc of 4.75and5.28mA/cm2, thePCEof 2.43%
and2.68% forPBDTTPT1 andPBDTTPT2, respectively. This increasing
of performance was attributed to the improvement of charge sepa-
ration in BHJ [34]. The external quantum efficiency (EQE) of the
optimized devices with and without DIO were shown in Fig. 5. The
EQE of devices processed with DIO and without DIO were very
different in the regionof 350e700nm.TheEQEvalues of deviceswith
DIOprocessing additives aremuchhigher in this regionand result the
higher Jsc.

4. Conclusions

We have successfully synthesized two new low bandgap copol-
ymers by incorporation of additional alkylthiophene moieties into
the BDT and DPT system. The new polymers show good solubility
in common organic solvent, high thermal stability and broad
absorption in the region from 350 to 700 nm. The effect of incor-
poration of additional alkylthiophene units on the optical, electro-
chemical and photovoltaic properties of polymers were studied.
Only a slight decreasing in bandgap was observed in new polymers
compared with our previous reported copolymer PBDTDPTs. The
devices based on the blends of new copolymers and PC71BM
exhibited Voc of 0.82e0.95 V. The PCEs of devices with the copol-
ymer: PC71BM (wt. ratio of 1: 1) achieved 2.43% for PBDTTPT1 and
2.68% for PBDTTPT2 under the illumination of AM 1.5G, 100 mW/
cm2. The results indicate that these new copolymers with high Voc
might become useful materials for organic solar cells applications.
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Experimental procedures used at the preparation and characterization stages of nanoporous materials
(NPM) from 1,2-polybutadiene-b-polydimethylsiloxane (1,2-PB-b-PDMS) block copolymers are pre-
sented. The NPM were obtained from self-assembled block copolymers after firstly cross-linking 1,2-PB
(the matrix component) and secondly degrading PDMS (the expendable component). Depending on the
temperature of the cross-linking reaction different morphologies can be ‘frozen’ from the same block
copolymer. Starting with a block copolymer precursor of lamellar morphology at room temperature, the
gyroid structure or a metastable structure showing hexagonal symmetry (probably HPL) were perma-
nently captured by cross-linking the precursor at 140 �C or at 85 �C, respectively. PDMS was degraded by
reaction with tetrabutylamonium fluoride; considerations on the mechanism of cleaving reaction are
presented. The characterization of the materials at different stages of preparation includes gravimetry,
infrared spectroscopy, small angle x-ray scattering, electron microscopy and isothermal nitrogen
adsorption experiments.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

A diblock copolymer macromolecule consists of two chemically
distinct parts (blocks) linked by a covalent bond. Depending on the
relative block composition, the total degree of polymerization,
temperature and pressure, the interplay between block immisci-
bility and connectivity can generate a variety ofmorphologies in the
mesoscopic range of length-scales [1]. This self-organization in
block copolymers is relevant in relation to bottom-up active mate-
rial nanostructuring [2,3]. The targeted removal of part of the block
copolymer molecule in the self-assembled state is an appealing
strategy for the preparation of nanoporous polymers and a number
of cleaving schemes have been reported [2e8a,b]. Among the
possible applications of NPM are templates for electronics, special
dielectric materials, and substrates for catalysis, nano-reactors,
micro-filtration membranes and use in medical diagnostics.

A necessary condition for the stability of NPM is mechanical
stability of the matrix after the removal of the expendable part.
Polymers that are glassy at room temperature, like polystyrene (PS),
are expected to be stable as matrix component in the dry state or in
þ45 4677 4791.
doni).

All rights reserved.
the presence of non-solvents. However, contact with solvents or
heating close to or above the glass transition temperature (Tg)
can irreversibly erase polymer’s nanoporosity. The introduction of
covalent cross-links in the matrix [7,9,10] can warrant ‘memory’ of
the nanoporous morphology even at such conditions.

Few years ago we reported the preparation of nanoporous
polystyrene from block copolymers with polydimethylsiloxane (PS-
b-PDMS) after the targeted degradation of the PDMS block [8a].
Two groups reported shortly afterwards the preparation of nano-
porous cross-linked polyisoprene from PI-b-PDMS precursors
[9,10]. See Ref. [10] for a review of the subject. Highly uniform PS-b-
PDMS and polydiene-b-PDMS block copolymers are readily
synthesized by living anionic polymerization [12]; the block
copolymer precursors can be aligned in a shear field [11,13] or an
electrical field [14]. Most polydienes show Tg below 0 �C and
therefore are unstable as NPM at room temperature. Cross-linking
of the polydiene block before the removal of PDMS is necessary and
feasible [9,10,13] in a controlled way.

This contribution presents the procedures for the preparation
and characterization of 1,2-Polybutadiene-b-PDMS (1,2-PB-b-PDMS)
diblock copolymer precursors and of the resulting nanoporous
cross-linked 1,2-PB. Compared to nanoporous polyisoprene [9],
the amount of cross-linker needed to prepare nanoporous 1,2-PB
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samples with similar mechanical properties is reduced by factors in
the range 30e100. This difference is related to the different cross-
linking reaction mechanisms in the two cases, as shown in the
Electronic Supplementary Information (SEI). A discussion of the
PDMSetching reactionmechanismby tetrabutylamoniumfluoride is
presented. Thermal cross-linking performed at specific tempera-
tures ‘freezes’ sample’s morphology at the cross-linking tempera-
ture. This can be utilized as an additional control parameter for the
morphology of nanoporous polymers. Even thermodynamically
metastable block copolymer micro-phases can be stabilized by this
strategy, as shown in the following.

2. Experimental

2.1. Materials

2.1.1. Block copolymer synthesis
The 1,2-PB-b-PDMS block copolymers were prepared by

sequential ‘living’ anionic polymerization under Argon [12].
Sec-butyllithium was used as initiator for all the polymerizations.
1,2-PB-b-PDMS was polymerized in tetrahydrofurane (THF). The
temperature of polymerizationwas either�40� 5 �C or�20� 3 �C,
with polymerization times of 13 h and 3 h, respectively. The building
unit of PDMS, hexamethylcyclotrisiloxane (D3), was added as a THF
solution into the reactor containing the living polybutadienyllithium
(pale greeneyellow) at the respective temperature mentioned
above. The temperature thenwas gradually increased to 0 �C and D3
was left to polymerize for up to 3 days at 0 � 1 �C. The complete
crossover from the hydrocarbon to the siloxy lithiumwas associated
with colour disappearance within few minutes from the addition of
D3. At that stage of synthesis 3e5 ml samples were taken out of the
polymerization reactor. These samples were used for the character-
ization of the molar mass and molar mass distribution of the
hydrocarbon blocks in the block copolymers. After the formation of
the PDMS block, all the samples were terminated with a three times
molar excess of trimethylchlorosilane. The finished polymers were
isolated from the polymerization solutions by first precipitating and
washing in excess of methanol and then by drying under vacuum
overnight.

2.1.2. Cross-linking
Dicumyl peroxide (bis(a,a-dimethylbenzyl) peroxide) (DCP) and

dilauryl peroxide (DLP) (both fromMerck)were used as received for
the cross-linking of 1,2-PB. A controlled quantity of 1% mole cross-
linker per mole double bonds were co-dissolved in THF with the
polymer prior to solution casting into flat bottom Petri dishes; the
solvent was then left overnight to evaporate under a gentle flow of
Ar. Smooth polymer films containing cross-linker were thus
obtained. The Petri dish with the film was enclosed into a home-
made steel cylinder and the air inside the cylinder quantitatively
replaced with Argon. The gas tight closed cylinder was placed into
a preheated thermostated oven for the cross-linking reaction to
happen. DCP alone was used as cross-linking agent for all but one
sample and in these cases the reaction temperature was 140 �C and
the reaction time 2 h. For one single sample an equimolarmixture of
DLP and DCP was used to carry the cross-linking reaction in two
steps: the sample was first kept at 85 �C for 72 h then at 140 �C for
2 h. Structurally aligned samples of a 1,2-PB-PDMS block copolymer
showing hexagonal morphology were prepared by first solvent
casting a co-solution of polymer and 1% DCP (see above). Portions of
the dry polymer-DCP mixture were then squeezed between two
microscope glasses with 0.5 mm Teflon spacers in between and
shear-aligned by hand: the glasses were moved back and forth
relative to each other realizing shear amplitudes between 400 and
500%. The shear-aligned sampleswere cross-linked for 2 h at 140 �C.
2.1.3. Etching of PDMS
Tetrabutylamonium fluoride (TBAF) (Aldrich) was used as

cleaving reactant for PDMS. Cross-linked samples were reacted for
36 h with 1 M TBAF in THF at 2e5 times molar excess relative to the
concentration of PDMS’ repeating unit. After etching each sample
was taken out of the solution and rinsed in fresh THF followed by
a 24 h methanol bath before gradual solvent evaporation under
a stream of Argon.

2.2. Characterization techniques

2.2.1. Chromatography
The molar mass and molar mass distribution of the 1,2-PB block

and the final block copolymer samples were characterized by SEC in
stabilized THF. Two mixed-D columns (Polymer Laboratories) and
a triple detector setup (Viscotek) (right angle light scattering,
viscometer and differential refractometer) were used.

2.2.2. Spectroscopy
The average composition of the di-block copolymers was

determined by proton magnetic resonance spectroscopy, 1H NMR
in a 250 MHz Avance DPX 250 Bruker instrument with d-chloro-
form as solvent. An independent estimate of the number average
molar mass of the 1,2-PB block was obtained by 1H NMR, as well.
The number of double bonds surviving cross-linking and etching of
the 1,2-PB-PDMS samples was monitored by Raman (Renishaw
system 3000) and Fourier transform infrared FT-IR (PerkinElmer
Spectrum) spectroscopies.

2.2.3. Rheology
The viscoelastic properties which reflect the diblock copolymer

morphology were investigated by isothermal and temperature-
gradient dynamic mechanical measurements on a Rheometrics RS
800 using parallel plate geometry. The data included in this paper
refer to temperature gradients of 2.5 �C/min.

2.2.4. Small angle X-ray scattering
Small angle X-ray scattering (SAXS) was measured either at

Risø-DTU or at beam line I711 at MAX-lab in Lund, Sweden. At Risø
the source was a rotating anode, with X-rays of wavelength
l ¼ 1.54 Å. The scattered radiation was collected with a 2-D posi-
tion-sensitive wire detector at a distance of 1435 mm or 4656 mm
from the sample. At Lund the distance from sample to detector was
1632.5 mm, the wavelength 1.10 Å and the scattering recorded on
a MAR Research 165 CCD detector with 2048$2048 pixels. The
scattering accumulation time for each measurement was 5 min or
2.5 min, after 5 min of waiting for sample equilibration at the set
temperature. The heating gradient from one set point to the next
was 12 �C/min in the interval 22e80 �C, 2 �C/min between 80 and
100 �C, and 1 �C/min above 100 �C. The data in this paper are raw
data, shown as obtained from the detector after sensitivity and
distortion corrections.

2.2.5. Electron microscopy
A typical sample for Scanning Electron Microscopy (SEM) was

prepared by first freeze fracturing or microtoming a piece of nano-
porous polymer film in liquid nitrogen; the pieces were then
mounted onto an aluminum specimenmount using Ted Pella double
coated carbon conductive tabs and CCC Carbon Adhesive (Electron
Microscopy Science). Each samplewas sputter-coatedwith a 2e3nm
gold layer in a Polaron SC7640 and kept under vacuum in the
microscopy chamber for 14e16 h before scanning. SEM imaging
were collected either froma FIB-SEMZeiss 1540 EsB Gemini at a 2 kV
or a FEI Quanta 200 FEG MKII at 3 kV accelerating voltage. Trans-
mission electron microscopy (TEM) was performed either in a Jeol



Table 1
Summary of molecular mass (MW) and composition data on 2 block copolymers.
The transition order-to-order and order-to-disorder temperatures, TOOT and TODT,
respectively were determined by rheology (see Fig. 1).

Sample <Mn>1

(g mol�1)a
<Mn>total

(g mol�1)b
PDItotalc wPDMS

d fPDMS
e Morphology TOOT and

TODT (�C)

BD4 10 400 15 030 1.22 0.308 0.294 HEX 255 (ODT)
DIS

BD14 8400 14 200 1.04 0.408 0.392 LAM 64 (OOT)
‘HPL’ 100 (OOT)
GYR 205 (ODT)
DIS

a Number average MW of the 1,2-PB block as obtained by SEC.
b Number average MW obtained by SEC and 1H NMR.
c Polydispersity index PDI ¼ <Mw>/<Mn> (<Mw> is the weight average MW)

obtained by SEC.
d Mass fraction of PDMS determined by 1H NMR.
e Volume fraction of PDMS at 20 �C; density values: r1,2-PB ¼ 0.902 g/cm3 and

rPDMS ¼ 0.966 g/cm3 [15,16].
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Fig. 2. Azimuthally integrated SAXS profiles for the sample BD14 recorded at five
temperatures, as shown. The profiles were vertically translated by factors of 10, 102,
103, 104 and 105 for clarity. The vertical solid lines show the position of the two LAM
peaks at 27 �C, the dotted line shows the position of the ‘fluctuation’ peak and the
dashed lines show the position of the first two characteristic peaks from the GYR
morphology. Arrows show expected scattering peak positions for lamellar at q*, 2q*
(27 �C); hexagonal at 3½q*, 2q*, 7½q* (80 �C) and gyroid at (4/3)½q*, (7/3)½q* (120 �C).
q* is the length of the scattering vector for the major scattering peak.
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3000F operated at 300 kV at Risø-DTU, or in a FEI TECNAI T20
operated at 200 kV, at DTU-CEN. Nanoporous films were sectioned
into 90 nm slices on a Leica ultramicrotomewith a cryo 35 diamond
knife (DIATOME) at room temperature. For some experiments TEM
sampleswere prepared by pulverizing 50mg portions of NPMunder
liquid nitrogen in an agate mortar. The produced powder was sus-
pended in 2 ml toluene (Fluka 99.8% grade) in a glass beaker. The
suspensionwas ultrasonicated in a Branson 1510 bath for 40e60 min
and few drops of it were applied onto a copper/carbon grid (Agar
Scientific, 04-holey) before toluene evaporation. The dry grids were
kept in a grid holder in order to avoid contamination.

2.2.6. Nitrogen adsorption
No particular sample preparation is needed for the nitrogen

adsorption experiments. The amount of sample used for the
measurements was in the range 100e200 mg. The measurements
were performed on a Micromerities ASAP 2020 Surface Area and
Porosity Analyzer. The isothermal physisorption (adsorbed mass
against pressure) was analyzed by the method of Langmuir
and BrunauereEmmetteTeller (BET), while the calculation of
the pore size and distribution followed the scheme of Bar-
retteJoynereHalenda (BJH).

To make nanoporous material the mother polymer was taken
via several intermediate steps that are reflected in the sample
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Fig. 1. Rheology traces of storage moduli G’ at 1 rad/s and 2.5 �C/min as a function of
temperature for the two block copolymer precursors, BD4 (circles) and BD14 (trian-
gles). The dashed (solid) arrows point to the temperatures taken as micro-phase
transition temperatures for the samples BD4 (BD14). The vertical bars at 85 and 140 �C
show the cross-linking temperatures, the first applied to a sample of BD14 in order to
stabilize the ‘HPL’ structure, and the second applied to samples from both BD4 and
BD14, in order to stabilize the HEX and GYR morphologies, respectively, before PDMS
etching.
name. For example, BD14-x(85 �C)-E designates a sample cross-
linked (x) at 85 �C and etched (E). The sample was derived from
a 1,2-PB-b-PDMS diblock copolymer (BD) precursor prepared by
synthesis batch 14. If no cross-linking temperature is shown then
the sample has been cross-linked at the default temperature of
140 �C. Table 1 summarizes properties of two block copolymer
precursors prepared by sequential anionic polymerization. The data
in the first five columns were obtained by combining SEC and 1H
NMR. 1H NMR analyses provided also information on the micro-
structure of the polybutadiene block: 89.5 � 1.5% of the repeating
units were 1,2-units and the rest were trans-1,4-units. The
morphology was determined by SAXS.
3. Results and discussion

3.1. Block copolymer precursors

Different diblock copolymer structures exhibit distinctive
viscoelastic properties [17]. Five morphologies were observed for
the two samples in Table 1: lamellar (LAM), ‘HPL’, Ia3d gyroid (GYR),
hexagonally packed cylinders (HEX) and disordered. The ‘HPL’
Table 2
Data on cross-linking and etching of three samples. The temperature of cross-linking
reaction was 140 �C for the first two samples. The last sample was first cross-linked
at 85 �C for 72 h and then at 140 �C for 2 h.

Sample nDLP/n¼,0
a nDCP/n¼,0

a t/hb n¼,x/n¼,0
c DmE/Dm0

d DmE/DmE,max
e

BD4-x-E 0 0.01 2 0.36 0.30 0.97
BD14-x

(140 �C)-E
0 0.01 2 0.34 0.40 0.99

BD14-x
(85 �C)-E

0.01 0.01 72
(85 �C)

0.30 0.39 0.98

2
(140 �C)

a Molar ratio between cross-linker (DCP or DLP) and polydiene double bonds in
the block copolymer precursor.

b Cross-linking reaction time in hours.
c Fraction of double bonds measured by FT-IR in the cross-linked sample relative

to the double bonds in the block copolymer precursor (uncertainty � 5%).
d Fractional mass loss due to etching of PDMS.
e Fractional mass loss relative to maximal expectation.
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Scheme 1. Proposed PDMS cleaving reaction mechanism by TBAF through the SN2-Si pathway, which involves a pentacoordinate silicon intermediate anion. The wavy lines depict
the polymer chain.

Fig. 3. 2-D and 1-D SAXS profiles for shear-aligned BD4-x-E with x-ray beam parallel
to the shear direction. The scattering profiles show characteristic peaks for HEX
morphology; the profiles are consistent with a high degree of shear-alignment.
Characteristic length-scales of the structure were calculated from the scattering profile
as shown in Table 3.
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structure between LAM and GYR was observed for sample BD14 by
both rheology and SAXS. It will be shown further on in this paper
that the nanoporous samples prepared from samples cross-linked
within the observation temperature region of this morphology
show a structure with hexagonal symmetry. The structure is
reminiscent of the metastable phase of hexagonally perforated
lamellae [18a,b], therefore the designation ‘HPL’. The fact that cross-
linking takes place at 140 �C (and in one case at 85 �C) and effec-
tively freezes the morphology at that temperature, introduces the
possibility to gain evidence for the morphology at elevated
temperatures by performing room temperature SAXS measure-
ments on samples cross-linked at the respective elevated
temperature.

Fig. 1 shows the storage shear modulus G’(1 rad/s) traces from
rheology of samples BD4 and BD14 recorded at a temperature
gradient of 2.5 �C/min. The initial fall in G’ for both samples up to
roughly 30 �C is interpreted as due to the very end of the 1,2-PB
block’s glass transition (Tg z �16BC). The observed rheology trace
for the sample BD4 is consistent with only one ordered phase up to
the ODT at 255 �C marked with the dashed arrow in Fig. 1. As will be
shown below SAXS and electron microscopy data are consistent
with a HEX morphology. The sample BD14 showed a more complex
behaviour. At least three micro-phase transitions were discerned by
rheology, as marked by the three solid arrows at 64, 100 and 205 �C
in Fig. 1. The sample was disordered above 205 �C. In order to
elucidate the structures between the microphase transitions we
performed SAXS at five different temperatures, 27, 40, 60, 80 and
120 �C, as shown in Fig. 2. The scattering trace at 27 �C is consistent
with a LAM morphology, where two peaks at q-ratio 1:2 are visible
(see also Fig. 7); the calculated lamella period is 21.6 nm. The two
vertical solid lines in Fig. 2 show simply the position of the two LAM
peaks at 27 �C; they are shown as a visual reference for the scat-
tering peaks’ position at higher temperatures. The trace at 40 �C is
also consistent with LAM morphology (period 21.5 nm); however
a broadening of the principal peak at the low q slope is visible. The
broadening is probably due to the development of an additional
peak, which becomes evident at q z 0.27 nm�1 in the scattering
profile recorded at 60 �C. The position of this additional, rather
broad peak is approximately 0.90$q*, where q* is the position of the
main scattering peak at 60 �C. It could be due to the development of
lamellae fluctuations that characterize the transition to or the
metastable state itself of perforated lamellae [19]. Such a state is
probably captured by the scattering profile at 80 �C, which shows
a structure with similar length-scale as the LAM, but with additional
peaks at 3½$q* and 7½$q*, which are characteristic for the hexagonal
symmetry. The main scattering peak at 80 �C is at a q position only
0.7% higher than that for the LAM morphology at 27 �C, which is
7e12 times less than reported from other researchers [20]. The
‘fluctuation’ peak is visible also here as a shoulder on the low q slope
of the main scattering peak. The dotted vertical line shows the
q-position of the ‘fluctuation’ peak. It’s worth mentioning here that
the intensity of the ‘fluctuation’ peak was not reproducible in our
experiments, as shown in the Supplementary Information. The
scattering profile at 80 �C clearly shows two other shoulders at
the high q side of the main peak, which in our opinion is related to
the stable gyroidmorphology, fully developed at 120 �C. The dashed
vertical lines mark the position of the two characteristic peaks for
the GYR morphology, showing a q ratio of (6/8)½.

From the above observations we conclude that BD14 shows
LAM up to 64 �C and GYR from 100 �C up to some temperature
below or equal to ODT. The morphology between 64 and 100 �C,
which we again designate by ‘HPL’, appears where other
researchers have observed the metastable microphase of hexag-
onally perforated lamellae (HPL) [18]. The coincidence of the
observed scattering peaks with the predicted ones for each
morphology is better than 0.2%. Note the coincidence of the
scattering peak positions for the LAM and two of the peaks from
the ‘HPL’ structures, which hints to the interpretation of structure
‘HPL’ as a lamellae morphology with superimposed hexagonal
features (see also Figs. 7 and 8). The observation that the scat-
tering profile between 60 and 100 �C was not reproducible (see
ESI) is well in line with the alleged unstable/metastable nature of
this state, which most probably comprises different non equi-
librium microstructures developing in the transition from LAM to
GYR. For the features of the morphology captured by cross-link-
ing the sample at 85 �C and the resulting nanoporous polymer
see Figs. 7 and 8 and related discussion in the ‘Nanoporosity’
section.
3.2. Cross-linking of 1,2-polybutadiene and etching of PDMS

The cross-linking reaction of 1,2-PB by peroxides is quite
different from the cross-linking of polyisoprene (PI) [9,21,22]. At the
same cross-linking conditions as for PI, just one single addition
of 1 M% of DCP relative to the double bonds was sufficient to
generate a wide range of cross-linking degrees simply by changing
the reaction time. E.g., at 140 �C, 1 M% DCP suffices to generate
networks which range from rubbery to glassy matrices, simply by
changing the reaction time in the interval 0.5e4 h. This is a clear
indication that the cross-linking reaction in this case is a chain
reaction, where one peroxidemolecule can generatemore than one
cross-link, in neat contrast to thew1:1 proportion in the case of PI.
This can only happen by direct involvement of double bonds as
shown in Scheme S1 of ESI.



Table 3
Characteristics of nanoporous materials obtained from SAXS, electron microscopy and nitrogen adsorption data. Uncertainties were estimated from at least three
measurements.

Sample d*SAXS/nm a d*EM/nmb rcalc/nm c rEM/nmd rBJH/nme Acalc/(m2g�1) ABET/(m2g�1)f

BD4-x-E 19.3 (HEX) 18.3 � 3.4 6.30 6 � 1 6.1 � 1.0 130g 75 � 20
BD14-x(140 �C)-E 19.4 (GYR) 19.3 � 2.5 n.m/ch 5 � 2 7.1 � 0.5 230i 278 � 40
BD14-x(85 �C)-E 21.0 (‘HPL’) 21 � 3j n.m/c (4 � 2)x(7 � 4)k n.m/c n.m/c n.m/c

a Characteristic length-scales corresponding to the first structural peak from SAXS.
b Distance between principal Bragg planes from SEM/TEM.
c Cylindrical pore radius calculated from SAXS and porosity13 (volume fraction 0.29).
d Pore radius from SEM/TEM.
e Pore radius from N2 isothermal adsorption.
f Specific surface area from N2 isothermal adsorption.
g Specific surface area calculated from pore radius rcalc above and the average density (0.71 g/cm3) of the NPM.
h Not measured/not calculated.
i Calculated as explained in Ref. [30].
j From Fig. 8(b).
k Elongated pores (see Fig. 8a).
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The cross-linking conditions for BD4-x and BD14-x are
summarized in Table 2. The first to third data columns in Table 2
include data on cross-linker amount and cross-linking time.
These data confer in a nutshell the significant difference between
the mechanisms of cross-linking reactions of 1,2-PB contra PI e as
described in the previous paragraph and in ESI. As an illustration, in
order to obtain BD4-x-E with similar mechanical properties as
a corresponding nanoporous PI, 35 times less DCP was used in just
1/7-th of cross-linking time. The fourth column contains data on
the fraction of double bonds surviving cross-linking relative to the
double bonds in the diblock copolymer precursor, as measured by
FT-IR. The dependence of consumed double bonds on the cross-
linking degree and on the degree of collapse of the resulting
materials after the removal of PDMS is discussed in a separate
publication [13].

The reaction of TBAF with PDMS in THF (containing approx. 5%
w/w H2O) is much gentler than the reaction with anhydrous HF
[8,23]. While anhydrous HF is a strong protonating acid with acidity
function (H0) of about �11 [24], TBAF is perhaps a base in polar
aprotic solvents such as THF. It’s reasonable to expect that cleavage
with HF operate by an SN1-type process, via siliconeoxygen
cleavage to give water and silico-cations, which react with fluoride
anions. In contrast, cleavage with TBAF probably proceeds via the
so-called SN2-Si pathway (Scheme 1) known from the rapid
cleavage of silyl ethers to alcohols by treatment with 2e3 eq. TBAF
in THF at 25 �C [25a,b].
Fig. 4. SEM and TEM micrographs of the shear-aligned BD4-x-E. Characteristic lengt
Data on the fabrication of three samples (BD4-x-E, BD14-x
(85 �C)-E and BD14-x(140 �C)-E) are summarized in the last two
columns of Table 2. The data in the two last columns of the table
reflect the nearly quantitative removal of PDMS after the reaction
with TBAF.
3.3. Nanoporosity

The nanoporosity of the samples fabricated from the block
copolymer precursors was analyzed by combining data obtained by
FT-IR (see SEI), SAXS, electron microscopy and isothermal Nitrogen
adsorption measurements.

Fig. 3 shows 2-D raw data in the direction of shear (right panel)
and the 1-D reduced data (left panel) for the nanoporous sample
BD4-x-E. This sample was subjected to reciprocal shearing before
cross-linking and etching. The SAXS instrument measures the
scattering from a sample volume of approximately one cubic mil-
limetre. The extraordinarily well-resolved 2-D scattering indicates
that the sample is aligned to such a degree that the order can be
compared to a single crystal-like hexagonal arrangement of the
cylindrical cavities. The shear planes were parallel to the (10)
crystallographic plane of the morphology. The etched sample BD4-
x-E shows a 9% smaller characteristic distance between primary
Bragg planes compared to the diblock copolymer precursor (not
shown),19.3 nm against 21.1 nm, as listed in the first data column of
h-scales of the structure were calculated from the pictures as shown in Table 3.



Fig. 5. 1-D and 2-D SAXS profiles of a nanoporous sample BD14-x(140 �C)-E. The [211],
[220] and other characteristic peaks for the gyroid morphology are marked in the 1-
D profile (the marked positions, expected for scattering from gyroid have the following
q ratios: 61/2, 81/2, 141/2, 161/2, 201/2, 221/2, 241/2, 261/2, 301/2, 321/2, 381/2, 401/2, 421/2,
501/2).
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Fig. 7. Azimuthally integrated SAXS profiles for the precursor BD14 (a) and the
nanoporous BD14-x(85 �C)-E (b), both recorded at room temperature. The arrows
show expected scattering peak positions for lamellar at q*, 2q*, 3q* (a); hexagonal at
q*, 3½q*, 2q*, 7½q*, 3 q*, 12½q*, 13½q* (b).
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Table 3. This shrinkage is mainly due to increased density of the 1,2-
PB phase in the process of cross-linking.

Fig. 4 shows SEM and TEM micrographs of the same sample
BD4-x-E. The single crystal-like order of the cavities is clearly
evident in the two pictures. The SEM micrograph shows the area
around the diagonally running edge of two (fracture) surfaces that
are tilted with respect to one another. The upper right-hand part of
the picture displays an “end view” of the cavities, which gives
a perfectly uniform hexagonal pattern. The lower left-hand part of
the picture displays a “side view” of the structure, where the
cylindrical cavities are exposed along their length, which clearly
exceeds the frame of the SEM picture. Both micrographs yield
information on the characteristic length scales of the NPM (2nd, 4th

data columns in Table 3).
The 1-D and 2-D SAXS profiles of the nanoporous sample BD14-

x-E are shown in Fig. 5. The 1-D scattering curve is indexed to
match the reflections of the gyroid morphology. We have previ-
ously demonstrated a gyroid NPM in a PS matrix [8a]. The lattice
constant of the cubic lattice calculated from the position of the first
allowed SAXS diffraction peak in Fig. 5 is 47.5 nm. The 2-D profile
shows anisotropy due to sample alignment. The sample was simply
prepared by solvent casting, with no application of alignment field
prior to cross-linking. We speculate that the observed anisotropy
might have been induced from some partial orientation of the
original lamellar structure during sample preparation, due to the
ease of alignment of such morphology for relatively short polymer
blocks above their glass transition temperatures. Scanning and
transmission electron microscopy pictures of BD14-x-E are shown
Fig. 6. SEM (left) and TEM (right) images of BD14-x
in Fig. 6. The SEM micrograph shows the (211) projection known
also as ‘knitting pattern’, while the (111) or the ‘wagon wheel’
projection is visible in the TEM micrograph. The crystallographic
cell size estimated from the TEM micrograph was 47 � 2 nm, in
good agreement with the one calculated from SAXS. A pore radius
of 5 � 1 nm and a strut length of 18 � 2 nmwas estimated from the
TEM image.

Fig. 7 shows SAXS profiles of the BD14 precursor and the nano-
porous BD14-x(85BC)-E sample, both recorded at 20 �C. The scat-
tering profile of BD14 reproduces the length scales already seen in
Fig. 2 for the BD14 melt at 27 �C; at least the three first scattering
peaks are visible in Fig. 7 with scattering lengths at ratios 1:2:3,
consistentwith LAMmorphology. The nanoporous polymerwith the
structure earlier labelled by ‘HPL’ was prepared by cross-linking
sample BD14 for 72 h at 85 �C, then for additional 2 h at 140 �C, and
finally by selectively degrading PDMS. The reason for the two-step
cross-linking is related to the slow kinetics of the first step. A
rubbery material of rather low degree of cross-linking was obtained
after the first step. The second step provided sufficient mechanical
stability to the sample to prevent pore collapse after the removal of
PDMS by TBAF. However, the cross-linking at the first step is
expected to suppress the mobility of the chains at length scales
above some fraction of the radius of gyration of the original chains,
therefore effectively freezing the morphology at that of 85 �C. The
primary peak of the etched sample is shifted by 2.0% (from 0.293 to
(140 �C)-E clearly showing gyroid morphology.



Fig. 8. (a) SEM image of a sample with ‘HPL’ morphology, similar to BD14-x(85 �C)-E; top-left insert is FFT of the image. (b) Morphology close to the surface of a sample cross-linked
at 140 �C [26] showing lamellae interconnected by loosely hexagonally packed cylindrical protrusions. Bottom-left insert is an FFT of an image square section within the area of
protrusions.
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0.299 nm�1) relative to the primary peak of the polymer melt at
80 �C, shown in Fig. 2. This might be due to sample contraction as
a result of cross-linking and etching. We do not observe here the
‘shoulders’ around the primary peak mentioned in relation to
the polymer melt at 80 �C in Fig. 2. The scattering intensity at the
primary peak position is two orders of magnitude higher than that
of the melt, due to the increased electron density contrast in the
nanoporous sample. Fig. 8(a) is a SEM image of a sample similar to
BD14-x(85 �C)-E. The SEM image and its Fast Fourier Transform
(FFT) in the top-left insert are very similar to reported observations
on HPL [18]. At present we don’t have reliable images of other
projections from the same sample that could conclusively deter-
mine the morphology, therefore the quotation marks in ‘HPL’. Fig. 8
(b) shows the morphology close to the surface of another sample,
cross-linked at 140 �C [26]. At this temperature the GYRmorphology
was shown to be stable in the bulk. However, close to the poly-
mereargon interface (during cross-linking) the morphology is
different, LAM at the very surface and HPL right beneath. The
discussion of the role of the surface energy in stabilizing morphol-
ogies different from the bulk morphology will be presented else-
where [26]. The image shows a pattern of protrusions (nanopillars)
with some hexagonal packing order as demonstrated by the FFT
pattern shown in the insert. A layered structure is visible at different
locations between the up-left diagonal and the bright sample edge.
The pattern in Fig. 8(b) is consistent with the structure expected for
the majority microphase of perforated lamellae morphology with
some degree of hexagonal packing (HPL). The diameter of the
protrusions can be estimated to 14 � 3 nm and the characteristic
distance between the principal Bragg planes to 21 � 3 nm. To the
best of our knowledge stabilization of a metastable micro-phase by
cross-linking and the further preparation of the corresponding
nanoporous polymer have not been previously reported.

Finally Fig. 9 shows the results from isothermal adsorption of
Nitrogen into the nanoporous sample BD14-x(140 �C)-E and the
resulting pore size and pore size distribution as calculated from the
BarretteJoynereHalenda (BJH) scheme [27]. The adsorption
isotherm is of type IV with a hysteresis loop of type H1, charac-
teristic of mesoporous materials with a narrow pore size distribu-
tion [28]. The plot of pore radius as calculated from the desorption
branch (4.8 � 0.5 nm) is shown by the narrow peak in Fig. 9. The
corresponding radius calculated from the adsorption branch peaks
at 7.1 nm. This last is the value conventionally reported in the
literature from BJH analysis of gas sorption data. Table 3
summarizes the characteristic geometrical scales obtained by
different techniques for the NPM samples of the present study.

The pore sizes calculated by the isothermal adsorption for both
the hexagonal and the gyroid nanoporous samples are shown in the
sixth column of Table 3. The sizes listed in Table 3 as measured/
calculated by different methods are reasonably consistent. The
specific surface area of the HEX and the GYR samples shown in
the last column of Table 3 were derived from Nitrogen sorption
measurements analyzed by the BET scheme. The calculation of
surface area for the NPM BD4-x-E was straightforward; it’s shown
in the next to last column of Table 3 (139 m2/g). It is significantly
higher than ABET (75 � 20 m2/g), hinting to the possibility that part
of the cylindrical pores were not accessible to Nitrogen, probably
due to hindered percolation from the outer surface. The ABET for the
sample BD14-x-E with gyroid structure was 278 � 40 m2/g. The
specific surface area for the same sample was also estimated from
a mathematical model of the ‘double gyroid’ [29]. The model
represents gyroid surfaces (or interfaces) by minimal surfaces or
surfaces of constant mean curvature (cmc) and the surfaces are
measured by triangulation. The surface area of a cmc enclosing
same volume fraction and scaled to same crystallographic cell size
as our gyroid sample was calculated to 230 m2/g [30]. This value is
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somewhat smaller than ABET (278 � 40 m2/g); at the moment we
have no precise clue on the reason for this discrepancy.

4. Conclusions

The preparation procedure of nanoporous materials from 1,2-
polybutadiene-b-PDMS diblock copolymers was presented. The
1,2-PB matrix was stabilized by cross-linking before the production
of nanoporosity. Free radical cross-linking of the polydiene block
was initiated by thermally scissioned peroxides, DCP and DLP.
A possible reaction scheme for the cross-linking of 1,2-PB is pre-
sented as Supplementary Information. TBAF in THF was used to
quantitatively degrade PDMS from the cross-linked samples. A
short discussion of the degradation reaction mechanism was pre-
sented. The morphology of the remaining polymer matrix was
largely conserved after PDMS cleaving as ascertained by SAXS.
Images in direct space realized by scanning and transmission
electron microscopy were shown as a direct proof of the
morphology and alignment and were in quantitative agreement
with the SAXS data. Controlling the temperature of cross-linking
reaction of same block copolymer precursor allowed capturing
different accessible morphologies from the microphase diagram,
thermodynamically stable (GYR) or metastable (‘HPL’). Pore size,
size distribution and specific surface area were measured by
isothermal Nitrogen adsorption. This is the first report describing
the preparation of nanoporous cross-linked polydiene with stabi-
lized metastable morphology.
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The influence of molar mass and temperature on the formation of networks of multiwalled carbon
nanotubes (MWCNT) in oscillatory shear flows was investigated. Combined rheological and electrical
investigations were performed using composites with 0.5e5.0 wt% MWCNT in a low- and a high-
viscosity polycarbonate (PC) at 190 �C and 250 �C. The objective of this work was to study the dynamics
of the simultaneous formation of electrical and rheological networks by taking into account the super-
position of (i) network breakup by the applied shear field and (ii) the diffusion-controlled clustering of
carbon nanotubes. The formation (i.e. the buildup) of electrical and rheological networks proceeds more
rapidly for a lower-viscosity matrix and at higher temperatures, whereas breakup of the electrical
network is more pronounced at lower temperatures because of a larger stress-transfer between polymer
matrix and MWCNT network. Sinusoidal shear deformation results in an oscillatory electrical conduc-
tivity with decreasing average value at large shear amplitudes, indicating that the electrical nanotubes
network consists of weakly bonded carbon nanotube clusters which can be easily released and reformed.
These data also show that MWCNTeMWCNT bonds can be reversibly deformed up to a maximum
deformation. The latter experimental result precises the current understanding of electrical carbon
nanotubes networks.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes have created a considerable interest in
research and industry due to the expectation of engineering poly-
mer composites with greatly enhanced electrical, thermal and
structural properties [1e10]. Especially in the field of conductive
polymer composites, carbon nanotubes are ideal candidates for use
asfillermaterials [10e13].Due to theirhigh length-to-diameter ratio
in the100e1000 range [14,15] theycan formpercolated structures at
extremely low contents [2,16e18]. Electrical measurements can
reveal the existence of a percolated network of conductive fillers in
an isolating matrix [19e26]. Since oscillatory melt rheology is
a sensitive tool to probe the structure of polymer melts [27e32],
simultaneous rheological and electrical investigations of polymer
composites with multiwalled carbon nanotubes (MWCNT) have
recently been the focus of several studies.

Investigations of the electrical resistivity of polycarbonate filled
with MWCNT at ambient temperature indicated that electrical
þ49 921 557473.
.A. Handge).

All rights reserved.
percolation is attained between 1 and 1.5 wt% [33]. Dielectric
spectroscopy revealed that the influence of the MWCNT on the
complex permittivity and alternating current conductivity is
frequency-dependent and that the percolation composition
becomes clearly evident in the conductivity spectra through
increased and constant values in the real part s0 of the complex
conductivity s* at low frequencies [31]. The percolation threshold
and the electrical conductivity in general strongly depend on the
measurement temperature, the interaction potential between the
nanotubes and the interfacial stabilizers used [31,34e38].

Rheometer plates acting as capacitors for dielectric spectroscopy
enable the simultaneous observation of electrical conductivity,
dielectric permittivity and rheological values [19,20,39]. Investiga-
tions of the transient recovery of the direct current (DC) conduc-
tivity after a shear deformation by Alig et al. showed an increase for
several orders of magnitude [19]. The nanotubes network was
primarily destroyed by shear, followed by the reorganization of the
MWCNT via agglomeration [19]. Furthermore, single and double
shear deformations were applied [20]. Shearing caused a severe
drop in the electrical conductivity and a strong decrease of the
storage modulus. The conductivity and storage modulus regained
their initial values in the subsequent idle period. The recovery
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proceeded faster after applying a single deformation than after
a double shear. Alig et al. concluded that loosely packed nanotubes
form agglomerates (“conductive beads”), which are destroyed
during deformation and reform in the polymer melt [19e21].

Skipa et al. observed a transition from an insulator to
a conductor for PC/MWCNT-melts with well dispersed nanotubes
under steady shear [39]. The decrease in dynamic moduli during
shearing originates in the agglomeration of dispersed nanotubes,
leading to a reduction of mechanical reinforcement. A substantial
difference in the nature of “electrical” and “mechanical” networks
is presumed and it was pointed out that the experimental findings
demonstrate the constructive and destructive effects of steady
shear. Richter et al. focused on nonlinear rheological experiments
and also performed an X-ray scattering analysis [40]. In shear,
breakage of MWCNT clusters dominates whereas orientation of
MWCNT is only observed at high shear rates. Agglomeration of
carbon nanotubes manifested itself in an increase of the storage
modulus [40].

Investigations of the orientational behaviour of MWCNT in PC
showed that although an overshoot in transient shear viscosity is
measured at shear rates as low as 0.1 s�1, the nanotube network is
disturbed only at considerably higher shear rates [25]. Further-
more, MWCNT in thermoplastic composites will only be oriented at
high shear rates [25,41,42]. It was assumed that the viscosity of the
composite depends strongly on the MWCNT network density,
whereas the proximity of the tubes at the network points seems to
determine the electrical properties of the MWCNT composite. In
melt elongation single isolated MWCNT and clusters of MWCNT are
oriented and the elongational viscosity is determined by the flow of
MWCNT clusters in the matrix of polycarbonate [43].

The experimental results were summarized in models for
carbon nanotube filled polymer melts. These models illustrate the
difference in rheological and electrical percolation thresholds [44],
highlight the different network types which are associated with
polymer and nanotube interactions [31] and demonstrate the
development of electrical conductivity by agglomeration of nano-
tubes [19,20]. In the melt, agglomeration of single nanotubes in
clusters and agglomeration of nanotubes clusters can lead via
percolation to an electrically conductive network, depending on the
filler concentration [20,21]. This process can be modelled by
combining agglomeration kinetics and percolation theory [19].

Although molecular weight of the polymer matrix and
temperature are obviously coupled via the viscosity to the diffusion
coefficient, the differences of the dynamics of formation of elec-
trical and rheological networks are only partially explored, in
particular the interplay of time-dependent buildup and shear
dependent breakup of the electrical and rheological networks. The
superposition of these phenomena is highly relevant for polymer
processing where time-dependent and instationary phenomena
generally dominate. In contrast to measurements in the transient
mode, shear oscillations allow one to distinguish between the
elastic and the viscous contributions. Since polymerenanotube
interactions play an essential role for a profound understanding of
the network formation in these nanocomposites, the objective of
this study is to depict the differences in the rheological and elec-
trical properties in the context of the formation of networks of
MWCNT in polycarbonate matrices, to elucidate the role of matrix
viscosity and to focus on the processes determining the transition
Table 1
Glass transition temperature Tg, number and weight average of the molecular weightMn a

Tg (�C) DSC Tg (�C) DMA Mn (g/mol) M

PC M2200 143 144 9300 20
PC M2800 146 147 12,800 27
zone between linear and nonlinear behaviour. The influence of the
temperature andmolar mass of the polycarbonate matrix is studied
in detail in the oscillatory mode. Simultaneous measurements of
the electrical and rheological properties in oscillatory shear at
temperatures of 190 �C and 250 �C of composites of MWCNT and
polycarbonate of different molecular weights allow conclusions
regarding the phenomena participating in the simultaneous, time-
dependent formation and the destruction of both electrical and
rheological nanotube networks.

2. Experimental

2.1. Materials

Two different batches of neat polycarbonate (PC) with different
molecular weight distributions (Makrolon� M2200 and Makrolon�

M2800) and composites containing 0.5, 1.0, 1.5, 2.0, 3.0 and 5.0 wt%
Baytubes� (MWCNT) were supplied in granular form from Bayer
MaterialScience AG. The composites were compounded using
a Werner & Pfleiderer ZSK26 extruder operated at 280 �C bulk
temperature by dilution of a 15 wt% masterbatch MWCNT with
commercially available PC M2200 and M2800, respectively. The
masterbatch did not contain any dispersing agent which could
influence the formation of a nanotubes network. The MWCNT were
produced by catalytic chemical vapour deposition and had a mean
outer diameter of 13 nm. The mean inner diameter amounted to
4 nm and the length was greater than 1 mm and 0.1e0.2 mm before
and after dispersion, respectively [45]. The glass transition
temperature Tg, as determined (i) by the derivative heat flow of the
second heating using the inflection point method, and (ii) by the
maximum of the loss modulus G00 measured in dynamic mechanical
experiments, the number and weight average of the molecular
weight Mn and Mw and the steady-state viscosity h at 190 �C and
250 �C as determined by start-up experiments in shear ( _g0 ¼ 0.3 s�1)
are listed in Table 1. The average values of Mn and Mw of the
composites are reduced due to degradation during compounding,
e.g., for PC M2200 containing 3.0 wt% MWCNT values inMn andMw

amount to 8580 g/mol and 18,330 g/mol, respectively. By choosing
two different molecular weights and two different measurement
temperatures (190 �C and 250 �C) four clearly different values of the
steady-state viscosity were obtained, see Table 1.

Granules of PC and the PC/MWCNT composites were dried at
80 �C in avacuum for 12h. Then samples for shear experimentswere
prepared by compressionmoulding of the dried pellets in a vacuum
at 220 �C for 8min. The diameter of the cylindrical samples for shear
experiments was 24.0 mm, and the thickness was 2.1 mm. For
simultaneous electrical and rheological measurements the granules
were compression moulded into circular plates with a diameter of
29 mm and a thickness of 2.1 mm. The samples were dried again in
a vacuum at 80 �C before the experiments were started.

2.2. Electrical and rheological measurements

The rheological and the simultaneous rheological and electrical
measurements were performed using an Advanced Rheometric
Expansion System (ARES) rheometermanufactured by Rheometrics
Inc. (Piscataway, USA). A plateeplate geometry was used with
a plate diameter of 25 mm for solely rheological measurements.
ndMw and steady-state viscosity h at 190 �C and 250 �C of PC M2200 and PC M2800.

w (g/mol) Mw/Mn h (Pa s) at 190 �C h (Pa s) at 250 �C

,300 2.18 96,000 680
,800 2.17 210,000 2500
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The gap between the two plates was set to 2.0 mm. For simulta-
neous rheological and electrical measurements a plateeplate
geometry with electrically isolated tools with a plate diameter of
30 mm was chosen [19,46]. A similar setup was used in Refs.
[20,39]. A schematic view of the ring-shaped electrodes is given in
Fig. 1. A Keithley electrometer model 6517Awas utilized tomeasure
the high volume resistivities above 200 kU. The device applies
a fixed voltage of 40 V and measures the current in order to
calculate the resistivity. For the range of 0.1 U and 100 MU a four-
point test fixture combined with a Keithley digital multimeter
model 2100 was used. The applied test current ranged between
1 mA and 10 mA. The electrical conductivity s was calculated using

s ¼ 4,h
.h

p,R,
�
d2a � d2i

�i
; (1)

whereh is the thicknessof thespecimen,R is themeasured resistance
andda anddi are theouterand the innerdiametersof the ring-shaped
measuring electrode, respectively. Shear deformationmay lead to an
anisotropic conductivity which is discussed, e.g., in the work of
Semeriyanov et al. [47]. However, only the conductivity perpendic-
ular to the flow direction can be measured with the current setup.

Before starting every experiment an equilibration time of
7.5 min in the measurement chamber at the chosen temperature
was allowed in order to attain sample melting, temperature
stability and a good electrical contact between the rheometer tools
and the sample. Because of relevance for processing, measurements
were performed directly after this thermal equilibration time in
order to avoid degradation of the polymer matrix.

The linear viscoelastic properties of the materials under inves-
tigation were examined in time sweeps (cf. Section 3.3) at an
angular frequency of u ¼ 0.1 rad/s and frequency sweeps (cf.
Section 3.4) in the interval between u ¼ 500 rad/s and 0.01 rad/s at
temperatures of 190 �C and 250 �C with a strain amplitude of
g0 ¼ 3%. The nonlinear behaviour was investigated by performing
strain sweeps (cf. Section 3.5) in the range of g0 ¼ 0.4 and 300% at
an angular frequency of u ¼ 0.1 rad/s and at temperatures of 190 �C
and 250 �C. Start-up experiments were also carried out for 50 s at
a shear rate of _g0 ¼ 0.3 s�1. Dynamic mechanical analysis in the
melt (cf. Section 3.6) was performed at a frequency of f ¼ 1 Hz and
a deformation amplitude of 5% at 280 �C and decreasing amplitudes
at lower temperatures. Cylindrical samples as described above
were tested in the temperature range between 280 �C and 140 �C.
Fig. 1. Experimental setup for simultaneous measurements of
The cooling rate was 2 K/min. In all experiments the prehistory of
the samples (i.e. drying, compression moulding, time for thermal
equilibration in the rheometer before the test) was identical.
Furthermore, our experimental data (e.g., no discontinuous stress
signal) and the strong adhesion of the samples to the rheometer
plates indicate the absence of wall slip in our range of shear rates.

2.3. Morphological and thermal investigations

The morphology was investigated by transmission electron
microscopy (TEM). Compression-moulded samples were cut using
a Reichert-Jung Ultracut microtome. The ultramicrotome was
equipped with a diamond knife with a cut angle of 6� and a knife
angle of 35� and used at room temperature. The thickness of the
thin sections was approximately 50 nm. The TEM used was a Carl
Zeiss CEM 902. The acceleration voltage was 80 keV.

DSC measurements were conducted with a Mettler Toledo DSC/
SDTA 821e at a scan rate of 10 K/min under a nitrogen atmosphere
in the temperature range from 25 �C to 270 �C. The sample mass
was about 8 mg. The glass transition temperature of PC and
composites was determined from the derivative heat flow of the
second heating using the inflection point method.

3. Results and discussion

3.1. Dispersion and morphology of composites

Generally, MWCNT prepared by chemical vapour deposition are
not completely straight, but partially bent. Depending on the
degree of dispersion, they are arranged in clusters of entangled
nanotubes (agglomerates) and single nanotubes [48]. Fig. 2 pres-
ents transmission electronmicrographs of the composites. The gray
lines correspond to different thicknesses of the ultrathin slices
which cannot be completely avoided during ultramicrotoming.
After compression moulding no preferential orientation of the
nanotubes is visible (Fig. 2). Small residues of catalyst are recog-
nizable in the electronmicrographs at high resolution. TheMWCNT
were well dispersed by the extrusion process and compression
moulding at 220 �C onlymoderately influences the dispersion state.
The electrical conductivity of the compression-moulded samples in
the solid state is listed in Table 2. Only the samples with a MWCNT
loading of 3 wt% andmore weremoderately electrically conductive.
the rheological and electrical properties of polymer melts.



Fig. 2. Transmission electron micrographs of composites of PC M2200 and (a) 0.5 wt%, (b) 1.0 wt%, (c) 2.0 wt% and (d) 5.0 wt% multiwalled carbon nanotubes.
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In suspensions of rod-like particles (with diameter d and length L)
in a polymer matrix, different concentration regimes can be distin-
guished which are characterized by the number n of nanotubes per
volume element [49]. In the dilute regime (n < 1/L3), the carbon
nanotube concentration is low and interactions between the nano-
tubes can be neglected. In the semi-dilute regime we have
1/L3 < n< 1/(dL2) where the interactions between the nanotubes are
highly relevant [50,51]. In the concentrated regime (1/(dL2) < n),
a dense network of nanotubes exists [52].

Assuming a density of 1.75 g/cm3 for the carbon nanotubes [1]
and 1.1 g/cm3 for the PC melt [53] the volume concentration V of
the MWCNT for the composites of this study ranges in the interval
between approximately 0.3 vol% and 3.2 vol%. The number n of
carbon nanotubes per volume element can be calculated using
n ¼ 4F=ðpLd2Þ. In the semi-dilute regime the number of carbon
nanotubes ranges between w16 mm�3 and ∼481 mm�3, assuming
a cylindrical shape with a diameter d of 13 nm [45] and a length L of
400 nm [54]. Therefore our composites containing 0.5 wt%
(n ∼ 59 mm�3) to 3.0 wt% (n ∼ 359 mm�3) belong to the semi-dilute
regime and the 5.0 wt% (n ∼ 603 mm�3) samples are situated in the
concentrated regime. Since the nanotubes of this study are partially
bent, the true distance between single, isolated MWCNT is slightly
larger than the theoretical one.
3.2. Timeetemperature superposition of matrix polymers

The timeetemperature superposition was applied in order to
obtain master curves for the complex modulus G* of PC M2200 and
Table 2
Electrical conductivity s (in units of S/m) of compression-moulded plates of polycarbona

Concentration of MWCNT (wt%) 0.0 0.5 1.0
Matrix PC M2200 s (S/m) <10�13 <10�13 <10�13

Matrix PC M2800 s (S/m) <10�13 <10�13 <10�13
PC M2800, see Fig. 3. The data measured at temperatures between
150 �C and 250 �C were shifted to a master curve using the ARES
software at a reference temperature of Tref ¼ 190 �C (upper
abscissa) and Tref ¼ 250 �C (bottom abscissa), respectively. Both
grades of polycarbonate show the three typical distinct regions of
homopolymer melts. At low frequencies (liquid-like behaviour) the
dynamic moduli attain power-laws. The power-law exponents
slightly differ from the prediction of a Maxwell element (G0 ∼ u2;
G00 ∼ u) which indicates the presence of long relaxation times. With
increasing frequency the crossover to the rubbery plateau is
notable, where G0 exceeds G00. The plateau is followed by the glass
transition (maximum in G00) and a solid-like (glassy) behaviour at
larger frequencies.
3.3. Temporal stability under oscillatory shear

The results of linear viscoelastic shear oscillations at an angular
frequency of 0.1 rad/s and a strain amplitude of 3% at 190 �C and
250 �C during 5 h are shown in Fig. 4. The storage modulus G0 of
neat PC M2200 is approximately 300 Pa and is constant with time.
Values in the same order of magnitude are attained by the nano-
composites containing 1.0 wt% and 2.0 wt% MWCNT at the begin-
ning of the time sweep tests. The value of G0 increases by about five
orders of magnitude up to above 106 Pa over a period of 5 h. The
increase proceeds more rapidly for the composite containing the
larger filler content (2.0 wt% MWCNT), whereas the plateau value
does not depend on the MWCNT fraction. The same increase occurs
if the sample is simply annealed at 190 �C and only sheared for
te M2200, M2800 and its composites with MWCNT in the solid state (T ¼ 25 �C).

1.5 2.0 3.0 5.0
<10�13 2.7 � 10�9 2.9 � 10�5 6.5 � 10�4

<10�13 <10�13 8.1 � 10�6 3.0 � 10�3



Fig. 3. Master curves for the storage and loss moduli G0 and G00 of PC M2200 and PC
M2800 at reference temperatures of 190 �C and 250 �C.

R. Zeiler et al. / Polymer 52 (2011) 430e442434
5 min every half an hour (discontinuous measurement). These
results indicate that the increase of the storage modulus seems to
be driven by diffusion and is caused by MWCNTeMWCNT inter-
action. Furthermore, the data reveal that the electric field itself does
not influence the measurements by, e.g., orientation of nanotubes.
This result was also checked by discontinuous electrical measure-
ments, where the electrical field was only applied for 30 s every half
an hour (data not shown). The increase in storagemodulus of about
four orders of magnitude during the time sweeps at 190 �C arises
from the formation of stable agglomerates of MWCNT that are
tightly embedded in a relatively high viscous PC matrix. The
diffusion-controlled process of agglomeration of carbon nanotubes
[19,20] due to MWCNTeMWCNT interactions [55e57] leads to
a framework of entangled nanotubes.

The electrical conductivity s of the PC M2200 sample with 1.0%
MWCNT is in the range of 10�10 S/m and hence below the perco-
lation threshold. A rapid increase in s at the very beginning of the
test is followed by a flat decrease for less than one order of
magnitude over 5 h. The sample containing 2.0 wt% MWCNT
reveals an electrical conductivity between 10�7 and 10�5 S/m.
Continuous and discontinuous measurements again differ only
marginally. Fig. 4(a, b) clearly shows that at 190 �C the timescale of
increase in moduli differs from the timescale of increase in elec-
trical conductivity. This result indicates that different mechanisms,
i.e. increase of entanglements of MWCNT and agglomeration of
neighboured MWCNT, respectively, are responsible for the increase
in storage modulus and the formation of electrical networks. The
increase in storagemodulus of the PC M2200 composite containing
1.0 wt% MWCNT while its electrical conductivity s remains around
10�10 S/m shows that the rheological and electrical quantities do
not always correlate. The slight decrease of s with time confirms
the assumption that MWCNT progressively agglomerate, leading to
a larger number of isolated agglomerates at this filler concentra-
tion. The relatively marked increase in s of the 2.0 wt% sample
during the first hour of the experiment clarifies the slow network
formation at low temperatures. The formation of agglomerates
leads to an increase in s since the agglomerates are percolated
because of sufficient filler content, and progressive agglomeration
improves the electrical conductivity along percolated pathways of
clustered agglomerates.

Fig. 4(c, d) presents the temporal stability for composites of PC
M2200 and PC M2800 containing 1.5% and 2.0% MWCNT at 250 �C.
The increase in storage moduli for all composites is only moderate
compared tomeasurements at 190 �C. Surprisingly, the G0 values for
lower-viscosity PC M2200 containing 2.0% MWCNT are larger than
for PC M2800 containing the same amount of filler. Thus it seems
that the specific configuration of the MWCNT network strongly
influences the rheological properties. Additionally the increase in G0

is faster for PCM2200 composites. The rise in storagemodulus with
time at 250 �C is less pronounced than at 190 �Cbecause the stress in
the matrix decreases with temperature and the matrix contributes
less stress-transfer towards the nanotube network. At higher
temperatures, the MWCNT network is deformed to a lesser extent.

Electrical conductivity for composites of 2.0wt%MWCNTand for
the PCM2200 composite with 1.5 wt%MWCNTexceeds 10�1 S/m at
the end of the test. On the contrary the composite of PC M2800 and
1.5 wt% MWCNT shows a slower increase in s with time and its
conductivity s attains a value of ∼10�2 S/m at the end of the time
sweep. Generally, the electrical conductivity of the composites
increases with temperature because of a more rapid agglomeration
of clusters of carbon nanotubes. The electrical conductivity at large
times is nearly constant since the network structure onlymarginally
changes at large times. The time sweeps at 250 �C compared with
measurements at 190 �C reveal that the formation of electrically
conductive networks is enhanced by increasing temperature. A
similar effect was observed in recovery experiments [20,21].

3.4. Frequency-dependent behaviour

The frequency-dependent rheological properties of poly-
carbonate containing different concentrations of MWCNT were
extensively studied in the past [see e.g., [27,31e33,35,38,58e60]].
Here we comment on simultaneous rheological and electrical
measurements at T ¼ 250 �C, see Fig. 5.

The plateau value in G0 for low frequencies amounts to
2000e3000 Pa for the 3.0 wt% composites of both PC grades,
revealing a similar network arrangement for these two composites.
The electrical conductivity ranges between 0.1 and 1 S/m,
increasing slightly as the experiment proceeds. For the 2.0 wt%
composites the influence of matrix polymer is visible: while the
low-molecular-weight PC (M2200) composite exhibits a plateau
value in G0 of ∼1000 Pa for frequencies below ∼1 rad/s, the high-
molecular-weight PC (M2800) composite shows a plateau in the
storage modulus at angular frequencies below ∼0.1 rad/s of less
than 200 Pa. This result reveals that the specific network of nano-
tubes determines the value of G0 at lowu. The evolution of electrical



Fig. 4. Temporal stability under oscillatory shear of (a, b) PC M2200 and composites containing 1.0 wt% and 2.0 wt% MWCNT at 190 �C and (c, d) composites of PC M2200 and PC
M2800 containing 1.5% and 2.0% MWCNT at 250 �C.
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conductivity over time mirrors the slower formation of (electrically
conductive) nanotube networks at lower frequencies for the high-
molecular-weight PC composite. The PC M2200 composite with 2.0
wt% MWCNT exhibits an electrical conductivity in the range of 0.01
and 0.1 S/m, which is about one order of magnitude less than s of
Fig. 5. Storage modulus and electrical conductivity of neat PC M2200 and PC M2800 and com
strain amplitude applied was 3% at a temperature of 250 �C and the angular frequency ranged
dependent data of electrical conductivity correspond to vertically aligned frequency-depen
the 3.0 wt% samples, and a similar increase in s during the test. The
PC M2800 composite containing 2.0 wt% MWCNT shows an elec-
trical conductivity of approximately 10�3 S/m at the beginning of
the frequency sweep and increases for about two orders of
magnitude, attaining the same value as the PC M2200 2.0 wt%
posites containing 2.0 wt% MWCNT (a, b) and 3.0 wt% MWCNT (c, d), respectively. The
from 500 to 0.01 rad/s. The time axis division of (b) and (d) is constituted so that time-

dent data in G0 .



R. Zeiler et al. / Polymer 52 (2011) 430e442436
composite of 0.1 S/m at the end of the test. The increase of
conductivity can be described by the approach based on percolation
theory and agglomeration kinetics, see Ref. [20] for details. The data
in Fig. 5 reveal, like Fig. 4, that the electrical conductivity does not
necessarily correlate with the values of the moduli as also stated in
Refs. [31,44].

3.5. Strain-amplitude-dependent behaviour

In order to probe the nonlinear behaviour of the composites,
strain sweeps with increasing shear amplitude were conducted at
temperatures of 190 �C and 250 �C. Fig. 6 shows the behaviour of
neat PC M2200 and composites containing 1.0e5.0 wt% of MWCNT
at strain amplitudes between 0.4 and 300% at a frequency of
u ¼ 0.1 rad/s and a temperature of T ¼ 190 �C. Fig. 6(a)e(c) shows
data for experiments acquired bymeasuring five points per decade,
leading to a test duration of about half an hour, while Fig. 6(d)e(f)
shows data acquired by measuring 10 points per decade, leading to
a test duration of about an hour.

The neat matrix polymer behaves in a linearly viscoelastic
manner for strain amplitudes below 100%. The dynamic moduli G0
Fig. 6. Results of strain sweeps of neat PC M2200 and its composites containing 1.0e5.0 wt%
a temperature of T ¼ 190 �C. The time axis division of (c) and (f) is constituted so that t
amplitude-dependent data in G0 and G00 . The left-hand charts (aec) display data acquired b
charts (def) show experiments conducted by measuring 10 points per decade (yielding a l
and G00 increase with MWCNT concentration, while the value of tan
d (not shown) decreases with filler concentration at low strain
amplitudes indicating the increase of elasticity by the addition of
MWCNT. In the range of small strain amplitudes composites show
an increase in G0 and G00 with strain amplitude and time respec-
tively (cf. temporal stability, Fig. 4 (a)). This increase is more
pronounced in the slower run (10 points per decade). With
increasing filler content themaxima becomemore pronounced and
are located towards smaller amplitudes. The decreases in G0 and G00

at high strain amplitudes are larger for the higher amounts of
MWCNT. In particular the 5.0 wt% sample presents a dramatic
decrease in G0 (similar to “brittle fracture” [40,61]), whereas the
drop in G00 is not as well marked. TEMmicrographs of the composite
after the amplitude sweeps did not allow one to quantify the fine
morphological changes, i.e. the change of number of entanglements
of MWCNT.

Samples containing 1.0 wt% MWCNT or less show no indication
of a percolated nanotube network. Although the values for elec-
trical conductivity for the 2.0 wt% sample are relatively low (below
10�6 S/m) the behaviour is very similar to that of the samples
containing 3.0 and 5.0 wt% MWCNT: an increase for more than one
MWCNT. The shear amplitude was g0 ¼ 0.4e300% at a frequency of u ¼ 0.1 rad/s and
ime-dependent data of electrical conductivity correspond to vertically aligned strain-
y measuring five points per decade (leading to a shorter test duration) and right hand
onger test duration), cf. time axis division.
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decade during the initial part of the strain amplitude experiment
occurs and, at least for the 2.0 wt% and 3.0 wt% sample, is followed
by a decrease below initial data. Since simultaneous rheological and
electrical experiments with 3.0 wt% and 5.0 wt% samples could not
be performed for high strain amplitudes due to torque overload of
the rheometer transducer, electrical conductivity data for high
strain amplitudes are only partially available. The maxima in elec-
trical conductivity for 2.0 wt% and 3.0 wt% composites occur after
approximately 1500 s (800 s for the short test duration), corre-
sponding 4e5% strain amplitude. Assuming a similar behaviour for
the 5.0 wt% sample, the maxima of electrical conductivity emerge
while samples are exposed to the same amplitudes; hence elec-
trical conductivity of as tested percolated samples of PC M2200
containing 5.0 wt% MWCNT or less is strain-amplitude-dependent.
In addition to the decrease in s at large strain amplitudes, oscilla-
tions in electrical conductivity are visible (vide infra).

Strain-amplitude-dependent behaviour of PC M2200 and PC
M2800 composites containing 1.0e5.0 wt% and 1.5e5.0 wt%
MWCNT respectively is shown in Fig. 7 for the larger test temper-
ature of 250 �C. The amplitude of shear ranges between 0.4 and
300% at an angular frequency of u ¼ 0.1 rad/s.
Fig. 7. Results of strain sweeps of PC M2200 (aec) and PC M2800 (def) composites containi
was T ¼ 250 �C. The time axis division of (c) and (f) is constituted so that time-depend
dependent data in G0 and G00 .
In contrast to strain sweeps at 190 �C (cf. Fig. 6) where the
modulus increases with measurement time, the composites con-
taining 1.5e5.0 wt% MWCNT display an approximately linear
viscoelastic behaviour at 250 �C at small amplitudes. The values of
G0 and G00 increasewith rising content ofMWCNT, while the value of
tan d (not shown) decreases with filler concentration. Only weakly
marked maxima in G0 and G00 are visible for all the composites
shown, although a conspicuous shift of the maxima towards
smaller strain amplitudes with increasing filler content is evident.
Since network buildup proceeds much more rapidly during
experiments conducted at 250 �C and a percolated, electrically
conductive network already exists at the very beginning of the
strain sweeps (cf. Fig. 7), no pronounced maxima in G0 emerge and
linear behaviour is exhibited for small amplitudes.

The comparison of G0 in composites of different matrix polymers
containing equal amount of filler gives a good impression of the
strength/level of developed MWCNT networks and the influence of
the molar mass of the matrix polymer. Samples of PC M2200 con-
taining 1.5e5.0 wt% MWCNT and samples of PC M2800 containing
2.0e5.0 wt% MWCNT are present in a percolated state, since they
display good electrical conductivities. The two 5.0 wt% composites
ng 1.0e5.0 wt% MWCNT. The angular frequency was u ¼ 0.1 rad/s and the temperature
ent data of electrical conductivity correspond to vertically aligned strain-amplitude-
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show very similar behaviour in G0 as well as in G00 and feature nearly
equal electrical conductivities. This behaviour emphasizes the
dominance of theMWCNT network in the concentrated regime and
the negligible influence of the matrix polymer. The samples of PC
M2200 containing 1.5e3.0 wt% MWCNT and the 2.0 and 3.0 wt% PC
M2800 samples feature percolated nanotube networks. Since the
1.5, 2.0 and 3.0 wt% samples of PC M2200 reveal higher values in G0

for small strain amplitudes than the PC M2800 counterparts with
equal filler concentrations, the lower molar mass polymer matrix
enables a larger number of bonds and entanglements between
MWCNT. Although the maxima in G0 for PC M2800 composites are
located at higher strain amplitudes compared with PC M2200
composites (see above), a comparison of the absolute values leads to
the picture just described. The occurrence ofmaxima inG0 at smaller
amplitudes and the higher values in G0 at equal amplitudes for the
lowmolecular weight PC M2200 composites lead to the conclusion
that more entangled networks of MWCNT are more sensitive
regarding high strain amplitudes.

The enhanced MWCNT network formation in PC M2200 is also
visible in electrical conductivity. While good electrical conductivity
arises for the 1.0 wt% sample of PC M2200 during the experiment,
the same is evident for the 1.5 wt% sample of PC M2800. Further-
more a very similar course of s during the experiment is apparent
for the 1.5 wt% sample of PC M2200 and the 2.0 wt% sample of PC
M2800. The percolation threshold is situated between 1.0 and
1.5 wt% for the PC M2200 composites and between 1.5 and 2.0 wt%
for the PC M2800 samples. For amounts of filler well above the
percolation threshold no significant differences in s are apparent.
The electrical conductivity of the composites does not decrease
significantly at high shear amplitudes because network formation
proceeds rapidly and compensates for the network breakup. These
comparisons of composites of PC with different molar masses and
at distinct temperatures clearly reveal that the formation of
percolated networks is favoured by lower molecular weight poly-
mer matrices and higher temperatures. A similar effect was
observed in the absence of flow in recovery experiments in
Ref. [21]. Depending on the matrix viscosity and the applied shear
forces, i.e. the transferred forces via the polymer matrix onto the
nanotube network, the influence of network buildup or breakup
predominates. Whereas at high shear strain amplitudes at 190 �C
network breakup leads to a decrease in moduli and electrical
conductivity of the composite samples because of high stresses, at
a temperature of 250 �C formation of the electrical network
partially compensates for the rupture of nanotube clusters resulting
Fig. 8. Reinforcement factor (Eq. (2)) for the PC/MWCNT composites with 2 wt% and 5 wt% M
are indicated.
in steady s values. The decrease in moduli is thought to be due to
the breakup of relatively weak bonds between clusters of
agglomerates of MWCNT. The competition between buildup and
breakup leads to these pronounced maxima which are influenced
by the specific network configuration which are more pronounced
than in related works [39,55,56].

Our simultaneous electrical and rheological measurements
allow us to elucidate the influence of the viscosity and the poly-
merenanotube interactions on the dynamics of network formation.
In the works of Alig et al. percolation theory and agglomeration
kinetics were applied to model electrical conductivity and storage
modulus in carbon nanotubes filled systems [19,20]. In this work
we discuss the reinforcement factor of the storage modulus G0 as
a function of shear amplitude for the composites with 2 wt% and
5 wt% MWCNT at the two different temperatures, see Fig. 8. Here
we define the reinforcement factor n by

n ¼ G0ðg0Þ=G0ðg0 ¼ 1%Þ; (2)

i.e. with respect to a shear amplitude of 1%. We emphasize that in
this presentation shear amplitude and time are two dependent
quantities. This empirical approach allows one to discuss the
influence of matrix viscosity on the storage modulus. A more
detailed discussion has to take into account the evolution of cluster
size distribution with time and (oscillating) shear strain and is
beyond the scope of this experimental paper. In Fig. 8, one can
distinguish between a breakup and a buildup regime. Buildup of
the MWCNT network (i.e. the slope of log G0 versus log g0 for
increasing G0 values) is more pronounced at lower temperatures
because of a slower formation of the network and in the experi-
ments conducted with a larger number of data points per decade
because of a longer duration of the experiment. The breakup rate of
the rheological network (i.e. the slope of log G0 versus log g0 for
decreasing G0) does not show a clear trend with temperature in the
double logarithmic presentation. At large strain amplitude the
storagemodulus drastically decreases. It seems that the destruction
of entangled carbon nanotubes only moderately depends on
temperature. On the contrary, breakup of the electrical network
(with a large number of contributions of neighboured, but unen-
tangled carbon nanotubes) is more pronounced at lower temper-
atures, cf. Figs. 6 and 7.

Fig. 9 displays the electrical conductivity of samples of PC
M2200 and PC M2800 containing 2.0 wt% MWCNT at high strain
amplitudes. This extract of Fig. 7 illustrates the oscillations in s

arising while shearing with high strain amplitudes. In the depicted
WCNT, respectively. The molar mass of the polycarbonate matrix and the temperature



Fig. 9. Oscillations of electrical conductivity s for PC M2200 and PC M2800 composites
with 2.0 wt% MWCNT. The figure depicts the data of the strain sweeps of Fig. 7(c) and
(f), respectively.
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excerpt the time axis from 3000 s to 4000 s corresponds to seven
different strain amplitudes of between 63 and 253%.

The oscillations in s are interpreted as deformation of agglom-
erates and MWCNTeMWCNT bonds during oscillatory shear and
are independent of the direction of applied shear. The periodic time
of s amounts to Ts ¼ 31.5 s. The angular frequency of conducted
amplitude strain experiments was set to u ¼ 0.1 rad/s, corre-
sponding to a cycle duration of Tstrain ¼ 62.83 s and yielding that
Ts¼Tstrain/2 respectively us¼2$ustrain. This relation pertains to strain
amplitude experiments conducted at 190 �C and 250 �C. The twice
as fast oscillation in s as in strain signifies a deformation of the
electrical conductive network of MWCNT, as also explained in
Ref. [25].

Fig. 9 clearly reveals an oscillatory deformation of the electrical
network. While amplitudes in s are relatively small for small strain
amplitudes (Fig. 9 left) the largest amplitudes in s occur for high
strain amplitudes. The toggling towards higher applied strain
amplitudes leads to an increase in amplitude of electrical conduc-
tivity in the observed interval. However, the average value of the
oscillating conductivity continuously decreases at large shear
amplitude, see Fig. 6(c) and (f). In addition to the data of Ref. [25],
the strain amplitude was varied in this work which shows that the
absolute value of the deformation of the MWCNTeMWCNT bonds
strongly influences the electrical conductivity.

Steady-state viscosity h versus content ofMWCNTas revealed by
start-up experiments is shown in Fig. 10 on a linear scale. An
increase in h for composites of both PC grades with increasing
nanotube content is visible. Up to a filler loading of 1.0 wt%MWCNT
this increase is very weak and the viscosity is dominated by the
matrix properties. In transient shear flow, the viscosity of the
Fig. 10. Steady-state viscosity h of PC M2200 and PC M2800 containing 0e5 wt%
MWCNT as determined by transient shear experiments conducted at a temperature of
T ¼ 250 �C and a shear rate of _g ¼ 0.3 s�1.
matrix polymer strongly influences the steady-state viscosity,
whereas at low frequencies of linear viscoelastic shear oscillations
(low stress regime) the specific configuration of the MWCNT
network strongly influences the values of the moduli. At higher
filler contents the influence of the nanotubes increases and the
steady-state viscosity h grows linearly withMWCNTcontent, which
is comparable to the behaviour of spherical particles. This is in
contrast to other fibre reinforced thermoplastics, where the
increase in h is not linear [62]. The reason for the more pronounced
increase of steady-state viscosity with fibre content is the larger
number of fibreefibre interactions (e.g., collisions). In contrast, in
polymer/MWCNT composites, the entangled clusters themselves
are not broken up. This effect was observed in shear as well as in
melt elongation of a PC/MWCNT composite [40,43]. Thus we
assume that the steady-state viscosity is determined by the flow of
MWCNT clusters in a polymer matrix. The absolute difference in
steady-state viscosity between the different PC composites is equal
over the whole range of nanotube loading. During shearing with
constant shear rate, friction and collisions between the nanotubes/
agglomerates contribute to the rise in steady-state viscosity while
the matrix polymer controls the degree of transferred stress onto
the embedded nanotube network.

3.6. Dynamic mechanical analysis

The results of dynamic mechanical analysis in the melt and
simultaneous electrical measurements are shown in Fig. 11. The
time axis divisions of Fig. 11(c) and (f) are constituted so that time-
dependent data of electrical conductivity correspond to vertically
aligned temperature-dependent data in G0 and G00, respectively.

Starting the temperature scan at 280 �C, the so-called terminal
region is achieved where the effect of Mw of the polymer matrix is
visible. Higher molecular weight PC reveals higher moduli at the
same temperature. A decrease in temperature results in an increase
of the moduli. In addition, the slope in G0 and G00 of PC M2200 is
slightly steeper than the slope of PC M2800. Rubbery behaviour
appears between 152 �C and 163 �C for PC M2200 and between
156 �C and 171 �C for PC M2800. As the free volume continues to
decrease (decreasing temperature), glass transition takes place and
the movement of large chain segments is hindered.

The addition of MWCNT of up to 5.0 wt% leads to an increase in
G0 and G00 for temperatures above Tg and in particular for higher
temperatures (terminal zone). The rise in G0 is more pronounced
than that in G00. The networks formed by 5.0 wt% samples are very
dense and nearly constant values in G0 (solid-like behaviour) are
exhibited in the temperature range above ∼200 �C for the PC
M2200 composite and above ∼210 �C for the PC M2800 composite.
The electrical conductivity of these samples is above 10�1 S/m and
is nearly constant over the whole temperature range. With
a decreasing filler content the temperature range for solid-like
behaviour moves towards higher temperatures and a slight
increase in G0 with decreasing temperature is exhibited by
composites containing less than 5.0 wt% MWCNT in the tempera-
ture scan experiments. We emphasize that the formation of
MWCNT networks is a time-dependent process resulting in minor
deviations between the behaviour revealed in dynamic mechanical
analysis (performed from high to low temperatures) compared
with frequency sweeps (conducted from high to small frequencies,
corresponding low to high temperatures, cf. Fig. 5). In the latter case
composites of PC M2200 containing 2.0 wt% MWCNT or more and
composites of PC M2800 containing at least 3.0 wt% MWCNT
display a pronounced plateau for small frequencies.

The percolation threshold is situated between 0.5 wt% and
1.0 wt% for the PC M2200 composites and between 1.0 wt% and
1.5 wt% for the PC M2800 composites. According to frequency



Fig. 11. Results of dynamic mechanical analysis of PC M2200 and PC M2800 composites. The frequency was 1 Hz and the (initial) strain amplitude was 5% at 280 �C, decreasing at
lower temperatures. The cooling rate was 2 K/min.
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sweep and strain amplitude sweep experiments, a lower matrix
viscosity yields a lower percolation threshold for electrical
conductivity. The electrically conductive networks persist below
the glass transition temperature and thereby maintain in the glassy
state of the PC composites. The pathway of electrical conductivity
over temperature elucidates the process of network formation and
preservation. The formation of electrical conductivity is a degres-
sive process facilitated by high temperature and low matrix
viscosity and proceeds faster with higher filler content. Cooling
leads to a larger stress in the PCmatrix, causing larger deformations
of the electrical network and thus a marginal decrease in electrical
conductivity. This effect exceeds the process of network formation
with decreasing temperature, since network formation is con-
strained with lower temperature and higher stresses in the matrix
polymer. The superposition of agglomeration and breakup is
strongly pronounced for the PC M2200 composite with 0.5%
MWCNT and results in a pronounced maximum of the electrical
conductivity, since the filler concentration is close to the percola-
tion threshold.

The results of the combined rheological and electrical investi-
gations show that network deformation which is caused by the
applied shear flowand the diffusion-controlled clustering of carbon
nanotubes are two superposing processes which are strongly
influenced by the temperature. The data of the dynamicmechanical
analysis reveal that depending on time and temperature either
buildup or breakup dominates. Recovery experiments of rheolog-
ical and electrical properties have already demonstrated that
breakup and buildup of nanotube networks are reversible
processes [20,39]. In this work, this effect was clearly shown in
oscillatory shear. The timescale of network buildup is not influ-
enced by the oscillatory shear flow (see Fig. 4).

Based on our experimental data, the model of Alig et al. and
Pötschke et al. [19,20,26,31], can be extended in order to illustrate
the development of electrical conductivity by the incorporation of
MWCNT into PC, see Fig. 12. The model consists of partially bent
nanotubes (black) forming agglomerates (gray circles) through
entanglements and bonds. These clusters are embedded in the
polymer matrix. The clustering of agglomerates, leading to elec-
trical conductivity [20], is highlighted by the contacting circles. Our
experimental data clearly indicate that the bonds between neigh-
bouring MWCNT can easily be released and reformed and are the
cause of the oscillations in electrical conductivity. This model
explains our observations in terms of electrical conductivity that
are interpreted as the superposition of three contributing



Fig. 12. Schematic of the microstructure of polycarbonate/carbon nanotube compos-
ites: agglomerates of entangled nanotubes (indicated by circles) that cluster and
constitute electrical conductive pathways are embedded in the polymer matrix.
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phenomena: (i) Formation and reformation of percolated electri-
cally conductive networks by agglomeration and clustering of
nanotubes, (ii) destruction/interruption of pathways of clusters
leading to decreasing electrical conductivity at high shear ampli-
tudes and (iii) deformation of clusters/MWCNTeMWCNT bonds
emerging in oscillations in s. Electrical conductivity can be ach-
ieved if infinite pathways of clustered agglomerates are formed,
whereas a large storage modulus is already attained if a large
number of entangled MWCNT exists.
4. Conclusions

Our simultaneous rheological (i.e. shear oscillations) and elec-
trical measurements of composites of a low- and high-molecular-
weight polycarbonate with a MWCNT loading between 0.5 wt% and
5.0 wt% at different temperatures revealed that the formation of
nanotube networks is favoured by high temperatures and a low
molecular weight of the matrix polymer. Lower temperatures
generally lead to a larger stress in the matrix and thus to a more
pronounced breakup of the electrical network of carbon nanotubes
as revealed by strain sweeps at large shear amplitudes and DMA
experiments at low temperatures. The influence of carbon nano-
tubes dominates in the low stress regime (e.g., in linear viscoelastic
shear oscillations at low frequencies and low shear amplitudes),
whereas the matrix polymer has a strong influence on the rheo-
logical properties after breakup of a large number of nanotubes
clusters (e.g., in the steady-state regime of transient shear flow).
Breakup of nanotubes clusters caused by an applied shear field and
diffusion-controlled clustering of nanotubes are two opposite
processes which superimpose. Time sweeps revealed that oscilla-
tory shear flow does not influence the timescale of diffusion-
controlled clustering of carbon nanotubes. Our experimental
results confirm the assumptions of the model of Alig and Pötschke,
i.e. that the formation of nanotube networks is diffusion-controlled
and that agglomeration of entangled nanotubes cluster can lead to
electrically conductive pathways. The electrical measurements
during shear oscillations show that the carbon nanotube network is
continuously broken up at large shear deformations, but can be
rapidly formed again. The periodically varying electrical conduc-
tivity in shear oscillations reveals that a large number of deform-
able nanotubeenanotube bonds persist. Hence, our experimental
data indicate that the carbon nanotube network is composed of
weakly bonded clusters which breakup and reaggregate and
deformable, reversible bonds between neighboured carbon nano-
tubes. The deformation of the MWCNTeMWCNT bonds strongly
influences the electrical conductivity of the composite as revealed
by the oscillatory experiments in shear.
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a b s t r a c t

Water-assisted extrusion process has been used to successfully prepare polypropylene (PP)/clay nano-
composites with high degree of clay delamination and markedly improved rheological, thermal and
mechanical properties. PP-graft-maleic anhydride (PP-g-MA)-based nanocomposites and masterbatches
were synthesized from untreated clay and organoclay, respectively, and fully characterized. The effects of
using high-shear rates and water injection during the melt-compounding were examined. A mechanism
explaining the formation of such nanocomposites is then proposed. The best clay dispersion and
properties improvements of PP-g-MA/organoclay nanocomposites and masterbatches were obtained
using high-shear rates and water injection (synergy effect). PP-based nanocomposites were then
synthesized by dilution of PP-g-MA-based masterbatches into neat PP. For comparison, nanocomposites
were also prepared by a one-pot process where PP, PP-g-MA and organoclay are directly melt-blended
with or without water injection. The nanocomposites prepared by dilution into PP of a masterbatch
prepared through water-assisted extrusion showed the highest clay dispersion and consequently the
best thermal, mechanical and rheological properties.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, polymer/clay nanocomposites received a consid-
erable scientific and technological interest. The main reason is the
enhancement of the polymer matrix properties that could be
obtained with only a few percents of filler. In comparison to neat
polymer matrix, polymer/clay nanocomposites usually exhibit
higher mechanical and barrier properties and flame retardant
behavior [1e5]. A few weight percents of layered silicate clays allow
reaching similar properties than much higher amounts (20e40%) of
conventional filler (talc, glass fibers, calcium carbonate) [6e9].

Montmorillonite (MMT) is the most employed clay for the
preparation of polymer/clay nanocomposites. MMT is a layered
aluminosilicate mineral with sodium counterions present between
the clay layers. MMT silicate layers present a high aspect ratio
(length/thickness ratio) with their one nanometer thickness and
hundreds nanometers length. They offer thus a large surface area
for polymer/filler interactions. Naturally stacked into aggregates of
þ32 0 10451593.
þ32 0 10474168.
n.be (J. Marchand-Brynaert),

All rights reserved.
several microns, MMT layers need to be separated and dispersed
into the polymer matrix to obtain a nanocomposite.

The most usual way to produce polymer/clay nanocomposites is
by melt-blending in an extruder because it is inexpensive, envi-
ronment-friendly and straightforward [10,5,11]. Nanocomposites
prepared bymelt-blending are synthesized almost exclusively from
organoclay to solve the lack of compatibility between the polymer
and the clays [12,1,2,10]. Organoclays are MMT in which the inter-
layer sodium counterions have been replaced by organic cationic
surfactants, mostly alkylammoniums [12]. The introduction of
surfactants increases the interlayer spacing and lowers the clay
surface energy, thus facilitating the separation and dispersion of
the clay layers into the polymer matrix.

Polypropylene (PP) is one of the most used matrix in polymer/
clay nanocomposites due to its very large commercial importance
[6]. PP/clay nanocomposites are usually prepared bymelt-blending,
with compatibilizer such as PP-graft-maleic anhydride (PP-g-MA)
and organoclays [13e15]. Compatibilizers are required due to the
huge polarity difference between the polyolefin matrix and the
clay. PP-g-MA allows wetting of the clay surface by hydrogen-bond
interactions between the anhydride functions (acid functions when
hydrolyzed) and the oxygen atoms at the surface of the silicate
layers [16,17]. Evenwhen using organoclay and compatibilizers, PP/

mailto:jacqueline.marchand@uclouvain.be
mailto:michel.sclavons@uclouvain.be
www.sciencedirect.com/science/journal/00323861
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Table 1
Composition of the PP-g-MA-based references, nanocomposites and masterbatches
samples. Legend: Inorganic Content (IC), Screw Speed (SS), Throughput (TP), Water
injection rate (W).

Samples Clay Plb Clay IC SS TP W
(wt%) (wt%) (wt%) (RPM) (kg/h) (ml/min)

R1 / 100 0 0 200 7 0
R2 / 100 0 0 200 7 7
R3 / 100 0 0 1000 21 0
R4 / 100 0 0 1000 21 21
NC-A1 CNa 94.5 5.5 5 200 7 0
NC-A2 CNa 94.5 5.5 5 200 7 7
NC-A3 CNa 94.5 5.5 5 1000 7 0
NC-A4 CNa 94.5 5.5 5 1000 7 21
NC-B1 C30B 92.9 7.1 5 200 7 0
NC-B2 C30B 92.9 7.1 5 200 7 7
NC-B3 C30B 92.9 7.1 5 1000 21 0
NC-B4 C30B 92.9 7.1 5 1000 21 21
MB-B1 C30B 79 21 15 200 7 0
MB-B2 C30B 79 21 15 200 7 7
MB-B3 C30B 79 21 15 1000 21 0
MB-B4 C30B 79 21 15 1000 21 21
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clay nanocomposites usually exhibit poor clay dispersion and,
consequently, limited properties improvements are obtained. The
main reason is the poor thermal stability of the alkylammonium-
surfactants, which often decompose at extrusion temperatures
leading to a collapse of the silicate layers [18e21].

Water-assisted extrusionwasfirstly described in 1999 in a patent
of DSM [22]. The invention focuses on the preparation of polyamide
(PA) nanocomposites bymixing in themelt phase a PA, a high aspect
ratio particle (like a clay) and a liquid (preferablywater). Themixing
was carried out in a twin-screw extruder equipped with a water
injection system and a degassing zone. The recommended amount
of injected water varies from 5 to 50 wt% and more preferably from
10 to 40 wt%. Exfoliated PA/MMT nanocomposites were obtained
using water injection without requiring the expensive clay orga-
nomodification. The patent claims the applicability of the technique
to all polymers containing the polar CONH function between
repeating aliphatic units.

Since this pioneering work, different research groups reported
the aid ofwater for the elaboration of nanocomposites basedmainly
on polar (PA), but also on non polar (PP, poly(styrene-co -acryloni-
trile)) matrices, using untreated MMT or organomodified clays
[23e31] (see Supporting information for complete descriptions).

With the aim of improving the PP/clay nanocomposite proper-
ties, we have performed a detailed, in-depth study of the effect of
water injection on the classical extrusion process.

The present paper discusses thewater-assisted preparation of PP/
clay nanocomposites and the study of their structural, thermal,
rheological and mechanical properties. PP-g-MA/clay nano-
composites and masterbatches from untreated clay (CNa) and orga-
noclay (C30B) with or without (for comparison) water injection and
at low-orhigh-shear rates, have been synthesized andcharacterized.
The first part of this work is a comprehensive study on the possible
interactionsoccurringbetweentheuntreatedMMTor theorganoclay
andthePP-g-MAwithandwithout theaidofwater. In thesecondpart
of this work, PP/clay nanocomposites are produced by dilution of
PP-g-MA/clay masterbatches into PP (masterbatch process), and
compared with nanocomposites prepared by water-assisted direct
melt-compounding of PP, PP-g-MA and clay (called the one-pot
process).

The influence of shear rate and water-assisted extrusion process
is studied at different stages of the PP/clay nanocomposites prep-
aration and a mechanism explaining the formation of PP/MMT
nanocomposites through water-assisted extrusion is proposed.

2. Experimental

2.1. Materials

PP Moplen HF500N was purchased from Basell and PP-g-MA
Polybond 3200 (labeled Plb) from Chemtura. Untreated sodium-
Montmorillonite (Cloisite Na, labeled CNa) and sodium-Montmoril-
lonite modified with methyl-tallow-bis(2-hydroxylethyl) ammo-
nium chloride (Cloisite 30B, labeled C30B) were purchased from
Southern Clay Product.

2.2. Sample preparation

All references and composites were prepared in a co-rotating
twin-screw extruder Krupp WP ZSK25. The extruder screw length
is 1000 mm with a L/D ratio of 40. The barrel temperature (T) is
fixed at 180 �C for PP-g-MA-based samples and 200 �C for PP-based
ones. Water, when used, was pumped into the extruder in the high
compression zone. The special design of the screw allows the
pressure to increase up to 125 bars in this zonewhichmaintains the
water liquid [28]. The water is degassed in the transport zone and
fully removed using a vacuum pump. The throughput (TP), the
screw speed (SP) and the water injection rate (W) were adapted to
the experience. PP-g-MA-based references, nanocomposites and
masterbatches were processed at a screw speed of 200 or
1000 RPM and a throughput of 7 or 21 kg/h. Thewater injection rate
was adapted to the screw speed to ensure a constant amount of
water (5.7 wt%) for the different experiments. PP-based references
and nanocomposites were extruded at a screw speed of 200 RPM
and a throughput of 7 kg/h. The extruded samples were immedi-
ately quenched into cold water and pelletized.

PP-g-MA-based references (R), nanocomposites (NC) and mas-
terbatches (MB) (Table 1) contain 0, 5 and 15 wt% of clay (CNa or
C30B) in inorganic content, respectively. PP-based references and
nanocomposites contain 0 and 3 wt% of C30B clay in inorganic
content, respectively (Table 2). PP-g-MA-based references are
labeled R, nanocomposites NC-A (from CNa) or NC-B (from C30B)
and masterbatches MB-B (from C30B). PP-based references are
labeledPP-Plb.Nanocompositesmadebydilutionof PP-g-MA-based
masterbatches into PP are labeled NC-MB-B and nanocomposites
madeby theone-potprocess are labeledNC-OP-B. Thedescriptionof
the PP-based nancomposites is more deeply introduced in the
paragraph 3.2 dealing with the masterbatch process.

After extrusion, all samples were injection-molded using
a Krauss-Maffei type KM 80-160E injection-molding machine into
standard dog-bone specimens (ASTM 527). The barrel tempera-
tures ranged within 170e200 �C and the mold temperature was
kept at 25 �C. Before injection-molding, pelletized samples were
dried for 24 h at 70 �C under vacuum.

2.3. Characterizations

All characterizations were performed onto injection-molded
dog-bone specimens. Raw Plb and PP were also injection-molded
into dog-bone specimens for analysis.

2.3.1. Structural characterizations
2.3.1.1. X-ray diffraction (XRD). The interlayer spacing of the
nanocomposites was measured by XRD on a Bruker D8 Advance
diffractometer using CuKa radiation (l ¼ 1.5418 Å) at 40 kV and
30 mA.

2.3.1.2. Transmission electron microscopy (TEM). Clay dispersion of
nanocomposite samples was examined on TEM micrographs.
Samples were ultra-microtomed at ambient temperature with
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Fig. 1. XRD patterns of PP-g-MA-based nanocomposites from CNa (a) and C30B (b), of
PP-g-MA/C30B masterbatches (c) and of PP/C30B nanocomposites (d).

Table 2
Composition of the PP-based references and nanocomposites samples. Legend:
Masterbatch (MB), Inorganic Content (IC), Water injection rate (W).

Samples PP Plb C30B MB IC W
(wt%) (wt%) (wt%) (wt%) (wt%) (ml/min)

PP-Plb1 85 15 0 0 0 0
PP-Plb2 85 15 0 0 0 7
NC-OP-B1 81 15 4 0 3 0
NC-OP-B2 81 15 4 0 3 7
NC-MB-B3 80 0 0 20 3 0
NC-MB-B4 80 0 0 20 3 0
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a Reichert Microtome and collected on a 300-mesh copper grid.
TEM micrographs were recorded with a LEO 922 microscope
operating at 200 kV.

2.3.1.3. Fourier Transform Infrared (FTIR) spectroscopy. FTIR spectra
were recorded on a Nicolet Nexus 870 FTIR spectrometer on
compression-molded films in transmission mode by collecting 16
scans at a resolution of 4 cm�1 over a spectral range from 4000 to
400 cm�1. Films were obtained by compression-molding of one
headof the injection-moldeddog-bonespecimens. The spectrawere
normalized by setting the peak height of the 2723 cm�1 absorption
band (characteristic C-H stretching of PP) to an absorbance of 1.

2.3.2. Rheological, thermal and mechanical characterizations
2.3.2.1. Rheology. Rheological measurements were carried out in
an oscillatory mode on a Bohlin Gemini II rheometer equipped with
a parallel plate geometry using 25 mm diameter plates. Frequency
sweep tests were performed on compression-molded samples of
about 1.0 mm in thickness at a strain rate of 10% for references and
nanocomposites and 5% for masterbatches. Testing temperature
was 180 �C for PP-g-MA/clay nanocomposites and 200 �C for PP/
clay nanocomposites. Experimental conditions were preliminary
adjusted to work in the linear viscoelastic range.

2.3.2.2. Thermogravimetric analysis (TGA). The thermal stability of
the referencesandcompositeswasstudiedbyTGA. Theanalyseswere
performed on aMettler ToledoTGA/SDTA851e using a heating rate of
20 �C/min under air or nitrogen atmosphere (100 ml/min) from 25 to
1000 �C. TGA results are presented as temperatures at 5% (T-5), 10%
(T-10) and 50% (T-50) weight loss under air atmosphere and each
value is the average of three experiments. T-5, T-10 and T-50 are
usually considered as the initial decomposition temperature, the
onset and the midpoint of the degradation, respectively [32].

2.3.2.3. Mechanical testing. Tensile tests were performed on
a Zwick tensile machine using a 50 kN force sensor and an exten-
someter for strain measurement. Tests were conducted at a cross-
head speed of 5 mm/min for Young’s modulus measurement and at
50 mm/min for elongation measurement. Presented results are
averaged on three experiments.

3. Results and discussion

3.1. PP-g-MA-based references, nanocomposites and masterbatches

Understanding the possible interactions occurring between PP-
g-MA and the CNa untreatedMMTor the C30B organoclay with and
without the help of higher shear rates and/or water injection has
been first investigated. The morphology of these PP-g-MA-based
references and nanocomposites is examined by XRD and TEM and
the interactions between the clay and PP-g-MA are investigated by
FTIR. The PP-g-MA-based references and nanocomposites are also
characterized using TGA, rheology and mechanical testing, in order
to understand the observed structural changes onto the materials
properties.

3.1.1. Structural characterizations
The nanocomposites are characterized by XRD to follow the

evolution of the clay basal spacing. Fig. 1a and b show the X-ray
diffraction patterns of the PP-g-MA-based nanocomposites from
CNa and C30B, respectively. The native CNa exhibits only a (001)
basal spacing centered at 1.24 nm (7.1 �2q) corresponding to the
presence of one layer of water in the clay interlayer [33, 34]. All PP-
g-MA/CNa microcomposites (NC-A1 to NC-A4) present the same
clay basal spacing as CNa, indicating that no intercalation of CNa by
Plb occurs whatever the extrusion conditions. The native C30B
exhibits only a (001) basal spacing centered at 1.88 nm (4.7 �2q). In
PP-g-MA/C30B nanocomposites (NC-B1 to NC-B4), the basal
spacing of C30B disappears, a new reflexion appears at 1.42 nm
(6.2 �2q) and a shoulder can be seen around 3e3.5 nm(2.5e3 �2q).
Moreover, for NC-B2 and NC-B4 a gradual increase in the diffraction
intensity toward low angles is observed. The new peak at 1.42 nm
indicates that part of the C30B silicate layers has collapsed. The
collapse results from surfactant degradation in C30B and has
already been observed by other authors [35,36]. The shoulder
around 3e3.5 nm means that another part of the C30B silicate
layers has been intercalated. The increase in the diffraction inten-
sity toward low angles is commonly attributed to completely
dispersed clay layers [13,37]. It indicates that NC-B2 and NC-B4
exhibit a mixed distribution of completely dispersed clay layers
with intercalated and collapsed clay stacks while NC-B1 and NC-B3
exhibit only intercalated and collapsed clay stacks.

TEM analyses are performed to examine the clay layers disper-
sion in the nanocomposites. TEM micrographs of PP-g-MA/CNa
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samples (not shown) only present large clay aggregates of several
microns. Accordingly, PP-g-MA/CNa samples are called micro-
composites instead of nanocomposites. For these microcomposites,
neither the high-shear extrusion nor thewater injection can help to
increase the clay dispersion into the polymer matrix.

Fig. 2 presents TEM micrographs of PP-g-MA/C30B nano-
composites. NC-B1 (Fig. 2a) shows a highly heterogeneous morp-
hology, composedof huge clay stacks and few individual clay platelets.
NC-B3 (Fig. 2c) shows better clay dispersion than NC-B1. The use of
high-shear ratesmainly breaks the large clayaggregates andgenerates
homogeneously distributed small clay stacks. NC-B2 (Fig. 2b) still
exhibits micron-sized clay stacks, but homogeneously distributed
individualized clay layers are mainly observed. The use of water
injection markedly improves the C30B dispersion (see also Section
3.1.2). Thebestclaydispersion isobservedwhencombininghigh-shear
rates with water injection in NC-B4 (Fig. 2d) where the clay platelets
are almost all individualized with few small clay stacks. In the case of
PP-g-MA/CNa microcomposites, during the water degassing, the high
difference of polarity betweenCNa (unmodified clay) andPP-g-MA (or
PP, see Section 3.2) makes that the clay re-aggregates. XRD measure-
ments and TEMmicrographs are in good agreement since only NC-B2
and NC-B4 exhibit completely dispersed clay layers (see Supporting
information for further discussion on Fig. 1).

3.1.2. Mechanistic considerations
The interaction between the clay and the PP-g-MA matrix has

been further investigated by FTIR. Fig. 3 shows infrared spectra
enlargement of the respective carbonyl regions for R1, NC-A1, and
NC-B1 to NC-B4 samples. R2 to R4 and NC-A2 to NC-A4 spectra are
Fig. 2. PP-g-MA-based TEM micrographs of a) NC-B1, b) NC-
not shown since they are similar to R1 and NC-A1, respectively. Two
main absorption bands can be observed in the 1675e1825 cm�1

carbonyl region for R1 and NC-A1: the maleic anhydride band
(carbonyl symmetric stretching) around 1780e1790 cm�1 and the
carboxylic acid band (carbonyl stretching) around 1715 cm�1. The
presence of a carboxylic acid band is explained by the hydrophilicity
of the PP-g-MAanhydridemoieties,which absorb ambientmoisture
and form carboxylic diacid functions [38]. No band shift is observed
B2, c) NC-B3 and d) NC-B4 at a magnification of 5,000.
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for NC-A1 in comparison with the R1 spectrum. For all PP-g-MA/
C30Bnanocomposites, a newbandappears around1735e1740 cm�1

assigned to an ester function (carbonyl stretching). The appearance
of an ester band and the related intensity decrease of the anhydride
band result from a Fisher esterification reaction occurring between
hydroxyl functions of C30Band carboxylic acid functions of PP-g-MA
(Fig. 4). As a matter of fact, for all PP-g-MA/C30B nanocomposites,
there is also a reduction of the acid band intensity. The two
carboxylic acid functions of PP-g-MA may react with the two
hydroxyl functions of C30B, the second esterification being an
entropically favored intramolecular reaction. Indeed, if only one
esterification reaction occurs, an increase of the acid band should be
observed. Ranking NC-B samples on their ester band intensity and
anhydride and acid bands decrease gives NC-B1<NC-B2 z
NC-B3<NC-B4. In PP-g-MA/C30B nanocomposites, the best clay
dispersion is observed for NC-B4 which displays the most intense
ester band.

On that experimental basis, a hypothesis on the role of thewater
injection can be developed. Water injected into the extruder where
PP-g-MA and C30B are melt-blended, remains liquid and creates an
aqueous suspension of C30B which is strongly melt-mixed with PP-
g-MA. Moreover, considering that the C30B surfactant contains
hydroxyl groups and that high temperature and high pressure
occur inside the extruder, a partial delamination of the C30B clay
layers can be obtained. Thus after water degassing, a more homo-
geneous distribution of the C30B platelets intomolten PP-g-MA can
be reached. Furthermore, injected water hydrolyzes anhydride
functions of PP-g-MA into carboxylic diacid functions. Since the
Fisher esterification is acid-catalyzed, more esterification reactions
can take place between PP-g-MA and C30B surfactant. The role of
water is then double: it directly increases C30B layers distribution
during the melt-blending and it indirectly favors bonding between
PP-g-MA and C30B through acid-catalyzed esterification.

3.1.3. Rheological, thermal and mechanical characterizations
Rheological characterization is used to evaluate the dispersion

state of the filler. Indeed, the melt flow behavior is quite sensitive to
the structure, particle size and shape and surface properties of
a dispersed phase [39, 40]. When adding fillers to a polymermatrix,
that create favorable filler-matrix interactions, an increase of the
elastic modulus (G’) and of the complex viscosity (h*) at low
frequencies is observed. If a percolating mesoscopic filler network
is formed, an elastic modulus plateau most often appears and the
complex viscosity continuously raises at low frequencies.

Fig. 5a, b and c show the elastic modulus and complex viscosity
curves of PP-g-MA-based references, PP-g-MA/CNa micro-
composites and PP-g-MA/C30B nanocomposites, respectively.
There is no significant difference in G’ or h* curves for PP-g-MA-
based references which all show typical liquid-like behavior (at low
frequencies, G’ has a slope close to 2 and h* reaches a Newtonian
plateau). The G’ or h* curves of PP-g-MA/CNa microcomposites are
slightly increased compared to PP-g-MA references. However, as
PP-g-MA references, they all exhibit a typical liquid-like behavior.
No significant difference is observed between them (their G’ slopes
at low frequencies are around 1.8e1.9). This slight increase of
rheological properties of PP-g-MA/CNa microcomposites is in
agreement with the poor dispersion of CNa which consequently
brings weak matrix reinforcement. On the contrary, PP-g-MA/C30B
nanocomposites show higher G’ and h* curves than PP-g-MA
references (and PP-g-MA/CNa microcomposites). Moreover their G’
curves show a decrease of the frequency dependence at low
frequencies. This is the consequence of the better clay dispersion
obtained using C30B, instead of CNa, which induces higher matrix
reinforcement. Even if NC-B3 exhibits a better clay dispersion than
NC-B1 according to the TEM characterization, the rheological
behavior of both samples is similar.

Rheological characterizations thus confirm the previous struc-
tural observations showing that high-shear rates mainly break clay
stacks into more homogeneously distributed smaller ones without
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increasing the extent of completely dispersed clay layers. Therefore,
almost nodifference is observed in their rheological behavior. NC-B2
andNC-B4, showhigher G’ andh* curves than their respective PP-g-
MA/C30B nanocomposites prepared without water. The G’ slopes at
low frequencies are 0.86 for NC-B2 and 0.78 for NC-B4. Thus, the use
of water injection when producing PP-g-MA/C30B nanocomposites
markedly lead to the rheological properties improvement, in
agreement with their good clay layers dispersion. The combination
of high-shear rates and water injection highly enhances the rheo-
logical properties of PP-g-MA/C30B nanocomposites.

Higher thermal stability is commonly observed when clay
platelets are well dispersed into the polymer matrix, as a result of
hindered out-diffusion of the volatile decomposition products and
also of char formation that acts as a physical barrier between the
polymer and the oxidative medium [1]. Fig. 6 presents the TGA
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Fig. 7. Relative Young’s modulus of PP-g-MA-based references and nanocomposites.
results for PP-g-MA-based references and nanocomposites. Except
for R3, the thermal stability of PP-g-MA-based references is not
significantly different from as-received Plb. The lower thermal
stability of R3 can be explained by the high-shear rates applied,
which raise the melt temperature and could consequently increase
the thermo-mechanical degradation. Compared to Plb, PP-g-MA/
CNa samples exhibit a slight but significant increase of their
thermal stability despite the poor CNa dispersion into Plb. These
thermal stability improvements are comparable with those
observed by Villaluenga et al. for PP filled with CNa [41]. In oppo-
sition to the water injection, higher shear rates do not increase the
thermal stability of PP-g-MA/CNa microcomposites.

PP-g-MA/C30B samples show superior thermal stability than
PP-g-MA/CNa samples. This is consistent with the better clay
dispersion obtained in PP-g-MA/C30B nanocomposites than in
PP-g-MA/CNa microcomposites. As for PP-g-MA/CNa, in the
absence of water, high-shear rates do not change the thermal
stability of PP-g-MA/C30B nanocomposites. The higher clay
dispersion reached in PP-g-MA/C30B nanocomposites using water
injection, hinders more efficiently the out-diffusion of the volatile
decomposition products. NC-B4 exhibits thus the greatest thermal
stability. Contrary to PP-g-MA/CNa microcomposites, a synergy
effect by using high-shear rates and water injection for PP-g-MA/
C30B nanocomposites is marked. This result is in good agreement
with the rheological measurements.

Mechanical reinforcement is expected when clay platelets are
well dispersed into the polymermatrix. Especially, Young’smodulus
commonly increases and depends on the filler dispersion and the
interfacial interactions. Indeed, enlarging the interface between the
matrix and the filler increases the volume of polymer chains influ-
enced by the rigid clay platelets.

Fig. 7 shows the relative Young’smodulus (E’) from tensile tests of
PP-g-MA-based references and nanocomposites. All PP-g-MA-based
references have lower E’ values than as-received Plb and all PP-g-MA/
CNa microcomposites exhibit higher E’ than starting PP-g-MA.
Despite theirpoorclaydispersion, their E’ is increased from6 to21% in
comparison with starting Plb. Rheological, thermal and mechanical
properties, all agree that NC-A2 shows the better properties
improvement in PP-g-MA/CNa microcomposites. These modulus
improvements are comparablewith thoseobtained for thermoplastic
polyolefins filled with talc [8]. This is in good agreement with TEM
micrographs of PP-g-MA/CNa microcomposites (not shown) where
only large micron-sized clay aggregates are observed.
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Fig. 9. PP-based TEM micrographs of a) NC-OP-B1, b) NC-OP-B2, c) NC-MB-B3 and d) NC-MB-B4 at a magnification of 5,000.

D.D.J. Rousseaux et al. / Polymer 52 (2011) 443e451 449
In absence of water and with low shear rates, the same
mechanical reinforcement is basically obtained with CNa (NC-A1)
or C30B (NC-B1). Indeed, except that NC-B1 exhibits a few
completely dispersed clay layers, the clay dispersion in NC-A1 and
NC-B1 is mainly composed of very large clay stacks. In opposition to
the rheological results, the Young’s modulus of NC-B3 is signifi-
cantly higher than the one of NC-B1. High-shear rates thus increase
PP
PP-Pl 1
PP-Plb2
NC-OP-B1
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Fig. 10. Elastic modulus and complex viscosity at 200 �C as a function of the frequency
for PP-based references and nanocomposites.
the mechanical reinforcement of the matrix in PP-g-MA/C30B
nanocomposites. This can be explained by the presence of smaller
clay stacks which offer more clay surface available for interaction
with the PP-g-MA matrix. The use of water injection for producing
PP-g-MA/C30B nanocomposites again leads to further mechanical
reinforcement since NC-B2 and NC-B4 show higher E’ values than
NC-B1 and NC-B3, respectively. As for the rheological properties,
a synergy effect by using high-shear rates and water injection is
observed on the mechanical properties of PP-g-MA/C30B
nanocomposites.

3.1.4. PP-g-MA-based masterbatches
Since PP-g-MA/CNa microcomposites exhibit poor clay disper-

sion and weak properties improvement, masterbatches are only
considered by using C30B. Four PP-g-MA/C30B masterbatches have
been extruded similarly to the four PP-g-MA/C30B nanocomposites
(Table 1) and characterized by XRD and rheology.

Fig. 1 c shows the X-ray diffraction patterns of the PP-g-MA/
C30B masterbatches. All samples show only one reflexion at
1.42 nm (6.2 �2q) indicating that C30B silicate layers have collapsed
due to the surfactant decomposition. A gradual increase in the
diffraction intensity toward low angles is observed for MB-B1, MB-
B2 and MB-B4 indicating a mixed distribution of collapsed clay
stacks and completely dispersed clay layers.

Fig. 8 shows G’ and h* curves of PP-g-MA/C30B masterbatches.
Despite the high clay amount, MB-B1 still exhibits a Newtonian
plateau (on its h* curve) and a G’ slope of 0.93 at low frequencies.
Using high-shear rates increase G’ and h* curves of MB-B3.
However, this increase is higher with water injection (MB-B2). Even
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if both MB-B2 and MB-B3 have a G’ slope of 0.76 in the terminal
zone, the effect of water injection appears more important than
high-shear rates. A further raise of G’ and h* curves is obtained
when combining water injection and high-shear rates. MB-B4
presents an important reduction of the frequency dependence on
its G’ curve with a G’ slope of 0.58, while its h* curve continuously
increases at low frequencies, indicating that the percolation
threshold is reached. As for PP-g-MA/C30B nanocomposites, the
best improvement is obtained when combining high-shear rates
and water injection.

Based on the properties improvement of PP-g-MA/C30B nano-
composites and masterbatches, the MB-B4 sample has been
selected for dilution into PPmatrix in the next step of thework. The
further results will be compared to MB-B3 considered as a refer-
ence to evaluate the influence of water.
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3.2. PP-based references and nanocomposites

This second part of the work is focused on the production and
characterization of PP-based nanocomposites by dilution of PP-g-
MA-based masterbatches into neat PP. The selected masterbatch,
MB-B4, is diluted into PP and the resulting PP-based nano-
composite is labeled NC-MB-B4. Similarly, MB-B3 diluted into PP is
named NC-MB-B3 and used as the control without water. The
relevance of the masterbatch dilution process will be confronted to
the one-pot process in which PP, PP-g-MA and clay are directly
melt-compounded together in one step to furnish the PP-based
nanocomposite labeled NC-OP-B1. Moreover, another sample is
considered, made by direct melt-compounding of PP, PP-g-MA and
clay with water injection (NC-OP-B2) to study the effect of water
injection when the main matrix is PP (see Supporting information
for complete description of Figs. 9e12).
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3.2.1. Structural characterizations
XRD patterns and TEMmicrographs of PP/C30B nanocomposites

are shown in Figs. 1d and 9, respectively. The best clay dispersion in
PP-based nanocomposites is obtained for NC-MB-B4 where well
distributed, completely dispersed clay layers and small stacks are
exclusively observed. Considering both XRD and TEM results, it can
be noticed that the effect of water injection on the clay dispersion is
much less important in PP/C30B nanocomposites prepared by the
one-pot process than in PP-g-MA/C30B nanocomposites.

3.2.2. Rheological, thermal and mechanical characterizations
Elastic modulus and complex viscosity curves of PP-based

references and nanocomposites are presented in Fig. 10. Only NC-
MB-B4 shows a significant increase of the G’ and h* curves in
comparisonwith the other samples. TheG’ curvedisplays a decrease
of the frequency dependence at low frequencies with a slope of 1.19.

Fig. 11 presents the TGA results for PP-based references and
nanocomposites. NC-MB-B4 shows the best thermal stability indi-
cating an increase of the hindered out-diffusion of the volatile
decomposition products due to a better clay dispersion.

Fig. 12 shows the relative Young’s modulus (E’) and the elonga-
tion from tensile tests of PP-based references and nanocomposites.
NC-MB-B4 shows the best increase of E’, of approximately 65e70%.
4. Conclusions

PP-based nanocomposites with a high level of clay delamination
and very significant properties improvement have been successfully
prepared through dilution into neat PP of PP-g-MA-based master-
batches synthesizedwithCloisite 30Borganoclay, byawater-assisted
extrusionprocessusinghigh-shear rates; a remarkablesynergyeffect
has been shown. This masterbatch process is preferred over the so-
called “one-pot process”. The accurate FTIR study revealed an ester-
ification reaction occurring between the hydroxyl functions of
Cloisite 30B organoclay surfactant and the carboxyl functions of the
PP-g-MA compatibilizer, hydrolyzed in situ. The success of our
process results from the double role played by water on the clay
dispersion: (i) water increases the clay dispersion during the melt-
blending step by creating an aqueous suspension of Cloisite 30B
organoclay which strongly improves the melt-mixing; (ii) water
favors the bonding between PP-g-MA and the organoclay surfactant
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through MA hydrolysis and then acid-catalyzed esterification
reactions.

This work paves the route toward the development of
water-assisted extrusion process for other apolar matrix-based
nanocomposites.
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Polyacrylamide gel was synthesized to study interaction between surfactant and particle hydrogel.
Surfactants used in this study include cationic surfactants, n-dodecylpyridinium chloride, (1-hexadecyl)
pyridinium bromide; anionic surfactants, sodium salt of dodecylbenzene sulfonic acid, sodium 4-n-octyl
benzene sulfonate and sodium branched alcohol propoxylate sulfate; and nonionic surfactants, Igepal�

CO-530, Tergitol� NP-10 and Neodol� 25-12. It has been found that, after swelling of the dry particles,
surfactant concentration shows a substantial increase. Meanwhile, dynamic modulus (G0 and G") of the
gels shows a significant decrease in the surfactant solutions. Based on the experimental results,
a mechanism has been proposed to elucidate the reduction of the gel dynamic modulus. Furthermore,
this mechanismwas discussed through surfactant critical packing parameters (CPP) at the interface of the
hydrogel particle and surfactant aqueous solution, and confirmed by recovery of the gel dynamic
modulus after removal of the surfactant from the hydrogels.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Interaction between surfactant and polymer hydrogel has been
a subject of considerable theoretical and practical interest, and has
been extensively studied [1e9]. Philippova and co-workers studied
interaction of gels with ionic surfactants n-cetylpyridinium chlo-
ride and sodium dodecylbenzenesulfonate. They reported that
absorption of anionic surfactant is governed primarily by hydro-
phobic interactions. Due to conditions of electro-neutrality, anionic
surfactant penetrates the gel together with corresponding co-ions.
Therefore, the uptake of cationic surfactant ions results in gel
shrinkage, while the uptake of anionic surfactant induces gel
swelling. In the anionic gel/anionic surfactant system, a significant
interaction is observed only for the most hydrophobic gels when
hydrophobic interactions overcome the electrostatic repulsion
between similarly charged groups [10]. Ashbaugh and co-workers
studied interactions of mixed dodecyl trimethylammonium
bromide (C12TAB) and octaethylene glycol monododecyl ether
(C12E8) micelles with a lightly cross-linked Na polyacrylate gel.
They found that gel preferentially absorbs C12TAþ under most
conditions owing to electrostatic attraction to the oppositely
charged gel. For low initial C12E8 surfactant fractions and moderate
C12TAþ concentrations, however, the situation is reversed and the
nonionic surfactant is preferentially absorbed [11]. Nichifor and co-
workers studied interaction of hydrophobically modified cationic
: þ1 573 341 6935.

All rights reserved.
dextran hydrogels with biological surfactants. They found that an
increase in the length of the alkyl substituent of the hydrogel
strongly increases the binding constants K0 and K, but decreases the
cooperativity parameter m. This was explained by the formation of
mixed micelles between pendant groups of the gel and surfactant
molecules [12].

It is well recognized that surfactants play a critical roles in
tribology [13]. One of the results caused by addition of surfactants
to hydrogel particles is the influence on the frictional behavior of
gels. Friction of hydrogels on solid surface or on gels has been
extensively studied during the last decade, especially in Gong’s
group, and considerable number of papers have been published
[14e24]. It has been found that the frictional behaviors of the
hydrogels do not conform to Amonton’s law F¼mW, which well
describes the friction of solids [15]. Based on the complex friction
behavior of polymer gels, Gong and co-workers proposed a repul-
sioneadsorption mechanism to describe the friction of hydrogels
on a smooth substrate. If the interfacial interaction between
hydrogel and solid surface is repulsive, then friction is due to
lubrication of the hydrated water layer of the polymer network at
the interface. In this case, friction is proportional to sliding velocity.
If the interaction is attractive, then friction is from two contribu-
tions: (1) elastic deformation of the adsorbed polymer chain; (2)
lubrication of the hydrated layer of the polymer network [16]. They
reported that the friction behavior of hydrogels sliding on smooth
substrates strongly depends on the adhesive strength and hydro-
phobicity of the substrate [17]. Du and co-workers studied friction
behaviors of PVA gel sliding against a glass surface in dilute poly
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Table 1
Surfactant Molecular Structure and Gel Swelling Ratio in Surfactant Solutions.

Surfactant Molecular structure Swelling ratio

n-Dodecylpyridinium chloride
H3C (CH2)10 CH2 N

+
Cl

22.2e23.2

(1-Hexadecyl)pyridinium bromide
H3C (CH2)14 C H2 N

+
Br

22.3e23.3

Benzalkonium chloride

+
CH2 N

CH3

CH3

CnH2n+1 Cl
(n=8 ~18) 22.1e23.1

Alfoterra� 23
Sodium branched alcohol propoxylate sulfate

H3C (CH2)8~10 CH2 CH

CH3

CH
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CH2 CH2
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(ethylene oxide) (PEO) aqueous solution, and they found that PEO
concentration has a significant influence on the friction of a water-
swollen PVA gel on glass surface [20]. Osada and co-workers
studied kinetics of surfactant binding into polymer gel and effect of
hydrophobic side chain on poly(carboxyl acid) dissociation. They
reported that the driving force of surfactant diffusion into the gel is
the concentration gradient of the surfactant. The binding of
surfactant with the polymer network sustains a high concentration
gradient that facilitates the subsequent surfactant diffusion [21].
They also analyzed the structure of poly(ADA-co-AA) polymer and
surfactant-poly(ADA-co-AA) complexes by SAXD and WAXD and
found that the complexes change their structures frommicelle-like
to lamellar-like with an increase of mole fraction of acryloyl
dodecanoic acid (ADA) in the complexes [24].

To date, interaction between surfactant and particle hydrogel
has not been studied systematically. In this paper, we study the
influence of surfactant in aqueous solution on dynamic modulus of
water-swollen gel in 1.0 wt% NaCl. Surfactants used in this study
include nonionic, anionic and cationic surfactants. Gel frictions
weremeasured in terms of storagemodulus G0 and loss modulus G"
under the same conditions of stress, gap, oscillation frequency and
temperature for all surfactants. Gel used in this study was
synthesized from acrylamide monomer with ethylene-bis-acryl-
amide cross-linker.

2. Experimental

2.1. Materials

Monomer acrylamide (98.5%) and cross-linker methylene-bis-
acrylamide (97þ%) were purchased from Alfa Aesar Company
(Ward Hill, MA) and used without further purification. Ammonium



Fig. 1. DSC curve of the swollen PPGs in the distilled water.
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persulfate was used as initiator for polymer gel synthesis. Cationic
surfactants, n-dodecylpyridinium chloride (98%), (1-hexadecyl)
pyridinium bromide monohydrate (98%), benzalkonium chloride
and anionic surfactant, sodium 4-n-octyl benzene sulfonate were
also purchased from Alfa Aesar (Ward Hill, MA) and used without
further purification. Sodium dodecylbenzene sulfonic acid was
purchased from SigmaeAldrich (St. Louis, MO) and used without
further purification. Other commercial surfactants were requested
from their manufacturers, Igepal� CO-530 from Rhodia, Inc. (Bris-
tol, PA), Tergitol� NP-10 from Dow Chemical (Midland, MI),
Alfoterra� 23 from Sasol North America Inc. (Houston, TX), Neodol�

25-12 from Shell Chemical Company (Houston, TX), and used
without further purification. NaCl (99.8%) was purchased from
Fisher Scientific Inc. Water used in all experiments was distilled
water produced in this lab. Molecular structures of the surfactants
are listed in Table 1.
2.2. Synthesis and fabrication of preformed particle gels (PPGs)

150 g of acrylamide were added to 498.7 g of distilled water. The
solutionwas purged with nitrogen gas for 60min and stirred at 270
RPM until all the solid dissolved. 0.650 g of methylene-bis-acryl-
amide was added to the solution and stirred until completely dis-
solved. 0.650 g of (NH4)2S2O8 was then added with stirring to the
solution prepared above. The mixture solution was placed in an
oven at 60 �C for 14 h. A strong bulk gel was formed and it was cut
into small pieces. The formed hydrogel was then purified by soak-
ing in large amount of distilled water for one week and followed by
drying at 60 �C for 4 days to yield 168.390 g of a slightly yellow gel.
The yellow color may be due to oxidation of acrylamide. The dried
gel solids were crushed into small particle powder in a blender
machine (Black & Decker). PPGs with the particle size between 100
and 120 mesh (150 mme120 mm) were selected through the stan-
dard testing sieves (Fisher Scientific Company).
Table 2
Analysis Results of NaCl Concentration after Particle Gel Swelling.

Parallel Tests For 1.00 wt.% NaCl solution (

Empty Test Tube 13.9754
NaCl Solution 5.0100
NaCl Contained 0.0501
Total weight after drying 14.0986
Mass of AgCl (MW: 143.5) 0.1232
Mass of NaCl (MW: 58.5) 0.0502
Test Results Equili. NaCl concentration af

concentration.
2.3. Measurement of swelling ratio and pore size of PPGs

0.30 g of PPGs (120e150 mm size) was swollen in 14.70 g of
distilled water contained in a clean test tube. After the resulting
suspension was left overnight to reach the equilibrium, the test
tube was centrifuged at 5 000 rpm for 15 min to separate the
particle gel and distilled water. Volume of the swollen PPG was
calculated by measuring the height of the PPG in the tube and
diameter of the tube. The same procedures were used for the
swelling ratio measurement in 200 ppm surfactant solutions
prepared in 1.00 wt.% NaCl solution. The swelling ratio is calculated
by the total volume of the swollen particle gel measured in the test
tube over the volume of 0.300 g of the dry particles and the results
are listed in Table 1. Pore size of the synthesized hydrogel was
measured by a TA Instrument DSC 2920 equipped with low
temperature cooling accessory (�60 �C). Swollen hydrogel sample
(10e20 mg) was sealed in an aluminum DSC pan with an added
excess of bulk water (1e2mg). During experiment, the temperature
was first decreased to�40 �C, and then held for 15 min for freezing,
after which the sample was heated to 15 �C at a rate of 1 �C min�1

using an empty pan as reference. The DSC spectrum is shown in
Fig. 1. The pore size is related to the temperature shift (DT) of the
two peaks originated from bulk and confined water, respectively
and it can be calculated based on the following equation, where DT
is a negative value and quantified as the difference between the
temperature at the confined water peak and the onset of the bulk
water peak [25].

Dp ¼ � 39:604
DTðKÞ þ 0:1207

þ 2:24 (1)

where, DT is temperature shift in K; Dp is pore size of the swollen
hydrogel particle in nm.

2.4. Measurement of the NaCl concentration change upon gel
swelling

All the tested surfactant solutions were made in 1.0 wt % NaCl
solution which is dependent on the salinity of the reservoir
formation water and concentration change of the NaCl solution
after complete swelling was measured by the anion metathesis of
NaCl with AgNO3. By measuring the weight of precipitation of AgCl,
the concentration NaCl can be calculated. The data and results are
listed in Table 2.

2.5. Measurement of the concentration change of surfactants after
gel swelling

Initial concentration for all surfactants was prepared at rela-
tively low concentration of 200.00 ppm for higher accuracy from
the UVeVis spectroscopy measurement. Dry PPGs at 2.00 wt% were
swollen in different surfactant solutions. This equilibrium solution
over the top of the swollen gels contains NaCl, surfactant and un-
g) For Equilibrium NaCl solution after swelling (g)

13.9021
5.0081

To be measured
14.0259
0.1238
0.0505

ter gel swelling is 1.01 wt.%, which is almost the same as the initial NaCl



Table 3
Measurement of Concentration Change of Surfactant after Gel Swelling.

Surfactant Initial Concentration: 200 ppm At Equilibrium of Swelling

Surfactant lmax (nm) Initial ABS Net ABS Ceq. (ppm) Conc. Change
n-Dodecylpyridinium chloride 257 2.451 2.326 190 �5.0%
(1-Hexadecyl)pyridinium bromide 259 2.106 2.432 231 15.5%
Benzalkonium chloride 261 0.179 0.187 209 4.5%
Sodium 4-n-octyl benzene sulfonate 260 0.232 0.247 213 6.5%
Sodium salt, dodecylbenzene sulfonic acid 260 0.227 0.262 231 15.5%
Igepal� CO-530 276 0.806 1.137 282 41.0%
Tergitol� NP-10 275 0.429 0.608 283 41.5%
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crosslinked polymer dissolved from the particle gel and the
absorbance of this solution was used to calculate the equilibrium
surfactant concentration after swelling. The background absor-
bance of the excess solution from the PPGs in 1.00 wt% NaCl solu-
tion is measured as the background absorbance, which will be
deducted from the above measured total UV absorbance. For each
surfactant solution, the UVeVis spectrum was scanned from
1100 nm to 190 nm to identify the absorption peak position (lmax).
The equilibrium concentrations for each surfactant were calculated
through its absorbance at lmax by use of a UVeVis spectropho-
tometer (UVmini-1240V, Shimadzu). Concentration changes for the
surfactants investigated are listed in Table 3.

2.6. Measurement of particle gel dynamic modulus

To investigate influence of surfactant on the particle gel
strength, a rheometer, HAAKE RheoScope 1(Thermo Scientific) was
employed to measure storage modulus G0 and loss modulus G" for
the swollen gels. Measurement was set oscillation mode with
frequency f¼ 1.000 Hz, controlled stress (CS) and the stress applied
to the gel was set s ¼ 1.0 Pa to ensure that the gel’s strain and stress
have a linear relationship during the measurement. The sensor
used for measurement is PP35 Ti Po LO2 016 with a gap of
0.200 mm; Temperature: 25.0 �C. For each sample, measurements
of G0 and G" were taken every 30 s for 5 min. The results are shown
in Table 4 and Fig. 2.

3. Results and discussion

3.1. Particle gel swelling ratio

The swelling ratios in different surfactant solutions at
200.00 ppm concentration as well as in 1% NaCl brine and distilled
water are listed in Table 1. It can be clearly seen from Table 1 that
the swelling ratios in surfactant solutions, distilled water and
1.0 wt.% NaCl are between 22 and 24. The difference in the swelling
ratios is in the range of experimental error and thus the swelling
ratio is independent on the swelling media. This implies the neutral
charge balance of the synthesized polyacrylamide gels. Therefore,
the pore size and distributions of the synthesized polyacrylamide
gels do not changewhen the surfactants and NaCl were added. Also,
Table 4
Results of Storage Modulus G’ and Loss Modulus G" for Gel Particles in Surfactant Soluti

Surfactant Conc. in 1.0% NaCl

In 1.0 wt.% NaCl brine
Alfoterra� 23 1.93 � 10�3 M
Sodium salt, dodecylbenzene sulfonic acid 2.87 � 10�3 M
neDodecylpyridinium chloride 3.52 � 10�3 M
(1-Hexadecyl)pyridinium bromide 2.45 � 10�3 M
Igepal� CO-530 (HLB ¼ 10.8) 2.16 � 10�3 M
Neodol� 25e12 (HLB ¼ 14.4) 1.35 � 10�3 M
DSC was used to measure the pore size of the swollen PPGs as
shown in Fig. 1. Based on the Eq. (1), it can be derived that the
average pore size of the PPGs is around 4.1 nm, which is much less
than the size of micelles formed from our tested surfactants [26].

3.2. Concentration change of NaCl after equilibrium of swelling

Accuracy of the experimental results was evaluated by analysis
results of a standard NaCl aqueous solution. The expected NaCl for
the analyzed solution is 0.0501 g. The mass of NaCl calculated
through the precipitation of AgCl after anionmetathesis is 0.0502 g,
leading to a relative experimental error of 0.2%. When PPGs were
swollen in the brine solution, the equilibrium concentration of NaCl
was found to be at 1.01 wt % changing from 1.00 wt %. The differ-
ence of 0.01 wt.% is attributed to the experimental error. The
analysis results are listed in Table 2, fromwhich it can be concluded
that the NaCl concentration in the excess brine is the same as the
initial concentrations. After swelling equilibrium, particle gel
doesn’t change the concentration of NaCl in the excess solution
since the sizes of sodium and chloride ions are much smaller than
the pore sizes of the swollen PPGs.

3.3. Concentration change of surfactants after equilibrium swelling
of PPGs

The initial concentration for all surfactants used in this experi-
ment is 200.00 ppm. After PPGs were completely swollen, equi-
librium concentration of surfactant in the excess solution was
measured by the UV absorbance. The equilibrium concentrations
for different surfactant solutions at PPG swelling equilibrium are
listed in Table 3.

In Table 3, it was found that the concentration of the most of the
surfactant solutions increased after the swelling equilibrium of
PPGs. For cationic surfactant, (1-hexadecyl) pyridinium bromide,
the concentration was changed to 231 ppm from 200 ppm corre-
sponding to an increase of 15.5% from its initial concentration.
However, for another cationic surfactant of n-dodecylpyridinium
chloride and non-surfactant chemical of benzalkonium chloride,
their concentrations were changed as �5% and 4.5%, respectively,
which were considered in the experimental error of�5% originated
from the UV absorbance measurement and thus the surfactant
on (1000 ppm) and in 1.0 wt.% NaCl Brine.

G’ (Pa) Change G" (Pa) Change

2582 0% 112 0%
689 �73% 45 �59%

1042 �60% 64 �43%
1133 �56% 66 �41%
1739 �33% 87 �22%
824 �68% 51 �54%
946 �63% 56 �50%



Fig. 2. Results of G0 and G" for particle gel in surfactant Alfoterra 23 solution
(1000 ppm) prepared with 1.0wt.% NaCl brine and in 1.0wt.% NaCl brine only (blank
test).
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molecules (not forming micelles, see Table 5) can migrate freely
through the swollen PPG porous structure. For the two anionic
surfactants tested, sodium 4-n-octyl benzene sulfonate and sodium
dodecylbenzene sulfonic acid, the latter shows an obvious increase
of its equilibrium concentration after gel swelling, but sodium 4-n-
octyl benzene sulfonate shows little change in the final equilibrium
concentration due to its higher CMC than 200 ppm (see Table 5). For
the commercial nonionic surfactants of Igepal� CO-530 and
Tergitol� NP-10, their equilibrium concentrations increased to 282
and 283 ppm, respectively, from the initial concentration of
200 ppm, corresponding to the change of 41% and 41.5%.

The reason that contributes to the dramatic increase of surfac-
tant concentration after gel particle swelling is the formation of
surfactant micelles in the solution, which has a much larger size
than that of opening of the gel network. Average area per surfactant
molecule adsorbed at the air/liquid interface is 60 Å2 [26], there-
fore, one surfactant molecule has a dimension of 9 Å in diameter of
hydrophilic head and about 20 Å in length of a hydrophobic tail.
This size is much smaller than the average pore size of the hydrogel,
4.1 nm or 41 Å. On the other hand, approximate size for a rod-like
surfactantmicelle is about 54 Å in the rod diameter and 140 Å in the
rod length [27], which is much larger than the average pore size of
the hydrogel. When the dry PPGs contact with the aqueous
surfactant solution, the particles absorbwater first, other molecules
and ions will diffuse into the network structure because of the
concentration gradient and their much smaller size. However,
surfactant micelles cannot go through the network due to their
much larger size. Only unassociated single surfactantmolecules can
go through the opening and diffuse into the network of the swollen
gel, which forms the dynamic equilibriumwith the formedmicelles
Table 5
Surfactant CMC, ratio of Cinit./CMC and Concentration Change after Gel Swelling.

Surfactant M.W. CMC* in 1.0%

n-Dodecylpyridinium chloride 284 2.8 � 10�3 M
(1-Hexadecyl)pyridinium bromide 402 4.5 � 10�4 M
Benzalkonium chloride w410 Not a surfact
Sodium 4-n-octyl benzene sulfonate 292 1.3 � 10�3 M
Sodium salt, dodecylbenzene sulfonic acid 348 4.6 � 10�4 M
Igepal� CO-530 464 4.1 � 10�5 M
Tergitol� NP-10 660 2.8 � 10�5 M

* Rosen, M. J.: “Surfactants and Interfacial Phenomena”, Wiley-Interscience, 3rd Ed., 200
absorbed outside the swollen gel network. After the swelling rea-
ches equilibrium, morewater has been absorbed by the gel and less
surfactant molecules can get into gel network. As a result, the
concentration of surfactants remained in the excess solution
increases. Therefore, it is expected that the lower the surfactant
critical micelle concentration (CMC) is, the greater the increase of
concentration in the excess solution will be after swelling since the
initial concentration of surfactants was all set at 200 ppm. For
a surfactant, if its CMC is high or its initial concentration is about or
lower than CMC, the concentration will change little after the gel
swelling reaches equilibrium such as n-dodecylpyridinium chloride
and sodium 4-n-octyl benezene sulfonate from Table 5.

From Table 5, it can be found that the change of surfactant
concentration is related to the ratio of the initial concentration
(Cinit) to surfactant CMC. If the ratio is less than 1.0, that means the
surfactant initial concentration is lower than its CMC, the concen-
tration change is little and in the range of experimental error. If the
ratio is greater than 1.0, the equilibrium concentration increased
dramatically. For example, this ratio for nonionic surfactants,
Igepal� CO-530 and Tergitol� NP-10, is greater than 10, their
equilibrium concentration increased from their initial concentra-
tion by 41.0% and 41.5%, respectively. This suggests that most of
their molecules exist in the solution in the form of micelles for
these nonionic surfactants with very low CMC. The micelles cannot
go through network of the swollen particle gel due to their bigger
size than the average pore size of the PPGs, resulting in the
dramatic increase of their equilibrium concentration since PPGs
absorbs a large amount of water during the swelling.
3.4. Influence of surfactant on friction of the particle gel surface

To study influence of surfactant on the particle gel viscoelas-
ticity, the dry PPGs at 2 wt.% were mixed with 1000 ppm surfactant
solutions prepared with 1.0 wt.% NaCl brine in a centrifuge tube,
and the PPGs and surfactant solution mixture was shaken well to
ensure the particles get completely swollen. The reason to prepare
surfactant solution at 1000 ppm that is much higher than that in
previous study is to ensure all surfactants investigated in this study
get aggregated in the solution. The gel viscoelasticity wasmeasured
by the HAAKE RheoScope as described before. During the process of
measurement, both G0 and G" show a slow and steady increase
because of the evaporation of water contained in gel sample, data
taken at the very beginning of measurement are used as G0 and G"
results. A blank test of the gel strength in 1.0 wt.% NaCl brine
without surfactant was also conducted for comparison. Measure-
ment results for the particle gel strength (both G0 and G") in
1000 ppm and 1.0 wt % NaCl brine solution are listed in Table 4. A
typical measurement of the gel strength as a function of scan time
was illustrated in Fig. 2 for PPGs in 1.0 wt% NaCl and 1.0 wt % NaCl/
1000 ppm Alfoterra� 23, respectively. It can be clearly seen from
Table 4 and Fig. 2 that the introduction of Alfoterra� 23 into the
swellingmedia significantly decreased the swollen gel strength. For
NaCl Cinit.(200 ppm) Cinit./CMC Conc. Change

7.0 � 10�4 M 0.3 �5.0%
5.0 � 10�4 M 1.1 15.5%

ant 4.9 � 10�4 M n/a 4.5%
6.8 � 10�4 M 0.5 6.5%
5.7 � 10�4 M 1.2 15.5%
4.3 � 10�4 M 10.5 41.0%
3.0 � 10�4 M 10.7 41.5%

4, 185e188.



Table 6
Critical Packing Parameters (CPP) of the Surfactants Investigated.

Surfactant v
(nm)3

l
(nm)

a0(nm)2 CPP Micelle
structure

Alfoterra� 23 0.538 2.690 0.600 0.333 Spherical
Sodium salt, dodecylbenzene

sulfonic acid
0.486 2.245 0.600 0.361 Rod-like

neDodecylpyridinium chloride 0.324 1.505 0.584 0.369 Rod-like
(1-Hexadecyl)pyridinium bromide 0.532 2.155 0.584 0.423 Rod-like
Igepal� CO-530 0.405 1.420 0.829 0.344 Rod-like
Neodol� 25�12 0.378 1.801 0.595 0.353 Rod-like
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example, in the blank test, G0 and G" for the particle gel are 2582 Pa
and 112 Pa, respectively. However, when Alfoterra� 23 was used in
the swelling solution, G0 and G" dramatically decrease to 689 Pa and
45 Pa, corresponding to the significant reduction of 73% and 59%,
respectively. From the data listed in Table 4, it can also be observed
that all the tested surfactants have strong influence on viscoelas-
ticity of the particle gel. Addition of surfactant to NaCl brine used
for gel swelling can substantially reduce the gel dynamic modulus
G0 and G". Another anionic surfactant of sodium dodecylbenzene
sulfonic acid reduced the gel’s storage modulus G0 by 60%, along
with the reduction of the loss modulus G" by 43%. For the cationic
surfactants such as n-dodecylpyridinium chloride and (1-hex-
adecyl) pyridinium bromide, they can decrease the gel’s storage
modulus by 56% and 33%, respectively, and loss modulus by 41%
and 22%, respectively. For nonionic surfactants such as Igepal� CO-
530 and Neodol� 25-12, their presence in the swelling solution
reduced the gel’s storage modulus by 68% and 63%, respectively,
along with the loss modulus decrease by 54% and 50%, respectively.

In order to further elucidate the reason of the dramatic decrease
of the dynamic modulus (G0 and G") of the particle gel by the
introduced surfactant in the solution, one has to understand that
the measurement of the dynamic modulus (G0 and G") by a plate
rheometer is accomplished by measuring the torque exerted on the
tested and swollen PPGs. The swollen particle gel sample is placed
on the horizontal glass plate and another metal sensor plate is
placed on top of the gel samples. Typically the top sensor plate is
rotated and the torque exerted on it is measured. However, the
movement of this plate is resisted by the frictional force, which is
proportional to the frictional coefficient and the stress applied on it.
Equations (2), (3) and (4) below describe quantitatively the rela-
tionship for torque (T), stress (N) and frictional coefficient (m).

T ¼ r � F (2)

F ¼ m,N (3)

T ¼ r � F ¼ r � ðm,NÞ (4)

where, T is the torque exerted on the sample; r is typically the
length of the lever arm and here it is related to geometry of the
rheometer sensor. For a given sensor, it is the same for all gel
samples measured; F is the frictional force, it is the product of
frictional coefficient (m) between two surfaces and the force applied
on the surfaces (N). In this experiment, a model of controlled stress
is employed for the measurement. Therefore, the torque exerted on
the sample is directly proportional to the frictional force between
the particle gel and the surfaces of the plates. Furthermore, for
a given cap of 0.200 mm between the plate and sensor, measure-
ment results of the dynamic modulus (G0 and G") are directly
A

 Particle gel Particle gel Particle gel 

Glass plate 
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Particle Particle gel Particle gel 

Fig. 3. Schematic illustration of the mechanism for friction reduction between the surfaces o
(B) With addition of surfactant to NaCl brine for the particle gel swelling.
proportional to the frictional force coefficient between the particle
gel and the plate surfaces.

Surface friction of polymer bulk gels on solid surfaces has been
intensively investigated through the use of commercial tribometer
or rheometer. It has been reported by Gong and co-worker that the
friction behaviors of the bulk hydrogels on glass or other slid
surfaces do not conform to Amonton’s law as shown in Eq. (3)
which describes the friction of solid materials [16]. However, to
our best knowledge, the friction investigation between the PPGs
and surfactants has not been reported. Therefore, we proposed
a simple mechanism, shown in Fig. 3, as a qualitative discussion of
friction reduction by surfactant between the surfaces of particle
gels, stainless steel sensor plate and glass plate. As shown in Fig. 3
(a) without addition of surfactant to NaCl brine for the particle gel
swelling, the stainless steel sensor plate presses the particle gel and
rotates on it at a constant stress mode when the dynamic modulus
is measured. The original dried particle size ranges between 0.125
and 0.150 mm. Based on the volume swelling ratio of 23, the
swollen particle size is between 0.355 and 0.427 mm in diameter.
The gap between the sensor plate and bottom glass plate for G0 and
G" measurement is at 0.200 mm, which is only about half of the
particle size. Therefore, the swollen gel particles experienced
a remarkable deformation during the measurement along with the
friction between the surfaces of particle gels, the sensor plate and
the glass plate which is dominated by the sliding or translational
motion, very similar to the case of bulk hydrogel on the solid
surfaces. In Fig. 3(b), however, with the addition of surfactant, most
of surfactant molecules aggregate to form the micelles, which have
a much larger size than that of the opening of the gel network and
are adsorbed onto the swollen particle gel surface as discussed in
the previous section of this paper. These micelles may act as many
small and flexible balls between the surfaces of particle gels, the
sensor plate and the glass plate in the similar way of a lubricant. In
this manner, the friction behaviors between these surfaces may be
dominated by the rolling motion of the micelles. Hence, this will
dramatically reduce the frictional coefficient between the surfaces
of particle gel, the sensor plate and the glass plate. Consequently,
B

• • • •

• • • •

• • • • • •

• • • • • •

• • •

• • •

• • •

• • •

Rod-like 
micelles

Stainless steel sensor

Glass plate 

Particle gel Particle gel Particle gel Particle gel

f particle gels, stainless steel sensor and glass plate. (A) Without addition of surfactant;



Fig. 4. Plots of G0 w CPP and G" w CPP for the surfactants investigated at 1000 ppm.

Fig. 5. Storage modulus G0of particle gels with and without surfactant. After surfactant
molecules have been washed off, the modulus G0 increases to the value of the particle
gel swollen in 1.0 wt.% NaCl.
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motion resistance of the sensor and the torque exerted on the
instrument during the measurement will be dramatically
decreased as well. As a result, the dynamicmodulus of G0 and G" are
decreased comparing with those measured without surfactant
added.

Based on this above mentioned mechanism, the ability of
surfactants to reduce hydrogels dynamic modulus may be related
to geometry of the surfactant micelles such as shape and size. For
each surfactant, it has a critical packing parameter in different
medium. Israelachvili and co-workers [28] have defined this
packing parameter, CPP, which is related to the shape of a surfactant
molecule.

CPP ¼ n

l,a0
(5)

where, v is the volume of surfactant hydrocarbon core in (nm)3; l is
the length of surfactant hydrocarbon chain in nm; a0 is effective
area of surfactant hydrophilic group in (nm)2. v, l and a0 can be
calculated using the following equations [29]:

n ¼ 0:027
�
nc þ nmethyl

�
(6)

l ¼ 0:15þ 0:127nc (7)

a0 ¼ 0:016mþ 0:333 (8)

where, nc is the number of carbon atoms of hydrocarbon chain
without methyl groups; nmethyl is the number of methyl groups in
the hydrocarbon chain; m is the number of ethylene oxide groups.

The critical packing parameters for the surfactants investigated
in this study have been calculated using Eqs. (5)e(8). The results are
listed in Table 6. From the table, it can be found that the packing
parameters for all the surfactants investigated are between 0.333
and 0.423. It was known that geometry of surfactant micelle
depends upon the value of CPP. If CPP is less than 1/3, the surfactant
will form spherical micelles in solution; if CPP is between 1/3 and 1/
2, it will form rod-like micelles; if CPP is close to 1, it will form the
lamellar structure; if CPP is greater than 1, it will form bi-contin-
uous phase; if CPP is much greater than 1, it will form the reversed
micelles or reversed rod-likemicelles in solution. It is expected that
surfactants with a CPP less than 0.333 will be the most efficient
agent to reduce the particle hydrogels dynamic modulus because
they form spherical micelles in solution. For surfactants with the
CPP between 0.333 and 0.500, the smaller the CPP is, the more
effective on reduction it will be. The gel strength in terms of G0 and
G" in different surfactant solutions are plotted against CPP and
shown in Fig. 4. In the figure, it can be found that the particle gel
strength decreases with decrease of the surfactant CPP and there is
a linear relationship for G0wCPP and G"wCPP. The linear correlation
coefficients for the two plots are 0.9989 and 0.9974, respectively.
This indicates that surfactant micelles absorbed on the particle gel
surface play a key role to reduce friction of the gel on the surface
and the measured dynamic modules G0 and G". The surfactant
forming spherical micelles like Alfoterra� 23 is the most effective
agent to reduce the gel friction. The other surfactants with CPP
between 0.333 and 0.500 should have rod-like micelles in the
solution and listed in Table 6. For rod-like micelles, it is expected
that both rod diameter and rod length should have effect on the
hydrogel G0 and G", and the micelles with greater rod diameter and
less rod length should be more effective on reducing the G0 and G".
But this assumption of relation between micelle size and perfor-
mance needs more work to get confirmed.

In order to confirm our proposed mechanism discussed above,
some parallel tests were also conducted for all the surfactants listed
in Table 6. In the parallel test, the dry gel particle samples were
mixed with surfactant solutions following the exact procedures
described previously. After the particles were completely swollen,
the swollen PPGs were washed by 1.0 wt% NaCl brine solution to
remove all the surfactants with the aid of centrifuge. For the
samples prepared in 1.0 wt% NaCl solution, it was also conducted at
the similar procedure in order to maintain all the particle gel
samples treated under the same conditions of shearing and agita-
tion which is believed to have significant impact on the rheological
properties of the gels. The gel strength after removing the surfac-
tants is shown in Fig. 5. Surprisingly, it has been found that the
values of G0 for all the particle gels after removing surfactants
increase significantly back to the values of the particle gel mixed
with 1.0 wt. NaCl solution, which indicates that the friction
behaviors between the surfaces of the particle gel, the sensor plate
and the glass plate has been switched from rolling motion back to
the sliding or translational motion because the surfactant micelles
have been removed from the gel particle surface, leading to the
recovery of G0 and G".

To provide further support of the proposed possible mechanism
responsible for the dynamic modulus reduction of the particle



Fig. 6. Storage modulus G0of particle gels measured with various surfactants at
different concentrations shows a substantial decrease at the concentration of their
critical micelle concentration (CMC).
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hydrogel by surfactant, the elastic modulus G0 of the synthesized
particle hydrogel swollen in the surfactant solution prepared with
1.0 wt.% NaCl at the concentrations below and above their critical
micelle concentration (CMC) has been systematically measured.
The results are shown in Fig. 6. In the figure, one can see that for the
six surfactants used in this study, the G0 shows a substantial
decrease at their CMC for each surfactant. Alfoterra� 23 with a CMC
of 10 ppm, G0 decreases from 2660 Pa to 1600 Pa around the CMC;
Igepal� CO-530with a CMC of 20 ppm, G0 decreases from 2580 Pa to
1700 Pa around the CMC; Neodol� 25-12 with a CMC of 70 ppm, G0

decreases from 2650 Pa to 1680 Pa around the CMC; Sodium salt of
dodecylbenzene sulfonic acid (C12 Benzenesulfonic) with a CMC of
160 ppm, G0 decreases from 2650 Pa to 1880 Pa around the CMC;
(1-Hexadecyl)pyridinium bromide (C16 Pyridinium) with a CMC of
181 ppm, G0 decreases from 2600 Pa to 2040 Pa around the CMC;
n-Dodecylpyridinium chloride (C12 Pyridinium) with a CMC of
795 ppm, G0 decreases from 2500 Pa to 1200 Pa around the CMC.
The very slow decrease of G0 for all surfactants at the concentra-
tions below CMC may be due to the experimental errors. However,
the noticeable decrease of G0 at the concentrations above CMC is
due to the increase of micelle concentration for the all surfactants
investigated. Because as a surfactant solution is continuously
increased to a concentration above its CMC, the monomer
concentration in the solution will no longer increase while the
micelle concentration in the solution will continue increasing with
increase of the surfactant concentration. This results in a contin-
uous decrease in the dynamic modulus (G0) of the hydrogel.
Furthermore, it can also be found that among these surfactants
investigated, Alfoterra� 23 has the lowest CMC. At 10 ppm, it can
effectively reduce elastic modulus because it is the only one that
can form spherical aggregates in the solution and most effective on
reducing gel surface friction.
4. Potential applications

Gel treatment has been proved to be an effective method to
reduce water production in oil industry. A new trend in gel treat-
ments is application of preformed particle gels (PPG) that are
formed at surface facilities before injection. In order to improve the
gel treatment efficacy, gel particles are placed in the surfactant
brine solution. When the particle gel and surfactant solution are
injected into the underground reservoir, the filtrated solution can
be squeezed into thematrix during the injection. As a result, the gel
particles enter and stay in the fracture and large size porous media
while the surfactant solutions enter into the small pores in the
formation where most hydrocarbon oil is trapped by the capillary
force. In this way, the surfactant solution will reduce interfacial
tension at oil/brine interface and change wettability of rock surface
in the formation. Based on our results of interaction between the
particle gel and surfactant, it has been found that surfactants have
strong influence on particle gel friction. Therefore, injectivity of the
particle gels can be greatly improved by the proper screening of
surfactant. In other words, the gel resistance can bemodified by the
selected surfactants for the best applications.

It is also worth mentioning that the results of this investigation
of the interaction between the surfactant and particle gels
demonstrate a new idea of forced imbibitions through combination
of particle gel injection and surfactant imbibition. Development of
forced imbibition technology will enable oil producers to increase
oil recovery while reduce water production. This study benefits the
oil industry with development of a new technology combining gel
treatment and surfactant flooding to improve oil/gas recovery
while reduce water production.

5. Conclusions

� Equilibrium concentration of NaCl in excess brine remains the
same after the swelling of particle gel. It is also expected that
concentration of water-soluble salts, e.g. KCl, MgCl2, CaCl2,
Na2CO3, Na2SO4, will not change as well after the swelling of
particle gels. This means that gel swelling will not increase the
salinity of the underground formation water.

� Equilibrium surfactant concentration in excess brine increases
after swelling of gel particles, which is due to formation of
surfactant micelles in the brine. Comparing with the open pore
size (4.1 nm) of the synthesized gels, the larger size of the
formed micelles could not diffuse into the network of particle
gel. Surfactants with larger size of molecules and lower critical
micelle concentration (CMC) show greater increase in equi-
librium. It is expected that nonionic surfactants will show
greater increase.

� Gel friction in terms of dynamic modulus G0 and G" can be
reduced dramatically which might be due to the fact that the
surfactant micelles adsorbed on the surface of particle gel
change the friction between the surfaces of particle gel and
solid from sliding/translational motion to the rolling motion.
The latter has a much smaller friction coefficient. However, the
gel resistance can be recovered after the surfactants have been
removed indicating the physical absorption of the formed
micelles over the surfaces of the swollen PPGs.

� Injectivity of particle gels can be significantly improved by use
of proper surfactants. Moreover, a new technology of forced
surfactant imbibition can be developed by combination of the
PPGs and surfactant. The new technology will greatly benefit to
oil industry by the way to improve oil recovery while reduce
water production.
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Relationships between composition- and temperature-dependent intermolecular interactions and cold
crystallization behaviors of poly(3-hydroxybutyrate) (PHB)/ cellulose acetate butyrate (CAB) blends have
been investigated mainly by infrared (IR) spectroscopy, together with differential scanning calorimetry,
and wide-angle X-ray diffraction (WAXD). Weak intermolecular hydrogen bondings between OH groups
in CAB and C]O groups in amorphous part of PHB define as inter were detected in OH stretching bands
of the blends. These interactions occur in the blends with high CAB content (wCAB) and highly depend on
temperature. For all the blends having 0.2�wCAB� 0.7, when temperature is raised (e.g., above 90 �C for
the blend with wCAB¼ 0.5) the cold crystallization of PHB was discerned, as evidenced by an increase of
the absorbance of the band due to C]O stretching in the crystal field. The crystallization was found to
involve the dissociation of inter and transformation of inter into intramolecular hydrogen bondings
within PHB and within CAB as summarized in Table 2 in this text, which promotes the crystallization and
enhances stabilization of the crystals. Consequently, the crystallization of the PHB is influenced by
exchanges of the hydrogen bondings as described above with raising temperatures. X-ray diffraction
from PHB crystals in the blends show a remarkable decrease of crystallinity with wCAB and eventually
disappear when wCAB� 0.8.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, the vast wastes of plastic products have become a serious
environmental problem, because the majority of them are made from
synthetic polymers that cannot be degraded in environments.
Biodegradable polymers are one of the most promising alternative
substances for solving this serious problem, because of their superior
biodegradable properties compared to those of synthetic polymers
[1e3]. Besides being degradable, they can be produced also as
renewable sources that are environment friendly. As a biosynthesized
aliphatic polyester and biodegradable thermoplastic, poly(3-hydrox-
ybutyrate) (PHB) (Fig.1(a)) has been attracting a considerable practical
attention for the biodegradability, biocompatibility, and possibility of
the synthesis from glycerol [4]. For these advantages, their crystal
structure and thermal or crystallization behaviors have been exten-
sively studied by using various techniques from the academic view-
point as well as from the viewpoint of practical applications.
All rights reserved.
However, as a biologically produced stereo-regular macromole-
cule, PHB is highly crystalline and, hence, rigid and brittle [5], which
also acts as a kind of defect for some practical applications. It has
a high melting temperature relative to its thermally stable temper-
ature range, which also acts as a defect for its melt processability.
Fromthe industrial viewpoint, thesedefects are really serious for the
wide-scale practical applications. Thus, PHB copolymers were
synthesized such as Poly(hydroxybutyrate-ran-hydroxyvalerate)
(PHB-co-PHV) [6e8] andgraft copolymerof atactic PHB/Poly(methyl
methacrylate) (PHB-g-PMMA) [9]. In addition, several polymers
such as poly(ethylene glycol) (PEG) [10], poly(ethylene oxide) (PEO)
[11], poly(vinyl acetate) (PVAc) [12,13], poly(4-vinylphenol) (PVPh)
[14,15], poly(vinyl alcohol) (PVA) [16], polylactide (PLLA) [17], and
cellulose esters (CE) [2,18e22] have been selected to be blended for
lowering themelting temperature and enhancing theprocessability.

In view of actual applications, blending between PHB and CE,
especially for amorphous cellulose acetate butyrate (CAB) hold very
promising features such as the elongation at break and toughness
[2]. Miscibility analysis of PHB/CAB blends was investigated by
Scandola et al. using dynamic-mechanical thermal analysis (DMTA)

mailto:ozaki@kwansei.ac.jp
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.021
http://dx.doi.org/10.1016/j.polymer.2010.11.021
http://dx.doi.org/10.1016/j.polymer.2010.11.021
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Fig. 1. Chemical structures of (a) poly(3-hydroxybutyrate) (PHB) and (b) cellulose
acetate butyrate (CAB).

Table 1
Thermal properties of the PHB/CAB blend in the second heating process.

PHB/CAB (%wt./wt.) Tg (�C) Tcc (�C) Tm (�C) DHm (J g�1) Xc

100/0 �1.72 e 166.65 93.56 0.64
80/20 �4.86 43.01 166.47 70.71 0.48
60/40 �7.21 43.21 161.95 52.19 0.36
50/50 �7.05 46.25 160.34 40.81 0.28
40/60 �8.13 49.29 156.19 28.67 0.20
30/70 �7.71 50.99 154.83 8.42 0.06
20/80 �2.02 n.d. n.d. e e

10/90 117.94 n.d. n.d. e e

5/95 127.52 n.d. n.d. e e

0/100 145.08 n.d. n.d. e e

n.d.: Not detected.
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measurements [18]. They reported that the blends of PHB/CAB are
miscible in the amorphous state. The result was in agreement with
that by Ceccorulli et al. who further investigated effects of low
molecular weight plasticizer on the miscibility of PHB/CAB blends
[19]. Pizzole et al. [20], who explored miscibility between PHB and
two kinds of CAB in the melt, reported that no interspherulitic
segregationwas observed, when the blends were crystallized under
the given crystallization conditions. Recently, El-Shafee et al.[21]
confirmed the miscible blend in melts, showing the effect of the
equilibrium melting point depression of PHB crystals upon the
addition of CAB. Moreover, it was found that, after crystallization of
the PHB component in the blends, CAB exists in the interlamellar
amorphous regions and becomes a major component there, as
detected by small-angle X-ray scattering (SAXS) [21]. In the
drawing process of blend, Park et al. indicated that the orientation
behavior of PHB crystals in the blends changes from c-axis orien-
tation to a-axis orientation with an increase in the CAB content
[22]. However, in all of the previous studies described above,
intermolecular interactions and their effects on crystallization in
PHB/CAB blends have not been fully explored yet.

The purpose of the present study is to investigate the intermo-
lecular interactions and their effects on crystallization behaviors of
PHB/CAB blends, primarily with infrared (IR) spectroscopy, together
with differential scanning calorimetry (DSC) and wide-angle X-ray
diffraction (WAXD) as supporting experimental methods, as a func-
tion of the blend composition and temperature. The IR results
obtained suggest the existence of weak intermolecular interactions
between the C]O groups of PHB and the OeH groups of CAB
(designated hereafter as inter). Moreover, the estimated crystallinity
from WAXD patterns of the blends suggests that the crystallinity of
PHB in the blends is influenced by the intermolecular interactions.
2. Experimental section

2.1. Materials and sample preparation

The bacterial PHB (number-average molecular weight, Mn, is
2.9�105) and CAB (number-average molecular weight, Mn, is
6.5�104) were purchased from Aldrich Chemical Co., Ltd., and
were used as received. Chemical structures of both samples are
given in Fig. 1. As shown in Fig. 1(b), the CAB polymer consists of
hydroxyl groups, acetyl groups, and butyryl groups. The weight
fraction of each group with respect to the total weight of CAB is
0.0089, 0.293, and 0.18, respectively. Thus, the number of each
group per single CAB chain is 6.5�104� 0.89�10�2/17.0¼ 34.0 for
hydroxyl groups, 6.5�104� 0.293/43.04¼ 442 for acetyl groups,
and 6.5�104� 0.18/71.1¼165 for butyryl groups.

Samples of PHB/CAB blends were prepared by mixing the
prescribed amount of powders and then dissolving them in chlo-
roform. The as-prepared solutions were cast into films of about
5 mg in weight in an aluminum pan for DSC measurements. For
WAXD analysis, the solutions were cast on copper plates to form
thin films with the thickness of around 200 mm. For IR spectral
measurements, thin film specimens of the thickness of around
10 mm were prepared by casting the solutions on CaF2 substrates.
All the prepared films were allowed to evaporate solvent at room
temperature for forming thin films. Then, the films were put in
a vacuum oven at 60 �C for 16 h to completely remove the residual
solvent and then naturally cooled down to room temperature for
the measurements. The films thus prepared are designated here-
after as “as-prepared films” and used for DSC, WAXD, and IR
measurements.
2.2. DSC

Thermal analyses of the blends were performed with a Per-
kineElmer Pyris 6 by sealing the as-prepared films in an aluminum
pan, and a pure indium was used as a standard material for
temperature calibration of the calorimeter. For a standard thermal
characterization of the blends with DSC, the blends were firstly
melted at 190 �C for 1 min to erase the previous thermal history.
Then, the DSC thermograms were obtained in the first cooling run
from 190 �C to�40 �C at a rate of 20 �C/min and in the second
heating run from �40 �C to 190 �C at a rate of 20 �C/min. The
thermal properties of blends such as the glass transition tempera-
ture (Tg), cold crystallization temperature (Tcc), melting tempera-
ture (Tm), and enthalpy of fusion (DHm) were determined from the
thermograms of the second heating run (see Table 1). Moreover, the
net cystallinity (Xc) of each blend as a whole, including amorphous
CAB, was also determined using the following equation (see also
Table 1):

Xc ¼ DHm

DH0
PHB

(1)

where DH0
PHB is the enthalpy of melting of pure PHB crystals, i.e.,

neat PHB having 100% crystallinity, (146 J/g) [23,24]; DHm is the
measured enthalpy of fusion in each blend.

We tried directly to compare the cold crystallization behavior of
the blends as observed by IR spectroscopy with that as observed by



Fig. 2. DSC thermograms of the as-prepared PHB/CAB blends with various composi-
tions in the first cooling runs (a) and the second heating runs (b), both at a rate of
20 �C/min, and the first heating run of the as-prepared sample at a rate of 2 �C/min (c).
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DSC. For this purpose, the DSC analyses also were deliberately
conducted in the first heating run of the as-prepared samples at
a slow heating rate of 2 �C/min, which is close enough to the
average heating rate used for the IR spectroscopy on the as-
prepared sample, as will be detailed in the next section.

2.3. Measurements of Fourier-transform infrared (FT-IR)
spectroscopy

FT-IR spectra of the blends in the region of 4000e800 cm�1

were collected with a Thermo Nicolet Magna 870 spectrometer
equipped with a mercury cadmium telluride (MCT) detector. The
normal transmission mode was applied to the spectral measure-
ments. To obtain an acceptable S/N, the spectra were accumulated
over 256 scans with a 2 cm�1 resolution. The as-prepared speci-
mens was stepwisely heated from 30 to 80 �C with an increment of
10 �C, and from 80 to 190 �C with an increment of 5 �C at heating
rate of 10 �C/min in between the two closest temperatures by using
an Instec thermoelectric control unit (HCS302, INSTEC Inc., USA)
with an accuracy of �0.1 �C. During the stepwise heating process,
the cell was maintained at each temperature for 3 min after
reaching the preset temperature to equilibrate the specimen at that
temperature before the FT-IR measurement and the measurement
was conducted for 3 min at that temperature. After the measure-
ment the specimenwas heated to the next higher temperature, and
this process was repeated. An average overall heating rate is
approximately 0.9 �C/min.

2.4. WAXD measurements

WAXD patterns of the as-prepared blend films were measured
with a Rigaku RINT2100 X-ray diffractometer equipped with
a scintillation detector (Rigaku PT30). The diffraction patterns were
recorded at room temperature from 2q¼ 11.5 to 35� at a scanning
rate of 0.2�/min. The X-ray beam of Cu-Ka radiation was generated
at 40 kV and 50 mA and passed through a Ni filter (wavelength:
0.154 nm).

3. Results and discussion

3.1. DSC studies

DSC thermograms of the blends with various compositions
measured in the first cooling run and the second heating run are
shown in part (a) and (b) in Fig. 2, respectively. Hereafter the blend
compositionwill be denoted byweight fraction of CAB,wCAB, too. The
pure PHB samplewas rapidly crystallized in the first cooling process,
while the crystallization in the blends was suppressed as typically
shown for PHB/CAB¼ 90/10 and80/20 (wCAB¼ 0.1 and0.2) (see Fig. 2
(a)). The cold crystallization temperature (Tcc) of the blends, which is
clearly observed as an endothermic peak, in the second heating
process was slightly shifted to a higher temperature with increasing
wCAB, as obviously seen for the blends with 0.2�wCAB� 0.7 in Fig. 2
(b). On the contrary, the endotherm for the cold crystallization was
not clearly discernible for pure PHB. This may be because the first
cooling process involves enough crystallization, which in turn
suppresses the cold crystallization in the second heating run. On the
other hand, the blends did not undergo enough crystallization in the
first cooling process so that they underwent the remarkable cold
crystallization in the second heating process.

The DSC thermogram of pure PHB in the second heating run
shows double melting-endothermic peaks. The melting tempera-
ture (Tm) of the blends shifts to a lower temperature with wCAB
(Table 1). The melting endotherm cannot be observed for the
blends with wCAB� 0.8, so that the blends are amorphous, which
will be due to formation of physically crosslinked network in the
blends via inter between PHB and CAB as well as intramolecular
hydrogen bondings within CAB, as will be discussed later in Section
3.5. The enthalpy of melting also decreases with wCAB (see Table 1).

On the basis of the report by Gunartne et al. [25], the double
melting thermogram can be explained by the effect of thermal
history, i.e., the crystallization condition of PHB. In the neat PHB,
the first endothermic peak is due to the melting of the crystals
crystallized in the first cooling process, while the second peak is
due to the recrystallization and melting of the crystals. The melting
temperature of the blend decreases with wCAB, partly (i) because of
an increased entropy of melting upon mixing PHB and CAB and
partly (ii) because of a greater suppression of mobility of PHB
component for the cold crystallization with increasing wCAB, that
creates less perfect crystallites with enhanced distortions of the
intramolecular hydrogen bondings within PHB crystals, as will be
detailed later. We think the latter effect (ii) dominates the former
effect (i) on the melting point depression with wCAB, because the
entropy of melting of the blends associated with mixing PHB and
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Table 2
Band assignments for FT-IR spectra of PHB/CAB blends.

Peak No. Wavenumber (cm�1) Assignment

1 3587 free OeH
2 3549 intra CABeCAB

feOH/eOeðetherÞ; CABeCAB
�OH/O]C; CABeCAB

3 3485 inter OH,OeH/O]C, CABeCAB
4 3465 1st overtone, free C]O, PHB (amorphous)
5 3460 inter OeH, OeH/O]C, CABePHB
6 3435 1st overtone, intra C]O, PHB (crystal)
7 1759 and w1743 free C]O, CAB
8 1747 free C]O, PHB (amorphous)
9 1723 intra C]O, PHB (crystal)

inter: Intermolecular, intra: Intramolecular.
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CAB chains is expected to be small for the blends with high
molecular weights.

Although these blends have been reported to be entirelymiscible
[19e22], the relationship of Tg vs. wCAB is far from that expected to
the Fox law [26]. The Tg’s of blends observed slightly shift to a lower
temperature than pure PHBwithwCAB up towCABw0.6, followed by
a slight increaseof theTgwith further increaseofwCAB from0.6 to0.7.
WhenwCAB> 0.7, this low Tg is obscured and the Tg shifts steeply to
a higher temperature with wCAB at wCAB> 0.8. For the blend with
wCAB¼ 0.9, the thermogram around Tg (shown by the arrow) was
highlighted in the inset to Fig. 2(b). The characteristic parameters for
the thermal properties of these blends are summarized in Table 1.
Even though all the blends apparently exhibited single Tg, The Tg vs.
wCAB behavior may infer existence of the two Tg’s due to the local
heterogeneities of the blend composition mediated by a difference
in the “self-concentration”of the stiff (CAB) andflexible components
(PHB) in the blends [27,28]. Probably the higher Tg for the blends
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withwCAB� 0.7, if it existed, is obscured by the cold crystallization of
PHB.

Fig. 2(c) and its inset present a typical DSC thermogram taken in
the first heating process of the as-prepared blend sample with
wCAB¼ 0.5 at a slow heating rate of 2 �C/min. The experimental
conditions chosen here are almost the same as those chosen for the
FT-IR studies to be discussed in the Sections 3.2 and 3.5 for a fair
comparison of the thermal analyses of DSC and FT-IR. It is noted
that the cold crystallization of the as-prepared blend sample at the
slow heating rate is not so obvious as that found for the same blend
sample in the second heating run shown in Fig. 2(b). We interpret
the disparity described above is due to the fact that the crystalli-
zation occurred sufficiently during the preparation process of the
as-prepared sample, hence suppressing the cold crystallization in
the as-prepared sample in the first heating process. As will be
shown later in conjunction with Figs. 8 and 9, the FT-IR clearly
indicated the cold crystallization in the temperature range between
80 andw130 �C. Based on the FT-IR result, we attempted to draw an
expected DSC thermogram by dotted line in the casewhere the cold
crystallization did not occur. The downward deviation of the real
thermogram from that shown by the dotted line is very roughly
assigned to be an endotherm due to the cold crystallization and
partial melting of the crystals formed. Fig. 2(c) also exhibits the
double melting thermogram. The first endothermic peak may be
due to the melting of the crystals formed in the preparation process
of the as-prepared sample and those formed in the cold crystalli-
zation process in the first heating process, while the second
endothermic peak may be due to the recrystallization of molten
crystals in the first endotherm and melting process of the recrys-
tallized crystals.
3.2. Temperature-dependent IR spectral variations of pure CAB

To explore molecular interactions, specifically hydrogen bond-
ings, of the blends, temperature-dependent IR spectra of neat CAB
were first investigated.

Fig. 3(a) presents IR spectra in the OH stretching region of
3700e3300 cm�1 of pure CAB measured in the heating process of
the as-prepared sample from 30 to 190 �C. It is important to note
the fact that the OH stretching bands can clarify or focus on the
intermolecular and intramolecular interactions of OH groups
within CAB, no matter how small is a number fraction of OH groups
per single CAB chain [34.0/(34.0þ 442þ165)¼ 0.053 mol%]
compared with other groups, acetyl and butyryl groups. The
selected second derivative spectra at 30 and 190 �C are given in part
(b). One can easily recognize one broad band at 3485 cm�1 and two
weak shoulders at 3587 and 3549 cm�1. It is noted that the inten-
sity of the 3485 cm�1 band decreases significantly, as indicated by
the downward arrow, and shifts toward a higher wavenumber of
w3489 cm�1 with temperature. The intensity of the 3549 cm�1

band also decreases, as indicated also by the downward arrow, and
shifts toward a higher wavenumber. On the other hand, the
intensity at 3587 cm�1 certainly increases as shown by the upward
arrow. The present results together with the previous ones on
cellulose and CAB [22,29] lead us to assign the band at 3485 cm�1

to the OH stretching mode of inter-chain hydrogen bondings (C]
O/HeO) (defined as inter CABeCAB) [22], while the band at
3549 cm�1 may be ascribed to intramolecular hydrogen bondings
of OH/eOe (ether) and OeH/O]C in CAB (defined as intra
CABeCAB). This is because the absorbance of these bands (3549
and 3485 cm�1) decreases with temperature, as typically observed
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for bands associated with hydrogen bondings, and because of the
relative peak positions of the two bands relative to that at
3587 cm�1 [29]. We should note here that CAB contains muchmore
C]O groups than cellulose and its derivatives contain. The third
peak at 3587 cm�1 arises from free OeH groups, because it appears
at the highest wavenumber and increases with temperature as
shown by the upward arrow in Fig. 3(a) [29e31]. The results in
Fig. 3 reveal that most of the OH groups of CAB are involved in the
hydrogen bondings, although the fractions of OH groups them-
selves are small among all the substituent groups.

The gradual intensity decreases in the bands at 3485 and
3549 cm�1 together with the higher wavenumber shift with
temperature suggest that both inter CABeCAB and intra CABeCAB
become weak and some of them undergo dissociations with
temperature. The intensity increase in the free OH stretching band
is not so large, qualitatively indicating that a rather small fraction of
the hydrogen bondings are dissociated into the free OH groups,
although they become weak significantly with temperature.
Fig. 4(a) shows IR spectra in the C]O stretching band region of
the as-prepared pure CAB sample measured in the heating process
from 30 to 190 �C. The second derivative spectra presented in Fig. 4
(b) reveal that at least two kinds of C]O stretching bands appear at
1759 andw1743 cm�1 at 30 �C. Firstly, we should note the fact that
(1) most of the C]O groups of CAB exist as free C]O, because
94.7 mol% of the substitutes are acetyl and butyryl groups, and only
5.3 mol% are OH groups; only one out of 18 C]O groups can
encounter OH groups, because the number ratio of C]O groups to
OH groups isw18 to 1. From this viewpoint, it is not easy to identify
the C]O stretching band due to inter CAB-CAB and/or intra
CABeCAB -C]O /HeOe in the spectra shown in Fig. 4. Never-
theless, we should note also the fact that (2) there are certainly the
C]O/HeO hydrogen bonds, as already evidenced by the OH
stretching band region shown in Fig. 3. From these facts (1) and (2)
described above, we can conclude that there are two stretching
bands due to the free C]O groups which exist in slightly different
environments.

Detailed band assignments for the neat CAB are summarized in
Table 2, together with those of PHB and PHB/CAB which will be
discussed later.

3.3. Composition-dependent IR spectra

Fig. 5 shows composition-dependent IR spectra in the C]O
stretching band region at room temperature (a) and their second
derivatives (b) for the blends. Based on the detail IR studies of
neat PHB in the C]O and CeH stretching band regions [32e36],
together with X-ray crystallographic studies [37,38], we have
proposed that there are a chain of intramolecular hydrogen
bondings (designated hereafter as intra C]O) CeH/O]C
between one of CeH groups in the CH3 of one helical chain and
the C]O groups of another helical chain in the PHB lamellar
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crystals along a-axis [32e36,39]. According to our previous
investigations [32e36], the bands at 1747 and 1723 cm�1 of pure
PHB are assigned to C]O stretching modes of free C]O groups
in amorphous regions (designated hereafter free C]O) and intra
C]O, respectively.

Of note in Fig. 5(a) is that there is a marked difference between
the spectrum of the 50/50 blend and that of the 60/40 blend. Upon
going from the 60/40 blend to the 50/50 blend, the intra C]O at
1723 cm�1 almost disappears and the free C]O band at 1747 cm�1

increases. Thus, it is very likely that the crystallinity of PHB sharply
decreases upon going from the 60/40 blend to the 50/50 blend. New
bands appear at 1759 and 1743 cm�1 with the increase in wCAB.
These are assigned to the stretching modes of free C]O groups of
CAB (cf. Fig. 4)

The corresponding spectra in the OeH stretching band region of
3700e3300 cm�1 and their second derivatives are presented in
Fig. 6. In the original spectra (a), pure PHB shows a strong band at
3435 cm�1, assigned to the first overtone of the intra C]O, and
a weak shoulder near 3465 cm�1, attributed to the first overtone of
the free C]O [34e36]. These two characteristic bands can be clearly
observed in the corresponding second derivative spectra in Fig. 6
(b). With the increase in wCAB, the intensity of the 3435 cm�1

band decreases markedly, while a new band appears at 3460 cm�1

in the 50/50 blend. Again, there is a large variation between the
spectrum of the 60/40 blend and that of the 50/50 blend as shown
in Fig. 6(a). The band at 3460 cm�1 may be assigned to the OH
stretching mode in OH groups hydrogen-bonded with C]O groups
of PHB, (CAB)eOeH/O]Ce(PHB) (designated hereafter inter OH,
CABePHB). It seems that there is weak intermolecular interactions
between the OH groups in CAB and the C]O groups in amorphous
part of PHB. The band at 3460 cm�1 gradually becomes weak with
increasing wCAB from 0.5 to 1, while the band at 3485 cm�1

becomes strong. This indicates an exchange of hydrogen bondings
between inter C]O/HO, PHBeCAB and inter C]O/HeO,
CABeCAB with wCAB, through dissociations of the former, followed
by association of the latter via reassociation of the dissociated OH
groups of CAB with free C]O groups in CAB (see Table 2).
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3.4. Crystal structure and crystallinity of PHB in the blends

Thewide-angle X-ray diffraction (WAXD)methodwas employed
to explore the local spatial arrangements of atoms in the crystal and
amorphous regions in theblends as a functionofwCAB. Themeasured
X-ray diffraction patterns for the blends are shown in Fig. 7. For the
neat PHB, the crystal structure has been determined as the ortho-
rhombic structurewith lattice parameters (a¼ b¼ g¼ 90�, a¼ 5.76,
b¼ 13.20, and c¼ 5.96�A) using the X-ray diffraction technique [37].
Therefore, the several sharp peaks from the blends located at 13.4�,
16.1� 16.7�, 19.9�, 21.7�, 22.5�, and 30.3� can be assigned to the
diffraction peaks from the (020), (011), (110), (021), (101), (111), and
(002) lattice planes from the PHB crystal in the blends, respectively.

Comparing these diffraction peaks in the blends with those in the
neat one, we can conclude that the crystal structure of PHB in
the blends is almost the sameas that of theneat PHB.Nevertheless, the
diffraction peaks from crystals gradually decrease with wCAB and
eventually disappear in the blendswithwCAB� 0.8, indicating that the
crystallinity of blends decreases with wCAB. These results are in good
agreement with the IR spectral results observed around 1723 cm�1

(Fig. 5) and 3435 cm�1 (Fig. 6), though the IR peak disappears at
a slightly small wCAB, wCAB� 0.5. This disparity in the value of wCAB,
abovewhich the crystallinity as observed by IR andWAXD disappears,
may infer that with increasingwCAB, the intra C]O in the PHB crystal
breaks prior to distortions of the regular positional orders of atoms
registered in the crystals as observed byWAXD, and that the break of
the intraC]Otriggers thedistortionsof thepositionalorderofatoms in
the crystal, giving rise to less stable crystals, smaller net crystallinity, as
observed by WAXD, and eventually to the transformation into an
amorphous state at wCAB� 0.8. Thus, formation of a perfect crystal
structure of PHB is obstructed with increasing wCAB, which may be
driven through the increasing amount of inter between CAB and PHB.

3.5. Temperature-induced IR spectral variations of the blends

For clarifying relationships among the crystallization behavior
of PHB in the blends, the intermolecular interactions between CAB
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and PHB, and intramolecular interactions within CAB and within
PHB, IR spectra of the blends were measured in the heating process.
Fig. 8(a) and (b) display the temperature-dependent IR spectra in
the C]O stretching region and their second derivatives of the blend
with wCAB¼ 0.5 measured over a temperature range from 30 to
190 �C, respectively. One can observe three bands at 1759,1743, and
1723 cm�1 in the spectrum at 30 �C (see, the second derivatives).
The 1759 and 1723 cm�1 bands are already ascribed to the
stretching modes of free C]O groups of CAB and intra C]O of PHB,
respectively (see Fig. 5). The broad peak around 1743 cm�1 contains
contributions from both CAB (free C]O) and PHB (free C]O) (see
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also Fig. 5). Of note is that the intensity of the 1723 cm�1 band
increases markedly above 90 �C.

Fig. 9 plots A1723(T), the absorbance at 1723 cm�1 (a) and
dA1723(T)/dT, the first derivative of the absorbance at 1723 cm�1

with T, for the blend with wCAB¼ 0.5 versus temperature (b). It can
be seen from Fig. 9 that the intensity of the 1723 cm�1 band
increases from 80 to 160 �C. Above 165 �C, it decreases rapidly. The
intensity variation suggests that intra C]O is formed within the
PHB component in the blend from 90 to 160 �C and that they are
broken above 165 �C [45]. These changes suggest that the cold
crystallization of PHB in the blends andmelting of PHB crystals take
place in the temperature range between 80 and w180 �C.

Since A1723 (T) is proportional to Xc (T), the crystallinity at a given
T, dA1723(T)/dT is proportional to dXc(T)/dT, the amount of crystals
formed between T and Tþ dT. Thus the derivatives are related to
heat evolved in the cold crystallization at T, and hence is related to
the DSC thermogram shown in Fig. 2(c). Fig. 9(b) qualitatively
suggests that the cold crystallization and a partial melting of the
crystals (the crystals newly formed via the cold crystallization and
the crystals existed in the as-prepared blends) and recrystallization
of the molten crystals fromw80 tow150 �C and the melting of the
recrystallizated crystals above w150 �C. Here it is noted that the
onset temperature of the cold crystallization and the temperature
of completion of the melting are subjected to some errors due to
a serious overlap of band having peak at 1743 cm�1 to the band at
1723 cm�1, because the intensity of the band at 1723 cm�1 is small
around these temperatures.

We may be able to envision that the cold crystallization process
involves exchanges of hydrogen bondings from inter between PHB
and CAB to intrawithin PHB via dissociation of inter and association
of free C]O, formed as a consequence of the dissociation and its
transformation into intra within PHB and that formation of intra
improves perfection and stabilization of the PHB crystals. Here it is
important to note that the average of OH groups per single CAB
chain (34) is substantially large, although the fraction of OH groups
among all the substituent groups is very small (only 5.3 mol%).
Consequently inter affects considerably the cold crystallization
process and the crystallization from the melts as well. This is
because the small fraction of OH groups in the CAB gives a suffi-
ciently large number of OH groups per single CAB chain to form
physically crosslinked networks between PHB and CAB in the
blends via inter as the crosslinking points which are stable in the
temperature range where crystallization occurs. Hence inter
suppresses the crystallization rate and net crystallinity too attained
under given crystallization conditions.

Figs. 10e13 display temperature-dependent variations of IR
spectra (a) and their second derivatives (b) in the 1780e1700 cm�1

region of the blends with wCAB¼ 0.8, 0.7, 0.6, and 0.4, respectively.
In the case of the blend with wCAB¼ 0.8, the spectra did not exhibit
the peak at 1723 cm�1, indicating that intra is not formed in the
blend. Consequently, the cold crystallization of PHB does not occur
even at high temperatures due to the incorporation of the large
fraction of CAB in the blends. The 1723 cm�1 band was clearly
observed in the blends withwCAB¼ 0.7, 0.6, and 0.4. The intensity of
the 1723 cm�1 band of the blends withwCAB¼ 0.7 and 0.6 increases
significantly with increasing temperature from w120 to 180 �C,
indicating that the cold crystallization occurs remarkably in the
blends with wCAB¼ 0.7 and 0.6.

The intensity of the 1723 cm�1 band of the blend with
wCAB¼ 0.4 versus temperature is plotted in Fig. 14. As can be found
that the 1723 cm�1 band is intense even at room temperature,
reflecting that the as-prepared blend sample with wCAB¼ 0.4 itself
has a relatively large crystallinity in the initial state.

Fig.15 shows the IR spectra from 3650 to 3390 cm�1 region (part
a) and their corresponding second derivatives (part b) in the whole
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heating process. As can be seen from the second derivative spectra
in the inset of part (b), the peak at 3460 cm�1 shows a gradual shift
toward the higher wavenumber with increasing temperature above
90 �C. Therefore, we can ascribe the band at 3460 cm�1 to the
stretching mode of OH groups which involves the intermolecular
hydrogen bondings between OH groups of CAB and C]O groups of
PHB. We can ascribe the shift of the bands to a weakening of the
hydrogen bonding. Moreover as shown in the inset of part (b), the
gradual shift of the peak at 3460 cm�1 start to display another peak
w3485 cm�1, when the temperature is raised to 120 �C. Upon
further increasing the temperature up to 160 �C, the new peak at
w3485 cm�1 dominates. This indubitable result seems to support
our idea that the intermolecular hydrogen bonding between CAB
and PHB is dissociated in the heating process from 90 to 160 �C and
is transformed into inter OH/O]C, CABeCAB as listed in Table 2.
The dissociation involves the association of intra at 1723 cm�1

within PHB also. The transformation of the hydrogen bonding from
inter between PHB and CAB into intra within PHB and inter
CABeCAB is driven by the cold crystallization. The transformation is
also confirmed by the decrease of the intensity at 3460 cm�1 in the
original spectra in part (a) with increasing T to 160 �C, as indicated
by the downward arrow. The melting process of PHB crystal
involves the reverse exchange and transformation of the hydrogen
bondings, as evidenced by the change of the original and second
derivative spectra from 160 to 190 �C.

4. Conclusions

The molecular interactions, specifically hydrogen bonding
interactions, of the PHB/CAB blends with various blending
compositions have been investigated by means of IR spectroscopy,
DSC, and WAXD. From the DSC analysis, it has been show that the
cold crystallization temperature of the blends in the second heating
process increases with wCAB and that the melting temperature of
the blends decreases with wCAB primarily due to the suppressed
mobility of PHB component in the blends with wCAB. In addition,
their glass transition temperatures (Tg) are not strongly composi-
tion-dependent in the entire composition range except for the
range of CAB between 80 and 90 wt%. We proposed that the
difference in the self-concentrations of CAB and PHB plays an
important role.

In the IR analysis of neat CAB, the bands due to the C]O and OH
stretching modes of CAB have been assigned as follows (Table 2).
The bands due to free C]O groups in slightly different environ-
ments appear at w1743 and 1759 cm�1 (peak#7 in Table 2). The
bands at 3587, 3549, and 3485 cm�1 have been assigned to the OH
stretching modes of free OH groups (peak#1 in Table 2), intramo-
lecularly hydrogen-bonded OH groups (eOH/eOe(ether) and
eOH/O]C) (peak#2 in Table 2), and intermolecularly hydrogen-
bonded OH groups (eOH/O]C) (peak#3 in Table 2), respectively.

For the PHB/CAB blends, the weak intermolecular hydrogen
bondings of OH/O]C between the OH groups in CAB and the C]O
groups in amorphous part of PHB (inter) are observed by moni-
toring the apparent wavenumber shift of the characteristic IR bands
in the 3485e3460 cm�1 region (Figs. 6 and 15) and
3460e3465 cm�1 region (Fig. 6) (peak#5 in Table 2). However,
these interactions highly depend on the blend composition (Fig. 6)
and temperature (Fig. 15) as a consequence of the competitive
interactions between CAB and CAB and between PHB and PHB.
With increasing temperature, it dissociates and is transformed into
the intramolecular hydrogen bondings of CeH/O]C within PHB
(intra, peak#6 and peak#9) and within CAB (intra and inter,
peaks#2 and #3 in Table 2, respectively), which is closely related to
the cold crystallization. The reverse transformation occurs in the
melting process of PHB crystals.
The X-ray crystallinity was found to decrease with increasing
wCAB and to disappear at wCAB� 0.8, which imply the suppression
of crystallization of PHB component via the intermolecular and
intramolecular interactions which act as physical crosslinks of PHB
and CAB chains in the blends as detailed in the text.
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As a typical engineering plastic and high-crystallization polymer, polyoxymethylene (POM) has been
successfully wrapped on single-walled carbon nanotubes (SWCNTs) using a simple supercritical carbon
dioxide (SC CO2) antisolvent-induced polymer epitaxy method. The characterization results of scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) reveal that the SWCNTs are
coated by laminar POM with the thicknesses of a few nanometers. The polymer adsorption on CNTs via
multiple weak molecular interactions of CH groups with CNTs has been identified with FTIR and Raman
spectroscopy. The experimental results indicate that the decorating degree of POM on the surface of CNTs
increases significantly with the increase of SC CO2 pressure, and accordingly the dispersion of SWCNT
modified by POM at higher pressure are more excellent than that of obtained at lower pressure. Further
the processing stability of POM/CNTs composites are investigated by differential scanning calorimetry
and thermogravimetric analysis. The experimental results obtained show that their thermal stability
behavior is closely related to surface properties of CNTs. Apparently, the composites with POM-deco-
rating SWCNTs as the filler shows higher melting points compared to the POM composites with pristine
SWCNTs as the filler. Therefore, we anticipate this work may lead to a controllable method making use of
peculiar properties of SC CO2 to help to fabricate the functional CNTs-based nanocomposites containing
highly crystalline thermoplastic materials such as POM.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have been intensively studied because
of their remarkable electronic, mechanical properties and unique
one-dimensional (1D) structures [1e3]. In addition, due to their
nanometer size, high aspect ratios, and more importantly, extraor-
dinary mechanical strength and thermal conductivity, carbon
nanotubes (CNTs) have been considered as ideal candidates to
substitute for the conventional nanofillers in multifunctional poly-
mer nanocomposites [4e8]. However, a major remaining challenge
is how to achieve homogenous dispersion of CNTs within polymeric
matrix because the as-prepared CNTs usually aggregate into
bundles and/or entangle together. There are somemethods to solve
this problem, including chemical functionalization techniques and
noncovalent wrapping methods [9]. Comparing to the covalent
method which is the attachment of chemical groups through
7.

All rights reserved.
chemical reactions onto the p-conjugated skeleton of SWCNTs, the
noncovalent wrapping methods can not destroy the original struc-
ture of CNTs, therefore the electronic network of the tubes can be
maintained.

Supercritical fluids (SCFs) have been widely used in the
synthesis and processing of materials due to their unusual prop-
erties such as low viscosity, high diffusivity, near-zero surface
tension, and tenability [10]. Among SCFs, supercritical CO2 (SC CO2)
is the most popular one because it is nonflammable, nontoxic,
inexpensive, and naturally abundant and has consequently been
promoted as a sustainable solvent [11e14]. In addition, the solu-
bility of SC CO2 in many organic solvents is very high, but it is
very poor for many polymers [15,16]. So SC CO2 can act as an
antisolvent to enhance the precipitation or absorption of polymers
on the surface of CNTs [17e22]. In our previous study, we have
successfully achieved the modification of CNTs with polyethylene
(PE), poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA) and poly
(vinylidenefluoride) (PVDF) using a simple SC CO2 antisolvent-
induced polymer epitaxy method (SAIPE method) [19e22]. These
results motivated us to go on investigating other typical polymers

mailto:qunxu@zzu.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.045
http://dx.doi.org/10.1016/j.polymer.2010.11.045
http://dx.doi.org/10.1016/j.polymer.2010.11.045
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and study their modification on CNTs with assistance of SC CO2. We
are very interesting to go on investigating new polymer and
fabricate functional CNTs-based nanocomposties, especially which
is hard to synthesis or fabricate using traditional methods.

Polyoxymethylene (POM) is an engineering plastic with excel-
lent properties, such as high mechanical strength, good abrasion
resistance, exceptional dimensional stability, and has a wide range
of applications in industries [23,24]. Because of the flexibility of
its significant main chain [eCH2eOe] (Scheme 1), POM has a high-
degree of crystallization, and such a high-crystallization makes
it difficult to obtain the POM/CNTs nanocomposites. In addition,
considering the properties of POM/CNTs nanocomposites can be
influenced by the varying crystal structure andmorphology [25,26],
the design and construction of functional CNTs-based composites
are very necessary fromacademia and to industry. However, there is
little information on the POM/CNTs nanocomposites because of the
very poor compatibility of POM with other materials, comparing
with other polymers such as polyethylene (PE), nylon66, poly-
ethylene-b-poly (ethyleneoxide) (PE-b-PEO) [27e29]. Recently,
Zeng et al. have used the conventional melt-mixing technique to
fabricate POM/CNTs composites. They have found that when CNTs
were added into the molten POM, a drastic degradation of POM
occurred and toxic formaldehyde gas was emitted [30]. Another
group has studied the thermal conductivity, mechanical properties
and the structure of POM/CNTs nanocomposites. Zhao et al. have
prepared POM/MWCNTs (multiwalled carbon nanotubes) nano-
composites by a simple solution-evaporationmethod. In theirwork,
MWCNTs were chemically functionalized for purpose of the
dispersion in POM matrix, and the interfacial bonding of themwas
enhanced [31]. Although the two groups have investigated the
properties of POM/CNTs nanocomposites, there is still little infor-
mation on the interaction between POM and CNTs. Another one
point needs to note is that it is hard to overcome the shortcoming
that the continuous deformaldehyde reaction may occur due to the
rupture of methyl oxide bonds under heat and oxygen [32]. There-
fore, exploring a novel and green fabrication method is necessary.

Thus, in this study, first, we aim to realize the modification of
CNTs with POM via the environmental benign SC CO2 e assisted
method. Second, we try to explore the effect of different experi-
mental conditions on CNTs’ decoration, in order to achieve the
controllable morphology and properties of the composite of
POM/CNTs. Third, the processing stabilities of POM/CNTs compos-
ites are investigated. The ultimate purpose is to help realize the
functional design for these tailored nanohybrid architecture of
CNTs-based nanocomposties containing highly crystalline thermo-
plastic of POM.
Scheme 1. The molecular helix conformation of POM (H95).
2. Experimental

2.1. Raw materials

The single-walled carbon nanotubes (SWCNTs) were supplied
by Carbon NanoMaterials R&D Center, Chengdu Desran Technology
Co., Ltd. (China), with a purity of 90 wt.%. Polyoxymethylene (POM)
was the experimental grade granule purchased (CAS NO: 30525-
89-4) from Sinopharm Chemical Reagent Co., Ltd (China). Acetic
acid glacial (HAc) was purchased from Tianli Chemical Reagent Co.,
Ltd (China), with a purity of 99.5%. CO2 with purity of 99.9% was
provided by Zhengzhou Gas Company.

2.2. Experimental procedure

In a typical experiment, there were three basic steps to fabricate
the POM/SWCNTs nanocomposites. First, POM (0.5 mg) solution
was dissolved in HAc (3 g) at the suitable temperature (80 �C, 90 �C)
close to the crystallization temperature of POM. SWCNTs (0.5 mg)
were unbundled in HAc (2 g) and the mixture was ultrasonicated
for 1 h at 45 �C before being added to the prepared POM solution.
Second, the hybrid solution was transferred into the SC CO2 appa-
ratus as quickly as possible, to reach the determined conditions of
temperature and pressure. Third, it was the crystallization process
and the crystallization time was controlled for 3 h. At last, CO2 was
slowly released to atmospheric pressure and the sample obtained
was collected and labelled.

The processing stabilities of POM/CNTs composites are investi-
gated by differential scanning calorimetry and thermogravimetric
analysis. The POM/CNTs composites are prepared as the following.
The SWCNTs decorated (15 wt.%) is put into the POM solution and
the mixture was ultrasonicated at 45 �C for 1 h. Then the mixture
evaporated in a vacuum oven at the room temperature for 2 days.
As a control test, we put the pristine SWCNTs (15 wt.%) into the
POM solutionwith the same process and the obtained composite is
used for the comparison.

2.3. Characterization methods

Field emission scanning electron microscopy (SEM JEOL JSM-
6700F) and transmission electron microscopy (TEM FEI Tecnai G2

20) were used to observe the morphologies and microstructures of
the decorated CNTs. Structural parameters of SWCNTs were char-
acterized by IR spectra and Raman spectroscopy, respectively. IR
spectra were acquired using a TENSOR 27 FTIR spectrometer
(Bruker) in the absorption mode with 32 scans at a resolution of
2 cm�1 intervals. Raman spectra were collected on a Renishaw
Microscope System RM 2000 at room temperature at 514.5 nm
laser excitation. Spectra were collected at various locations for each
sample studied to determine reproducibility. Differential Scanning
Calorimetry (DSC) was carried out using TA-Q100 at a heating
and cooling rate of 10 �C/min under a nitrogen atmosphere.
Samples of ∼2 mg each were encapsulated in aluminum pans and
sealed. A consecutive heating sequence was followed at a rate of
10 K/min from 40 �C to 180 �C. For thermogravimetric analysis
(TG/TDA 300), a sample weighing about 5 mg was measured in the
dynamic mode at a heating rate of 10 K/min from 25 �C to 300 �C.

3. Results and discussion

3.1. Microstructures of POM/SWCNTs nanocomposites

In our previous study,wedeveloped a facile and efficientmethod
for decorating CNTs using the supercritical CO2 antisolvent-induced
polymer epitaxy (SAIPE) method. In this study, the SAIPE method is
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used to help to build a nanohybrid structure of POM wrapping on
SWCNTs. The SWCNTs that are considered as the role of catalyst are
added into the POMsolution, it can decrease the potential energy for
nucleation due to the external surface of SWCNTs to encourage the
polymer to crystallize on it [33]. The compatibility of SC CO2 andHAc
is much better than that of SC CO2 and POM system. Therefore, SC
CO2 is considered as the antisolvent for POM in the POM/HAc/SC CO2
system. This process can be described as follows. When CO2 is
injected into the POM/SWCNTs/HAc system, the phenomenon of
phase separation can be observed because of the degree of reduced
viscosity and surface tension of theHAc-rich phase becominghigher
and the liquid phase is expanded gradually, which can lead to POM
molecules separated out of the supersaturated solution succes-
sively. Further POM molecules can be adsorbed on the surface of
SWCNTs.

The presence of POM coating on CNT is evident from the SEM
images of the composites (Fig. 1). For supercritical fluid, experi-
mental pressure has an important effect on the solvent power, and
the variation of experimental pressure can be regarded as a typical
outside effect [18]. Therefore, we are very interesting to investigate
the effect of SC CO2 on the induced POM crystallization and deco-
ration on SWNTs. We changed the experimental pressure of SC CO2
from 11 MPa to 13 MPa and 15 MPa with the fixed concentration of
POM at 0.01 wt.% and CNTs concentration at 0.01 wt.%. When the
experimental temperature is 80 �C, the obtained results with TEM
characterization are shown in Fig. 2. As marked by the arrows in
Figure a2, b2 and c2, the surface of CNTs or CNT bundles are coated
Fig. 1. SEM images of the SWCNTs decorated with POM at 80 �C fo
by POM lamellae. With the increase of SC CO2 pressure to 15 MPa,
SC CO2 enhances the diffusivity of the polymers and facilitates the
growth of POM chains near the entanglement area, and the wrap-
ping walls can be found thicker at 15 MPa compared to that at
11 MPa. In addition, when the pressure increases to 15 MPa, we
even can observe the polymer nanocrystals as we observed in our
previous study [21]. At the same experimental temperature, the
volume of the liquid phase at 15 MPa is more expanded due to the
dissolution of more CO2, and the density and the solvent power of
HAc-rich phase decrease more. The polymer chains may prefer to
undergo transition from a loose coil to a dense globule so as to
minimize polymeresolvent interactions in the poorer solvent [33].

We also find a tendency that the modified effect becomes better
from 11 MPa to 15 MPa at 90 �C (Fig. 3). Apparently at 11 MPa, the
CNTs cannot be wrapped perfectly and totally, when the CO2 pres-
sure increases to 15MPa, amore completewrappingonCNTbundles
is observed, and also the POM nanocrystals can be observed. Since
from the microstructure, we can observe the better decoration of
CNTs with POM at higher CO2 pressure, we are very interesting if
these CNTs obtained at higher CO2 pressure have more excellent
dispersion?Our experimental results shown in Figs. 4 and 5 confirm
it is. We can see that the pristine CNTs subside at the bottom of the
bottle (Figs. 4 and 5a), however, themodified SWCNTs are dispersed
in the solvent. No matter at 80 �C or 90 �C, the CNTs decorated at
15 MPa indeed has the better dispersion. This indicates that the
perfect modification on CNTs can help the excellent dispersion of
CNTs in the solution.
r 3 h, with different CO2 pressure: (a) 13 MPa and (b) 15 MPa.



Fig. 2. TEM images of the SWCNTs decorated with POM at 80 �C for 3 h, but with different experimental pressures: (a) 11 MPa, (b) 13 MPa and (c) 15 MPa.
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3.2. Interaction analysis between CNTs and POM

Adsorption could occur from molecular interactions between
carbonehydrogen groups (CH groups) and p systems and the
existence of CHep interactions has been known for several years
[34]. Klopman has classified the CHep interactions as a soft acid/
soft base interaction using orbital energy data [35]. Although the
strength of CHep interactions have been considered as only one-
tenth of the hydrogen bond, their cooperative multiple interactions
significantly could influence many chemical and biochemical
phenomena [36]. Furthermore, Baskaran et al. have used the FTIR
and Raman spectra of the composites to show the evidence for the
presence of CH group interactions with MWCNTs. Although the
intermolecular CH-p interaction was weak, its effect on the disso-
lution of CNTs in organic solvent was very apparent [34].

In an attempt to confirmwhat kind of interaction between POM
and SWCNT bundles, the composite mixtures are subjected to FTIR
analysis and the results are presented in Fig. 6. For the pristine POM



Fig. 3. TEM images of the SWCNTs decorated with POM at 90 �C for 3 h, but with different experimental pressures: (a) 11 MPa, (b) 13 MPa and (c) 15 MPa and (d) the pristine
SWCNTs.

Fig. 4. Photographs of four different samples: (a) SWCNTs/HAc mixture after sonifi-
cation; SWCNTs decorated with POM in HAc at different SC CO2 pressures: (b) 11 MPa,
(c) 13 MPa and (d) 15 MPa at 80 �C for 3 h.

Fig. 5. Photographs of four different samples: (a) SWCNTs/HAc mixture after sonifi-
cation; SWCNTs decorated with POM in HAc at different SC CO2 pressures: (b) 11 MPa,
(c) 13 MPa and (d) 15 MPa at 90 �C for 3 h.
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Fig. 6. FTIR spectra of pristine POM and pristine SWCNTs (a) and POM-decorating
SWCNTs using HAc as solvent at different SC CO2 pressures of 11 MPa, 13 MPa and
15 MPa at 80 �C (b) and 90 �C (c) for 3 h.

Fig. 7. Raman spectra of pristine SWCNTs and POM-decorated SWCNTs using HAc as
solvent at 80 �C for 3 h, with different SC CO2 pressures: 11 MPa, 13 MPa and 15 MPa.
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(Fig. 6a), the peak at 2971 cm�1 is due to the antisymmetric
stretching vibration band of CeH, and the peak at 2916 cm�1 and
2796 cm�1 are owing to the symmetric stretching vibration band of
CeH.Obviously there are twodifferences betweenpristine POMand
POM/SWCNTs nanocomposites. On the one hand, a very significant
shift to lower wavenumber from pristine POM to POM/SWCNTs
nanocomposites can be observed. On the other hand, the intensity of
CeH antisymmetric stretching vibration band of pristine POM is
smaller than the symmetric stretching vibration band of CeH,
however, the intensity of CeH antisymmetric stretching vibration
band of POM/SWCNTs nanocomposites is higher than the
symmetric stretching vibration band of CeH. So it is suggested that
the relative intensity of themcan reflect the presence of interactions
of CeH groups in the POM/SWCNTs nanocomposites. Baskaran et al.
think the presence of interactions of CeH groups in the POM/
SWCNTs nanocomposites can shift the frequency of the CeH
stretching vibration of the POM to the lowwavenumber [34]. Fig. 6b
shows the FTIR spectra of POM/SWCNTs nanocomposites prepared
under different SC CO2 pressure, but at the same temperature of
80 �C. When the pressure is as low as 11 MPa, the absorption
intensity of CeH antisymmetric stretching vibration and symmetric
stretching vibration bands of POM/SWCNTs nanocomposites are
very weak due to only a few of POM molecules decorating on
SWCNTs. With the increase of pressure, the CeH antisymmetric
stretching vibration and symmetric stretching vibration bands
ascribed to POM are higher, confirming that more POM molecules
are decorated on the surface of SWCNTs and the stronger non-
covalent interactions between POM molecules and SWCNTs under
the higher SC CO2 pressure.We also can find the same inclination at
the Fig. 6c, which are the FTIR spectra of POM/SWCNTs nano-
composites prepared under different SC CO2 pressure at 90 �C.

Raman spectroscopy (RS) is convenient for both the qualitative
and quantitative analysis of multi-component mixtures without
degradation of the samples. RS has the advantage of using
a selected monochromatic laser beam which may be focused
precisely and selectively over any part of a solid sample, which may
consist of different components [37]. A common feature of CNTs
when dispersed or embedded in polymers is often the arrangement
in various directions [38e40]. Fig. 7 shows the Raman spectra of
pristine SWCNTs and the POM-decorated SWCNTs in SC CO2, at the
temperature of 80 �C for 3 h, the results are recorded on a confocal
Raman spectrometer using the laser excitation at 514.5 nm. All
carbon forms contribute to the Raman spectra in the range from
1000 cm�1 to 1700 cm�1. The observation of the characteristic peak
features around 1580 cm�1 provides a signature of CNTs [37],
typically giving rise to a two-band feature with two peaks named
the D-band around 1345.2 cm�1 and G-band around 1586.1 cm�1 in



Table 1
D- and G- bands shifts and Raman ID/IG intensity ratios of pristine SWCNTs and POM-
decorating SWCNTs using HAc as solvent at 80 �C, with different SC CO2 pressure of
11 MPa, 13 MPa and 15 MPa.

D-Band(cm�1) G-Band(cm�1) ID/IG

SWCNTs 1345.2 1586.1 0.0425
POM/SWCNTs 80 �C 11 MPa 1346.3 1586.8 0.0624
POM/SWCNTs 80 �C 13 MPa 1349.3 1589.7 0.0651
POM/SWCNTs 80 �C 15 MPa 1351.7 1591.2 0.0687

Table 2
D- and G- bands shifts and Raman ID/IG intensity ratios of pristine SWCNTs and POM-
decorating SWCNTs using HAc as solvent at 90 �C, with different SC CO2 pressure of
11 MPa, 13 MPa and 15 MPa.

D-Band(cm�1) G-Band(cm�1) ID/IG

SWCNTs 1345.2 1586.1 0.0425
POM/SWCNTs 90 �C 11 MPa 1347.8 1586.3 0.0604
POM/SWCNTs 90 �C 13 MPa 1349.3 1586.9 0.0613
POM/SWCNTs 90 �C 15 MPa 1352.2 1591.2 0.0652
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the first-order Raman spectra of SWCNTs. The D-band is activated
in the first-order scattering process of sp2 carbons by the presence
of in-plane substitutional hetero-atoms, vacancies, grain bound-
aries or other defects and by finite size effects, all of which
lower the crystalline symmetry of the quasi-infinite lattice [41]. The
G-band is attributed to sp2-hybridized carbon (C]C) [42]. Athalin
et al. have investigated the two most intense G peaks of SWCNTs,
Gþ at 1592 cm�1 assigned to semiconducting and 1587 cm�1

assigned to metallic, for atomic displacements along the tube axis.
The G peak at 1570 cm�1 was assigned to semiconducting and at
1550 cm�1 assigned to metallic, for modes with atomic displace-
ment along the circumferential direction [37].

The intensity of the G and D bands of SWCNTs in the POM-
decorating SWCNTs composites has a tendency to diminish with
the increasing pressure of SC CO2 (Fig. 7). There are some shifts in
G-band and D-bands peaks to higher wavenumber with the
increasing pressure of SC CO2 from 11 MPa to 13 and 15 MPa at
80 �C. We could also find this tendency in Table 1 that provides the
details. Both the G and D bands of SWCNTs in the POM-decorating
SWCNTs composites prepared at SC CO2 pressure of 15 MPa are
broad and shift of ∼3.6 and ∼6.5 cm�1, respectively, compared to the
pristine SWCNTs. With the increase of CO2 pressure, more POM
molecules can be separated out of the organic solvent, due to the
antisolvent effect of the SC CO2. The higher concentration of POM in
the composites increases the probability of polymer coverage on
SWCNTs’ surface, which affects the vibration movements of CeC
bands on the SWCNTs due to CHep interactions [34]. The extent of
vibration frequency shifting in these composites should depend on
the proportions of different types of CeH interactions between
polymer molecules and the SWCNTs. In the composites, the
molecular interactions associated with different vibration modes
(CeH antisymmetric stretching vibration and symmetric stretching
Fig. 8. Raman spectra of pristine SWCNTs and POM-decorated SWCNTs using HAc as
solvent at 90 �C for 3 h, with different SC CO2 pressures: 11 MPa, 13 MPa and 15 MPa.
vibration bands) are heterogeneous in nature and hence overall
average frequency changes are attributed to the total effect of CHep
interactions.

In addition, the ID/IG ratio is defined as the intensity ratio of the
D-band to G-band of CNTs and directly indicates the structure
changes of CNTs [43]. As listed in Table 1, the ID/IG ratio of pristine
SWCNTs is 0.0425, furthermore, the ID/IG ratio of the POM-deco-
rated SWCNTs tends to be higher with the increasing pressure of SC
CO2. The tendency is in accord with the results reported by Athalin
[37] and Yang [43]. Athalin et al. have demonstrated that the ID/IG
value increased with increasing disorder and with decreasing
crystallite size for each CNT component. Yang et al. have thought
that the enhancement of the ID/IG ratio was attributed to the
increase in sp3-hybridized sidewall carbons by the functionaliza-
tion. We can also find the similar trend in Fig. 8 and Table 2, which
are the Raman spectra of POM/SWCNTs nanocomposites prepared
under different SC CO2 pressure at 90 �C.

3.3. Thermal stability of POM-decorating SWCNTs in POM matrix

It is well-known that POM has a strong tendency to crystallize.
The size of the spherulites of POM may be reduced by following
the principle of mixing the POM with some nucleating agents [44].
Some inorganic fillers such as glass fibers, clay, carbon black, etc.,
which are incorporated into polymer matrix, usually act as nucle-
ation agents to accelerate crystallization. Compared to conventional
carbon fibers or glass fibers, carbon nanotubes filled polymer
composites are easily processeddue to their small diameters. Among
the most versatile polymers, CNTs provide the great opportunities
for designing new multifunctional materials with broad industry
applications [32]. We are very interesting to investigate the thermal
Fig. 9. DSC heating scans for POM samples with pristine SWCNTs and POM-decorated
SWCNTs obtained at 80 �C for 3 h, with different SC CO2 pressures: 11 MPa, 13 MPa and
15 MPa.



Fig. 10. DSC heating scans for POM samples with pristine SWCNTs and POM-decorated
SWCNTs at 90 �C for 3 h, with different SC CO2 pressures: 11 MPa, 13 MPa and 15 MPa.

Table 3
The melting temperatures of POM samples with pristine SWCNTs and POM-deco-
rating SWCNTs from Fig. 8.

POM/SWCNTs POM/SWCNTs
11 MPa

POM/SWCNTs
13 MPa

POM/SWCNTs
15 MPa

Tm(�C) 130 134 144 155
DTm(�C) 0 4 14 25

N. Yu et al. / Polymer 52 (2011) 472e480 479
stability of the nanocomposites, which depends on the interfaces
between the CNTs and the surrounding polymer matrix. Especially
considering the problem is more acute for CNTs, because their
interfacial area is very huge due to their tiny size.

DSC analysis is generally one of themost convenientmethods for
analyzing crystallization and melting of crystalline polymers [45],
which are the reflection of the thermal stability of composites. Two
kinds of nanocomposites (pristine SWCNTs and SWCNTs decorated
with POM) samples with varying preparation conditions were sub-
jected to DSC analysis under non-isothermal conditions. An exciting
phenomenon shown in Figs. 9e11 can be observed. Apparent Tm of
the nanocomposite increases with the decorated SWCNTs as the
filler compared with pristine SWCNTs used as the filler. And the Tm
of samples with the decorated SWCNTs is progressively increased
as the pressure of SC CO2 increases in their preparation processes
(Table 3). Fig. 11 shows the TGA thermograms of POM samples with
pristine SWCNTs and POM-decorating SWCNTs as the fillers,
respectively. The thermal degradation temperature of POM samples
with the decorated SWCNTs is higher than that with pristine
SWCNTs as the filler. Combining the experimental results (Figs. 2e5)
and the discussion about the relation of modification of CNTs and
Fig. 11. TGA thermograms of POM samples with pristine SWCNTs and POM-decorating
SWCNT at SC CO2 pressures: 15 MPa and 90 �C for 3 h.
their dispersion, it is suggested that the perfectmodification of CNTs
can bring the excellent dispersion of CNTs, further can ensure the
goodmixingof CNTs and forma comparablehomogenousdispersion
throughout the matrix of POM, which is decisive for the improved
stability of nanocomposites.

4. Conclusions

In this study, we have further developed the supercritical CO2
antisolvent method to help a highly crystalline linear thermoplastic
e POM, to precipitate and decorate on SWCNTs and further fabricate
the functional nanocomposites of the POM/SWCNTs. It is found that
the SWCNTs are covered by laminar POM with the thicknesses of
a few nanometers. FTIR and Raman spectra indicate the presence of
CH group interactions with CNTs and the excellent POM-decorating
onCNTs are due to the CHep interactions. There is a tendency for the
melting points of POM samples to rise; the higher the pressure of SC
CO2, the better the modification of POM-decorating on CNTs.
Moreover, the thermodynamic stability of POM samples with the
decorated CNTs as the fillers are apparently higher than that with
pristine CNTs as the fillers. Therefore, this work not only provides
the possibilities of fabricating POM/SWCNTs nanocomposites with
the assistance of SC CO2, but also illustrates the vital effect of surface
modification of CNTs on the processability during the fabrication of
CNTs-filled polymer composites. So combining the properties of SC
CO2 and POM into one system is a novel field and it may lead to the
development of new multifunctional materials, for instance, prep-
aration of conducting nanocomposites at low CNTs loading.
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The solubility and chain conformation of different types of homopolymers in low viscosity ionic liquids
(ILs), 1-allyl-3-methylimidazolium chloride ([AMIM][Cl]) at 50 �C and 1-butyl-3-methylimidazolium
formate ([BMIM][COOH]) at 25 �C, were studied by laser light scattering (LLS). For neutral polymers, such
as polyvinyl alcohol and polysulfonamide, aggregation occurred in all the cases except for polyvinyl
alcohol in [BMIM][COOH]. For negative polyelectrolytes, such as DNA and polystyrene sulfonate, single
chain conformation was observed. However, the hydrodynamic radius of both polymers was much
smaller than that in good solvents, suggesting that the chains were condensed. Cellulose was soluble in
[AMIM][Cl], and non-diffusive mode was observed by dynamic light scattering. Zeta potential analysis
indicated that cellulose exhibited the feature of polyelectrolyte. The solubility of homopolymers could be
qualitatively explained by treating polymer/IL as a ternary system: polymer, cation, and anion. It was the
mutual interactions determined the solubility and conformation of polymers in ILs.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Ionic liquids (ILs) are usually composed of large organic cations
and either inorganic or organic anions [1]. Compared with the
traditional inorganic salts, most ILs are liquid under ambient
conditions [2]. When used as solvents, ILs have many distinct
advantages [3], such as extremely low volatility and toxicity,
excellent thermal and chemical stability, high ionic conductivity
and ease of recycling. ILs have found many practical applications in
the fields of synthesis and catalysis [4,5], extraction and separation
[6,7], crystallization [8], electrochemistry [9], and are considered as
the potential “green solvents” for chemistry [10,11].

In the past decade, ILs also attract a great deal of attention in
polymer science. On one hand, ILs are used as the media for several
types of polymerization processes, [12,13] such as living radical
polymerization, group transfer polymerization, and poly-
condensation. On the other hand, ILs are served as the solvents into
which the polymer transformation or material processing to be
carried out. It has been reported that ILs show good solubility to
natural polymers and biopolymers, such as cellulose [14], chitin
.
.
dliang@pku.edu.cn (D. Liang).

All rights reserved.
[15], various polysaccharides [16], Bombyx mori silk [17], and wool
keratin [18], most of which are insoluble inwater or in conventional
organic solvents. As for synthetic polymers, some of them, such as
poly(ethylene oxide) (PEO) [19], poly(methyl methacrylate) [20],
polyacrylonitrile [21], poly(m-phenylene isophthal amide) [22],
and polyarylsulfone [23] are soluble in ILs. But most synthetic
polymers, such as polyethylene, polyester, polyuethane, and nylon,
have not found suitable ILs for dissolution.

ILs are different fromwater and conventional organic solvent to
certain extent. Ueki and Watanabe [24] reported that poly(N-iso-
propylacrylamide) in 1-ethyl-3-methylimidazolium bis(trifluoro-
methane sulfone) imide [EMIM][NTf2] exhibited an upper critical
solution temperature (UCST) behavior, in contrast to its typical
lower critical solution temperature (LCST) behavior in aqueous
solutions. He et al. [25] reported the micellization behavior of poly
((1,2-butadiene)-block-ethylene oxide) (PB-PEO) in 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PF6]), as well as
the temperature-induced transportation of PB-PEO between ILs
and water [26]. Susan et al. proposed that the compatible IL and
polymer binary systems form ion gels, in which the ion transport is
decoupled from the segmental motion of the polymer [27].

Understanding the forces governing the solubility and solvation
of polymers in ILs are still at early stage of development. Compared
with molecular solvents, ILs combine strong Coulomb interactions
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and many other weak interactions, including hydrogen bonding,
cation-p interaction, van der Waals interactions and so on. The
general principle of “like dissolves like” is not applied to polymer/IL
systems [28]. The slow kinetics of dissolution, as well as the
occurrence of phase separation[29] and gel formation [30], made
the situation even more complicated. It is not an easy task to
predict the factors responsible for polymer solubility in ILs [31].

Laser light scattering (LLS) is a powerful technique to study the
solubility of polymers in ILs at low concentrations. However, LLS
study on polymer/IL system is limited. On one hand, the viscosities
of ILs are generally two or more orders higher than those of
molecular solvents under similar conditions. The diffusion of
polymer chains in IL is extremely slow. Sometimes it will take
unrealistic long time to measure the time-averaged intensitye
intensity correlation functions. On the other hand, it is difficult to
remove all the impurities, including water, from ILs [1]. The amount
of impurity is in the order of ∼1% or more, higher than the polymer
concentrations used in LLS. Moreover, thewater content varies with
time because of the hygroscopicity of ILs. It is difficult to determine
the dn/dC values of polymers in ILs by conventional differential
refractometer. Without dn/dC value, the weight-averaged molec-
ular weight (Mw) cannot be accurately determined by LLS.

In this work, we attempt to elucidate the solubility of different
kinds of homopolymers in ILs by LLS. To bypass the above
mentioned difficulties, we chose two ILs with relatively low
viscosity, 1-allyl-3-methylimidazolium chloride ([AMIM][Cl]) and
1-butyl-3-methylimidazolium formate ([BMIM][COOH]). Their
formulae are shown in Scheme 1. The chosen homopolymers form
clear solutions in either or both ILs, and they are divided into three
categories: (1) neutral polymers, including hydrophilic polyvinyl
alcohol (PVA) and hydrophobic polysulfonamide (PSA); (2) poly-
electrolytes, mainly including anionic polymers of DNA and sodium
polystyrene sulfonate (PSS); and (3) cellulose. The polymer samples
dissolved in [AMIM][Cl] are studied at 50 �C to alleviate the effect of
high viscosity, while those samples in [BMIM][COOH] are studied at
25 �C. Our study focuses on the chain conformation of different
polymers in ILs. The calculated dn/dC value is applied when the
determination of Mw is necessary. Our study indicates that the
solubility of polymers in ILs is quite different from that in water or
organic solvents.
2. Experimental

2.1. Materials

PVA (98e99% hydrolyzed, Mw ¼ 1.5e1.9 � 105), salmon testes
DNA (∼2000 bps), and PSS (Mw: 1.0 � 106) were purchased from
SigmaeAldrich (USA). PSA (4.0 � 105 determined by GPC) was
provided by Shanghai Tanlon Fiber Co. (China). Scheme 1 shows the
structure of PSA. All these polymers were used as received. The
cotton cellulose with degree of polymerization (DP) about 2400
Scheme1. Chemical structures of (A) [AMIM]Cl, (B) [BMIM]COOH, and (C) PSA.
was received from Shandong Helon Co., Ltd (China) as a gift. It was
vacuum-dried at 60 �C for 24 h to remove the moisture before
use. [AMIM][Cl] was synthesized and purified by following a
known procedure [32]. The purity of >97 wt% was determined by
NMR spectroscopy. [BMIM][COOH] (98 wt%) was purchased from
Shanghai Cheng Jie Chemicals Co.(China). Both ILs were dried in
vacuum oven at 60 �C for 24 h before use. The physicochemical
parameters of the ILs are listed in Table 1.
2.2. Laser light scattering

A commercial spectrometer from Brookhaven Instruments
Corporation (BI-200SM Goniometer, Holtsville, NY) was used to
perform both static light scattering (SLS) and dynamic light scat-
tering (DLS) over a scattering angular rangeof 20e120�. A solid-state
laser polarized at the vertical direction (CNI Changchun GXC-III,
532 nm, 100 Mw) was used as the light source, and a BI-TurboCorr
Digital Correlator was used to collect and process data. In SLS
measurements, the time-averaged excess scattered intensity at an
angle q, also known as the Rayleigh ratio Rvv(q), is related with the
Mw, the Z-averaged root mean square radius Rg, the second virial
coefficient A2, and the scattering vector q as

HC
RvvðqÞz

1
Mw

�
1þ 1

3
R2gq

2
�
þ 2A2C (1)

where H ¼ 4p2n2ðdn=dcÞ2=ðNAl
4
0Þ and q ¼ ð4pn=lÞsinðq=2Þ; with

NA, n, (dn/dC) and l0 being the Avagadro constant, the refractive
index of the solvent, the specific refractive index increment of the
solution, and the wavelength of light in vacuum, respectively. The
dn/dC value is calculated according to dn/dC ¼ (nen0)/r [33], with
n0, n and r being the refractive index of ionic liquid, the refractive
index of polymer, and the density of polymer, respectively. Other
physicochemical parameters used in this work are listed in Table S1.

In DLS, the intensityeintensity time autocorrelation function
G(2)(t,q) was measured in the self-beating mode. It is related with
the normalized first order electric field time correlation function
g(1)(t,q) as G(2)(t,q) ¼ A [1þ b|g(1)(t,q)|2], where A is the measured
base line, b is a spatial coherence factor, t is the delay time, and q is
the scattering angle. G(1)(t,q) is further related to the line width
distribution G(G). By using a Laplace inversion program, CONTIN
[34], the normalized distribution function G(G) of the characteristic
line width is obtained. The line width G is a function of both
concentration C and scattering vector q, which can be expressed as

G=q2 ¼ D0ð1þ kdCÞ
h
1þ f

�
Rgq

�2i (2)

with D0, kd, f being the translational diffusive coefficient, the
diffusion second virial coefficient, and a dimensionless constant,
respectively. D0 can be further converted into the hydrodynamic
radius Rh by using the StokeseEinstein equation

D0 ¼ kBT
6phRh

(3)

where kB, T, h are the Boltzmann constant, the absolute tempera-
ture, and the viscosity of the solvent, respectively. The viscosities of
the ILs at corresponding temperature were measured by a stress-
Table 1
physicochemical parameters of ILs.

ILs Viscosity/cP Refractive
index

Conductivity/
(mS.cm�1)

[AMIM][Cl] at 50 �C 120 1.540 1.35
[BMIM][COOH] at 25 �C 38 1.478 14.6
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controlled rheometer (physica MCR301, Anton Paar Company,
Austria). The values are listed in Table 1.

The concentration of the polymer solution is ranged from
0.2 mg/mL to 5.0 mg/mL. Each polymer with known amount was
dissolved in IL and stored in vacuum oven at 25 �C until the solution
become homogeneous. To facilitate the dissolution of polymers in
[AMIM][Cl], the oven temperature was initially set at 80 �C. Once
the solution became clear, the temperature decreased to 25 �C. Only
those samples without phase separation in at least two weeks after
temperature drop were studied by LLS. If the solution became
cloudy, we considered the polymer was not soluble in [AMIM][Cl].
The dust in solution was removed by filtration through a 0.45 mm
Millex filter (Nylon membrane, Millipore, USA.).

2.3. Zeta potential analysis

The charge carried by polymers in ILs was determined by the
Zeta PALS z-potential Analyzer (Brookhaven Instruments Corpora-
tion, USA). Three single runs of three cycles were taken. The data
was analyzed by BIC PALS zeta potential analyzer software palsw32
(ver.3.43).

3. Results and discussion

To clarify the solubility of polymers in ILs, we firstly study the
behavior of ILs themselves by LLS, and then conduct a detailed
study on each of the polymers following the order of neutral
polymer, charged polymer and cellulose. On the basis of the
obtained results, we propose a qualitative dissolution mechanism
in the end.

3.1. Behavior of ILs

The scattered intensity of molecular solvents, such as toluene,
exhibits no angular dependence due to its small size. As shown in
Fig. 1, the standard deviation of the scattered intensity of toluene at
the range of 20e120� is less than 2%. [AMIM][Cl] shows similar
behavior at 50 �C, but with 3.5% deviation. However, a strong
angular dependence of the scattered intensity is observed in
[BMIM][COOH]. As indicated in Fig. 1, the intensity of [BMIM]
[COOH] at 20� is 43 kcps, much larger than that (28 kcps) at 120�,
indicating the occurrence of large-scale density fluctuations in
[BMIM][COOH]. Computer simulations [35e37] at atomic level
have revealed the existence of spatial heterogeneity in ILs. The
heterogeneity is caused by the aggregation or domain segregation
Scattering angle
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Fig. 1. Angular dependence of the scattered intensity from toluene at 25 �C, [BMIM]
[COOH] at 25 �C, and [AMIM][Cl] at 50 �C.
of alkyl chains in ILs, with longer or more hydrophobic neutral
groups leading to aggregates with larger size. The curves in Fig. 1
suggest that [BMIM][COOH] at 25 �C has a stronger tendency to
form spatial heterogeneity than [AMIM][Cl] at 50 �C.
3.2. Neutral polymers in ILs

We chose PVA and PSA to study the solubility of neutral poly-
mers in ILs. PVA is hydrophilic. LLS study indicates that its Mw in
water is 2.0 � 105, and Rh is 15 nm (Fig. S1). The size is similar to
that measured by Budhlall et al. [38] PSA is hydrophobic and
soluble in DMF. Its Mw and Rh are determined to be 2.4 � 105 and
14 nm, respectively (Fig. S2). Fig. 2 shows the size distributions of
PVA and PSA in [AMIM][Cl]. Similar results are observed at other
concentrations and other scattering angles. As shown in Fig. 2A,
PVA shows only one distribution with strong concentration
dependent. The Rh,app at zero angle is 97 nm at 0.8 mg/mL and
116 nm at 2.0 mg/mL. These size values are much larger than that
(15 nm) of single PVA chain in good solvent, suggesting that PVA
forms aggregates in [AMIM][Cl]. PSA also formed aggregates or
associates in [AMIM][Cl]. As shown in Fig. 2B, a bimodal distribu-
tion is observed at 0.5 mg/mL PSA in [AMIM][Cl]. The fast mode
with Rh of about 5 nm is attributed to the condensed single PSA
chains, and the slowmode with the Rh of 40 nm is attributed to the
associates formed by PSA.

Fig. 3 compares the behavior of PVA and PSA in [BMIM][COOH].
In spite of the spatial heterogeneity in [BMIM][COOH], PVA and PSA
are readily soluble in [BMIM][COOH]. As shown in Fig. 3A, the
angular dependence of the scattered intensity of [BMIM][COOH] is
alleviated after adding 3.0 mg/mL PVA, but it is stronger after
adding 3.3 mg/mL PSA. Moreover, the scattered intensity after
adding PVA is only slightly higher than that of [BMIM][COOH] itself,
while the intensity is increased by 20e40 times after adding PSA at
similar concentration. Fig. 3B compares the correlation functions of
[BMIM][COOH] with and without polymers. The corresponding
CONTIN results are also shown in the same figure. For [BMIM]
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0.0
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Fig. 2. Size distribution of (A) PVA in [AMIM][Cl] at 90� , and (B) PSA in [AMIM][Cl] at
0.5 mg/mL. Temperature: 50 �C.
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[COOH] itself, the special heterogeneity (or aggregates) exhibits one
relaxation mode with the characteristic relaxation time s about
0.2 s. After adding 3.0 mg/mL PVA, the relaxation becomes faster
and broad, whose s is about 0.015 s. While in 3.3 mg/mL PSA, two
relaxation modes with s1 ¼ 0.016 s and s2 ¼ 0.12 s are obtained.

Fig. 4 shows the size distribution of PVA and PSA in [BMIM]
[COOH]. The modes with Rh about 8 nm are attributed to the
diffusion of single PVA or PSA chains. However, it is difficult to
attribute the slowmode with Rh about 70 nm in 3.3 mg/mL PSA. As
shown in Fig. 3B, the slowmode after adding PSA overlaps with the
relaxation mode observed in [BMIM][COOH], and the scattered
intensity also sharply increases (Fig. 3A). Therefore, the slow mode
Rh,app/nm
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Fig. 4. Size distribution of PSA and PVA in [BMIM][COOH]. The concentrations of PSA
and PVA are 3.3 and 3.0 mg/mL, respectively. Temperature: 25 �C.
could be caused by the aggregate formed by PSA, by the enhanced
spatial heterogeneity of [BMIM][COOH], or by both. On the
contrary, the addition of 3.0 mg/mL PVA destroys the spatial
heterogeneity in [BMIM][COOH], as demonstrated by the single
mode with faster relaxation time (Fig. 4) and the weak angular
dependence of the scattered intensity (Fig. 3A). The disappearance
of the slow mode after the addition of PVA suggests that the large-
scale density fluctuation in [BMIM][COOH] is mainly caused by the
hydrophobic alkyl groups[39] instead of impurities.

For neutral polymers in ILs, aggregation is observed in all the
cases, except that PVA in [BMIM][COOH] achieves solubility at
molecule level. Since ILs contain both polar groups (cations or
anions) and non-polar groups (alkyl chains), the hydrophilic PVA
chains show strong affinity to the polar groups, which will alleviate
the aggregation of the alkyl chains, and facilitate the dissolution.
While the hydrophobic PSA chains have the tendency to stay in the
domains rich of non-polar groups, whichwill enhance the attractive
forces and result in strong aggregation. Such phenomenon is similar
to the solubilizate-enhancedmicellization of block copolymers [40].
For general ILs with weak interactions between polar groups and
neutral polymer, aggregation could be commonly observed. In other
words, ILs dissolve hydrophilic polymers better than hydrophobic
polymers. This is probably the reason that non-polar polymers, such
as polyethylene, are not soluble in most of the ILs.

3.3. Charged polymer in ILs

Polyelectrolytes carrying negative charges, such as DNA and PSS,
are soluble in [AMIM][Cl] and [BMIM][COOH]. As for positive poly-
electrolyte, such as poly(4-vinylpyridinium tribromide) (P4VP), the
solubility is extremely low. Fig. 5 shows the DLS data on DNA in
[AMIM][Cl] at 50 �C. Only one narrow distribution is observed at the
studied concentrations. The Rh is determined to be 54 nm, smaller
than that (103 nm) of DNA in aqueous solution (Fig. S3A). TheG vs q2
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Fig. 5. DLS results of DNA in [AMIM][Cl] at 50 �C. (A) size distribution at 30�; (B) plot of
G vs. q2 at 2.0 mg/mL.
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plot (Fig. 3B) is linear and passes through the origin, indicating that
the relaxation mode of DNA in [AMIM][Cl] is diffusive. Fig. 6 shows
the Zimm plot of DNA in [AMIM][Cl] at 50 �C. The Rg is 89 nm, also
smaller than that (about 195 nm) in aqueous solution (Fig. S3B).
With the calculated dn/dC¼�0.023 cm3/g, theMwofDNA in [AMIM]
[Cl] is determined to be 2.9 � 106 g/mol, smaller than that
(4.8 � 106 g/mol) in aqueous solution (Fig. S3B). The difference is
probably caused by the inaccuracy of the calculated dn/dC value. The
second virial coefficient, obtained from the Zimm plot in Fig. 6, is
1.6 � 10�4 mol mL/g2. Treating ILs similarly as molecular solvents,
the interaction parameter can be calculated according to c¼(1/2-
A2r

2V) [60], where r and V are the density of the polymer andmolar
volume of solvent, respectively. With the known values of r (1.71 g/
cm3) and V (139.1 cm3/mol), c value is determined to be 0.434,
slightly smaller than0.5, indicating that [AMIM][Cl] is a goodsolvent
forDNA. The conformationofDNAcould be estimated fromtheRg/Rh
ratio [41]. On the basis of the obtained values from Figs. 5 and 6, the
Rg/Rh ratio of DNA in [AMIM][Cl] is 1.6, suggesting that DNA chain is
in random coil conformation.

Fig. 7A shows the SLS results of PSS in [BMIM][COOH] at 25 �C.
Compared with that of [BMIM][COOH] itself, the scattered intensity
sharply increases after adding 2.6 mg/mL PSS. CONTIN analysis
(Fig. 7B) indicates that the spatial heterogeneity in [BMIM][COOH]
is disappeared, only a narrow distribution with Rh about 23 nm is
observed. The small size accounts for theweak angular dependence
of the scattered intensity shown in Fig. 7A. For PSS in aqueous
solution, the Rh of single chain is highly dependent on the salt
concentration. Without salt, the diffusion of single chain is coupled
with that of the counterion, and the real Rh cannot be determined
by DLS. [42] The addition of enough salt screens the electrostatic
interaction and thus breaks down the coupling, which also causes
PSS chain to collapse because of the hydrophobicity of PSS back-
bone. It is reported that the Rh of PSS with Mw about 1.2 � 106 is
about 20 nm (D¼ 1.2�10�11 m2/s) in aqueous solution after adding
enough salt. [42] The size of PSS in collapsed state is close to that of
PSS in [BMIM][COOH].

The behavior of DNA in [BMIM][COOH] is similar to that of PSS.
The spatial heterogeneity is disappeared, and only one narrow size
distribution is observed at the studied concentrations (Fig. S4). The
Rh of DNA in [BMIM][COOH] is determined to be 14 nm, four times
smaller than that in [AMIM][Cl], and seven times smaller than that
in aqueous solution. Since the size distribution of DNA in aqueous
solution is quite broad (Fig. S3), the sharp reduction in size and size
distribution implies that DNA is denatured and condensed in
[BMIM][COOH]. Unfortunately, SLS measurement does not yield
valuable information on Mw and Rg because of the existence of
heterogeneity in [BMIM][COOH].
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Fig. 6. Zimm plot of DNA in [AMIM][Cl] at 50 �C.
Zeta potential analysis indicates that neither DNA nor PSS is
effectively charged in ILs, suggesting that the ion disassociation is
suppressed. IL is composed of cations and anions. Even though not
all the ions are mobile, as indicated by the conductivity (Table 1), it
is strong enough to prevent the release of the conterions from the
polymers, or to replace the released counterions by ion-exchange.
Since the solubility of polycations in ILs is in general lower
than polyanions, the strong interaction of polyelectrolyte with the
bulky cations in ILs favors dissolution. Since the interaction
between polyelectrolyte and ILs is strong, ion-containing polymers,
including most of the natural polymers, should be easier to find
suitable ILs for dissolution. Note that conductivity of ILs also affects
the solubility and the conformation of polyelectrolytes in ILs by
screening the electrostatic interactions and ionedipole interac-
tions. Higher conductivity generally suggests stronger ionic
strength, and consequently lower Debye length. As indicated in
Table 1, the conductivity of [BMIM][COOH] at 25 �C is more than 10
times higher than that of [AMIM][Cl] at 50 �C, this is probably the
reason that the chain conformation is more condensed in [BMIM]
[COOH].

4. Cellulose in ILs

The solubility of cellulose in ILs has been widely investigated by
experimental studies and computer simulations [43e49]. It is
generally accepted that the anions of ILs form hydrogen bonds with
the carbohydrate hydroxyl protons during the dissolution process
[14,45]. The solubility of cellulose, therefore, is determined by the
hydrogen bond basicity of ILs, and strong basicity is necessary to
weaken the inter- and intra-molecular hydrogen bonds of the
cellulose chains [47]. The dissolution capacity of cellulose is also
influenced by the melting temperature and the viscosity of ILs [50].
In spite of the tremendous studies on the solubility of celluloses,
the conformation of cellulose in ILs is rarely reported.
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Cellulosewith DP¼ 2400 is only swollen in [BMIM][COOH] even
after being heated to 80 �C, but it quickly dissolves in [AMIM][Cl] at
80 �C. The solution is transparent after being cooled to room
temperature. As shown in Fig. 8A, cellulose exhibits one single
relaxation in [AMIM][Cl] at 50 �C, in agreement with the findings
from Wan et al. [48] Interestingly, the plot of G vs q2 is linear but
does not pass through the origin (Fig. 8B), suggesting that the
relaxation mode of cellulose in [AMIM][Cl] is not diffusive. 13C and
35/37Cl NMR relaxation study has demonstrated the formation of
hydrogen bond between hydroxyl protons in cellulose and chloride
in ILs. [45] Therefore, the relaxation of cellulose is coupledwith that
of ILs. Besides the thermal fluctuation induced Brownian motion
(diffusion), cellulose could also undergo an extra motion caused by
solvent molecules. Under such conditions, the G/q2 (or the mutual
diffusion coefficient) increases with decreasing scattering angle
(Fig. S5), similar to that of the coupled diffusion of single poly-
electrolyte with counterions in low or free salt solutions [51]. Since
cellulose in [AMIM][Cl] is not diffusive, the StokeseEinstein equa-
tion does not apply here. Otherwise, the hydrodynamic radius Rh of
12 nm will be obtained at zero scattering angle. The value is too
small for the size of cellulose with DP ¼ 2400.

Fig. 9 shows the Zimm plot of cellulose in [AMIM][Cl] at 50 �C. Rg
is determined to be 75 nm.A2 is positive, 2.0�10�4molmL/g2.With
r being 1.56, the corresponding c is determined to be 0.432, indi-
cating that [AMIM][Cl] is a good solvent for cellulose. The refractive
index is calculated to bew0.028mL/g,Mw¼ 7.9�105 g/mol, close to
that of cellulose with DP ¼ 2400, is obtained from Fig. 9. With the
measuredMw and Rg, the overlap concentration (zMw/(4/3pRg3)) of
cellulose in [AMIM][Cl] is calculated to be ∼1 mg/mL, in the same
order of the concentrations used for Zimm plot. This might bring
a few percent of errors on the determined values, but the charac-
terization is still valid. Theflexibility of cellulose in [AMIM][Cl] could
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Fig. 8. Relaxation of cellulose in [AMIM][Cl] at 50 �C. (A) Angular dependence at
4.0 mg/mL; (B) plot of G/vs q2.
be estimated from the persistence length r, which is calculated
according to BenoiteDoty equation [52]

R2g ¼ r2
�
L
3r

� 1þ 2r
L
� 2r2

L2

�
1� e�

L
r

�	
(4)

where L is the contour length of the chain. With the length of one
glucoside being 0.515 nm, the persistence length of cellulose in
[AMIM][Cl] is estimated to be 14 nm by Eq. (4). This value is in the
same order as that of cellulose in other solvents, but much larger
than that of flexible polymer chains. The characteristic ratio CN,
which is also generally used to represent the chain flexibility, could
be determined according to

CN ¼
D
R20

E

nl2
(5 )

with<R0
2>, n, and l being the unperturbedmean square end-to-end

distance, the number of main-chain bonds, and the bond length,
respectively. As we know<R0

2>¼6 Rg,0
2 , and the radius of gyration in

the unperturbed state Rg,0 is related with Rg as Rg,0 ¼ Rg/as. The
linear expansion factor as can be obtained from Mw, A2, and Rg by
a penetration function j derived from the KurataeFukatsue
SotobayashieYamakawa theory (KFSY) [53]

j ¼ zh0ðzÞ ¼
�
0:746� 10�25

�
A2M

2=R3g (6)

where h0(z) ¼ 1�(1 þ 3.903z)�0.468/1.828, and as¼1 þ 1.78z. The
expansion factor as of cellulose in [AMIM][Cl] is determined to be
1.03, and CN is about 51.6. As reported in literature, the CN values of
cellulose in Cd-tren [54], cuoxam [55], LiOH/Urea [56], 9%LiCl/
DMAc [57], are 24.7, 25.0, 20.8, 91.9, respectively. Therefore, the
conformation of cellulose in [AMIM][Cl] is semi-rigid or worm-like,
which is also confirmed by rheological measurement [58].

Importantly, a mobility of �0.11 � 0.02 m cm s�1v�1 is obtained
from the zeta potential measurement on cellulose in [AMIM][Cl] at
2.0 mg/mL at 50 �C, suggesting that cellulose carries negative
charges in [AMIM][Cl]. Since only chloride bears negative charge in
the system, and the carbohydrate hydroxyl groups are difficult to
ionize by themselves, the charges carried by cellulose in [AMIM][Cl]
must be caused by the attachment of chlorides. However, for other
polymers containing hydroxyl protons, such as PVA (Fig. 2) and
hydroxyethylcellulose (data not shown), their solubility in [AMIM]
[Cl] is not as good as that of cellulose, and no effective charge is
detected. The strong binding of chloride on cellulose instead of on
PVA or HEC is probably due to the conformation and configuration
of cellulose. The distribution of carbohydrate hydroxyl groups along
cellulose backbone not only facilitates the intra- and inter-chain
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hydrogen bonding, but also causes a regulation of chloride upon
forming hydrogen bonds. The formation of dynamic polyelectrolyte
is able to explain the solubility of cellulose in ILs: the electrostatic
repulsion is stronger than hydrogen-bonding, cellulose quickly
dissolves in chloride-containing ILs. Since the electrostatic repul-
sion of polyelectrolyte is determined by the concentration and
property of the counterions [59], the cations in ILs also involves in
the dissolution of cellulose [32]. Note that the conductivity of
[AMIM][Cl] is only 1.35 mS cm�1, corresponding to that of 0.01 M
KCl. Therefore, the ionic strength of [AMIM][Cl] is not strong
enough to screen the electrostatic interactions.

4.1. Solubility of polymers in ILs

The above results suggested that the solubilityof polymers in ILs is
far more complicate than that in molecular solvents (including
water). Compared with molecular solvents, ILs are composed of two
parts: an anion and a flexible cation containing hydrophobic alkyl
chains. The size of one IL molecule (anion/cation pair) is much larger
than that of molecular solvents. Moreover, the alkyl chains, depend-
ing on the length and property, associate together to form spatial
heterogeneity (Fig. 1), which further increases the effective size of IL
molecules. According to the lattice model and FloryeHuggins equa-
tion [60], the molar entropy of mixing DSm is

DSm ¼ naDSa þ nbDSb ¼ �kðnalnfa þ nblnfbÞ (7)

in which na and nb are the numbers of molecules of polymer and
solvent, DSa and DSb are the corresponding molecular entropy of
mixing, 4a and 4b are the volume fractions and defined by:
fa ¼ naNa=N; fb ¼ nbNb=N, (Na and Nb are the numbers of lattice
sites occupied by each polymer chain, N is the total numbers of
lattice sites in the mixed system). Therefore, per lattice site entropy
of mixing:

DSm ¼ DSm
N

¼ �k
�
fa
Na

lnfa þ
fb
Nb

lnfb

�
(8)

For polymer a in molecular solvent b, Na equals to the degree of
polymerization of polymer a, and Nb ¼ 1. However, Nb is much
larger than 1 in ILs, which results in a decrease in entropy. Since
entropy favors mixing in binary system, the solubility of polymers
in ILs is more difficult than that in molecular solvents.

The Flory interaction parameter, c, is able to qualitatively
account for the short range interactions between polymer and
solvent. For polymers dissolved in molecular solvents, only one c is
applied. However, polymer/ILs should be treated as a ternary
mixture: polymer, large cations, and anions. Thus, three c0s are
needed for polymers dissolved in ILs, i.e., polymereanion, poly-
merecation, and cationeanion (no long-range interaction consid-
ered) interactions. This approach has been applied by Aerov et al.
[61] to treat the salvation of molecular solute in ILs, and should
be suitable to treat neutral polymers dissolved in ILs.

For non-polar polymers in ILs, the dispersion force between
polymers, and the interactions between the cation and anion are
strongly attractive. The c values of polymereanion and
polymerecation are positive, but that of anionecation is negative.
Since all c values do not favor mixing, non-polar polymers, such as
polyethylene, are not soluble in most of ILs. Even for polar polymers,
such as PVA and PSA in our case, if the attractive force between
polymer and anions or cations in ILs cannot counterbalance the
attraction between cation and anion, aggregation or precipitation of
polymers commonly occurs.

For polyelectrolytes, the suppression of ion disassociation rules
out the long-range electrostatic interactions. Polarepolar interac-
tion prevails and plays a key role for dissolution. For polyelectrolyte
carrying negative charges, such as DNA and PSS (Figs. 5e7), the
interaction with the bulky cations alleviates the spatial heteroge-
neity in ILs, and facilitates dissolution. However, for positive poly-
electrolyte, such as P4VP, the interaction between polymers and
anions (whose size is small) in ILs, does not favor mixing. The
couplingof thepolyelectrolytewith cationsor anions in ILs increases
the diffusion rate of polymers, leading to a smaller Rh value.

The solubilityof cellulose in ILs shouldbe treatedasa special case.
Cellulose is a neutral polymer, and it forms aggregates in many
molecular solvents [62e65]. The strong binding of chloride in ILs
renders cellulose the behavior of transient polyelectrolytes, and
dissolution in molecular level is thus achieved. The hydrogen
bonding between cellulose and ILs also explains the non-diffusion of
cellulose in ILs (Fig. 8). The relaxation of polyelectrolyte in solvent of
low ionic strength is usually accompanied with an extraordinary
slow relaxationmode [51,66], whose relaxation time is two ormore
orders slower than that of the single polymer chain. The disap-
pearance of the slowmode in ILs is probably caused by the binding
frequency of anion. When the binding rate is faster than the relax-
ation time of the slowmode, the slowmode would not show up.

5. Conclusions

LLS study yielded essential information on the solubility of
polymers in ILs. The polymer/IL should be treated as a ternary
system rather than binary system. Therefore, a variety of mutual
interactions, some of which were polymer specific, worked
together to control the solubility and conformation of polymers in
ILs. Even though it was difficult to work out the exact rules gov-
erning the dissolution of polymers in ILs, our preliminary study
indicated that, to achieve dissolution at molecular level, polymers
should be able to strongly interact the bulky cations in ILs, while not
resulted in a decrease in entropy.
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a b s t r a c t

Using in situ optical microscope observations of the surface of polyphenylene oxide (PPO)/chloroform
solution in the breath figure (BF) process, the detailed formation phenomenon of surface of the BF
pattern was obtained. This phenomenon directly supports the “bursting hypothesis”. Based on the
“bursting hypothesis” and additional experimental data, the mechanism for the late BF process of the
PPO/chloroform system is discussed. Moreover, the formation process of defects on the film surface was
also directly observed, and the defect formation mechanism of the system is discussed. This work can
help to further understand the formation of patterns and defects on the surface of BF films.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Microporous films with honeycomb structures have received
great interest in recent years because of their wide applications in
chemical sensors [1], optical apparatus [2], scaffold for nano-
structures [3], biology [4e6], micrographics [7], membrane sepa-
ration [8,9], etc. The breath figure (BF) method, first reported by
Francois et al. [10], is a facile and versatile approach to produce such
structures. In brief, the procedure of the BFmethod is to dissolve the
polymer in a highly volatile and water immiscible solvent and cast
the solution on a substrate under high humidity. When the solvent
completely evaporates, a honeycomb-patterned polymer film is
obtained. The BF process occurs when the local low temperature on
the solution surface, which results from the rapid evaporation of
solvent, causes the condensation of water droplets. Droplets with
equal diameters form a honeycomb-patterned array, and the array is
surrounded by the polymer solution. When the solvent and water
droplets completely evaporate, a honeycomb-patterned polymer
film (the contrary copy of the droplet array) forms. By using the BF
method, a variety of materials, such as polymers [11e13], inorganic
materials [14,15] and nano particles [16,17], have been made into
honeycomb-patterned, microporous films.

The applicability of the BF film is affected by its surface geo-
metrical properties. Of these properties, the diameters of the surface
holes (SHs) and defects (irregular SHs) are significant [18,19]. The
empirical relationship between the two properties and conventional
: þ86 10 62794742.
Wang).

All rights reserved.
parameters that affect the BF process, including thematerial system,
temperature & humidity of the environment and solution concen-
tration, have been studied, suggesting that the properties can be
locally controlled by adjusting these parameters [20e23]. To further
understand the mechanism of BF and to control the surface
geometrical properties of the BF filmmore effectively, the formation
processes of SHs and defects are worthy of study.

Pitois et al. [24] proposed a “bursting hypothesis” for SH
formation. According to this hypothesis, droplets are completely
encapsulated by a polymer layer after condensation. When most of
the solvent evaporates, the temperature near the surface of the
solution increases to reach the ambient temperature again. Water
contained inside the droplets evaporates and bursts the top of the
polymer layer, leading to the formation of SHs. Indirect evidence
has been reported, such as the surface tension and spreading
behavior of polymer solution droplets floating on water [24] and
the encapsulation behavior of millimeter sized water droplets
deposited on a polymer solution [25]. However, this hypothesis has
not been widely accepted because of the lack of in situ direct
evidence for the BF process [26e32].

Peng et al. [29] and Xu et al. [33] studied the defects of SH loss
and grain boundaries, respectively. The proposed formation
mechanisms of the defects were speculated from the resulting film
morphology and the probable mechanism for the BF process. Direct
observations of the processes were not reported.

In situ observations by optical microscopy (OM) have been
employed [24,34,35] to record the phenomenon on the solution
surface during the BF process. Only relative macroscopic results
[35,36] were derived from these observations because either
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Fig. 1. OM photograph of SHs at 72 s. The time shown at bottom is the time after
casting (same as below).
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low magnification or short observation time (about 200 ms) was
employed.

In this work, the surface of a polyphenylene oxide (PPO)/chloro-
form solution was observed in situ using OM at high magnification
during the entire BF process. The “bursting hypothesis”was strongly
supported in the PPO/chloroform system by the direct evidence
obtained. Based on this hypothesis and additional experimental data,
a three-stage mechanism for the late BF process of the PPO/chloro-
form system is proposed here. Moreover, by observing the rear-
rangement behavior of the SHs, the formation processes of several
typical kinds of defects were obtained. The formation mechanisms
for thesekindsofdefects in thePPO/chloroformsystemarediscussed.

2. Experimental section

2.1. Materials

PPO/chloroform system was chosen for its convenience, i.e., it
requires no surfactant [37] and has sufficient formation time for
the BF process (which is more than 2 min). The polymer solution
with PPO (Mw ¼ 30K, Aldrich) and chloroform (spectroscopy
Fig. 2. OM photographs of the pattern of SHs a
grade, Beijing Chemical Corporation) was prepared. Water was
purified by a Millipore system (Milli-Q, Millipore).

2.2. Preparation of honeycomb films and pincushion structures

The honeycomb films were directly prepared by casting a PPO
solution (200 mL at a time) of 10 g/L on glass substrates in the
observation cell, which was attached to the hot stage (THMS600,
Linkam) at a temperature of 25 �C and relative humidity (RH) of 70%
(In the results and discussion part, when different temperatures, RH
or concentrationswere employed, itwould be depicted particularly).
The temperature and RH in the cell were controlled by the hot stage
and the flow of a proper quantity of moist argon through the pipe,
respectively. The pincushion structures of films were prepared by
peeling off the tops of the honeycomb films using scotch tape [38].

2.3. Instruments and measurements

OM images with resolution of 768 � 636 (width by height) were
recorded every 0.2 s with an Olympus optical microscope (BX51) in
reflection mode with a CCD camera (TK-C1481BEC, JVC) attach-
ment. The magnification of the OM images was 1000 (the ocular
lens was 10� and the objective lens was 100�). No filter was
applied except to increase the contrast of images to make them
clearer. The OM figures shown in the article are local parts of the
OM images where particular phenomenon occurred. As the solvent
evaporated, the solution height decreased from about 500 mm to
about 10 mm in about 160 s. Thus, the height of solution decreased
at a speed of about 3 mm/s, i.e., 30 mm/10 s. The position of the
objective lens was decreased 10 mm by rotating the fine adjustment
knob. To effectively focus on the sample, the fine adjustment knob
was rotated by hand at a speed of about 3 circles per 10 s. The
morphology of the films was characterized by scanning electron
microscopy (SEM, JSM7401, JEOL, 1 kV). Prior to imaging with SEM,
the samples were sputtered with a thin layer of gold.

2.4. Calculation of SHs’ diameter and moving speed

The diameters and positions of SHs in images were detected
using the image processing function in the Linkam software
t (aec) 76 se76.4 s and (def) 91 se121 s.



Fig. 3. Schematic diagram of the formation process of SHs from the side view as assumed by the “bursting hypothesis”.
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system. The diameter at the specific time was calculated by the
average diameter of three randomly selected SHs in the image. The
moving speed of the SHs at the specific time was calculated by
dividing the position difference between the same SHs in the image
and in the next image by the time difference (0.2 s). To ensure that
the same SHs were chosen in the sequential images, odd spots, i.e.,
irregular SHs, were used as references. Other SHs were detected by
their position relative to the odd spots.

3. Results and discussion

3.1. The appearance of SHs and the support for the “bursting
hypothesis”

Immediately after the casting of the PPO solution, the CCD
camerawas focused on the surface of the solution, and the timewas
recorded. The observed BF process could be divided into several
stages with characteristic features. The starting times for each stage
varied in different experiments, though the controllable parame-
ters were fixed. The parameters that determined these times might
be complicated, and they are under further investigation. However,
identical stages with identical features were shared by each
experiment. In the following text, the times of one specific exper-
iment were chosen to discuss the stages and features of the BF
process in the PPO/chloroform system.

Similar to the work proposed by Karthaus et al. [36], shortly
after the casting of the PPO solution, a turbid top layer on the
Fig. 4. SEM photographs of the surface morphology of the PPO film (a) with top and (b) with
and an RH of 95%.
polymer solution could be seen. This top layer indicated the
formation of water droplets. The diffraction of light, caused by the
difference in the refractive index between the water and PPO/
chloroform solution, induced the opacity.

As shown in Fig. 1, SHs did not appear until 72 s. The SHs had
small diameters compared with the distances between them. They
moved so fast relative to the field of view that there are double
images on the graph.

At 76 s, SHs began tomove slowly enough to be clearly recorded.
Fig. 2 shows the pattern of SHs during the BF process. Fig. 2aec
show that, over a short time (0.4 s), the distance (from center to
center, the same below) between a specific pair of adjacent SHs
remained 4.7 mmwhen the SHs moved at a speed of 20.1 mm/s (The
method of calculation is in Section 2.4 of this article. The white
circle marks an odd spot, which was bigger. A specific pair of
adjacent SHsmarked by thewhite bandwas confirmed by using the
odd spot as reference.) The speed was fast compared to the diam-
eter. Fig. 2def show that the distances between most adjacent SHs
remained 4.7 mm, and the diameters of the SHs remained nearly the
same over 30 s when the SHs were moving.

Two features of the appearance and movement of SHs can be
summarized as follows: (1) SHs appeared later than the formation
of droplets. (2) Their diameters and the distances between adjacent
SHs remained almost the same over a relatively long timewhen the
SHs were moving.

The following two features are consistent with the “bursting
hypothesis”. (1) In the early stage of the BF process, the solvent is
out top. The casting conditions were a concentration of 100 g/L, a temperature of 25 �C



Fig. 5. Graph of the diameter and speed of SHs versus time. The squares indicate the
speed, and the circles indicate the diameter.

Fig. 6. Schematic diagram of the mechanism for the late BF process of the PPO/chlo-
roform system (a) and an SEM photograph of the resulting surface morphology (b).

H. Ma et al. / Polymer 52 (2011) 489e496492
evaporated so fast that the temperature of the solution is low
enough to prevent the evaporation of water droplets. As a result,
the polymer layer encapsulating the droplets is not burst, and SHs
do not appear. (2) The compact packing array of droplets forms
before the appearance of SHs. SHs then appear as emerged parts of
droplets, as shown in Fig. 3. Because the distance between adjacent
droplets is fixed by the compact packing array, the distance
between them cannot be changed. Thus, in situ direct evidence for
the “bursting hypothesis” was obtained.

Moreover, new indirect evidence for the “bursting hypothesis”
was also found in this work. A concentrated PPO solution of 100 g/L
was cast at a temperature of 25 �C and RH of 95%. Fig. 4a shows that
there were fewer SHs on this film. Without regard to the “bursting
hypothesis”, it can be speculated that fewer droplets formed,
leading to fewer SHs on the surface. However, as shown in Fig. 4b,
by peeling off the top of the film, pits that were packed and
extruded with one another were found in the film. These pits
indicate that there were droplets packed under the solution surface
during the BF process. Whywere there fewer SHs? One explanation
is that the high viscosity of the solution made the encapsulating
polymer layer difficult to burst. Consequently, the special experi-
mental conditions preserved the conditionwhen the droplets were
completely encapsulated by the polymer layer, and, thus, the key
factor of the “bursting hypothesis” was supported in the PPO/
chloroform system.

3.2. The growth of SHs and the mechanism for the late BF process in
the PPO/chloroform system

After the appearance of SHs, they grew and moved until the
solutionwas cured. Thedirectionofmovementwasobservedmainly
toward the edge of the solution, i.e., the solutioneairesubstrate
three-phase line. This phenomenon is consistent with the mecha-
nism proposed by Shimomura et al. [39].

Detailed data of the diameter and speed versus time are shown
in Fig. 5. Points in the figure indicate average values of the diam-
eters and speeds in image groups. An image group consisted of 8
sequential images, and there were 67 groups formed by the 536
images from 72 s to 180 s. Among the 67 groups, 7 groups were
removed for their exceptional speed values. Generally, the diameter
increased and the speed decreased with time.

By further investigating the data in Fig. 5, a three-stage growth
history of the SHs from their appearance to the curing of the
solution is proposed.
(1) From 72 s to 80 s, the diameter of the SHs was 1.5 mm, and their
speeddecreased rapidly frommore than30mm/s toabout5mm/s.

(2) From 80.2 s to 156 s, the diameter of the SHs remained 1.5 mm,
and their speed fluctuated around 5 mm/s.

(3) From 156.2 s to 180 s, the diameter of the SHs increased to
2.8 mm in the early part of this stage and remained at this value
subsequently. Their speed decreased from 5 mm/s to 0 after the
last fluctuation.

The detailed mechanism for the three stages is illustrated in
Fig. 6a.

Stage 1 is the stage following the bursting behavior of the
droplets. The appearance of SHs indicates that most of the solvent
has evaporated, and the temperature of the solution is returning to
the ambient temperature. With the evaporation of most of the
solvent, the viscosity of the solution increases. The driving force of
the Marangoni effect [10] decreases in conjunction with the
decrease of the temperature gradient. Because of these two factors,
the speed of the SHs rapidly drops.

Stage 2 shows features of relative equilibrium for both the
diameter and speed of SHs. To explain these features, the solution is
divided into the two layers in the direction vertical to the substrate
shown in Fig. 6a, called the upper layer, which is around the
droplets, and the lower layer, which is under the droplets. Because
most of the solvent has evaporated, the solution is saturated in
Stage 2. The lower layer is affected by further evaporation, but the
upper layer is not. As a result, the diameter and speed of SHs show
features of relative equilibrium during this stage.



Fig. 7. OM photographs of the seeping phenomenon on the surface of a solidifying film at (a) 177 s (b) 183 s and (c) 204 s.

Fig. 8. SEM photograph of the resulting cross sectional morphology.

Fig. 9. OM photographs of the rearrangement of SHs around
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Stage 3 is close to the complete curing of the solution. Further
evaporation causes the decrease of the thickness of the upper layer.
A greater volume of the droplets emerges, leading to the growth of
SHs. In the late part of this stage, the upper layer starts to cure,
leading to the decrease of the speed of the SHs and the fixing of
their diameter.

Finally, a PPO film with a honeycomb structure, as shown in
Fig. 6b, forms.

At the time, during the solidification of film, some water under
the film surface was observed to seep out through the SHs, as
shown in Fig. 7. The seeping phenomenon lasted for about 30 s,
indicating that the curing of the upper layer and the solidifying of
film reduced the volume of pits under the SHs, which drew water
out of the pits and is consistent with the assumption in Stage 3,
Fig. 6a. Fig. 7aec shows the beginning, duration and end of the
phenomenon. The SEM photograph of a film cross section in Fig. 8
shows that the pits are connected to each other by holes in the
walls between them. Water in a group of adjacent pits might
concentrate in one pit through the wall holes and seep out through
the SH corresponding to the concentrated pit.
a bigger SH at (a) 102 s (b) 103 s (c) 104 s and (d) 105 s.



Fig. 10. SEM photograph of the morphology of a bigger pit, whose corresponding SH
might be a bigger SH.

Fig. 12. SEM photograph of the morphology of a point without SH.
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3.3. The rearrangement of SHs and the formation mechanism of
defects

Defects are irregular SHs that are not surrounded evenly by 6
equal-diameter SHs. The formation processes of several typical
kinds of defects, including bigger SHs, grain boundaries and points
without SHs, were observed by tracking the rearrangement of the
moving SHs.

Fig. 9 shows the rearrangement of SHs around a bigger SH. The
polygon composed of the adjacent SHs around the bigger SH
changed from an irregular polygon to a regular octagon in 3 s,
indicating that adjacent SHs tend to rearrange evenly around the
bigger SH. With regard to the “bursting hypothesis”, it can be
speculated that there were 8 equal-diameter droplets packed
around a bigger droplet, and it led to the structure where 8 equal-
diameter pits were packed around a big pit. The speculation is
consistent with the SEM photograph of the film with its top peeled
off, as shown in Fig. 10. In all the images obtained, no SH with
normal size was observed to grow into an SH bigger than normal
ones. Consequently, in the PPO/chloroform system, the formation
of bigger droplets might occur in the early BF stage, before the
appearance of SHs.

Fig. 11 shows the collision of two blocks (divided by two straight
lines) with SHs packed in different directions. The change of the
pentagon in Fig.11aec indicates that the five SHs on the edge of two
blocks were rearranged from different directions to the same
direction in less than 1 s.
Fig. 11. OM photographs of a collision between SH
Xu et al. [33] proposed that defects in grain boundaries could
arise because of the collision between blocks. In this work, the
collision data was observed to support Xu’s hypothesis. Further-
more, it was found that the two blocks colliding with each other
tended to rearrange into one direction. In the PPO/chloroform
system, the factor that essentially causes grain boundaries might be
the insufficient rearrangement of SHs during the collision, i.e., the
driving force for the movement of droplets decreases, or the solu-
tion cures before the completion of the rearrangement.

Another interesting phenomenon occurring during the collision
was that, in Fig. 11b, an SH on the edge of the two blocks marked by
the circle vanished at 118.4 s. This phenomenon might lead to the
defect without SH, as shown in Fig. 12.

Peng et al. [29] proposed that this kind of defect may arise from
the loss of water droplets, i.e., water droplets condensing to these
points are carried away by the evaporating solvent vapor.
According to this hypothesis, there should be no droplets under
the points without SHs. In the PPO/chloroform system, this
hypothesis was not consistent with the experimental phenomena.
As indicated by Fig. 4b, the droplets were closely packed under the
surface with no SHs.

To further investigate the formation of defects without SHs, the
iterative disappearance of SH shown in Fig. 13 is worth studying. An
odd SHwithmore adjacent SHswasmarked bya polygon composed
of its adjacent SHs. By using this SH as reference, SHs could be
detected. In Fig. 13a (96 s) to Fig. 13c (97 s), an SH marked by the
circle became smaller and thendisappeared. Although it reappeared
in Fig. 13d (97.4 s), it disappeared again in Fig. 13e (97.8 s).
blocks at (a) 118 s (b) 118.4 s and (c) 118.8 s.



Fig. 13. OM photographs of the reappearance phenomenon of an SH at (a) 96 s (b) 96.6 s (c) 97 s (d) 97.4 s and (e) 97.8 s.

Fig. 14. Schematic diagram of the mechanism for the formation of a defect without an
SH.

Fig. 15. SEM photograph of a hole in the bottom of a pit.
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Peng’s hypothesis is also inconsistent with the reappearance
phenomenon. The SH cannot reappear if the droplet has been
carried away. With regard to the “bursting hypothesis”, a mecha-
nism consistent with the reappearance phenomenon is proposed
for the PPO/chloroform system. When SHs are rearranging, some
droplets are extruded more deeply by others. The polymer layer
consequently encapsulates these deeper droplets again, as illus-
trated in Fig. 14, leading to the defects without SHs. The water in
a deeper droplet may evaporate away through other passages, such
as the holes in walls to adjacent SHs, as shown in Fig. 8, or the hole
in the bottom, as shown in Fig. 15.

The rearrangement of SHs, which plays an important role in the
formation of defects, is a surface phenomenon caused by the
rearrangement of droplets in solution. Controlling the movement
and rearrangement of droplets may help to reduce defects.
4. Conclusion

The growth and rearrangement behavior of SHs on the surface of
a PPO solution, in conjunction with the formation phenomenon of
defects during BF process, were observed in situ under OM. In the
PPO/chloroform system, SHs appeared later than the condensation
of droplets. The “bursting hypothesis” was directly supported by
the appearance and movement of SHs and indirectly supported by
the inner structure of the filmwith fewer SHs. The late BF process of
the PPO/chloroform system after the appearance of SHs can be
divided into 3 stages according to the diameter and speed of the
SHs. In Stage 1, SHs appear, and their speed rapidly drops because
most of the solvent has evaporated. In Stage 2, their diameter and
speed show features of relative equilibrium. The reasonmay be that
the upper layer of the solution that surrounds the droplets has been
saturated and is almost unaffected by further evaporation of the
solvent until Stage 3. In Stage 3, their diameter increases to the
maximum value as their speed decreases to 0 because a greater
volume of the droplets emerge and the solution cures with the
completion of the evaporation of the solvent. Moreover, the
formation process of defects was observed. Themechanisms for the
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formation of grain boundaries and defects without SHs in the PPO/
chloroform system were discussed. The grain boundaries might
arise from the collision between SH blocks and insufficient rear-
rangement. The cause of defects without SHs could be that the
droplets under these points are deeper, and the polymer layer
encapsulating these droplets does not burst.
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a b s t r a c t

Though interface has been known for a critical role in determining the properties of conventional
composites, its role in polymer nanocomposites is still fragmented and in its infancy. This study
synthesized a series of epoxy/clay nanocomposites with different interface strength by using three types
of modifiers: ethanolamine (denoted ETH), Jeffamine� M2070 (M27) and Jeffamine� XTJ502 (XTJ). XTJ
created a strong interface between clay layers and matrix because it bridged the layers with matrix by
a chemical reaction as proved by Fourier transform infrared spectroscopy; M27 produced an interme-
diate interface strength due to the molecular entanglement between grafted M27 chains and matrix
molecules; the interface made by ETH was weak because neither chemical bridging nor molecular
entanglement was involved. The studies of mechanical and thermal properties and morphology at a wide
range of magnification show that the strong interface promoted the highest level of exfoliation and
dispersion of clay layers, and achieved the most increment in Young’s modulus, fracture toughness and
glass transition temperature (Tg) of matrix. With w1.3 wt% clay, the critical strain energy release rate G1c

of neat epoxy improved from 179.0 to 384.7 J/m, 115% improvement and Tg enhanced from 93.7 to
99.7 �C, 6.4% improvement.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The interface of composites is a well-known factor posing
a significant effect on the composite properties due to its role of
transferring stress or electrons across matrix and filler. Polymer
nanocomposites offer significant improvements in material proper-
ties, such asmodulus, strength, toughness, scratch resistance, optical
properties, electrical conductivity, gas and solvent transport, with
much lower fractions of nanoparticles than the conventional
composites. Despite the large volume of nanocomposite research
published over the past 15 years, the understanding of the role of
interface inmorphology and properties remains in its infancy. This is
mainly due to the lack of reliable experimental data from a series of
comparable nanocomposites of tailored interface strength.

Of thermosets, epoxy has been widely used across industries
owing to its high chemical resistance against severe corrosive
þ61 8 8302 3380.
@unisa.edu.au (J. Ma).

All rights reserved.
conditions, good thermal and mechanical properties, excellent
adhesion to a wide range of materials and easy processability.
However, it is inherently brittle and thus attracted increasingly more
interest from both industries and universities for toughening.
Essentially, there are two common approaches to toughen brittle
epoxy resin: to modify epoxy structure [1e3] and to introduce
toughening agents [4e6]. The latter has been the focus, in specific
using nanoparticles in recent years as the tougheners because of
significantly improved fracture toughness with no loss of other
desired properties at low fractions [7e11]. Nanocomposites are
generallyclassifiedby thegeometriesof thenanoparticles-particulate
(e.g. silica), layered (silicate layers), and fibrous geometries (nano-
tubes)dof which layered polymer nanocomposites have shown the
greatest mechanical and barrier properties, and attracted the most
extensive research and development due to the fillers’ high specific
surface area, functionality and cost-effective fabrication [12e15].

Based on the arrangement of silicate layers in polymer matrixes,
two types of morphology are formed in nanocomposites: interca-
lated or exfoliated. The exfoliated morphology is always preferred
because it produces better performance, despite the fact that exfo-
liation is difficult to achieve. Three key factors to achieve exfoliation

mailto:abcjunma@hotmail.com
mailto:jun.ma@unisa.edu.au
http://people.unisa.edu.au/jun.ma
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
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include: increase in the silicate interlayer spacing through suspen-
sion in solvent/water or polymerization prior to compounding with
polymers [16]; the adoption of reactive modifier bridging the layers
with polymer matrix [17,18]; and the creation of physical entan-
glement between silicate modifier and matrix [19]. Epoxy/clay
nanocomposite research was pioneered by Messersmith and Gian-
nelis [20] who produced merely intercalated nanocomposites.
Curing was then proved helpful to promote the exfoliation layers
[21,22]. A few studies justified the ameliorated mechanical proper-
ties by the highly exfoliated, uniformly dispersed silicate layers in
epoxy matrix based upon just one or two high magnification
micrographs, rather than observation made on low magnification
TEMmicrographs [18,20e23]. In fact, clusters of silicate layers were
found at lowmagnification [24,25], an important factor in studying
epoxy/clay nanocomposites since phase separation often occurs
during fabrication.

A recent trend is to adopt reactive surfactants to modify silicate
which subsequently bridged tomatrixmolecules [18,23]. Cheng-Yang
et al. adopted an epoxide-containing surfactant to modify silicate
layers which was then mixed with epoxy and hardener; during
curing, the epoxide groups reacted with hardeners to produce links
between silicate layers and matrix. Since an epoxy of low modulus
waschosenasmatrix,no fracture toughnessmeasurementwasmade.
Although the silicate layers obviously improved modulus and
strength, the nanocomposites showed reduced glass transition
temperatures (Tgs) [23].

In spite of these extensive studies on epoxy/clay nano-
composites, it is still not clear the effect of interface on the
morphology,mechanical properties, fracture toughness and thermal
mechanical properties of these materials. This research attempts to
Table 1
Surfactants used to modify raw clay.

Modifiers ABBR. Mw
a

Ethanolamine ETH 61

JEFFAMINE M2070 monoamine M27 w2000

XTJ502 (JEFFAMINE ED-2003) XTJ w2000

a Molecular weight of grafted surfactant.
synthesize epoxy/claynanocompositeswith three levels of interface
strength by adapting the following routes: (1) Molecular entangle-
ment. Matrix molecules physically entangle with surfactants that
are grafted into silicate layer surface via ion exchange; and (2)
Chemical reaction. The surfactant used for clay contains two end-
amine groups: one grafting into the silicate surface via ion exchange
and the other reacting with epoxy molecule. Fig. 1 illustrates the
proposed routes for improving the interaction between epoxy and
silicate. We then investigate the effect of interface on the
morphology,mechanicalproperties, fracture toughness and thermal
mechanical properties of these materials. Through this work, an
understanding of the interface effect on layered polymer nano-
composites is obtained.

2. Experimental parts

2.1. Materials

Epoxy resin, diglycidyl ether of bisphenol A (DGEBA, Araldite-F)
with epoxide equivalent weight 182e196 g/equiv, was purchased
fromCiba-Geigy, Australia. Hardener polyoxypropylene (Jeffamine�

J230) was provided by Huntsman. Sodium montmorillonite was
provided by Southern Clay Productswith a cation exchange capacity
(CEC) of 85 mequiv/100 g. Ethanolamine was purchased from APS
Specialty Chemicals; surfactants Jeffamine� M2070 and Jeffamine�

XTJ502 were provided by Huntsman. The chemical structures and
molecular weight of these surfactants are shown in Table 1.

2.2. Modification of clay surface

10 g clay was dispersed in 2 kg boiling deionized water through
10 min vigorous stirring using a mechanical mixer. Stoichiometric
amount of ethanolamine or M27 or XTJ was dissolved in 200 g
water, followed by adding 10 g of hydrochloric acid solution
(0.83 mol/L). The mixture was stirred by a glass rod and then added
slowly to the clay suspension, followed by 10 min vigorous stirring
at 90 �C. The resulting clay was condensed using a rotary vacuum
evaporator for 30 min at 80e90 �C and then separated using
a centrifuge. The precipitate was repeatedly washed three times
with acetone using a magnetic mixer, an ultrasonic bath and the
centrifuge. The final precipitate was suspended in 500 ml acetone
to form clay/acetone slurry, which were denoted as
eth-clay orm27-clay or xtj-clay depending on the type of surfactant
used.
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2.3. Preparation of epoxy/clay nanocomposite

An in situ reaction was used, taking advantage of the increased
layer spacing in a solventda key factor to achieve exfoliation [16].
DGEBA was mixed with a desired amount of the modified clay
slurry for 1 h at 55 �C using a mechanical mixer at 400 rpm in
a round-bottom flask with a condenser. The mixture was then
transferred into a beaker followed by mixing and heating at
300 rpm and 120 �C for 1 h to evaporate acetone, followed by
degassing in a vacuum oven at 120 �C. A stoichiometric amount of
curing agent J230 (3.3:1 weight ratio of DGEBA to J230) was added
to the mixture and mixed for w2 min at 50 �C. The resultant
mixture was highly degassed in a vacuum oven for w5 min to
remove trapped bubbles, followed by pouring into a rubber mould
and curing at 80 �C for 3 h and at 120 �C for 12 h.

2.4. Chemical characterization

A Nicolet Avatar 320 Fourier transform infrared spectroscopy
(FTIR) was employed to analyze the bonding between matrix and
nanoparticles, by recording the spectra of neat epoxy and the
nanocomposites from 4000 to 700 cm�1 at 2 cm�1 using
a minimum of 32 scans. The FTIR samples were prepared by
a solution-casting method on the KBr plate.

2.5. Morphological observation

Transmission electron microscopy (TEM) was performed to
provide two dimensional images of internal structure of the
nanocomposites. Ultrathin sections of 50 nm were microtomed
from bulk samples using Leica Ultracut S microtome equipped with
a diamond knife and collected on 200-mesh copper grids. These
sections were examined with a Philips CM200 transmission elec-
tron microscope at 200 kV accelerating voltage.

X-ray diffraction (XRD) was conducted at room temperature
using a Mini-Materials Analyzer (MMA). The diffractometer was
equipped with a curved graphite monochromator, tuned to Cu K
radiation, which was applied at a tube voltage of 35 kV and an X-ray
power of 1 kW. The diffraction patterns were then collected in
reflection mode geometry between 2q ¼ 1.5e12� at a scanning rate
of 1�/min.

2.6. Mechanical measurement

Tensile test was performed on dumb-bell samples of gauge
length 100 mm at 0.5 mm/min according to the ASTM D-638 to
determine the elastic modulus, ultimate stress, and ultimate strain
of neat epoxy and nanocomposites, by using Instron 5567 testing
system with a 30 kN load cell and an extensometer. The average
values of all the properties were taken from five repetitions of each
test; Young’s moduli were calculated at a strain range 0.05e0.15%.

Fracture toughness measurement requests great care to produce
an instantly propagated crack [26]. In comparison with compact
tension (CT) or double cantilever beam (DCB), single edge notch
bending (SENB) just needs the least volume of materials but it is the
most difficult to produce an instantly propagated crack due to its
limited cross section area. Therefore, this study tested fracture
toughness according to ASTM D-5045 using the compact tension
(CT) of w30 mm in width and w5 mm in thickness. An instantly
propagated crack was produced for each CT by tapping a razor
blade to the samples as it is the most cost-effective way to produce
a sufficiently sharp crack [26]. It was then tested using the Instron
equipped with a 2 kN load cell at 0.5 mm/min. The fracture
toughness properties were expressed as stress intensity factor, K1C
and critical strain energy release rate, G1C. The fracture toughness
was calculated using Eqs. (1) and (2).

K1C ¼ PQ f ðxÞ
BW1=2 (1)

G1C ¼ K1C

E
�
1� v2

� (2)

where

f ðxÞ ¼ ð2þ xÞ�0:866þ 4:64xþ�13:32x2 þ 14:72x3 � 5:6x4
�

ð1� xÞ3=2

and (0.2 < x < 0.8):

x ¼ a
W

where PQ is the maximum load, B is the thickness,W is the width, E
is Young’s modulus and v is Poisson’s ratio 3.4.

2.7. Dynamic mechanical measurement

Dynamic Mechanical Analyzer 2980 (TA Instruments, Inc., USA)
was utilized at 1 Hz to determine the glass transition temperatures
of neat epoxy and its nanocomposites. A single cantilever clamp
with a supporting span of 20 mm and torque of 1 Nm was used to
clamp rectangular specimens of 3.0 � 6.0 � 40.0 mm which were
scanned from 50 to 120 �C and recorded at 2 s/point.

3. Results and discussion

3.1. Reactions for interface

Fourier transform infrared spectroscopy (FTIR) was employed to
analyze the interaction and bonding between silicate surface and
epoxymolecules during fabrication. Fig. 2 shows the FTIR spectra of
epoxy, raw clay, the clay modified by ethanolamine (eth-clay), and
the washed mixture of epoxy/eth-clay. The dominant absorption
from 991 cm�1 to 1045 cm�1 is ascribed to the SieO band in-plane
stretching of clay [27,28]. The absorption of raw clay at 1636 cm�1 is
due to the OeH deformation of entrapped water and the absorption
at 3620 cm�1 is created by the OeH stretching of structural
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hydroxyl group of the clay. Upon modification with ethanolamine
(ETH), new absorption bands are expected in FTIR. Actually,
absorption at 1456 cm�1 and 2900 cm�1 are observed due to the
presence of eCH2e groups [29] and eCHe groups [30], and this
confirms the graft of ethanolamine into the clay layer surface. For
epoxy, the absorption from 1450 cm�1 to 1600 cm�1 corresponds to
the benzyl groups; the CeH band stretching of SP2 is observed at
3048 cm�1, the CeH band stretching of SP3 at 2965 cm�1,
2927 cm�1 and 2873 cm�1, CeO band stretching 1246 cm�1, and the
existence of epoxide groups at 910 cm�1 [31]. After eth-clay was
mixed with epoxy followed by thoroughly washing using acetone
as shown in Section 2.2, absorption bands for epoxy should be
observed if epoxy molecules react or attract to the grafted etha-
nolamine. Indeed, there is just little characteristic bands of epoxy
observed (at 910 cm�1), indicating traces of epoxy molecules
between the clay layers, which is caused by the incomplete removal
of epoxy during washing due to the interaction between the
hydroxide group of ETH and that of epoxy.

In Fig. 3, new absorption bands are found for the clay modified
by M27 (m27-clay): the absorption at 1456 cm�1 is contributed by
the eCH2e groups [29] and the absorption at 2900 cm�1 by the
eCHe groups of the M27 molecules [30], and CeO band stretching
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Fig. 4. FTIR spectra of sodium clay, xtj-clay, and the washed mixture of epoxy/xtj-clay.
is found 1246 cm�1, all of which confirms the graft of M27 into the
clay layers. The washed mixture of epoxy/m27-clay shows a similar
spectrum to them27-clay, indicating that neither chemical reaction
nor strong physical interaction combines epoxy molecules with
m27-clay.

The spectra of the xtj-clay and its washed mixture are shown in
Fig. 4. The spectrum of xtj-clay shows a similar feature to M27 in
Fig. 3, indicating the graft of XTJ chains into the clay layers as XTJ
has similar chemical composition to M27 except the number of
end-amine groups as shown in Table 1. Upon mixing with epoxy
followed by thoroughly washing as shown in Section 2.2, the
mixture shows intensive characteristic absorption which is similar
to neat epoxy in Fig. 2, and this confirms the reaction of epoxy
molecules with the grafted XTJ chains. The absorption at 910 cm�1

corresponds to epoxide groups, implying that only one of the two
end-groups of each epoxy molecule between the layers reacted
with the grafted XTJ chains. When xtj-clay was further mixed and
cured, the free end-group NH2 of a grafted XTJ chain reacted with
hardener J230, building up a bridge linking the clay layers with
matrix to produce a strong interface.

In summary, the interface strength between clay layers and
epoxy increases in the order of raw clay < eth-clay s m27-
clay < xtj-clay, based on the interaction of the surfactants with
epoxy molecules.

3.2. Morphology

The structure analysis of these nanocomposites were performed
not only using the XRD, but TEM as it is the only method to identify
the distribution of individual silicate layers in matrix [32].

3.2.1. XRD spectra
Fig. 5 presents the XRD patterns of raw clay and the modified

clay in 2q ¼ 1.5e10�. A diffraction peak assigned to the [001] lattice
spacing of raw clay at 2q ¼ 7.36�, corresponds to a d-spacing of
Table 2
Interlayer distance of various types of clay system.

Type of clay systems (2q) Peak angle, (deg) (001) Basal spacing, (�A)

Sodium clay 7.36 12.0
eth-clay 7.10 12.4
m27-clay 5.36 16.5
xtj-clay 5.36 16.5
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12.0�A. Uponmodification, the diffraction shifts left to lower angles,
revealing an increase in the layers’ spacing. This result confirms the
grafting of the surfactant into the layers through cationic exchange
between layers and surfactants as supported by FTIR analysis in
Figs. 2e4.

Table 2 contains the peak angles and interlayer distance for each
type of clay. eth-clay shows the lowest value of spacing due to its
short chain length. When clay is modified with the long-chain
surfactants XTJ and M27, the diffraction peak moves to lower angle,
corresponding to a layer spacing of 1.65 nm. xtj-clay and m27-clay
show similar diffraction pattern and the same basal spacing
because of their similar chain length.

The XRD patterns of the nanocomposites containing nominal
2.5 wt% clay are presented in Fig. 6. In comparison with Fig. 5, the
diffraction moves to lower angles and all diffraction intensity
reduces, indicating the expansion of layer spacing due to the
Fig. 7. TEM micrographs of epoxy/eth-clay nanoc
intercalation of epoxy molecules into the clay gallery. Epoxy/eth-
clay nanocomposite shows a broad peak at 2q ¼ 6.2� relative to
14.2 �A layer spacing. By contrast, the diffraction of epoxy/m27-clay
nanocomposite appears at 2q ¼ 4.98�, corresponding to a layer
spacing 17.7 �A; the diffraction intensity is much smaller. This
indicates that the layer spacing ofm27-clay is further increased and
most layers may have exfoliated as more epoxy molecules migrate
into the clay interlayer space through compounding with epoxy.
The chain length of M27 is over 40 fold longer than that of ETH, and
thus the grafted M27 molecules are much more effective in
entangling with and migrating epoxy molecules into the interlayer
space of clay. Although m27-clay and xtj-clay were modified by
similar molecular weight surfactants, epoxy/xtj-clay nano-
composite demonstrates a lower angle diffraction with much
smaller intensity than the epoxy/m27-clay. This is caused by the
reactivity of the graphed XTJ chains, each of which has two amine
end-groups: one grafting into clay layers and the other reacting
with epoxy molecules as discussed in FTIR, thus creating a strong
interface between layers andmatrix. The reaction of XTJ with epoxy
brought a great amount of epoxy molecules into the interlayer
space, significantly increasing the layer spacing and probably
causing a higher level of exfoliation than the epoxy/m27-epoxy.
This explains why xtj-clay is of the best capacity for exfoliation.
Therefore, the three types of clay follow the following sequence to
exfoliate in epoxy: eth-clay < m27-clay < xtj-clay.

3.2.2. TEM micrograph
The exfoliation anddispersionof clay layers are two critical factors

determining the mechanical and functional properties of polymer/
clay nanocomposite. While exfoliation is proved by XRD and high
magnification TEM micrographs, the uniformly dispersion of clay
layers can only be certified by low magnification TEM micrographs,
although a number of research claimed a homogeneous nano-
structure of epoxy-clay without sufficient TEM evidence [23,33].

Figs. 7e9 present the TEM micrographs of these nanocomposites
at magnification 500e50000�. At the lowest magnification micro-
graphs “a” in thesefigures, all types of clay formclusters of 2e10mmin
omposite (absolute clay content w2.4 wt%).



Fig. 8. TEM micrographs of epoxy/m27-clay nanocomposite (absolute clay content w1.4 wt%).
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diameter in thematrix. The dark lines consist of the single ormultiple
layers of inorganic clay, while the organic matrix appears light. From
XRD analysis, the clay exfoliation follows the sequence: eth-
clay<m27-clay< xtj-clay, leading to a prediction that eth-clay should
have the lowest degree of dispersion. However, epoxy/eth-clay
nanocomposite shows many clay layers dispersed separately in
addition to the clusters in Fig. 7a andbycontrast, this is not the case for
the other two nanocomposites. The contradiction is explained in light
of phase separation and compatibility. The surfactant ETH grafted on
the clay layer surface is w0.5 nm in length, while the chains of the
Fig. 9. TEM micrographs of epoxy/xtj-clay nanoc
surfactants M27 and XTJ are as long as w20 nm. During curing, the
long-chain surfactantmolecules just phase-separated, a phenomenon
similar to liquid rubber-toughened epoxy where rubber molecules
phase-separate to create micron-sized particles [34]. By comparing
Fig. 9a with Fig. 8a, smaller clusters’ size is found for epoxy/xtj-clay
nanocomposite than the epoxy/m27-clay, and this is caused by the
cluster composition: epoxymoleculeswere combinedwithclay layers
by the reaction between grafted XTJ and matrix, which improved the
compatibility between clay and matrix and thus reduced the cluster
size and produced more separated layers in matrix.
omposite (absolute clay content w1.3 wt%).



Table 3
Mechanical properties of neat epoxy and nanocomposites cured by J230.

Materials Nominal clay
content (wt%)

Absolute clay
content (wt%)a

Young’s
modulus, GPa

Tensile strength,
MPa

Plane-strain
fracture toughness,
K1c, MPa m1/2

Critical strain energy
release rate, G1c, J/m

Neat epoxy 0 0 2.693 � 0.130 64.0 � 2.1 0.653 � 0.034 179.0 � 10.0
Epoxy/eth-clay, 2.5 wt% 2.5 w2.4 2.901 � 0.078 40.6 � 0.8 0.791 � 0.028 243.9 � 11.4
Epoxy/m27-clay, 2.5 wt% 2.5 w1.4 2.952 � 0.099 52.6 � 3.0 0.942 � 0.030 339.9 � 10.3
Epoxy/xtj-clay, 2.5 wt% 2.5 w1.3 3.136 � 0.059 59.0 � 1.0 1.033 � 0.044 384.7 � 37.1

a Tested by heating specimens at 700 �C for 1 h.
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In Figs. 7e9, representative zones in micrographs “a” are
magnified in micrographs “b” which typically contain a cluster and
a few separately dispersed silicate layers; each cluster is then
magnified in micrographs “c” and further in “d”; the separately
dispersed layers aremagnified inmicrographs “e” and further in “f”.
The micrographs “aec” in Figs. 7 and 8 all show a number of voids
which occurs at the interface between layers and matrix. The voids
were produced by a diamond knife during microtoming, indicating
aweak interface. Themicrographs “aec” in Fig. 9 show less quantity
of voids in comparison, possibly indicating an improved interface
strength by the grafted XTG chains which bridge the clay layers
with thematrix. In Fig. 7d, white arrows indicate intercalated layers
while black arrows refer to exfoliated arrows; most layers remain
intercalated. In Fig. 8d, most layers are orderly exfoliated; that is,
the layer spacing is too large to be detected by XRD but the layers
still remain stacked. In contrast, most layers in Fig. 9d are disorderly
exfoliated. In spite of the co-existence of intercalation and exfoli-
ation for these nanocomposites, an exfoliation degree is sequenced
from these micrographs: eth-clay <m27-clay < xtj-clay, which is in
agreement with XRD analysis.

Regarding the clay layers separately dispersed in matrix, similar
exfoliation degree sequence can be reached by comparing micro-
graphs “e” and “f” through Figs. 7e9. The incomplete exfoliation of
xtj-clay is attributed by either the inconsistent of clay layers charge
varied from layer to layer or the inadequacy of alkylammonium ions
in the clay galleries, as supported by Chen [35] and Kornmann [36].

3.3. Mechanical analysis

3.3.1. Mechanical properties
The mechanical properties of neat epoxy and its nano-

composites are shown in Table 3. Young’s modulus of neat epoxy
significantly increases with the clay addition, whereas the tensile
strength drops. The significant improvement of stiffness is
explained as the inorganic clay layers share a portion of load and
restrict the polymer chain mobility through transferring stress and
creating shear deformation.

Since the values of Young’s moduli are determined and affected
by testing speed and the initial strain range chosen for calculation,
we hereby compare the moduli of the nanocomposites with that of
neat epoxy, rather than with previous data. Of these nano-
composites, epoxy/xtj-clay nanocomposite demonstrates the most
significant increase of Young’s modulus and the least reduction of
tensile strength followed by the epoxy/m27-clay and the epoxy/
eth-clay. This is explained in light of the interface modification. ETH
grafted on the clay layers is short in length and thus cannot interact
effectively with matrix molecules, while M27 is a long-chain
molecule surfactant which entangles with matrix molecules and
thus produces a high level of interface strength. As a result, the
w1.4 wt% (absolute fraction) epoxy/m27-clay nanocomposite
demonstrates higher increment in modulus and lower reduction in
strength than the w2.4 wt% epoxy/eth-clay. With a similar chain
length to M27, XTJ molecules that grafted on the clay layers reacted
with matrix molecules, bridging nanolayers with matrixdcreating
the strongest interface of these nanocomposites. This explained
why the 1.3 wt% epoxy/xtj-clay nanocomposite achieved the most
significant modulus increment with the least loss of strength.

3.3.2. Fracture toughness
The fracture toughness and critical energy release rate listed in

Table 3 were obtained in the presence of an instantly propagated
crack as described in Section 2.6. Overall, the fracture toughness of
epoxy improves obviously upon the addition of the modified clay.
Epoxy/xtj-clay nanocomposite shows the most significant tough-
ness improvement, 58% for K1c and 115% for G1c, followed by the
epoxy/m27-clay and the epoxy/eth-clay. It is worth to note that the
fracture toughness improvement byw1.3 wt% of xtj-clay surpasses
all the previous effort [37,38] in the condition that the toughness
measurement was conducted with the presence of a sufficiently
sharp crack because the crack sharpness poses a huge effect on the
toughness values for stiff materials [26,37]. Interface debonding is
generally accepted as the major toughening mechanisms for epoxy/
clay nanocomposites [37]. As aforementioned, xtj-clay obtained the
highest interface strength and m27-clay had the lowest upon com-
pounding with epoxy. When loaded, the xtj-clay layers are able to
carry and transfer the highest portion of stress to relieve stress
concentration on the crack and absorb fracture energy. This is in
agreementwith theTEManalysisdthe least quantityof voids in Figs.
7e9 is found for the epoxy/xtj-clay. The chain length of M27 isw40
times longer than that of ETHand thus theM27 chains entanglewith
matrix molecules, providing a thicker and more flexible interface
than ETH, and this explains why epoxy/m27-clay nanocomposite
shows a higher fracture toughness than the epoxy/eth-clay.

3.4. Thermal dynamic analysis

The glass transition temperature (Tg) of a thermosetting poly-
merda temperature at which crosslinked chains start vibrating to
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rearrange themselvesdis the most important thermal parameter
indicating the upper temperature limit for its application. The rate
of rearrangement or relaxation process is determined by matrix
chain stiffness, crosslink density, reinforcement particles and the
interface between particles and matrix. Since matrix chain stiffness
and crosslink density are not variable in this study, the change of Tgs
must be caused by reinforcement particles and the interface
between particles and matrix.

Fig.10 shows thedamping behaviourof neat epoxyand the epoxy/
m27-clay and epoxy/xtj-clay nanocomposites at the absolute fraction
of 1.3e1.4 wt% clay. Determined from the midpoints of the corre-
sponding glass transition regions, the Tgs for these materials are
93.7 �C, 96.2 �C and 99.7 �C, respectively.While bothnanocomposites
show improved Tgs., the epoxy/xtj-clay shows a higher value. This is
explained by the interface modification. M27 molecules grafted on
the clay layer surface have a Mw of w2000 with a chain length
w20nm, and thus they are able to entanglewithmatrixmolecules to
increase the layer spacing and cause exfoliation, leading to the pres-
ence ofmatrixmolecules between the layers; these 1 nm thick layers
of extremely high specific surface area poses barriers to the vibration
of matrix molecules through the Tg region and thus causes longer
relaxation time, implying higher Tg. This is supported by previous
research [8,24]. XTJ molecules grafted on the layers are of similar
chain length toM27, but they build up a strong interface withmatrix
by reacting with matrix molecules during curing; this creates more
significant barriers to the movement of matrix molecules, causing
a longer relaxation time and a higher Tg. In conclusion, higher inter-
face strength means higher Tg for epoxy/clay nanocomposites.

We have recently showed a number of improved Tgs due to the
barrier provided by 55 nm rubber particles that are less stiff than
matrix [9]. In contrast, clay is a stiff, 1-nm thick layer which
produces a significantly restricting effect on the matrix chain
movement, leading to improved Tgs. However, previous studies
regarding the improvement of Tgs of epoxy/clay nanocomposites
are inconsistent. With addition of clay, some reported an increment
of Tgs [39e41], while there are reports of reduced [42e44] or no
change of Tgs [45,46]. This may be caused by inappropriate ratio of
epoxy to hardener, variations of curing condition and excessive
surfactants left by modification.

4. Conclusion

Although it was proved that polymer nanocomposites demon-
strated a significantly higher level of performance compared to
conventional composites, no clear understanding has yet emerged
regarding the effect of interface on the various properties of poly-
mer nanocomposites. In this study, we designed three levels of
interface strength by adopting ethanolamine (denoted ETH),
Jeffamine� M2070 (M27) and Jeffamine� XTJ502 (XTJ) to modify
clay. It was remarkable to see how the adopted systems had
produce significant outcomes, which demonstrated the effects of
different interface strength on the morphology, mechanical prop-
erties, fracture toughness and thermal dynamic behaviour of epoxy.
The chemical reaction of xtj-clay with epoxy created a strong
interface, resulting in the best dispersion of clay layers and themost
increment of Young’s modulus, fracture toughness and thermal
property. Upon compounding with w1.3 wt% clay, the fracture
toughness and fracture energy of epoxy were improved at 58% and
115%, respectively. Although no chemical bonding was employed to
produce the interface for epoxy/m27 nanocomposite, the long chain
of M27 entangled with matrix molecules and thus produced an
intermediate interface which explained for relatively good
dispersion of clay layers and the moderate improvement of
modulus, fracture toughness and thermal property. eth-clay
produced a weak interface for epoxy/eth-clay nanocomposite,
because neither chemical bonding nor molecular entanglement
occurred between eth-clay and matrix.
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We performed positron annihilation lifetime spectroscopy experiments at Teflon AF�/silicon interfaces as
function of the positron implantation energy to determine the free volume hole size distribution in the
interfacial region and to investigate the width of the interphase. While no interphase was detected in
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oxide layer on the data evaluation could be ruled out.
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1. Introduction

It is well known that the polymer properties may deviate
significantly from those of the polymer bulk in the interfacial region
between a polymer and a solid [1]. Confinement effects or chemical
interaction between the polymer chains and the solid can lead to
different rearrangement of the chains near the polymeresolid
interface. The reported width of this so-called interphase ranges
form some nm for weakly interacting thermoplastics [2] to beyond
10 mm for crosslinked polymers [3]. This effect is of particular
concern for nanocomposites, where the nanoparticles, due to their
large interface tovolume ratio, give rise to a large contribution of the
interphase to the polymer. This can affect, e.g., the mechanical
properties drastically [4].

Several investigations have been reported on nanocomposites
[5e8], however, investigations of interphase effects on planar
interfaces are scare. Measuring the surface glass transition
temperatures, Ellison and Torkelson [9,10] also studied the inter-
facial properties of different polymeresolid systems at different
depths by means of fluorescence spectroscopy. Whereas the glass
transition temperature was found not to deviate from the bulk
value, the relaxation times increased by several orders of magni-
tude near the interface in the systems under investigation, which
x: þ49 431 880 6229.

All rights reserved.
was attributed to different polymer dynamics. However, no corre-
lation to intrinsic properties like the free volume was made.

The hole free volume, i.e. the unoccupied space between poly-
mer chains is a key quantity for many properties like viscosity,
diffusion, and mechanical properties. It can be determined by
positron annihilation lifetime spectroscopy (PALS) and other
techniques. Nowadays, PALS is the technique of choice for investi-
gating free volume in polymers [8,11e14] because of the well
established relationship between ortho-positronium (o-Ps) lifetime
and average free volume size.

Once injected into polymers, positrons recombinewith electrons
in the polymer matrix and have different decay possibilities; either
they decay as free positrons, or they form e in most polymers e

hydrogen-like positronium (Ps) states. The para-positronium
(singlet state) can easily decay, whereas ortho-Positronium (o-Ps,
triplet state) with parallel spin can only decay via a pick-off
processes and is hence the longest of the usually three lifetimes
considered. Positronium preferentially resides in free volume holes,
and the pick-off lifetime of an ortho-positronium, (generally termed
s3), is well correlated to the free-volume hole size in polymers. A
quantum mechanical model for the calculation of free volume hole
sizes has been developed by Tao [15]. In thismodel, the positronium
is assumed to be confined in a spherical potential well with infinite
wall height. Furthermore, the model postulates an electron layer at
the pore wall, with which the ortho-positronium can interact and
decay. Calculation of the overlap integral of the positronium

mailto:kr@tf.uni-kiel.de
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.039
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probability density function with this electron layer yields a direct
relation between the positronium lifetime and the hole radius:

1=s3 ¼ l0

�
1� Rh

Rh þ DR
þ 1
2p

sin
�

2pRh
Rh þ DR

��
(1)

This formula includes the reciprocal ortho-positronium decay
rate s3, the spin averaged decay rate in the electron layer l0, the
hole radius Rh, and the thickness of the electron layer DR, which has
been calibrated using substances with known pore sizes [16]. Since
hole sizes in amorphous polymers exhibit a relatively broad
distribution, the discrete s3 values obtained from fits to lifetime
spectra and the resulting hole radius have to be regarded as average
values [17].

In contrast to the o-Ps lifetime s3, the interpretation of the o-Ps
intensity I3, which has often been used as a measure for the hole
concentration, is much less straightforward, as the intensity is, to
a first approximation, the product of hole concentration and posi-
tronium formation probability. The latter decreases for higher
energies in the present experiments due to increasing fraction of
positrons implanted into the silicon substrate, where no positro-
nium is formed. This effect will be modeled in the present paper by
integrating the implantation profile of the positrons in the polymer.

Positron annihilation lifetime spectroscopy in bulk polymers is
well established [18,19], whereas thin film investigations are rela-
tively scare [20]. The main reason is that conventional (radioactive)
positron sources emit the positronwith rather high energies; hence
complete absorption of positrons requires large sample thickness
and does not allow depth sensitive experiments. Depth resolved
positron annihilation spectroscopy has only been becoming
increasing relevant since the availability of slow positron beams
with tunable energy [21]. Continuous positron beams are easier to
operate, however, only Doppler spectroscopy is possible, which
does not allow to separate the three different decay possibilities
discussed above. Positron annihilation lifetime spectroscopy
became available after the development of a timing structure for
beamswhichmade lifetimemeasurements possible. This andmany
more requirements are fulfilled for the reactor based pulsed-low-
energy-positron-system (PLEPS) at the FRM II in Munich [22],
which has already been used successfully for various applications
[12,23,24].

When positrons with elevated energy penetrate matter, they
loose their energy by various scattering processes. As this is
a statistical process, the depth profile is broadened as a function of
the respective energy [25,26]. The usual description is by a Markov
equation;

Pðz; EÞ ¼mzm�1

zm0 ðEÞ
exp

�
�
�

z
z0ðEÞ

�m�
;

z0ðEÞ ¼ z1=2ðEÞ½lnð2Þ��1=m ð2Þ
The median penetration depth z1/2 is dependent on the beam

energy E (in keV) and the sample density r:

z1=2 ¼ A
r
En (3)

Algers et al. [26] found the best description of implantation of
positrons into polymers setting the exponents m ¼ 2 and n ¼ 1.71,
and the factor A ¼ 2.81 (mg/cm2).

Many investigations on moderated positron annihilation spec-
troscopy have been centered around surface effects [27,28], where
changes in Tg [27] and density gradients [28] were detected or
interfacial polymerisation inpolymerswas investigated [29]. During
the discussion on thickness dependence of the glass transition in
thin supported and free standing films, DeMaggio et al. [30]
performed temperature dependent PALS beam measurements on
polystyrene films of varying thickness on hydrogen passivated
substrates atfixed penetration depth. Theyobserved a decrease inTg
and the coefficient of thermal expansion with decreasing film
thickness and fitted this to a two or three layer model including
surface and interface similar to the approach described by Forrest
et al. [2]. In a very recent paper by Ata et al. [31] the changes in free
volume were investigated for thin spin-cast films. Distinct devia-
tions frombulk polystyrene in thermal expansion of the free volume
holes and the glass transition temperature associated with the free
volume properties were observed for the thinnest film with 22 nm
thickness, indicating a higher chain mobility. Comparison of the
polystyrene concentration in the precursor solution around the
overlap concentration suggests that thehigh chainmobility is due to
less entangled chains caused by rapid removal of the solvent from
the very diluted solution required to prepare the very thin film. In
another series onpositron annihilation spectroscopymeasurements
with a moderated beam the group of Y. Jean [32,33] used Doppler
broadening and the VEPFIT program [34] tomodel the depth profile.
However, at least the Doppler data have to be treated with caution
because the density at the interface, calculated from the data is
0.4 g/cm3, which is less than half of the bulk density, and the
resulting total layer thickness deviates by more than 50% from the
measured values. The corresponding lifetime experiments are
similar to the ones reported here. For an 80 nm thick polystyrene
film on Si themeasured depthdependent PALS spectra resemble our
results (see below). Onehas tomention that there are several papers
on characterizing the interaction between solid and polymers, e.g.
for shape memory performance an interesting paper just appeared
[35] unfortunately, there no depth profiling is performed.

In the present investigation we used the Teflon AF�/silicon
system as a model system to investigate polymer/solid interfaces
and to determine the width of the interphase. Teflon AF� is
a polymer with high free volume fraction [36] and was chosen,
because it can be thermally evaporated as a very short chained thin
film [37] and spin-coated from solution with very high molecular
weight. Thus it is an ideal system for studying the influence of the
molecular weight on the extension of the interphase region.
Moreover, due to the high free volume fraction, the o-Ps lifetime is
high allowing a clear separation between polymer and substrate
lifetime. While no interphase was detected in very short chained
evaporated Teflon AF�, an interphase of some tens of nm in
extension was observed for high molecular weight spin-coated
Teflon AF� films.

2. Experimental

Amorphous Teflon AF 2400� is a random copolymer of tetra-
fluoroethylene and 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole
with the mole content of eC2F4e units of 13%.

It was obtained from DuPont in solid form (order code: AF2400)
for the evaporated samples and as a 1% resin (order code: 400S2-
100-1) in FC-40 solution (3M Company) for spin coating.

The substrates used for our investigations were Si wafers in
(100) orientationwith low n-doping. Cutting of the wafer was done
prior to film preparation. Solvent free thermal evaporation of Teflon
AF� onto Silicon-wafer was performed as described in detail in Refs.
[37,38] at a base pressure of 10�7 mbar and a rate of some nm/min,
which was controlled by a quartz balance. Samples were analyzed
by XPS afterwards to proof the stochiometry. The wafer used for
spin coating was rinsed in acetone and flushed with isopropanol
before performing an ionic RCA clean (5:1:1 H2O:NH3:H2O2 at 75 �C
for 15 min). The concentration of the Teflon AF 2400� resin used for
spin coating was 0.5% and 1%. Spin coating was performed at
maximum speeds from 1000 min�1 to 2000 min�1 for 60 s. For



Fig. 1. Repeat units of the Teflon AF� copolymer.

Fig. 2. o-Ps lifetime (filled symbols, left axis) and o-Ps intensity (open symbols, right
axis) as function of implantation energy for three thermally evaporated Teflon AF� film
with thickness as indicated. Lines between data are only to guide the eye.
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Fig. 3. o-Ps intensity as function of positron implantation energy for the three evap-
orated Teflon AF� samples and the fit according to the simple model explained in the
text.
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evaporating the FC-40 solvent all samples were annealed at 250 �C,
i.e. well above Tg in a vacuum furnace for at least 1 h at a pressure
�10�5 mbar. The thickness of the films was determined with
a standard profilometer (DEKTAK 8000) and for selected samples
referencemeasurements by ellipsometry. The results agreedwithin
the error bar of the respective techniques.

Free volume measurements were performed employing posi-
tron annihilation lifetime spectroscopy (PALS) in conjunction with
the pulsed low-energy positron beam at the Garching nuclear
research reactor FMR II [22]. For the present studies the beam
energy was varied between 0.5 keV and 18 keV. The positron
implantation energy can be converted to an implantation profile
according to a well established procedure [26]. For low energy the
mean implantation depth can be calculated from eq. (3) within the
Teflon AF� film (eg. E¼ 2 keV corresponds to z1/2¼ 54 nm). At beam
energies E � 8 keV most of the positrons are implanted into the
substrate. However, the Markov implantation profile has to be
taken into account when modeling the intensity profile to get
relevant information from the broader implantation profile for
higher energies. Lifetime spectra of 3.6 � 106e3.9 � 106 counts
were taken at a count rate of 5500e6000 cps. The peak to back-
ground ratio was approx. 10000e1. Data evaluation with the
program LT 9.0 was identical for all samples. The resolution func-
tion, which depends on the implantation energy, was obtained
from spectra of a SiC reference sample and fitted by a sum of three
Gaussians. Typical values determined from the fits at 2 keV are:
FWHM1: 297ps (75%), FWHM2: 229ps (23%, shift 4.3 ch), FWHM3:
134ps (2%, shift �7.8 ch). The spectra of our thin film samples were
split into tree lifetime components s1e3 with its associated inten-
sities I1e3 without fixing any parameter except the resolution
function. The fit variance c2 was typically �1.1.

Here it has to be mentioned that there is an intrinsic problem
with the evaluation of the data for acceleration voltages where the
implantation is into the polymer and the substrate. The resulting
spectra are sums of the relative contributions of polymer Teflon AF�

and the substrate Si incl. native SiO2 layer, the former with three
lifetimes, the latter with at least two lifetimes (Si) and three life-
times (SiO2) plus presumably interface states, in analogy to surface
states for low energy. However, it is not possible to separate the
contributions from the two materials for the short lifetimes as, e.g.,
the lifetime of the free positron in the polymer (w400 ps) and the
lifetime in the bulk of the Si (w385 ps) do overlap. Fortunately, the
free volume information comes from the longest lifetimes of
w6.5 ns for Teflon AF� which can be discriminated from the 1.6 ns
for SiO2, thus a detailed analysis can be made (Fig. 1).

3. Results and discussion

The discussion is organized as follows. We will first present the
data for the short chained evaporated Teflon AF� in Fig. 2, where no
interphase is expected. This allows us to test the evaluation
procedure for modeling the intensity, which is presented in Fig. 3.
From the results we can conclude that we have an interphase width
of less than a few nm and that the thin native SiO2 layer (some nm)
does not influence the analysis. In contrast, a thick thermal SiO2
layer, has a significant influence on the positronium formation
probability, as shown in Fig. 5, and hence complicates the analysis.
In the last part we will then present the data for the spin-coated
high molecular weight films, where a clear interphase effect is seen
and where we can estimate the interphase width.

In Fig. 2, the results for the evaporated films are depicted. o-Ps
lifetime (filled symbols) as a measure for average hole size and o-Ps
intensity (open symbols) are plotted as function of the primary
positron acceleration voltage, which is a measure of the implan-
tation depth (eq. (3)). s3 at intermediate voltages, i.e. in the bulk of
the film, is approx. 4 ns, much smaller than the bulk value for high
molecular weight samples [36] and for highmolecular weight spin-
coated films (Fig. 4). This is to be expected due to the fact that the
film is evaporated, hence a short chained film with high packing
density is created.

The o-Ps lifetime s3 decreases only for the 33 nm film at high
energies, where most of the positrons are implanted into the
silicon-wafer. Hence, the intensity of o-Ps becomes rather low
(I3 < 2%), and the evaluation of lifetime spectra much less accurate,



Fig. 4. o-Ps lifetime (filled symbols) and o-Ps intensity (open symbols) as function of
implantation energy for spin-coated Teflon AF� film with thickness as indicated. Lines
between data are only to guide the eye. Note that the o-Ps lifetime of 7 ns at
E ¼ 1 keVe2 keV is in the expected range for the bulk [36].
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which is reflected in the larger error bars. However, this constancy
of the o-Ps lifetimes is a first hint that the interphase thickness is
very small, although the influence of the positron diffusion in
silicon has to be further investigated (see below).

The decrease in o-Ps intensity at higher energies, as already
stated, is due to increased implantation of positrons into the Si,
where no o-Ps is formed. The simplest approach to model this
intensity decrease is to use the Markov implantation profile at the
corresponding energy, reflecting a certain implantation depth and
to integrate the part, which belongs to the polymer, assuming the
constant intensity of 15.5% in the bulk. The correspondingfits for the
intensity as function of implantation energy are depicted in Fig. 3.
Due to the good description of the experimental data by these fit it
can be concluded, that the positronium formation probability is not
a function of film depth but constant throughout the films.

In Fig. 4, the analogous data to Fig. 2 are depicted, but now for
high molecular weight spin-coated films. Here the decrease in o-Ps
lifetime occurs much earlier, i.e. at lower implantation depth,
although a modeling of the intensity decrease similar to Fig. 3
shows that the samples are homogeneous with respect to posi-
tronium formation probability (fit not shown).

In order to rule out effects from the native SiO2 layer on the
positronium formation probability we compared two Teflon AF�

films of equal thickness (160 nm) but one on a Si wafer with native
SiO2 layer (∼some nm), the other one on a thick (300 nm) thermally
a b

Fig. 5. PALS beam implantation profile into 160 nm Teflon AF� on two different substrates, o
grown SiO2 on Si (circles). Filled symbols display lifetimes, open symbols intensities. (a) left h
four lifetimes, one fixed contribution from the respective SiO2 layer. Note the decrease of the
interface width.
grown SiO2. The structure of the Teflon film should be equal, only
the influence of the o-Ps from the SiO2 layer should be larger for the
thicker SiO2 layer. Fig. 5 (a) shows the PALS results. Both sets of data
were evaluated as discussed above, i.e. in terms of three lifetimes.
One notes that for the thermally grown thick oxide the intensity
increases for energies higher than 4 keV, whereas the intensity for
the thin oxide layer decreases. This is expected for a significant
implantation into the substrate. The increase in intensity in case of
the thick thermal oxide layer is due to the fact that positronium also
forms in SiO2 but not in Si. Positronium formation in the very thin
native SiO2 layer is apparently negligible. For both samples the
longest lifetime decreases, but for the thick oxide layer sample it
saturates at 1.6 ns, the o-Ps lifetime of the SiO2 substrate layer.
Hence it is not clear, whether the decrease in o-Ps lifetime can be
attributed to increased substrate contributions or is really due to
the finite interphase width. Hence we reevaluated both sets of data
with a fourth lifetime, fixed to 1.6 ns and attributed to the posi-
tronium decay in the SiO2 layer. The corresponding results are
depicted in Fig. 5 (b). The scatter, reflected in the error bar becomes
higher, but the following things are obvious.

For both samples the longest o-Ps lifetime, attributed to the
decay in the polymer, is slightly higher, as expected due to the
subtraction of a smaller contribution of 1.6 ns from the SiO2, but
the o-Ps lifetime still decreaseswith increasing acceleration voltage.
For the thin SiO2 layer the corresponding intensity, reflecting the
decay probability in the SiO2 layer, is below 1.5%, hence it is
acceptable, to ignore this contribution. (Please note, 1.5% absolute
intensity means 10% relative intensity of the total o-Ps decays). For
the thick oxide layer, the intensity of o-Ps decay in the polymer
decreases as expected and the contribution of the substrate
increases with increasing implantation depth. However, the key
point is that, although we properly took into account the contri-
bution of the SiO2 layer to the positron decay (which is small for the
native layer anyhow)we still get a decrease in o-Ps lifetime from the
polymer with increasing depth, reflecting a finite interface width
with smaller average hole free volume. The whole arguments show
that the decrease in lifetime is not an artifact of the decay in the
substrate and that the limit of detection is of the order of the
thickness of the native SiO2 layer.

Further clear evidence that the decrease in the hole free volume
observed for the high molecular weight spin-coated Teflon AF� is
an interphase property and not an artifact from positron decay in
the substrate is provided by comparison with the results for the
very short chained evaporated Teflon AF� in Fig. 2, which was
evaporated on an identical substrate. From comparison of the o-Ps
lifetimes in Figs. 2 and 4 it is clear that there is significant
 

ne with native SiO2 (∼some nm) on Si, (triangles) the other one with 300 nm, thermally
and side: evaluation with three lifetimes, as before (b) right hand side: evaluation with
o-Ps lifetime attributed to the polymer for higher acceleration voltages, reflecting finite
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interphase width, because the lifetime decreases much earlier to
lower values in Fig. 4 compared to Fig. 2, if one takes into account
the different thicknesses.

A first estimate of the interphase width can be obtained in the
following way. For the thinnest sample (65 nm thickness) at an
acceleration voltage of 1 keV, corresponding to an average pene-
tration depth of 20 nm we see bulk value of the o-Ps lifetime of
approx. 6.5 ns. This shows that the interface width is much smaller
than this. On the other hand, as stated above, the detection limit of
the present technique is about 3 nm. So, this simple estimate shows
that the interface width is of the order of some tens of nm.
4. Conclusions

In order to obtain information on the free volume distribution
and the interphase width at the polymeresubstrate interface,
positron annihilation lifetime spectroscopy experiments as func-
tion of depth were performed on Teflon AF� films of various
thicknesses on silicon. Evaporated very short chained Teflon AF�

samples on Silicon showing no interphase were compared with
high molecular weight spin-coated samples on Si wafers with
native and thermally grown oxide. The o-Ps lifetime and intensity
for the spin-cast samples are in the expected range of literature
values [36]. The lifetimes for the evaporated films are much shorter
as a consequence of the deposition by evaporationwhich generates
much shorter chains with a higher packing density corresponding
to lower free volume. The positronium formation probability is
constant throughout the film for all samples as indicated by fitting
the decrease of intensity I3 with increasing acceleration by a simple
model. The detection limit of the present technique is of the order
of the thickness of the native oxide layer (∼some nm). As can be
seen from the comparison of films of spin-coated films on thin
native silicon dioxide vs thick thermally grown silicon oxide. For
evaporated films, within experimental resolution no interphase
could be detected, whereas for spin-coated films, the width of the
interface is estimated to be of the order of some ten nm indicating
an interface with higher chain packing.
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Polymerepolymer composites comprised of vinyl ester matrices (VE) and polypropylene (PP) fiber
meshes were fabricated and tested in this investigation. Results indicated that PP fibers greatly enhanced
fracture toughness; however, strength of the VE was significantly reduced as voids were observed at the
interface of the PP and VE. A two-step surface modification, oxygen plasma treatment followed by
grafting vinyltrimethoxysilane (VTMS), was conducted on PP fibers in an effort to improve interfacial
strength. Interfacial discontinuities of composites were improved after surface modification of PP. The
oxygen plasma treatment added hydrophilic functional groups but caused surface roughness. Surface
treatment of PP slightly increased fracture toughness of the PP-VE composite by enhancing energy
absorption capacity at the interface. However, mechanical strength and modulus did not significantly
increase for the composite using VTMS grafted PP fibers due to the weak fiber material. Small PP fibers
with higher strength may attain the expected improvement in mechanical properties after surface
treatment.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymerepolymer nano/meso composites are being investi-
gated to develop tough materials with enhanced energy absorbing
capability through the unique combination of distinct polymeric
phases that possess chemical, structural, and geometric attributes
tailorable at the nano/meso scales. Vinyl ester resins (VE) are a class
of thermoset polymers that possess high chemical and corrosion
resistance, good thermal and mechanical properties, and are rela-
tively easy to process. However, VE resins are brittle, thus limiting
their use in high performance composite materials. Liquid rubber
modifiers, such as carboxyl-terminated butadiene nitrile (CTBN),
vinyl terminated butadiene-acrylonitrile (VTBN) and epoxy termi-
nated butadiene-acrylonitrile (ETBN), have been used to toughen
epoxy resins [1e3] and VE resins [4,5]. In these systems a suitable
liquid rubber is usually dissolved in the uncured resin to form a one
phase system that phase separates upon reaction to form rubber
domains within a continuous hard matrix. Good phase separation
obtained by controlling the polymerization reaction can limit
plasticization and add energy dissipating mechanisms to improve
fracture toughness [2]. However, poor compatibility of liquid
: þ1 215 895 5837.
ese).

All rights reserved.
rubbers with the resinmonomers can hinder their application in VE
systems [5]. In contrast, toughening using preformed particles
[6e9] and fibers [10] does not require phase separation and has
been developed for thermosetting resins.

Compared to common particulate rubber fillers, polymeric fibers,
because of their continuous nature, offer potentially distinct
toughening mechanisms while providing good physical properties.
Unfortunately, the low surface energy of polyoleofinic fibers nor-
mally results inpoorwettability andweak bonding at the interface. It
is also known that discontinuities and void formation limit the
interfacial strength and load transfer from the matrix to the tough-
ening fibers. This can occur when the fibers are not easily wetted by
the matrix resin. Surface treatments play an important role in
improving interfacial bonding and preventing such discontinuities.

Chemical functional groups have been added to the surface of
polymeric fibers by techniques such as plasma treatment [11e13],
UV/Ozone [14] and the use of coupling agents [15,16]. Such func-
tional groups interact with the polymer matrix to enhance inter-
facial adhesion and mechanical properties of polymerepolymer
composites. Gas plasma treatment is a commonly used technique
because it has a relatively low operation cost, it is a fast process, and
it affects the surface properties of the exposed material without
altering its bulk. Chemical functional groups and minor surface
etching are created during plasma treatment. The improved
wettability through chemical bonding and mechanical interlocking
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due to the rough surface are believed to be important in improving
interfacial adhesion of polyethylene fiber-VE composites, with
mechanical interlocking providing a greater contribution to
increased adhesion [11]. Plasma generated functional groups tend
to reorganize in order to lower the surface energy during storage
[17], which may explain the less pronounced contribution of
chemical bonding in aged samples. However, a rough surface
created through oxygen and nitrogen plasma treatment on poly-
propylene (PP) was reported to have negative contribution on
adhesion of polymer coatings due to the weak bond of the surface
layer to the bulk [18]. Our previous study also showed that oxygen/
helium plasma treated PP fibers failed to improve interfacial and
mechanical properties of PP-VE composites [20]. Therefore, stable
functional groups grafted through coupling agents are preferred
when an immediate follow-up process is unrealistic.

In this work a commercial vinyl ester resin, Derakane� 411-350
(Ashland) was used. PP fiber meshes were encapsulated in VE
resins via vacuum assisted resin transfer molding (VARTM). PP is
a tough, semi-crystalline thermoplastic with amelting temperature
of 161 �C. In addition to the toughening properties of the PP fibers
the phase transition associated with melting could provide a new
energy absorption mechanism. Surface treatment using silane
coupling agents after applying oxygen plasma to fibrous mats was
performed to graft siloxane linkages with vinyl groups to PP, which
could react with VE monomers during curing. Those chemical
bonds were expected to enhance the interfacial interaction
between the PP fibers and VE resin. Surface treatment on PP fiber
meshes was evaluated using X-Ray photoelectron spectroscopy
(XPS), contact angle measurements, thermogravimetric analysis
(TGA), environmental scanning electron microscopy (ESEM), and
differential scanning calorimetry (DSC). PP-VE composites were
evaluated using standard thermal and thermomechanical analysis
techniques as well as mechanical characterization which included
fracture toughness, tensile and flexural property measurement.

2. Experimental

2.1. Materials

The commercial vinyl ester (VE) resin used in this work was
Derakane� 411-350 Epoxy VE Resin (Ashland Specialty Chemical
Co), which contains approximately 45% styrene as a reactive
diluent. Commercial polypropylene (PP) fibers with diameters of
1e2 mmwere obtained fromHills Inc. These fibers weremelt-blown
using ExxonMobil PP3746G granular homopolymer with a melt
flow index (MFI) of 1500. The fiber mats are composed of randomly
oriented PP fibers with an average aerial density of 26 g/m2. The
free radical initiator used was Trigonox 239A (Akzo Nobel Polymer
Chemicals). This initiator contains 45 wt.% cumyl hydroperoxide,
45 wt.% carboxylic ester and 10 wt.% cumyl acid, as specified by the
manufacturer. Cobalt Napthenate (CoNap) (OMG Americas) con-
taining 6 wt.% cobalt was used as an accelerator to enable room
temperature cure. Vinyltrimethoxysilane (VTMS) (Aldrich) was
used as a silane coupling agent in this study.

2.2. Surface modification of PP fibers

A planar Dielectric Barrier Discharge (DBD) plasma system was
used for the surface treatment with desired gases. The distance
between the electrodes was 3 mm and the power output during
plasma treatment was approximately 0.1 W/cm2 with a frequency
of 165 Hz. The area of each electrode was approximately 225 cm2.
Oxygen (O2) was used as the desired treatment gas to increase the
hydrophilicity of the surface [17e19]. A flow rate of 1 L/min pure O2
was injected into the space between two electrodes at atmospheric
pressure for more than 2 min before discharge to allow a uniform
glow discharge. Treatment time varied from 15 to 180 s and both
sides of PP fiber meshes were exposed to oxygen plasma for the
same period. VTMS, a silane coupling agent with a vinyl functional
group, was dissolved in deionized water to make a 0.3 wt.% solu-
tion. Its pH was then adjusted to 3.5 by drop-wise addition of acetic
acid [21]. The solution was prepared 1 h prior to use to allow
complete hydrolysis and used within 2 h to limit condensation in
the solution. Within 1 h after oxygen plasma treatment, PP meshes
were soaked in the VTMS solution for 10 min and then dried in
a vacuum oven at 60 �C for at least 40 h to allow for condensation of
the siloxane linkages and subsequent removal of water. The reac-
tion mechanism is described by Rahmathullah et al. [22]. The
suggested VTMS polycondensation temperature of 125 �C was
decreased to 60 �C because plasma treated PP was found to degrade
during polycondensation of silane coupling agents at 125 �C.
Interestingly, PP without plasma treatment exhibited resistance to
degradation during silane treatment at 125 �C.

2.3. Fiber characterization

Element compositions and chemical functional groups on the
fiber surface were analyzed by X-Ray photoelectron spectroscopy
(XPS). XPS spectra were obtained using a Kratos Axis Ultra 165
spectrometer equipped with a hemispherical analyzer. The X-ray
was generated with an Aluminum Ka (1486.7eV) monochromatic
source energized at 20 kV and 100 W, and irradiated at
a 1 mm � 0.5 mm area. The takeoff angle was adjusted to 90� with
respect to the sample surface. The pressure in the analysis chamber
was <10�9 mbar. Surface charge effects were neutralized by using
a flood gun. A value of 285.0 eV for the hydrocarbon C1s core level
was used as the calibration energy for the binding energy scale.

While XPS functional group analyses provide information from
a surface layer about 10 nm in depth, contact angle measurement
can give true surface information [17]. Static contact angle
measurements using the sessile drop method were performed on
amodular CAM200 Optical Contact Angle and Surface TensionMeter
(KSV Instruments, Ltd., Finland), by dispensing a drop of deionized
water with known volume from amicroliter syringe onto the sample
surface at ambient conditions. A monochromatic LED light source
was used to image the water drops and the images captured were
used to measure contact angles (q) using YoungeLaplace curve
fitting. At least ten measurements were made for each sample.

The amount of VTMS grafted on PP fibers was determined by
heating the treated PP fiber mats to 800 �C in N2 flow at a rate of
10 �C/min using a TA Instruments TGA Q50 thermogravimetric
analyzer. Since crosslinked siloxanes are stable at temperatures as
high as 800 �C but PP decomposes at a much lower temperature,
the weight remaining at 800 �C was taken as the weight of grafted
VTMS. Samples weighing approximately 20 mg were used.

A TA Instruments DSC Q2000 differential scanning calorimeter
(DSC) was used to determine the melting temperature (Tm) and heat
of melting (DHm) of untreated and treated PP fibers under N2 flow.
Sample sizes were about 3 mg. Temperature scans were performed
from �70 �C to 200 �C at a heating/cooling rate of 10 �C/min.

Fiber surface morphologies were studied using an environ-
mental field emission scanning electron microscope (ESEM), Model
XL30 ESE FEG, with an acceleration voltage of 3 keV in high vacuum
mode. Samples were sputter-coated with platinum for 30 s prior to
ESEM evaluation.

2.4. Resin and composite fabrication

Neat VE resin test plaques were fabricated in a metal mold. VE
monomer was degassed in a Thinky planetary centrifugal mixer
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ARE-250 for 15 min at a speed of 1500 rpm. Trigonox 239A, cobalt
Napthenate and VE monomers were mixed at a weight proportion
of 1:0.12:100 to control the gel time to 1.5 h. The mixture was
degassed for another 4 min, poured into a mold, and then sealed.
After being precured at ambient temperature for 24 h, themoldwas
placed in an oven and allowed to postcure at 125 �C for 3 h.

PP-VE composites were fabricated via vacuum assisted resin
transfer molding (VARTM). PP fiber meshes were cut into
150 mm � 150 mm squares and stacked to desired thickness. After
being weighed, the stacked meshes were covered by release cloth
and a distributing layer and then sealed in a vacuum bag. VE was
mixed with Trigonox 239A and cobalt Napthenate at the same
proportion as used in the preparation of neat VE resin test plaques.
Once infiltration was complete, the inlet and outlet were sealed.
The composites were precured in the vacuum bag at ambient
temperature for 24 h, and then postcured at 125 �C for 3 h. The
resulting composites contained approximately 20 volume percent
PP fibers due to the relatively low aerial density of the PP mats.
Fig. 1. XPS survey spectra of untreated PP, O2-PP and VTMS-PP.
2.5. Composite characterization

Densities of composites were measured based on Archimedes’
principle. Weight in air and weight in a heptane bath were
measured for each sample. Density was calculated fromweights of
the sample and density of heptane. The equation for the density
calculation is as follows:

rðsampleÞ ¼ rðheptaneÞ �WðsampleÞin�air
WðsampleÞin�air�WðsampleÞin�hep tane

Volume fractions of PP, VE and air were calculated based on
density and weight of each component in the composite.

Dynamic mechanical analysis was performed on a TA Instru-
ments DMA 2980 dynamic mechanical analyzer (DMA) with a dual
cantilever clamp frame. Loss and storagemoduli were recorded from
30 �C to 180 �C at a heating rate of 2 �C/min and an oscillation
frequency of 1 Hz. The glass transition temperature (Tg) of each VE
system was taken as the temperature corresponding to the peak of
the lossmodulus curve. The activation energies of a and b transitions
were calculated frommultiple frequency sweeps (0.1, 0.3,1, 3,10 and
30 Hz) at 3 �C isothermal steps from �50 �C to 180 �C. Arrhenius
activation energy is defined by the following equation [23]:

log f ¼ �Ea
2:303R

�
1
T

�

where Ea is Arrhenius activation energy, f is frequency, and T is
corresponding transition temperature at the frequency. The slope
in the plot of log f vs. 1/T is used to calculate the activation energy,
giving

Ea ¼ �2:303R � slope

All samples were tested at an oscillatory-displacement ampli-
tude of 15 mm. Typical sample dimensions in the DMAwere 35 mm
in length, 12.75 mm in width, and 3.15 mm in thickness. Tg and Tm
of each VE systemwas also determined via DSC using the procedure
described above.

Mechanical properties were obtained using an Instron 8872
universal testing instrument. Three-point single-edge notch bend
(SENB) specimens were used for plane-strain fracture toughness
measurements. ASTM 5045-99 [24] specifies sample dimensions of
50.84 mm (span) � 12.71 mm (width) � 6.35 mm (thickness) to
assure plain strain conditions. An initial crack was made by first
sawing a notch with length half the sample width, and then using
a sharp razor blade to initiate a crack at the base of the notch.
The samples were tested in flexural mode at a crosshead speed of
10 mm/min. Three-point bend specimens were used to measure
flexural strength and modulus of elasticity in bending. Typical
specimen dimensions were 50.84 mm (span) � 12.71 mm
(width) � 3.17 mm (thickness) specified according to ASTM 790-03
[25] standard. The samples were tested in flexural mode at
a crosshead speed of 1.3 mm/min. Tests were stopped when
samples were broken. Tensile strength and modulus of elasticity
weremeasured according to ASTMD638-03 [26]. Dog-bone shaped
specimens were machined according to dimensions of specimen
type V. An extensometer was used to indicate the strain with the
initial gage length set at 12.5 mm. Samples were tested to failure at
a crosshead speed of 1 mm/min. All tests were performed at
ambient conditions. Fracture surfaces of composites were exam-
ined with ESEM using an acceleration voltage of 10 keV.

3. Results and discussion

3.1. Surface modification

The surface treatment followed in this study involved a two-
step process. Theoretically, plasma treatment with O2 can add
functional groups such as hydroxyl, ether, carbonyl, and carboxyl
groups to the surface [17e19]. Silane coupling agents covalently
graft to the polymer surface via functional groups such as hydroxyl
groups and polymerize by condensation reactions to form a cross-
linked network [21,22]. Generally a shorter plasma treatment time
is favored for adding functional groups to the surface. In our study,
we used treatment times ranging from 15 s to 180 s in an attempt to
determine the optimal treatment time. Oxygen plasma treated PP
(O2-PP) and VTMS grafted PP (VTMS-PP) fibers were analyzed using
untreated PP fibers as a control.

The XPS survey spectrum of VTMS-PP in the range of 0e1200 eV
given in Fig. 1 clearly shows peaks corresponding to C at 285 eV, O
at 532.5 eV, and Si at 153.5 and 102.6 eV. Also in Fig. 1, the XPS
survey spectrum of O2-PP shows two peaks corresponding to C and
O while untreated PP only has one peak at 285 eV corresponding to
C. Atomic ratios of O:C and Si:C for O2-PP, VTMS-PP and untreated
PP are compared as a function of the treatment time in Fig. 2. It is
clear that 30 s and 180 s plasma treatment gave the highest Si:C
ratio, while 15 s plasma treatment resulted in the lowest O:C and
Si:C ratios. Oxygen concentration of O2-PP increased with longer
treatment times, but the plasma-induced hydrophilic functional
groups reached equilibrium at an O:C ratio of approximately 0.3 as
seen from the VTMS-PP samples in Fig. 2, which was also reported



Fig. 2. Atomic concentration ratios obtained from XPS analysis for -C- O:C of VTMS-
PP, -;- Si:C of VTMS-PP, -,- O:C of O2-PP after 24 h delay.
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by Cui and Brown [17]. They explained that the methyl groups on
the polymer chains oxidized during plasma treatment so that the
backbone carbons remained relatively unaffected. Therefore the
oxidation reached equilibriumwhen 1/3 of the surface carbons, i.e.
those frommethyl groups, were oxidized. The XPS results for O2-PP
Fig. 3. High resolution XPS carbon spectrum of untreated and surface treated PP fibers.
(a) Untreated; (b) 15 s, (c) 30 s, (d) 60 s and (e) 90 s in O2 plasma; (f) VTMS after 30 s O2

plasma.
were obtained one day after the treatment. However, Cui and
Brown discovered that plasma treated PP films did not show
significant changes in surface composition obtained from XPS after
being stored in air at room temperature for eight days [17].

Fig. 3 shows the high resolution XPS carbon (C1s) spectrum of
the PP fiber surface before and after processing for 15e90 s in the
oxygen plasma, as well as after VTMS grafting. Chemical compo-
nents and their concentrations of the C1s peak can be obtained by
deconvolution using GaussianeLorentzian fit, and the peak posi-
tions and the types of functional groups are based on literature
values [17,19,27]. C1s spectrum of untreated PP can be well-fitted
with one peak at binding energy Eb ¼ 285 eV, which represents the
hydrocarbons [e(CeC)e] and [e(CeH)e]. After plasma treatment,
the C1s peak broadened towards higher energy values in the form
of a long tail extending up to 292 eV. This indicates that oxidized
carbon species at higher binding energy appeared. C1s spectrum of
oxidized PP can be well-fitted by introducing four oxidized carbon
peaks, i.e. alcohol [e(CeOeH)e] and/or ether [e(CeOeC)e] at
286.3 eV, carbonyl [e(C]O)e] and/or acetal [e(OeCeO)e] at
287.2 eV, carboxyl [e(C]O)eOe] at 288.7 eV, and carbonate [eOe
(C]O)eOe] at 290.1 eV. Following VTMS treatment, the C1s peak
became narrower and the tail shortened to 287.5 eV. C1s spectrum
of VTMS-PP can be deconvoluted with three peaks associated with
hydrocarbon, alcohol/ether, and carbonyl/acetal, respectively. Since
all high resolution C1s spectra of VTMS-PP samples were found to
be similar, only the results of VTMS-PP after 30 s oxygen plasma
treatment are shown in Fig. 3. The atomic concentration of each
component for all samples discussed above is listed in Table 1. It is
clear that the concentration of the hydrocarbon component
decreased with increasing plasma treatment time. CeOH or CeOeC
was formed at a short treatment time, but the concentration
decreased as further oxidization occurred. The atomic concentra-
tions of more oxidized carbon species increased as the treatment
time increased, except for (C]O)eO concentration that underwent
almost no change. We can assume that the alcohol or ether group is
created as soon as enough discharge energy is applied. As the
discharge energy increases, the oxidized carbon species oxidize
further and more hydrocarbon bonds are oxidized, until the oxi-
dization process reaches equilibrium. After VTMS treatment, the
concentration of hydrocarbon greatly increased, as only 5% alcohol/
ether carbon and less than 1% carbonyl/acetal carbonwere present.
This may be attributed to the fact that eOH groups reacted with
VTMS and highly oxidized carbon species were fully oxidized to CO2
during the VTMS grafting process. It is worth mentioning that
a takeoff angle of 90� was used on the fibers to obtain higher
intensity at the expense of a larger penetration depth. This may
have resulted in an altered distribution of carbon functional groups
from amore precise distribution obtained using angle resolved XPS,
which can provide depth distribution of chemical composition on
a smooth surface [28,29].

Water contact angle (CA) measurements were used to evaluate
the influence of time delay between plasma conditioning and the
subsequent silane treatment. The changes to surface chemistry
Table 1
High resolution XPS carbon (C1s) peak deconvolution results.

Eb Functional
groups

Atom%

(eV) Untreated 15 s 30 s 60 s 90 s VTMS þ
30 s

285.0 CeH, CeC 100 56.23 54.86 50.70 41.36 94.30
286.3 CeOH, CeOeC e 27.68 20.09 26.28 22.85 5.00
287.2 C]O, OeCeO e 8.68 14.84 12.55 22.06 0.60
288.7 OeC¼O e 6.14 6.07 6.22 6.72 e

290.1 Oe(C]O)eO e 1.26 4.12 4.88 7.02 e



Fig. 5. ESEM micrographs showing difference in surface roughness of PP fibers (a) before t
treatment following (e) 30 s and (f) 180 s O2 plasma treatment.

Fig. 4. Contact angles of PP at various treatment conditions: -,- 10 min delay after O2

plasma treatment, -6- 30 min delay after O2 plasma treatment, -A- 24 h delay after
O2 plasma treatment, and -�- after VTMS treatment.
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after the plasma treatment are potentially complex as the hydro-
philic functional groups can reorganize to reduce surface energy
while, conversely, free radicals can continue to create additional
hydrophilic surface functionality through further reaction with
atmospheric oxygen. Contact angles as a function of both treatment
time and delay time are compared in Fig. 4. The significant standard
deviation of contact angle measurements of O2-PP mats indicates
that the surface treatment was not uniform. In general oxygen
plasma treatment can reduce the water contact angle. Neverthe-
less, a slight decrease of CA for treatment times of 15 s, 90 s and
120 s was observed but almost no change for treatment times of
30 s, 60 s and 180 s after a delay time of approximately 30min. After
24 h, CA for treatment times of 15 s, 90 s, 120 s and 180 s
approached values found immediately after treatment, but CA for
30 s and 60 s treatments significantly increased. This indicates that
reorganization and generation of hydrophilic groups were in
equilibrium during short delay time for 30 s and 60 s plasma
treatment, while for treatment times of 15 s, 90 s and 120 s, a net
increase of hydrophilic ether, carbonyl, and carboxyl functional
groups might contribute to the decreased CA observed during short
delay times. After a 24 h delay, plasma treatment times of 15e60 s
reatment, after (b) 30 s, (c) 90 s and (d) 180 s plasma treatment in O2, and after VTMS



Table 2
Densities and volume fractions of VE systems.

Density (g/cm3) Volume fraction of PP Volume fraction of air

VE 1.142 � 0.003 e 0.0059 � 0.0025
PP-VE 1.096 � 0.007 0.197 � 0.019 0.0031 � 0.0005
VPP-VE 1.097 � 0.005 0.196 � 0.021 0.0029 � 0.0003
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showed large recovery of CA. However, the 180 s treatment did not
seem to be affected by delay time. After VTMS grafting, the CA was
significantly increased in comparison to the O2-PP, and became
very close to untreated PP. ESEM micrographs of treated and
untreated fiber surfaces are given in Fig. 5 and clearly show that
treated fibers possessed rougher surfaces than untreated fibers and
that roughness increased with treatment time. After the VTMS was
crosslinked on the surface, the surface was still rougher than that of
untreated PP. These results suggest that 15 s of plasma exposure is
too short to greatly oxidize the methyl groups of PP, while more
than 60 s of plasma exposure significantly etches the polymer
surface. Based on both XPS and CA results, we selected 30 s as the
optimal treatment time and it was used as the baseline for this
study. TGA results indicated approximately 1 wt.% VTMS grafted
onto PP after 30 s plasma treatment. This corresponds to a grafted
layer about 2 nm in thickness if it is assumed that the crosslinked
VTMS covers the fiber surface uniformly.

Although ESEM analysis showed clear signs of surface degra-
dation, no appreciable differences in the melting transition
temperature and heat of melting (DHm) were observed in DSC
thermograms for treated and untreated fibers as shown by Fig. 6.
Tm for all untreated and treated PP was about 161 �C and DHm at
the correspondingmelting transitionwas approximately 90 J/g. The
typical DSC thermogram of PP has twomelting peaks because of the
Fig. 6. DSC thermograms of untreated PP, O2 plasma treated PP and VTMS grafted PP
showed similar melting transitions during the first heating ramp at a heating rate of
10 �C/min.
semi-crystalline nature of PP. At most processing conditions, crys-
tallites formed during cooling are not perfect. Therefore the
melting process is accompanied by recrystallization and crystal
reorientation. The overall peak is superimposed with melting of
original crystallites, reorientation of imperfect structures, recrys-
tallization, and melting of newly formed crystallites [30]. The peak
at the higher melting temperature represents the melting of crys-
tallites formed through recrystallization during melting. Slow
cooling or crystallizing isothermally at higher temperature will
reduce the imperfection so we will not see noticeable recrystalli-
zation peaks in the DSC thermogram, as this may be the case for the
as-received PP fiber which only showed a small shoulder at 160 �C
on the melting peak without obvious split.

3.2. Composite properties

The density of PP-VE composite samples fabricated by VARTM
was found to be about 1.1 g/cm3. Since the density of PP is about
0.90 g/cm3 and the density of cured VE resin was found to be
1.148 g/cm3, the measured composite density is reasonable. For PP-
VE composites using untreated PP (PP-VE) or VTMS-treated PP
(VPP-VE), the calculated volume fractions of PP fibers and air were
20% and 0.3%, respectively. The densities and volume fractions for
VE systems discussed in this work are listed in Table 2.

PP used in this work has a melting temperature of 161 �C and
a flexural modulus of 2 GPa. In comparison, the amorphous VE
thermoset has a modulus of 3.3 GPa and a Tg ofw115 �C. Therefore,
incorporation of PP fibers is expected to influence modulus and
softening behavior. Plasma treatment roughens the PP fiber surface
and the VTMS functional groups are expected to react with VE, so
the modulus and softening behavior may also be affected by PP
surface treatment.

Fig. 7 shows storagemodulus (E0) as a function of temperature as
measured by DMA for VE, PP-VE and VPP-VE systems. It was
observed that neat VE polymer possessed a higher storagemodulus
Fig. 7. DMA temperature scan of storage modulus for neat VE resin and VE composites.
->- VE, PP-VE, dd VPP-VE.



Fig. 8. DSC thermograms during the first heating ramp for (a) neat VE resin, (b) PP-VE
and (c) VPP-VE composites, and (d) untreated PP fibers, (e) O2-PP fibers and (f) VTMS-
PP fibers after isothermal annealing at 125 �C under N2 flow for 3 h.

Table 3
Thermal and thermomechanical properties of neat VE resin, PP-VE and VPP-VE
composites.

DMA DSC (first ramp)

E0 at 35 �C Tg Tg Tm ΔHm

GPa �C �C �C J/g

VE 3.35 118 111 e e

PP-VE 2.93 121 114 161 9.7
VPP-VE 2.97 121 114 161 9.5
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than PP-VE and VPP-VE below the Tg of the VE resin. At tempera-
tures between the Tg of VE resin and Tm of PP, PP-VE and VPP-VE
displayed higher storage moduli than the VE resin. This indicates
that PP could increase the modulus of softened VE below its
Fig. 9. ESEM micrographs of PP-VE composites after heating to 200 �C at 2 �C/min during
completely lost fibrous morphology outside VE matrix.
melting temperature. Above the melting temperature of PP, VE and
PP-VE had similar storage moduli. However, VPP-VE showed
slightly higher storagemodulus than PP-VE below 105 �C and above
150 �C. The higher modulus may be a result of covalent bonds
between PP and VE introduced by VTMS, while the lower modulus
near the melting transition of PP may be related to surface damage
of PP as observed by ESEM. The Tgs of neat VE and composites were
taken as the peak of the curves graphing loss modulus (E00) as
a function of temperature at a frequency of 1 Hz. For comparison Tg
was also measured using DSC as shown in Fig. 8aec. These data are
included in Table 3 and show that the composites possessed slightly
higher Tg using both measurement methods. The Tg of PP-VE
composite was 3 �C higher than that of VE resin, and surface
treatment did not affect Tg. These changes were most likely asso-
ciated with the reinforcing nature of PP fibers. DSC scans also
showed a melting peak at 161 �C associated with PP for composites,
and the heat of melting was about 9.7 J/g in the first ramp. Given
that 20 v% (about 16 wt.%) PP was in the composites, the equivalent
DHm of PP inside VE is 60 J/g, which is lower than that of PP before
being embedded in VE. In an attempt to distinguish the annealing
effect on PP fibers during post-curing of composites from potential
interfacial effects, DSC scans were taken for PP fibers (virgin and
treated) after isothermal conditioning at 125 �C under N2 flow for
3 h to mimic composite cure conditions. The results are shown in
Fig. 8def. An annealing peak is observed around 130e140 �C for all
PP fibers in the first ramp. Otherwise, themelting transition and the
heat of melting were similar to the controls (no annealing) shown
in Fig. 6aec.

The shape of the melting peaks of PP fibers confined by VE were
found to be slightly different than observed for free PP fiber mats in
the first ramp. It is possible that reorientation and recrystallization
behaviors are affected by imposing predefined submicron struc-
ture. The heterogeneous interface could also be responsible for
orienting crystallite growth [30].

All PP fibers and VE composites after being tested in DSC were
examined using ESEM. Representative micrographs are given in
Fig. 9. The fibers inside the VE matrix during DSC testing main-
tained a fibrous morphology even at a heating rate as low as 2 �C/
min although fibers on the DSC specimen surface lost their original
morphology.

Loss modulus curves as a function of temperature and frequency
were obtained as described in the experimental section and shown
in Fig. 10. These data were used to determine the activation energy
(Ea) associated with major transitions. VE showed one large tran-
sition around 114 �C (1 Hz) and the corresponding activation energy
was 604 kJ/mol, which indicates it is the a-transition of VE. PP-VE
and VPP-VE showed a large transition at about 116 �C (1 Hz) and
DSC testing. (a) PP fibers inside VE matrix maintained fibrous morphology, and (b) PP



Fig. 11. ESEM micrographs of fracture surf

Fig. 10. Multiple frequency sweep of VE, PP-VE and VPP-VE. For each material, curves
shift from left to right when frequency increases from 0.1 Hz to 30 Hz.

Table 4
Mechanical properties of neat VE resin, PP-VE and VPP-VE composites.

fracture Toughness flexural Properties tensile Properties

GIC KIC sfM EB sM E

J/m2 MPa$m1/2 MPa GPa MPa GPa

VE 231 � 41 1.08 � 0.15 130 � 2 3.22 � 0.07 89 � 2 3.44 � 0.13
PP-VE 596 � 27 1.77 � 0.06 71 � 4 2.92 � 0.07 47 � 3 3.25 � 0.16
VPP-VE 651 � 22 1.81 � 0.12 66 � 4 3.06 � 0.11 48 � 3 3.23 � 0.17
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a small transition near �5 �C (1 Hz). Ea for the major transition was
597 kJ/mol and that for the minor transition was 219 kJ/mol for PP-
VE. Following VTMS treatment of PP, Ea of the major transition
increased slightly to 607 kJ/mol and Ea of the minor transition at
1 �C (1 Hz) increased to 271 kJ/mol. The major transition for the
composites is attributed to the Tg of the VE matrix. Ea for the minor
transitions observed for the composites are higher than 100 kJ/mol,
which means that they are a-transitions of PP instead of b-transi-
tions of VE [23]. This is consistent with the Tg of PP reported to be in
the range of �10e0 �C. Surface modified PP-VE composites had
higher activation energy than untreated PP-VE composites, possibly
because of interfacial bonding between PP and the VE matrix via
the VTMS.

The fracture toughness, tensile properties and flexural proper-
ties of VE resin, PP-VE and VPP-VE composites were obtained.
Critical stress intensity factor (KIC), critical strain energy release rate
(GIC) at fracture initiation, tensile strength (sM), modulus of elas-
ticity (E), flexural strength (sfM), and modulus of elasticity in
bending (EB) are given in Table 4. The critical stress intensity factor
for PP-VE composite was about 1.6 times that of VE resin, while the
critical strain energy release rate for PP-VE composite was more
than twice that of VE resin. Thus, fracture toughness is improved
significantly by encapsulating PP fibrous mats in VE resin. After
VTMS grafting on PP surface, a further increase in fracture tough-
ness was observed. The difference between PP-VE and VPP-VE may
be attributed to the greater interfacial strength created by covalent
bonds between VTMS-modified PP and VE resin. This better inter-
face improved stress/energy transfer between fibers and matrix,
and added a distinct energy absorption mechanism at the interface.
The fracture morphology is discussed in the next section. Neat VE
resin had higher flexural strength and modulus of elasticity than
PP-VE composites, with almost double the flexural strength of the
ace of (a, b) PP-VE and (c, d) VPP-VE.
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composites (Table 4). The experimentally measured flexural
modulus of the PP-VE was approximately 2.92 GPa in comparison
to 3.22 GPa for the neat VE matrix, which was very close to a pre-
dicted modulus of 2.99 GPa based on the Voigt model (upper
bound) [31]. This indicated that the upper bound model of the
combining rule could fit the PP-VE system reasonably well. The
upper bound model could be applied because the moduli of both
components were of similar magnitude, i.e. 3.22 GPa for the VE and
2 GPa for the PP, and the stiffer phase occupied over 80 v% in the
composites [31]. The predicted modulus of 2.99 GPa for VPP-VE
using the same model also closely matched the measured flexural
modulus of 3.06 GPa. Nevertheless, VPP-VE composites did not
show a significant difference in flexural properties compared to PP-
VE composites, possibly because of the weak nature of PP itself ePP
fibers broke before the enhanced interfacial strength could
contribute to the measured flexural strength and modulus. The use
of higher strength PP fibers may attain the expected improvement
in flexural properties after surface treatment. The tensile testing
results match flexural properties well.

3.3. Fracture morphology

ESEM micrographs of composite fracture surfaces were used to
gage interface integrity and to analyze the dominant failure mode.
Analysis of the fracture morphologies showed obvious interfacial
discontinuities between PP fibers and the VE resin as seen in
Fig. 11aeb. By contrast Fig. 11ced shows that such discontinuities
were reduced substantially in composites with VTMS grafted PP
fibrousmats. Fiber pullout, fiber breakage andmatrix crackingwere
the dominant failure modes for the composite using untreated PP.
Theweak interface led to relatively easy fiber pullout at small loads.
Energy absorptionwas mainly from fiber breakage, matrix cracking
and voids. While for surface treated PP, fiber breakage and matrix
cracking were the dominant failure modes because the strong
bonding at the fiberematrix interface restrained the fiber pullout.
Energy absorption mechanisms included fiber breakage, matrix
cracking and interfacial interaction. Stronger interfacial interac-
tions provided increased load-bearing capability by transferring
load from the brittle matrix to the thermoplastic fiber. In addition,
mechanical interlocking resulting from the rougher fiber surface
might also contribute to improved fracture toughness. However,
the PP fiber used in this work has weak tensile properties due to the
low molecular weight (high melt flow index). This curtailed the
ability of the thermoplastic phase to absorb energy through
deformation mechanisms and limited the contribution from
enhanced interfacial interaction. The use of small PP fibers with
higher strength would probably result in a significant increase in
fracture toughness after enhancing the interfacial interaction.

4. Conclusions

Composites containing micron-sized PP fiber mats and VE
matrices were fabricated using VARTM. PP fibers showed good
wetting characteristics in VE monomer, but void discontinuities
were generated at the interface of VE and PP fibers during cure.
DMA showed the predicted negative contribution of the PP fiber
phase on storage modulus, and a minor positive effect on the
softening transition. Fracture toughness was greatly improved, but
flexural strength was substantially decreased upon encapsulation
of the PP fibrous phase. The loss in strength was partly due to the
poor interface between the PP fibers and the VE matrix. A two-step
surface modification on PP using silane coupling agents improved
interfacial discontinuities by forming covalent bonds between
matrix and fibers. The oxygen plasma treatment caused surface
roughness but did not degrade the bulk polymer. Fracture tough-
ness of the compositewas slightly increased after surface treatment
of PP, which might be attributed to enhanced energy absorption
capacity via chemical bonding and mechanical interlocking at the
interface. Because of the weak fiber material, mechanical strength
and modulus did not show significant increases for the VPP-VE
composite. Small PP fibers with higher strength may attain the
expected improvement in mechanical properties after surface
treatment.
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Electrospun polyacrylonitrile (PAN) copolymer nanofibers with diameters of w0.3 mm were prepared as
highly aligned bundles. The as-electrospun nanofiber bundles were then stretched in steam at w100 �C
into 2, 3, and 4 times of the original lengths. Subsequently, characterizations and evaluations were
carried out to understand morphological, structural, and mechanical properties using SEM, 2D WAXD,
polarized FT�IR, DSC, and mechanical tester; and the results were compared to those of conventional
PAN copolymer microfibers. The study revealed that: (1) the macromolecules in as-electrospun nano-
fibers were loosely oriented along fiber axes; although such an orientation was not high, a small extent of
stretching could effectively improve the orientation and increase the crystallinity; (2) most of macro-
molecules in the crystalline phase of as-electrospun and stretched nanofibers possessed the zig-zag
conformation instead of the helical conformation; and (3) the post-spinning stretching process could
substantially improve mechanical properties of the nanofiber bundles. To the best of our knowledge, this
study represented the first successful attempt to stretch electrospun nanofibers; and we envisioned that
the highly aligned and stretched electrospun PAN copolymer nanofibers could be an innovative type of
precursor for the development of continuous nano-scale carbon fibers with superior mechanical
strength.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon fibers with high mechanical strength are prepared from
polyacrylonitrile (PAN) precursor fibers through the thermal
treatments of stabilization and carbonization; the excellent
strength-to-weight ratio combined with superior stiffness has
made the PAN-based carbon fibers the material of choice for the
development of large load-bearing composites [1]. Shortly after the
discovery of how to produce PAN-based carbon fibers approxi-
mately half a century ago, the tensile strength of the T300 carbon
fibers produced by the Toray Industries, Inc. in Japan quickly
reached w3 GPa. The maximal tensile strength of carbon fibers,
however, is estimated over 180 GPa [1,2]. After many years of
: þ1 216 368 4202.
: þ86 10 64420710.
x: þ1 605 394 1232.
mail.buct.edu.cn (J. Liu), Hao.
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research, the strongest carbon fibers that can be produced pres-
ently (i.e., the T1000 carbon fibers) have the tensile strength of
merely w7 GPa. Numerous research efforts have indicated that (1)
the amount, size, and distribution of structural imperfections
determine the mechanical strength of carbon fibers; and (2) many
types of structural imperfections in the precursor fibers are likely to
retain in the resulting carbon fibers [3e6]. Thus, the fundamental
approach for further improving the mechanical strength of carbon
fibers is to reduce the amounts of structural imperfections
(including surface and bulk defects) as well as structural inhomo-
geneity such as sheath-core structures [7e9].

The production of PAN-based carbon fibers involves the
synthesis of PAN precursors, the spinning of PAN precursor fibers,
and the thermal treatments (i.e., stabilization and carbonization) of
precursor fibers. The PAN homopolymer contains highly polar
nitrile groups, hindering the alignment of macromolecular chains
during spinning (particularly during stretching of as-spun fibers);
additionally, the oxidative stabilization of PAN homopolymer
occurs at relatively high temperature, and the reaction is difficult to
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control due to a sudden and rapid evolution of heat. This surge of
heat can cause the scission of macromolecular chains andmake the
resulting carbon fibers mechanically weak. Carbon fibers with the
highest mechanical strength have been produced exclusively from
PAN copolymer precursors. The co-monomer content usually
ranges from 0.5 to 8 wt.%; typical co-monomers include itaconic
acid, methyl acrylate, and others [1]. The inclusion of co-monomer
(s) mitigates the nitrileenitrile interactions, renders the copolymer
higher solubility in spinning solvent(s), allows better macromo-
lecular orientation in precursor fibers, andmakes the stabilized and
carbonized fibers more structurally homogeneous.

The wet spinning and air-gap spinning (also known as “dry-jet
wet spinning”) are the commonly adopted spinning methods for
producing PAN precursor fibers [1]. In wet spinning, a spinneret
with 40e80 mmdiameter orifices is immersed in a coagulation bath
(i.e., an aqueous solution), and a spin dope (i.e., a 15e20 wt.% PAN
copolymer solution using appropriate solvents such as N,N-dime-
thylformamide) is extruded directly into the bath to form filaments.
In air-gap spinning, the spinneret is positioned several millimeters
above a coagulation bath, and filaments are extruded vertically into
the bath. Themethod of air-gap spinning permits the spin dope and
the coagulation bath to be at different temperatures, thus avoids
the high stress caused by coagulation of spin dope on the surface of
filaments. In addition, the filaments partially gel before entering
the bath; therefore, the air-gap spun fibers are generally smoother
with probably fewer surface defects than thewet spun fibers [1]. No
matter which spinning method is adopted, the rapid removal of
solvent(s) from large diameter filaments in coagulation bath can
introduce various types and large amounts of structural defects
(e.g., sub-micron scaled voids/flaws). Although post-spinning
stretching can substantially improve the macromolecular orienta-
tion, the reduction of these structural defects is limited. Conse-
quently, voids/flaws with sizes being tens of nanometers are
commonly observed in the precursor fibers and the resulting
carbon fibers. The existence of these defects is an important reason
that the mechanical strength of the current carbon fibers only
reaches a small percentage of the theoretically predicted value.
Additionally, the large diameter of precursor fibers is responsible
for the formation of structural inhomogeneity (particularly sheath-
core structures) during stabilization and carbonization. The pres-
ence of structural inhomogeneity in the current carbon fibers is
another important reason accounted for low mechanical strength.
For example, stabilization occurs in an oxidative environment such
as in air, and it is a diffusion-controlled process [10e12]. The large
fiber diameter hinders the diffusion of molecules including oxygen
and stabilization by-products; often the results are that the outer
region of the precursor fibers has been well-stabilized while the
inner region has not. Such a condition leads to the formation of
sheath-core structures, and the stabilized fibers are therefore
structurally inhomogeneous; this further leads to the resulting
carbon fibers being mechanically weak. Previous research has
revealed that the mechanical strength of carbon fibers increases as
the diameter of precursor fibers decreases when produced under
comparable conditions; i.e., a smaller diameter allows for a higher
fraction of the theoretically predicted strength to be reached [13].
This is well-known as the “size effect”. For example, the T1000
carbon fibers have the diameter of w5 mm and the tensile strength
ofw7 GPa; and their precursor fibers are produced by reducing the
size of orifices in the spinneret fromw70 tow40 mm. Nonetheless,
the conventional spinning methods are difficult, if not impossible,
to prepare precursor fibers with diameters that are orders of
magnitude smaller than 10 mm.

The technique of electrospinning provides a unique approach to
prepare PAN precursor fibers with diameters ofw0.3 mm,which are
w30 times thinner than those of conventional PAN precursor fibers
[14e18]. During electrospinning, a spin dope (e.g., a PAN copolymer
solution) is placed in a spinneret. High DC voltage, usually in the
range from 5 to 40 kV, is applied to the spin dope through an
electrode (e.g., a thin metal rod). An electrically grounded collector
is placed at a distance (known as “gap distance”) away from the
spinneret. The gap distance usually ranges from a few centimeters
to 1 m. When the applied voltage reaches a critical value and the
electric force overcomes the surface tension and the viscoelastic
force, a jet ejects and travels straight for a certain distance. The jet
then starts to bend, forming helical loops. This phenomenon has
been termed as “bending instability” [18]; typically, the bending
instability causes the length of an electrospinning jet to elongate up
to 10,000 times in a very short time period of 50ms or less. Thus, the
elongation (draw) rate during bending instability is extremely large
[16], which can effectively stretch the macromolecules and closely
align them along the fiber axis. Additionally, the solvent evapora-
tion during electrospinning is very fast; over 99% of solvent(s) in the
electrospinning jet/filament can be removed during or shortly after
bending instability [16,18], so that the macromolecular orientation
introduced through bending instability is likely to retain in elec-
trospun nanofibers. Furthermore, since the solvent is removed
through evaporation while no coagulation bath is involved during
nanofiber formation, the surface of electrospun nanofibers can be
even smoother and presumably the surface defects can be even
fewer than those of the air-gap spun fibers. Nonetheless, the rapid
elongation/drawing of electrospinning jet/filament occurs in solu-
tion or gel state; although extended macromolecular chains are
expected to exist during electrospinning (particularly during
bending instability), theses chains can relax afterwards, especially if
the collected nanofibers still contain trace amounts of solvent(s)
which would allow the relaxation of macromolecules.

It is noteworthy that the process of electrospinning can produce
a single, very long (i.e., continuous) nanofiber [8,18]. By judiciously
designing the spinneret and carefully selecting electrospinning
conditions (e.g., spin dope properties, processing and environ-
mental conditions), the process can be extremely stable with
a visually steady jet running continuously without breaking. The
mat deposited on the electrically grounded collector is thus made
of a single nanofiber. If the collector is a fast-moving belt (or water
flow) and hundreds to thousands of spinnerets are placed above it,
a continuous bundle made of loosely oriented nanofibers that
possess desired morphological and structural properties could be
obtained. After the nanofibers in the bundle are straightened and
stretched, a highly aligned nanofiber bundle can be prepared for
the subsequent stabilization and carbonization.

In this study, instead of using the fast-moving belt (or water
flow) and many spinnerets, a U-shaped metal device with the
distance between two legs being w25 mm was used for the
collection of highly aligned electrospun PAN nanofiber bundles
[19]. By manuallymoving the electrically grounded device back and
forth for several times between the spinneret and the electrically
grounded metal plate during electrospinning, tens of aligned
nanofibers could be collected between the metal legs. These
nanofibers were then transferred to a slightly smaller U-shaped
metal device, and the process was repeated forw50 times to collect
a bundle with highly aligned nanofibers. The obtained PAN copol-
ymer nanofiber bundle was then stretched in an oven at w100 �C,
and a pan of boiling water was maintained during the stretching
process [1]. The stretched nanofiber bundles with final lengths
being 2, 3, and 4 times of original lengths of the bundles were
acquired. Subsequently, characterizations and evaluations were
carried out to understand the morphological, structural, and
mechanical properties of the nanofibers before and after the post-
spinning stretching using SEM, two-dimensional (2D) WAXD,
polarized FT�IR, DSC, and mechanical tester; and the results were
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compared to those of the conventional PAN precursor microfibers
that were used as the starting materials for making electrospun
nanofibers.

2. Experimental

2.1. Materials

The PAN used in this study were the Special Acrylic Fibers (SAF
3K fibers) provided by the Courtaulds, Ltd in the UK. The SAF 3K
fibers were made of the PAN copolymer with 92.8 wt.% of acrylo-
nitrile, 1.2 wt.% of itaconic acid, and 6.0 wt.% of methyl acrylate, and
they were in the form of bundle with 3000 fibers. N,N-dime-
thylformamide (DMF) and acetone were purchased from the Sig-
maeAldrich Co. (Milwaukee,WI). The chemicals were usedwithout
further purification.

2.2. Electrospinning

The SAF 3K fibers were first immersed in acetone to remove the
surface oil; the fibers were then dissolved in DMF to prepare
a 15 wt.% solution. Subsequently, the solution was pushed through
a glass fiber filter with pore size of 2 mm to remove gel particles, if
there were any, to obtain the spin dope. DMF was selected because
it is a good solvent for the PAN copolymer; additionally, DMF is also
suitable for conducting electrospinning due to its high dielectric
constant and appropriate volatility [16,17]. A specially designed
spinneret was utilized for electrospinning inside a fume hood at
w25 �C. The spinneret consisted of a polypropylene tube with the
inner diameter of 1.0 inch, and a stainless steel hemispherical head
which had an orifice with the diameter of 0.4 mm at the center. The
electrospinning setup also consisted of a high voltage power supply
(model number: ES30P) purchased from the Gamma High Voltage
Research, Inc. (Ormond Beach, FL). During electrospinning, a posi-
tive voltage of 25 kV was applied through a thin metal rod to the
spin dope held inside the spinneret. Electrospun nanofibers were
deposited on an electrically grounded metal plate covered with
aluminum foil. The distance between the spinneret and the metal
plate was set at 40 cm. In this manner, the process was extremely
stable; and the electrospinning jet could run continuously without
breaking for many hours. To collect highly aligned electrospun PAN
precursor nanofiber bundles, a U-shaped metal device with the
distance between two legs being w25 mm was used [19]. By
manually moving the electrically grounded device back and forth
for several times between the spinneret and the electrically
grounded metal plate during electrospinning, tens of aligned
nanofibers were collected between the metal legs. This U-shaped
device functioned like a traverse guide in a conventional wind-up,
and a skein of aligned nanofibers could be formed on the device.
These nanofibers were then transferred to a slightly smaller U-
shaped metal device, and the process was repeated for w50 times
to collect a bundle with highly aligned PAN precursor nanofibers.

2.3. Stretching

Prior to stretching, both ends of an as-electrospun nanofiber
bundle (containing w2000e5000 highly aligned PAN precursor
nanofibers) were first attached on the opposite sides of a square
plastic frame with the inside dimension being 2.0 � 2.0 cm;
subsequently, one side of the frame was tied with a metal hook
inside an oven, while the other side was tied with a device that
could apply varied amounts of tension; finally, the two sides of the
plastic frame (without the attachment of nanofiber bundle) were
cut and the PAN copolymer nanofiber bundle was then stretched in
the oven at w100 �C. It is noteworthy that a pan of boiling water
was maintained during the stretching process [1]. The stretched
nanofiber bundles with the final lengths being 2, 3, and 4 times of
original lengths of the bundles were prepared for the morpholog-
ical, structural, and mechanical characterizations and evaluations.

2.4. Characterization and evaluation

A Zeiss Supra 40VP field-emission SEM was employed to
examine the fiber morphologies. Prior to SEM examinations, the
specimens were sputter-coated with gold to avoid charge accu-
mulations. DSC experiments were carried out in dry nitrogen using
a TAQ-100 DSC instrument. Less than 1.0mg of samplewas used for
the DSC studies to avoid the possible thermal lag. The DSC curves
were recorded from 50 to 350 �C, and the scanning rate was set at
10 �C/min. The experiments of 2D WAXD were carried out using
a rotating anode X-ray generator (RU 300, 12 kW, Rigaku, Wood-
lands, TX) operating at 40 kV and 90 mA with the Cu Ka radiation
(wavelength l ¼ 0.154 nm). The patterns were collected with
a Bruker AXS (Madison, WI) HI-STAR area detector. The sample-to-
detector distance was set at 74 mm. FT�IR spectra were acquired
using a Bruker Tensor-27 FT�IR spectrometer equipped with
a polarizer; the samples were prepared by pressing the aligned
nanofibers with potassium bromide, and the FT�IR spectra were
acquired by scanning the samples (64 scans) from 600 to
4000 cm�1 with the resolution of 4 cm�1. The tensile properties of
nanofiber bundles were measured with a Diastron Limited FDAS
765 fiber analyzer that consisted of a high resolution tensile tester
(LEX810) with a force resolution of 50 mN and a Mitutoyo LSM-500
Laser Scan Micrometer with a positional repeatability of 0.1 mm.

3. Results and discussion

3.1. Scanning electron microscopy (SEM)

The SEM images in Fig. 1 showed representative morphologies
of as-electrospun PAN copolymer nanofiber bundle (image “A”) and
the stretched nanofiber bundles with the final lengths being 2
(image “B”), 3 (image “C”), and 4 (image “D”) times of the original
lengths; for comparison, the representative morphology of the
conventional SAF 3K microfiber bundle was also shown in the
figure (image “E”). The diameters of as-electrospun nanofibers
were w0.3 mm, and the surface of nanofibers appeared to be
smooth. In contrast, the conventional PAN copolymer microfibers
had diameters of w10 mm; and the fibers had relatively rough
surfaces with nicks, cracks, and diametrical bulges. When exam-
ining the as-electrospun nanofibers under a polarized optical
microscope, the birefringence characteristic could be readily
detected by rotating the nanofibers between two crossed polar-
izers, suggesting that the macromolecules in the crystalline and
possibly the amorphous phases in the nanofibers were oriented.
Additionally, the PAN copolymer nanofibers in the as-electrospun
bundle contained no microscopically identifiable beads and/or
beaded-nanofibers [20], and they were uniform with relatively
small variation in diameters.

By measuring diameters of the nanofibers (in each image of
Fig. 1) at 50 randomly selected locations using the image-analysis
software affiliated with the SEM, average diameters and the asso-
ciated one standard deviations were acquired as 300� 57, 239� 37,
221 �38, and 222 � 47 nm for the nanofibers in the as-electrospun
bundle and the 2-, 3-, and 4-time stretched bundles, respectively. It
is noteworthy that, if a nanofiber with diameter of 300 nm could be
uniformly stretched into 2, 3, and 4 time longer, the final diameters
would be 212, 173, and 150 nm, respectively. This indicated that
there might be segments/sections of nanofibers that were not well
aligned in the as-electrospun bundle, and the stretching process
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would straighten these segments/sections first. It was also evident
that the reduction of fiber diameters from the as-electrospun
bundle to the 2-time stretched bundle was quite substantial, sug-
gesting the macromolecular orientation in amorphous and/or
crystalline phases in the as-electrospun nanofibers was relatively
low. Nonetheless, further stretching (especially from the 3-time
stretched bundle to the 4-time stretched bundle) did not reduce the
diameters of nanofibers appreciably. This was probably due to the
reason that the macromolecular orientations in amorphous and/or
crystalline phases in the stretched nanofiber bundles were
considerably high, even if the extent of stretching was small.
Therefore, the further stretching could not effectively elongate the
nanofibers and thus could not reduce the diameters; instead, some
nanofibers in the bundle broke into shorter ones. It is noteworthy
that, through post-spinning stretching process, conventional as-
spun PAN copolymer microfibers could be stretched uniformly into
8e10 time longer; while it appeared that the as-electrospun PAN
copolymer nanofibers could only be stretched into 2e3 time longer.
Fig. 1. SEM images showing representative morphologies of the as-electrospun PAN copolym
(B), 3 (C), and 4 (D) times of original lengths of the bundles, as well as the conventional SA
This might indicate that, unlike the macromolecules in the
conventional as-spun microfibers that had almost no preferred
orientation, the macromolecules in the as-electrospun nanofibers
were loosely oriented along fiber axes; although such an orienta-
tion was not high, a small extent of stretching could effectively
improve the macromolecular orientation and probably increase the
crystallinity. Additionally, some nanofibers in the stretched bundles
appeared to form film- and/or rod-like structures with tens to
hundreds of nanofibers tightly stacked together; such structures
were attributed to hydrophobic interactions among the nanofibers,
similar to those observed in carbon nanotubes. Continuing research
efforts have been devoted to mitigate the formation of such
structures through surface sizing the nanofibers with mineral oils.

3.2. Two-dimensional wide-angle X-ray diffraction (2D WAXD)

The crystalline and macromolecular structures and orientations
of the PAN copolymer in the as-electrospun nanofiber bundle,
er nanofiber bundle (A), the stretched nanofiber bundles with the final lengths being 2
F 3K microfiber bundle.
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stretched nanofiber bundles, as well as the conventional microfiber
bundle were further investigated by 2D WAXD experiments, and
results were shown in Fig. 2. All types of fibers showed a strong
diffraction centered at the 2q angle of w16.7� and a weak diffrac-
tion centered at the 2q angle of w29.0�; these were characteristic
(100) and (110) reflections for the PAN hexagonal lattice [1,9].

The above 2D WAXD patterns were converted into 1D XRD
curves through integrating the diffraction intensities versus 2q
angles, and the obtained profiles were shown in the left panel of
Fig. 3. The average interplanar spacing d was determined using the
Bragg equation, while the average crystallite size parameter D(100)

was determined using the Scherrer equation [21,22]. It appeared
that the average d-spacing of the as-electrospun nanofibers was
similar to those of the stretched nanofibers and the microfibers,
because the diffraction peaks were all centered at the same 2q angle
of w16.7�. However, the average crystallite size in the as-electro-
spun nanofibers was much smaller than those in the stretched
nanofibers and the microfibers, because the width of the (100)
reflection peak at its half height was considerably broader; while
the sharpness of the peaks for stretched nanofibers was similar to
that for the microfibers, even though the microfibers were
stretched uniformly for 8 times from their as-spun fibers. It was
noteworthy that the average diameter of 2-time stretched nano-
fibers was w239 nm, while that of as-electrospun nanofibers was
w300 nm. This indicated that the effective stretching (from the as-
electrospun bundle to 2-time stretched bundle) was merelyw20%;
nonetheless, such a small extent of stretching substantially
improved the crystallinity and orientation. This further supported
the previous discussion that the macromolecules in the as-elec-
trospun nanofibers were loosely oriented along fiber axes. The
crystallinity for each sample was also obtained as shown in the left
panel of Fig. 3. It was evident that, with increasing the draw ratio,
Fig. 2. 2D WAXD patterns for as-electrospun PAN copolymer nanofiber bundle (A), and the
original lengths of the bundles, as well as the conventional SAF 3K microfiber bundle (E).
the crystallinity also increased; while the crystallinity in the
conventional SAF 3Kmicrofiber bundlewas similar to that in the as-
electrospun nanofibers, despite its peak appeared much sharper.

Additionally, the azimuthal-scan profiles were acquired through
integrating the diffraction intensities azimuthally at a fixed 2q
angle, and the results were shown in the right panel of Fig. 3. It
was evident that the degree of crystalline orientation in the as-
electrospun nanofibers was considerably lower than those in
the stretched nanofibers and the conventional microfibers, as evi-
denced by the Herman’s orientation function shown in the right
panel of Fig. 3. As described in the Introduction section, the rapid
elongation (drawing) of an electrospinning jet/filament occurs in
solution or gel state. Although extendedmacromolecular chains are
expected to exist during electrospinning (particularly during
bending instability), theses chains can relax afterwards, especially
if the collected nanofibers still contain a trace amount of solvent(s)
which would allow the relaxation of macromolecules. Therefore,
most of macromolecules in the as-electrospun nanofibers were
loosely oriented along the fiber axes and the crystallite size was
small. After 2 times stretching of the as-electrospun nanofibers
(e.g., from curves “A” to “B” in Fig. 3 with nanofiber diameters being
reduced from w300 nm to w239 nm), the azimuthal peaks
centered at the angles of 90� and 270� in the right panel of Fig. 3
becamemuch sharper. As described above, the conventional SAF 3K
microfibers used in this study have been effectively stretched for 8
times to the original length of their as-spun fibers. However, the
sharpness of curve “E” was not higher than that of curve “B” in the
left spectra of Fig. 3, while the Herman’s orientation function of
curve “E” (0.68) appeared to be much lower than that (0.87) of
curve “B” in the right spectra of Fig. 3. This suggested that the
crystallinity and orientation of the stretched nanofiber bundle with
the final length being 2 times of original lengths were higher than
stretched nanofiber bundles with the final lengths being 2 (B), 3 (C), and 4 (D) times of
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those of the conventional SAF 3K microfibers. Further stretching of
the 2-time stretched bundle to 3 and 4 times of the original length
improved the crystallinity to 72.7 and 72.9 wt.% and macromolec-
ular orientation with the Herman’s orientation function being 0.89
and 0.94, respectively.

3.3. Differential scanning calorimetry (DSC)

Thermo-chemical behaviors of the PAN copolymer in the as-
electrospun nanofiber bundle and the stretched nanofiber bundles
were characterized by DSC, and the results were shown in Fig. 4.
The exothermic peaks for all types of nanofibers appeared around
w280 �C, indicating the same thermo-chemical reaction occurred
for the PAN copolymer in the as-electrospun nanofibers as well as
in the stretched nanofibers. The previously reported research
indicated that such a thermo-chemical reaction at 280 �Cwas likely
associated with the intra-molecular cyclization of nitrile groups in
the PAN macromolecules with extended (instead of helical) chain
conformations [9]. Note that different from running the DSC in air,
these experiments were conducted in nitrogen atmosphere.
Therefore, the oxidative reaction seen at 310 �C disappeared [9].
Additionally, the exothermal peak increased from 528.8 to 557.7,
599.2, and 595.5 J/g for the as-electrospun nanofibers, the 2-, 3-,
and 4-time stretched nanofibers, respectively; this once again
supported the previous discussion that the macromolecules in the
as-electrospun nanofibers were loosely aligned along the fiber axes,
while a small extent of stretching could effectively improve the
molecular orientation.

3.4. Fourier transform infrared spectroscopy (FT�IR)

An FT�IR equipped with a polarizer was employed to further
examine the molecular orientation in the as-electrospun nanofiber
bundle and the stretched nanofiber bundles. It was revealed that
the characteristic nitrile absorption of PAN (nChN at w2250 cm�1)
was sensitive to the polarization angle of incident beam (i.e., the
angle between the polarized infrared beam and the axes of the
aligned nanofibers). Polarized FT�IR spectra of the as-electrospun
nanofiber bundle and the stretched nanofiber bundles with the
final lengths being 2, 3, and 4 times of the original lengths were
shown in Fig. 5. From bottom to top in each sample, seven spectra
were collected at the polarization angles of 0�, 30�, 60�, 90�, 120�,
150�, and 180�, respectively. With the increase of the angle from
0� (perpendicular to the direction of the bundles) to 90� (parallel to
the direction of the bundles), the area and/or height of nitrile band
gradually increased; while with further increasing the angle from
90� to 180�, the area and/or height of nitrile band gradually
decreased. In contrast, the areas and/or heights of both the C]O
band (from the itaconic acid component) centered at w1725 cm�1

and the CeH band centered at w1450 cm�1 appeared to be the
same regardless of the polarization angle. The plots in Fig. 6
depicted the area or height ratios between the bands of C^N
(w2250 cm�1) and C]O (w1725 cm�1) or CeH (w1450 cm�1) at
varied polarization angles of infrared beam. It was evident that (1)
both area and height ratios had the maximum value at the polari-
zation angle of 90�, (2) the variation of ratios for the as-electrospun
bundle was considerably less than the stretched nanofiber bundles,
and (3) the variation of ratios for the 2-, 3-, and 4-time stretched
nanofiber bundles were similar. This also supported the previous
discussion that the macromolecules in the as-electrospun nano-
fibers were loosely aligned along the fiber axes, while a small extent
of stretching could effectively improve the molecular orientation.

The following are the explanations on the dependence of nitrile
band with respect to the polarization angle. At the angle of 0�, the
axes of the aligned nanofibers are perpendicular to the direction of
the electric field of the polarized incoming IR beam. Assuming the
conformation of PAN macromolecules is zig-zag instead of helical,
the nitrile groups would be perpendicular to the fiber axis (90� to
the fiber axis). Thus, the absorption of incoming IR beam by the
C^N bonds is minimal at 0�. When the fiber axis is parallel to the
incident beam at the polarization angle of 90�, the C^N absorption
reaches a maximal as a result of the resonance between the nitrile
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stretching and the electric field of the polarized incoming IR beam
[23]. On the other hand, the orientations of both C]O groups (in
the itaconic acid component) at w1725 cm�1 and CeH groups at
w1450 cm�1 are random in the nanofiber bundles; therefore, their
absorptions would not be affected by the polarization angle [23].

It is noteworthy that both crystalline and amorphous PAN
macromolecules contribute to the nitrile band in FT�IR spectrum;
the substantial absorption change at different polarization angles
suggested that a significant amount of amorphous PAN macromol-
ecules might also adopt more or less parallel orientation along fiber
axes due to rapid elongation rate followed by vitrification during (or
shortly after) electrospinning. Furthermore, it is likely that most
macromolecules in the electrospun nanofiber bundles (both as-
electrospun and stretched) possess the zig-zag conformation
(Fig. 7A) instead of the helical conformation (Fig. 7B [1,24]). This is
also consistent with previous report that conventional PAN fibers
contained zig-zag crystalline conformation with kink defects [25].

3.5. Mechanical properties

The tensile properties of nanofiber bundles were measured with
a Diastron Limited FDAS 765 fiber analyzer that consisted of a high
resolution tensile tester (LEX810) with a force resolution of 50 mN
and a Mitutoyo LSM-500 Laser Scan Micrometer with a positional
repeatability of 0.1 mm. The FDAS 765 laser micrometer automati-
cally performed diameter (or cross-sectional area)measurements at
several longitudinal points, recorded the elongation, and calculated
various parameters related to tensile fracture. Prior to the testing,
the nanofiber bundles were carefully mounted on sample supports
using specially designed plastic mounting tabs that were inserted
into slotted rows on a plastic loading tray. The traywas spaced at the
same distance as the sample length at 10 mm. The inner edge of
each tab contained a well for securing the nanofiber bundles with
wax. The sample was attached in the inner well of one tab and
stretched across the tray to the innerwell of the second tab. Notches
in the center of each well helped for aligning the nanofiber bundles
during mounting as they were stretched between the two tabs.

A vital part of determining the tensile strength of a nanofiber
bundle was to obtain the cross-sectional area of the bundle. The
FDAS 765 laser micrometer secured the bundle in place for
measurement of cross-sectional area using a mechanized holder.
The holder rotated and moved horizontally so that measurements
could be taken along the length of bundle as well as at different
points around the circumference of bundle. Taking multiple data
points produced a more accurate cross-sectional area than taking
readings at a single point or angle since irregularities in shape such
as bulges or asymmetrical cross-sections of a nanofiber bundle
could be averaged out. Readings were taken along the length of
bundle at points referred to as “slices.” At each slice, the
measurements of cross-sectional area were taken around the
bundle as it was rotated at 20 azimuthal angles, incrementally to
180�. The cross-sectional areas for each angle of each slice were
then averaged to give the mean cross-sectional area of the bundle.
In this study, 10 slices were scanned for each nanofiber bundle with
the length of w10 mm. The minimum cross-sectional area among
the 10 slices was used for the tensile calculation. A factor of fiber
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volume at 0.9069 (i.e., the free space in the bundle was 0.0931) was
used to calibrate the cross-sectional area assuming that the nano-
fibers in the bundle had the round shape and the same diameter,
and the nanofibers were closely packed.

It is noteworthy that the LEX810 High Resolution Tensile Tester
used a DC micrometer motor to extend the sample. A Sensotec
semi-conductor strain gauge load cell measured the tension
applied to the sample. It had a reported positional repeatability of
0.1 mm and a range of 50 mm with the speed being 0.05 mm/min.
For each sample tested, at least six specimenswere prepared for the
Fig. 7. Schematic representations showing (A) the zig-zag conformation of PAN
macromolecules with the angle between C^N groups and macromolecular axis being
90� , and (B) the helical conformation of PAN macromolecules with the angle between
C^N groups and macromolecular axis being w30� [24].
measurement of cross-sectional area and tensile properties. Stress-
strain curves were plotted for each sample, and the average tensile
properties (strength, Young’s modulus, and elongation at break)
were calculated.

The tensile strengths and Young’s moduli of the as-electrospun
nanofiber bundle, as well as the 2-, 3-, and 4-time stretched
nanofiber bundles were shown in Fig. 8. It was evident that the
values of both tensile strength and Young’s modulus were appre-
ciably increased with the stretching of the nanofiber bundles. The
tensile strength and Young’s modulus for the as-electrospun
nanofiber bundle (mean� standard deviation, n¼ 6) were (15�11)
MPa and (275 � 140) MPa, respectively. For the 4-time stretched
bundle, the tensile strength and Young’s modulus were increased to
(65� 26) MPa and (1412� 461) MPa, respectively. Thus, the tensile
strength was improved by 333%, and the Young’s modulus was
improved by 413%.

The representative stress-strain curves of nanofiber bundles
were shown in Fig. 9. The curve of the as-electrospun bundle had
several places of sudden decrease, indicating the breakage of
nanofibers in the bundle; additionally, the elongation at break of
the bundle was substantially larger than that of the stretched
bundles. This was consistent with the SEM results, supporting the
previous speculation that there might be segments/sections of
nanofibers that were not well aligned in the as-electrospun bundle.
It was important to note that the mechanical properties of the
bundles could not be directly interpreted as those of individual
nanofibers in the bundles. Generally speaking, mechanical prop-
erties of the nanofiber bundles were attributed to two factors
including (1) the mechanical properties of individual nanofibers in
the bundles, and (2) the alignment and morphological structure of
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nanofibers in the bundles. Therefore, we believed that it was
inappropriate to directly compare the mechanical properties of the
nanofiber bundles with those of the conventional SAF 3K micro-
fibers, which had the strength, modulus, and elongation at break
of 664 MPa, 6.53 GPa, and 9.94%, respectively. In order to measure
mechanical properties of individual nanofibers, the testing
methods for measuring mechanical properties of carbon nanotubes
might be appropriate. Nonetheless, to the best of our knowledge,
this research effort represented the first successful attempt to
stretch the electrospun nanofibers, despite the effectiveness of
stretching and the precise measurement of individual nanofibers
were upon further investigations.

3.6. Uniqueness and advantages

The crucial factors determining the mechanical strength of
carbon fibers include the following properties and/or characteris-
tics of precursor fibers: (1) the diameter, (2) the amount, size, and
distribution of structural defects (including both surface and bulk
defects), (3) the macromolecular orientation and crystalline struc-
ture, and (4) the morphological and structural homogeneity. The
highly aligned and stretched electrospun PAN copolymer nano-
fibers can be an innovative type of precursors for the further
development of continuous, nano-scaled, and extremely strong
carbon fibers due to the following three reasons: (1) the diameters
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Fig. 9. The representative stress-strain curves of the as-electrospun nanofiber bundle,
as well as the 2-, 3-, and 4-time stretched nanofiber bundles.
of the as-electrospun nanofibers are w0.3 mm, whereas the diam-
eters of as-spun (before stretching) conventional fibers are tens of
microns. Fewer amounts of structural defects (such as sub-micron
scaled voids/flaws) would be formed during the removal of solvent
(s) frommuch smaller diameter electrospinning jets than that from
much larger diameter conventional spinning filaments. Further-
more, solvents are removed through evaporation in electro-
spinning, whereas they are removed through coagulation in the
conventional spinning methods (including both wet spinning and
air-gap spinning). Compared to coagulation, evaporation results in
much fewer structural defects. (2) Before stretching, the conven-
tional fibers have almost no preferred macromolecular orientation;
whereas in the as-electrospun nanofibers, the macromolecular
chains are oriented due to the huge elongation (draw) rate involved
in the electrospinning process, particularly during bending insta-
bility. Therefore, after undergoing the post-spinning stretching
process, the stretched electrospun nanofibers can possess a higher
degree of macromolecular orientation than their conventional
counterparts. (3) The stretched electrospun PAN copolymer nano-
fibers have diameters of w100 nm, while their conventional
counterparts have diameters of w10 mm. The nanofibers are two
orders of magnitude thinner, and are much less likely to form
structural inhomogeneity (particularly sheath-core structures)
during the thermal treatments of stabilization and carbonization.

Since the diameters of as-electrospun PAN copolymer nano-
fibers are w0.3 mm, after these nanofibers undergo stretching
(which reduces the fiber diameter) as well as stabilization and
carbonization (which further reduce the fiber diameter by w1.5
times, based on the fact that the carbon yield of PAN copolymer
precursors is typically 50e60 wt.% [1]), the resulting nano-scaled
carbon fibers could have diameters in tens of nanometers, which
are in the same order of magnitude as diameters of multi-wall
carbon nanotubes. But unlike carbon nanotubes, which are
produced by bottom-upmethods, the nano-scaled carbon fibers are
produced through a top-down nano-manufacturing process, which
results in low-cost, and more importantly, continuous nanofibers
that do not require further expensive purification; and they are also
easy to align, assemble, and process into applications.

4. Summary

In this study, uniform PAN copolymer nanofibers with diameters
of w300 nm were prepared by the electrospinning technique; and
the nanofibers were collected as highly aligned bundles using a U-
shaped metal device. The electrospun nanofibers contained no
microscopically identifiable beads and/or beaded-nanofibers, and
the surface of the nanofibers appeared to be smooth. The as-elec-
trospun nanofiber bundles were then stretched in an oven at
w100 �C, and a pan of boiling water was maintained during the
stretching process; the stretched nanofiber bundles with final
lengths being 2, 3, and 4 times of original lengths of the bundles
were acquired. Subsequently, characterizations and evaluations
were carried out to understand the morphological, structural, and
mechanical properties of the nanofibers before and after the post-
spinning stretching using SEM, 2D WAXD, polarized FT�IR, DSC,
and mechanical tester; and the results were compared to those of
the conventional SAF 3K microfibers that were used as the starting
materials for making electrospun nanofibers. The study revealed
that: (1) themacromolecules in the as-electrospun nanofibers were
loosely oriented along fiber axes; although such an orientation was
not high, a small extent of stretching could effectively improve the
macromolecular orientation and probably increase the crystal-
linity; (2) it was likely that most macromolecules in crystalline
phase of both as-electrospun and stretched electrospun nanofiber
bundles possessed the zig-zag conformation instead of the helical
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conformation; and (3) the post-spinning stretching process could
substantially improve the mechanical properties of the nanofiber
bundles. To the best of our knowledge, this research effort repre-
sented the first successful attempt to stretch the electrospun
nanofibers, despite the effectiveness of stretching and the precise
measurement of individual nanofibers were upon further investi-
gations. We envisioned that the highly aligned and stretched
electrospun PAN nanofibers could be an innovative type of
precursor for the development of continuous nano-scale carbon
fibers with superior mechanical strength.
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Durability is a major limitation of current proton exchange membrane fuel cells. Mechanical stress due to
hygro-thermal cycling is one failure mechanism of the polymer electrolyte membrane (PEM). In a fuel
cell the PEM is highly constrained in the membrane plane and relatively unconstrained in the through-
thickness direction, leading to primarily biaxial loading upon hygro-thermal cycling. The rate, temper-
ature, and hydration dependent elasticeviscoplastic mechanical behavior of Nafion, the benchmark PEM,
has been extensively investigated in uniaxial tension in prior work which also served as a data basis for
a three dimensional constitutive model. Here, the important effects of the biaxiality of the loading
conditions on the elasticeviscoplastic Nafion stressestrain behavior are investigated for the first time via
experiments and simulation. Biaxial stressestrain behaviors were shown to exhibit similar features to
uniaxial behavior including linear elasticity followed by a highly non-linear transition to yield followed
by post-yield strain hardening with highly non-linear unloading and reloading; these features were each
quantitatively dependent on the biaxiality of the loading conditions. The constitutive model was found to
successfully quantitatively predict the loading behavior and its dependence on biaxiality. The constitu-
tive model was also found to predict the magnitude of the yield shoulder during unloading and
reloading, but to underestimate the gradual nature of both the forward and reverse plastic deformation
processes as well as the strain recovery at zero load. These errors are consistent with those seen in the
uniaxial model indicating that the framework used to incorporate the uniaxial behavior into a three
dimensional model is capable of predicting the biaxial deformation response of the membrane.

� 2010 Elsevier Ltd. All rights reserved.
1. Background

The proton exchangemembrane fuel cell (PEMFC) is a promising
clean technology for converting chemical energy into electrical
energy, particularly for transportation. Insufficient durability is one
of the major factors inhibiting the widespread distribution of this
technology. In particular, the membrane electrode assembly (MEA),
which consists of a selectively permeable polymer electrolyte
membrane (PEM) with a catalyst layer and porous carbon electrode
support on each side, is known to fail under the cyclic operating
conditions of automobiles. The PEM is responsible for conducting
protons while preventing hydrogen and oxygen gas crossover. Until
recently, durability research has focused on preventing degradation
due to chemical attacks, however, with progress against chemical
attacks focus has shifted to the increasingly significant mechanical
degradation modes [1]. Cyclic mechanical loading results from
water content driven swelling and deswelling of the membrane
within the partially constrained environment of the fuel cell. Since
. Silberstein), mcboyce@mit.

All rights reserved.
the membrane in a fuel cell is highly constrained in the membrane
plane and relatively unconstrained in the through-thickness
direction, this cyclic loading will be primarily biaxial in nature.
Biaxial loading also has relevance for polymeric membranes more
generally given their increasing use in separation and transport
applications.

In our prior work [2], the uniaxial tensile behavior of Nafionwas
characterized under both monotonic and cyclic loading as a func-
tion of rate, temperature, and hydration. This data provided the
foundation for the development of a constitutive model to describe
the hygro-thermal elasticeviscoplastic stressestrain behavior of
Nafion. Themodel was shown to capture the stressestrain behavior
of Nafion over a wide range of uniaxial loadings histories. Here we
assess the biaxial behavior of Nafion experimentally under different
biaxiality ratios and then use the data to further validate the
aforementioned constitutive model. Previous biaxial testing on
Nafion has been reported for pressure loaded blister cells [3,4]
which create an equibiaxial tensile stress at the center of the
specimen, aimed at determining the stress at which gas leaks occur
across the membrane. Biaxial testing has been conducted on
a variety of other polymers such as poly(ethylene terephthalate)
[5e8], polypropylene [9,10], polystyrene [11], polyethylene [12],
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Fig. 1. Experimental setup for biaxial tensile tests (a) specimen shape (b) thin film multi-axial tensile machine (c) close up of stages from thin film multi-axial tensile machine.
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Fig. 2. Rheological depiction of Nafion constitutive model.
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and polyamide [12] for which biaxial draw is an important part of
the manufacturing process. Most of these biaxial characterizations
were conducted via in-plane extension devices which consist of
many grips along each edge of a square specimen that can move
independently in the two principal directions. With appropriate
slitting or specimen design this can provide a close to homoge-
neous deformation with control over the degree of imposed biax-
iality. In characterizing the biaxial behavior of metals, it is typical to
use cruciform specimens with a single grip on each edge (i.e. Refs.
[13e15]). The thickness in the central region of the specimen is
reduced to ensure that the deformation is localized and slits are
introduced in the legs for stress relief. In this paper, the cruciform
configuration is used with a single grip on each edge of a uniform
thickness specimen. This in-plane biaxial method also allows the
desired control of the degree of biaxiality. The thickness reduction
and slitting is not practical for the thin Nafion membrane
(t ¼ 27 mm), consequently the homogeneity of the resulting stress
field will be discussed in depth in the results section.

2. Experimental methods

2.1. Materials

Commercially available dispersion cast NRE211 films (thickness
t ¼ 27 mm, Dupont, Ion Power Inc) and NRE212 films (thickness
t ¼ 54 mm, Dupont, Ion Power Inc) were used for the experimental
characterization of Nafion. NRE211 and NRE212 are identical in
chemical composition and processing, differing only in thickness.
The films were stored in a desiccator cabinet upon removal from
the initial packaging to minimize variability in data from aging and
humidity effects.

2.2. Uniaxial tension

Uniaxial tension tests were conducted on Nafion NRE212 under
monotonic, cyclic, stress relaxation, and creep histories, at constant
engineering strain rates from 0.001 s�1 to 0.1 s�1, at temperatures
from 25 �C to 100 �C, and at various water contents. The uniaxial
results are presented in terms of time, true strain, and true stress as
applicable. For full information on the uniaxial testing procedure
and data reduction see Silberstein and Boyce [2].

2.3. Biaxial tension

Biaxial tests were performed on Nafion NRE211 laser cut into the
cruciformshapeshowninFig.1a. This particular cruciformgeometry
is chosen as a compromise between achieving a uniform stress field
at the center of the specimen and reaching a reasonably large strain
within the range of motion of the experimental setup. Biaxial tests
were conducted on the thin film multi-axial tensile machine
developed in the Bio-instrumentation lab at MIT (Fig. 1b) modified
from the design of A. Herrmann in his master’s thesis [16]. The film
was gripped by rubber padded spring loaded clips. Each grip is
mounted to an Aerotech ATS125 leadscrew-actuated stage and all
actuators are moved such that the membrane center remains in
place. Forall tests thegrips are initially 29mmapart. Twoof thegrips
are mounted to FUTEK LSB200 force sensors. The force and stage
location are recorded at 1 s intervals. The deformation is monitored
by an Apogee Alta U10 camera. A frame is recorded roughly every
10 s as limited by the capabilities of the acquisition system. The stage
motion and data acquisition is controlled bya customLabViewcode.
The image frames are post-processed using theVic2D strain analysis
software to find local displacement values. The force-displacement
and processed videos are then converted to the engineering stress
components s11 and s22 using the initial cross-sectional area of the
edge of the central square region (12mm� 27 mm) and engineering
strain values e11 and e22 in the biaxial region based on the markers
near the edge of the region.

Monotonic experiments consist of grip displacement at
a constant rate until reaching a preset displacement value. Cyclic
experiments consist of grip displacement at a constant rate until
reachingapreset displacementvalue, followedbygripdisplacement
at the same constant rate in the opposite direction until the grips
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Fig. 3. Comparison of constitutive model predictions with experimental data for uniaxial tensile loading (a) cyclic rate dependence at ambient conditions (4 ¼ 1.5) (b) temperature
and hydration dependence at 0.01 s�1 (c) stress relaxation at ambient conditions (4 ¼ 1.5) (d) creep at ambient conditions (4 ¼ 1.5).
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return to their original location; this process is then repeated. It is
typical for the specimens to buckle during the unloading process
resulting in a near zero force. During this period the video exten-
someter continues to track the strain, however, due to the three
dimensional nature of the deformation it does not indicate a local
material strain.

3. Constitutive model review

In prior work of the authors a three dimensional constitutive
model for Nafion was developed and implemented as a user
Fig. 4. (a) Specimen with line indicating location of points used for local strain measure
material subroutine in the finite element program Abaqus [2].
Monotonic and cyclic uniaxial tension experiments over a range in
strain rates and environmental conditions were used to fit and
validate the model. This model and the experimentally observed
uniaxial behavior will be briefly reviewed here to facilitate under-
standing of the results.

The elasticeviscoplastic constitutive model is depicted rheo-
logically in Fig. 2, it consists of an intermolecular deformation
mechanism (Mechanism I) acting in parallel with a molecular
network alignment mechanism (Mechanism N). A summary of the
model formulation is provided in the Appendix. The intermolecular
of biaxial experiments. (b) Geometry and boundary constraints of biaxial simulation.



Fig. 5. Images of top right quarter of experimental biaxial specimens (a) typical specimen prior to deformation ðe22 ¼ 0Þ (b) B ¼ 1.0 specimen at 2-direction grip
displacement ¼ 2.5 mm ðe22 ¼ 0:05Þ (c) B ¼ 0.5 specimen at 2-direction grip displacement ¼ 2.5 mm ðe22 ¼ 0:06Þ (d) B ¼ 0.0 specimen at 2-direction grip displacement ¼ 2.5 mm
ðe22 ¼ 0:08Þ.
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mechanism, rheologically depicted as an elastic spring in series
with a viscoplastic dashpot (P), represents the resistance to defor-
mation due to the intermolecular interactions where the spring
captures the stiffness of these interactions and the non-linear
dashpot captures the yielding of these interactions. The intermo-
lecular mechanism has a back stress (B) on the viscoplastic element
which develops during loading to assist inelastic recovery. This
back stress captures the inherent inhomogeneity of the local
inelastic processes in polymers where a back stress builds around
locally sheared domains; the existence of such stored energy which
drives recovery has been experimentally found in calorimetry
measurements (e.g. Refs. [17,18]) and modeled as a back stress in
Ref. [19] and also more recently in Ref. [20]. The network mecha-
nism is a non-linear spring which captures the resistance due to the
stretching and orientation of the molecular network. The inter-
molecular resistance is strongly dependent on temperature and
hydration, decreasing significantly when the polymer goes from
the glassy state into the glasserubber transition regime
(w60 �Ce120 �C). Hydration in the model is quantified as moles of
water per mole of sulfonic acid group as is the custom in the Nafion
literature (i.e. Ref. [21]). This quantity is given the symbol 4 and
varies from w1.5 at 25 �C, 30% relative humidity to w22 at 90 �C
and soaked in water. The model is presented in detail in Silberstein
and Boyce [2].
A summary of results from this model compared with uniaxial
tensile experimental data is shown in Fig. 3. The model is able to
capture the linear-elastic response, the rate dependent distributed
yield event, and the non-linear strain hardening under monotonic
and cyclic tensile loading. Additionally it is able to capture the non-
linear unloading and reloading observed to be characteristic of
cyclic loading both as a function of strain and as a function of strain
rate. The linear superposition of the effects of temperature and
water content is seen to work well. The evolution of stress relaxa-
tion and creep through yield are also well predicted by the model.

4. Biaxial experiments: results and discussion

Cruciform specimens were subjected to three different biaxial
loading conditions where the biaxiality ratio is described as the
ratio of the stretching rates in the 1- and 2-directions ðB ¼ _l1=

_l2Þ.
B ¼ 1.0 corresponds to grips in both directions displaced at the
same rate (14 mm s�1), B ¼ 0.5 corresponds to the 1-direction grips
displaced at one-half the rate (7 mm s�1) as the 2-direction grips
(14 mm s�1), and B ¼ 0.0 corresponds to the 1-direction grips held
fixed while the 2-direction grips are displaced (14 mm s�1). The
biaxial stressestrain response is determined from the strain in the
central biaxial region calculated using the video extensometer
points in the central square region of the specimen as indicated in
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Fig. 6. Biaxial experimental data (4 ¼ 2) (a) comparison of different degrees of biaxiality under monotonic loading (uniaxial data at 4 ¼ 1.5) (b) cyclic loading with 1- and 2-
direction grips displaced at 14 mm s�1 (B ¼ 1.0) (c) cyclic loading with 2-direction grips displaced at 14 mm s�1 and 1-direction grips displaced at 7 mm s�1 (B ¼ 0.5) (d) cyclic loading
with 2-direction grips displaced at 14 mm s�1 and 1-direction grips held fixed (B ¼ 0.0).
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Fig. 4a. The stressestrain behavior will be reported in terms of
engineering stress versus engineering strain.

Images of the deformed specimen for all three cases are shown
in Fig. 5; only the top right quarter is displayed in order to better
correlate with the simulation images which will be shown subse-
quently. The character of the deformed shapes is most prominent in
the legs of the cruciform since that is where the strain is largest.
There is a distinct concave curvature between the grip and the
central region in the 2-direction leg for all three cases and in the 1-
direction leg for B ¼ 1.0; this curvature is clearly absent in the 1-
direction leg for B ¼ 0.0.

Fig. 6a shows the monotonic biaxial engineering stressestrain
response of all three cases compared to the uniaxial tensile behavior.
In all cases the stressestrain behavior exhibits an elasticeplastic
response with features similar to the uniaxial behavior. The biaxial
effect on the stressestrain response is apparent. For the case of
equibiaxial (B ¼ 1.0) loading, the initial elastic stiffness is greater
than the uniaxial stiffness, as expected (recall, the biaxialmodulus is
E/(1� n) compared to the uniaxial modulus E). The yield stress level
required for biaxial yielding is also greater than for uniaxial yielding
which is unexpected; the biaxial stress components at yield for
equibiaxial tension would be expected to be equal to the uniaxial
yield following a Mises or Tresca yield criterion (they would be
expected to be lower if there were a pressure dependence). The
unexpected disparity in yield stress between the uniaxial and
equibiaxial experiments is a result of: (1) the inhomogeneous stress
distribution in the central region of the cruciform which produces
a sharper yield transition in the reduced data; and (2) the rollover
nature of the yield event which occurs more rapidly with biaxial
loading as compared to uniaxial loading. Thus even though yield is
technically initiating at the same value for equibiaxial as for uniaxial
loading, this very initial yielding cannot be observed directly by this
experiment. The specimen geometry effect will be discussed further
in Section 5. There is also aminor strain rate effect since the effective
rate driving yield is larger for the equibiaxial case than the uniaxial
case, but this is negligible in comparison to the effects of either
geometry or rollover yield evolution.

The B ¼ 0.5 and the B ¼ 0.0 results also reveal the effect of
biaxiality on initial stiffness, the yield, and post-yield behavior as
well as the dramatically different s11 and s22 histories for these
non-equibiaxial conditions. In the 2-direction the B ¼ 0.5 and the
B ¼ 0.0 responses follow the trend of the B ¼ 1.0 and uniaxial
(B w �0.5) responses with the initial stiffness, yield stress, and
post-yield hardening decreasing monotonically from B ¼ 1.0 to
B ¼ �0.5. The stress response in the 1-direction decreases as
expected going from B ¼ 1.0 to B ¼ 0.5 to B ¼ 0.0 since there is less
strain applied in that direction. The cyclic behavior is shown in
Fig. 6bed for the B ¼ 1.0, B ¼ 0.5, and B ¼ 0.0 cases, respectively. In
each case for both the 1- and 2-directions there is a non-linear
unloading and reloading with a reduced yield upon reloading,



Fig. 7. Stress contours from simulated equibiaxial tensile loading (B ¼ 1.0) for the 1- and 2-direction grips extended at 14 mm s�1: prior to yield (2-direction grip
displacement ¼ 0.42 mm) (a) s22 ðs22 ¼ 8:0Þ (b) s11 ðs11 ¼ 8:0Þ and just after yield (2-direction grip displacement ¼ 2.5 mm) (c) s22 ðs22 ¼ 10:7Þ (d) s11 ðs11 ¼ 10:7Þ.
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much as observed earlier in uniaxial tension. The specimens buckle
during the process of returning the grips to their initial locations.
Further strain recovery is seen to occur in the buckled state,
resulting in reloading initiating from a lower strain than that at
which zero strain was reached during unloading.

5. Biaxial modeling: results and discussion

Finite element simulations of each of the biaxial loading tests
are conducted. The symmetry of the tests enables a one-fourth
model of the specimen with appropriate boundary conditions as
shown in Fig. 4b; a mesh convergence study was conducted to
assess the quality of the mesh. The material behavior is modeled
using the constitutive model with the properties determined from
uniaxial tests obtained in Silberstein and Boyce [2]. Contours of
(s11) and (s22) in the elastic regime and just past yield are shown for
the B¼ 1.0, B¼ 0.5, and B¼ 0.0 cases in Figs. 7e9, respectively. First,
we note that the deformed shape just past yield for each of these
figures matches well with the corresponding experimental images
taken at the same grip displacement. As in the experiments, there is
a distinct concave curvature between the grip and the central
region in the 2-direction leg for all three cases and the 1-direction
leg for B ¼ 1.0 and this curvature is clearly absent in the 1-direction
for B¼ 0.0. Second, even though the cruciform specimen shapewas
chosen to achieve a uniform biaxial stress state at the central
region, it is clear from these simulations that this is not the case.
The stress varies by approximately 25% across this central region. It
is therefore critical that the finite element results are reduced to
biaxial stressestrain results in the same manner as the experi-
mental results for any direct comparison: the reaction forces are
measured at the grips and strains are measured from the
displacement of points just outside the central square biaxial
region. The model results are found to well predict the loading
portion of the experimental results in all three cases (Fig. 10). The
simulations capture the initial stiffness, the yield, and the post-
yield behavior as observed for ðs11Þ and ðs22Þ histories for all three
biaxial conditions, indicating high accuracy of the model in pre-
dicting biaxial loading. The unloading and reloading slopes in the
model appear to be stiffer than in the experiments. Interestingly,
the unload and reload yield shoulders occur as the same stress as in
the experiments. This model therefore seems to underestimate the
gradual nature of both the forward and reverse plastic deformation
processes. The model also underpredicts the strain recovery of the
specimen in the buckled state prior to reloading. The magnitude of
the uncaptured strain recovery is similar in all cases ðew0:015Þ.
While the origin of this disparity is not known at this time, it does
not appear to be specific to multi-axial loading. We can see that the
framework used to incorporate the uniaxial behavior into a three
dimensional model is in fact capable of predicting the multi-axial
deformation response of the membrane.

As discussed above, this particular geometry does not provide
a perfect homogeneous biaxial stress distribution within the
central region. In order to understand the biaxial test itself better
and the accuracy of the data for providing the material



Fig. 8. Stress contours from simulated biaxial tensile loading (B ¼ 0.5) for the 2-direction grips extended at 14 mm s�1 and 1-direction grips extended at 7 mm s�1: prior to yield
(2-direction grip displacement ¼ 0.42 mm) (a) s22 ðs22 ¼ 7:8Þ (b) s11 ðs11 ¼ 5:4Þ and just after yield (2-direction grip displacement ¼ 2.5 mm) (c) s22 (s22 ¼ 10:7) (d) s11
(s11 ¼ 9:6).
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stressestrain response under different biaxial histories, we
compare the stressestrain histories reduced from the test simula-
tion with the model predictions of the corresponding pure homo-
geneous strain histories (Fig. 11). The homogeneous simulations are
runwith the 2-direction strain rate matched to the initial e22 rate of
the cruciform. The strain rate variation in e22 which never exceeds
a factor of three was neglected. Looking first at s22 (Fig. 11a), it is
evident that the cruciform specimen provides an accurate measure
of the elastic regime. However, the yield event occurs in a sharper
manner and at a higher stress as compared to the homogeneous
response indicating that reduction of the cruciform data loses some
of the details of the distributed yield event. The cruciform specimen
also results in an exaggerated difference in the stress response of
B ¼ 1.0, B ¼ 0.5, and B ¼ 0.0 around the yield event. An increase in
the magnitude and sharpness of yield is also evident in each of the
ðs11Þ responses (Fig. 11bed). For completeness we also include the
simulated uniaxial response at a strain rate matching the 2-direc-
tion rate of the homogeneous biaxial simulations. Comparing the
homogeneous equibiaxial stressestrain response to the uniaxial
stressestrain response, it is evident that yield initiates at roughly
the same stress for these two loading histories, but the hardening
evolves more rapidly for the equibiaxial case, initially as a result of
the greater effective strain rate (and hence the greater effective
strain at any given axial strain where the yield stress evolves with
effective strain) and then as a result of the network stretch. These
simulation results indicate that while the experimental data is
generally capturing the biaxial material response, it would not be
appropriate for direct evaluation of the biaxial yield stress or post-
yield tangent modulus. Conversely, this method is quite appro-
priate for model validation since it requires the model to capture
not only the homogeneous biaxial response but also the effects of
stress and strain distributions.

6. Conclusions

The behavior of Nafion was experimentally explored under
tensile biaxial loading conditions varying the degree of biaxiality.
Biaxial testing was conducted via in-plane tensile testing of cruci-
form shaped specimens. A video extensometer system was used to
enable determination of the local biaxial response in the central
region. The biaxial responsewas qualitatively similar to the uniaxial
response with the stiffness and strength in a given direction
dependent on the degree of biaxiality. A three dimensional hygro-
thermal elasticeviscoplastic constitutive model developed for
Nafion based on uniaxial tensile data was used to simulate these
experiments via a finite element implementation. These simula-
tions revealed that the stress distribution is not completely uniform
in the central ”biaxial” region of the specimen. The cruciform
specimens result in a greater and sharper yield event as compared
to the pure homogeneous biaxial response. Nonetheless, the
constitutive model was shown to well predict this complex multi-
axial deformation response when the model is implemented in the



Fig. 9. Stress contours from simulated biaxial tensile loading (B ¼ 0.0) for the 2-direction grips extended at 14 mm s�1 and 1-direction grips held fixed: prior to yield (2-direction
grip displacement ¼ 0.42 mm) (a) s22 ðs22 ¼ 7:3Þ (b) s11 ðs11 ¼ 1:6Þ and just after yield (2-direction grip displacement ¼ 2.5 mm) (c) s22 ðs22 ¼ 10:6Þ (d) s11 ðs11 ¼ 3:6Þ.
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experimental geometry and reduced by the same methods as the
experimental results. These results also indicated that while the
initial yield under equibiaxial and uniaxial loading conditions are
the same, the evolution in strength with strain (the rollover nature
of yield) gives the appearance of a greater yield stress during biaxial
loading compared to uniaxial loading e an effect captured by the
model. It should be noted that no material parameters were
modified to fit the biaxial data, the success therefore demonstrates
the truly predictive capability of the model. The biaxial testing
method and predictive constitutive modeling have broad relevance
to polymeric membranes, especially considering the need for
robustness to biaxial loading for polymer membranes in a wide
range of separation and transport processes.
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Appendix. Constitutive model at constant temperature and
hydration

A rheological schematic of the elasticeviscoplastic constitutive
model for Nafion is shown in Fig. 2 in the main body of the text. A
fundamental assumption in the model structure is that the stress
response of a material can be decomposed into multiple mecha-
nisms. In this case two mechanisms are needed to model the
material behavior:Mechanism I, rheologically depicted as an elastic
spring in series with a viscoplastic dashpot, represents the resis-
tance to deformation due to the intermolecular interactions where
the spring captures the stiffness of these interactions and the non-
linear dashpot captures the yielding of these interactions; Mecha-
nism N is a non-linear spring which represents a resistance due to
the stretching and orientation of the molecular network.

The model is fully three dimensional but will be expressed in
principal stretch space for simplicity. Throughout this discussion
i ¼ 1,2,3 are taken to indicate the three principal stretch directions
with no sum on repeated i unless otherwise noted. The macro-
scopic deformation is given by the principal stretches li. Each
mechanism is taken to experience the same deformation and the
total stress acting on the system is equal to the sum of the contri-
butions from each mechanism:

lIi ¼ lNi ¼ li (1)

Ti ¼ TIi þ TNi (2)

where lIi and lNi are the principal stretches of the intermolecular (I)
and network (N) mechanisms, respectively, and TIi and TNi are the
Cauchy (true) stress contributions of the intermolecular and
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Fig. 10. Model compared to experimental data for biaxial tensile loading using video extensometer equivalent strain measure (a) uniaxial behavior for reference (f ¼ 1:5) (b) 1- and
2-direction grips displaced at 14 mm s�1 (B ¼ 1.0, f ¼ 2) (c) 2-direction grips displaced at 14 mm s�1 and 1-direction grips displaced at 7 mm s�1 (B ¼ 0.5, f ¼ 2) (d) 2-direction grips
displaced at 14 mm s�1 and 1-direction grips held fixed (B ¼ 0.0, f ¼ 2).
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network mechanisms, respectively. The governing equations for
each mechanism are given below followed by a table listing the
values used for the material parameters (Table 1).

Mechanism N: The stress arising from the network resistance to
deformation (TNi) is taken to be deviatoric and is derived from the
resistance to stretching and orientation of the molecular network;
here we use the Neo-Hookean model:

TNi ¼
1
J
mNB

0
Ni (3)

where J ¼ l1l2l3 is the volume ratio, mN is the rubbery
shear modulus, and B0Ni is the deviatoric part of the Cauchy Green

tensor given by B0Ni ¼ l2Ni � l2chain . lchain ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
l21 þ l22 þ l23

�
=3

s
is

a measure of network stretch.
Mechanism I: At ambient temperatures, the intermolecular

mechanism provides an initially relatively stiff response followed
by yielding and post-yield flow. To capture the elasticeplastic
nature of the deformation, the stretch is decomposed into elastic
and plastic components using the Kroner-Lee multiplicative
decomposition lIi ¼ leIil

p
Ii where leIi are the elastic stretches and lpIi

are the plastic stretches. The plastic deformation is taken to be
isochoric giving the plastic volume ratio Jp ¼ lp1l

p
2l

p
3 ¼ 1. The

intermolecular contribution to the Cauchy (true) stress is found
from a generalized Hookean relationship:
TIi ¼
1
Je

2m
�
lnleIi

�0þklnJe (4)

h i

where Je ¼ leI1l
e
I2l

e
I3 is the elastic mechanical volume ratio, m is the

shear modulus, and k is the bulk modulus.
Plastic Flow: To obtain the decomposition of lIi into leIi and lpIi, the

rate kinematics are needed where the velocity gradient is given by

DIi ¼ _lIil
�1
Ii (5)

DIi is further decomposed into elastic and plastic quantities

DIi ¼ De
Ii þ Dp

Ii (6)

where De
Ii is the elastic velocity gradient and Dp

Ii is the plastic
velocity gradient. Dp

Ii is constitutively prescribed below. Initially,
plastic flow is driven by the deviator of the stress TIi. Once plastic
flow ensues, a back stress TBi develops around locally deforming
sites; this back stress drives reverse plasticity and the corre-
sponding highly non-linear unloading. Therefore, the driving stress
for plastic flow is the deviator of the stress difference ðTIi � TBiÞ.
Hence, Dp

Ii is constitutively defined to follow a thermally activated
flow process driven by TIi � TBi.

Dp
Ii ¼ _gpI

T 0Piffiffiffi
2

p
sP

(7)
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Fig. 11. Comparison of simulation result for pure homogeneous biaxial deformation with simulation result for biaxial deformation as conducted experimentally with the cruciform
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_gpI ¼ _goexp
�DG
k q

sin h
DG
k q

sP
s

(8)

�

b

� �

b

�

T 0Pi ¼
�
TIi � TBiÞ0 (9)

T 0Bi ¼
1
J
2mBlnl

e
Bi (10)
Table 1
Material parameters for Nafion constitutive model.

Model component Material parameter Value

Elastic k 3.3 � 108 Pa
mo 1.1 � 108 Pa

Elastic evolution h 4.7 � 109 Pa
msat 7.0 � 107 Pa

Rate dependent yield _go 6.72 s�1

DG 8.98 � 10�20 J
~so 6.5 � 106 Pa

Distributed yield ~h 1.2 � 109 Pa
~ssat 9.6 � 106 Pa
h 7.5 � 107 Pa
bssat 6.5 � 106 Pa

Isotropic hardening h 2.6 � 107 Pa
n 1

Back stress mB 2.65 � 107 Pa
sBo 4.3 � 106 Pa
hB 2.3 � 108 Pa
sBsat 7.7 � 106 Pa

Network mN 3.3 � 106 Pa
where _gp
I is the magnitude of the plastic velocity gradient,

sP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2ðT 02

P1 þ T 02
P2 þ T 02

P3Þ
q

is the scalar equivalent shear stress, _go

is a pre-exponential factor proportional to the attempt frequency,
DG is the activation energy, s is the isotropic shear resistance, kb is
Boltzmann’s constant, q is the absolute temperature, mB is the back
stress shear modulus, and leBi is the elastic portion of the back stress
stretch to be discussed shortly.

The plastic stretch is found by integrating _l
p
Ii ¼ Dp

Iil
p
Ii. The elastic

stretch is then calculated by leIi ¼ lIiðlpIiÞ�1.
Distributed yield event: The yield process is observed to be

a distributed event as evident by the gradual rollover nature of
yielding. This distributed aspect of yield could be captured by
numerous dashpots of different energy barriers in parallel;
however, for simplicity, this is captured by an evolution in strength
s with plastic flow. s evolves throughout the deformation process,
with an initial increase during yield (~s), a softening with further
plasticity (bs), and an increase with network alignment (s). The
initial shear resistance ~so is taken to increase with _gp

I until reaching
a saturated state during plastic deformation reflecting the distrib-
uted nature of yield.

_~s ¼ ~h

 
1�

~s
~ssat

!
_gpI (11)
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where ~h controls the rate of approach of ~s to its saturation value
bssat . To capture a softening that occurs upon percolation, s o ¼ 0,
which is subtracted from ~s , is taken to increase with _gPI at
a slower rate than ~s , to its saturated value bssat .

_bs ¼ h

 
1�

bs
bssat

!
_gpI (12)

where h controls the rate of approach of bs from its initial value of
0 to its saturation value bssat .

Post-yield isotropic hardening: Molecular alignment provides an
additional increase to the intermolecular shear resistance captured
by the contribution s.

s ¼ h
	
lnchain�1



(13)

where h controls the initial slope and n controls the nonlinearity.
The strength (s) is then given by:

s ¼ ~s� bs þ s: (14)

Saturation of the intermolecular back stress: The back stress is
observed to saturate as evident by the nonlinearity of the unloading
curves and as also found in calorimetry measurements on other
polymers [17]. This is captured by the dashpot on the back stress
element. The back stretch lBi is therefore separated into elastic and
plastic components using the Kroner-Lee multiplicative decompo-
sition lBi ¼ leBil

p
Bi where leBi are the elastic stretches and lpBi are the

plastic stretches. The rate kinematics are neededwhere the velocity
gradient is given by

DBi ¼ _lBil
�1
Bi (15)

DBi is further decomposed into elastic and plastic quantities

DBi ¼ De
Bi þ Dp

Bi (16)

where De
Bi is the elastic velocity gradient and Dp

Bi is the plastic
velocity gradient. The back stress saturation dashpot is prescribed
to evolve according to:

Dp
Bi ¼ _gpB

T 0Biffiffiffi
2

p
sB

(17)
_gpB ¼ _goexp
�
� DG

q

�
sin h

�
DG
q

sB
s

�
(18)
kb kb B

where sB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2ðT 02

B1 þ T 02B2 þ T 02
B3Þ

q
is the corresponding equivalent

shear stress and sB is the isotropic back stress saturation strength.
_go and DG are the same constants as for the intermolecular plastic
deformation since the rate dependence of unloading is similar to
that of loading. sB is taken to evolve to a maximum with _gp

B such
that the saturation of the back stress occurs gradually.

_sB ¼ hB

�
1� sB

sBsat

�
_gpB (19)

where hB controls the evolution with shear and sBsat is the satura-
tion value.

The plastic back stretch is found by integrating _l
p
Bi ¼ Dp

Bil
p
Bi. The

elastic back stretch is then calculated by leBi ¼ lBiðlpBiÞ�1.
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The actuation strain and speed of ionic electroactive polymer (EAP) actuators are mainly determined by the
charge transport through the actuators and excess ion storage near the electrodes. We employ a recently
developed theory on ion transport and storage to investigate the charge dynamics of short side chain
Aquivion� (Hyflon�) membranes with different uptakes of ionic liquid (IL) 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMI-Tf). The results reveal the existence of a critical uptake of ionic liquids
above which the membrane exhibits a high ionic conductivity (s > 5� 10�2 mS/cm). Especially, we
investigate the charge dynamics under voltages which are in the range for practical device operation
(w1 V and higher). The results show that the ionic conductivity, ionic mobility, and mobile ion concen-
tration do not change with the applied voltage below 1 V (and for s below 4 V). The results also show that
bending actuation of the Aquivion membrane with 40wt% EMI-Tf is much larger than that of Nafion,
indicating that the shorter flexible side chains improve the electromechanical coupling between the excess
ions and the membrane backbones, while not affecting the actuation speed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Ion transport and storage in ionomer membranes are of great
interest for electroactive polymer (EAP) devices, such as actuators,
sensors, energy harvesting devices, and supercapacitors [1e3]. Ionic
liquids (ILs), which are a class of salt in liquid form that contain both
ions and neutral molecules, possess many interesting properties
that make them very attractive to be employed as electrolytes in
electroactive polymer devices [4e11]. For example, the vapor pres-
sure of ionic liquids is negligibly low and as a result they will not
evaporate out of the EAP devices when operated in ambient
condition. It has been demonstrated that comparing to water the
use of ILs as solvent for EAP actuators can dramatically increase
the lifetime of transducer [12,13]. Their high mobility leads to the
potential of fast response of EAP devices while the wide electro-
chemical window allows for higher applied voltages [13e19].

This paper investigates charge dynamics of room temperature
ionic liquid 1-ethyl-3-methylimidazoliumtrifluoromethanesulfonate
(EMI-Tf) in Aquivion� (Hyflon�) membranes swelled with different
gineering, Pennsylvania State
639558; fax:þ1814 8637846.

All rights reserved.
uptakes of ILs and the actuations of the membranes swelled with ILs
above the critical uptake. EMI-Tf served in this study due to its
comparably high conductivity (8.6 mS/cm), low viscosity (45 cP at
25 �C) and larger electrochemical window (4.1 V) [17]. Hyflon� is
known in the literature as short side chain ionomer (in comparison to
Nafion� that is indicated as long side chain ionomer) and was origi-
nally developed by Dow Chemicals Company at the beginning of the
’80 but now named Aquivion� by Solvay Solexis [22e25]. These
perfluorosulfonate ionomers consist of a polytetrafluoroethylene
(PTFE) backbone and double ether perfluoro side chains terminating
in a sulfonic acid group as illustrated in Fig. 1(a). The backbone
provides themechanical support and theflexible side chains facilitate
the aggregation of a hydrophilic clusters (Fig. 1(b)). When swelled
with ILs the clusters expand. Above a certain IL uptake (critical
uptake), these clusters will be connected with narrow channels
forming percolation pathways for easy ion conduction, resulting in
a high conductivity in the ionomer membrane [20e25]. Although in
the literature, most ionic EAPs employ Nafion as the polymermatrix,
[14e17] the short flexible side chains in Aquivionmay provide better
mechanical coupling between the ions and membrane backbones
and, consequently, more efficient electromechanical transducers.

In this study, we investigate the charge transport and storage in
Aquivion EAP membranes as schematically illustrated in Fig. 2(a),
where the Aquivion membrane is coated with Au electrodes on two

mailto:yul165@psu.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.030
http://dx.doi.org/10.1016/j.polymer.2010.11.030
http://dx.doi.org/10.1016/j.polymer.2010.11.030


Fig. 1. (a) Is the molecular structure of short side chain Aquivion and long side chain
Nafion (b) the cluster networkmorphology modeled by Gierke et al [20,21].

Fig. 2. Charge distribution (a) before and (b) after an applied step voltage in ionomer.
(c) Bending actuation of 62um thick Aquivion membrane when a voltage step from 0 V
to 4 V is applied.
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surfaces and swelled with a given amount of EMI-Tf. Under applied
voltage, anions and cations migrate towards the anode and
cathode, and form electric double layers and diffusion layers as
illustrated in Fig. 2(b). Moreover, the excess ions at the two elec-
trodes cause strains in the membranes, and as a result, generate
bending (actuation) of the membrane as shown in Fig. 2(c).
Therefore, these ionomer membranes are attractive for ionic
polymer actuators and transducers operated under low voltage
(1e4 V).

In general, charge transport is a result of drift and diffusion and
can be described by PoissoneNernstePlanck equations,

330
vE
vx

¼ r (1)

j� ¼ �mn�E� D
vn�
vx

(2)

where r is the charge concentration, 3 the dielectric constant of the
medium, 30 the vacuum permittivity, j is the ion flux density
(current density J ¼ qj), m is the ion mobility, n is the ion concen-
tration (the subscripts þ and e indicate positive and negative
charges, E electric field, D diffusion coefficient. For the ionic liquids
studied here, we assume nþ ¼ n�. m and D are related by the Ein-
stein equation, D ¼ mKT/q [26,27].

For the ionomer membrane in Fig. 2(a) under a step voltage
(from 0 at t < 0 to V volts at t > 0), the initial current density before
the screening of electric field occurs is I0 ¼ s V S/d, where s (¼qnm)
is the conductivity, d is the membrane thickness, and S is the
electrode area. When the applied voltage is not high (in the order of
10 kT, where k is the Boltzmann’s constant), the initial transient
current follows the charging of an electric double layer capacitor CD
in series with a bulk resistor R [28e31],

IðtÞ ¼ I0 expð�t=sDLÞ (3)

where sDL ¼ d lDL/2D ¼ RCD, describes the typical charging time for
the electric double layer which has a thickness lDL, the Debye
length,
lDL ¼
�
330kT=Z

2q2n
�1=2

(4)

where Z is the mobile ion charge (¼1 for EMI-Tf), and q¼ e, electron
charge. It was further shown that at longer time, the charge diffu-
sion from the bulk to the double layer region leads to a power law
decay of the diffusion current (see Fig. 3, inwhich the initial current
fits well by Eq. (3), followed by a power law decay of the diffusion
current, having a typical time constant sw d2/(4D)). Therefore, by
fitting experimental transient current I(t) with Eq. (3), as illustrated
in Fig. 3, s, n, and m can be obtained if 3 of the ionomer membrane
(with ILs) is known, [28e31]

s ¼ I0d
VS

m ¼ qVS330d
4kTs2DLI0

n ¼ 4kTI20s
2
DL

330q2V2S2

Impedance spectroscope is employed to determine 3, Besides 3, s
(¼d/(SR), where d is the thickness and S the surface area of the



Fig. 3. The transient current of Aquivion membrane with 40wt% uptake of EMI-Tf
when a voltage step from 0 V to 25 mV is applied.
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membrane), can also be determined from the Nyquist plot as
shown in Fig. 4.

2. Experimental

Aquivion (EW790) membrane and EMI-Tf was purchased from
Solvay Solexis and Aldrich, respectively. All the materials were
dried in vacuum at 80 �C to remove moisture before processing.
Aquivion membranes swollen with various EMI-Tf uptakes were
prepared by varying the soaking time for the Aquivion membrane
in EMI-Tf at 80 �C to approach the target values. 50 nm thick of gold
foils (L.A.Gold Leaf) were hot-pressed on both side of the
membrane to serve as the electrodes. The uptake of ionic liquid
within Aquivion membrane was calculated by measuring the
weight gain after swelling. In this study, membranes with 9, 17, 29
and 40wt% uptake of EMI-Tf were prepared (or 11.5, 19.7, 29.6, 36.7
vol%) and their thicknesses are 55, 57, 59, 62 mm after the swelled
with ILs, respectively. Nafionwith 40wt% uptakewas prepared with
Fig. 4. (a) The coleecole plot of Aquivion (AQ) membrane with various EMI-Tf uptakes
under various temperatures (b) Nyquist plot of Aquivion membrane with 17wt%
uptake of EMI-Tf.
the same procedure and its thickness is 63 mm. Samples were held
at an elevated temperature (w80 �C) for more than 12 h to enhance
the uniform dispersion of ionic liquids inside the membranes. This
is especially important for films with low uptakes of ionic liquids.

The electrical measurement was carried out in a sealed metal
boxwith desiccant inside to prevent the absorption of moisture and
equipped with a thermal couple tomonitor the temperature during
the measurement. The impedance spectroscopy was measured by
a potentiostat Princeton 2237. The dc conductivity was calculated
by s ¼ d=RS, where R is the impedance curve intersection on the
Z’ axis of Nyquist plot. To obtain the dielectric constant 3 of the
membranes, the samples were cooled down in an environment
chamber (Versa Tenn III) to shift the dielectric spectrum to the
measurable frequency window of the set-up which is below 1 MHz
(so that the dielectric constant before the screening of the applied
field occurs can be measured, at frequencies >> 1/sDL. s decreases
with temperature while in comparison dielectric constant is very
weakly temperature dependent) [32e34]. The transient current vs.
time was collected by a potentiostat Princeton 2237 which output
was connected to a high sampling rate oscilloscope to collect data
during the fast charging process (<1 ms). The accumulation of
blocked charges on sample electrode interface and the charge
imbalance in themembranemay affect the electrical measurement.
Therefore, several cycles of Cyclic Voltammetry (CV) scan with
a low voltage and high scan rate were preformed to help cleaning
the electrode surface then the samples were shorted for at least
30 min to ensure that the charges redistribute to the equilibrium
state as possible [35].

The time-dependent bending actuations of the actuators under
applied voltage were recorded using a probe station (Cascade
Microtech M150) equipped with a Leica microscope. A DC step
voltage was applied to the actuator and images of bending actua-
tion as a function of timewere recorded using a CCD camera (Pulnix
6740CL). Radii of curvature of the bending actuators were deter-
mined using image-processing software.

3. Results and discussion

3.1. Charge transport behavior of Aquivion membranes
swelled with EMI-Tf

The current responses for Aquivion with 40wt% of EMI-Tf under
various step voltages are presented in Fig. 5. From these curves,
conductivity s under different applied voltages can be determined
from I0 (up to 4 V in the experiment). On the other hand, the data
shows that fitting to Eq. (3) can be performed only for I(t) at V� 1 V.
Beyond that, there is no distinctive crossover region in the I(t) curve
between the exponential decay of the drifting current and the
power law decay of the diffusion current.
Fig. 5. The transient current and numerical fitting for Aquivion membrane with 40wt%
EMI-Tf uptake when a voltage step from 0 V to 8 different voltages is applied.



Fig. 6. (a) Conductivity (b) mobility and (c) mobile charge concentration as a function
of EMI-Tf uptake in Aquivion membrane when a voltage step from 0 V to 100 mV is
applied.

Fig. 7. (a) Conductivity (b) mobility (c) mobile charge concentration of Aquivion
membrane with different uptake under different applied voltage step.

Table 1
The measured mobile charge concentration, the calculated total charges and
dissociation ratio for different uptake of EMI-Tf.

wt% Measured charges (1/m3) Total charges (1/m3) Dissociation ratio

40 1.37E þ 25 2.48E þ 27 5.55E e 03
29 1.03E þ 25 2.04E þ 27 5.04E e 03
17 7.82E þ 24 1.43E þ 27 5.47E e 03
9 4.35E þ 24 8.58E þ 26 5.08E e 03
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Results for the conductivity s, free charge concentration n and
mobility m as a function of IL uptake are presented in Fig. 6. The data
reveals that the mobile ion concentration increases almost linearly
with the IL uptake. In contrast, the conductivity and mobility
display abrupt changes with the increase of IL uptake, revealing
a critical uptake of EMI-Tf in the Aquivion (EW790) mem-
brane w 29 wt% (0.88 mol EMI-Tf/mol of SO3

�) above which the
conductivity and mobility dramatically increase. In the study of IL
uptake in Nafion membranes, Leo et al. found that the critical
uptake is closely related to the minimum amount of IL required to
displace the counter ions away from the exchange sites [17]. Above
the critical uptake, the ionomers form percolation pathways for
charges to transport and also there aremoremobile ions that do not
strongly interact with exchange sites. Therefore, with the increase
of IL content the mobile charge concentration increase and the
mobility and conductivity are enhanced. It is noted that the critical
uptake of EMI-Tf in Aquivion is higher than that of EMI-Tf in Nafion
membrane (23 wt%, w1 mol of EMI-Tf/mol of SO3

�), which may
be due to that Aquivion (EW790) has a higher side chain density
than Nafion (EW1100). With 40wt% of EMI-Tf uptake, at which
a substantial actuation is observed in both Aquivion and Nafion
membranes, the conductivities of Aquivion and Nafion membranes
are close to each other (Aquivion 0.11 mS/cm, Naifon 0.21 mS/cm).

In Fig. 6(a), s determined from the ac impedance curve (Nyquist
plot, Fig. 4) under 0.1 V is also shown. The twomethods yield nearly
identical values of s, indicating that both methods can be used to
determine s at low voltage. On the other hand, at high voltage, the
ac electric impedance method to determine smay become difficult
due to non-linear electric response and even possible heating in the
samples.

Fig. 7(a) presents the conductivity s of Aquivionmembranewith
different EMI-Tf uptake as a function of voltage, up to 4 V. The data
shows that within the experimental error (�10%), s does not
change with applied voltage for all EMI-Tf uptakes. Fig. 7(b) and (c)
are the mobility and mobile ion concentration vs. applied voltage,
measured up to 1 V, and within the experimental error, no sys-
tematical variation with applied voltage was observed. These
results indicate that the double layer charging time sDL as well as
the overall charge dynamics do not change much with voltage,
below 1 V. At voltages higher than 1 V, the data shown in Fig. 5
reveal that overall charging process becomes slower. This might
be caused by the increased dissociation of ion clusters in EMI-Tf at
high voltages.

In Table 1, we summarize the mobile ion concentration in Fig. 7
(c) and compare them with the total ion concentration from the
EMI-Tf. As can be seen, only about 0.5%e0.55% of EMI-Tf is disso-
ciated for all the ILs uptakes below 1 V. This low dissociation ratio of
ionic liquid may due to the fact that the Bjerrum length of EMI-Tf is
larger than the ion pair distance and hence the Coulomb force
dominates [36,37].



Fig. 8. Double layer (a) time constant (b) thickness and (c) diffusion time constant as
a function of EMI-Tf uptake when a voltage step from 0 V to 100 mV is applied.

Fig. 9. (a) Charge storage with time (40wt% uptake) under different applied voltage
step (10 mV to 4 V). (b) storage of double layer charge and diffusion charge under
different applied voltage step. The inset graph is the charge ratio (QDL/QDiff) as
a function of applied voltage step.

Fig. 10. Charge storage as a function of time for Aquivion membranes with four
different uptakes when a voltage step from 0 to 4 V is applied. The inset shows the
charge storage at 7.8 s (diffusion time of 40wt% uptake) for different uptakes.

J. Lin et al. / Polymer 52 (2011) 540e546544
3.2. Charge storage in and electromechanical actuation of Aquivion
membranes swelled with of EMI-Tf

Fig. 8 presents sDL (Fig. 8(a)), lDL (Fig. 8(b)), and s ¼ d2/(4D)
(Fig. 8(c)) vs. ILs uptakes. The high conductivity in the membrane
above the critical uptake results in a very fast charging time of the
double layer, sDL < 0.5 ms. The Debye length lDL is w 1 nm due to
the high free ion concentration and becomes small with increasing
EMI-Tf uptake. On the other hand, the bulk diffusion time constant
sD ¼ d2/(4D), which is the time needed for charges to diffuse from
bulk to diffuse layer, is still aroundw 10 s even above the critical
uptake. As will be shown later, for the membrane bending actua-
tors, the actuation is mainly determined by the diffusion charges
that stored near the electrodes. Hence by reducing d, the
membrane thickness, the bending action time can be reduced
significantly.

In Fig. 9(a), we present the charge stored vs. time in the Aquivion
membrane which has 40 wt% of EMI-Tf uptake under different step
voltages and shows a substantial bending actuation at >3 V (see
Fig. 1(c)). From the data and using the sDL and sD determined at
voltages below 1 V, we plot in Fig. 9(b) the change stored at the
time sDL and sD as a function of applied voltage. The data shows that
the charge stored at sDL increases linearly with applied voltage. In
other words, the ratio between charge stored and V, which is the
overall capacitance, does not change with applied step voltage, or
the differential capacitance, defined as DQ/DV, for the electric
double layer here does not change with applied voltage up to the
highest voltage measured (4 V). On the other hand, the charge
stored at t ¼ sD increases linearly with voltage up to 1 V. Beyond
that, a much faster (non-linear) increases with applied voltage is
observed, which causes a seemingly slowdown of the charge
process in Fig. 9(a). This may be caused by the charge dissociation at
high voltage, which leads to high leakage current.

Fig. 10 is the charge stored in the Aquivion membrane with
different EMI-Tf uptake vs. time after the application of a 4 V step
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voltage (at t ¼ 0). The data shows that the stored charge increases
with ILs uptake up to the critical uptake (29wt%). Above that, the
rate of increase of the stored charge with ILs uptake becomes much
smaller. This is also true for the diffusion time sD, which does not
show much change with the ILs uptake above the critical uptake.
Hence, above the critical uptake, further increase in the ILs uptake
will not cause marked increase in the charging speed, charge
storage, and, consequently, the bending actuation of the Aquivion
membranes.

The electromechanical response of the Aquivion membrane was
measured (see Fig. 2(c)) and compared with that of the Nafion
membrane with the same 40 wt% of EMI-Tf uptake, far above the
critical uptake in both ionomers. The measured conductivities of
these two membranes are similar (Aquivion 0.11 mS/cm, Naifon
0.21 mS/cm). The slightly larger s in Nafion membrane indicates an
easier ion transport path resulting from less coupling between ions
and polymer matrix. Presented in Fig. 11(a) is the curvature (1/R
where R is the radius) of the bending membrane actuators vs. time
after the application of a step voltage of 4 V. The strain near the two
electrodes (anode and cathode) is proportional to the curvature (1/
R) [14]. The data reveals several interesting features: (i) the initial
slope of the curvatures of the two ionomers is nearly the same,
indicating similar actuation speed of the two membranes; (ii) the
maximum positive curvature of the Aquivion membrane is higher
than that of the Nafion, indicating higher strain generated by the
positive charges; (iii) the maximum negative curvature of the
Aquivion is also much larger than that of Nafion (higher negative
strain generated by negative charges in Aquivion). As shown in
earlier publications, the presence of both cations and anions in the
membrane may cause cancellation in bending actuation [14]. For
example, in Fig. 2(b), if positive charges at the cathode and negative
charges at the anode generate same value of strain at the same
time, there will be no bending actuation. Due to different effective
Fig. 11. (a) The curvature change with time (b) the accumulated charge/area of a 62um
thick of Aquivion and Nafion membrane when a voltage step from 0 V to 4 V is applied.
sizes of the positive charges and negative charges (cations and
anions may form clusters rather than bare ions in the processes of
ion transport and storage), the strains generated by the positive and
negative charges are different, causing bending actuation as we
observed here. The results in Fig. 11(a) indicate that the ions in
Aquivion can generate much more bending strain, compared with
that of Nafion membrane. Moreover, the transient strain response
data also reveals that the transport time for positive charges and
negative charges in the Aquivion is different (negative charges are
slower), causing observed time-dependent bending actuation [14].

Fig. 11(b) shows the charge stored in the two membranes under
the same electric conditions as in Fig. 11(a). Combining the data in
the two figures indicates that the bending strain generated per
charge is much large in Aquivion than that in Nafion. The difference
in the strain generation is likely caused by the weaker elastic
coupling of the excess ions to the membrane backbones in Nafion,
due to longer flexible side chains, compared with that of Aquivion.
As shown in Kreuer’s study [25], from the SAXS, the average width
of hydrophilic channels of Aquivion is smaller and did not increase
as much as that of Nafion with the increasing of water uptake. This
implies that by reducing these soft side chain lengths, the excess
ions in the ionomers will couple more effectively with the back-
bones to generate strain of the membranes.
4. Conclusion

In conclusion, a time domain approach is applied to study the
charge dynamics in an ionomermembrane (Aquivion) swelled with
ILs which, when combined with recently developed theoretical
works, allows quantitative analysis of the membrane performance
under real device working voltages (>1 V). A critical uptake (29wt%)
of EMI-Tf in Aquivion membrane is observed, above which the
charge mobility and mobile charge concentration increase mark-
edly. It is also observed that the dissociation ratio of the swollen
EMI-Tf remains at 0.5% for all IL uptakes. The experimental results
reveal that the charge transport behavior does not change with
applied voltage. Furthermore, it was found that the actuation of the
ionic polymer membrane actuator is dominated by slow diffusion
charges, which time constant scales with square of the membrane
thickness. Therefore, by reducing the membrane thickness, the
actuation speed can be increased. A comparison of the actuation
strain shows that the short side chain Aquivion exhibits a better
electromechanical couplingwith ions than that of the long side chain
Nafion, while the actuation speeds of the two membranes under
same electrical stimulus are the same. Therefore, short side chain
ionomers are preferred for ionic polymer actuator applications.
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Army Research Office under Grant No. W911NF-07-1-0452 Ionic
Liquids in Electro-Active Devices (ILEAD)MURI, by NSF under Grant
No. CMMI 0709333, and by NIH under Grant No. R01-EY018387-02.
The authors thank Ralph Colby and Sheng Liu for many stimulating
discussions.
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Films of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P3HB-co-3HHx) containing 3.8e10 mol% of
3-hydroxyhexanoate (3HHx) comonomer were subjected to anaerobic biodegradation to explore the
effects of copolymer composition, crystallinity, and morphology on biodegradation. As biodegradation
proceeded, samples with higher HHx fraction tended to have faster weight loss; on Day 7 of the
degradation experiment, P3HB-co-10 mol%-3HHx lost 80% of its original weight, while P3HB-co-3.8 mol
%-3HHx lost only 28%. Scanning electron microscopy (SEM) images revealed that the anaerobic
biodegradation proceeded at the surface of the samples, with preferential erosion of the amorphous
regions, exposing the crystalline spherulites formed inside the copolymer films. It was observed that
copolymers with higher HHx fraction had smaller diameter spherulites, ranging from roughly 40 mm for
P3HB-co-3.8 mol%-3HHx to 10 mm for P3HB-co-10 mol%-3HHx. A banded spherulite morphology was
observed for P3HB-co-6.9 mol%-3HHx and P3HB-co-10 mol%-3HHx, with much wider band spacing
(2 mm) for the former than the latter (0.3 mm). Different thermal history seemed to affect the morpho-
logical properties and, thus, the biodegradability of the P3HB-co-3HHx samples as well. When comparing
copolymers with the same copolymer composition, P3HB-co-3HHx annealed at 70 �C had 5e30% more
weight loss after the same duration of incubation in active sludge compared to the quenched samples.
We suggest that annealing of P3HB-co-3HHx likely induces void formation in the semi-crystalline
structure, facilitating the movement of water or perhaps enzymes to a higher degree of penetration into
the sample and subsequently enhancing microbial degradation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(3-hydroxybutyrate) (P3HB), a microbially synthesized and
completely biodegradable polymer, is one possible “green” alter-
native for petroleum-based plastics. Previous studies have
confirmed its biodegradability under aerobic conditions in salt-
water, freshwater, canal water, and household compost [1]; soil [2];
earthworm compost [3]; and by Comamonas sp. and P. lemoignei [4].
Anaerobic biodegradation studies have also been conducted with
anaerobic digester sludge [5], [6] and PHB depolymerase [7].
: þ1 650 723 9780.
dle), curt.frank@stanford.edu

All rights reserved.
Because homopolymer P3HB is brittle [10], comonomers are often
incorporated to obtain copolymers that may exhibit improved
processability and performance. The biodegradability of these
copolymers has been compared to that of the homopolymer. For
instance, copolymers of 3-hydroxybutyrate (3HB) with 3-hydrox-
yvalerate (3HV), P3HB-co-3HV, were found to degrade faster in soil
than the homopolymer [2], and there was more biofilm growth on
P3HB-co-3HV exposed to garden soil compared to P3HB [8].

More recently, new PHA copolymers have been developed that
consist mainly of 3HB and a small fraction of randomly distributed
comonomer 3-hydroxyhexanoate (3HHx). It was found that, if
incorporated as a comonomer with 3HB, 3HHx is much more
effective than 3HV in reducing the melting temperature and
enhancing the ductility of the material [9,10]. Copolymers of 3HB
with 3HHx, P3HB-co-3HHx, appear more flexible than P3HB or
P3HB-co-3HV, exhibiting improved elongation at break [10] and
effective processing at lower temperatures [11]. With respect to its
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Fig. 1. Molecular structure of P3HB-co-3HHx copolymer.
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biodegradability, P3HB-co-3HHx was found to have faster weight
loss upon exposure to PHB depolymerase, but the relationship
between the erosion rate and the copolymer composition was still
unclear. Moreover, a systematic study of the biodegradation of
P3HB-co-3HHx copolymers in a microbially active environment
that mimics the natural environment, e.g., activated sludge, is still
missing. We believe that before its use can become widespread,
additional information is needed on the relationship between
biodegradation characteristics of P3HB-co-3HHx and the semi-
crystalline morphology.

In this paper, we have investigated the anaerobic biodegrada-
tion of P3HB-co-3HHx with varying fraction of HHx in activated
sludge. We studied the effects of copolymer composition and
thermal processing history on solid-state properties, such as
thermal transitions and morphology, and their subsequent influ-
ence on the biodegradability. We also evaluated the surface
morphological characteristics of P3HB-co-3HHx samples that are
partially degraded. We observed that microbial activity tends to
preferentially excavate amorphous regions, thus revealing themore
degradation-resistant morphological features in the semi-crystal-
line spherulites.
2. Experimental

2.1. Materials

The poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) copoly-
mers (P3HB-co-3HHx) used in this work were provided by the
Procter & Gamble Company. These biodegradable random copoly-
mers consisted primarily of 3-hydroxybutyrate (3HB) with a small
fraction of randomly distributed 3-hydroxyhexanoate (3HHx), as
shown in Fig. 1.

Samples with biomass contamination were purified by disso-
lution in hot chloroform, followed by separation of the insoluble
impurities and precipitation in ethanol. The resulting white poly-
mer precipitant was filtered and dried under vacuum for at least
72 h prior to use. Weight-average molecular weight, Mw, and
number-average molecular weight, Mn, of the P3HB-co-3HHx
copolymers were measured by gel permeation chromatography
(GPC) on a Viscotek GPCMax system equipped with refractive index
detector. Tetrahydrofuran (THF) was used as a solvent. All experi-
ments were carried out at room temperature at a flow rate of 1 ml/
min. The measured refractive index versus the elution volume was
transformed tomolecular weight data using a polystyrene standard
for calibration. Table 1 summarizes the P3HB-co-3HHx materials
evaluated in this study, including the molecular weight and the
polydispersity index (Mw/Mn) [12].
Table 1
Name and molecular compositions of PHA materials used [12].

Sample name Polymer

P3HB-co-3HHx3.8 Poly(3-hydroxybutyrate-co-3.8mol% 3-hydr
P3HB-co-3HHx4.6 Poly(3-hydroxybutyrate-co-4.6mol% 3-hydr
P3HB-co-3HHx6.9 Poly(3-hydroxybutyrate-co-6.9mol% 3-hydr
P3HB-co-3HHx10 Poly(3-hydroxybutyrate-co-10mol% 3-hydro
2.2. Preparation of biodegradable P3HB-co-3HHx films

Powders of P3HB-co-3HHx were pressed into thin film speci-
mens of approximately 0.3 mm thickness using a Carver hydraulic
hot-press. Roughly 4 g of powder were placed between the
aluminum plates of the Carver press, which had been preheated to
155 �C. The lower plate was raised until the powder just touched
the bottom of the upper plate, and the polymer was allowed tomelt
freely for 0.5min. The plates were then brought closer together so
as to achieve a pressure of 200 kPa across the plates. Samples were
held at this pressure for 2 min, removed from the hot-press, and
quenched between two cold aluminum plates at room temperature
(in air). The resulting films were allowed to crystallize under
a slight pressure at room temperature for three days prior to their
use in biodegradation studies. To obtain P3HB-co-3HHx films of the
same chemical composition but different thermal processing
history, some hot-pressed samples were placed immediately in an
oven set at 70 �C for 7 days for thermal annealing [13].

2.3. Thermal and morphological properties of degraded film
specimens

Thermal transitions and heat flow from P3HB-co-3HHx films
were recorded with a TA Instruments Q100 Modulated Differential
Scanning Calorimeter at a nitrogen flow of 50 mL/min. Samples at
different degradation stages were cut and sealed in aluminum pans
and heated from �50 to 185 �C at a heating rate of 10 �C/min. The
change in heat capacity during the glass transition, DCp, was taken
as the height of the step on the heat flow curve. The glass transition
temperature, Tg, was taken as themidpoint temperature of this heat
capacity change. The melting temperature, Tm, and enthalpy of
fusion, DHm, were determined from the endothermic peaks.

SAXS experiments were performed on beamline 1e4 of the
Stanford SynchrotronRadiation Lightsource (SSRL),whichhas a spot
size of approximately 0.25�1mm2. Thewavelength of the incident
X-ray beam is 0.149 nm, and the scattering wave vector ranges from
0.1 nm�1 to 1.2 nm�1. Background and parasitic scattering were
determined by separate measurements on an empty holder and
were later subtracted from the scattering data of the samples. The
exposure time was 5 min for all P3HB-co-3HHx samples.

2.4. Anaerobic biodegradation assays

Anaerobic biodegradation experiments were performed in
simple, visually monitored microcosms containing anaerobic
biosolids from an anaerobic digester at the City of San Jose waste-
water treatment plant. The method is described in detail elsewhere
[14]. Briefly, test microcosms were prepared by weighing out small
rectangular pieces (approximately 0.07 g) of thin P3HB-co-3HHx
films (approximately 0.3 mm thick), placing each piece in a glass
graduated cylinder (50 mL, Fisher 20040), then filling all of the test
cylinders with biosolids (diluted 1:1 with warm tap water). Control
microcosms were prepared with diluted biosolids only. Each
filled cylinder was capped with a one-hole rubber stopper (Fisher
14-135G size 5), inverted in a cup of water, and incubated in
a constant temperature chamber at 37 �C. During incubation, biogas
Mw (�103) Mw/Mn

oxyhexanoate) 659 2.99
oxyhexanoate) 658 2.87
oxyhexanoate) 723 2.55
xyhexanoate) 312 2.30



Table 2
Melting and Crystallization Properties of P3HB-co-3HHx Films.

Prep. method Polymer TI TII TIII cc l (nm)

Quenched P3HB-co-3HHx3.8 e 138.0 151.4 0.432 7.6
P3HB-co-3HHx4.6 e 133.7 149.0 0.406 7.1
P3HB-co-3HHx6.9 e 123.0 139.5 0.350 6.8
P3HB-co-3HHx10 e 108.5 129.9 0.291 6.8

Annealed P3HB-co-3HHx3.8 94.6 141.7 152.0 0.481 7.7
P3HB-co-3HHx4.6 92.1 138.0 149.2 0.446 7.9
P3HB-co-3HHx6.9 88.5 131.0 143.9 0.436 8.2
P3HB-co-3HHx10 90.4 125.2 136.9 0.338 8.9
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accumulated at the top of the cylinders, displacing anaerobic fluid
out the hole in the stopper. Markings on the graduated cylinder
enabled quantitative monitoring of biogas production.

Biogas production was monitored daily for 12 days. One sample
of each copolymer was removed at 10 different time points to
assess changes in physical properties. These samples were collected
(Tyler Standard Sieve 9 meshes to the inch), rinsed with deionized
water and dried under vacuum at room temperature until the
weights stabilized (24 h). Weight loss was computed as the
percentage decrease from the initial sample weight:

%wt Loss ¼
h�

wtinital �wtbiodegraded
�.

wtinitial
i
� 100% (1)

After being collected, dried and weighed, subsamples of
degraded specimens were cut for microscopic investigation.
Excised samples were attached to an SEM specimen mount with
hot glue and coated with Au60Pt40 alloy using a Gressington sputter
coater operated at a current of 20 mA for 30 s. The surface topology
was then examined using a Scanning Electron Microscope (SEM)
(FEI XL30 Sirion with FEG source, EDX detector).

3. Results

3.1. Thermal properties and semi-crystalline morphology of P3HB-
co-3HHx and their dependence on composition and thermal history

Fig. 2 illustrates the melting behavior of P3HB-co-3HHx films, as
evaluatedwithDSCat a constant heating rateof 10 �C/min. All P3HB-
co-3HHx samples displayed multiple endothermic melting peaks
over a broad temperature range. The isothermally crystallized
samples (b, d, f, and h in Fig. 2) have three endothermic peaks,
denoted as I, II, and III in the sequence of increasing temperature.
Endotherm I, which is only observed for annealed samples and is
seen as a “shoulder” on the heat scan curves, is a pseudo-crystalline
phase [13]. It is believed that Endotherm II corresponds to the
melting of the crystals formed during the crystallization of P3HB-
co-3HHx that recrystallize during theheating scanand subsequently
Fig. 2. Melting curves for P3HB-co-3HHx films: solid lines, samples quenched frommolten sta
6.9, and (g) P3HB-co-3HHx10; dashed lines, samples thermally annealed for 7 days at 70 �C
3HHx10. I, II, and III are the respective multiple melting peaks in the sequence of increasing t
remelt to give Endotherm III [15]. Similar multiple melting behavior
of P3HB-co-3HHx has been observed and reported by other
researchers [16,17]. Table 2 summarizes TI, the onset temperature of
the “shoulder” in the endothermic heatflow, aswell as TII and TIII, the
highest points of the endothermic peaks II and III. Also included in
Table 2 is the overall degree of crystallization (cc) for each sample.
Crystallinity of the P3HB-co-3HHx is calculated by dividing the
enthalpy of fusion of the copolymer by the thermodynamic melting
enthalpy of homopolymer P3HB [10,18,19], since the 3HHx was
found to not crystallize together with 3HB segments [13]:

cc ¼ DHmðPHAÞ=DH0
mðP3HBÞ (2)

where DH0
mðP3HBÞ is the thermodynamic melting enthalpy per

gram of P3HB (146.6 J/g).
In general, nearly all of the endothermic peaks shift to lower

temperatures as the 3HHx content increases, but TI varies the least
among the four annealed P3HB-co-3HHxs, remaining 18e25 �C
above the annealing temperature (70 �C). Hu et al. [13] previously
reported that if the annealing temperature is increased, TI tends to
increase accordingly. Thus, it was concluded that TI is an annealing
peak, which is an endothermic relaxation of the crystal/amorphous
region interface during annealing [20]. TII and TIII, on the other
hand, decrease significantly and monotonically with increasing
3HHx content. It is also seen that cc decreases for these copolymers
with increasing content of 3HHx, as expected.
te to room temperature: (a) P3HB-co-3HHx3.8, (c) P3HB-co-3HHx4.6, (e) P3HB-co-3HHx
: (b) P3HB-co-3HHx3.8, (d) P3HB-co-3HHx4.6, (f) P3HBco-3HHx 6.9, and (h) P3HB-co-
emperature.



M.-C. Morse et al. / Polymer 52 (2011) 547e556550
The thermal processing history also influenced the melting
characteristics of samples. Endotherm I was not found for quenched
samples, so no value was assigned to TI. TII increased notably for
annealed samples compared to quenched samples with the same
3HHx content, while TIII was nearly the same, annealed versus
quenched, for P3HB-co-3HHx3.8 and 4.6, and increased only
slightly for the 6.9 and 10 samples. Moreover, the peak area under
Endotherm II increased, while that of Endotherm III decreased with
annealing. The overall crystallinity also increased after annealing.
These observations suggest that after thermal annealing P3HB-co-
3HHx polymer chains obtainmore ordered packing and the fraction
of imperfect crystalline domains is decreased, which is well-known
behavior for semi-crystalline polymers [21].

In addition to the bulk crystallinity measurement, morphology
of P3HB-co-3HHx films was investigated on micro-length scales
using small angle X-ray scattering (SAXS). Fig. 3 shows the SAXS
data of different P3HB-co-3HHx, especially comparing the scat-
tering profile of the annealed sample to the respective quenched
sample. A scattering intensity peak, although close to the cut-off of
the scattering vector magnitude, q, of the SAXS measurement, was
found for each P3HB-co-3HHx sample. The average repeat distance
in the semi-crystalline structure, referred to as the long period, l,
corresponding to the spacing between crystalline lamellae, was
calculated from the peak in the SAXS profile using Bragg’s law:

l ¼ l2sinq ¼ 2p=qpeak (3)
Fig. 3. Small-angle X-ray scattering patterns of P3HB-co-3HHx samples, compa
where q is half the scattering angle, l is the X-ray wavelength,
and qpeak is the scattering vector magnitude at the intensity peak.
The long periods of each P3HB-co-3HHx sample, quenched or
annealed, are listed and compared in Table 2. Samples annealed at
70 �C have longer periods than the quenched samples, indicating
the occurrence of lamellar thickening during annealing [22,23].

In summary, the thermal properties, crystallinity, andmicroscale
morphology for P3HB-co-3HHx are highly dependent on the copol-
ymer composition and thermal processing history. Decreases in
melting temperature and overall crystallinity occur with increase in
3HHxcontent. Given the same copolymer composition, the annealed
P3HB-co-3HHx sample has higher crystallinity compared to the
quenched counterpart. In addition, higher Tm and narrower
temperature range of melting DSC endotherms of the annealed
compared to the quenched P3HB-co-3HHx suggests an increase in
lamellar thicknessanduniformity.Moreover, SAXSresults confirmed
an increase in lamellar thickness after thermal annealing for the
P3HB-co-3HHx sample with the same copolymer composition.

3.2. Biodegradation of P3HB-co-3HHx and the surface morphology
of the degraded sample

The biodegradation rate of PHAs is known to be influenced by
the crystallinity and thickness of the crystalline lamellae [15].
Hence, anaerobic biodegradation of P3HB-co-3HHx having different
degree of crystallinity and lamellar thickness was expected to show
ring annealed and quenched samples of the same copolymer composition.
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dependence of the biodegradation rate on the copolymer compo-
sition and processing history. It was found that samples with higher
3HHx fraction biodegraded at a faster rate than samples with lower
3HHx content (Fig. 4). Thin films made of P3HB-co-3HHx10 bio-
degraded the fastest, followed by P3HB-co-3HHx6.9, P3HB-
co-3HHx4.6 and finally P3HB-co-3HHx3.8. On Day 7, P3HB-
co-3HHx10 had lost 80% of the original weight compared to 63%,
46%, and 28% for P3HB-co-3HHx6.9, P3HB-co-3HHx4.6, and P3HB-
co-3HHx3.8, respectively. Other researchers have reported a similar
pattern for composting of the P3HB-co-3HV copolymer, with the
biodegradation rate increasing as 3HV content increased [24].

The approximate three-day delay for the onset of weight loss
observed for all P3HB-co-3HHx samples (Fig. 4) is believed to be
due to the time requirement for microbes to first attach to the
sample surface. It is generally understood that adhesion of
microbes to a surface is essential for the development of microbial
activity and the release of active enzyme [25,26]. As supporting
evidence, we have previously obtained SEM images of adhered
microbes on the surface of P3HB-co-3HHx and found that the
attachment was developed over time [27]. The presence of bacterial
extracellular polymeric substance (EPS) [27] further confirmed the
microbial attachment since EPS is generally thought to help keep
the microbes attached and the enzyme localized [28]. By contrast,
in cases where microbial attachment was not a prerequisite, e.g.,
degradation of PHAs in the aqueous solution of PHB depolymerase,
samples lost weight in the first few hours and the rates of weight
loss were linear functions of time [29].

In addition, the biodegradation of PHAs seems to be closely
related to the semi-crystalline morphology. Specifically, the enzy-
matic degradation seems tofirst occur in theamorphous regionsand
then spread to the crystalline regions [15,30,31]. Microbial degra-
dation of the P3HB-co-3HHx polymer films, as a result, may provide
a contrast mechanism to observe their underlyingmorphology. Our
SEM results on the surface morphology of partially degraded P3HB-
co-3HHx samples confirmed this hypothesis. Fig. 5 illustrates the
progressive morphological changes in P3HB-co-3HHx10 for Days 0,
3, and 7. As biodegradation progressed, the polymer became blem-
ished. Comparing images of samples not exposed to the microbial
actionwith images after degradation, it is clear that biodegradation
exposed the underlying semi-crystalline morphology of the poly-
mer. Such exposed surface semi-crystalline morphology due to
biodegradation is similar to the morphological features observed in
polarized optical micrographs for intact thin film P3HB-co-HHx
[32,33], supporting the occurrence of differential rate of erosion
between the amorphous and crystalline regions for P3HB-co-HHx.

We may hence compare P3HB-co-3HHx copolymers with
different HHx after they have been partially degraded under
anaerobic conditions. Fig. 6 shows the SEM images of the four types
of P3HB-co-3HHx samples incubated for 7 days. It is worth noting
Fig. 4. Anaerobic biodegradation of P3HB-co-3HHx samples.

Fig. 5. P3HB-co-3HHx10 samples biodegraded for 0 days, 3 days and 7 days.
that due to the difference in biodegradation rate, as shown in Fig. 4,
the mass loss of different copolymer samples differed significantly
at Day 7. P3HB-co-3HHx10 lost 80% of its original mass, P3HB-
co-3HHx6.9 lost 63%, P3HB-co-3HHx6.9 lost 46%, and P3HB-
co-3HHx3.8 lost 28%. For all samples, spherulitic structures are
clearly observed. With increasing HHx content, the spherulite
diameter seems to decrease, from being roughly 40 mm for P3HB-
co-3HHx3.8 down to approximately 10 mm for P3HB-co-3HHx10.
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In addition, while the P3HB-co-3HHx3.8 and P3HB-co-3HHx4.6
samples appear to display normal morphology, with lamellar
ribbons growing radially outwards from the nucleated center of the
spherulite, HHx 6.9 and HHx 10 show banded morphology. Such
banding often stems from the twisting of the crystallographic
orientation in the crystalline lamellae about the radial axis along
which the lamellar ribbon grows. It has been observed for a wide
variety of semi-crystalline polymers, such as polyethylene and poly
(vinylidene fluoride), but its mechanism is unclear [34]. It has also
been observed previously with atomic force microscopy and
microbeam X-ray diffraction for P3HB-co-3HHx with 8 mol% HHx
[35] and 17 mol% HHx [36].

In particular, partially biodegraded P3HB-co-3HHx10 samples
clearly revealed densely packed banded patterns (Fig. 6d). The spiral
morphology may result from the molecular chirality (R-3-hydrox-
ybutyrate and R-3-hydroxyhexanoate) [37]. The band spacing for
P3HB-co-3HHx6.9 (2 mm) is significantly larger than that of P3HB-
co-3HHx10 (0.3 mm). Although a banded pattern is not observed for
P3HB-co-3HHx4.6 and P3HB-co-3HHx3.8, it is possible that the
periodic twisting of crystalline lamellae still exists in these copol-
ymers, but the band spacing may be further increased. Supporting
evidence for lower HHx comonomer leading to larger band spacing
can be found in the literature. The band spacing for P3HB was
reported to be 100 mm, five times of that of P3HB-co-3HHx with
8 mol% HHx prepared under the same condition [35].

3.3. Effect of thermal annealing on biodegradation of P3HB-co-
3HHx

As DSC and SAXS data have already shown, solid-state proper-
ties such as crystallinity and lamellar thickness changed if the
P3HB-co-3HHx copolymer of the same copolymer compositionwas
Fig. 6. P3HB-co-3HHx samples on Day 7 of biodegradation. (a) P3HB-co-3HHx3.8, 28% weig
(d) P3HB-co-3HHx10, 80% weight loss.
annealed at 70 �C compared to being quenched. Hence, it was also
expected that annealed samples would have different biodegra-
dation behavior compared to the corresponding quenched samples.

Fig. 7 shows the comparison of the rate of weight loss in
anaerobic environment for the quenched P3HB-co-3HHx samples
relative to the annealed ones. In general, the annealed P3HB-co-
3HHx tends to have higher initial rate of biodegradation, i.e., the
annealed sample has higher degree of weight loss over the first
several days. However, the quenched samples tend to have lower
long-term extent of degradation. The rate of weight loss for
quenched samples seems to surpass the annealed samples when
the accumulative weight loss has reached 60%, e.g., P3HB-co-
3HHx3.8 on Day 7e8 and P3HB-co-3HHx10 on Day 6e7. Since the
enzymatic degradation of PHAs was found to erode the amorphous
regions much faster than the crystalline regions [15,30,31], it is
understandable that the rate of long-term weight loss will depend
on the overall fraction of the amorphous region and the thickness of
the crystalline lamellae [15]. Given that quenched samples have
lower crystallinity than the annealed counterparts, greater extent
of weight loss is expected to be seen for quenched samples within
the experiment duration. However, the initial higher rate of weight
loss for the annealed samples was unexpected and, given that
annealed samples have higher crystallinity and thicker crystalline
lamellae (Table 2), is contrary to the common argument where
higher crystalline and thicker lamellae are generally believed to
lead to slower degradation [15]. To account for these contradictions,
we propose that the annealed P3HB-co-3HHx samples biodegrade
faster because of a particular change in morphology during thermal
annealing e void formation in the crystal lamellae. These voids
then act to facilitate diffusion of the microbial enzymes inwards,
resulting in faster erosion. A more detailed discussion will be
provided in the Discussion.
ht loss; (b) P3HB-co-3HHx4.6, 46% weight loss; (c) P3HB-co-3HHx6.9, 63% weight loss;
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Biodegraded, annealed P3HB-co-3HHx samples were also
imaged by SEM and compared to biodegraded, quenched samples
(Fig. 8), where all samples have roughly the same degree of weight
loss (lost 80% of the originalweight). The annealed samples revealed
spherulites that were more distinct, with clearer boundaries, than
those of the quenched samples. P3HB-co-3HHx3.8 and P3HB-co-
3HHx4.6 still show normal spherulites similar to those seen in the
quenched samples. Surprisingly, the annealed P3HB-co-3HHx6.9
images seem to lack the bandedpattern (Fig. 8f). In the case of P3HB-
co-3HHx10, banded spherulites are still observed, but the band
spacing is much larger for the annealed sample (3 mm) than the
quenched counterpart (0.3 mm). This is consistent with previous
findings that increased crystallization temperature reduces lamellar
twisting and thus increases the band spacing in P3HB-co-3HHx [36].
The disappearance of banded patterns for P3HB-co-3HHx6.9, hence,
may arguably be a result of an increase in band spacing that makes
the banded pattern difficult to see visually.

The exposed underlying semi-crystalline morphology in
annealed P3HB-co-3HHx shows a clear persistence of lamellar
ribbons under anaerobic conditions (Fig. 8) confirming a faster
erosion of the amorphous region, as previously proposed [38]. In
addition to the erosion of the amorphous regions, evidence of
degradation of the lamellaewas also observed, whichwas shown as
holes at the center of the spherulites, as shown in Fig. 8f, g, and h.
Such phenomenon was previously reported for P3HB that was
degraded by PHB depolymerase [39] or by Alcaligenes paradoxus and
C. testosterone [38], and was explained as a result of lamellae
packing imperfection near the nucleation center, which led to
preferential enzymatic attack at the center, resulting in a hole. As
the degradation continues, this hole will spread and penetrate
through the film, leaving behind only crystalline remnants (Fig. 9),
which suggests that the central part of the spherulite is eroded
Fig. 7. Anaerobic biodegradation of quenched P3HB-co-
most rapidly. These ring-shaped remnants have also been reported
for aerobically degraded samples of pure P3HB [38].

4. Discussion

The biodegradation rate of PHAs has long been found to be
highly dependent on the molecular composition, the overall crys-
tallinity, and the semi-crystalline morphology. Kumagai et al. [30]
reported that the rate of enzymatic degradation of P3HB in the
aqueous solution of PHB depolymerase and phosphate buffer
(weight loss in 19 h, ranging from 20 to 80%) decreased with an
increase in crystallinity and was not sensitive to the spherulite size.
Shimamura et al. [40] studied the enzymatic biodegradation of poly
(3-hydroxybutyrate-co-3-hydroxypropionate) (P3HB-co-3HP) in an
aqueous solution of PHB depolymerase as well and found that the
rate of erosion (weight loss in 2 h, ranging from 5 to 30%) was
increased by the incorporation of 3HP units up to 20 mol%. Koyama
et al. [29] and Abe et al. [15] studied the enzymatic degradation of
PHA copolymers in addition to the homopolymer P3HB in an
aqueous solution of PHB depolymerase, including P3HB-co-3HV
with 6, 7, 16, and 22 mol% HV content, as well as P3HB-co-3HHx
with 4, 8, and 11mol% of HHx. Although these copolymers prepared
under the same melt crystallization condition were found to
degrade several times faster than the homopolymer P3HB, no
particular trends were found for the dependence of rates of enzy-
matic degradation on the comonomer content, the degree of
crystallinity with the same polymer composition, or the crystal
sizes obtained from X-ray diffraction.

In the present study, instead of aqueous solutions of PHB
depolymerase, we used activated sludge that contained a mixed
microbe colony to anaerobically degrade P3HB-co-3HHx samples.
Instead of a constant rate of weight loss, which was usually the case
3HHx samples compared to annealed counterparts.



Fig. 8. P3HB-co-3HHx samples with weight loss of approximately 80%: (a) quenched P3HB-co-3HHx3.8, Day 11; (b) annealed P3HB-co-3HHx3.8, Day 11; (c) quenched P3HB-co-
3HHx4.6, Day 9; (d) annealed P3HB-co-3HHx4.6, Day 8; (e) quenched P3HB-co-3HHx6.9, Day 9; (f) annealed P3HB- 3HHx6.9, Day 9; (g) quenched P3HB-co-3HHx10, Day 7; (h)
annealed P3HB-co-3HHx10, Day 7.
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Fig. 9. Remnant of the annealed P3HB-co-3HHx10 sample that is highly degraded (7
day incubation).
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if PHB depolymerase solution was used [29], there was a roughly
three-day delay before any weight loss could be observed. As the
weight loss began, the rate of sample erosion increased if the
copolymer contained higher 3HHx content. Since there was an
expected decrease in crystallinity and a decrease in the thickness of
the crystalline lamellaewith the increase in 3HHx content (Table 2),
the increased rate of degradation could be explained as a result of
higher enzymatic activity of depolymerase on the amorphous
region compared to the crystalline region, where lower crystallinity
leads to faster erosion [15,29,38].

However, we found that the crystallinity and the thickness of
crystalline lamellae were not the only factors influencing the
biodegradation rate of P3HB-co-3HHx. After the same quenched
P3HB-co-3HHx sample was annealed at elevated temperature
(70 �C), crystallinity was increased after annealing (Table 2), but the
rate of degradation, opposite to what would be expected, also
increased (Fig. 5). The result indicates that the semi-crystalline
morphologies affected by the thermal processing history can
become the controlling factors for biodegradation.

We hypothesize that the increase in biodegradation rate after
thermal annealing is due to a change in the semi-crystalline
morphology of P3HB-co-3HHx films during thermal processing. In
particular, we propose that voids are formed within and at the
boundaries of crystal lamella. Our reasoning begins from the well-
known spherulitic morphology, which consists of crystalline
lamellae bundles growing radially from nucleation center as well as
amorphous regions in between the crystalline lamellae. Annealing
at elevated temperature usually results in some reorganization of
the polymeric chain configuration and, subsequently, alterations in
the morphology. One common effect of such reorganization is
lamellar thickening [22,41], where the thickness of the crystalline
lamellae increases. Our results confirmed the occurrence of such
phenomenon for P3HB-co-3HHx during the annealing; higher Tm
and narrower melting peaks of annealed samples as measured by
DSC suggest thicker and more uniformly sized crystalline lamellae.
Moreover, SAXS results revealed an increase in the long period,
which is a well-established measure of lamellar thickening [42].

The thickening process is believed to occur through solid-state
diffusion where additional molecular sequences are pulled into the
crystalline lamellae. Under circumstances where a chain end is
pulled completely into a crystalline lamella, microvoids or even
vacancy rows are formed inside the lamella, as has been observed
for polyethylene [43,44] and polypropylene [45]. In other cases, the
lamellar thickening often involves molecular segments migrating
from the adjacent amorphous region, causing an overall increase in
the void content in the amorphous phase through diffusion and
relaxation [46]. We believe that formation of these defects in the
annealed sample accounts for the increased biodegradation rate.
Water and other solutes associated with the microbial degradation
of the P3HB-co-3HHx sample shouldmore easily penetrate through
the voids induced by annealing and enhance the etch rate of the
samples. A similar phenomenon was observed for gas transport in
semi-crystalline polymers. Michaels et al. reported increased
helium solubility in polyethylene after annealing [44], while
Holden et al. reported similar results that the oxygen barrier
property of polyethylene decreased after annealing [47]. Moreover,
Vieth et al. found that gas diffusivities showed significant
enhancement for annealed polypropylene despite increased crys-
tallinity [45]. These results were attributed to the formation of
intra-lamellar defects in the crystalline domains, which provided
easy access for gas permeation.

5. Conclusion

Themicrobial biodegradation rate of P3HB-co-3HHx depends on
the copolymer composition and processing history. Increasing the
3HHx fraction in P3HB-co-3HHx resulted in increased rates of
biodegradation that are likely due to the decreased crystallinity.
However, a P3HB-co-3HHx sample that had been annealed bio-
degraded faster than the corresponding annealed sample with the
same composition, despite the higher crystallinity. We hypothesize
that this is due to an increase in void content in the sample as
a result of thermal annealing, which could provide easier access for
diffusion of water and enzymes into the sample, thus enhancing the
microbial biodegradation rate. Finally, we note that biodegradation
exposed the underlying morphological details of the polymer.
Some P3HB-co-3HHx samples displayed normal spherulitic
morphology while others showed banded structures. The simple
assay used to assess anaerobic biodegradability may thus also be
used to explore underlying polymer characteristics.
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Two polypropylene homopolymers, samples A and B, synthesized with heterogeneous ZieglereNatta
catalysts, are studied in this work. Both samples show improved impact properties at low temperature
than isotactic PP. Particularly, sample B exhibits better toughness, higher molecular weight and slight
lower flexural properties than sample A. Then, these two samples were fractionated into six fractions via
temperature rising dissolution fractionation, respectively. Both samples are mainly composed of fractions
4, 5 and 6, which were collected above 100 �C and have high isotacticity. On the one hand, the fractions of
sample B have higher molecular weight than the corresponding fractions of sample A collected at the
same temperatures. On the other hand, 13C NMR and DSC analyses of the fractions indicate clearly that
fractions of sample B have lower isotacticity and crystallinity than the corresponding fractions of sample
A. The above difference in microstructure between samples A and B should be the key factors resulting in
their difference in mechanical properties finally. Both polypropylene homopolymers possibly become
new type of impact PP.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

It is well recognized that heterogeneous ZieglereNatta catalysts
contain multiple active sites, which produce polypropylene (PP)
with varying degree of stereoregularity [1e4]. Actually, Zie-
glereNatta catalysts have evolved considerably from the low active,
low stereospecific catalysts to the highly active, highly stereospe-
cific catalysts used in modern polyolefin manufacturing plants.
Today, highly efficient ZieglereNatta catalysts and new processing
technologies lead to products applied in a very broad range. For
example, polypropylene can now span the full range of polymeric
properties from soft elastomers to hard thermoplastics [5e12].
These differences in properties arise largely from differences in
molecular structure, i.e. molecular weight distribution and stereo-
structure distribution of the chain [4].

The influence of the type of catalyst and polymerization process
on microstructures of industrial ZieglereNatta polypropylenes has
been studied by many investigators [11e20]. Viville et al. [11]
reported that the change in the mechanical properties of PP is
not only due to differences in the average isotacticity but also in the
fax: þ86 431 8568 5653.
l.cn (S. Bo).

All rights reserved.
way tacticity is distributed between the chains. In order to get
a complete description of the molecular microstructure, some
fractionation methods described in literatures have been employed
to separate ZieglereNatta polypropylenes, including temperature
rising elution fractionation (TREF) [11e15], solvent gradient
extraction [16e20] and successive self-nucleation and annealing
(SSA) [18e20]. TREF and solvent gradient extraction, such tech-
niques that fractionate semicrystalline polymers according to their
solubilityetemperature relationship, led to fractions of increasing
isotacticity, and these results clearly indicated a nonuniform
interchain composition of stereodefects. In our previous work [12],
the molecular weights of TREF fractions tend to increase with
elution temperature, while the crystallinity of fractions do not
increase monotonically with elution temperature. There is
a maximum in the plot of crystallinity versus elution temperature,
indicating the fractionation is based on the longest crystallizable
sequences in a chain. SSA is based on the sequential application of
self-nucleation and annealing steps to a polymer sample. After
thermal conditioning a final DSC heating run reveals the distribu-
tion of melting points induced by the SSA treatment as a result of
the heterogeneous nature of the chain structure of the polymer
under analysis [21]. Virkkunen and coworkers [18,19] applied SSA
measurement and analytical TREF for study of isotacticity distri-
bution in polypropylene fractions with variable isotacticity. The
polypropylene fractions have clearly been separated according to
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the longest crystallizable sequences; however, they contain a broad
intra-molecular distribution of tacticity defects since the distribu-
tion of melting points varies widely from fraction to fraction. They
also found the good correspondence between melting scans after
SSA fractionation and TREF fractionation profile.

In this paper, two ZieglereNatta polypropylenes with improved
impact properties at low temperatures were fractionated into six
fractions via temperature rising dissolution fractionation (TRDF),
respectively. GPC, 13C NMR and DSC techniques are exploited to
investigate the tacticity distribution in the molecules and the
relationship between microstructure and mechanical properties of
the whole samples.

2. Experimental

2.1. Materials

Two samples used in this study were synthesized in our insti-
tute and coded as samples A and B, respectively. The mechanical
properties of the samples are listed in Table 1. The impact strength
at 23 �C of the samples A and B is 19.9 and 39.5 kJ/m2, and much
higher than that of isotactic PP (iPP) of 4.4 kJ/m2. Interestingly, the
impact strength at �20 �C of the samples A and B is 3.8 and 4.4 kJ/
m2, and close to the impact strength at 23 �C of iPP(4.4 kJ/m2).
Meanwhile, the flexural modulii of the samples are 1.30 and
1.07 GPa for sample A and B, which are lower than that of iPP of
1.40 GPa.

2.2. Temperature rising dissolution fractionation

About 10 g of polymer was placed into a 2 L flask and 1 L of
xylene was added to get 1% solution (w/v) at 135 �C. 1 �10�3 g/mL
2, 6-di-tert-butyl-4-methylphenol (BHT) was added to xylene as
antioxidant. The mixture was heated for about 3 h at 135 �C, and
then the solution was cooled to room temperature at a rate of
2 �C/h. The solution was kept at room temperature for 24 h and
finally was separated into two phases: the concentrated phase
and the dilute phase. The concentrated phase was filtered and
washed with xylene. Fraction 1 was obtained after concentrating
the dilute phase, precipitating the polymer, and washing with
acetone, then drying the fractions in vacuum. The concentrated
phase was placed in the cylindrical container made by nickel net; it
was then put into a similar cylindrical glass tube, and about 250 mL
of xylene was added. This glass tube was maintained at 80 �C for
24 h. After 12 h, the solution in the tube was removed and was
replaced with hot xylene. Finally, the net with insoluble polymer
was taken out and washed with hot xylene (80 �C). The solutions
collected twice in this step were mixed together, cooled, precipi-
tated with double volume of acetone, and filtered. The obtained
polymer, named as fraction 2, was then dried in vacuum. The
fraction 3, 4 and 5, soluble at 100 �C, 110 and 118 �C respectively,
were obtained through the same procedure like fraction 2. The
polymer insoluble at 118 �C, named as fraction 6, was washed by
acetone and dried in vacuum.
Table 1
The mechanical properties of samples A and B.

Sample Flexural Strength
(MPa)

Flexural Modulus
(GPa)

Notched Izod
Impact Strength
(kJ/m2)

23 �C �20 �C

A 38.9 1.30 19.9 3.8
B 32.0 1.07 39.5 4.4
2.3. Molecular weight and molecular weight distribution

Themolecularweight andmolecularweight distribution (MWD)
of the samples and their fractions were determined by a PL-GPC 220
high-temperature gel permeation chromatography (Polymer
Laboratories Ltd) at 150 �C. The columns used were three PLgel 10-
mmmixed-B LS columns (300 mm� 7.5 mm). The eluent was 1,2,4-
trichlorobenzene stabilized with 5 � 10�4 g/mL BHT and was
filtered with a 0.2 mmpore size membrane before use. The injection
volume was 200 mL, and the flow rate was 1.0 mL/min. Calibration
was made by polystyrene standard EasiCal PS-1 (PL Ltd.).

2.4. Nuclear magnetic resonance (NMR)

13C NMR was measured at 130 �C on a Varian Unity 400 MHz
NMR spectrometer. Polymer solutionwas prepared with 70e75 mg
of polymer in 0.5 mL of deuterated o-dichlorobenzene at 130 �C.

2.5. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) scans were recorded on
a TA Instrument model DSC Q100. About 5 mg of sample was sealed
in aluminum sample pan and were firstly heated from 50 to 200 �C
at a rate of 10 �C/min, held at 200 �C for 5 min to remove thermal
history, then cooled from 200 to 50 �C at 10 �C/min, held at 50 �C for
1 min, and finally heated again to 200 �C at 10 �C/min. Temperature
calibration was performed using indium. The melting temperature
Tm and heat of fusion DHm were measured during reheating
experiments. The degree of crystallinity was calculated by
comparison with heat of fusion of a perfectly crystalline poly-
propylene, i.e., 209 J/g.

The SSA (successive self-nucleation and annealing)method used
was presented in the original paper by Müller et al. [22]. The
annealing timewas kept at 5min; heating and coolingwere done at
a rate of 10 �C/min. In all the measurements, the first Ts tempera-
ture was chosen from predetermined values (168 �C、164 �C、
159 �C、155 �C) based on the final melting temperature from DSC
curve. This ensures that all the steps (peaks in the melting curve)
will coincide in the different measurements and the comparison of
the measurements is easier. In all cases, the first Ts is in domain II as
defined by Fillon et al. [23], which is essential for the self-nucle-
ation process. The melting temperature of the SSA measurement
was taken from the largest peak in the melting curve.

3. Results and discussion

3.1. Characterization of the whole samples

The molecular weight data, meso triads distribution and
thermal properties of samples A and B are summarized in Table 2.
Sample B has higher weight-average molecular weight (Mw) of
452000 g/mol and a little narrower molecular weight distribution
(MWD) of 9.74 than sample A (Mw ¼ 330000 g/mol, MWD ¼ 9.91).
Definitely, both samples have broad MWD due to the presence of
several types of active site on these heterogeneous ZieglereNatta
Table 2
The molecular weight data, meso triads distribution and thermal properties of
samples A and B.

Sample Mw

(10�4)
Mw/Mn mm mr rr nm nr Tm

(�C)
Cryst.
(%)

A 33.0 9.91 0.863 0.064 0.073 28.0 3.28 162.9 38.9
B 45.2 9.74 0.817 0.081 0.102 21.2 3.52 160.0 37.1



Fig. 1. Weight percent (%) of the fractions of samples A and B.
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catalysts. 13C NMR measurements of the meso triads have shown
that sample B has a lower isotacticity (mm) of 0.817 than sample
A of 0.863, and themr and rr triads of sample B are higher than that
of sample A (mr: 0.063, 0.070 for samples A and B, rr: 0.074, 0.104
for samples A and B), respectively. The average sequence lengths
(nm and nr) calculated from the 13C NMR data are also summarized
in Table 2. The average sequence lengths of meso (nm) and racemic
(nr) was defined as:

nm ¼ mmþ 1
2mr

1
2mr

(1)

nr ¼ rr þ 1
2mr

1
2mr

(2)

Sample B has shorter nm and longer nr than sample A. The DSC
results show that sample B has lower melting temperature (Tm) at
160.0 �C and lower crystallinity of 37.1% than sample A (Tm:
162.9 �C, Cryst.: 38.9%), this indicates that sample B has lower
ability to crystallize as the result of its lower isotacticity.

The above data exhibit the average values on microstructure for
whole samples, but it is not sufficient to elucidate completely the
relationship between the chain microstructure and the mechanical
properties of the resins. Thus, an intensive understanding to chain
structure can be acquired via the determination of the differences
of tacticity distribution of these two polypropylenes. The related
information can be obtained via fractionation and subsequent
characterization of fractions by GPC, 13C NMR and DSC.
3.2. Fractionation results

Samples A and B are fractionated into six fractions, respectively,
according to a procedure stated in experimental part (fraction 1 to
fraction 6). Table 3 lists the fractionation results and meso triads
distribution of the fractions from 13C NMR results. The weight
fractions of the fractions are shown in Fig. 1. For both samples, the
major parts, i.e. fractions 4, 5 and 6, are collected above 100 �C.
Sample B has lower content of fractions above 100 �C (77.7 wt%)
than 80.9 wt% for sample A. We noticed that fraction at 118 �C, i.e.
A5 is 41.1 wt% while fraction above 118 �C B6 is 48.1 wt%.

As shown in Table 3, isotacticities and nm of the fractions
increase with the elution temperature for both samples. It should
be mentioned that the isotacticities and nm of the fractions from
sample B are lower than the corresponding fractions from sample
A, the tacticity differences between the corresponding fractions of
samples A and B indicate that the longest crystallizable sequences
have determined the fractionation.
Table 3
The fractionation results and meso triads distribution of the fractions.

Sample Temp.
(�C)

Fraction wt% mm mr rr nm nr

A RT A1 6.1 0.299 0.282 0.419 3.12 3.97
80 A2 5.3 0.628 0.138 0.234 10.1 4.39
100 A3 7.7 0.872 0.073 0.055 24.9 2.51
110 A4 16.4 0.943 0.039 0.018 49.4 1.92
118 A5 41.1 0.965 0.025 0.010 78.2 1.80
140 A6 23.4 0.986 0.011 0.003 180 1.55

B RT B1 6.4 0.248 0.299 0.453 2.66 4.03
80 B2 6.3 0.476 0.168 0.356 6.67 5.24
100 B3 9.6 0.844 0.078 0.076 22.6 2.95
110 B4 20.5 0.917 0.052 0.031 36.3 2.19
118 B5 9.1 0.933 0.046 0.021 41.6 1.91
140 B6 48.1 0.974 0.016 0.010 123 2.25
The observed pentad tacticities of the fractions are listed in
Table 4. The [mmmm] of A1 and B1 is 0.172 and 0.125, respectively.
The distribution of pentad tacticities in A1 and B1 are relatively
homogeneous, these results imply that both A1 and B1 are atactic
PP. The [mmmm] of fraction 2 is higher than that of fraction 1, but
still lower than 0.5. Both A6 and B6 contain highly isotactic PP
determined from [mmmm] (A6: 0.973, B6: 0.951) and small amount
of other pentads, such asmmmr,mmrr andmrrm, which fit a three-
site model [24,25], describing each fraction as a mixture of highly
isotactic, weakly isotactic and syndiotactic sequences. According to
such model, the fractions of samples A and B comprise the same
three components and differ merely in their relative amounts.
Fraction 1 has high content of weakly isotactic and syndiotactic
sequences and low content of highly isotactic sequences. From
fraction 1 to fraction 6, the content of highly isotactic sequences
increases meanwhile the content of weakly isotactic and syndio-
tactic sequences becomes lower.

Different fractions have different chain microstructures. The
fractions 1 and 2 with low isotacticity act as softening agent and
occupy 11.4 wt% and 12.7 wt% for samples A and B, respectively,
which definitely contribute to the toughness and lead to higher
impact strength than iPP. Fraction 3 (collected at 100 �C) has
a medium isotacticity (∼0.85). Fractions 4, 5 and 6 (collected above
100 �C) have higher isotacticity, the higher isotactic polypropylene
reveals higher flexural strength and flexural modulus due to
the higher crystallinity [26e28].

B1 and B2 has lower [mm] and nm than A1 and A2, respectively,
indicating that B1 and B2 contain more stereo-irregular sequences
distribution; and the content of B1 and B2 is higher than that of A1
and A2, respectively, which contributes to the higher impact
strength and lower flexural strength and flexural modulus of
sample B. In addition, sample B has lower content of 77.7 wt% for
above 100 �C fractions (B4, B5 and B6) than sample A of 80.9 wt%
(A4, A5 and A6), the isotacticities and nm of B4, B5 and B6 are lower
than the corresponding fractions from sample A, which should be
a key factor resulting in a lower flexural strength and flexural
modulus of sample B.

Fig. 2 shows the weight percent of fractions as a function of
isotacticity for samples A and B. It can be seen that both samples
exhibit different isotacticity distribution. Sample A has a unimodal
isotacticity distribution, and A5([mm] ¼ 0.965) has the highest
weight percent; there are two maximums in isotacticity distribu-
tion of sample B, and B6with highest isotacticity([mm]¼ 0.974) has
the highest weight percent. The tacticity distribution in sample B is
more heterogeneous than that in sample A, which should be
another key factor resulting in higher impact strength in sample B.



Table 4
Observed pentad tacticities of the fractions.

Fraction mmmm mmmr rmmr mmmr mmrm þ rmrr rmrm rrrr rrrm mrrm

A1 0.172 0.093 0.034 0.117 0.130 0.035 0.220 0.109 0.090
A2 0.482 0.119 0.027 0.078 0.044 0.016 0.134 0.049 0.051
A3 0.767 0.086 0.019 0.051 0.015 0.007 0.019 0.013 0.023
A4 0.879 0.050 0.014 0.028 0.008 0.003 0.005 0.005 0.008
A5 0.908 0.047 0.010 0.017 0.005 0.003 0.002 0.002 0.006
A6 0.973 0.013 e 0.007 0.004 e e e 0.003

B1 0.125 0.087 0.036 0.115 0.136 0.048 0.244 0.123 0.086
B2 0.361 0.091 0.024 0.083 0.060 0.025 0.238 0.070 0.048
B3 0.736 0.088 0.020 0.049 0.022 0.007 0.037 0.019 0.022
B4 0.808 0.072 0.037 0.027 0.018 0.007 0.012 0.007 0.012
B5 0.875 0.049 0.009 0.026 0.014 0.006 0.006 0.005 0.010
B6 0.932 0.019 0.023 0.016 e e e e 0.010
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3.3. GPC analysis

Fig. 3 shows the original samples along with the weight
normalization GPC curves of the fractions and their sums, distri-
bution of the smaller fraction (A1eA3 and B1eB3) are shown on
the right with a magnified scale. Table 5 lists the related molecular
weight data of the fractions. In Fig. 3, the sum of GPC curves of the
fractions is in good agreement with the GPC curves of unfractio-
nated samples, which suggests that the fractionation method used
in this work is definitely efficient. As shown in Fig. 3, the low
isotactic fractions have very broad MWD, such as fractions 2 and 3
have a bimodal MWD. For the high isotactic fractions, the MWD
become narrower, but for the last fraction (A6 and B6), the values
are still close to 4 (Table 5). The broad molecular weight distribu-
tion of the fractions of samples A and B indicate that all fractions
contain composition produced by different site types.

The Mw values of the fractions are shown in Fig. 4. It should be
mentioned that the fraction labeled as 140 �C is fraction 6, actually
it is insoluble fraction at 118 �C but soluble at 140 �C. For both
samples, Mw firstly decreases with increasing fractionation
temperature and the fraction at 100 �C (fraction 3) has the lowest
Mw, then Mw increases with increasing fractionation temperature
and the fraction at 140 �C (fraction 6) has the highest Mw. It is
clearly shown that these fractions are not separated according to
molar mass, only depending on their crystallization ability. The
fractions of sample B have higher Mw than the corresponding
fractions of sample A collected at the same temperature. For the
propylene homopolymer, increasing molecular weight offer
enhanced mechanical properties, particularly in toughness [29].
Increasing the molecular weight of the polymer causes a larger
amount of entanglements in the inter-lamellar and inter-spheru-
litic regions. This leads to the tendency of an enhanced stabilization
Fig. 2. Weight percent (%) as a function of tacticity (mm%) for samples A and B.
and extension of a crazed network with increasing molecular
weight, resulting in higher toughness [30]. Except for the iso-
tacticity distribution, the higher molecular weight of both sample
B and its fractions should be another key factor resulting in higher
impact strength in sample B finally.
3.4. DSC analysis and thermal fractionation

Table 6, Fig. 5 and Fig. 6 show the results of the thermal analysis
of the fractions. Fig. 5 shows that the melting temperatures of
fractions from samples A and B rise gradually with increasing frac-
tionation temperature. This indicates an increase of isotacticity and
length of isotactic sequences. The fractions of sample B have lower
Tm than the corresponding fractions of sample A collected at the
Fig. 3. Molecular weight distribution profiles of samples A (a) and B (b) with the
weighted distributions of the fractions and their sums. Distribution of the smaller
fraction (A1eA3 and B1eB3) are shown on the right with a magnified scale.



Table 5
The molecular weight data of the fractions.

Sample Fraction Temp.(�C) Mw (10�4) Mn (10�4) Mw/Mn

A A1 RT 12.1 1.22 9.90
A2 80 9.63 0.861 11.2
A3 100 6.50 1.42 4.58
A4 110 8.03 3.05 2.63
A5 118 24.7 7.96 3.11
A6 140 59.1 16.6 3.56

B B1 RT 32.0 3.78 8.48
B2 80 22.0 1.94 11.3
B3 100 12.9 1.90 6.78
B4 110 23.7 5.47 4.35
B5 118 29.2 6.28 4.66
B6 140 62.8 15.8 3.96

Table 6
DSC results from the fractions.

A B

Fraction Tm(�C) Cryst. (%) Fraction Tm(�C) Cryst. (%)

A1 e e B1 e e

A2 125.3 24.5 B2 121.7 17.0
A3 145.9 38.7 B3 143.8 34.0
A4 158.2 45.3 B4 158.1 39.4
A5 164.0 42.8 B5 160.6 40.7
A6 165.5 41.2 B6 164.1 39.7
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same fractionation temperature, indicating a lower isotacticity of
fractions from sample B, which was in accordance with 13C NMR
results.

In Fig. 6, the crystallinity of the fractions does not show
a monotonical increase with fractionation temperature, there is
a maximum in each plot. Definitely, the above result is very similar
to that obtained in TREF, which separates macromolecules
according to the longest crystallizable sequences [11,31e33]. The
crystallizable sequences in PP chains are the isotactic sequences.
For fractions of sample A collected at 110, 118, 140 �C (A4eA6) and
fractions of sample B collected at 118, 140 �C (B5 and B6), their
melting temperature of fractions increase slightly with fraction-
ation temperature, but the molecular weight of fractions increases
drastically. The decrease of crystallinity for these high molecular
weight fractions possibly comes from imperfection of crystalliza-
tion due to restricted mobility of very long chains in these fractions.
Fig. 6 also show that fractions of sample B showa lower crystallinity
than the corresponding fractions of sample A, resulting from lower
isotactic degrees and shorter isotactic sequence for sample B frac-
tions. B4, B5 and B6 with the higher isotacticity, have lower crys-
tallinity than the corresponding fractions of sample A, resulting in
a lower flexural strength and flexural modulus of sample B finally.

The SSA melting curves of the fractions of samples A and B are
presented in Fig. 7, except fraction 1 due to atactic PP without
detectable thermogram. Both fractions 2 and 3 show broad ther-
mograms with multiple melting peaks (the main melting peaks for
A2 locate at 121.6, 126.4, 131.6, 135.8 �C, and 121.7, 126.7, 131.1,
136.1 �C for B2; 144.9.148.0,152.5,157.3 �C for A3,141.6,147.4,152.7,
158.0 �C for B3), reflecting the fractions crystallized in successive
steps of SSA. The chains in one fraction can still contain a broad
intra-molecular crystallizable sequence distribution, which
explains the presence of multiple melting peaks. The broad melting
Fig. 4. Change of Mw of the fractions with fractionation temperatures.
curves also indicate that temperature rising dissolution fraction-
ation (TRDF) used in this work separated the fractions according to
the longest crystallizable sequences. The high isotactic fractions,
i.e., fraction 4, 5 and 6, show narrower thermograms which
contains only one or two clear peaks. For example, the main
melting peaks of A4, A5, A6, B4, B5, B6 locate at 168.9, 174.6, 175.4,
170.5, 170.7, 174.8 �C, respectively. The above narrow melting peaks
of the high isotactic fractions indicate that these fractions have
more homogeneous crystallizable sequence distribution.

Although the [mm] of A3 and B3 are higher than 0.8, their SSA
melting curves still show broad thermograms with multiple
melting peaks. Themainmelting peaks for A3 locate at 144.9. 148.0,
152.5, 157.3 �C for A3, 141.6, 147.4, 152.7, 158.0 �C for B3. This means
that A3 and B3 have relatively longer crystallizable sequences, but
the crystallizable sequences are irregular interrupted by the stereo-
irregular sequences. It had been found that the chains of interme-
diate crystallinity which melt at lower temperature possibly act as
tie molecules and help in holding together the crystallites in
different regions. Removing this material might result in a crystal-
linity increase, however, on application of a tensile load the energy
absorption mechanisms are not as strong as when fraction with
intermediate crystallinity is present [34e36]. Thus, A3 and B3 can
act as tie molecules that connect the crystal lamellae to improve the
toughness of samples.

The three-dimensional wire surface plots of the TRDF-GPC
cross-fractionation of samples A and B are shown in Fig. 8. Each
region on the surface gives the relative amount of species with
a given molecular weight and composition. Although only six
fractions are collected here, it still clearly shows the great hetero-
geneity and difference in the microstructure distribution of the
samples in both composition and molecular weight. Both samples
contain approximately 11e13 wt% fractions with low isotacticity, so
there is a tiny peak in the low temperature region (below 100 �C).
Definitely, low isotacticity contents improve the impact properties
Fig. 5. Change of melting temperatures of the fractions with fractionation
temperatures.



Fig. 6. Change of crystallinity of the fractions with fractionation temperatures.
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of both sample A and B as shown in Table 1. As shown in Fig. 8, the
main differences in microstructure distribution are caused by
fraction 5 (118 �C) and fraction 6 (above 118 �C). The weight percent
of A5 is 41.1%, which is almost five times higher than that B5 of 9.1%.
The weight percent of B6 is 48.1%, which is almost twice than A6 of
23.4%. As a result, sample B exhibits three peaks clearly. GPC results
have shown that the fractions of sample B have higherMw than the
corresponding fractions of sample A collected at the same
temperature. These results indicate that heterogeneous isotacticity
distribution accompanied with high molecular weight contributes
to the better toughness of sample B.
Fig. 7. SSA melting curves of the fractions of samples A(a) and B (b).

Fig. 8. The 3D Wire Surface plots of the fractionation-GPC analysis of samples A (a)
and B (b).
4. Conclusions

Two polypropylene homopolymers, samples A and B, synthe-
sized with heterogeneous ZieglereNatta catalysts, exhibit good
impact properties at low temperature, particularly sample B has
better performance. These two samples were fractionated into six
fractions via a simple fractionation method, i.e. temperature rising
dissolution fractionation (TRDF), respectively. Definitely, the TRDF
used in this work fractionates the polypropylene samples according
to the longest crystallizable sequence length similar to temperature
rising elution fractionation (TREF).

Fraction 1 (room-temperature fraction) is atactic PP, which is
approximately to be random ethyleneepropylene copolymer (EPR)
in PP/EPR in-reactor alloys. Fraction 2 (fraction at 80 �C) has low
isotacticity. Increasing fractionation temperature leads to a high
isotacticity. Absolutely, fraction 1 and 2 with 11e13 wt% serve as
toughening agent like EPR or elastomers in resins and lead to
higher impact strength than iPP. Fraction 3 (collected at 100 �C) has
a medium isotacticity (∼0.85), which can act as tie molecules that
connect the crystal lamellae to improve the toughness of samples.
Fractions 4, 5 and 6 (collected above 100 �C) have higher
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isotacticity, the higher isotactic polypropylene contributes to
higher flexural strength and flexural modulus due to the higher
crystallinity.

On theotherhand, twosamples exhibit somedifference.13CNMR
and DSC analysis of the fractions has clearly shown that fractions of
sample B have lower isotacticity and crystallinity than the corre-
sponding fractions of sample A. The lower isotacticity and crystal-
linity of fractions in sample B should be one key factor resulting in
better toughness. On the other side, the fractions of sample B have
highermolecularweight than the corresponding fractions of sample
A collected at the same temperature, which should be another key
factor leading to better toughness of sample B.

Definitely, both higher molecular weight and heterogeneity of
inter- and intra- molecular isotacticity distribution are helpful to
improve the toughness of polypropylene homopolymer with high
isotacticity and adjust the balance between the stiffness and
toughness finally in the resins. Possibly, it provides another
approach to get impact polypropylene resins.
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a b s t r a c t

A series of bimodal polyethylenes with different molecular weight distribution characteristics were
prepared by melt blending, and the fracture behavior of these bimodal polyethylenes was studied by the
method of essential work of fracture. The results show that specific essential work of fracture, we,
increases obviously with the molecular weight distribution characteristic, AL/U, indicating the improve-
ment of the resistance to crack propagation. By means of successive self-nucleation and annealing
analysis, obvious variations in the crystal structures of bimodal polyethylenes with increasing AL/U have
been found. That is, the crystal size and the amount of relatively thick lamellas increase with AL/U, but no
large variation of crystallinities has been observed. So, the influence of AL/U is mainly on the crystal
perfection, the improvement of which produces an enhancement of fracture toughness since more
energy would be dissipated in the superior network structure constructed from crystalline zones and
amorphous zones.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Since the application of polyethylene (PE) in pipes over 40 years
ago, more and more attention has been paid to reach even higher
performance standards. Numerous novel polymerization technol-
ogies have been developed in order to tailor the architecture of PE
to obtain materials with higher properties [1,2]. It is well known
that the mechanical properties of PE are usually influenced by
molecular weight (Mw) and molecular weight distribution (MWD),
as well as other microstructural features, such as the comonomer
type, comonomer content, short chain branch (SCB) and its length
etc. [3e7].

As for Mw, unimodal polyethylenes made by traditional cata-
lysts have conflicts between their mechanical properties and pro-
cessing behaviors, that is, improving mechanical performances by
increasing Mw usually deteriorates the processing properties
owing to high melt viscosity. Recently, based on metallocene
catalysts, some novel synthetic techniques have been developed to
produce bimodal polyethylene (BPE) with particular double peaks
in the MWD curve. The bimodal material consisted of both high
molecular weight fraction and low molecular weight fraction
provides more balanced performances to processing and mechan-
ical behaviors, because the high molecular weight fraction brings
4.

All rights reserved.
excellent mechanical properties and the low molecular weight
fraction allows the melt to flow easily.

The BPEs with different MWD characteristics (such as peak
position and peak height) show great variations in their properties,
which are controlled by both the catalysts and the process [8e12].
Obviously, the understanding of the relationship between MWD
and properties of BPE has great value and significance for its
preparation and application. Some researchers [7,13,14] have
already studied the melting behaviors and crystallization kinetics
of BPE with different Mw and Mw/Mn. DesLauriers et al. [10] used
some BPE pipe resins with different Mw and Mw/Mn to compare
their yielding stress, tensile strength and rheology parameters.
However, there are few reports particularly focusing on how the
fracture behaviors of BPE are influenced by theMWD characteristic.

Usually single stage process, two stage cascade polymerization
process and melt mixing are used to produce BPE, and in essence,
two kinds of polyethylenes with different Mw and MWDs are
mixed together using these methods [15,16]. Some literatures
[2,7,17] have reported that the high molecular weight fraction of
BPE usually consists of a-olefin copolymers and the low molecular
weight fraction is generally homopolymer. For the benefits of
preparing BPE samples with desired MWDs, we used melt blending
method to prepare samples due to the difficulty in obtaining BPEs
with regular variable MWDs from commercial channels. So
a homo-polyethylene was used to blend with a commercial BPE.
The samples made by this procedure have the same double peak
positions but different peak heights in their MWD curves. In this

mailto:xiebangh@tom.com
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
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study the influences of bimodal characteristic on the fracture
behaviors of BPE will be discussed.

In the industrial practice, after a long period of service, brittle
fracture can be observed for many PEs although under loads well
below their yield stress [18,19]. Usually common PEs used for
pressure pipes have defects such as low environmental stress
cracking resistance and lack of the ability to stop the crack effec-
tively, which may cause severe economic and environmental losses
by leakage. Considerable efforts have been paid to study the
influences of structural factors, including Mw, SCB content, length
of SCB and distribution of SCB, on the fracture behaviors and long
term properties of materials [20e28]. Undoubtedly, evaluation of
the cracking resistance of BPE is especially important for its
application as pressure pipes. In this article, one available method,
namely essential work of fracture (EWF) has been used to assess the
BPEs’ fracture toughness. This method has been developed greatly
and become much attractive in evaluating the fracture behavior of
ductile polymers, particularly due to its validity and ease of
implementation [29e37]. Meanwhile, based on the successive self-
nucleation and annealing analysis (SSA), the reason for the varied
fracture behaviors of BPEs with different bimodal characteristics
was discussed and the underlying mechanism was elucidated
reasonably.

2. Experimental

2.1. Materials and sample preparation

Two kinds of parent polymers named bimodal PE100 (Shanghai
Petrochemical Co.; r ¼ 0.949 g/cm3, Mw ¼ 5.9 � 105 g/mol) and
unimodal PE2911 (Fushun Petrochemical Co.; r ¼ 0.960 g/cm3;
Mw ¼ 1.7 � 105 g/mol, Mw=Mn ¼ 4:18) were used in this paper.
The samples were prepared by blending PE100 and PE2911with the
mass ratio of 100/0, 92/8 and 84/16 in a TSSJ-25 co-rotating twin
screw extruder twice, L/D ¼ 33. and they were labeled as S1, S2 and
S3, respectively. The temperature profiles were 130 �C, 160 �C,
180 �C, 210 �C, 210 �C, 205 �C for the feed zone, the compression
zone, the metering zone, the exhaust zone and the pumping zone,
respectively.

2.2. GPC

The MWD curves of all samples were obtained by GPC (Model
PL-GPC 220, UK) using 1,2,4-trichlorobenzene (TCB) as a solvent at
160 �C. The calibration of the data was conducted using standard
polystyrene samples.

2.3. Dynamic rheological test

The samples were melt-pressed at 200 �C into 25 mm � 1 mm
circular disks. Dynamic frequency sweeps were performed over the
0.01e100 Hz at 220 �C and 1% strain, using Rheometer System
Gemini 200 with the parallel mode.

2.4. EWF tests

The pellets were compression-molded into sheets about 0.5 mm
thickness at 220 �C and 10 MPa, and then DENT specimens
(length � width ¼ 100 mm � 35 mm) were cut from the sheets.
The sharp pre-cracks on both sides of the specimens were made
perpendicularly to the tensile direction with a fresh razor blade.
The ligament lengths and the thickness were measured using
a microscope and a vernier caliper before the tensile tests. At least
20 DENT specimens with different ligament lengths were needed
for each sample. The EWF tests were conducted on an Instron 4302
universal testing machine equipped with a 500 N load cell at
a crosshead speed of 5 mm/min, and the test temperature was
23 � 2 �C. The loadedisplacement curves were recorded and the
total absorbed energy was calculated by computer integration of
the loading curves.

2.5. Differential scanning calorimetry (DSC) experiments

The calorimetric experiments were performed in TA Q20 DSC
calibratedwith indium. All the following DSC scanswere conducted
in a nitrogen atmosphere with both cooling rate and heating rate of
10 �C/min. Samples of about 5 mg were used for the tests.

Common DSC tests: The samples were first melted at 160 �C for
5 min to erase previous thermal history, then cooled to 40 �C to
obtain cooling curves and heated to 160 �C again to record the
melting curves.

SSA thermal fractionation: Aftermelting the samples at 160 �C for
5 min to erase previous thermal history, a “standard” thermal
history was created by cooling them down to 40 �C; then heating
the samples to the first self-nucleation temperature 132 �C and
holding 5 min for isothermal crystallization. After that, the samples
were cooled down to 40 �C, and were heated once again to the
second self-nucleation temperature 127 �C and after 5 min
isothermal procedure cooling the samples down to 40 �C. This
cyclic procedure was repeated 6 times, and each self-nucleation
annealing temperature was 5 �C lower than the previous one.
Finally, SSA fractionation curves were obtained by melting the
samples to 160 �C at 10 �C/min.

3. Results and discussion

3.1. MWD characteristic and compatibility

Fig. 1a presents the MWD curves of BPE samples S1eS3 prepared
by blending unmodal PE2911 and bimodal PE100. As can be seen,
the relative intensities of the two peaks in the GPC MWD curves
vary regularly. The average molecular weight, Mw, and molecular
weight distribution width, Mw=Mn, are listed in Table 1. It is seen
that the Mw does not show obvious variation and the decrease of
Mw=Mn is also slight. The main differences exist in the intensities
of the upper (the high molecular weight fraction) and lower (the
low molecular weight fraction) peaks. The upper peaks descend
and the lower peaks ascend regularly from the sample S1 to S3,
while their positions in transverse axis almost keep the same. So, by
using Gaussian Fit Multi-peaks, each of these MWD curves in Fig. 1a
can be fitted by a superposition of two normal distributed Gaussian
components, both of which are distinct unimodal curves (Fig. 1b
and c). The peaks of MWD curves in Fig. 1b and c are respectively
located in log Mw ¼ 6.05 and log Mw ¼ 4.97. For these BPEs, the
curves in Fig. 1b reflect the change of the content of upper peak
fraction (UPF, the high molecular weight fraction) and the curves in
Fig. 1c are related to the lower peak fraction (LPF, the lowmolecular
weight fraction) correspondingly.

As also can be indicated from Fig. 1, the content of UPF (area
under corresponding curves in Fig. 1b) decreases but the content of
LPF (area under corresponding curves in Fig. 1c) increases in
sequence from S1 to S3. Obviously, for the BPEs prepared in this
work, the ratio of the content of LPF and UPF, shown as the ratio of
the area under corresponding unimodal curves (marked as AL/U),
can be regarded as the characteristic value of bimodal distribution.
The results of AL/U are also listed in Table 1 in order to conveniently
discuss the influences of bimodal characteristic values on the
properties of BPE in the following sections.

Before other studies, it is necessary to verify the compatibility of
the prepared blends. Usually, there are many ways to estimate the



Fig. 2. The composition dependence of complex viscosity h* for the BPEs at different
frequency. (The solid lines represent the additive h* of S1 and PE2911 according to the
additivity law).

Fig. 1. MWD curves of BPE samples. a, the experimental MWD curves of BPEs; b and c,
the upper and lower MWD curves after peak division process by Gaussian Fit Multi-
peaks.
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compatibility of PE blends, such as rheological behaviors
(ColeeCole curve, Han curve and additivity law of viscosity, etc.)
and thermodynamic properties [3,38e40]. In this work, we give the
dynamic rheological results to show the compatibility of the
prepared BPE blends. In Fig. 2, the complex viscosity (h*) values
versus weight fraction of PE2911 in the blends are plotted at
different frequencies for BPEs. For partially miscible or immiscible
blends, h* versus composition curve may exhibit positive or
negative deviation from linearity owing to phase separation [41,42].
Fig. 2 indicates that h* of the BPEs shows good linearity with the
increase of PE2911 at different frequencies, and the values are very
close to those calculated viscosities according to the additivity law,
Table 1
The molecular weight parameters and characteristic values of BPE samples.

Sample Mw (g/mol) Mw=Mn AL/U

S1 589,000 28.2 4.15
S2 550,000 25.5 8.48
S3 525,000 23.0 11.14
demonstrating the good miscibility of the BPE blends. Additional
discussion on the crystallization behaviors related to miscibility
will also be involved in Section. 3.3.

3.2. Fracture behavior

According to the essential work of fracture (EWF) theory, the
total work of fracture (Wf) is composed of the essential work
required to fracture the polymer in its process zone (We) and the
plastic work consumed by various deformation mechanisms in the
plastic zone (Wp). We is surface-related, whereas Wp is volume-
related. Wf can be written by the related specific work terms:

Wf ¼ We þWp ¼ wetlþ bwptl2 (1)

wf ¼ Wf=tl ¼ we þ bwpl (2)

where wf, we and wp represent the specific total work of fracture,
specific essential work and specific non-essential or plastic work
respectively, and l is the ligament length, t thickness of the spec-
imen and b a shape factor related to the form of the plastic zone.
Provided that bwp is a constant independent of l,we and bwp can be
easily determined respectively by reading the ordinate intercept
and the slope of the linear plot wf vs l.

The loadedisplacement curves of DENT specimens for the three
BPEs with different ligament lengths are presented in Fig. 3. We
could see that all curves showed good self-similarity and the slight
increase of load in the beginning caused the fast increase of
displacement, the procedure of which was called linear elastic
zone. With continuing rise of the load, the materials reached
yielding point, afterwards the load decreased suddenly and the
ligaments yielded and began necking. After the complete necking,
cracks emerged and started to grow stably until the DENT speci-
mens were destroyed. From the appearance and the phenomena
during the whole fracture process, all fracture tests met the
prerequisites of EWF tests [30,32,43,44].

The linear relationships between wf and l of different BPEs are
shown in Fig. 4. For these samples, the wfel linear relationships are
very good and the linear regression coefficients, R2, are all over 0.97.
we is obtained by extrapolating the wfel curve to l ¼ 0 and bwp is
determined by the slope of the line. The values of we and bwp of all
BPEs are listed in Table 2.



Fig. 3. Loadedisplacement curves of different BPEs in EWF tests.

Fig. 4. Wfel curves of different BPEs.

Table 2
Fracture parameters of different BPEs obtained from EWF tests.

Sample AL/U we(kJ/m2) bwp(kJ/m3) R2

S1 4.15 28.62 14.13 0.984
S2 8.48 35.41 12.88 0.971
S3 11.14 36.23 12.81 0.978
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As can be seen from Table 2, the specific essential work of
fracture, we, is the least when AL/U is 4.15, revealing that S1 has
smaller fracture toughness or lower ability to resist crack propa-
gation. With the increases of AL/U, we gets larger gradually and the
largest increasing extent is near 27%. When AL/U increases from 4.15
to 8.48, we of S2 is much larger than that of S1, and the increasing
range is close to 25%, indicating that the resistance of crack prop-
agation increases significantly. Although we increases further until
AL/U reaches 11.14, the range of increase becomes smaller (only
about 1 kJ/m2). This phenomenon probably indicates that the trend
of improved resistance to crack propagation might be weakened
gradually with increasing AL/U.

For the specific plastic work, S1 has relatively large bwp. With
increasing AL/U, the bwp values of BPEs decrease for a certain
degree, which implies that the ability of resisting plastic defor-
mation decreases. However, the decreased trend of bwp is not
obvious when the AL/U increases gradually to 11.14. This decrease
from S2 to S3 is so slight that the work consumed in plastic defor-
mation can be considered practically unchanged.

These two EWF parameters (we and bwp) usually display
different or even opposite varying tendencies, that is to say, one of
them increases and the other will decrease. As has been declared in
some literatures [45,46], we is the energy necessary to create new
surfaces, and it is actually the work done to separate physically the
material into two parts. bwp includes a sum of plastic deformation
mechanisms that occur around the fracture path (but out of it). In
all, the influence of AL/U on bwp is not significant, whereas the effect
of AL/U on we is great. So the improvement in we owing to the
increased AL/U has great significance for BPE materials to enhance
the resistance of crack propagation.

Some literatures [33,47] have reported that we of materials
increases with Mw, which is generally recognized as the increase of
entanglements among the molecular chains. However, what
surprises us is that the increase in the content of LPF causes the
reduction of Mw (see Table 1) while a great increase in fracture
toughness, although the average molecular weight of LPF is not
very low. Actually, the crack propagation in BPE could be intimately
related to the morphology evolution during the sample prepara-
tion, which determines the crystal size, the relative fractions
between crystalline and amorphous zones, as well as the amount of
tie molecules between crystal lamellas. In this regard, the variation
in the phase structures of different BPEs will show difference in
their thermal behaviors, from which we may get the fundamental
difference of BPEs to find the relationship between fracture
toughness and phase structures.
3.3. Crystallization behavior

3.3.1. Common DSC analysis
In common DSC tests, each BPE sample shows a single melting

peak in the heating scan, and the corresponding parameters are
listed in Table 3. In the range of these MWDs, the melting peak
temperatures (Tm) have a small upward trend with the increased
AL/U values. The Tm of S3 with the largest AL/U is only about 1 �C
higher than that of S1; meanwhile the half peak width (DWm) of the
melting peaks also displays a slight increase with AL/U. With more



Table 3
The crystallization parameters of BPEs in common DSC tests.

Sample Tm (�C) DWm (�C) Xc

S1 130.31 7.17 0.5932
S2 130.59 7.23 0.6038
S3 131.38 8.49 0.6259

Fig. 5. DSC melting curve of S2 after SSA thermal fractionation. (The solid curve d

original DSC melting curve. The dot curves d separated fractionations obtained from
peak division process by Gaussian Fit Multi-peaks).
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LPF, in addition, a certain extent of increase can been found in the
crystallinity (Xc), the maximum increase of which is about 0.03 (the
corresponding increasing percentage is near 5%).

In a word, increasing AL/U shows small amplitude of variation in
the melting behaviors of BPEs, which is not obvious enough to
explain the improvement of fracture toughness. In order to thor-
oughlyexplore the reason for improved fracture toughnesswithAL/U,
more in-depth analyses are required.

3.3.2. Successive self-nucleation annealing (SSA) analysis
The aggregated structures of semi-crystallized polymers, such

as PE and PP, directly determine the service performances. So,
investigation on the morphology of semi-crystalline polymers is
propitious to understand and control the changes in properties.
Successive self-nucleation and annealing (SSA) method, developed
by Fillon et al [48e50]., has beenwidely used in analyzing the chain
structures of semi-crystalline polymers. The SSA approach
enhances the molecular fractionation which can occur during
crystallization at each stage of the process, meanwhile encourages
annealing of the unmelted crystals, so that small thermal effects
can be magnified after SSA treatments [48,51].

The basic principle of SSA thermal fractionation is that crystal-
lization temperature of the chain segment relies on the methylene
sequence length (MSL) since longer methylene chain segments will
easily arrange themselves into crystal lattice to form thicker
lamellas at higher temperatures. That is to say, the presence of
branched or cross-linked points destroys the regularity of methy-
lene sequences and makes the crystals have less perfection. Thus
the formation of thick lamellar becomes difficult. After SSA thermal
fractionation, the lamellas with different thickness will develop
a distribution of melting peaks in the final DSC heating scan, from
which plenty of information about the structure of materials may
be known. Compared with other fractionation techniques, such as
temperature rising elution fractionation (TREF), crystallization
analysis fractionation (CRYSTAF) and step crystallization (SC), SSA
exhibits a leading advantage that is performed with non-solvent,
higher resolution and shorter experimental time [52e55].

Fig. 5 is the typical DSC heating curve of BPE after SSA thermal
fractionation (S2 as an example). We can see that there are six
separate melting peaks located at the corresponding annealing
temperatures. The method ‘Gaussian fitting multi-peaks’ is applied
to separate the curve to six distinct peaks (the dot lines), from
which the thickness and the content of different lamella fraction-
ations can be calculated by the peak temperatures and the area
under corresponding curves, respectively [48,52,56].

The SSA fractionation curves of all BPEs as well as PE2911 are
presented in Fig. 6a. As can be seen, themost important difference is
that PE2911 has only one melting peak after the same SSA proce-
dures compared with BPEs. Moreover, the peak temperature (about
135 �C) of PE2911 is much higher than that of other samples. This is
related to the chain structure of homopolymer PE2911 (having
longer and more successive methylene chain segments with negli-
gible branching). The SSA results of PE100 (S1), PE2911 and their
theoretical blends (named ‘unmixed’ blends that constructed from
the weighted mathematical average of the DSC scans of the parent
polymers) are shown in Fig. 6b. For the theoretical weighted curves,
each peak temperature corresponding to that of S1 shows no
variation, as clearly demonstrated by the vertical dot lines con-
necting the peaks. However, an obvious bulge around 135 �C (higher
than the highest peak temperature of S1) appears and tends to be
more evident with the increase of PE2911 in the theoretical curves.
The superfluous peaks indicate the separate crystallization of
PE2911 and PE100 in the theoretical blends. But the practical SSA
fractionation curves in Fig. 6a have no superfluous peaks around
135 �C, which implies PE2911 co-crystallizes with PE100 by way of
increasing LPF. This similar co-crystallization behavior has been
reported byArnal et al. [40] in the studyof LLDPE/HDPE (ethylene-1-
butene copolymer) blend system. Another evident phenomenon in
Fig. 6a is that, for S2 and S3, each endothermic peak corresponding to
that of S1 shifts to a higher temperature with increasing AL/H,
particularly for the highest peaks (shownby the dot line). Thereby, it
is clear that the addition of PE2911 significantly has changed the
crystalline morphology of materials.

The fractionated samples clearly exhibit a series of melting
peaks that correspond to the melting of crystallites with different
lamellar thickness. For better comparison and analysis of the effects
of increasing AL/U on the crystalline structures of BPEs, Thom-
soneGibbs equation [54,57] can be used to establish a correlation
between melting temperature and lamellar thickness as given in
the following equation:

L ¼ 2sT0m =DHv

�
T0m � Tm

�
(3)

According to this equation, higher melting temperature represents
the formation of thicker crystal lamellas. Each peak temperature
Tmi in the SSA results can be transformed to lamellar thickness Li
via this equation. As reported by Starck [57], the values of the
constants in Eq. (3) are the followings: s, lamellar surface free
energy (0.07 J m�2), DHv, melting enthalpy of the lamella with
infinite thickness (288 � 106 J m�3), T0m, equilibrium melting point
(414.5 K).

We list the crystal lamellar thickness (Li) corresponding to the
six melting peak temperatures (Tmi) for the samples in Table 4.
Obviously, for all BPE samples, the lamellar thickness correspond-
ing to the lower Tmi of SSA curves in Fig. 6a shows almost no
difference (peak 3e6).

Actually, the lamellar thickness corresponding to peak 2, L2,
increases only over 1 nm from S1 to S3, while L1 increases
remarkably with AL/U and the increasing percentage of which is as
large as 30%. This increasing trend is nearly in proportion to AL/U.



Fig. 6. DSC heating curves of BPEs and PE2911 after SSA thermal fractionation: (a) practical melt mixed sample; (b) theoretical ‘unmixed sample’.

Table 5
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So it may be concluded that the obvious increase in the thickness of
the lamellas corresponding to peak 1 and peak 2 (lamellas with the
thickness over 12 nm, called thick lamellas here) is the main vari-
ation in aggregated structures, which has positive effects on the
fracture toughness of BPEs.

In addition, from the area (enthalpy) under each peak, the
crystallinity of corresponding crystal lamella fractionation in the
whole material can be calculated. The total crystallinity and the 6
crystallinities corresponding to each melting peaks under SSA
curves are listed in Table 5. Compared with the results from
common DSC tests, the total crystallinity of each BPE sample after
SSA is larger (about 0.032), although the increasing extent from S1
to S3 is almost the same (5%). This similar varying trend in crys-
tallinity indicates that both of the two tests show similar results in
evaluating the crystallinity of materials. From Table 5, it can also be
found that the crystallinity corresponding to lamellas under peak 3
changes a little with increasing AL/U, and almost no significant
variation in crystallinity corresponding to lamellas under peak 4 to
peak 6 is observed. All these four parts of lamellas only contribute
to about 1/4 of the total crystallinity of each BPE sample, revealing
that these thin crystal lamellas have no obvious influence on the
properties of BPEs with increasing AL/U. However, for the thick
lamellas corresponding to lamellas at peak 1 and peak 2, their
contribution to the total crystallinity is about 3/4. The crystallinity
increases obviously (more than 11%, almost two times of the
changing extent of total crystallinity) with the content of PE2911 in
the blends or AL/U, although the crystallinity of thick lamellas
changes differently and irregularly. This change is resulted from the
slight decrease of the small quantity of thin crystal lamellas and the
increase of total crystallinity.

Combining both Tables 4 and 5, it can be seen that the larger AL/U
value (or content of LPF) is, the thicker and larger amount of thick
Table 4
The lamellar thickness (Li) corresponding to Tmi of different crystal fractions of BPEs
after SSA fractionation.

Sample L1(nm) L2(nm) L3(nm) L4(nm) L5(nm) L6(nm)

S1 20.21 16.00 10.11 7.98 6.51 5.58
S2 23.59 15.93 10.42 8.10 6.61 5.61
S3 26.24 17.15 10.48 8.10 6.61 5.59
lamellas will form in BPEs after the same SSA thermal treatments.
This is because the addition of homopolymer PE2911 facilitates the
formation of thick lamellas when the longer methylene chain
segments in PE2911 co-crystallize with the molecular chains of S1.
During this co-crystallization, the more regular chain segments in
PE2911 drive more chains into crystal lattice to form thicker
lamellas. This apparent variation in the crystalline structure would
affect the properties of BPE samples greatly.

There may be a doubt that the crystallization conditions in SSA
treatments are different from those used to prepare specimens for
EWF test, which will induce different crystal parameters for
samples under both conditions. However, from the results of SSA,
the tendency or ability of crystallization can be reflected definitely
for the BPE samples. The superior crystalline ability of BPEs with
larger AL/U implies that more thick lamellas will also form during
the preparation of DENT specimens. A certain amount of increase in
Tm and Xc (see Table 3) also reflects this tendency although the
conditions for sample preparation are not sufficient enough to form
more perfect crystals as those in the SSA treatments. As a matter of
fact, these phenomena reveal the nature of material. So the
improvement of fracture toughness, we, with increasing AL/U is
probably caused by the formation of the thicker and larger amount
of thick lamellas.

Generally, the mechanical behaviors of semi-crystalline poly-
mers are dependent upon both the amorphous and crystalline
phases and their interactions [58]. To reveal the effect of amorphous
and crystalline phases on the fracture behaviors of semi-crystalline
polymers, the method of annealing to vary their crystallinityvisibly
was generally adopted. For instance, Viana et al. [58] used heat
The crystallinity Xc of each corresponding melting peak after SSA treatment for
all BPEs.

Xc1
a Xc2

a Xc3
a Xc4

a Xc5
a Xc6

a Total
Xc

Xc of all
lamellas
<12 nm

Xc of all
lamellas
>12 nm

S1 0.188 0.272 0.050 0.036 0.010 0.070 0.625 0.165 0.460
S2 0.276 0.197 0.052 0.032 0.009 0.070 0.636 0.163 0.473
S3 0.273 0.239 0.037 0.037 0.008 0.066 0.659 0.147 0.512

a Xci means the crystallinity of the melting peak of number i corresponding to
Fig. 5.
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shrinkable films as a model to study the influence of annealing on
the mechanical properties including fracture behaviors. Ferrer-
Balas et al. [46] studied the fracture behavior of iPP films suffered
annealing at different temperatures and reported that an increase of
we accompanying a decrease of bwp was induced by higher
annealing temperatures as the crystal perfection (crystallinity)
improved a lot. Mouzakis et al. [59] used three types of elastomeric
polypropylene (ELPP) with different length of stereoregular chain
segments to study the variation of EWF parameters, and found that
we increased with crystallinity, whereas in respect to bwp an
opposite tendency was found. All of these results can be reasonably
explained by the viewpoint proposed by Karger-Kocsis [60], that is,
the toughness of semi-crystalline polymers depends on the crys-
tallinity. On the one hand, the crystal perfection (including the
crystallinity, lamellar size, etc.) increases, the toughness of the bulk
crystals improves because destroying these crystals needs more
energy consumption; on the other hand, however, an increase in the
crystal perfection by raising the crystallinity may reducing the
number of tie molecules, which act as stress-transfer units between
the crystalline zones. It has been elucidated that the toughness of
materials decreased obviously when the crystallinity overcome
a threshold due to the lack of tie molecules [46].

It should be noted that, compared with the highly improved
crystallinity in their results, the improvement in crystallinity of our
BPE samples is not so great. So, in our samples, the amorphous zones
decrease little and we may speculate that the number of tie mole-
cules does not vary greatly. Based on these analyses, a reasonable
explanation for the greatly improved fracture toughness is as
follows. Increasing AL/U of the BPE samples causes a remarkable
increase in thickness and amount of thick lamellas, which induces
the materials to be fractured with more energy consumption,
whereas the contribution of amorphous zones (including tie mole-
cules) has no obvious change. In a word, improvement of crystal
perfection can increase the dissipative work of BPE samples during
the ductile fracture. This indicates the increase in resistance of crack
propagation. presented as the improved we, though this range of
increase probably exists a limit when AL/U reaches a certain extent.
4. Conclusion

It has been demonstrated that the MWD characteristic param-
eter (AL/U, the ratio of LPF to UPF) effectively influences the prop-
erties of BPEmaterials, especially the fracture toughness. Increasing
the value of AL/U leads to obvious improvement of the fracture
toughness we, namely, the enhancement of resistance to crack
propagation.

As verified by SSA fractionation, the crystal perfection of BPEs is
intensely affected by AL/U. With AL/U increasing, the thickness and
amount of thick lamellas increase while the total crystallinity of the
BPEs does not vary greatly. This improvement in crystal perfection
produces an enhancement of fracture toughness since more energy
will be dissipated in the superior network structure constructed by
thick lamellas and tie molecules when the material is suffered
fracture deformation.
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a b s t r a c t

Arresting of segmental mobility in polymer systems on cooling from the melt was simulated by means of
the Bond Fluctuation Model. In order to represent the behaviour of the system, three potentials were
included: a LennardeJones potential, a bond length potential and a bond angle potential. The effect of the
bond angle and bond length potential combination is to stretch the chains, while the LennardeJones
potential leads to a lack of free volume which appears when temperature decreases. So, when a cooling
ramp is applied, depending on the balance of these potentials, the system shows a transition in which
molecules densely pack or, on the contrary, remains amorphous. Therefore, the choice in the weighting of
these three potentials is a key point to simulate a physical system by using the Bond Fluctuation Model.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer chains adopt at a high temperature random coil
conformations in an equilibrium liquid state characterized with
a high segmental mobility. On cooling, chains may order in a crystal
lattice provided they are regular enough to allow crystal packing.
Only a part of the polymer mass crystallizes from the melt, and the
term semicrystalline is normally used to refer to the situation in
which polymer crystals coexist with amorphous or liquid-like
chains which retain the conformational mobility characteristic of
the liquid state. Crystallization takes place with a certain under-
cooling with respect to equilibriummelting temperature due to the
thermodynamic requirements for the formation of stable crystal
nuclei that allow further crystal growth. Nucleation and crystal
growth are kinetic-controlled processes and, as a consequence,
process parameters such as cooling rate or annealing times or
temperatures determine crystal size distribution or crystal fraction.
The non-crystallized or amorphous fraction vitrifies on further
cooling when glass transition takes place yielding an out of equi-
librium glass with arrested segmental mobility at low tempera-
tures. Nevertheless the amorphous glass, even with restricted
þ34 963879896.
teo).

All rights reserved.
mobility, continuously evolves at temperatures below the glass
transition reducing specific volume, enthalpy or entropy approa-
ching an equilibrium state in a process that has been called struc-
tural relaxation or physical ageing.

In previous papers [1,2], we have studied the simulation of
this complex behaviour using Bond Fluctuation Model (BFM) [3].
Computer simulation using a coarse grained model can help
understanding the importance of physical factors such as chain
connectivity, flexibility or inter and intra-molecular interactions on
the competition between crystallization and vitrification in poly-
mer systems, independently of the details of the chemical structure
of the polymer. The dynamics of BFM can be governed by an inter-
molecular LennardeJones potential and intra-molecular bond
angle and bond length potentials while temperature appears
through theMetropolis criterium that determines the probability of
accepting a segmental motion that implies an increase in the
energy of the system [4]. In this work we focus on the role of
bond angle potential in the tendency of polymer chains to pack in
a crystal order. The hypothesis is that the combination of a low
energy of bond angles corresponding to the fully extended chain
and a LennardeJones inter-molecular potential could yield crystal
packing similar to that of n-alkanes, with extended parallel chains.
The question that arises is if molecular mobility at the crystalliza-
tion temperatures will be enough to allow chain extension in
a polymer in bulk.

mailto:jmmateo@fis.upv.es
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.12.002
http://dx.doi.org/10.1016/j.polymer.2010.12.002
http://dx.doi.org/10.1016/j.polymer.2010.12.002


Table 1
Energy parameters used for simulations. In systems AeF, the bond angle potential
was increasedwhile the value of U0 was kept 9 times higher than that of 3. In systems
GeI, the LennardeJones potential was increased while the bond angle one was kept
constant. The sum of the three parameters was always kept constant at 1. The
combinations were labelled in order to reference them easily.

System 3 U0 V0

A 0.1 0.9 0.0
B 0.09 0.81 0.1
C 0.08 0.72 0.2
D 0.07 0.63 0.3
E 0.06 0.54 0.4
F 0.05 0.45 0.5
G 0.10 0.50 0.4
H 0.15 0.45 0.4
I 0.30 0.30 0.4

J. Molina-Mateo et al. / Polymer 52 (2011) 571e576572
2. Simulations

The Bond FluctuationModel is one of the most widely employed
Monte Carlo models to simulate polymeric materials [3e8]. It
consists of a cubic lattice where each monomeric group (repre-
senting three to five carbon atoms of the polymeric chain) occupies
eight cells forming a cube. The length of the bonds between
monomeric groups can fluctuate between 2 and

ffiffiffiffiffiffi
10

p
(distance

ffiffiffi
8

p

is not allowed in order to avoid bond crossing [5,9]).
The simulation steps consist of choosing randomly a monomeric

group and one of the six possible directions of movement. If the
resulting distances for the involved bonds are allowed by the
model and the volume exclusion is respected then the movement is
considered as geometrically viable. Finally the movement is per-
formed with the probability of the Metropolis criterion [5]:

P ¼ min
�
1; exp

��DE
kBT

��
(1)

In this expression DE is the increase of energy caused by the
evaluated movement, kB is Boltzmann’s constant and kBT is the
temperature of the system.

In this work we have employed three different potentials. First,
a LennardeJones potential calculated up to a distance of four lattice
units [4]. It was calculated between all non-bonded monomers:

ULJ ¼ 43
��s

r

�12
�
�s
r

�6
�

(2)

where swas 2.0, in order to be coherent with the excluded volume
imposed by the lattice conditions of the Bond Fluctuation Model. A
bond length potential [4]:

UðlÞ ¼ U0ðl� l0Þ2 (3)

where the minimal energy distance was given by l0 ¼ 3.0 lattice
units. And a bond angle potential [4]:

VðqÞ ¼ V0ðcosq� cosq0Þ2 (4)

where the minimal energy angle q0 corresponded to 180�.
The simulation parameters consisted of a three dimensional

simulation box (L ¼ 40) with boundary conditions. This systemwas
occupied by 400 chains, formed by 10 monomeric groups, so we
had a density 4 ¼ 0.5. The simulations begun with an initial
equilibration period of 105 Monte Carlo Steps (MCS) at high
temperature kBT ¼ 5, followed by a cooling ramp at a constant rate
of �0.1 units of temperature every 1000 MCS until kBT ¼ 0.01. On
the other hand the time evolution of the different systems was
analyzed during annealing at different temperatures, with a dura-
tion of 107 MCS, starting in the state attained by the cooling ramp.

The dependence of structure and segmental mobility of the
systemwith time and temperature was characterized with a series
of parameters. Total energy of the lattice was evaluated and used to
monitor the evolution of the state of the system.

As a measure of segmental mobility we use the Dynamically
Accessible Volume (DAV) [10e12] modified to characterize thermal
systems [13]. DAV measures the number of empty cells, which can
be occupied in one Monte Carlo Step, contributing to the diffusion
of the system:

DAV ¼ 1
L3

XL3

j¼1

(
min

"
1;

Xnn

1¼1

exp
��DEij

kBT

�#)
(5)

where L is the box simulation size, nn is the number of first
neighbours of a cell and DEij is the variation in the energy of the
system caused by amonomeric jump from the cell i to the cell j. This
parameter gives a landscape of the free space of the system that
contributes to diffusion.

The squared radius of gyration was calculated too [4]:

D
R2GðNÞ

E
¼ 1

N

*XN

i¼1

j r!i � r!cmj2
+

(6)

where N is the number of monomeric groups of the chains, r!cm is
the position of the centre of mass of the chain and r!i is the position
of every group of the chain.

In order to analyze the structure of the system the pair corre-
lation function of the system was calculated [14]:

gðrÞ ¼ 2L3HðrÞ
ðNPÞ2hðrÞ

(7)

where H(r) represents the histogram that counts the number of
times the allowed distance r occurs, h(r) the number of possible
r-vectors for a given distance r in the lattice, L is the box simulation
size and NP is the total number of particles.

A bond correlation function was calculated too in order to study
the orientation of the bonds of the model [15]:

Mð jÞ ¼ 	
cosqi;iþj



(8)

where qi,iþj was the angle between the ith bond and the (i þ j)th
bond within the same chain.

Finally, in order to characterize the bond alignment, we calcu-
lated a bond order parameter based on the 2nd Legendre poly-
nomial of the scalar product [2]:

P2ðrÞ ¼ 1
2

D
3
�
u!i$ u

!
j
�2�1

E
(9)

ui and uj are the normalized vectors corresponding to every pair of
vectors i,j whose centre of mass is at the distance r.

One of the key issues of this work was the balance of the three
potentials in order to define a semicrystalline system exhibiting
both crystallization and glass transition. It has been shown
that a strong inter-molecular energy potential is able to induce
some degree of molecular order in Bond FluctuationModel systems
[4]. In fact in our previous works [1,2], we studied polymer systems
with inter and intra-molecular interactions described with a
LennardeJones potential and the bond length potential, respec-
tively. Appropriate values of 3 and U0 parameters yielded the
formation on cooling of structures in which chains densely packed
and that could be interpreted as a semicrystalline structure of the
polymers, but these systems showed no bond ordering in the
Legendre’s function (equation (9)), as expected for polymer crys-
tallization. We hypothesize that considering a bond angle potential
chain extension and even chain folding can be induced so better
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reproducing the molecular order found experimentally in poly-
meric systems. Crystallization and glass transition temperature
intervals are further analyzed following energy, free volume and
structure parameters evolution during isothermal annealing in
a broad temperature range. The energy values tested are summa-
rized in Table 1. In order to maintain a relatively constant temper-
ature scale, the sum of the three parameters 3, U0 and V0 was
always 1. A first series of simulations begun with a value of V0 ¼ 0,
to start with a known system, and then V0 was increased while the
value of U0 was kept 9 times higher than that of 3 (systems AeF in
Table 1). In systems GeI, the LennardeJones potential was
increased while the bond angle one was kept constant in a high
value.
-1.1

-1

0 20 40 60 80 100

1/k T

Fig. 2. Energyprofile incoolingrampssimulated for systemI (seeTable1), showingaphase
transitionwhere the energy goes below the equilibrium line. Cooling rates:�0.1 kBT units
per 1000MCS (,),�0.1 kBT units per 10,000MCS (A),�0.1 kBT units per 100000MCS (D)
and �0.1 kBT units per 1,000,000 MCS (C). The extrapolated equilibrium line has been
represented as a solid line.
3. Results and discussion

3.1. The cooling ramps

In order to understand the role of the bond angle potential on the
behaviour of the simulated configuration, different ratios between
the three potentials were tested according to Table 1. For each of
these systems, the response to cooling ramps from kBT ¼ 5 to
kBT¼ 0.01was simulated using four different cooling rates:�0.1 kBT
per1000MonteCarlo Steps (MCS),�0.1kBTper10,000MCS,�0.1 kBT
per 100,000MCSand�0.1 kBTper 1,000,000MCS. Theenergy versus
temperature profile, monitored during these cooling ramps, shows
two qualitatively different behaviours depending on the values of
the energy potentials used to define the system.

Fig. 1 corresponds to the cooling scans of the system H but it
is representative of systems AeG as well. This figure exhibits the
expected cooling scans of a glass former: at high temperatures,
energy linearly decreases with increasing 1/kBT as the system is in
the equilibrated liquid state [1,2,13]. The cooling ramp has been
simulated with a series of kBT ¼ 0.1 steps followed by isothermal
periods to give the desired average cooling rate. On cooling, around
1/kBT ¼ 3 the energy curve start deviating from the equilibrium
line. Each point represented in the plot corresponds to the final
state attained at the end of the isothermal stage and clearly the
time allowed after each temperature step start being insufficient
to attain the equilibrium energy value. As cooling rate decreases
the system is able to go closer to equilibrium in each temperature
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Fig. 1. Energy profile in cooling ramps simulated for system H (see Table 1) for
different cooling rates: �0.1 kBT units per 1000 MCS (,), �0.1 kBT units per 10,000
MCS (A), �0.1 kBT units per 100,000 MCS (D) and �0.1 kBT units per 1,000,000 MCS
(C). The extrapolated equilibrium line has been represented as a solid line.
step. The glass transition yields a systemwith nearly no segmental
mobility at temperatures below kBT ¼ 0.05 (1/kBT ¼ 20), which
implies that the energy line becomes horizontal. This corresponds
to the behaviour of a glass with a frozen conformational mobility.

The explanation in the former paragraph is incompatible with
energy values below the equilibrium line as shown in Fig. 2 which
corresponds to system I in which the influence of the Len-
nardeJones potential has been increased. In this system, a fast
cooling rate also leads to a glass transition as explained for systems
AeH. Nevertheless, slow cooling produces a sharp energy loss at
a temperature of around kBT ¼ 0.35 (1/kBT ¼ 2.85) independently
of cooling rate. After this energy drop, mobility is completely
arrested and on further cooling the energy curve becomes hori-
zontal. This behaviour can be associated to a first order transition
which is supported by the fact that the LennardeJones potential is
well known to create order.

Fig. 3 describes the variations of the average squared radius of
gyration as a function of reciprocal temperature for systems AeF.
This figure helps understanding the influence of the bond angle
potential on chain folding in each glassy system. As this potential is
set to beminimum at an angle of 180�, it is expected that the higher
Fig. 3. Evolution of the squared radius of gyration during the cooling ramps. The radius
of gyration increases as the bond angle potential increases from system A to system F.
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Fig. 5. Changes on energy before (A) and after annealing (B) at different tempera-
tures are similar for low bond angle potential (system B) (a), high bond angle potential
(system E) (b) and high LennardeJones potential (system I) (c). Only when
LennardeJones potential is strong enough, the energy goes below the equilibrium line
extrapolation. Lines are employed only as a guideline for the eye.
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is the bond angle potential, the higher the value of the radius of
gyration should be. This chain unfolding tendency is confirmed by
Fig. 3 which shows that hRg2i varies from 16 to 28 squared lattice
units when the parameter defining the bond angle potential varies
from 0 to 0.5.

A deeper insight in the system behaviour can be obtained
from the temperature dependence of dynamic accessible volume
(DAV), representing the number of empty cells accessible in one
MCS. Fig. 4 displays the evolution of the DAV during the cooling
ramp at �0.1 kBT per 1000 MCS for systems AeF. The glass transi-
tion appears in these plots as a change of slope in the DAV versus
1/kBT. In these diagrams it can be observed that arresting of
conformational mobility at the glass transition is not complete and
the polymer chains maintain certain capacity of rearrangement in
the glassy state as observed in real amorphous polymers. Further-
more, this figure clearly shows the effect of the increasing bond
angle on the system. An increase of bond angle potential increases
free volume in the system both in equilibrium liquid and in the
glassy state. In addition the glass transition broadens, covering
a larger temperature interval.

3.2. Isothermal annealing

In order to analyze the segmental mobility in the glassy state,
long isothermal annealing periods were computer simulated at
several temperatures, starting in the state attained from a fast
cooling ramp, and thus starting with an amorphous system. These
simulations aim to prove the capacity of the polymer chains to
order in crystalline-like structures pack at least in a given tem-
perature window as should be expected for a semicrystalline
polymer. Fig. 5 shows the energy of the system as a function of
temperature before and after an isothermal stage of 107 MCS. The
behaviour of system B (Fig. 5a) is expected for a glass, annealing at
temperatures below or in the range of the glass transition produces
a decrease of the energy of the system approaching the equilibrium
state at the annealing temperature. The increase of the bond angle
parameter does not change qualitatively this behaviour as shown in
Fig. 5b for system E. It is necessary to increase LennardeJones
potential to observe in a narrow temperature range a decrease of
the energy below that of the equilibrium liquid that can be asso-
ciated to a crystallization (Fig. 5c).

Both physical ageing or structural relaxation of an amorphous
glass and crystallization produce a decrease in the energy of the
system during isothermal annealing. To probe the development of
crystalline order in the polymeric system we compare the values
of the parameters that probe structural order before and after the
isotherm. Pair correlation function (Figs. 6 and 7) probes the spatial
order of monomeric units, bond correlation function (Fig. 8) char-
acterizes chain stretching while Legendre’s polynomial analysis
(Fig. 9) probes spatial correlation of bond orientation.



Fig. 6. The pair correlation function indicated that most of the systems were amor-
phous with no dependence on the potential. This is an example of system E at
temperature kBT ¼ 0.1 before (A) and after (B) annealing.
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Fig. 6 shows the pair correlation function of system E at the
initial state of annealing, after a fast cooling from the liquid state,
and is representative of all systems at all temperatures. It is not
significantly different from that of the equilibrium liquid as has
Fig. 7. Development of the spatial order of monomeric units shown by the comparison
of the pair correlation function before (A) and after (B) annealing in system I at
kBT ¼ 0.3 when the LennardeJones potential took the highest value (a). At only slightly
different temperatures, for example at kBT ¼ 0.2, the evolution is not so clear (b).
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Fig. 8. Chain stretching during annealing of system E at kBT ¼ 0.1 probed by comparing
bond correlation parameter M(j) before (A) and after annealing (B) (a). A high
LennardeJones potential (system I at kBT ¼ 0.3) hinders chain stretching during
crystallization (b).
already been discussed in Refs. [1,2] and corresponds to an amor-
phous glass. In most of the systems, annealing did not modify
this structure of the system.While structural relaxation takes place,
energy (Fig. 5) and DAV (results not shown) continuously dimin-
ishes but not as a consequence of development of any form of
order in the sample. In the case of high values of bond angle
potential, chains significantly stretch during this process as shown
in Fig. 8a by an important change in M(j) (equation (8)) that shows
that while no correlation can be found for more than 2 bonds along
the same polymer chain, significant correlation up to 6 bonds is
found at the end of the annealing process. Nevertheless, no spatial
order is shown by the monomeric units and no bond angle corre-
lations are found by Legendre analysis (Fig. 9).

Interestingly enough, system I clearly changes from an amor-
phous liquid to a long range ordered material when annealed at
kBT ¼ 0.3 as reveals the pair correlation function (Fig. 7a), never-
theless the situation is completely different if annealed at kBT ¼ 0.2
when no spatial order was developed (Fig. 7b). No situation similar
to that shown in Fig. 7a was found for any other system at any
temperature. This is the situation one must expect for the semi-
crystalline polymer. Crystallization takes place in a narrow tem-
perature interval and once the sample is undercooled on fast
cooling below this temperature range crystallization is no longer
possible and a glass is formed whose segmental mobility is not
enough to facilitate the reorganization needed to form a crystal. But
the structure of the ordered system is far from that experimentally
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Fig. 9. Legendre calculations show no bond orientation order for most of the systems
evenwith high bond angle parameter. The comparison of systems before (A) and after
(B) annealing in system E at temperature kBT ¼ 0.1 is shown in (a). Even for system I at
temperature kBT ¼ 0.3 (b), no clear special bond orientation order was developed
during annealing.
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observed in physical systems. Stretching of the polymer chains do
not take place on annealing of system I during ordering. As shown
in Fig. 8b no correlation of bond angles along a polymer chain is
detected. Spatial correlation of bonds is neither observed (Fig. 9).
This means that spatial order of monomeric units is not accom-
plished by obtaining elongated conformations of the polymer
chains and further ordering of them parallel to each other. It seems
that the rearrangements needed to minimize LennardeJones
contribution to the energy of the whole lattice involve the motion
of a relatively small number of polymer chain segments and can be
accomplished in the crystallizationwindow. Nevertheless, the large
reorganization that the system needs to elongate the polymer
chains from a disordered initial situation is hindered by the
monomeric order that forms faster. It is interesting to note that
this elongation of the chains can perform in the case of system
E which is always amorphous even at quite low temperatures
(Fig. 8). A continuous evolution from the behaviour described for
system E to that of system I was found with intermediate situation
in systems G and H defined by intermediate strength of
LennardeJones potential.

4. Conclusions

Crystallization of polymer from the melt involves conforma-
tional rearrangements of polymer chains to adopt an extended
configuration and then ordering of the extended polymer chains.
Simulation of this phenomena using Bond Fluctuation Model
requires a high bond angle potential to drive chain extension and
high LennardeJones potential to induce inter-molecular order.
Nevertheless spatial order of monomeric units induced by
LennardeJones potential hinders chain extension. In this way the
result is that the behaviour of a semicrystalline polymer is repro-
duced in the sense that crystallization can be observed in a narrow
temperature interval, at temperatures immediately below this
range segmental mobility is arrested and no further ordering is
possible. Nevertheless, chain conformations and the lack of spatial
correlation of bond angles are not as complete as it could be
expected.

Acknowledgements

The authors would like to acknowledge the support provided
by the Conselleria d’Educació of the Generalitat Valenciana thr-
ough the GV/2009/033 project. This work was supported by the
computer-time grant (No. 2003014) of the Centre de Ressources
Informatiques de Haute Normandie (CRIHAN).

References

[1] Molina-Mateo J, Meseguer-Dueñas JM, Gómez-Ribelles JL. Polymer 2005;46:
7463.

[2] Arnoult M, Saiter JM, Pareige C, Meseguer-Dueñas JM, Gómez-Ribelles JL,
Molina-Mateo J. Journal of Chemical Physics 2009;130:214905.

[3] Carmesin I, Kremer K. Macromolecules 1988;21:2819.
[4] Binder K. Monte Carlo and molecular dynamics simulations in polymer

science. Oxford: Oxford University Press; 1995.
[5] Deutsch H, Binder K. Journal of Chemical Physics 1990;94:2294.
[6] Paul W, Binder K, Heermann D, Kremer K. Journal of Chemical Physics 1991;95

(10):7726.
[7] Lobe B, Baschnagel J, Binder K. Macromolecules 1994;27:3658.
[8] Di Cecca A, Freire JJ. Macromolecules 2002;35:2851.
[9] Trautenberg HL, Hözl T, Göritz D. Computational and Theoretical Polymer

Science 1996;6:135.
[10] Dawson KA, Lawlor A, McCullagh GD, Zaccarelli E, Tartaglia P. Physica A

2002;316:115.
[11] Dawson KA, Lawlor A, DeGregorio P, McCullagh GD, Zaccarelli E, Fo G, et al.

Faraday Discussions 2003;123:13.
[12] Lawlor A, Reagan D, McCullagh GD, De Gregorio P, Tartaglia P, Dawson K.

Physical Review Letters 2002;89(24):245503.
[13] Molina-Mateo J, Meseguer-Dueñas JM, Gómez-Ribelles JL. Macromolecular

Theory and Simulations 2006;15:32.
[14] Baschnagel J, Binder K. Physica A 1994;204:47.
[15] Xu G, Mattice WL. Computational and Theoretical Polymer Science 2001;11:

405.



lable at ScienceDirect

Polymer 52 (2011) 577e585
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Modeling initial stage of phenolic pyrolysis: Graphitic precursor formation and
interfacial effects

Tapan G. Desai a,*, John W. Lawson b, Pawel Keblinski c

aAdvanced Cooling Technologies, Inc., Lancaster, PA 17601, USA
b Thermal Protection Materials Branch, NASA Ames Research Center, Moffett Field, California 94035, USA
cDepartment of Materials Science and Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA
a r t i c l e i n f o

Article history:
Received 29 September 2010
Received in revised form
9 November 2010
Accepted 10 November 2010
Available online 18 November 2010

Keywords:
Reactive molecular dynamics simulation
Polymer pyrolysis
Carbonization
* Corresponding author. Tel.: þ1 518 331 7704.
E-mail addresses: tapandesai06@gmail.com, tapan

0032-3861/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.polymer.2010.11.018
a b s t r a c t

Reactive molecular dynamics simulations are used to study the initial stage of pyrolysis of phenolic
polymers with carbon nanotube and carbon fiber. The products formed are characterized and water is
found to be the primary product in all cases. The water formation mechanisms are analyzed and the
value of the activation energy for water formation is estimated. A detailed study of graphitic precursor
formation reveals the presence of two temperature zones. In the lower temperature zone (<2000 K)
polymerization occurs resulting in the formation of large, stable graphitic precursors, while in the high
temperature zone (>2000 K) polymer scission results in formation of short polymer chains/molecules.
Simulations performed in the high temperature zone of the phenolic resin (with carbon nanotubes and
carbon fibers) show that the presence of interfaces does not have a substantial effect on the chain
scission rate or the activation energy value for water formation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Ablative materials are thermal insulators used in hypersonic
space vehicles. Theyare typically carbon reinforced compositeswith
a phenolic resin matrix, which absorb heat in part through endo-
thermic, pyrolysis of the matrix. The char produced as a result of
these reactive processes yields a thermally insulating and protective
layer at thematerial surface.Mechanical strength of the char layer is
required to prevent premature flaking and subsequent exposure of
the virgin material underneath. The amount of material should be
enough to compensate for any part of the char layer that might be
ablated away during the re-entry. However, the weight of the
material should be kept to a minimum. Optimization of the thermal
protection system requires accurate prediction of the pyrolysis
process and the evolution of char morphology. The pyrolytic
processes are important for other applications as well, including
carbonization of polymers, development of fire retardants, etc.

One recently developed ablative material is “phenolic impreg-
nated carbon ablator” (PICA). This low-density material is a good
choice due to its low thermal conductivity and efficient ablation
properties. Phenolic resins have a high char yield under pyrolytic
.desai@1-act.com (T.G. Desai).

All rights reserved.
conditions. These reactions involve a complex sequenceof reactions,
and further development of these materials will require funda-
mental understanding of these molecular processes, and subse-
quent char evolution under transient conditions. Computational
modeling of the resin-to-char process using atomistic-level simu-
lation technique such as Molecular Dynamics (MD) with reactive
force field can provide insights into the involved reaction barriers
and pathways.

Recently, De-en Jiang et al., [1] performed MD simulations with
the reactive force field, ReaxFF, to simulate the initial stages of
phenolic resin pyrolysis. Results from these simulations are bench-
marks for the studies presented in this paper. The time scale
accessible for routine MD simulations is limited to the nanosecond
range, which allows study of only the initial stage of pyrolysis.
Lawson and Srivastava [2] developed a high temperature, pyrolytic
MD simulation method for polyethylene, based on the gradual
removal of free Hydrogen atoms from the system. With their
method, theywere able to run the reactions to completion, however
because of the approximations involved, accurate information about
reaction kinetics was difficult to obtain.

In an effort to improve themechanical properties of the char layer,
NASAAmesResearchCenterhas recentlyexplored theeffectof adding
of carbon nanotubes (CNT) to PICA. Tensile test results showed a 35%
increase in strengthwith the addition of 0.4 wt% functionalized CNTs
in PICA,without any change in insulationproperties [3]. This increase

mailto:tapandesai06@gmail.com
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http://dx.doi.org/10.1016/j.polymer.2010.11.018


Fig. 1. Top Panel e Snapshot of a single phenol formaldehyde polymer chain with 8
repeating units and terminated with a methyl group on one end; color code: Carbon e

green, Hydrogen e blue, Oxygen e brown. Bottom Panel e Snapshot of the simulation
cell containing 16 phenol formaldehyde polymer chains equilibrated at 300 K after
annealing. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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in strength at low concentrations is possible because the percolation
threshold for CNTcomposites is very low, on the order of 0.1 vol%. The
CNT-polymer interface is expected to playamajor role inmaintaining
the insulation properties by limiting the effective thermal conduc-
tivity of CNTs in the composite due to a large interfacial thermal
resistance [4]. Thus, without an appreciable increase in theweight or
thermal conductivity, CNT addition can provide large mechanical
reinforcement to the composite. In addition, the char morphology is
known to change due to the addition of CNTs, as the char strongly
adheres to the CNT yielding a cigar-like structure [5].

Furthermore, addition of CNT in flame retardant materials has
been recently explored. Research has shown that the addition of
only 0.5 wt% concentration of single-walled CNT (SWCNT) resulted
in formation of a crack-free network-structured protective residual
layer in PMMA composites and also reduced the rate of heat release
[6]. Formation of this crack-free protective layer is essential to
prevent exposure of virgin ablative material underneath. However,
in both the cases (ablation and flame retardant), the role of CNTs in
altering the (already) complex pyrolysis reaction is not known.

In this paper, we attempt to understand the role of CNT and
carbon fibers on the initial stage of pyrolysis. We performed
detailed simulations with the ReaxFF method to characterize the
products involved and the kinetics of pyrolysis. For the pristine
phenolic resin case, (i.e., without carbon fillers) we also performed
simulations to determine the conditions and processes involved in
the formation of graphitic precursors. Two temperature zones were
found to be important: in the lower temperature zone (<2000 K)
polymerization occurred resulting in formation of stable graphitic
precursors, and in the high temperature zone (>2000 K), disinte-
gration resulted in the formation of short polymer chains/mole-
cules. The effect of two fillers, carbon fibers and CNT, on the initial
stage of pyrolysis was also studied. No substantial effect was found
due to filler addition on the product (water) formation rate or
polymer disintegration rate in the high temperature zone. The
paper is organized as follows: Section 2 describes the simulation
method and details; results are presented in Section 3; and Section
4 provides a summary and conclusion of this work.

2. Method

MD simulations were performed with the LAMMPS molecular
dynamics code [7]. The reactive force field, ReaxFF [8], was
employed to perform pyrolysis simulations. ReaxFF uses an
empirical relationship between bond orders and bond lengths to
allow smooth bond formation and breaking. This method has been
quite successfully applied to a variety of chemical problems,
including thermal degradation of polymers [9]. Different ReaxFF
parameter sets have appeared in the literature and in general we
expect our results will depend on the particular choice of potential.
To be consistent with previous work [1], we use the version of
ReaxFF given by Chenoweth et al. [10]. Further optimization of the
potentials may be required in future work.

Simulations were performed on a non cross-linked phenolic
formaldehyde resin (Fig. 1: top panel) in which two, neighboring
phenol moeities are connected by a methylene group. The simula-
tion cell, shown in Fig. 1: bottom panel, consisted of 16 phenol
formaldehyde chainswith 8 repeatingunits each in the orthoeortho
sequence and a methyl group termination. The 16 polymer chains
were randomly placed in the simulation cell by using the software
Xenoview [11], which uses a Monte Carlo algorithm to build the
amorphous structure. The simulation box size was adjusted to
2.62nm�2.62nm�2.62nmtoyield the experimental resin density
of 1.25 gm/cc at 300 K. The polymer, simulation cell size and density
are similar to the work performed by De-en Jiang et al. [1]. The time
step used to perform the simulation was 0.25 femtosecond (fs).
Periodic boundary conditions were applied in all the directions of
the simulation cell. A Berendsen thermostat [12]with a temperature
damping constant of 100 fs was used to maintain constant temper-
ature of the simulation cell.

For composite systems, we chose to model two fillers e CNT and
carbonfibers. TwoCNTcomposite systemswith twodifferent single-
walled CNT chirality, (5,5) and (10,10) were studied. The radius of
(5,5) and (10,10) CNTwas 3.5 and7.0Å, respectively. In both systems,
the CNTwas 27 Å long and uncapped (or open) as shown in the inset
in Fig. 2a. The phenolic resin structure was similar to the pristine
case. The phenolic resin chains were introduced randomly around
the CNT. Periodic boundary conditions were applied in all the
directions of the simulation cell. The size of the simulation cell was
adjusted such that the resin density was 1.25 gm/cc. The excluded
volume due to the van der Waal’s distance between the CNT and
resin was also accounted during this adjustment. Our simulations
indicate that the van derWaal’s distance between the resin and CNT
is 3.4 Å, similar to theworkpublished byWei and Srivastava for CNT-
polyethylene composite modeled with a TersoffeBrenner potential
and united atom model potential [13].

Currently, the ablation materials employed on space vehicle are
made of phenolic resin impregnated within carbon fibers. Owing to



Fig. 2. (a) Snapshot of equilibrated resin composite structure with CNT (5,5) at the center of the simulation cell; (b) Snapshot of equilibrated resin composite structure with
a graphite block (containing 3 graphene layers in AeBeA stacking sequence) at the center of the simulation cell. The color code for both snapshot is: Carbon e green, Hydrogen e

blue, Oxygen e brown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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the nanometer length-scale of the present study, the carbon fibers
were simulated as surfaces with zero curvature, i.e., planar graphite
sheets. As shown in the snapshot in Fig. 2b, the graphite block had 3
graphene sheets in the AeBeA stacking sequence. The surface area
parallel to the sheet had the dimensions, 25.56� 24.6 Å2. The value of
the surface area for the graphite block was selected to match the
surface area of CNT (10,10). This was intended to provide insights on
theeffects introducedby thepresenceof tubecurvature. Thephenolic
resin structurewas similar to the pristine and the CNT-filled systems.
The phenolic resin chainswere introduced randomly on both sides of
the graphite sheet. Periodic boundary conditions were applied in all
the directions of the simulation cell and the size of the simulation cell
was adjusted such that the resin density was 1.25 gm/cc.

The equilibration procedure for all systems (pristine and
composite) involved (i) equilibration at 0.1 K with an NVT-MD
simulation for 40 ps (ps), followed by, (ii) thermal annealing
procedure e heating the system with a ramp rate of 0.02 K/fs to
1000 K, equilibrating at 1000 K for 20 ps and then cooling to 300 K
with the same ramp rate. This annealing procedure was performed
twice followedbyanequilibration at 2000K for200ps.Our in-house
codewas used to examine and identify the newmolecules thatwere
produced during the pyrolysis simulations. Our analysis confirmed
that no reactions took place during the 200 ps equilibration run.
Fig. 3. (a) Number of water molecules (averaged over 4 different simulation runs) plotted a
3125 K (black) and 3250 K (magenta). (b) Arrhenius plot of the logarithm of the water form
matches well with Ref. [1]. (For interpretation of the references to colour in this figure leg
Pyrolysis simulationswere performed at 5 different temperaturese
2750, 2875, 3000, 3125 and 3250 K to obtain reaction rates and
activation energy. To improve the statistical accuracy and provide
error bars for the reaction rate values, all simulations were per-
formed with 4 different starting structures at each temperature.

3. Results and discussions

This section is divided into two sub-sections e pristine phenolic
resin and phenolic resin composites.

3.1. Pristine phenolic resin

Under this subsection, first the product evolution is discussed
including the associated reaction rates and activation energies.
Then, the details on graphitic precursor formation are presented.

3.1.1. Evolution of products
A detailed structural analysis on the equilibrated phenol form-

aldehyde resin is performed to analyze the accuracy of the structure
yielded by the relatively new ReaxFF potential. NPT simulation
performed to estimate the resin density at 300 K indicates that the
resin density is only 4.5% lower than the experimental resin density
gainst time for 5 different temperatures e 2750 K (red), 2875 K (blue), 3000 K (green),
ation rate (k) vs. temperature gives an activation energy of 124 � 20 kJ/mol. This value
end, the reader is referred to the web version of this article).



Fig. 4. Snapshot of a small graphitic precursor molecule containing 3 fused rings out of
which one is a 7-membered ring. The molecule was found after a 40 ps run at 3250 K.
The atoms that form this molecule come from 4 different chains. Color code: Carbon e

green, Hydrogen e blue, Oxygen e brown. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

T.G. Desai et al. / Polymer 52 (2011) 577e585580
of the commercially available Bakelite novolac. However, in all the
simulations the polymeric resin density wasmaintained at 1.25 gm/
cc to directly compare the pyrolysis results with Jiang’s [1] work.
Schürmann and Vogel [14] performed simulations on a similar
phenol formaldehyde resin containing 8 repeat units with 57% in
orthoepara and 43% in orthoeortho sequence at 300 K and resin
density of 1.25 gm/cc with the force field e pcff. The radial distri-
bution function (rdf) plots generated by ReaxFF at 300 K averaged
over a 40 ps trajectory from the amorphous phenol formaldehyde
resin structure matched qualitatively with the rdf plot in Fig. 3 of
Ref. [14]. They both show the length of the short-range order (due
to the amorphous nature of the structure) as 0.6 nm. Quantitatively,
compared to the polymer consistent force field (pcff), the peaks
indicating the CeC, CeH, CeO and OeH bonds are higher and less
broad for systems with the ReaxFF potential,. Further estimation of
the fidelity of the ReaxFF method to simulate phenol formaldehyde
resin is performed by comparing the rdf from ReaxFF with ab-initio
Fig. 5. Average number of chains as a function of carbon chain length on a semi-log scale at
panel) and 40 ps (bottom panel). Disintegration of polymer chains to form small molecule
MD simulations at 300 K (see Fig. 12). A good agreement was seen
which validates the ReaxFF potential at room temperature. The
details on this comparison are provided in Appendix A.

High temperature simulations at 5 different temperatures in the
range of 2750e3250 K are performed on 4 different equilibrated
structures. Water is the primary product in all these simulations.
The second most abundant product is hydrogen gas. The number of
water molecules formed (averaged over 4 different starting struc-
tures) is plotted as a function of time in Fig. 3a. The rate of water
formation (i.e., the slope) increases with temperature, suggesting
a thermally activated reaction process. At each temperature, the
value of the water formation rate is calculated from a least-square
fit of the data sets and plotted in Fig. 3b. The error bars in Fig. 3b
indicate the difference between the maximum (minimum) rate
from the different starting structures and the average rate. Using
the Arrhenius equation, a value of 124 � 20 kJ/mol is obtained for
the activation energy for water formation. This value matches well
with the value of 144 � 28 kJ/mol published by Jiang et al. [1].

Additionally, simulations are performed for an equilibrated
structure at three different temperatures, 2750, 3000 and 3250 K
with simulation time extended to 200 ps to reach completion of
reactions. Initially the water formation rate depends on the
temperature. At all temperatures, the total number of water
molecules formed reaches a plateau after a certain time and
converges to a value of w100. The simulation cell contains 128
oxygen atoms, which indicates a yield (defined as the ratio of actual
product formed to the theoretical) of w78%. The different mecha-
nisms involved in water formation (including the transition states)
are analyzed and presented in Appendix B. The remaining oxygen
atoms are consumed during formation of CO, CO2, and, small
amounts of aldehydes, ketones and alcohols.

3.1.2. Graphitic precursor formation
The ablation process during the re-entry of the space vehicles

involvescarbonizationof thephenolicresinunderan inertatmosphere
at high temperatures ranging from 1500 to 2000 K that leads to
3 different temperatures, 2750, 3000 and 3250 K and at two different times, 20 ps (top
s is prominent at all temperatures.



Fig. 6. The number of C2 molecules formed after 40 ps (averaged over 4 different
starting structures) is plotted as a function of temperature on a semi-log scale. On
extrapolating the slope, it intersects on the x-axis at 2050 K, suggesting the existence
of two temperature zones, disintegration and polymerization.

Fig. 7. Snapshot of a large graphitic precursor structure formed after a simulation run
time of 12 ns at 1750 K. Lower temperatures (<2000 K) are necessary to capture the
formation and growth of graphitic precursors. Color code: Carbon e green, Hydrogen e

blue, Oxygen e brown. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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formation of glassy carbon with large graphene fragments. Shown in
Fig. 4 is a snapshotof a small graphitic precursormolecule containing3
fused rings (two 6-membered rings and one 7-membered ring)
formed after a 40 ps run at 3250 K. A commonly proposed reaction
pathway [15] is that an open benzene ring and a closed benzene ring
combine to form fused ring. However, our simulations illustrate that
alkyl-like fragments from four different chains break, rearrange
themselves and combine to form the fused ring fragment. Thus, it
reveals another complex reaction pathway for graphitic precursor
formation. This fused-ring structure is unstable at longer times,
possibly due to the extremely high temperatures, and fragments into
smaller carbon molecules.

To identify a temperature zone where the graphitic precursors
would be stable, detailed chain disintegration analysis is per-
formed. In Fig. 5, the number of chains as a function of chain length
(averaged over 4 different starting structures and a simulation time
of 2 ps) is plotted on a semi-log scale for two different timese 20 ps
(top panel) and 40 ps (bottom panel) and 3 different temperatures
e 2750, 3000 and 3250 K. At the start of the simulation run, the
equilibrated structures have 16 chains with a carbon chain length of
56. At all temperatures after 20 ps, polymerization occurs between
polymer chains resulting in longer chains of carbon chain length up
to 120 at 3250 K and 190 at 3000 K. However, at longer times, all the
long chains break to form smaller, shorter chains. This fragmenta-
tion into smaller chain occurs for other temperatures (2750 and
3000 K) at simulation times longer than 40 ps. The number of C2
molecules (C2 stands for molecule which has two carbon atoms) is
seen to increase. Included in the number of C2molecules are a large
amount of C2H2, C2H radicals and C2 gas molecules. This increase in
C2 molecules with time is seen at all three temperatures. The
fragmentation indicates that the temperatures are too high to
polymerize and form large graphitic molecules.

The results from Fig. 5 suggest that pyrolysis kinetics can be
divided into two temperature zones. The high temperature (frag-
mentation) zone involves breaking of polymers into smaller mole-
cules and the low temperature (polymerization) zone promotes
bonding between polymers to form large connected graphitic
network. In order to estimate a temperature range for these zones, in
Fig. 6, the total number of C2molecules formed after 40 ps is plotted
as a function of temperature on a semi-log scale. The slope through
the data points is extrapolated to intersect the x-axis (temperature-
axis). The intersection occurs at 2050 K signifying a higher proba-
bility of graphitization at temperatures below 2000 K.

To capture large (stable) graphitic precursor formation a simu-
lation was performed at 1750 K. Since, no pyrolysis reactions are
observed at 2000 K during the equilibration run for 250 ps, it can be
expected that the time scale to observe any chemical reaction at
1750 K would go beyond the time scale accessible by MD simula-
tions. Hence, to capture pyrolysis at 1750 K, a partially pyrolyzed
structure from a 2750 K run after 40 ps was chosen as an input
structure. In this structure more than 60% of the chains were intact.
A reaction generally proceeds in 3 stages: initiation, propagation
and termination. By using a partially pyrolyzed structure, the
initiation stage is drastically reduced. In addition, after every
1.25 ns, stable molecules such as H2O and CO2 are removed from
the simulation cell. These stable gases interfere during the graph-
itization process preventing formation of large graphene precur-
sors. At the end of a 12 ns simulation run two large graphitic
structures are found, one containing 7 fused rings as shown in Fig. 7
and other containing 5 fused rings. The precursor starts with 2
fused rings and grows over the 12 ns simulation run. This indicates
that the reaction kinetics is different in the two temperature zones
and it is necessary to perform the MD simulations at the temper-
ature of experimental interest for accurate representation of the
reaction behavior rather than merely increasing the MD simulation
temperature to capture the reactions on the MD time scale.
3.2. Phenolic resin composites

Under this subsection, the effect of addition of CNT and carbon
fibers on the initial stage of pyrolysis is discussed.

3.2.1. CNT-Phenolic resin composite
Pyrolysis simulations are performed at three different temper-

atures 2750, 3000 and 3250 K, on two composites containing CNT
with (5,5) and (10,10) chirality. The CNTwith two different chirality,
is chosen to evaluate the effect of diameter on the pyrolysis simu-
lation. In Fig. 8, the evolution of the primary product, water, is
plotted as a function of time at three different temperatures, for



Fig. 8. Number of water molecules produced (averaged over 4 different starting
structures) as a function of time for 3 different cases: pristine, CNT (5,5) composite and
CNT (10,10) composite at 2750, 3000 and 3250 K. The pristine case is represented in
blue, CNT (5,5) composite in green and CNT (10,10) in red. No effect of CNT filler on
water production rate is seen. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

Fig. 10. Comparison of the number of water molecules formed (averaged over 4
different starting structures) against time at 3250 K for the pristine, CNt (5,5), CNT
(10,10) and graphite case. No substantial effect of filler addition is seen on water
formation rate.
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CNT composites and compared with the pristine phenolic resin
case. For all cases, the data is averaged over 4 different starting
structures to improve the statistical accuracy. The addition of fillers
did not change the water production rate. The activation energy for
water formation for the two types of CNT composites and the
pristine case is same, 124 � 20 kJ/mol. Thus, the chemical reactions
in the initial stages of the pyrolysis are not affected by the presence
of CNT, even at very high weight loading of 19% and 38% for CNT
(5,5) and (10,10), respectively.

Detailed analysis on the structure of CNT (5,5) after a simulation
run of 40 ps for 4 different starting structures is performed. As
shown in the various snapshots in Fig. 9, different starting struc-
tures yield a different number of chemically adsorbedmolecules on
the CNT surface. Hence, it is important for statistical purposes to
perform 4 to 5 different simulation runs at each temperature of
interest. Fig. 9a, suggests that a CNTcan play host to awide range of
molecules from a single hydrogen atoms to a 5-membered ring to
large polymer chains. Even at 3000 K, the CNT is still stable after
40 ps and chemical adsorption of polymers. At 3250 K, in Fig. 9c,
CNT is distorted for 2 different starting structures, but it is found to
be stable for other two starting structures after 40 ps. Separate
Fig. 9. Snapshot of CNT (5,5) after a simulation run of 40 ps for 4 different starting structure
distorted for 2 different starting structures. The distortion results from physical and chemic
brown. (For interpretation of the references to colour in this figure legend, the reader is re
simulations were performed on CNT without the phenolic resin at
3250 K to test the stability of CNT at this high temperature with
ReaxFF potential. The CNT was stable at 3250 K during a 40 ps
simulation run implying that the distortion of CNT is caused due to
the physical and chemical interactions with the phenolic resin.

3.2.2. Carbon fiber-phenolic resin composite
Asmentioned in Section 2, the carbon fiber is modeled as a block

of graphite at the nanometer length-scale. Pyrolysis simulation
results are performed at 3250 K and averaged over 4 different
starting structures. The number of water molecules formed is
plotted against time and compared with the results from the
pristine, CNT (5,5) and CNT (10,10) composite case in Fig. 10. A
strong overlap of the water formation rate with no appreciable
difference is seen in all cases. Similar overlap was seen at lower
temperatures (2750 and 3000 K). Thus, it can be concluded that the
presence of fillers such as CNT and carbon fibers do not play
a catalytic role in the dehydration stage of the pyrolysis of the
phenolic resin, even under high loading conditions.

Even at 3250 K, for all the 4 structures studied, the graphite
block is found to be stable during the simulation run of 50 ps. At the
end of the simulation run, small molecules such as methyl, ethyl
s at 3 different temperatures, 2750, 3000 and 3250 K. At 3250 K, the CNT is found to be
al interactions with the resin. Color code: Carbon e green, Hydrogen e blue, Oxygen e

ferred to the web version of this article).



Fig. 11. Number of phenolic resin chains with carbon chain length greater than 50
(averaged over 4 different starting structures) is plotted as a function of time for 3
different cases: pristine, CNT (5,5) composite and graphite composite at 2750, 3000
and 3250 K. The pristine case is represented in blue, CNT (5,5) composite in green and
graphite composite in red. This shows the disintegration rate of the polymer chains.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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group are bounded to the graphite layer. For the lowest pyrolysis
simulation temperature studied at 2750 K no molecules were
bounded to graphite (in contrast to CNT, see Fig. 9a). For a simula-
tion run at 3000 K, similar to other two temperatures for the fiber-
resin composite, no large molecules were found bounded to the
graphite. Thus, in comparison to carbon fiber, a stronger covalent
binding occurs in the case of CNT filler addition.

The dehydration rate does not represent the entire kinetics of
the phenolic resin pyrolysis and therefore it is unjustifiable to claim
that the filler addition does not have any effect on the pyrolysis
process. However, disintegration of polymer chains to form shorter
molecules encompasses a large part of the overall pyrolysis process.
Hence, in Fig. 11, we track the number of polymer chains with
carbon chain length greater than 50 as a function of time for 4
different starting structures and at 3 different temperatures. The
Fig. 12. RDF for a short, four unit phenolic chain comparing the force field, ReaxFF vs.
ab-initio molecular dynamics at 300 K.
original carbon chain length of the phenolic resin in the starting
structure is 56. The value of 50 during the disintegration analysis is
used for statistical purposes to prevent any chain end effects. At
3000 and 3250 K, the disintegration rate for the pristine case (in
blue) overlaps the CNT case (in green) and the graphite case (in
red). At 2750 K, there is a slight discrepancy between the disinte-
gration rates for simulation times greater than 20 ps. However, to
confirm the effect of fillers, the simulations need to be performed in
the low temperature zone (<2000 K). Experimentally, it has been
observed the addition of CNT produced cigar-like structures where
the char strongly adheres to the CNT.

4. Conclusion

The primary objective of this paper was to model the effect of
filler materials such as CNT and carbon fibers on the initial stage of
the phenolic resin pyrolysis. Water was found to be the primary
product for all the cases. There was no major effect of the filler
addition on the water formation rate or the polymer disintegration
rate. The evolution of graphitic precursors was studied rigorously.
Two temperature zones were identified: the high temperature zone
(>2000 K) involved fragmentation leading to non-graphitic struc-
tures and the low temperature zone (<2000 K) involved poly-
merization leading to predominantly graphitic structures.
Formation of stable large (7 fused rings) graphitic precursors was
captured at 1750 K during a simulation run of 12 ns. Thus, running
the simulations at low temperatures was identified as the key to
study the formation and growth of graphitic precursors. In the high
temperature zone, no effect of fillers was observed on the graphitic
precursor formation. To capture the cigar-like structures observed
at 1000 K experimentally for the CNT-resin composites, the simu-
lations need to be performed in the low temperature reaction zone.

The dehydration observed in our simulations is also found to be
prominent in experiments during the curing stage of the resin
which involves crosslinking of polymer chains to improve the
mechanical properties of resin. However, the curing occurs at lower
temperatures w450e550 K. Jiang and coworkers showed that the
simulation results for activation energy falls within the experi-
mental range of 74e199 kJ/mol for four mass-loss peaks [16]. The
experiments were performed by Trick and Saliba on a cured sample
of carbon-phenolic resin composite, where the pyrolysis kinetics
was calculated from thermo-gravimetric analysis. It is difficult to
compare our MD simulation results with such experiments
because: (i) experiments are performed on a composite structure
with carbon fibers as filler material; (ii) the phenolic resin is cured
at 450 K in experiments, where most of the dehydration takes place
resulting in crosslinking of polymer chains; (iii) for pyrolysis
experiments, the heating rate is 1 �C/min in the temperature range
of 573e1173 K, whereas simulations are performed with a step-
change in temperature in the range of 2750e3250 K. Thus, in
addition to a different starting structure, an additional assumption
is needed that the reaction kinetics in the experimental tempera-
ture range of 573e1173 K is same as the kinetics in the simulation
temperature range of 2750e3250 K. According to our knowledge,
there are no experiments to which we can directly compare our
simulation results.

The reactive MD simulations are definitely an important tool to
provide insights on the involved reaction pathways and energy
barriers. However, corresponding experiments are needed to vali-
date these simulations. The experiments should include high heat-
ing rates to reach high temperatures (within a nanosecond time
scale) such that the kinetics are monitored on the time scale
accessible to MD simulations. State-of-the-art laser heating of
polymer samples couplewith spectroscopy is an option. In addition,
the MD time scale needs to be increased from nanosecond to



Fig. 13. Temporal snapshot of intramolecular dehydration mechanism between eOH group on phenol and hydrogen from adjacent methyl group. The polymer chain stays intact
during the reaction period. Color code: Carbon e gray, Hydrogen e white, Oxygen e red (for atoms involved in reactions, Oxygen e blue, Hydrogen e magenta). The region of
interest is highlighted by a square white box. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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micro-seconds in order to perform simulations at temperature of
interest (1500e2000 K) without losing the atomistic information.
This increase in MD time scale can be achieved by applying appro-
priate accelerated MD techniques [17]. Nevertheless, the results
serve as a good model to provide insights on reaction mechanisms
with caution while direct comparison with experiments.
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Appendix A. Comparison of radial distribution function e

ReaxFF vs. ab-initio calculations

Since ReaxFF is a relatively new force field, we tested its reli-
ability for this specific application by comparing the radial distri-
bution function (rdf) obtained from ReaxFF against results from
ab-initio based MD simulations. In particular, we performed simu-
lations for a single phenolic chain with four repeating units at
T ¼ 300 K and confined in a periodic box of size 20 Å on a side. The
ab-initio simulations were performed with the code VASP within
the context of density functional theory (DFT). Note that unlike
other implements of ab-initio MD, VASP evolves the electronic and
ionic degrees of freedom separately: forces obtained from DFT are
converged first, and then used to advance the ionic positions. The
GGA of Perdew and Wang was used with a cutoff of 300 eV and
computations were done using the Projected Augmented Wave
(PAW) potentials. Results are shown in Fig. 12. As can be seen the
agreement is very good. Various bond lengths identified by peaks
on the rdf agree very well although there is some variation in the
peak heights. It should not be concluded that this represents
a definitive test of ReaxFF. However, DFT is very good at describing
bonded interactions, but is well known to have difficulties with
weaker, long-ranged interactions that are common to polymer
systems and are in principle included in ReaxFF.
Appendix B. Water formation mechanisms

Several dehydration mechanisms were observed during the
different simulation runs. Similar to observations by Ref. [1], the
dehydration mechanisms involved were: (i) between two eOH
groups on phenols, (ii) a disassociated H and eOH group on
a phenol, (iii) H from a benzene ring and eOH group from a phenol,
and (iv) H from the methyl group (between two benzene rings)
and eOH group on a phenol. For these four mechanisms, both
intermolecular and intramolecular reactions took place.

Shown in Fig. 13 is the temporal snapshot of a single polymer
chain (for the pristine case) undergoing the fourth mechanism
during intramolecular dehydration. The single polymer chain is
isolated from the rest of the 15 polymer chains in the simulation cell
for clarity. The simulation temperature is 2750 K and the simulation
time is in the range of 9.025e9.2 ps. After 9.05 ps, the first transition
state involves bonding between the eOH group from a phenol and
hydrogen atom in the adjacent methyl group. At 9.075 ps, the eOH
groupbreaks fromthephenol, however, at 9.1ps, thewatermolecule
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reattaches to the benzene ring. After 9.2 ps, the water molecule
breaks free of the polymer and diffuses away from the parent
phenolic resin chain. During this period, the polymer chain is intact
without undergoing any substantial disintegration (except thermal
dissociation of couple of hydrogen atoms). Thus, Fig. 13 provides an
atomistic picture of the transition states involved during a particular
water formation mechanism for a thermally stable polymer chain.
This process can be adopted to develop reaction pathways and
extract associated chemical kinetic information to build highly
detailed atomistically-informed chemical kinetic models.
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The morphology and the phase diagram of the ABC block copolymer on the polymer-coated substrate
were studied by using the self-consistent field theory. Due to the asymmetric surfaces for the block
copolymer thin film, the rich hetero-structures occur, which are the combination of two different
microstructures, such as perforated lamellar and lamellar phase (PL þ L), cylindrical and lamellar phase
(C þ L). The phase diagrams were constructed for the identical interaction parameters case and the non-
frustrated case. The effect of the film thickness is also considered at the fixed grafting density. Comparing
the results, we found that the essence of the variation of the grafting density is the change of the effective
film thickness in most cases. The relationship between the grafting density and the film thickness is
constructed. Our results offer another way to tailor the phase behavior of the block copolymer thin film
and obtain the hetero-structures on nanoscale.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Block copolymers can microphase separate to form a variety of
ordered nanoscale morphologies [1,2]. Self-assembly and phase
separation in diblock copolymers have been well studied and
characterized both theoretically and experimentally in the last few
decades [3e10]. Recently, there has been a great interest in
studying the thin film of block copolymers experimentally and
theoretically. The function of the thin film is very important for its
application besides the perfect nanopattern of the film. In thin
films, incompatibility between different polymer components and
the thin film thickness creates frustration, the effect of which can be
probed by surface-induced effect. The presence of a surface or
interface can strongly influence the microdomain morphologies
and the kinetics of microdomain ordering.

The phase behavior of diblock copolymers melts confined in
a parallel slit or in a thin film has been extensively studied
[3,11e15]. Comparing with two-component systems (i.e. AB diblock
copolymers), the phase behavior of ABC triblock terpolymers is
much more complex, and a much larger number of simulation
parameters is needed to describe thin films: the film thickness (H),
the volume fractions of the components fA, fB and fC (1 e fA e fB),
three mutual interaction parameters between the components cAB,
x: þ86 25 83317761.
ang).

All rights reserved.
cAC, cBC, and interaction parameters between the interfaces and the
three components (cAS, cBS, and cCS, and S representing the
surface). The phase behavior of ABC triblock copolymer thin film is
widely studied since the prediction of morphologies, especially
certain valuable morphologies of the thin film is of great impor-
tance. SCFT predicts that the phase behavior of ABC triblock
copolymer in bulk is controlled by two independent volume frac-
tions, and the products of the chain length with three different
FloryeHuggins parameters, cN [16,17]. However, the phase
behavior of block copolymer thin film is also controlled by surface
effect and confined spatial nature, especially the thickness of thin
film [3,18,19]. Pickett and Balazs have used the self-consistent field
theory to probe the preferential orientation of lamellae formed by
an ABC triblock terpolymer confined between two walls attracting
the middle block [20]. They found that an orientation of the
lamellae perpendicular to the plane of the film orientation is highly
favored, indicating that triblock terpolymers possess distinct
advantages over diblocks in technological applications. Monte Carlo
simulations by Feng and Ruckenstein for ABC melts in thin films
show that the microdomain morphology can be very complicated
and is affected by the composition, the interactions [21] and even
the geometry of the confinement. Chen and Fredrickson have
applied the self-consistent field theory and strong segregation limit
studies (SSL) to investigate the films of linear ABC triblock
terpolymer melts [22] for the particular case where A and C blocks
are in equal size, the interaction parameters are identical, and both
walls have identical chemical properties. Self-consistent Field
Theory (SCFT) [19] and dynamic density functional field theory [23]
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are also used to study symmetric ABC triblock copolymer thin film.
The above results show that the morphology of block copolymer
thin film depends on the film thickness, the surface-polymer
interaction, and the incompatibility between different blocks of the
copolymer, which is usually characterized by a FloryeHuggins
parameter.

Therefore, we can tailor surface fields, film thicknesses and even
the geometry of the confinement to manipulate the microdomain
structure, shape, and orientation. For example, to induce phase
transitions of block copolymer thin film there are two ways:
varying surface conditions as changing the grafting density of
confined substrates and changing the thickness of thin film. Both
twomethods arewidely used to predict different morphologies and
get phase diagrams. Ludwigs et al. did both experimental and
theoretical study on the phase behavior of ABC triblock copolymer
thin film when increasing the thickness of thin film [19]. Tang et al.
studied the self-assembly of star ABC triblock copolymer thin film
by changing the thin film thickness and the surface field [24]. Zhou
and Ma studied the phase behavior of copolymer films confined
between two-grafted surfaces by changing the grafting numbers
and positions [25]. However, the relationship between these two
methods was rarely studied.

In practice, besides using pure (silicon) substrates, the hyd-
rophobic or hydrophilic substrates are prepared by chemically
grafting self-assembled monolayer onto (silicon) substrate [26],
which form so-called “polymer brush” to provide a simple way
of modifying surface properties, such as adhesion, lubrication
and wetting behavior. Ma and his group members [27,28]
observed the structure transformation of the AB diblock copol-
ymer thin film by tailoring the grafting density of the coated
surface or the concentration of the copolymer. The phase tran-
sitions of the block copolymer thin film are based on the double
brush-coated substrate in order to obtain the symmetric struc-
tures [25,27,28]. In fact, the single brush-coated substrate is used
and the other surface is the hard surface or the free air surface.
Therefore, we choose to study the block copolymer on the single
brush-coated substrate. Under this condition, the asymmetric
structure can be obtained and is very helpful for designing the
hetero structures.

We use the real space self-consistent field theory (SCFT)
[16,29] to search the equilibrium microphases of ABC linear tri-
block copolymers with short end block confined between the
polymer brush-coated surface and the flat impenetrable surface in
three dimensions (3D). We chose two types of ABC triblock
copolymers: the copolymer with three identical FloryeHuggins
parameters and non-frustrated copolymer [17]. Polymer films on
brush-coated substrate are mimicked as a polymer melt confined
between the brush-coated surface and a hard surface. With
a certain thickness, the ABC triblock copolymer thin films are
simulated on two neutral substrates with one of them grafted
having different brush density. To discover the relationship
between changing the grafting density and increasing the thick-
ness of ABC triblock copolymer thin film, we also simulated the
ABC triblock copolymer thin film with varying the film thickness
at the fixed brush density.
2. The model

We assume the ABC triblock copolymer is confined between
the polymer-grafted substrate and the flat impenetrable surface
(hard surface) with a distance Lz along the z-axis. There are nc
ABC triblock copolymers with polymerization N and ng polymer
with polymerization P (here, we take P ¼ N) grafting on the
substrate. Each copolymer chain consists of N segments with
compositions (average volume fractions) fA and fB (fC ¼ 1 e fA e fB),
respectively. The monomers of the ABC triblock copolymer and
the grafted polymers are assumed to be flexible with a statistical
length a and the mixture is incompressible with each polymer
segment occupying a fixed volume r�1

0 . The substrate coated by
the polymers is horizontally placed on the xy-plane at z ¼ 0
and the hard free surface is placed at z ¼ Lzþ1. The volume of
the system is V ¼ LxLyLz, where Lx and Ly are the lateral lengths of
the substrate and the flat impenetrable surface along the xy-plane
and Lz is the film thickness. The grafting density is defined as
s ¼ nga

2/LxLy. The average volume fractions of the grafted chains
and copolymers are 4g ¼ ngN/r0V and 4c ¼ ncN/r0V, respectively.

In the SCFT one considers the statistics of a single copolymer
chain in a set of effective external fields wi, where i represents
block species A, B, C or grafted polymers. These external fields,
which represent the actual interactions between different
components, are conjugated to the segment density fields, wi, of
different species i. Hence, the free energy (in unit of kBT) of the
system is given by,

F ¼ �4clnðQc=4cVÞ�4gln
�
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where cij is the FloryeHuggins interaction parameter between
species i and j, x is the Lagrange multiplier (as a pressure), ciS is
the interaction parameter between the species i and the free
hard surface S. rs is the position of the free hard surface.
Qc ¼

R
drqcðr;1Þ is the partition function of a single copolymer

chain in the effective external fields wA, wB and wC, and
Qg ¼ R drqgðr;1Þ is the partition function of a grafted polymer
chain in the external field wg. The fundamental quantity to be
calculated in mean-field studies is the polymer segment proba-
bility distribution function, q(r, s), representing the probability of
finding segment s at position r. It satisfies a modified diffusion
equation using a flexible Gaussian chain model,

v

vs
qðr; sÞ ¼ Na2

6
V2qðr; sÞ �wqðr; sÞ (2)

where w is wA when 0 < s < fA, wB when fA < s < fA þ fB, wC when
fA þ fB < s < 1 for ABC triblock copolymer and wg for the grafted
polymer. The initial condition of Eq. (2) satisfies qc(r, 0) ¼ 1 for ABC
triblock copolymer. Because the two ends of the block copolymer
are different, a second distribution function qþc ðr; sÞ is needed
which satisfies Eq. (2) but with the right-hand side multiplied by
�1 and the initial condition qþc ðr;1Þ ¼ 1. The initial condition of
qg(r, s) for grafted polymer is qg(r ¼ rz, 0) ¼ 1 andqg(r s rz, 0) ¼ 0,
where rz presents the position of the substrate at z ¼ 0, and that of
qþg ðr; sÞ is qþg ðr;1Þ ¼ 1. The periodic boundary condition is used for
qc(r, s), qþc ðr; sÞ, qg(r, s), and qþg ðr; sÞ along x-directionwhen z˛½0; Lz�.
qc(r, s), qþc ðr; sÞ, qg(r, s), and qþg ðr; sÞ are equal to zero when z < 0 or
z > Lz.

Minimization of the free energy with respect to density, pres-
sure, and fields, dF/d4 ¼ dF/dx ¼ dF/dw ¼ 0, leads to the following
equations.

wAðrÞ ¼
X
isA

cAiNfiðrÞ þ xðrÞ þ cASNdr;rs (3)
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wBðrÞ ¼
X
isB

cBiNfiðrÞ þ xðrÞ þ cBSNdr;rs (4)

wCðrÞ ¼
X
isC

cCiNfiðrÞ þ xðrÞ þ cCSNdr;rs (5)

wgðrÞ ¼
X
isg

cgiNfiðrÞ þ xðrÞ þ cgSNdr;rs (6)

fAðrÞ þ fBðrÞ þ fCðrÞ þ fgðrÞ ¼ 1 (7)

fAðrÞ ¼ 4cV
Qc

ZfA

0

dsqcðr; sÞqþc ðr; sÞ (8)

fBðrÞ ¼ 4cV
Qc

ZfAþfB

fA

dsqcðr; sÞqþc ðr; sÞ (9)

fCðrÞ ¼ 4cV
Qc

Z1

fAþfB

dsqcðr; sÞqþc ðr; sÞ (10)

fgðrÞ ¼ 4gV
Qg

Z1

0

dsqgðr; sÞqþg ðr; sÞ (11)

Eqs. (3e11) form a close set of self-consistent equations, which
are numerically implemented by a combinatorial screening algo-
rithm proposed by Drolet and Fredrickson [16,29]. The Crank-Nic-
olson scheme and the Douglas-Gunn scheme are used to make the
solution unconditionally stable [30]. The algorithm consists of
randomly generating the initial values of the fields wi(r). Then the
diffusion equations are then integrated to obtain q and qþ, for
0 < s < 1. The right-hand sides of Eqs. (8e11) are evaluated to
obtain new values for the volume fractions of blocks A, B, C, and
grafted polymers. The simulation is carried out until the phase
patterns are stable.

The simulations are performed on a three-dimensional cubic
box Lx � Ly � Lz with periodic boundary conditions in the x- and y-
directions. The walls are presented as planes at z ¼ 0 (substrate)
and Lzþ1 (hard surface). The Lx and Ly are varied between 40 and
45 (in unit of a) along xy-plane. The film thickness is Lz ¼ 40. And
we can vary the brush density s to tailor the morphology of the
ABC block copolymer thin film. It should be noted that the
resulting microphases largely depend on the initial conditions.
Therefore, all the simulations are repeated at least 10e20 times
using different random states to guarantee the structure is not
occasionally observed. Also the simulation box in the x- and y-
directions is varied to find the final stable phase. We should note
that this method will not influence the final morphologies of the
system according to comparing the free energy to determine the
stable and metastable morphologies. We only address the thin
films of ABC triblock copolymer on the densely polymer-grafted
substrate and the grafted polymers are assumed to be identical
with the middle block B. The grafting density of the grafted chains
is changed from s ¼ 0.15 to 0.6 to insure that the polymer brush is
in the dry brush regime (sN1/2 > 1) and the pattern of the ABC
triblock copolymer film is perfect. The polymerization of ABC tri-
block copolymer is N ¼ 60 and that of the grafted chains is same
with the copolymers, i.e., P ¼ N ¼ 60. The core-shell hexagonal
phase with compositions fA ¼ 0.1, fB ¼ 0.2 and fC ¼ 0.7 in melts
[31] is studied, which is equivalent to the short block A adding to
the diblock copolymer AB. It is very important in nanolithography
[32], photoelectric applications [33]. In this work, we studied
two cases: 1) identical interaction parameter cijN ¼ 35, and 2)
non-frustrated state cABN ¼ cBCN ¼ 13 and cACN ¼ 35 based on
Jung’s [32] and Tyler’s work [17].

3. Results and discussion

3.1. Morphology

Fig. 1 shows the morphologies of the ABC block copolymer by
varying the brush density with the neutral hard surface. The
microphase patterns, displayed in the form of density, are the red,
green and blue, assigned to blocks A, B and C, respectively. For
a clear presentation of the final pattern, the linear dimensions of
the unit cell are replicated 2 times in x- and y- direction. In the large
icons of each group, the final color plotted at each point is the
mixture of three colors, in which the concentration of each color is
proportional to the local volume fraction of an individual block. The
patterns of the polymer brush and the single block (block A or block
B) are shown with the small icons in each group. Seven ordered
microphases are found with fA ¼ 0.1, fB ¼ 0.2 and fC ¼ 0.7 at Lz ¼ 40
by varying the brush density from s¼ 0.1 to 0.6: Perforated lamellar
and lamellar phase (PL þ L), Cylindrical and lamellar phase (C þ L),
Spherical phase (S), Spherical phase (double layer) (Sd), Cylindrical
phase (C), Hexagonally packed cylindrical phase (Chex), Perforated
lamellar phase (PL). The morphology is asymmetric along z-direc-
tion, which is due to the different confining surfaces (one is the
brush-coated surface and the other is the free hard surface). The
final structure is the combination of the different morphology, such
as C þ L, PL þ L. In the work, we observed the severely uneven
distribution of the grafted brushes like our previous work (fA¼ 0.18,
fB ¼ 0.39 and fC ¼ 0.43) [4]. Only when the brush density is very
high, the interface between the brushes and the block copolymer
shows some pattern. This is due to the different composition here,
fA ¼ 0.1, fB ¼ 0.2 and fC ¼ 0.7. The relative short middle blocks B can
easily overcome the bending energy between them and the short
end blocks A. Here, the polymer brushes act as the soft surface to
make the good morphology of the ABC triblock copolymer with the
middle block tending to aggregate at the surface. From Fig.1, we can
see three main kinds of morphologies: cylinders, perforated
lamellae and spheres (Fig. 2).

(a) Cylinders: In the cylinders, block A forms the core, block B
forms the shell of the core, and the matrix is the block C. The
phases related with cylinders are cylindrical and lamellar
phase (Cþ L), hexagonally packed cylindrical phase (Chex), and
cylindrical phase (C), where, the C þ L phase is due to the
minority of blocks A and B, which cannot separate from each
other.

(b) Perforated lamellae: There are two perforated lamellar phases.
One is the perforated lamellar phase (PL) and the other is the
perforated lamellar phase (PL) combined with lamellar phase
with single layer (PL þ L).

(c) Spheres: Spherical phases include single layer spheres (S) and
double spheres (Sd) depending on the brush density. The block
A forms the ‘core’ and the block B forms the ‘shell’ of the ‘core’,
and the matrix is the block C. In this case, there are not enough
block copolymer to form the cylinders or perforated lamellae.
3.2. Phase diagram by varying the brush density

By continuously changing the brush density (we start the brush
density s from 0.1 here), the phase diagrams are constructed for the



Fig. 1. Morphologies of the ABC block copolymer by varying the brush density at fA ¼ 0.1, fB ¼ 0.2 and fC ¼ 0.7, Lz ¼ 40. The microphase patterns, displayed in the form of density, are
the red, green and blue, assigned to A, B and C, respectively. The isosurfaces of polymer brush (below the morphology of ABC triblock copolymer) and the single block (block A or
block B) are also shownwith the small icons in each group (for interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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two cases: identical interaction parameter cijN ¼ 35, and non-
frustrated state cABN ¼ cBCN ¼ 13 and cACN ¼ 35. The phase
diagram as a function of the brush density is shown in Fig. 2. The
left column is for cABN ¼ cBCN ¼ cACN ¼ 35 and the right column is
for cABN¼ cBCN¼ 13,cACN¼ 35. There are six phases for the case of
the identical interaction parameters cABN ¼ cBCN ¼ cACN ¼ 35.
When the brush density is between 0.10 and 0.20, the stable phase
of the block copolymer is the mixture of cylinders and lamellae
(C þ L). When the brush density increases to 0.20e0.28, the
perforated lamellar and lamellar phase forms. Blocks A and B form
one phase in this case. At the interface, there are not enough short
blocks A and B to form the lamellar phase, then the perforated
phase occurs at the interface. When further increasing the brush
density, the cylindrical and lamellar phase occurs again. The
lamellae are near the brush-coated substrate and the cylinders are
near the other free surface. This is due to the difference of the two
surfaces (one is the brush-coated surface and the other the free
hard surface). When the brush density increases to 0.36e0.40, the
stable phase is the cylindrical phase. The thickness of the block
copolymer thin film decreases when the brush density increases, so
the phase becomes simple. When further increasing the brush
density, the spherical phase occurs, which is due to that there is not
enough block copolymer to form cylinders or lamellae. When the
brush density is very high, such as larger than 0.56, the disordered
phase is stable because the block copolymer is the minority
compared to the brush, so the blocks cannot separate from each
other. The phase transition with changing the brush density is
similar to that of the ABA block copolymer on the B polymer brush-
coated substrate by changing the film thickness [34]. Although the
condition (chain blocks and composition) is not fully identical, the
phase transition from the cylinder to perforated phase to cylinder
and last to disordered phase. This means that there is some
correspondence between the coated brush density and the film
thickness. We will give the comparison in Section 3.3.

For the non-frustrated case, cABN ¼ cBCN ¼ 13, cACN ¼ 35, only
four phases are found: Chex, PL, C and Dis. The repulsive interaction



Fig. 2. Phase diagram of the ABC block copolymer thin film confined between the
brush-coated substrates when increasing the grafting density s of the brush at fA ¼ 0.1,
fB ¼ 0.2 and fC ¼ 0.7, Lz ¼ 40. The left column is for cABN ¼ cBCN ¼ cACN ¼ 35 and the
right column is for cABN ¼ cBCN ¼ 13, cACN ¼ 35.
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between the end blocks A and C is the largest in the three inter-
action parameters. It is a favorable case. The block A forms the
“core”, the block B forms the “shell” and the core-shell structure is
inserted in the matrix composed of the block C when the brush
Fig. 3. Comparison of ABC triblock copolymer thin film phase behaviour between
varying the grafting density and changing the thickness when the volume fractions of
A and B are 0.10 and 0.20 respectively and the interaction parameters are
cABN ¼ cBCN ¼ 13, cACN ¼ 35. The left column is the phase behaviour of the ABC tri-
block copolymer thin film by varying the grafting density with fA ¼ 0.1, fB ¼ 0.2 and
fC ¼ 0.7, Lz ¼ 40. The right column is the phase behaviour of the ABC triblock copolymer
thin film by varying the film thickness with the fixed brush densitys ¼ 0.2, where the
effective film thickness is Leffz ¼ Lz � h ¼ Lz � sP ¼ Lz � 12. The effective film thick-
ness of the ABC triblock copolymer by varying the brush density is
Leffz ¼ Lz � h ¼ 40� sP ¼ 40� 60s.

Fig. 4. Comparison of ABC triblock copolymer thin film phase behaviour between
varying the grafting density and changing the thickness when the volume fractions of
A and B are 0.10 and 0.20 respectively and the interaction parameters are
cABN ¼ cBCN ¼ cACN ¼ 35. The left column is the phase behaviour of the ABC triblock
copolymer thin film by varying the grafting density with fA ¼ 0.1, fB ¼ 0.2 and fC ¼ 0.7,
Lz ¼ 40. The right column is the phase behaviour of the ABC triblock copolymer thin
film by varying the film thickness with the fixed brush density s ¼ 0.2.
density is small relatively. When the brush density increases to 0.4,
the effective film thickness is small, so the perforated lamellar
phase occurs. When further increasing the brush density, the
cylindrical phase is stable, which is equivalent to the Chex phase
with a single layer.

From the phase diagrams, we can see that there are only four
phases when the brush density is varied from 0.1 to 0.6 for
cABN ¼ cBCN ¼ 13, cACN ¼ 35, while six phases for
cABN ¼ cBCN ¼ cACN ¼ 35. It is energetically favourable
forcABN¼ cBCN¼ 13,cACN¼ 35 because it does not need to overcome
the bending energy to avoid the contact between the blocks A and B.
Then there is a large region for the hexagonally packed cylindrical
phase (Chex). But for the case forcABN¼cBCN¼cACN¼35, it exists the
energy competition between the blocks A and B, B and C, A and C, so
the phase behavior is more complex.

3.3. Effective thickness of the ABC triblock copolymer thin film

3.3.1. cABN ¼ cBCN ¼ 13, cACN ¼ 35
From the above results, we can see that the effective film

thickness changes with increasing the brush density. In order to
relate the brush density with the effective film thickness. We also
consider the ABC thin film with different film thicknesses at the
brush density s ¼ 0.20. In this part, we also consider the cases for
the identical interaction parameter and the non-frustrated state.

Due to the higher grafting density of the coated polymer, the
brush height is h¼ sPa [35], therefore, the effective thickness of the
ABC block copolymer is only about Leffz ¼ Lz � h. Fig. 3 gives the
comparison of the non-frustrated case cABN¼ cBCN¼ 13, cACN¼ 35.
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Fig. 5. Entropic free energy-TS (squares), enthalpic free energy U (spheres), and total free energy F (triangles) of the system for fA ¼ 0.1, fB ¼ 0.2 and fC ¼ 0.7 at (a)
cABN ¼ cACN ¼ cBCN ¼ 35 and (b) cABN ¼ cBCN ¼ 13, cACN ¼ 35.
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The left column shows the phase diagram when varying the brush
density with the fixed film thickness Lz ¼ 40. The right is the
morphology of the block copolymer by varying the film thickness
Lz¼ 22� 40 at the fixed brush density s¼ 0.2. The dash lines show
the correspondence. From the figure, we can see that there is a good
correspondence between the two cases, which satisfies the relation
Leffz ¼ Lz � h. The effective film thickness of the ABC triblock
copolymer by varying the brush density
is Leffð1Þz ¼ Lz � h ¼ 40� sP ¼ 40� 60s. The effective film thick-
ness of the ABC triblock copolymer thin film by varying the
film thickness with the fixed brush densitys ¼ 0.2 is
Leffð2Þz ¼ Lz � h ¼ Lz � sP ¼ Lz � 12. In the present case, the phase
behavior of the ABC triblock copolymer shows the good agreement.
The good correspondence is also due to the favourable interaction
between different blocks. It is easily understandable, the effective
film thickness decreases with the increase of the brush density.
As for these two cases for the change of the film thickness and
the change of brush density, the interface A/C cannot easily form, so
the microstructure of block B around the minority block A is stable.

3.3.2. cABN ¼ cBCN ¼ cACN ¼ 35
Fig. 4 gives the comparison of cABN ¼ cBCN ¼ cACN ¼ 35. The left

column is the phase diagram when varying the brush density with
the fixed film thickness. The morphologies of ABC block copolymer
at different film thickness with fixed brush density are shown in the
right column. From the figure, we can see that there is good
correspondence when the brush density is relatively low, such as
s¼ 0.2e0.42. The dash lines in Fig. 4 show the correspondence. But
when the brush density is very high, whichmeans the effective film
thickness is very small, the morphology does not well related. This
phenomena is different from the non-frustrated case
cABN ¼ cBCN ¼ 13, cACN ¼ 35. As for the case of
cABN ¼ cBCN ¼ cACN ¼ 35, the morphology at different film thick-
ness shows some periodicity, which is similar with our previous
work [4]. The ordered periodicity decreases when the film thick-
ness decreases along z-direction. The interfacial effect and the
special effect have strong influence to the morphology due to the
identical interaction between the three different blocks. The energy
competition is strong between different blocks comparing with the
non-frustrated case. But for the present case for changing the brush
density, the substrate will havemore compatibility with the block B
of ABC triblock copolymer. The block B will stay near to the polymer
brush-coated substrate, therefore, the structure of block B around
the block A easily forms. It is more favorable in energy than that the
blocks A and B forms one phase, that is to say, blocks A and B cannot
separate from each other.
3.4. Energy analysis

In the following, we provide insight into the entropic and
the enthalpic free energies of the system, where
�TS ¼ �4clnðQc=4cVÞ � 4glnðQg=4gVÞ � 1=V

R
dr
P
i
wifi; and

U ¼ 1=V
R
dr½12

P
isj

cijNfifj þ
P
i
ciSNfidr;rs �. Fig. 5 shows the entr-

opic free energy-TS (squares), enthalpic free energy U (spheres),
and total free energy F (triangles) (F ¼ U-TS) of the system as
a function of the brush density s. With the brush density
increasing, the entropic free energy increases and the enthalpic
free energy decreases a little. We can see that the entropic free
energy contributes the phase transition of the ABC triblock copol-
ymer. When the brush density increases from 0.1 to 0.3, the
entropic free energy almost does not change, which is reasonable
because the effective film thickness is large enough. When the
brush density is 0.3e0.45, the entropic free energy increases
because the film goes into the thin film regime and the confine-
ment effect dominates. Due to the grafted polymer serving as
a hydrophilic part (identical with the block B) of the block copol-
ymer, the large energy fluctuation is suppressed in our system as
compared with the block copolymer confined in the film only by
hard surfaces. Comparing with the two components (-TS, U) of
the free energy, we can clearly see that the entropic free
energy contributes more to the hetero-structure formation.
4. Conclusions

In this paper, the morphology and the phase diagram of the ABC
block copolymer on the polymer-coated substrate were studied by
using the self-consistent field theory (SCFT) in three dimensions. By
continuous changing the grafting density with the fixed film
thickness, seven ordered morphologies were found for the block
copolymer thin film with the composition fA ¼ 0.1, fB ¼ 0.2 and
fC ¼ 0.7: perforated lamellar and lamellar phase (PLþ L), cylindrical
and lamellar phase (C þ L), spherical phase (S), spherical phase
(double layer) (Sd), cylindrical phase (C), hexagonally packed
cylindrical phase (Chex), perforated lamellar phase (PL). Due to the
asymmetric surfaces for the block copolymer thin film, the rich
hetero-structures occur, which is the combination of two different
microstructures, such as PL þ L phase, C þ L phase. They can be
separated into three kinds: cylinders, perforated lamellae and
spheres. The phase diagrams were constructed for the identical
interaction parameters case and the non-frustrated case. We can
clearly see the phase transitions with the increase of the brush
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density. The transition includes complex lamellar phase to cylin-
drical phase to spherical phase and last to disordered phase for the
case cABN¼ cBCN¼ cACN¼ 35. The phase transition is simple for the
non-frustrated case cABN ¼ cBCN ¼ 13, cACN ¼ 35. The effect of the
film thickness is also considered at the fixed grafting density
s ¼ 0.2. Comparing the results, we found that there is a corre-
spondence between the thin film thickness and the brush density,
which shows that the essence of the variation of the grafting
density is the change of the effective film thickness in most cases.
The relationship between the grafting density and the film thick-
ness is constructed. Actually, the change of the brush density tailors
the surface confinement effect, that is to say, the film thickness
changes. Our results offer another way to tailor the phase behavior
of the block copolymer thin film and obtain the hetero-structures.
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