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Fig. 1. Model of surface nucleation and growth of
chain folded crystal [18]
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Fig. 2. Free energy of formation of a chain-folded sur-

face nucleus [18].
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Fig. 3. Lamellar thickness [3, and &l of isotactic
poly(styrene) crystals from dilute solution as a func-

tion of undercooling for several values of 1. The dots

represent the experimental results (18],
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Fig. 4. Three different samples of sPP, crystallized at

various temperatures and heated: Inverse crystalth-
icknesses at the beginning (open squares), at melting
points (filled squares), and at the end point of recrys-
tallization processes (stars). All crystallization and
recrystallization lines (dots) are identical, the melting

lines (dashes) are shifted against each other [16].
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Fig. 5. General scheme treating crystallization, re-

crystallization, and melting, exemplified with data
of sPP. Pathways followed during heating processes
subsequent to an isothermal crystallization at low
temperatures (recrystallization before melting) and

high temperatures (melting without prior recrystal-

lization) [16],
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Fig. 6. T/n~! phase diagram for polymer layers in a melt
(label a) dealing with three phases: mesomorphic (m), na-
tive crystalline (cn), and stabilized crystalline (cg). Lines
of size-dependent phase transitions: Tc, between meso-
morphic and native crystalline layers, Tac,, Tmcs; Tacs,
and Tam with corresponding meanings. Two routes for
an isothermal crystallization followed by heating: route A
for low crystallization temperatures and route B for high
crystallization temperatures. Triple points Xy, (Xs) with
coinciding Gibbs free energiesof the melt, a mesomorphic
layer, and a native (stabilized) crystalline layer with the

same thickness [10]
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Fig. 7. Multistage model of polymer crystal growth
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Fig. 9. Schematic representation of the late-stage spin
odal texture for coexisting liquid phases with differ-
ent conformations, showing a single chain; thin line:
disordered conformation; thick line: correct (helical)

conformation for crystallization. Each chain is a “con-

formational copolymer” [9].
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Fig. 10. Schematic free energy density plots at a par-

ticular temperature. At this temperature, a melt with

density pr, < p < pc will phase separate into coexist-

ing liquid and crystal phases at densities p1, and pc.
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50— R 05 5 A PR 5 2 -

i (TDGL) ¥ it 7F 5L 1 SAXS W ()2l 71 % 20 f%
51ty CHL IR 120 H 1) o, /g BE g2 ALK R Bk
I LR MEAT g (1] 11 (a) SRR 11 (b) i RE2R),
XS g RA . A _E3E Olmsted 55 T
e AR 2 R Y B RV PR, 4545 TDGL HE g,
25 24 g BRI S VAT Dy (CH BEO8 i 34 1)
Kk ) B 28, 5SB48R — 3 (B 11 (a) sk
B AL 11 (b) Hhsiegk). HABEA L TR ¢ X
TN A ] RUEE, BRI 2 A R (BRH ) ok 7% 0 R
JE; i R R Tk VR (K TR RUBE AT A2 /0 ) Y
CH HAE M A REMRE K ¢ 17 4. ERRHIZ, Zq
BUNRIX — B[R] CH B —#F, oA 2505
RETF BN wq/q® B g2 WNTTIRCIN O AT . SR, SE
5 R T g BN R R A S, A NN
q BN we/q® B ¢ HNEAEA TR, HATEIE R
XF q BU/INIY PR ARRE 9T 56 2 75 IE AR AT A T AR SR S5

60
(a) 0.05 [T
f
0.04F b3, 3
50 .
| ]
2 0.03F ; o 3
\ ~ B ]
5\ = i Ny 1
- 40 Z o.02F ‘_-,.:" i M
7 MT19s TR
= df 0.01F ; i<i; i
~
NB* 30 f 3 0 1 i 1 i b
~ Q3 N
= o X 0 0.02 0.04 0.06 0.08 0.1
- R 4 . A-1
= ‘ C-HHE e/
20 |,
10 \&o
3 Ra
20
BodB 2.0
o ‘ O SRS mep
0 0.002 0.004 0.006 0.008 0.010
qZ/A—z

wi(q)/q*

0.4

11 SRR (a) S RARBL T 10 % B2 Bk oz it
(b) fxtEl. HUE STk [26] K H 22 30k (7]

Fig. 11. Comparison with the experimental results
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Fig. 12. The Cahn-Hilliard plot derived from the early
stages of the nucleation process in atomistic simula-
tions. The linear nature of the plot demonstrates the
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Fig. 16. Comparison Muthumar’s theory with Hoffman-Lauritzen’s theory of the size-dependent free energy (131,

&, & 2R B s KB ) R .
Muthukumar %5 (1] 5 ), &5 S R B, 5 H-L e A
F, FandE KB A BHAL 2. Ak
BT TR TS, REEAEKITSE
R DL B R i R

4 HhERE

TR YL — B T —
ANRFRIHERR. DT 31X 77 TH 4 AR 9 H 17 IR AR
AT, —J7 1, W& ML) H-L 218 ] Olmsted )
ME % FES A Muthukumar B 43218, #5027 RAE
B RUFE b M G A e HAA 1) 1) R, T AN 22 M 23
T HE I S5 A RRAE R B A S BR. —TT
T, B B & o D E R T v (DA s B eE A
il RT3 18 0775 I AN Re B 42 FH T ke 245 it 1)t
NAESE Sk R b, B TR ) BRI i 0 R M
AW, AL OO EE A, R G
WAL, 2 8 B oy T AR S A R ], B

PRERT L H EE H N 6(BLHE 3 4518 3 A ik X
i) MIEEL % KT HE A ). TRL I 58 85 1A 495 i BEAR N 2 57
FE - NIPE i dORBE R R 2 B e L L4
H, NATRE TAR Z2 BAR T BRI FE X —Rim 1
BRI RGETE. o) I A SRR R RS K ) R T
5 3 PR o 1 R0 B A W B S — N il A AR
V281 S o 7V R FE X B R Y SRR R
PEOTRE. TR TR NIVERE, RO R EH D, B
PICRAE B b, AT R R BEAR 17 i 58, 48
FRIVEBE R R AT T A SO PT RE.

AE AR T RSB SER P,
JEIE e A, RETEEIRE. KT i X
(ROALEE & — A B B AR (K 1 B Jiang %5 [2°)
SEHY T AE R AT B AR T T A B Atk [ A
R UL, X BRI 4R I AR AT B3R
JER%, VA ) A% G B v A8 A B AR T — IR

FESR b, KT o ra s R e

188201-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65,

No. 18 (2016) 188201

e . R 2 FEH, SAXS HH
T 1 BT (AFM) PR ) S 56 T BUIN 245 i
URFE 72 ok, 2 5800 WAXS S256 HBEF 1 5 Ak %
JJE I S5, A REE I SR ALL T < ) 5 AOR HE
T A% 1 LI R T SAXS SIS T DAL H W 4% 3
JEAZ I R A P RE R AL, T A 45 2R B DT
5. WU SRR R 24, ZERJIN A ZHFAT
NG5 R, ToikAs 21— L4075 AR &R 115 2.
AFM [ 5 R 3 A W] DA 9K RO 677 B i
PR SAT IEAL L, 7 2 AR, AT Al A
Jr R E A 72 RS ER R I TR B AR
BB, (HAFM kg i T B fE &,
DRI T TGV 4 Az B . R, T4 XA —
AN R U SIS T BORSS E, —1T
BRUAR MEZE H 45 S R 43

g b, HuTm 145 St 7T i BEe F BUH 2
A RIGM R H B 5EE, 1B KR LA &7 15
TR (il RO BE | R e ) A SR i R B 1R 9 kAt
45 fh BV A9 R BF AL

SE 3

[1] Faraday-Discussion 1979 Organization of Macro-
molecules in the Condensed Phase (Faraday discussions
of the Chemical Society) (Faraday Division, Chemical
Society) 85

[2] Lauritzen J I, Hoffman J D 1961 J. Res. Natl. Bur.
Stand. Sect. A 64 73

[3] Lauritzen J I, Hoffman J D 1961 J. Res. Natl. Bur.
Stand. Sect. A 65 297

[4] Hoffman J D, Davis G T, Lauritzen J I 1976 in Treaties
on Solid State Chemistry (Ed. by N. B. Hannay) (Vol. 3)
(New York: Plenum) p497

[5] Rastogi S, Hikosaka M, Kawabata H, Keller A 1991

Macromolecules 24 6384

(6]

(7]

188201-10

Keller A, Hikosaka M, Rastogi S, Toda A, Barham P,
Goldbeck-Wood G 1994 J. Mater. Sci. 29 2579

Imai M, Kaji K, Kanaya T, Sakai Y 1995 Phys. Rev. B
52 12696

Hauser G, Schmidtke J, Strobl G 1998 Macromolecules
31 6250

Olmsted P D, Poon W C K, McLeish T C B, Terrill N
J, Ryan A J 1998 Phys. Rev. Lett. 81 373

Liu C, Muthukumar M 1998 J. Chem. Phys. 109 2563
Muthukumar M, Welch P 2000 Polymer 41 8833
Welch P, Muthukumar M 2000 Phys. Rev. Lett. 87
218302

Muthukumar M 2003 Phil. Trans. R. Soc. Lond. A 361
539

Muthukumar M 2005 Adv. Polym. Sci. 191 241

Strobl G 2000 Fur. Phys. J. E 3 165
Strobl G 2009 Rev. Mod. Phys. 81 1287
Strobl G 2007 The Physics of Polymer
Springer)

Bassett D C 1981 Principles of Polymer Morphology
(Cambridge: Cambridge University Press)

Hoffman J D, Miller R L. 1997 Polymer 38 3151

Imai M, Mori K, Mizukami T, Kaji K, Kanaya T 1992
Polymer 33 4457

Imai M, Kaji K, Kanaya T 1993 Phys. Rev. Lett. 71
4162

Imai M, Kaji K, Kanaya T 1994 Macromolecules 27 7102
Ezquerra T A, Lopezcabarcos E, Hsiao B S, Baltacalleja
F J 1996 Phys. Rev. E 54 989

Terrill N J, Fairclough J P A, Komanschek B U, Young
R J, Ryan A J 1998 Polymer 39 2381

Kaji K, Nishida K, Kanay T, Mstsuba G, Konishi T,
Imai M 2005 Adv. Polym. Sci. 12 13

Tan H G, Miao B, Yan D D 2003 J. Chem. Phys. 19
2886

Gee R H, Lacevic N, Fried L 2006 Nature Mater. 5 39
Tang J Z, Zhang X H, Yan D D 2015 J. Chem. Phys.
143 204903

Jiang Y, Yan D D, Gao X, Han C C, Jin X G, Li L,
WangY, Chan C M 2003 Macromolecules 36 3652

(New York:


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1021/ma00024a003
http://dx.doi.org/10.1021/ma00024a003
http://dx.doi.org/10.1007/BF00356806
http://dx.doi.org/10.1103/PhysRevB.52.12696
http://dx.doi.org/10.1103/PhysRevB.52.12696
http://dx.doi.org/10.1021/ma980453c
http://dx.doi.org/10.1021/ma980453c
http://dx.doi.org/10.1103/PhysRevLett.81.373
http://www.ncbi.nlm.nih.gov/pubmed/11736383
http://www.ncbi.nlm.nih.gov/pubmed/11736383
http://www.ncbi.nlm.nih.gov/pubmed/11736383
http://dx.doi.org/10.1098/rsta.2002.1149
http://dx.doi.org/10.1098/rsta.2002.1149
http://dx.doi.org/10.1007/11537656
http://dx.doi.org/10.1007/s101890070030
http://dx.doi.org/10.1103/RevModPhys.81.1287
http://dx.doi.org/10.1016/S0032-3861(97)00071-2
http://dx.doi.org/10.1016/0032-3861(92)90400-Q
http://dx.doi.org/10.1016/0032-3861(92)90400-Q
http://dx.doi.org/10.1103/PhysRevLett.71.4162
http://dx.doi.org/10.1103/PhysRevLett.71.4162
http://dx.doi.org/10.1103/PhysRevE.54.989
http://dx.doi.org/10.1016/S0032-3861(97)00547-8
http://dx.doi.org/10.1038/nmat1543
http://dx.doi.org/10.1063/1.4936324
http://dx.doi.org/10.1063/1.4936324
http://dx.doi.org/10.1021/ma0341061

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 18 (2016) 188201

SPECIAL TOPIC — Progress in Soft Matter Research

Recent development on the theory of polymer
crystallization”

Yan Da-Dong"’ Zhang Xing-Hua?

1) (Department of Physics, Beijing Normal University, Beijing 100875, China)
2) (School of Science, Beijing Jiaotong University, Beijing 100044, China)

( Received 13 September 2016; revised manuscript received 19 September 2016 )

Abstract

In this paper, the history and the recent development of polymer crystallization have been reviewed briefly. Af-

ter introducing the conventional Hoffman-Lauritzen theory, the recent new experimental results, especially on X-ray

scattering, have been summarized. Some new models of crystallization have been reviewed, such as Strobl’s mesomor-

phic phase model, Olmsted’s spinodal-assisted crystallization theory, and Muthukumar’s molecular modeling of polymer

crystallization.
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