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Fig. 1 (a) Typical AFM topography scans of the identical artificially rough PS sample before annealing and after annealing for
2 h at 90 °C (Reprinted with permission from Ref. [19]; Copyright (2001) American Chemical Society). (b) Gold particles are
deposited, allowed to partially embed in the glass surface, and then gently removed®” (Reproduced from Dutcher et al.,
Science, DOI: 10.1126/science. 1155120 [2008], AAAS); Comparison of the calculated surface relaxation time (open triangles)
with bulk a and S relaxations of PSI?”] (Reproduced from Fakhraai et al., Science, DOI: 10.1126/science. 1151205 [2008],

AAAS).
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Fig. 2 (a) The thickness dependence of 7, in PS films measured by different techniques. The data in the shaded area obtained

from the substrate supported PS films, while the data in the unshaded area obtained from the free-standing PS films. The inset

shows the schematic diagrams of substrate supported films and free-standing films (Reprinted with permission from Ref. [30];

Copyright (2014) Biao Zuo); (b) Summarization of the thickness dependent 7, of PS thin films with various topcoats

(Reprinted with permission from Ref. [35]; Copyright (2019) American Chemical Society).
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Fig. 3 (a) The viscosity is shown to decrease appreciably with decreasing film thickness (Reprinted with permission from
Ref. [37]; Copyright (2012) Springer Nature); (b) Apparent modulus (Ey,,,) as a function of thickness (i) for PS films
(Reprinted with permission from Ref. [41]; Copyright (2006) American Chemical Society).

S R G T E AT LA RS, 1X 5 de Pablo
LR GRS S S 1 e S WA 22 X VRS E | BNty
FHAF .
1.3 HHERXEMEZHYIEEIR
1.3.1 S FELE B BRI ) & 4R

Takahara 14451 2% 1 5 v 525 R 710 J2E A1 A
LA R 2 208 (dPS), FIFH IR 1R i
ATIREE T 1) E SR AR T & 08T, R

fEH BRI R S HEmE S MR EEE. —

Rl R AL 52 B R A LN, JE 3R

BRI AT EE R BN U FIZ B, BRAR T EEBLI ]
EHET R I > TR U AR b it T i),
b, RN AL R 1S R POA N AT RE A
H FH 2R T8O ) ) B 2 — . Kajiyama S51471 7]
IR R A R, BT IT T AN [R] I 5L i PS

BRI T, RIVKE TN TR T, (HHE
400(
(@) o0 s @®000—o—
350F Bulk . W
r A ?
300
2
M e 4 Room temperature
~ 250 Surface SiC,CF
h:t) -SiC,C¥¢
2001 ®,0:PS-H
A, A :0,0-PS(NH,),
150 M, :0,0-PS(COOH),
: ¢ ., 10,0-PS(SIC,CF,),
100' 1 sl Ll N
103 104 105 106 107
Mll

T(0-T() (K)

(RS 0T RM T, s E K. X T T 248
20 kg/mol FRIFE &t , 43 2 & sl BL BT, 3R
T, AR T K29 230 °C. il R LN, K
T, R AR T K920 °C, W1 4(a) BT/ . Jiang
SEUSIIE IR (2- IR IENE) (P2VP)E &R Th A RE R &
i = 1) A7 AE ] 2 2 PR R B I 3R THI T, Tsui
LGOI T T AN ] v 2 PS I T, B R B (AR 4K G
R, RIS AL A, T, B R
/INTIG T B P B B R 38 DL 4(b). 1X 2 T
TRAEREARKMERTRE, SERMESE, K
A VB R th K] g A SR B AAE B B AR AR T4 BA
bk, JETN AR T E RN B SE R
2, ARG NBIBN B AR R X
THRIE SR RE Y, Sty o 5K
HEAHEAER, PRI Figshae /s, dEmkss B
IR B, Zhang ZECVR B, 554k i M IE

of®)

:'g :

5t

5

¥
3
£ 0 wo-PS-(R), (47.8k)
E}' Model fit (c,erPS-(R'),)
’ ® com. H-PS (530k)
——————— Model fit (com. H-PS, 530k)
O home H-PS (52k)

25k 4 Model fit (home H-PS, 52K)
-30 T
6 8 20 40 60 80 200

Thickness (nm)

Fig. 4 (a) Molecular weight dependence of surface and bulk 7s for the PS films with various chain end groups (Reprinted
with permission from Ref. [47]; Copyright (2000) John Wiley & Sons, Inc.); (b) Ty(#)—T4() versus thickness, ¢, for thin films
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Society).



6341 WA BRI B3R O A BEAL ) R E 7T 1281

THAEE TIPS AHLL, B A H RG] K]
A T Bt S 2R I B PS 1 T, %%
PR RS (AR B BRI 1 240 50%. X Fh I 55 K IR T i
) EUE T B 5 3R T R 2 TR R
MESE, FRAC T 7 riashae /. HIE 1T EE
T A5 () 5 ] i R AE E R R T AR AT L
IRIF B AT 4 3R 14 T BE IS Bh e 10
SR AN LR AT 4 B R TS 555 5
TREIGKRPIML A AW R RS 8 T2
REAPEVESLIGIM G . Kk, F2%HIANE
FH 2R TR RIS (1) 72 A A H A () S A
1.3.2  RIEE S E A

FEH 2 1 A5 4] 7 — P eT e ki 3R Th B
BR =W E B LT H B8 5TEbE
AN RLZES T, RN ES 2 S(EEET)
(R Y X . AH BT SR G P gt e ) 1 oA i R
PEEFZVR AP 5, H R 15
HH A HAR SR A RE BR A, 73 7 HERRAR
RN, BRI N T AR . Algers S5 A Cao
SIS TE -y K, sl AN [N e
IR LR BN R AR RS, BEAT TSR E
R ILAIE B A, KIL T PMMA K 1
BAH—ZEERL, Bl mdiEX, &
P29 2 nm. %5256 45 5 5 Mattice 5605497 T AL LT
HH45 AR 1 UTED . Lipson Z55512% [& 7y 14
B P 7] 32 3 5 4E DL K P [A] 32 3 )RFE (the
cooperative length, Leoo,) F A AL B A ME 1) R 2
(W 5 2L kE), I ErE B AR RS A Tt

BRI, RAEYE R THR R RS 3 R A
S80I B Y L (LT 5(b) R R 41 28 )i KT
Xof T Je 0 2% FE I B (L B 5(b) 85 28 ). X 3%
BH [ R 2R D0 SR G 43 F-Fas st AT D9 R 52 1 S [l T
B 78 KT % P e U X P S R TN B
B E B ST B RS . Yu
S SONE I A SR AR LA (UVO) A SRIB I SR A
VIR T, AN O He B3l ) 5P . 2 PS Wi
RMAE1.0s UVO B G, PSR K
AT AR, FLARL R A e A e R R R A ok
Qb EE T (1R N AR g AL BR FE 3R, B i@ A A
ACHRPRAR T R T HE3hRE 71, i 7 A
H R TR . FRAT TR AL S7VR) Y PET J4 26 T 4
SE ARG AMAR G, B S I B S AT N, R
I 45 i T AR R 0 PET I 7, A6 ) 5 1)
AT A LS, W S(c) s . XA«
T 7> TREAE 4G i FE R AR oy FRERHERR, 51
R E HARFIEA R . 38 R PET R R
T 2 5 PRI R P88 (R R T 5 ot X 1 1 4 )i,
i 5 PR 3R T RN 5 59 S mT I . Bk Ah, nLLE
SR RE VMBI T SR ik, fi
PR ANAAR Y AR 22 Sl dE T 4% B
FH 2% T 2% . Torkelson i @ 410581 % BXLE PS 7% it
HOIMA D B (2 wt%) )21 2K — R — 3¢ lis(DOP)RJI
A R PS B B B SR TH RS . 4 A DOP
(158 B 4 WYl E EH 2R TH 208 A B 58 4 v
B . Riggleman 5518 1 43 1 3)) 77 Z# B 4DL 9 S HF
XL

352 __ crystallized immobile
| (©) surface I/ y
o 348 i%‘§ - $ ? LR =
< ;{I
(2} -
g 344 | A Thin PET film
i I i OO PN I ST A
~ 1.2{(b) w *
T\i 1.0{ r@ 2:: | p amorphous mobile
b= - »
=~ 08 = ! \/_\_/, surface
‘N: Pav(2), average of p(z) over Lcqqp length Om 336 4 -
s b6 N L { VBRSO -8
0.4 -
:-‘3 02 Density Profiles, PSat7=T, 332 - Thin PETﬁlm
=0 PR IO vl M) O (I U G TR S A (vt ) e T
0.0H-—— ———— 0 20 40 60 80 100120140160 0 rowe A
Position, z Thickness (nm)

Fig. 5 (a) Local density, p(z), average local density, p,,(z), and co

operative length, L..,(2), as a function of position, z, across

the polystyrene free surface; (b) p(z) and p,,(z) (Reprinted with permission from Ref. [55]; Copyright (2021) American

Chemical Society); (c) Thickness dependence of 7, for PET films with/without the surface crystallized layer (Reprinted with
permission from Ref. [57]; Copyright (2017) American Chemical Society).
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neighbor coils is lifted from the bulk or surface to illustrate the fact that interpenetration or entanglement between the coils
decreases when the conformation of polymer chain changes from the unperturbed spherical conformation to oblate ellipsoidal
conformation!®? (Reproduced form Soles et al., Science, DOI: 10.1126/science. 1165174 [2008], AAAS). (¢) Thickness-
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T,m~} data by using two-layer model (Reprinted with permission from Ref. [66]; Copyright (2019) American Chemical Society).
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Review

Progress on the Physical Mechanisms of Polymer Free Surface Effect

Long-wu Hu, Jian-quan Xu", Feng-liang Wang, Xin-ping Wang"
(Key Laboratory of Surface & Interface Science of Polymer Materials of Zhejiang Province,
Department of Chemistry, Zhejiang Sci-Tech University, Hangzhou 310018)

Abstract It has shown that when the size of polymer materials is reduced to the nanoscale, the physical
properties of polymers (e.g., glass transition temperature, diffusion, crystallization, rheological and mechanical
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behaviors) deviate substantially from their bulk counterparts, showing a pronounced size dependence. The free
surface effect of polymers, which is the phenomenon of the chain mobility at the polymer/air (or vacuum)
interface is enhanced, then further influencing the overall chain dynamics and physical properties of the polymer
materials, is regarded as a key factor contributing to such size dependence. In this paper, we systematically
reviewed the progress on the free surface effect of polymers, summarized the physical origins of the free surface
effect, introduced its long-range propagation feature, discussed the microscopic mechanisms by which polymer
structures and polymer/substrate interfacial effect influence the free surface effect, and prospected the future
directions and potential applications in this field.

Feature:

Free surface effect

v' Activate chain mobility
v' Long-range propagation

Physical origin:

v" Enrichment of chain ends
v" Rich free volume

v" Special chain conformation

Crucial factors:

v" Polymer structure
Substrate v Interfacial effect

Keywords Free surface effect; Physical origin; Long-range propagation; Polymer structure; Interfacial effect



