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Fig.1 Mechanism of porous membrane preparation
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Fig.3 Microscopic view of water droplet formation
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Table 1 Comparison of pore size and regularity of different polymer films under different humidity

REW T /% fLA% /um O HL & M E =B
PS 46.0 2.13 A ALEE Y [15]
PS 52.0 2.63 BT I FLES [15]
PS 56.0 3.00 FUREAT L2 [15]
PS 62.0 3.13 A ALEE Y [15]
PS 77.0 4.13 BT I FLES [15]
PS 90.0 4.60 FUREAT L2 [15]
PS 40.0 2.50 LA A4 [16]
PS 50.0 3.10 ARG, FLEsH A5 [16]
PS 60.0 3.75 MREALARIE R, LA S35 [16]
PS 80.0 438 BEALARRE R, FLEs A Ais) [16]
PC 43.0 228 TCAE LA [17]
PC 56.0 3.30 JEFLARRE I, FLESH A28 [17]
PC 75.0 7.10 HRALAEIE— 2B, FLASHE A 145 [17]
PC 83.0 NREEF R L NI, LR BEAR [17]
PC 91.0 9.07 LR B RUREE R, FLAR AR [17]

PVP/PS 15.0 JERHIBR TA /NG Ah, A% A [18]

PVP/PS 25.0 UNBT K, AR TIT RS [18]

PVP/PS 30.0 2.30 Ay ALEE [18]

PVP/PS 70.0 3.40 A LA [18]

PLLA 50.0 2.20 WA T LES R [19]

PLLA 60.0 3.60 FUREAT AL 2 [19]

PLLA 70.0 5.30 A FrALEE Y [19]

PLLA 80.0 TCRE LA [19]
PS 67.0 430 e (TS [20]
PS 70.9 5.30 A LA [20]
PS 78.7 6.10 FUREA FrALEE Y [20]
PS 84.3 6.60 Ay ALEE [20]
PS 87.0 8.00 LR EAR, UM [20]

. PC NREKIRNR; PVP NI LIGHEEMNE; PLLA NA R,
2.2 FEKRRHK FEERMN, s AR (e R, R
TE BF {2805 BRI R s, T R0 2 i ) L REVA BE P AR WO A o 2 FL A F AR B
W LA E 5 lE LT, BF &L RN 2O s o R TATSK ) AR R S AR TFK,
TKZES N A KR R Z LA B . oK T BE LR Gk, AR T A iy HES .
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W R 5.0 /L A110.0 g/L B, TCITE AT e 2 LA ;
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GER S ATES], ERUEEAT Y, HFLAR B A O B Y
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TE A ¥ 2 fL45H . Zhao B. H. 4 ") LU 47 e B AL
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1t BF WA IR B ZALBTE S s2m . S5 R &2,
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ZALEEH, W BE R S RS XE LUR A 7 2L
2.5 HIRBRE

ISR T2 B 5 M R ) 4 R R RN R I ]
T 5 W R TR I, DN 2 W) BF e /K ) B
AR . — T, PRBETRLEE AR, VAR R
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Table 2 Comparison of pore size and regularity of different polymer films at different concentrations

REW BT /(g L) fLA2 /um HECHR E = BN
PS 5.0 LS T IT [16]
PS 10.0 LA B 5], (AFLRER/ A — [16]
PS 20.0 4.80 LHESA TR [16]
PS 40.0 4.20 fLHEA A T [16]
PS 60.0 3.60 LHESA Y [16]
PS 80.0 3.00 LIS T [16]
PS 90.0 fLHE T [16]
PLLA 10.0 5.29 fLHSIA T [19]
PLLA 50.0 3.65 fLHEA A 7 [19]
PLLA 70.0 fLHES O [19]
PS-b-PDFHMA 12.5 2.50 JEERRREAT T [31]
PS-b-PDFHMA 25.0 1.00 B A et 5], e AT [31]
PS-b-PDFHMA 50.0 3.00 R A2 [31]
UTP 12.7 WETC Y [32]
UTP 38.1 0.90 LHA Y, BB [32]
UTP 63.5 0.90 LG TR, BB [32]
PS 15.0 20.00 LRI, fLARER [33]
PS 25.0 10.00 fLHESGA TR, LR ) [33]
PS 35.0 2.50 FLHESTERE, fLREUIN [33]
PS 45.0 1.50 B2 2715/ A { It N [33]

E: PS-b-PDFHMA S 5RHE ik BOR WAL NIRRT I PEfE; UTP NIEIERGYI.
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SEF SR MK A, DTS i 22 LR ) 25 102,
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PS 1) M,=223 200 ff, BEEA BB A PFLEH, I
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BIY PS AW HAT ML T REAL M4, S5 st
Dong W. Y. % "SR ] BF il 5 52 JE PS ZHL45H,
WA R . REWRAXT R
e BRI KN, 158 T ARTEREHN A ¥ £
LI, 255, B RAWARXT oF R 3,

-52 -



[|5 X|XX B, %
FREELHES S FEFSLEMFARER

BRALARAE R . X RS IR T RO, K
Oy TR BN, BHAS T SR 35 R R A
KRR, FEURTHAE KR,

5 EMREZHSIESEM

Fig.5 SEM image of a porous film made from polystyrene

S BALRYIALL, ALY R R, &
RO . HERCR L . EHE MRS 231 i b 22 L4
PRI R4 A, Lin W Y. 28 W50 T R 250
FHIER) Z LT HE R AR CIHILRY) (EC-g-PS)
A CS, i, SR BF Wil g 1 AT Fr i 2L,
RGEWITE T HAGE R | RO . EREAIAXT 1
B SEAN S HO ZALEEM I . 45 RR, e
BEA HAEEC | FHEC | AR 27 B i i
BB H R B B3GR/ b, B ) SRR AL
o AR AT A TR B ML, B F- 5 s
AFITIE Ay 2 ALE5H

HCRT R, SEYIRERE K, HA I R b5
Wi 1 Z2ALBERIESR, AR Wil 4 4 22 FLIGE
St BA AR RS

3 BEEREZIHESSPFEFS
FLER Mo it 77 ik
3 MARAENFNARSSIETFE

FHEEAKRE ), HAT— SR K G5 R R 2R
AP EA R ARUEEE S, WOEHR A
BF IS WA 7 2 L850 . R, REREYA
HAPENE, RS BF IR 2L, M,
AITER G PR INA B EEYI R, D3R 2L
FELRE

FETET TG R 700 P S 2K 3 P R S T P A
FEEA R, HA MR, W T3S 2L B0 A
JE. P.A. Gurr %5 P IR LSRR (PMMA )
1 PS Ay J5ORL 25 Z AL, & — Y PMMA Al

PS ARMETE A P ALEE A, A — & & 0 H B Ak
B4 (fluorinated polymer, FP) RI 35545 FFFL4EH
X2 FP HA R EEHERIMER, BB RE K,
BRI TH PR, HEFE Y 4 b
R RTETEPESR], M Hle 1K & o0 L- N4
B - BRI Z LI, e — R LR LU AR AR
ZALE5 R o IV ELA T S M T A e SRR R A
VER R TG PR BERE A ka2 K . Jiang X. L. 45 B
FIFH i SR It C Bt il 5 1 e R FLR2 (PLLA )
By Z LS, IF R BRTANEYER 51 17K Hr
J45. Y. Fukuhira 55 ™ fOE TR ERGY) . RIE
CHENIEBER L RY) . RE TR/ WEW Y&
Tt I A e fLASH B AA RGRTE TS PR . Qin
S. 45 B9 7E i R A il £ Z LR, stk itk
BARYIIE, R ARGRRE K, (LA T 2L
TR MSEE T RI H R A P AR B
HAbRSWARE , XA T B R 5 5 i B
2025 B, SR A BF ikl 4 PS ZALIRAT, #5
T BRI A, WITCH A AR 7K
BB KA B ILIERES ] #7IINE Z hE
KA T, WIEREGYRALEE N,

R, TR MR o] s KPR SR A i R 2R L
AWENE, X TEKERG P& 2R 2 G2,
32 MEREMBRENESIESH

SAE5 ) BE WA, e b i PR IR 1 vl D4
il BF JE il 72, DLARASAS [RDE A 4540 1) 2 FLI
FHIBETRE A ERR R E RS YR, RGP
WAk ¥, A0S 7K 1 A A B ] ASRAS R 5 /N
FLEEH . T L AT 3 ek 42 ) e 2 e v R
PAPE 2R 2540, s LR35 . filn, M.
S. Park % U R TR AN T KIS A1 2
THRZF4E % (cellulose acetate butyrate, CAB) £ L.
%, A. Mufioz-Bonilla 25 % 5% R g3 1 45 1 I )3
A 300~400 nm [ B R YY) IR ILEW A Y £
LA

RN DI OR B RNTER GV, BERE
SIS R BRI SR, TSI R G YrENE A
FESLIES b 0 LA A T ok s o o fe ke
Tl E AL RE . J. Mansouri 25 7 SR R ISRIEAE R B
Db il A T I R A Y PS A E 2L

B, PRI S A T 2L, ATEE G e
IR IRIE U ZA LIS .

- 53 -



05 €1 %= = f PACKAGING JOURNAL
2023 £ £ 1545 F 5 B Vol. 15No. 5 Sep. 2023

33 HBREENERERE

TER AR Kl # v, A 7Er R F it — &
H AL, AT E I R4 K, DT 52 1) 7K i 7 A
AR KRS, Rtk Al e JE SRR R KN, B
SR Z AL S 451 . M. H. Stenzel 5 P fii Jf]
AL A T 2L, WE e iR (Wiley
Periodicals Inc JiAUT A, £ M. H. Stenzel 55 [F] & 4%
#H) o BRI YRy EEE A, TR T
SCEL T AR AL, iR TR e 2 ALY
FAEYE, XuY. L. % PR BF iAH 4 T 3 R
G2 AURE, DS A S X 2 AL Y
oM, SRR B, REAESULEE I, R
TR, IR T RIMZE L, KIS EE e,
KRR, A BT KA P HES

S 1 I S B PO A b T U D R WA SO E ol 1 2 3 E
BB R 2, i il A LRSS e A

¢ humid airflow

Funnel / Nozzle

6 mm p"ly‘?‘er
solution

Y ,_m.‘!!&‘l_l

o humid environment

evaporation

6 HMEREFEHESILRTEE
Fig. 6 Schematic diagram of porous membrane prepared
by dynamic regulation method

4 HMRERZEINENESSTTER
% FLAE B e F

WP [ 22 il 25 A Ty Z2 AL —FI T B . ik
Jrike SR AW 22 00 4 WA 7 2 FLI R &
TR ZLE5H, AT 7 S U
AyE T A A ER U ERRER B y
Pl B9 g
4.1 HE

WP PR 22 il 25 1 Z2 A LA IR R FLAR, ATAR
P EFL A FLAR I /NFITE AR DX 0 A [) RS 9 2 K

BRIt , 22U o B AN R 20k 1) R APt i ds . oF
i3, i BF Bl & RG2S R 241
SR b, AT FE R EEREZ ™ Yuan H. 45 5@
it BF 15 AR SRR IE Tl 4 1 2 AL, %5
HA ZIuZ L5 BB . Ruan X H. 46 M7 3
Tl BF PoRIEAZERT:, il T —Fi iR Jogi i S
IBESRIAFLAR , AR F T ROK RST i 2 8 . Ou Y.
25 SR BF 1 AVKIE R B, A Zhiil 5 17 HoA
LA A P 2L, SEBL T ML RCK B L oK 9
JEFLARTLAS 35 T Ar o 5

AR, BF 75 A 43T B 2 f LR AL B 4
ENIESEIIDY = iR
42 MEIESE

IR AE A WA RL 2 AT 2 PR A A ik
FE Y B AR AR, HAERORL R T AT AR KR
TRAMA AR E—ECEME N, 5B,
BF Z AL HA RIH b 2% S5 B vk R AT 45 i R i 4h b
Sy, LZSLE5F R A R 4 M B SR BOR . ML HL
Stenzel &5 B i 1] 5 Ha i B G SR 40 WL 8% G & 4 440 it
L929 A A o Z5 R PR, PR E A AT Ao 4
A ¥ 2L B S A7 Al , X UiRH BF BAEAR
T b T AN R A g oo ™, Li L. % PPk
F BF il TR LI -b- BT 0% b- B
B AL R A Y 2L, I Escik 1 h I ik Pk
SRR S IR K, A2 el A B A R . T
Nishikawa % "7 R ] BF ikl 45 T PLLA Z4LIBE, JF
3 S WU A 2l AR T AR S B T At A A BB ] AR 4
I, A 2L A R T4 A
43 HEWEA

HEARVFZUIReM B BE H 4R H BF il ith 2
LI, {HAT L o LB A i) 45 th HA A 7
ZALE5H . W, DL BF R0 AT 2 LI
VERAR . BHOEZI ) EPBE A Z () RS 5% . F. Galeotti
4 Dol g — H L g 4 BE (polydimethylsiloxane,
PDMS ) SR VEE SN Hl & 4 i 2L, ke fk
Ja HETE LR AW 2L, 58] 7 5L RS
XFI Y IRTE PDMS FES 454 o X DL 43 2 LI
YEREAR, AT MR S A 2548, An e 15 )
EATHAEFHES . F. Galeotti 25 ' ] PS il £
FLIBIAR A5 5 PDMS #ibR, ATk il £ 22 285 11 K]
ZALLER . teAh, BF R AT T A 3R A B .
Han Y. Q. % " il PC ZALIAE MR 4 T HA

- 54 -



[]5 X|XX B, %
FREELHES S FEFSLEMFARER

FHAE R GRS
4.4 fEWXIER

W 2 A AR T 08 PR ) o sl 2 1A 5 RS e
IRGJG, RN BF kil e i Z24L0, ZBEnT FVEAEAL
o Wan L. S. &5 9 Fil R 2 AL B A AR 11
H2%e, SR EIZE T T BA s RIS M
F A2 se . K. Kon 28 DR Sefifbny —4Afk
BK (TIO, ) 4K S B 21 R 1E D) Be AL FIAC IR AT 7 2
LI |, Bebe)n 415 TiO, 44K 5 Y BE MR, BF5T
W, TiO,-BF WAL KIS P o s Jebbisd, Uh i
A AL TG M FEFH TiO, B 5 . A. S. de Leon
2 PO SRR 2 F AR B Wl R e ) 2B 0 A 5 )
W R0 22 LIRS, Z2FLIBER B YA T o v
PRSP

5 HiESRE

B2, W R GRS — R i e A A 1A
Fr Z AL D5 1 KR A FeHES R 20 5 B i
L WHICHE S AT P 2 AL A5 TE B O B, T i 4% Ao
WO R PR Z LR B a5 . PR IR S0k 2
754y 2 AL R 2 SLAS A A e LR Ak
TESTES . HEAL . AW L DG Hs SR T R O L T
SRV I V] 5 3 ) 5 3 20 1A 7 Z2 S LI AR SR F T
B2, 7o LI | AR 55 05 T L BUR Bkt g
EATIA — SR BT A DR . RNAT SR PR S8 1
AT P AL FE AT LA JLAS 7 1) T -

1) T IPIR B SE S A T 2 M8 12 ad 7
AR AN R A 26, ZAUBIE s DL H
BRI R, FERIRA KK A R MR AT Y
AR AR WARGE , 72— IRABIIE

2) FIRR P [ 5805 ) 4 1 w0 1 22 LI RY
LRRZAEROKG, M FHAR AR EIGKER,
nferds BF BRALAR RO i/ N B AR GO — A E Y
W Tr T

3 ) FIRIRI P 3 46 1 R 00 1A 7 22 FLIR R
RS RARAL T2 0K 2 R GBI, TSR
AL 2R R AL, DR e i P i [ 4805
] A R AR e o014 Py 2 AL IR L — A E A
G

4) biEZALRAE TR L fiEfe . Y. e
SREG)Z R, MORME BEAL SEROBOR R, SR IR
PGk il 7 BAT Z DRI 008 REAT e 2 FL LR 2

A Je BRI TT 1

S 3k

[1] AITKEN J. Breath Figures[J]. Proceedings of the Royal
Society of Edinburgh, 1895, 20: 94-97.

[2] WIDAWSKI G, RAWISO M, FRANCOIS B. Self-
Organized Honeycomb Morphology of Star-Polymer
Polystyrene Films[J]. Nature, 1994, 369: 387-389.

[3] FRANCOIS B, PITOIS O, FRANCOIS J. Polymer
Films with a Self-Organized Honeycomb Morphology[J].
Advanced Materials, 1995, 7(12): 1041-1044.

[4] ZHANG AJ, BAIHA, LIL. Breath Figure: A Nature-
Inspired Preparation Method for Ordered Porous Films[J].
Chemical Reviews, 2015, 115(18): 9801-9868.

[5] NEPOMNYASHCHY A A, GOLOVIN A A,
TIKHOMIROVA A E, et al. Nucleation and Growth of
Droplets at a Liquid-Gas Interface[J]. Physical Review E,
2006, 74(2): 021605.

[6] TIAN Y, DAI C, DING H Y, et al. Formation
of Honeycomb Films from Poly(L-Lactide)-Block-
Poly(Ethylene Glycol) via Water-Droplet Templating[J].
Polymer International, 2007, 56(7): 834-839.

[7] DE LEON A S, DEL CAMPO A, LABRUGERE C,
et al. Control of the Chemistry Outside the Pores in
Honeycomb Patterned Films[J]. Polymer Chemistry,
2013, 4(14): 4024-4032.

[8] KNOBLER C M, BEYSENS D. Growth of Breath
Figures on Fluid Surfaces[J]. Europhysics Letters (EPL),
1988, 6(8): 707-712.

[91 STEYER A, GUENOUN P, BEYSENS D, et al.
Two-Dimensional Ordering During Droplet Growth on a
Liquid Surface[J]. Physical Review B, 1990, 42(1):
1086-1089.

[10] MARUYAMA N, KOITO T, NISHIDA J, et al.
Mesoscopic Patterns of Molecular Aggregates on Solid
Substrates[J]. Thin Solid Films, 1998, 327/328/329:
854-856.

[11] SRINIVASARAO M, COLLINGS D, PHILIPS A, et
al. Three-Dimensionally Ordered Array of Air Bubbles in
a Polymer Film[J]. Science, 2001, 292(5514): 79-83.

[12] PITOIS O, FRANCOIS B. Formation of Ordered Micro-
Porous Membranes[J]. The European Physical Journal B:
Condensed Matter and Complex Systems, 1999, 8(2):
225-231.

[I3] LIUWY, XIEMC, LICT, etal. Highly Ordered

- 55 -



[]5 2023"25

[14]

[15]

[16]

[18]

[19]

(20]

(21]

(22]

] i,

% 3 PACKAGING JOURNAL
£15% % 5 8§ Vol. 15No. 5 Sep. 2023

Water Droplet Arrays on a Volatile Solvent Surface[J].
Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 2020, 590: 124487.
BOLOGNESI A, MERCOGLIANO C, YUNUS S,
et al. Self-Organization of Polystyrenes into Ordered
Microstructured Films and Their Replication by Soft
Lithography[J]. Langmuir, 2005, 21(8): 3480-3485.
PENGJ, HANY C, YANGY M, et al. The Influencing
Factors on the Macroporous Formation in Polymer Films
by Water Droplet Templating[J]. Polymer, 2004,
45(2): 447-452.

HISER, X, 2 LR, &5 BROmEEIREAL
FEE Bl £ K v [J]. THRERSRE, 2012, 43(12): 1548-
1552.

SHEN Yanming, LIU Dongbin, LI Shifeng, et al.
Synthesis and Application of Polystyrene Porous Film
with Honeycomb Pattern[J]. Journal of Functional
Materials, 2012, 43(12): 1548-1552.

XN, XUERB, XUV . Breath Figure 3 il £ 3 ik
WRlE (PC) ¥ RZALIE [1]. mir TAPRR S TR,
2013, 29(3): 133-136.

LIU Ruilai, LIU Junshao, LIU Haiqing. Fabrication of
Polycarbonate Honeycomb Porous Films by Breath Figure
Method[J]. Polymer Materials Science and Engineering,
2013, 29(3): 133-136.

CUI L, PENGJ, DINGY, et al. Ordered Porous
Polymer Films via Phase Separation in Humidity
Environment[J]. Polymer, 2005, 46(14): 5334-5340.
ZHAO B H, ZHANG J, WANG X D, et al. Water-
Assisted Fabrication of Honeycomb Structure Porous
Film from Poly(l-Lactide)[J]. Journal of Materials
Chemistry, 2006, 16(5): 509-513.

ZHENGY Q, TANGJE, LIWG, etal. Control of the
Pore Size of Honeycomb Polymer Film from Micrometers
to Nanometers via Substrate-Temperature Regulation
and Its Application to Photovoltaic and Heat-Resistant
Polymer Films[J]. Nanotechnology, 2020, 31(1):
015301.

ZHANGAJ, DUC, BAIH, etal. Formation of Breath
Figure Arrays in Methanol Vapor Assisted by Surface
Active Agents[J]. ACS Applied Materials & Interfaces,
2014, 6(11): 8921-8927.

BATES C M, STEVENS F, LANGFORD S C, et al.
Nanoscale Craters in Poly(Methyl Methacrylate) Formed
by Exposure to Condensing Solvent Vapor[J]. Journal of
Materials Research, 2007, 22(12): 3360-3370.
R, TOBR, S IRERER S RE

[24]

[25] TIANY, JIAOQZ, DINGHY,

[26]

[27]

(28]

[29]

[30]

[31]

[32]

- 56 -

LA -b- R IL NIRRT A e 2 FLIBE [0]. K% Tl
KR, 2019, 38(4): 278-281.

WANG Wenheng, ZHANG Chen, YU Yue, et al.
Preparation of Polystyrene-b-Poly(Methyl Methacrylate)
Ordered Porous Films by Breath Figure[J]. Journal of
Dalian Polytechnic University, 2019, 38(4): 278-281.
FERRARI E, FABBRI P, PILATI F. Solvent and
Substrate Contributions to the Formation of Breath Figure
Patterns in Polystyrene Films[J]. Langmuir, 2011,
27(5): 1874-1881.

et al. The Formation
of Honeycomb Structure in Polyphenylene Oxide
Films[J]. Polymer, 2006, 47(11): 3866—3873.

TIAN Y, DING HY, JIAO Q Z, et al. Influence of
Solvents on the Formation of Honeycomb Films by Water
Droplets Templating[J]. Macromolecular Chemistry and
Physics, 2006, 207(5): 545-553.

PR, BESE, SR, 55 . SRS IR Z AL
PIBFSE (7). Rk 5EAR, 2017, 37(1): 87-91.
LI Linying, HUANG Ruijie, ZHANG Lijuan,

The Ordered Honeycomb Patterned Porous Membrane

et al.

Based on Polyether Sulfone[J]. Membrane Science and
Technology, 2017, 37(1): 87-91.

LIMAYE A V, NARHE R D, DHOTE A M, et
al. Evidence for Convective Effects in Breath Figure
Formation on Volatile Fluid Surfaces[J]. Physical Review
Letters, 1996, 76(20): 3762-3765.

LIUWY, LIUR G, LIY X, etal. Self-Organized
Ordered Microporous Thin Films from Grafting
Copolymers[J]. Polymer, 2009, 50(12): 2716-2726.
STENZEL M H, BARNER-KOWOLLIK C, DAVIS T
P. Formation of Honeycomb-Structured, Porous Films via
Breath Figures with Different Polymer Architectures[J].
Journal of Polymer Science, Part A Polymer Chemistry,
2006, 44(8): 2363-2375.

W Je, BRECE, B R, F .S REiRBOLRY %

R Z LN 4 5 RAE [7]. 5550 F MR HI?’Fa;,
2017, 33(8): 6-11.

SHA Long, CHEN Zhenghan, ZHAO Chen, et
al. Preparation and Characterization of Honeycomb
Membranes with Fluorinated Acrylate Block
Copolymer[J].
Engineering, 2017, 33(8): 6-11.
XUYL, TONG Z Q, XIAJR,
Formaldehyde Polymer Microporous Films with Acid-

Polymer Materials Science and

et al. Urushiol-

Alkali Resistance Property: Effects of Formation

Conditions on Surface Morphologies[J]. Progress in



[]5 X|XX B, %
FREELHES S FEFSLEMFARER

Organic Coatings, 2011, 72(3): 586-591.

[33] BR&ME, T30k, WAL, A WP SRIE R R RN
LIFA T ZALIE )], MORRA S T2, 2016, 24(6):
67-72.

CHEN Chunhua, NING Wensheng, SHEN Hehong,
et al. Preparation of Polystyrene Ordered Porous Films
Based on the Breath Figure Method[J]. Materials Science
and Technology, 2016, 24(6): 67-72.

[34] BEYSENS D, STEYER A, GUENOUN P, et al.
How does Dew Form?[J]. Phase Transitions, 1991,
31(1/2/3/4): 219-246.

[35] BkH, ¥ K52, B IR, 5. WEICIE M A S

MR 2T 4 2% 3 5 IR 22 AL (). A2 S HOR, 2017,
37(6): 1-6, 59.
WEI Yongming, JIANG Yuying, YANG Hu, et al.
Fabrication of Porous CTA Membrane with Honeycomb
Morphology Using Breath Figure Method[J]. Membrane
Science and Technology, 2017, 37(6): 1-6, 59.

[36] WANLS, LIJW, KE BB, etal. Ordered Microporous
Membranes Templated by Breath Figures for Size-
Selective Separation[J]. Journal of the American Chemical
Society, 2012, 134(1): 95-98.

[37] NISHIKAWA T, OOKURA R, NISHIDA J, et al.
Fabrication of Honeycomb Film of an Amphiphilic
Copolymer at the Air-Water Interface[J]. Langmuir,
2002, 18(15): 5734-5740.

[38] NISHIKAWA T, NONOMURA M, ARAIK, et al.
Micropatterns Based on Deformation of a Viscoelastic
Honeycomb Mesh[J]. Langmuir, 2003, 19(15): 6193-
6201.

[39] CHENG C X, TIANY, SHIY Q, etal. Porous Polymer
Films and Honeycomb Structures Based on Amphiphilic
Dendronized Block Copolymers[J]. Langmuir, 2005,
21(14): 6576-6581.

[40] MINARIK M, WRZECIONKO E, MINARIK A, et
al. Preparation of Hierarchically Structured Polystyrene
Surfaces with Superhydrophobic Properties by Plasma-
Assisted Fluorination[J]. Coatings, 2019, 9(3): 201.

[41] YOU B, WEN N G, ZHOU S X, et al. Facile Method
for Fabrication of Nanocomposite Films with an Ordered
Porous Surface[J]. The Journal of Physical Chemistry B,
2008, 112(26): 7706-7712.

[42] BROWN P S, TALBOT EL, WOOD T J, et al.
Superhydrophobic Hierarchical Honeycomb Surfaces[J].
Langmuir, 2012, 28(38): 13712-13719.

[43] STENZEL M H. Formation of Regular Honeycomb-
Patterned Porous Film by Self-Organization[J]. Australian

Journal of Chemistry, 2002, 55(4): 239-243.

[44] ZHU LW, OUY, WAN LS, et al. Polystyrenes with
Hydrophilic End Groups: Synthesis, Characterization, and
Effects on the Self-Assembly of Breath Figure Arrays[J].
The Journal of Physical Chemistry B, 2014, 118(3):
845-854.

[45] PENGJA, HANYC, FUJ, etal Formation of Regular
Hole Pattern in Polymer Films[J]. Macromolecular
Chemistry and Physics, 2003, 204(1): 125-130.

[46] STENZEL M H, DAVIS T P, FANE A G. Honeycomb
Structured Porous Films Prepared from Carbohydrate
Based Polymers Synthesized via the RAFT Process[J].
Journal of Materials Chemistry, 2003, 13(9): 2090-
2097.

[47] STENZELM H, DAVIS TP, FANE A G, etal. Porous
Polymer Films and Honeycomb Structures Made by
the Self-Organization of Well-Defined Macromolecular
Structures Created by Living Radical Polymerization
Techniques[J]. Angewandte Chemie International
Edition, 2001, 40(18): 3428-3432.

[48] DONGWY, ZHOUYF, YANDY, etal. Honeycomb-
Structured Microporous Films Made from Hyperbranched
Polymers by the Breath Figure Method[J]. Langmuir,
2009, 25(1): 173-178.

[49] LIUWY, ZHONG HY, ZHOU Z H, et al. Effects of
Graft Architecture on Cellulose-Based Ordered Porous
Film Prepared by Breath Figures[J]. Cellulose, 2019,
26(10): 6201-6213.

[50] GURR P A, ZHANG Z, HAO X J, et al. Highly
Ordered Honeycomb Film Formation of Linear Polymers
by the Breath Figure Technique[J]. Australian Journal of
Chemistry, 2016, 69(10): 1130.

(511 W B, fitfss, TWT, 5. Kz Bk G &

PLLGA 85 R Z ALK [1]. ThfEm 7 72740, 2005,
18(3): 414-419.
TIAN Ye, SHI Yangiao, DING Huaiyu, et al. Water-
Assisted Formation of Honeycomb Films of Poly(L-
Lactic-co-Glycolic Acid)[J]. Journal of Functional
Polymers, 2005, 18(3): 414-419.

[52] JIANG X L, ZHANG T Z, XU LN, et al. Surfactant-
Induced Formation of Honeycomb Pattern on
Micropipette with Curvature Gradient[J]. Langmuir,
2011, 27(9): 5410-5419.

[53] FUKUHIRA'Y, YABU H, IJIRO K, et al. Interfacial
Tension Governs the Formation of Self-Organized
Honeycomb-Patterned Polymer Films[J]. Soft Matter,
2009, 5(10): 2037-2041.

- 57 -



€1 %= = f PACKAGING JOURNAL
2023 £ £ 1545 F 5 B Vol. 15No. 5 Sep. 2023

05

[54] QIN S, LI H, YUAN W Z, et al. Fabrication of
Polymeric Honeycomb Microporous Films: Breath
Figures Strategy and Stabilization of Water Droplets by
Fluorinated Diblock Copolymer Micelles[J]. Journal of
Materials Science, 2012, 47(19): 6862-6871.

[55] GRANVILLE A M. Well-Architectured Fluoropolymers:
Synthesis, Properties, and Applications[J].
Macromolecular Chemistry and Physics, 2006,
207(16): 1525.

[56] HIRAO A, SUGIYAMA K, YOKOYAMA H. Precise
Synthesis and Surface Structures of Architectural Per-
and Semifluorinated Polymers with Well-Defined
Structures[J]. Progress in Polymer Science, 2007,
32(12): 1393-1438.

[57] HEXEMER A, SIVANIAH E, KRAMER E J,
et al. Managing Polymer Surface Structure Using
Surface Active Block Copolymers in Block Copolymer
Mixtures[J]. Journal of Polymer Science Part B: Polymer
Physics, 2004, 42(3): 411-420.

[58] SKRABANIA K, LI W, LASCHEWSKY A. Synthesis
of Double-Hydrophilic BAB Triblock Copolymers via
RAFT Polymerisation and Their Thermoresponsive Self-
Assembly in Water[J]. Macromolecular Chemistry and
Physics, 2008, 209(13): 1389-1403.

[59] PERCECV, AHN CH, BARBOIU B. Self-Encapsulation,
Acceleration and Control in the Radical Polymerization of
Monodendritic Monomers via Self-Assembly[J]. Journal
of the American Chemical Society, 1997, 119(52),
12978-12979.

[60] PARK M S, JOO W, KIM J K. Porous Structures of
Polymer Films Prepared by Spin Coating with Mixed
Solvents Under Humid Condition[J]. Langmuir, 2006,
22(10): 4594-4598.

[61] PARK M S, KIM J K. Breath Figure Patterns Prepared
by Spin Coating in a Dry Environment[J]. Langmuir,
2004, 20(13): 5347-5352.

[62] MUNOZ-BONILLA A, IBARBOURE E, PAPON E,
et al. Self-Organized Hierarchical Structures in Polymer
Surfaces: Self-Assembled Nanostructures within Breath
Figures[J]. Langmuir, 2009, 25(11): 6493-6499.

[63] HAMHT, CHUNGI1J, CHOIY S, etal. Macroporous
Polymer Thin Film Prepared from Temporarily Stabilized
Water-in-Oil Emulsion[J]. The Journal of Physical
Chemistry B, 2006, 110(28): 13959-13964.

[64] DRAHOS V, DELONG A. A Simple Method for
Obtaining Perforated Supporting Membranes for Electron
Microscopy[J]. Nature, 1960, 186: 104.

[65] HIWATARI K I, SERIZAWA T, SETO F, et al.
Graft Copolymers Having Hydrophobic Backbone and
Hydrophilic Branches XXXIV. Fabrication and Control of
Honeycomb Structure Prepared from Amphiphilic Graft
Copolymers[J]. Polymer Journal, 2001, 33(9): 669-
675.

[66] BORMASHENKO E, POGREB R, STANEVSKY
O, et al. Mesoscopic Patterning in Thin Polymer
Films Formed Under the Fast Dip-Coating Process[J].
Macromolecular Materials and Engineering, 2005,
290(2): 114-121.

[67] MANSOURI J, YAPIT E, CHEN V. Polysulfone
Filtration Membranes with Isoporous Structures Prepared
by a Combination of Dip-Coating and Breath Figure
Approach[J]. Journal of Membrane Science, 2013,
444. 237-251.

[68] TANEV P T, CHIBWE M, PINNAVAIA T J. Titanium-
Containing Mesoporous Molecular Sieves for Catalytic
Oxidation of Aromatic Compounds[J]. Nature, 1994,
368: 321-323.

[69] CORMAA, DAVIS M E. Issues in the Synthesis of Crystalline
Molecular Sieves: Towards the Crystallization of Low
Framework-Density Structures[J]. ChemPhysChem,
2004, 5(3): 304-313.

[70] DAVIS M E. Ordered Porous Materials for Emerging
Applications[J]. Nature, 2002, 417(6891): 813-821.

[71] FAN S H, WINN J N, DEVENYI A, et al. Guided
and Defect Modes in Periodic Dielectric Waveguides[J].
Journal of the Optical Society of America B, 1995,
12(7): 1267-1272.

[72] XIA'Y, GATES B, YIN Y, et al. Monodispersed
Colloidal Spheres: Old Materials with New
Applications[J]. Advanced Materials, 2000, 12(10):
693-713.

[73] URBAS A, SHARP R, FINK Y, et al. Tunable
Block Copolymer/Homopolymer Photonic Crystals[J].
Advanced Materials, 2000, 12(11): 812-814.

[74] CAMPBELL M, SHARP D N, HARRISON M T,

et al. Fabrication of Photonic Crystals for the Visible

Spectrum by Holographic Lithography[J]. Nature,

2000, 404: 53-56.

AKOLEKAR D B, HIND A R, BHARGAVA S K.

Synthesis of Macro-, Meso-, and Microporous Carbons

[75

—

from Natural and Synthetic Sources, and Their Application
as Adsorbents for the Removal of Quaternary Ammonium
Compounds from Aqueous Solution[J]. Journal of Colloid
and Interface Science, 1998, 199(1): 92-98.

- 58 -



05 X|XX B, %
FREELHES S FEFSLEMFARER

[76] LEWANDOWSKI K, MURER P, SVECF, et al. The
Design of Chiral Separation Media Using Monodisperse
Functionalized Macroporous Beads: Effects of Polymer
Matrix, Tether, and Linkage Chemistry[J]. Analytical
Chemistry, 1998, 70(8): 1629-1638.

[77] XIE S F, SVEC F, FRECHET J M J. Rigid Porous

Polyacrylamide-Based Monolithic Columns Containing

Butyl Methacrylate as a Separation Medium for the

Rapid Hydrophobic Interaction Chromatography of

Proteins[J]. Journal of Chromatography A, 1997,

775(1/2): 65-72.

TENNIKOV M B, GAZDINA N V, TENNIKOVA

T B, et al. Effect of Porous Structure of Macroporous

[78

—_—

Polymer Supports on Resolution in High-Performance
Membrane Chromatography of Proteins[J]. Journal of
Chromatography A, 1998, 798(1/2): 55-64.

[79] BUSBY W, CAMERON N R, JAHODA C A B.
Tissue Engineering Matrixes by Emulsion Templating[J].
Polymer International, 2002, 51(10): 871-881.

[80] BANCEL S, HU W S. Confocal Laser Scanning
Microscopy Examination of Cell Distribution in
Macroporous Microcarriers[J]. Biotechnology Progress,
1996, 12(3): 398-402.

[81] SCHUGENS C, MAQUET V, GRANDFILS C, et
al. Biodegradable and Macroporous Polylactide Implants
for Cell Transplantation: 1. Preparation of Macroporous
Polylactide Supports by Solid-Liquid Phase Separation[J].
Polymer, 1996, 37(6): 1027-1038.

[82] VANNOORT D, RANIR, MANDENIUS C F. Improving
the Sensitivity of a Quartz Crystal Microbalance for
Biosensing by Using Porous Gold[J]. Microchimica
Acta, 2001, 136(1): 49-53.

[83] VAN NOORT D, MANDENIUS C F. Porous Gold
Surfaces for Biosensor Applications[J]. Biosensors and
Bioelectronics, 2000, 15(3/4): 203-209.

[84] NISHIKAWA T, NISHIDA J, OOKURA R, et al.
Mesoscopic Patterning of Cell Adhesive Substrates as
Novel Biofunctional Interfaces[J]. Materials Science and
Engineering: C, 1999, 10(1/2): 141-146.

[85] CONG H L, WANG J L, YU B, et al. Preparation
of a Highly Permeable Ordered Porous Microfiltration
Membrane of Brominated Poly(Phenylene Oxide) on
an Ice Substrate by the Breath Figure Method[J]. Soft
Matter, 2012, 8(34): 8835-8839.

[86] YUAN H, YU B, CONG H L, et al. Preparation of
Highly Permeable BPPO Microfiltration Membrane with

Binary Porous Structures on a Colloidal Crystal Substrate

by the Breath Figure Method[J]. Journal of Colloid and
Interface Science, 2016, 461: 232-238.

[87] RUAN X H, ZHANG K M, JIANG X B, et al. Facile
Fabrication of Reinforced Homoporous MF Membranes
by in Situ Breath Figure and Thermal Adhesion Method
on Substrates[J]. Journal of Membrane Science, 2018,
554: 291-299.

[88] OU Y, LUCJ, YUW, etal. Fabrication of Perforated
Isoporous Membranes via a Transfer-Free Strategy:
Enabling High-Resolution Separation of Cells[J]. ACS
Applied Materials & Interfaces, 2014, 6(24): 22400-
22407.

[89] BEATTIE D, WONG K H, WILLIAMS C, et al.
Honeycomb-Structured Porous Films from Polypyrrole-
Containing Block Copolymers Prepared via RAFT
Polymerization as a Scaffold for Cell Growth[J].
Biomacromolecules, 2006, 7(4): 1072-1082.

[90] LI L, CHEN CK, LIJ, etal Robustand Hydrophilic
Polymeric Films with Honeycomb Pattern and Their
Cell Scaffold Applications[J]. Journal of Materials
Chemistry, 2009, 19(18): 2789-2796.

[91] GALEOTTI F, CHIUSA I, MORELLO L, et al.
Breath Figures-Mediated Microprinting Allows for
Versatile Applications in Molecular Biology[J]. European
Polymer Journal, 2009, 45(11): 3027-3034.

[92] GALEOTTI F, ANDICSOVA A, YUNUS S, et al.
Precise Surface Patterning of Silk Fibroin Films by
Breath Figures[J]. Soft Matter, 2012, 8(17): 4815-
4821.

[93] HAN Y Q, ZHANG Q, HAN F L, et al. Fabrication
of Conducting Polypyrrole Film with Microlens Arrays
by Combination of Breath Figures and Replica Molding
Methods[J]. Polymer, 2012, 53(13): 2599-2603.

[94] WAN L S, LI Q L, CHEN P C, et al. Patterned
Biocatalytic Films via One-Step Self-Assembly[J].
Chemical Communications, 2012, 48(37): 4417-4419.

[95] KON K, NAKAJIMA K, KARTHAUS O. Polymer
Honeycomb Templated Microporous TiO, Films with
Enhanced Photocatalytic Activity[J]. e-Journal of Surface
Science and Nanotechnology, 2008, 6: 161-163.

[96] de LEON A S, GARNIER T, JIERRY L, et al.
Enzymatic Catalysis Combining the Breath Figures
and Layer-by-Layer Techniques: Toward the Design of
Microreactors[J]. ACS Applied Materials & Interfaces,
2015, 7(22): 12210-12219.

(FAEG . )

- 59 -



05 €1 %= = f PACKAGING JOURNAL
2023 £ £ 1545 F 5 B Vol. 15No. 5 Sep. 2023

Research Progress in Preparation of Polymer Ordered Porous Membranes

by Breath Figure

LIU Wenyong"*, LIN Xianchang"’

(1. College of Packaging and Materials Engineering, Hunan University of Technology, Zhuzhou Hunan 412007, China;
2. Hunan Key Laboratory of Biomass Fiber Functional Materials, Hunan University of Technology, Zhuzhou Hunan 412007, China )

Abstract: The research progress on the preparation of polymer ordered porous membranes by breath figure is
reviewed, and the formation process and mechanism of porous membranes are analyzed. The effects of environmental
humidity, non-aqueous atmosphere, solvent type, polymer concentration, temperature, substrate and polymer structure
on the morphology and the pore size of ordered porous films prepared by breath figure are emphatically discussed.
The improved method of preparing ordered porous membranes by breath figure and the application of ordered porous
membranes are analyzed, while the prospect of their future development is put forward. The formation mechanism of
ordered porous membranes, the preparation of nanoscale small pore size, the preparation of large-area ordered porous
membranes and the intelligence of porous membranes will be the main research directions in the preparation of polymer
ordered porous membranes by breath figure.

Keywords: breath figure; porous membrane; pore structure; regularity; influence factor
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Adsorption Behavior of H,O Molecules on Surface of
TiAl Alloy Based on First Principles

XIAO Peng, WANG Xin, TANG Qing, LIU Lunfeng, LI Wenyuan, LIAO Cuijiao

( College of Mechanical Engineering, Hunan University of Technology, Zhuzhou Hunan 412007, China )

Abstract: In order to study the adsorption mechanism of H,O molecules on y-TiAl (111) and a,-Ti;Al (0001)
surfaces by electric field, the adsorption energy, state density, geometric structure and charge layout of H,O molecules
at different adsorption positions on y-TiAl (111) and a,-Ti;Al (0001) surfaces were analyzed by first principles method.
The results showed that the adsorption of H,O molecules was most stable at the top Ti position on the y-TiAl (111)
and a,-Ti;Al (0001) surfaces, but the electric field was more likely to promote the interaction between H,O molecules
and a,-Ti;Al (0001) surfaces, that is, a,-Ti;Al was more likely to react with H,O molecules. Thus, the dense oxide
film of Ti was preferentially formed, resulting in the protection of a,-Ti;Al. It is of great significance to explore the
condition that y-TiAl and a,-Ti;Al single-phase have the same dissolution rate, and to improve the surface quality of the
electrochemical machining of the biphase (y-TiAl and a,-Ti;Al) TiAl alloy.

Keywords: first principles; H,O; adsorption; y-TiAl alloy; a,-Ti;Al alloy
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