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Abstract

With the rapid development of the national economy, China's demand for energy,
especially petroleum resources, has been increasing year by year. Although unconventional oil
and gas development technologies have made significant progress in recent years, further
improving the recovery efficiency of mature oil fields remains an important approach to ensure
the sustainable utilization of resources and sustainable development in our country.

Polymer flooding has become a relatively mature tertiary oil recovery method. However,
conventional polymer flooding faces challenges such as shear degradation and inefficient
circulation during the injection process due to the complex reservoir environment with high
temperature, high salt content, and high pressure. These challenges severely affect the
displacement efficiency of polymer flooding. In recent years, the application of polymer
microcapsules with shear-resistant and viscosity-delayed controlled properties in polymer
flooding has been proposed. The polymer shell of microcapsules must possess environmentally
responsive swelling properties during its delayed release and viscosity enhancement process.
Polyurethane has been widely used in the development of microcapsules due to its excellent
polymerization, encapsulation, and controlled release properties, which endow polyurethane-
based microcapsules with ideal functions to enhance crude oil recovery.

In practical extraction processes, there are certain requirements for the performance of
polyurethane-based microcapsules. For example, they need to exhibit good stability at room
temperature for stable transportation and environmental responsiveness for release performance
in reservoir conditions.

This thesis first conducted laboratory-level aging tests using synthesized polyurethane-
based microcapsules to demonstrate their temperature-responsive release properties.
Subsequently, a polyurethane film-water swelling model was established using all-atom
molecular dynamics methods to compare the effects of different block types on the swelling
performance of polyurethane films. It was found that the flexibility of polyurethane chains and
their interaction capabilities with water collectively lead to differences in performance.

Furthermore, the influence of different diisocyanate segments (e.g., isophorone diisocyanate,
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toluene diisocyanate, diphenylmethane diisocyanate, hexamethylene diisocyanate) was
identified as particularly important.

In the following research, non-equilibrium shear swelling models and tensile models were
constructed to study the shear resistance properties of different types of polyurethane films. It
was discovered that under shear flow simulation, the shear resistance properties of different
types of polyurethane films differ, leading to varying degrees of changes in free volume fraction
within the film, thereby altering the swelling behavior. In the tensile simulation, the stretching
of polyurethane films was divided into three stages: 1. Microcrack formation; 2. Stress plateau
period; 3. Tensile fracture period. The different peak tensile stresses and variations in tensile
cracks were found to be related to the stability of the network structure formed by the flexibility
and inter-chain interactions of polyurethane chains. For instance, hexamethylene diisocyanate-
based polyurethane (with flexible chains) exhibited moderate stress peaks, while strong inter-
chain attractions made the formation and evolution of cracks during stretching the most
complex.

Finally, a study was conducted on the swelling behavior in extreme reservoir environments
with high temperature and high salt content. The results showed that compared to monovalent
ions (Na"), the hydration ions formed by divalent ions (Ca®") are more stable and possess
stronger "water-locking ability," limiting the diffusion of water molecules. The weak interaction
between polyurethane and cations (Ca**, Na®) inhibited the water absorption-swelling process
of polyurethane films in salt ion solutions, which effectively protected the core material in
extreme environments. Additionally, introducing anionic modification groups into polyurethane
molecules significantly enhanced the swelling capacity of polyurethane films, demonstrating
the effectiveness of molecular modification.

This study is the first to apply molecular simulation methods to investigate the delayed
release properties of polyurethane-based microcapsule shell materials, enriching the
understanding of the micromechanical properties of polyurethane materials during tensile
fracture processes. Such research will provide theoretical support for the application of

polyurethane-based microcapsules in the polymer flooding field and offer effective design
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insights at the molecular level, significantly reducing the workload and experimental costs of
synthesis. This research method will be applicable to the study of microscale properties of

various polymer microcapsules.

Key words: polymer flooding; polyurethane-based microcapsules; enhanced crude oil

recovery; molecular dynamics simulation
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Figure 1-1 Schematic of enhanced macroscopic sweep efficiency by polymer flooding. (a)
Permeability contrast and fingering in heterogeneous formations. (b) Polymer improves mobility and

sweep volume to enhance oil recovery!'
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4 7 R B A IR R ZE, IR TR R R A IR R AR ENE, XL
T T BA R E AR ME (81.9%) 4, EEAARMHE pH HEE TSR
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HIEAE R E ). Luo 8 NG R 7B B B 2E,  JF HLBEFE 7 AN RPRLAR R /N B3
R FENT o B S  ,  Ek HG IAUR BE kLA A B TR SR IR 2R, X A 5N
{7 5 U T WA (5 P R R 2 I R AE HH R] IR e B AR TRUAT AR S IR AR
AR FHER A TR LER Y, Chen 25 AR AR BV G 1l 1 S8 B B R (1) PU
BRI EREAL BB (E 1-4), fEEUTRRALT, WK ESFR
X AAEP I IR 25 B AR AR I R 3 AT 22.46%F1 59.77%, AHIEFL N A MY A= 77 v - 2 iy
IEAEYIRAL T —ha] BRI (0 R FE AR 24 i A4 72
Functional Microcapsule

" 4
%—?};}} — #{j —p %‘&\
Prathioconazole jg% ; ( :

IPDI TEA GA

B 1-4 FEEEEER PU KR ZE

Figure 1-4 Synthesis of PU microcapsules by interfacial polymerization!’
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HDI Jy = S5 Ee R il T HA R R AR/ PU IR %E, 45 FAE T A FE
R 05 S 240 P VR 3 R0 A A A A AR R B Xl I i 4 | FLBAAR TR, A%
I RE T o et 28 40 N O RCREDL, S5 IPDI A 1,6-C B A5 kHE
T ATIE S B PU QK IR EE, 25 pis fn Al B2 25 TR JE 11 & pied it 1 R g 7ol

B 1A L&A, BTSN AN R g B i 395 5 IPDIL TDI A MDI & %
BRI R 3, I IPDI 5 = 2 VU I 445 70 B 28 R Ak J7 T 3R I e
TFRIMERED . AR IR AE /0 30 E 1, 249 PU RPERURZERISb S, TR B 10 sz F 1
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AL, TSR PU MR BEAE A i Tk b th i 2 2 E AL . Gong 5 LA IPDI Al PEG N
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WA E Fe AR LR e, RIFeZ LN 025 IMIRIErEREE L . X LUIR 3 A A
B S HIRLAR 70 AT (297.8~531.8 nm) B FZIL BRI (IR S A v ) R e IR B (T il
221.6°C), XKL PU WURTERA IR K BE R E VTS T TR
FHVRBOIRE, AR R 7 S, e T ERREN T =D ARRBI B K-
BAAK-BE . SRR WY, KIS B A U JE T AR AR IO R Pl 2 SR B . D Tk
— DR PU B FEN EOR LZMIMERE, AL EIRAN TR M- KAESW-REY)
AR LA T,

1.3 B FHNFEEUEN

04, 2751 /1% (Molecular Dynamics, MD) H4bLiE —Fh R Sy OREIH AR, Bl
% 20 {2 50 UKW Alder A1 Wainwright 55— KT T ] B4 MD BLLEY, MD
B REN T — APl R R I 3, AR B B ) g S B UF] 1994 4F Marrink Al
Berenndsen K3 T 55— ¢ T IR 0UBUZ & K M M 0F 78 SCRREY, 724 J5 1 Y+ 48,
MD AU PRI IR N K JELE AU T EDITT %, BEEBAUINEN D . R AW
PO LA SN LEE R R, #h%E T MD AL AU, #ak B Ak, MD
A O 2 BONBIE FE N BUAEAS [R]85 B 632 FH A A0 T - . 78 2013 418 DURME 34242
¥ Martin Karplus. Michael Levitt fl Ariel Warshel AR #4197 & b2k R 2 R
FERRL A U B, IX 8501 5E 7 MD AU AT S50 5 L 8385,
1.3.1 FFERNNEEIURE KRR

DFBEN IR TG EHE . WL SN SEA B R R TR IE
ENTHE, W R IX ST AT HUE R 5y, DUSR WL B N [R] F) A AR AR .
okt 7O R, JERR L SR R B AR BAE A .

Htiiia ) B HEA R A= (1-1) fios:
o _F

m,

a =

1

(1-1)

Hba i Rrrohngeg, B (-0 xtufEfsgy, m (1-2) 1SRk 17
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- d— —
—V, =—V. =a,
a’ ' dt ' (1-2)
=+
(1-3)
2=n0+12t+—at2
2 (1-4)

FERAITUATT, 75 B0 R T (K AR bR WD R5d B2 , #46 T B mT DAAR 8 26 0) I R A=
fi%, H AR Maxwell-Boltzmann 73 4. A 1 RLF (AL E FT LLRR 6 i B 34 B ek 075 2R
TR, B (1-3) 93] « HZOR R, X (1-4) 83« B2 SR 167
B, X ARt T LA 2 R G A A O

DB SR o TR B A S B, AR 43 130 J0 S A [ RUBE B R B 2 AR
NMA, BFEEFSFINN%¥. ETET %M F317% (Quantum Molecular
Dynamics, QMD). #kifk5rF 5712 (Coarse-Grained Molecular Dynamics, CGMD)
AR 2 REESF T3 71% . AR50 T30 71% L2 T 57 8 AH BAE A3 ) 20 12 10
WAL, T QMD U RE T BT RN, BRI S RAE E O A RO L RS
17975 T SE A e PE . CGMD Il IRt 5 5050 -5 JF BUE R IR T ok B AR AL R 48 19
IR, ST KRG R R BB 2 KB 4T3 775 0 S0 VF 78 SR T 400 F %2
W 2 [ BEAT D)4, AT BB A T MBI T8 R GE AT g 3 B8N ) RUBE IR READ 7 VR AH L
7, ONIRATEMA TN R B T RAM S MRS ASR R T HE I TR, ACEE
W FLI 2 SR R R AE W IR B ORI &, BT DO T 9 8 HL 190 1 J2 THI R AR B
PSS B e PA Ky E NS DES
1.3.2 3 FEME RSB R U & AR R R R A

bt 43 F R AR 1 R BA B T SRR T I B T, 3 ke 4 S U 7 5 e T A 1
WU 2, BTN 5138 H 2 ROEBHUEOR I R A& B AR LIkt sE . B2 R/8
BATERE. BRI A X R ARG E AR EAT T ) Z R 78, RS T Sl
TR . TENUBRIERE T, BTN COB I &7 2 ) M 80 130 Bt 5 T PU
MR Hugoniot Mgk, Seie HElal RAA—2, It 7R A 2 RERIBT
RS S A THI) T A PU MR TE R = 6 70 RO BT P b e e PR RSO, Bt 2 AbEAT
KER TAEE D TR I % HE (Thermoplastic Polyurethane, TPU) #1RHEAL I
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PAGE I BIYIE I SE TPU AF e A% 75 0 BOSCR B RPN, 2 RUEE 73 TR e
PU H &G ARSI EAEAE 20 Z BT, BN RoE i 45 57 1 8h 715
BN L5 B PU SRR B & S HLHIEEAT RO IR R, 48R %3 PU H &R
T FZRIRAE T 7 T M SR Al A2 LA, JF HIEIE Chen S5 NRIBETCREL PU 47
fER A G WAL B LU ], AEBE R T e B @ me o de D SR T HChE B AN ] 1 B 451 [R] A
FETRARICAZ R R A EG R BOCHAE A, Park R FERIFATARI, BB 7 JUER IR 9 IR
TCRBE R TR AR MM 2R 25, TR B el v HABAEEIZ P 5%, R CGMD
RN FT 1 HAO 7 S5 F xR B RACAZAT NI, et 7 st RIS 12 2R R
G DA S AT SRS VI B AT N R BN AT B TR AL 1R R BRI AR IE 12
REZANE S @ VEREAMBLG BE SFEMI R WIAT T %, Park S8 NfRilr (0— T 5L,
EAL RIS IZ R R A B 2 A 5 ALK BRI ) CGMD #2Y, @d EARICIZ
FTR R B2 B AN G K IORE () 25 5 1 20 BN VR REEAT T VR, 4R AR m A B Le 1]
FIRA R, RN R HERR DL K S BUR BIERS R S BUL IR B J1BEAK, e
NIV oLy R iR e itk 2 P i NN A | S SR I WNIAB T BUR ey K )
FBOW PU LI 7 B AR F 2 8] (R SO0 AR LA FIBLIREAT TR R D>, Ik s g (1t
FORREH], 707 CL N PU MBI B — TSR, HZX T PU R
FEVERERIBLIUBIE FEZMR AL, i LA SR PU SEGUIS JE 1 73T 0T 78 /e A 0 1
N T RERS KA LS, A SO IR BRI S99, INE AR EMBRIESH,
N B SR R, AR B N M S i e v A 5 R AN % 0 5R  BiK
FUBEAT — @ BIORIPVE T, SRR ER AL BEXT TGl I 1 . T R A 22 ok SR R A
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B FERT R T AL 0 R 0 B Rt 0 8 LD 0 i KR AR MR 2y
BSEIR MEAT, 0 TARZ D O T MRA B W R SN 7 LA, Aol 1-5 B
A, BEERIRREE T RE VISR TFR SN A SR O e e A i o) O
IKAL PRI B3 A ORI HLIE T g el PIugi iz s U, JT AR T e A STt
FURT, X T TR R S PR R P (N R 2, RN A R A S
BT BT SR T 2 TR AR ELAE F AT 78 05 3k S AT 78 A 6 2 ST (R 7T
PNERC T
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upgrading = _ separation
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Figure 1-5 Application of molecular simulation combined with experiments in various fields of

polymer membranes!'%!

O TR TR S BAE TR A S ST i A BRI, BF TN Bl ST T 2 LR A
(Polymers of intrinsic microporosity, PIMs) {E/KF1 ZBE//K VR G IR AL, BER T
PIMs TEI T A IKAT A 9F Bl SOB B AT T KR A A AE IR K PR, A
O AR R B R BT T PIMs (IS5 R A7y BAEIE o IHLAIT 0 E 58 A WS 1 2 57 B HL
ARASERY (Rt B3R AL T 5 55 M A S R SON R BERURF AT 3858 7 — 8 IR AR O7 . X s A1)
THERE— 0 e, Wei RILRI SN IR G AR, FEE. ZR P IEikiET T
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BEEAE TR BRI, RN JESREIBE T E N T IR GRS IR L4t 1 — 2Bt
T BRI, FL ST B AR BT 70 P9 7 DL K B S WM 5 7K 22 T A ELATE R G ¥ 77
BIENISWLG T T AR KRR

Iy TR U R S S T Z B AR AR HIRZ . #l1n: Araki 4%
NBEAT VKB RGN 7> TR0, B 7 B AKBER G R, JFHIEM T4
REW BTN L EAR R A B Bt — DK 7> T IBE, XNk
RS E R R S DEA R T — 2 ELR RN PU /IR 7T
B PERIE, BTN GBI PU MRS 2 BERRINRE LI TIO2 9K & & il 4
WAL, e T AR AR e U RS MBI g S A ot T AT
Fujimoto N 3 [F] S BERPIR I S IREAT 1 & i 170 78l J1 sl R SRR h A3 1
e A 2R Y 5 A A 2 Y I 2 VG A2 D 22 AR 42 B ok T A 1) B ) Jt AT 2 B A AL I I 28
NBIRE S VIR 224t 1 HROU AT Z WL R ML & 222, X8 22 J75 T A BIE 7T AR
W7 F- BN 70 TAEUAE R E VIR AR A NI T E IR 377

1.4 AXHHREASFIEX

R FZBH T8 DA%, X R R BRI ZEAE EOR 1 B EAT T
Fo X T AT R A 58 IR AU VE BERG O Sl B Ae s I A B VR 25— R BIPE R,
BT PU SSMIZHE. RSEFE . M Z A% R, AL, PU BRI R, e
PU 45K, FFiE TS AP 45 S T B X “IROK-IAR-  TERE
BEAT 2 U5 W FT, A SCHUAG 10— ZR R T0 R D T i A ol 2 A v T o £ 182
R SCRE, I BAESCIR G BT PU SATHIE T2 1A, D9 e N 2 e B A RE
RATRIREE Rt — D R e BUE 1 3kl

NHERASL =R FN B
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HDI, ) A4 5 DU A SR Ba - /K S AR, i b AN [R] — S R BR AL DU AR PU 4R SR HY
P RAAANRERE BT, AL 7 R e ik B SRR R 3 i PU AN [R] 1 o2 g 32 25 mi PR
2, CREIREEBMY 2 m PU BERINIZRYE, B0 PU BEAT/K Z I8] fAH EAF FH A

SO PU R BUIOKIE K PERE, o SR REAN H A JEE B ) 51 W 45 S5 R FE e i AT K
AR N R S R, TERCE 2 KK 73 ORTE, I 7 OK> T REE,
50 1) 5 KA AR HO/K Oy TE @ B A St 1 B 9Kz 77, 1Mo WP B e 22 1 A2 R g
TIRARXT RS I S AR A A, A ORI IR VE RERL 2

8 5 A2 28 i (1 AR AR AR AT AR Ui, X PU RS BY D) AR VE R AL
A A PEREREAT VWP TL . EAR T e Y UIANR AR, 3E 5 B D) - (s 0L A B -
PUONRPESEE BT UME A T i BIR 2ET e, B AR G o LU oK@ 22 2, fr DAAEBY
PIERI N K TR E IR AR IERS, Gl 2 B AR SR T 46 28U T R
GEiT NI AR - 285 TR R, ANF PU RL5E R M RO ME 2 REPEAF A 22 5, NI B
IKREFEAR, BEBCZ 1AL A R M S O RE RE , B N FJ (B B, FLHTAR 2SN
T B8 H R0 T T B AL T B SR B R AL e W 28, T SR L A K B BB AT e
BN TR RN, WIMEREOE K T WAL, AL R R fL iR 2.

FE 58 = HB 73 BT 7E b 25 R AN R A0 BEFEBON PU JEIR K K IR BE RIS, AR &
DG (Ca** )y —Hr (Na™) EhE ¥, WLILUBK s il 5B 5 e T i AL BE 1) 2 A
T, PU BEHEAKRIEREI AL, BTHETHESE, KO THHETEROKEHET, R
il 7K T HEER ), SAUKIRES T ALK THRIZBERS, RN A RSV
HAKIIRSS . 2 T3 PU BEIEARTERERIER AR, EASCHIRJEXT PU 88T TIHE T (-
COO) HrthAabsE, w7 ot PU RITEIKRYERE, I HLAF—IKIER] 1 i BERTUXS PU MERE
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2 B RE X RSO E A N gAY R
215|F

£ R AN R B SRR I R v, BEEEAMZ IR LRI AL, Ht R I 5 th
KA, HARET AR EERN R —, AW A K2R F BA R
ZRMEEYHIREE, Pl A5 R LA R MR RE ST, AT R E
LRI, ERAEMREENT RS, HZRae /) 3 BARKEE 0 582 45 14 I I L i B A
R, AERXANWNFERE S, WRREN T BOK-EIR-RT =R, BOKE RS
TN B SR R B D SRt v BB, Pl DU 5 A8 0 SR e B 1 B K ¥ K R AT
PRIC, L AT AN R S 10 I G MR A - 7 T U TR R T U AE AN RV R IR ORI R A
AT AR R BRI IR = S A, DR B 8 SER plAS, N IR A BRI #e
B BRI — 2 BASHEAH 1 H /.

2.2 LI AR5 A
22.1 KW FHIE

BN TR A LLVR AN R TR R R B 1 B T BB ECRE s, AR A
LA FE OB B REEAT SR S R TR ZE IR AR I K I 2R s 5% . DA IPDI-PU Ry Al
EHl T REER MR EA)ZME . A OTVE A SCEIRTET . 7RSI b 2 R FE ROk
HRIF R BORE I m i, S IMES IR, AR T ML, i DA DU it v WO 45 )
FE 50mg/L. A ZSEE I TR E R SEIN, ALK Ay 48 /Nt SRAI TEM  (HT-7700,
Hitachi) WS MKIEMIILIL. FEabE T RN b, 20T RSN, REEREY 500
ms.
2.2.2 REVIBEIE N R 1i5ikeE

Nl 2-1 s, BT SRRt 2 PR B R, BT CATRAT TG A FH 00 DU b — e SR T
(IPDI. TDI. MDI. HDD HI#HT& R AN PEG £ 851 BDO WIfEH TR &
M. LAIPDI-PU A, JEE S 2-1 RO F R .
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2-1 DUFh =R IRE AT PU A RERBUN T4
Figure 2-1 Molecular structures of four diisocyanate monomers and other blocks for constructing

PU-based polymers

W MS (Material studio) ¥R T DU RARRBE, 9 T SR AN,
P 2-2a FT7R (£ 1] Packmol 41 PE05H4 100 4 PU RAMIBEHLBON L7 6B AE . iR
AR, fR35 Shi AL G IR SR Lb IR AR, R (R 2 T 4 2
G, I EASRAYINGE T BOCRUEN IR ).

d b initial configuration

of polymer matrix

1
[ s |
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T
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Step2

minimization & 200 ns NPT
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convergence

Step3

B22 () REEEIPE (b) LPEERHDE
Figure 2-2 (a) Polymer membrane establishment steps (b) Seven-step compression-relaxation

procedure
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Figure 2-3 Density variation curves during compression-relaxation process (a) IPDI-PU (b) MDI-PU
(c) TDI-PU (d) HDI-PU

B2 B AT, B KA e, &I 3-4 RS, S
RIVE LA B a%, EATE 15 Egifaihs, SAERBEREHEE (N
2-3). BEEBEFMERTIEI 6 nm X 6 nm X 20 nm FIERSWIE, #2E Y- KK
FEA, EERFVEKAEA (6 nm X 6 nm X 40 nm) J5, EAFIRE (300 K. 353 Kl
433 K) FiHEATRE R /MBI 200 ns NPT #2410, )5 R W2 (Root Mean Square
Deviation, RMSD) HiZk 7R RGiAE 200 ns #4851k 2 P AR & (B 2-7b)

223 BB HIKE

AL, i GROMACS (version2019.6) # A4 REAT R, B0 HLIZE H VMD
AR AR . A B AR A 2K ) NPT %43, @i Parrinello-Rahman 753131
ITIE 1844, Nosé-Hoover FyEUMSUHEAT IR FERR &, TEARLIUL Oy T A 50 AN [F) 2 204 2R A i
FEVE AT il BE R SR, FEAR T4 I 300K, 353K, 433K =Fhi 2, f#
FARLFP#% (Particle Mesh Ewald, PME) J5ikU Vb PR s AH HAEF, YE4EAEAH BAE
AEF A BAEH BT R E RN 12 A, BRUPKEEN 1 fs,

EFRBMO TR, ImiiE by EE, ERGWENE S, FESIT
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TIHZHRRER RE VI VIR (B 2> T A IR o X e AR B e el i
oA, 25 A4 LK A4 ) Lennard-Jones 3 RIER LR E R . A 13737
N CHARMM (chemistry at Harvard macromolecular mechanics) /737, HOZEH N
T BEW. EWH T Ao TSI ARz g IS, KA TR AL
SPC/ERAY . BRANA T ATRLEE S BRER, A SO F33 vh R T B R EAT 1 20K v 35
(RESP) AL, RESP 7512 — Mg e S AR |2 8 IS0, 3 1 FL AT 20 G T V25
Kollmann 58 A7E 1993 “F-{#$¢ H RESP Hifif 345 5ol & F TR M /N o0 TR R I JE 7 He
fif, A VHELAE ST SR TR > TR & AU 4 8, Michael %5 AfE RESP Hifif
BRI b RIS 25 58 T R SARABARI T A R, K& T RESP2 Wi ik, A
H g Jeilid Gaussian09 3KAF7E B3LYP/6-31G* B %F 73 FAT 1 s ffk, I HAHH
Multiwfn FAFISIH5E T RESP2 Higar, PLARAK ST IA) (S HAH BAE R, ORI 45 1)
HERA 1 -

2 um

B 2-4 PUREMREZ L TEM BB () EE (b) HiE

Figure 2-4 TEM images of aging experiment for PU-based microcapsules
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2.3.1 BEERARIRE M0 SR B BE

NFEE PU R BEI B PU U BEIVE K Rt RE, 4 T IPDI-PU R %,
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AN 73 K BEAE AN, AR M BRI, TR B A MR e e . M, ik 2-
4b 1E 360K I K IR ZERURLAZAF AN, Gl FEAMA AR (AR, HEW
BT ETE 360K B IZIK AR, SRS BRR. HAh, HURERRS ML 1.5 pm
HEME] 2 ~ 3 pm. SLIGLE KW, IPDI-PU R FE B Huim RIS KB BUR M« X R IR
S A TR I B LA R P I LR ROV RE 3K 5 SRR R R R AR R, MR A
FEHLTEIIN , RRf8 BAT RAF MRS e E LAy (838 5, 1M Bl 0 N 2 s, R RS
FE R GWEREE DI, A& T EUA 200 IR B RS DUIA 252 R il
MIH . ST, SREW5r T S5 R0 FOR AT IS e AR AE DRI 78 H T8> . BRI, A
T TANFER PU B, @R MD B T EATRE KT BE
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353K
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&l 2-5 AR PU BRFEAS FIIRE T FIHS AR AR

Figure 2-5 Snapshots of swelling simulation for different PU films at various temperatures
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A MBI IR BLG: . SR1M, 7F 353 K Al 433 K i, /K90 7 & S fE - /K ALK B
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Figure 2-6 (a) Swelling volume ratio of four types of PU at three different temperatures. (b)
Evolution of density distribution in the z-direction over time for different PUs
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Figure 2-8 (a) Conformational variation of PUs during swelling process. (b) RMSD profiles of PUs

during swelling process. (c) Rg of PUs during swelling process, solid lines correspond to systems at

433K, dash lines correspond to systems at 300K
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temperature
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temperatures
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Figure 3-8 Stress-strain curves and snapshots of four types of PU during tensile simulation
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Figure 4-1 Swelling model of PU films in different salt solutions

R 41 ARERFFIMMANE THE

Table 4-1 The number of additional ions added in different systems
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50NaCl 876 — 876
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100CacCl, — 976 1952

50NaCl 979 — 979
IPDI-PU 50CaCl; — 518 1036
100CaCl» — 1036 2072

50NaCl 862 — 862

HDI-PU 50CaCl» - 456 912
100 CaClx — 913 1826
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Table 4-2 The number of additional ions added in different systems

WAL KR FE /(mg L) Na" Ca” Cr
0 E— R -
50NaCl 968 — 968

50CaCl, — 512 1024
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Figure 4-3 Density variation of different types of PU films in 50g/L. CaCl2 solution in the Z-direction
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