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Corrosion Inhibition Mechanism of Amino Acid Inhibitor

Investigated by Molecular Simulation

Ti Yang (Materials Science and Engineering)

Directed by Prof. Zhang Jun

Abstract

Steel corrosion is a very serious problem in the petroleum industry. Corrosion inhibitor is
one of the most effective and economic methods to anti-corrosion among the numerous
corrosion prevention measures. In recent years, the main tendency to investigate corrosion
inhibitors is much more effective and non-toxic owing to the attention of environmental
problem. In this paper, four kinds of amino acid molecules including cysteine, leucine,
alanine and glycine are investigated. Combining quantum chemical calculations with
molecular dynamics simulation, adsorption of the amino acid molecules on carbon steel
surface and the ability of inhibitor membranes hinder corrosion medium particle diffusion
are also been studied.

By quantum chemical calculations, it can present optimization configurations of four
amino acid molecules, and global reactivity and local reactivity parameters for four kinds of
amino acid molecules are also calculated. The results show that the amino acid corrosion
inhibitor could form stable chemical adsorption to Fe atom of carbon steel surface, the
adsorbed active sites are the carboxyl and N, S atoms in —NH;, -SH. It can analyze the
correlation between global reactivity parameters and corrosion inhibitor efficiency for four
amino acid corrosion inhibitor molecules after linear fitting. The results show that it has a
good dependence between the parameters and inhibition efficiency.

After analysis, the amino acid corrosion inhibitor could form dense films on the Fe
surface by chemical adsorption. This inhibition membranes could hinder the corrosive
particles diffusive to metal surface. Based on the molecular dynamics simulations of corrosive
particles diffusion, it can conclude that the inhibition performance for amino acid corrosion
inhibitor film decreased as follows: cysteine > leucine > alanine > glycine, which is consistent
with the experimental results.

Key words: Amino acid, corrosion inhibitor, quantum chemical method, molecular
dynamics simulation, diffusion
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(2) MLE 51 (Ab initio method)

MR i K Schrodinger J7RERY, BT 3 R IALLAL, AN AT 250 5
RIS HE, WERRKEUS, XNIOTRITE LB RIAT AR — R OE,
ST TR . FLHRE B ZALHT Slater HUHE (STO) 1 Gauss i % (GTF)
PR %7V B 60 AFARTTAG AR, 2 80 AEARI I i IR 450 U7 i Bk 1
S AP,

(3) DFT J71: (Density functional theory)

LI TR IR R AR, THEARR DN, ANBEW LA TN Gl
KR EH480FAMIIHE, DFT (Density functional theory, DFT) Jj it /& i
ok, IXFh T VA S AKohnB 4R i 107 bR BV N SERE N o 85 T bR BRI 10 35 2 AR
e IR FERBOAHE, SRAR AR R I EE AR A ARV BT . AEEAT 52208 n) i AL A LU AT He
TRV, 78018 T HL A8 He s B3 RON L RS R A EAT 1 2 T R AH SRR N
DFT 7 VEA e 2 A i KD, FEARTR R, XTSRRI E R,y 2=
A, IXFE PR T AR A, PrRETVH AR R AN G G, g 1 i)
W, DFTRE LS 7 1 Idmn S A PUE . BAUR S 3E . e, AR, Fuku
PSS, LA R A B 2 1 5 S o) 1 S Z TR AR G . BT S, DFT S
RO A S i — A E AR,

213 EEZEREL

e e, AR AR R 2-R AR

Eys =V +(hP)+1/2(PJ(P))+ E, [P]+E.[P] (2-1)

o, VO R AE: POY B EERERE: (hP) i AR 0B eI Z A
Y2(PI(P)) A Z AR P FZIMMPECHEFRER: E, [P ARHGZM: E[P] A
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KAZ PR
H A T A8 092 pR 4045 Slater. Xo. Becke 88. Perdew-Wang9l. PW91. Gill96.

PBE %5; W I MAHSSZ 5 VWN. LYP. PL. P86. PW91. B95. PBE. MPBE %;
W 2402 B Becke =S80 &2 i« Becke FASE0R &2 R UL K HAB 224 X B97
PTG 1E T A3 (132 o

(1) Jalk= il (Local Density Approximation, LDA)

JR s AL (LDA) & Kohn FiT Shamt® - 1965 4EHE 1), MR AT BEI 5 —
A5y, R A TA) A r AR R L B n(r) e ok IS s AT - AH SR RE S FE IR B, OB AU

Exlp]= [ p(r)eye (p)dr (2-2)

pais

Exc TN p ST, FEASKLFIIACHREE . AN AOAZ HAH OGN
V- EE o o) plr) ) 23

Jri el RS AAE SRARAAR ZR (0 A # E J7 THR I 2 A W7, 6 A 1A T U
BRI EAR R IR RIS BTl (LDA) 5N AN ELA RS e AR R I, 2%
R HAL, NG S EARERIE R HAT, R AT R T2 AR
A BESK, HUR R R IA T AR .

(2) | XU (Generalized Gradient Approximation, GGA)

7 SCBR AL (GGAD JEAERATR R A ZE —F 7, XS e B i B ) St
GGA ¥Z BRHE i 3 (R A A I FH A e REANAH DG RE T T, VTR & AR A HT
AR, GGAZ LS T “IBE” T MARTEMAS FEE T 1)

1986 4, Perdew Fl Wang AifF 5T 15t 44 2 (1948 48~ AH OC BEAE RN HL 153 8 35 U AR S 11 [+
[, N 73 FE BB L (In() AT 5% o 58 I8k T 2 R S ABA R 2 80 BE R AT 8 e 20 il sk
H 2-4 Fi 2-5,

\Y
e = e L+ ax® +bx* +ox®)* x= | 4//03‘ (2-4)
2
gcpwse _ gCLSD +AgCPW86 AgPWEs _ e(DC(p)|Vp| (2-5)

’ ¢ f(f)p7/3
Horb, as by c AHHL x EREEARRNINAL X2 H AR PW86 ) GGA- 1 J5
e Jadll, AAREATESGEAT T R, KRS

11
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1991 4, Perdew F1 Wang fE3Z Rz ] T — LRI S5, #A4 GGA-II, Lhin

PWO1, HAIKHEEAA:
Mot pd]= [ ple (. &)+ Htr, °r (2-6)

GGA- I HAEE ki) 77 G — b B 7 A HARSCRE, A EATA A A, X Fh Ty

R AR T SRR B ORI
(3) Z41kiZ ¥ (Hybrid Function)

FAbIZ AR = PP 75 Hartree-Fock 284t 5 DFT A8 - AH GRS T TR A2
PR o SR EUEANLLAL, Hartree-Fock BHIRXS T PEAR R ISR B AL /N, 1M LSD B3
PWGGA J5 ISR AR B 1 i 55 K . Becke & HH IRDKE w7 i 46 A SR K A0 7V 1T g
TR RV S R ZE AT TG, h A R

DFT 2Zfie-AHoc e e il 2034, nl AR5 0 “H+H” J8tbJ5ik, W 2-7. Becke
PR ZR I LB UE W T VR T LSD J7vk

1 1
Exc zEEx +EU >IZ(S:D (2-7)

Becke 113X 2-7 FSERLEAU A, JHC @ AL B 545 3] B3LYP I A, — ok,
AZBR (4n B3LYP. PBEO) HITHEAS RN T GGAZ K (41 PWI1, PBE. BLYP):
B3LYP 1 BLYP (X A2 A T 20%[¥) Hartree-Fock A2 #:55, PBEO ALt PBE X il & I
T 25%IH) Hartree-Fock AZ 3, it LAXS T4 5 () — et vt S5 S vE A

(4) #REz iRk

O TR (Main-group Thermochemistry): AHICHELE IX — AL 1) R 48 - 2 2 5
AAHI . BRT LSDA Ab, JUF- A % 7z s Fs# T LA, 52 double-hybrid 2
PRI B2PLYP A1 XYG3. /el & K/ &RSE, @A double-hybrid iz b : XRIK R
4, e H M06-2X, BMK, B97-3 5k B9S.

@ P4 JE b (transition-metal chemistry): AH2¢ AL B4 @A &Y R G B
AENBMR, AFHSHIC. MFFSHIGRM RS, @UER M06, PBE, BPWIL EL
BLYP.

@ #3112 (thermochemical kinetics): X 4k2% e W fE 22 V1545 1172 i AT XY G3,
B2KLYP, MO06-2X, BMK 1 M08-HX.

@ AR HE R 0 AR RO S AL (V)% V2 iR AT PBESol, SOGGA, #il
WCO06.,

12
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2.2 FENHNFRR

B ST LORORS A, (RS2 SEHUBE PR A PRIy, BIFTUIAR R I L. 237
R KIRITFTIA VI TG 2 /N R R B s 1 sh &7 g g, sk T/ 00 2 Rl
195353 J1 A (MDD 3B AT, 53730 Iy 2 B I S A S AR AL 14 2R LA
AT B AR AT, BRI 2 N2 g 2 3BT, Tl I H R i 34
RERRE, 45 R R IMAIAO AL BERE Y, ARAERL 1 10 52 0 A SR AR ia sl 77 1, gt T BAAS
IR ) A B () AR A R, SR 5 MR 24 G D a5 R e 1 )
AL Gty YRS R T BAARORL, 2> 7 E iR AR T 2)
TR LR AR 2 A i) 1) T (U S LU T 725

2.2.1 ERFIE

53 T8 IR S B A BT R T (RS S AL 28 T 2%, B R TR 18] (R AT
AR R A SRR IR AR IS, SR T2 3 (KN T SRR B 2
HATHOR:

ﬁ=—VM=>{£%T+£%T+é%R}J (2-8)

4 LIRS, SRARFBUEZ 75 R, JE TR HON I TR AR 7 3 a4 B R G b A Ji 1
VIR 388 AT A B

a,(t)= # (2-9)
2

gt—zri = %Vi = (2-10)
v, =V’ +a;t (2-11)

= =0 | =0 1_ 2

=T, +v,t+§ait (2-12)

b, PV 25000 S TR 2 R A B AR AR A, 6 ° v 23 A i )R i %1
P EABBRAE L o AR I 221 RO EE AR R AT B e ] DAV B L €+ At IR0 X407 B A B AT ik
FE, CABEISHE, it nl DA ) 3 Geh 25 b1 BE I T AR AL PR B, BETTSRAZAR R (AT 2K
P

13
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222 TESEEN

T AR R A A ) =8 0, MR RPERLH S TR IS
HOE, REFEBAAIR SR . RIER. D%, 5T, HEROE B
VI A AT: EIURSE AWM SRS, e B b KRBT 0], SR A 1A R 3))
iR, A A R A R R B IS TR A s s B8 =00, BERIHEL, M1 3
PRIEIEAE B, SR Y. 10 2 0

2.2.2.1 5k

TN EER A, R AR 0SB 7 RN T B AR B, Rk, BE
BEAF R RIS AT I R), 38 [A) I R CRAIE 45 SR IO MERE o Verlet Sy i T HAT N FH Wi B 1
(I BUNER 7 K Y A iKY NN )0 s S K 20 2 R VAL £ 11 K RN 75 VAR A L 7
rt), HTaylorZ ¥ Il

1d%r

dr
rE+a)=r{) +—t+=——&" +---- 2-13
(tra) O+m TR (2-13)
dr 1d?%r
rt—a)=rt)——t+—— &> +----- 2-14
(t=a=r® a T T @-14)

F52-13F02-1440 00, BN Ky Verletd i BT 544 2

dt+&):2ray—dt—&)+%égﬁz (2-15)

¥2-13F12-14403%, B A Verlet S ykadi B 5 A

dr
v(t) = — =
t) ™

AR 72 0 s S ROORAE 1Y), VerletBE 1 F BLE /e T B0l B 7w, A
2-16 V550 L 10 T8 [ 2 24 A7 PR P32 T AN B O B I o ARG b, AT R st
SRR TE, X Verlet Bk dHAT T Mo, K T iEkVerlet®2: (leap-frog Verlet method) .
¥ Verlet/2: (velociy Verlet method) A Beemanih%% .

2.22.2 113

PR/ p < e R 1) NS R o NSRS T S Sy 81 e e 1]
LTI e VI . 1R3> T3l ) Rdrh, — RO s BT

1
Z§hﬁ+&%¢ﬂ—&ﬂ (2-16)

Etotal = Estr + Ebend + Etors + Eelec + Evdw + Ecross """" (2'17)

Hrb, Egas Eg~ By Eoo 70 TINERER . f4ene. SHife. FHMAE, Eg -

14
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E o 20 9 A AT LA A AE A LA ], B AT LI RE IR SR o

MY H B AITE L, )3 TSR DY AR,

(L A WG KRS EIE RS, W TSR 2R . &
43Ol CFF 2853 (CFF91, PCFF. CFF. COMPASS) 1 MMFF94 Ji37; 1L,
COMPASS Jyla BAT RSl Ik, & 7 1 MR E D1t I T IF R K 6 )8
LA WY o PR BT

(2> WM. Al Redh HHEaGa v T S HORA, AR AR, Ik
N7 T e R IR T K e R . FES SN ESFF il @A J13% . VALBOND
713% Dreiding,

(3) MR SHOEUE TR SECRRN, RN T AEYNED
W9, FErHKN AMBER 713, CHARMmM J1i5 i CVFF J)7;

(4 FFRHI 1. &6 TRRMB, v DU Be—2ehe @ R R . 25
Ny Glassff 1137+ Flm 5 L1 MSXX J137 81864 713 (BKS J13%. Burchart 7137,
Wt 1) .

B, RORUERLRLSE R ARS A e, RS ARSI &, & BEiE M i
BeAh, WIRERYERE T I A E R, XA DRI UK — 2 B
JLA B, AT LM G 1A 2 ), ISR /N 737453 2 i Bl v] TSR PR A
FANLE MRS G0 W] B R VER S8 AT 15 T — P 56 3%

2.2.2.3 R

FRERFRIN L B W E TR 5] i SO P E R & A AR R AR RS &, e T —
R PIATHIDRA . REMBA FZAFEHOEN (NVE) REZE. IEM (NVT) FRE%,
AR (NPT) REAGEEE (NPH) RE5E.

(1 NVERZE: 2L, RTFIIZEE RS, RETRERE. K HBNFATV
TRFEIEE . B TBI ) F BB R, B P RORARR AR 2N W AR Ae 7T, 8
T SR R 8 R B0 B RE M, DAAERE IR R I B i P4l

(2) NVTRZE: REFETHN. ARV TR E . SR s e
€, A RIERGES — AN B A AL T HOPERIRES . AR R W3 Re iR A H A
RF, R, Ay DA DR R B AT AR FE BRI — AN RIS ), A R I Res
ST FE TR 1Y

15
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(3) NPTHRZE: RGP THN. KPR TR E . #IRITEFINVT R L5
H—FF o TR Ty BEAT Y, AR %, 5 s T (E T SR T bR R SRR ST
i F 4% . J7 % Andersen /7% Berendsen /5 %555

(4) NPHRZE: RGUTRTHN. B PRUSEHHAERAAS, HRLGEMD O
WHT o BUNTERREE T AT VRSN, T2 [ I 4ERE Hs ) RSB R PR H AT A 224 K 110 1
.

2.3 Materials Studio {24

Materials Studio 7> T B2 B Accelrys 2 H]ZEF7 11, Accelrys 23 Hl & 4>t 4
SRR AT, BEME RS AL MORMB T S AR T A A U ) A TR R T %
FARRAEAF AR5 o

Materials Studio 7 FEHNEAIIE T 51 1% 0 1% 70 78 i ol )i,
FERB) )% R Gevh ik, IR S A S A 2 SRS AR R R THIAG A i5 40 TARL S
REY . AKMEL SR ST BT RO RSSO, T T
R BRI VAL A b D24, Materials Studio % AT AU T 7 i,
BAERI R, AL, WL TR R G AN IR S AT AR RS- & 554
25, AERMIE N B3 e 5 M8 g S = e SRR, A TR 20T

H A Materials Studio #cff-1 F=£ 405 LU Bid: Amorphous Cell Fe8t. Visualizer
Fid, DMol® #ib, CASTEP bk, Discover #ibt, Forcite #£3t. DPD f3t. MesoDyn
R, Reflex (RARTSS) o Sorption #ibk, QSAR FERZE, wJF & T 2 EIR. 4ttt
TR RS RIEIR S FZ R 2 RPERHUIT ST A3 SCHIMT T A 32 AR
Visualizer #i3t. Amorphous Cell i, Dmol® #ibi & Discover Bk & T .

Visualizer BilJt/& Materials Studio 8B OBIER, EHpt T AFIRBEA I 85 L2
REARAE PTG & TR, (HASIEARE L vHEATSS, BRI E R b A R
AR FRAEAT AT

Amorphous Cell #iHr] LR SR/ 7. BEY IR EGRRINTCE L 4it, %552
SERFITEU R R, IR o 78 1 o ki i v N SR R R PECR AL [l%
AR RETFAT AR, o B, B A SRR LR, D ET R R
Bt fta M.

Discover FEE AL g 2% B g Jhtl, WRLSRAELEIUZZ) TR, VAR R KRG

16
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SR G B0 AR R AT . RTWTC AN . o IR AR AR RN A
WA R AT 2 ) AL

Dmol® BEHIE T 9 FEZ s F IS (DFT) [FRET 1% R8T, nl USSR A5 & Fioik
A& MBS ROV, THRASE R (SR, ARSI RE T
PG LEROE BT, AEAR SR IONHLER . FPREREE . A5 T2 [ AP BAEE 2 A
BTN

17



O EAEROE R R AR B AL AR

REFREMTE MR ETFUETR

o

£=
3.1 3|5

WG BESREA N A DAESE 0l 7 THI 2 IR A W B 2 il 77, X Eeqh 54 122 6h C
H. N. O. S&EJEFigp. Hrf, Co HIJRTFHBARMRIERER, No Oy S 25T i ik
WeMEIE A . A NG IR RENS 55 8 IR 45 5 A AR AR S W B, BIFFE G bR 71~ S R 0 92
R (R 52 FAT F R R o VR R PR AL AT L2 T ) ) B R A 15 0 ) I 5 A v
FERANMRVERIE, SN HIRCR Raf. HAT, ARG MK SER i 4 I T — 5 )
R, BTN N LI

WLk, WU ENBAR RS, oHE HUSL 7 ik O B S R o L ) —
MR TR B2 s EIR (DFT) A, A BUR A1 IR 12 AR 401 IR iR 80K
PeSE o T B RO, A S 2 S N I BT T S b SRR [ 1t r CLIE W, DFT B T
(] Hohnenberg-Kohn B ig & — Pk B, Blaz (RS . 760y s, DFT &
R IAE P26 B RER G MR 5 IO, Ry, SR e I R Tk
W, REME VS RGN oy 1 (10 A JR R R S NS, WA TR 4y I S5 S SR R
RIDCER, TSR AR Y I 22 bR B ik (R 407 1) B 1R Al o

A FIE FH MS4.0 1) Dmol® BT T DUPh SRR ] CRBEEIR, ea R N
BWIRMEIL LR G RCR Sy Ta IR R WA THEE AR, 2R NER
M LR s AHIEREE (Enomo)~ BA&AR HHUIERERE (ELumo) RERRSE AR R
WY SEL, i TR IR R IR, SRS, TR T DU AR SRR % 1l o 1
Fukui $5EL, A0 AL JR i S VS TR, R HA SR b R <6 e 3 T R T g VR B R A A
JG s GrHT T AR IR NS M SRS ORI A O o AR B i A R AN R S BT 1)
BT, HE T R R G R (R B AL A, WIS o L3

3.2 HEMATI RER

AT R AE U TAER H Accelrys 23 w] $2 41k ) Materials  Studio4. 0% 4 71 (1)
DmoPRELREEAT, LSRR T ML (DFT), AR IEIRGE o 7 pia 1
PIESIAE N, AN IEIR 4 T A5 M AR ALK R GGAIPBE J7 i1, 7 X K 3 41 DNPHH
KL R A IR R SE M A b Forh i — 8 23 BRI R 25 18, T~ 42 50 0,40 nm, R SIOKS

18



RS (AR W2 18 30

J& o foe ek e Fineo FEANSEMISE RINATSE b, o TIPRIGRS, AFAET SRR T
BN THELSE VIR LIRS il o> IS EAL e, S0 1 MR AT o0 A, K
BLDUR 53154 B A, W TR R I 5 TR ALY . FEIREER |, AT
T VUM ZIEIR S T ITHOMO. LUMO. Fukuif#5 S 80MH, iz, Wi dim
R LR

(a) (b)

¢ C
© @

B 3-1 4 FhRERD TS B LT R

Fig3-1 Optimized structures for four amino acid molecules
(@) CYS; (b) LEU; (c) ALA; (d) GLY

3.3 R 5iTiE

331 HIZ&MENH

W AT P FRE, BN e R A B I A AT TR RSN A I T 2R B 25 )
R, RIZRBUE IR A HE (HOMO) FIRALAK H#LE (LUMO). & 3-2 il

-3 73 5l R DU R LR 2% 1k 571 437 1) HOMO A LUMO 2 A el . mTLAE Y, &R N
SRR 2 L1257 F1f) HOMO $UIs LU, 2o Ai T2 IR, Do TR
JEHETAE, P PEER 1 B A TR AR A RIS A L ], HIL HOMO %l i 2 K
TEaR . WRIRF L SRS 11 XU IR S T 0 A& sk /1y, i f
DGR 1B UGS B3z i b A BE DURREOR s DR SRR 431 1 LUMO Ul 253 1
TRRIEEEA, o7 T2 AL, IR T S AR SRR s IR P R
HATBORHE, 20 SRRV, BRI A AR SR R I — e
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(a)

Enoap=-3.676 eV Enono=-5.709 eV
(©) @

EHG!\IG= -5.710 eV EHULICJ: -5.726 eV

E3-2 AMREREBRKERRES5APEHOMO)K0.03 a.u ZETHE#

Fig 3-2 HOMO isosurfaces with a value of 0.03 a.u. for four amino acid molecules
(@) CYS; (b) LEU; (c) ALA; (d) GLY

Epap=-1.400 eV Ermo=-1.216 eV
(d)
Erap=-1.208 eV Ermao=-1.157 eV

B 3-3 4 FEREBRKBRIER GEIELUMO)K 0.03 a.u ZETHE

Fig 3-3 LUMO isosurfaces with a value of 0.03 a.u. for four amino acid molecules
(@) CYS; (b) LEU; (c) ALA; (d) GLY

3%
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H AR (RO 2R S

XEWRAT, MRSERIE A oy 1 A1 4 B AR TR I, AR BB AR SR B o SR B 3=
ARG — P 48 57 IR S B2 R R o 1 i B AT T B s
P 5 i N e ol s )M R LS SR NP A a ik B w3
B RIS R I T 3R Z K08 f sl A% RE ), ARAE LR 4y 1 SE AR e M W I A 4 R
o XF2PREER. SealR. WRIRMEIE SRR Z IR T, EIREIR I i &hiE
AR K, IRHT R B, ok dom: SeaIRMN ZIRINL , 2k CRRTE
EAARTR /N, 1R TR e, G2 s,

AT I VU FP S SE R ) DR R . e R IR 23k SR I S s Ak
B . A AR Ui J7 T B o i bl 2 e, AR J T DU 2 il 31 ) B e o
HUERERE (Enomo) FHRAGA FHUERER (ELumo). VIS5 RAT K 3-2 Al 3-3, it
AR seER . WRIR. BRI Enomo MKKIG R, 1B DU 2 B M 22 A AE
I P 4 FL IR RE K Uk SS s Si4h, DU ISR M) ELumo HIKIRME,
W2 e 2 IR A I N IS A 381046 Jeg PR T IR RE D i, By e WL 1, SR IR INZIR IR
A LR T

332 2R/RMEMESH

Ak PR PR 2 IR 7 1 I RONE 1, ARSCTHSE T HRERR . Ak A B, 3K
A R RV IEYE SR, 4 DFT h, FIERI P H M, — AR s#E —
PLARE R A UL B2 B U R . R IEAE b, AR T2 585 1 156
ol BTHRBHHSE SR, WITRESH SRR R 7 MRk
UE) % o RSB S 851 T3 3-1.

®3-1 AMAERD THERRMEESH

Table3-1 Global reactivity parameters for four amino acid molecules

Molecule AE y7i n c [0} AN IE%

IR 4.276 -3.538 2.138 0.4677 2.93 0.8096 82.21

SLRIR 4493  -3.4635 2.2465  0.4451 2.67 0.7873 64.42
N 4.502 -3.459 2.251 0.4442 2.66 0.7865 56.56

AL 4.569 -3.4415  2.2845 0.4377 2.59 0.7788 56.5

BERR CAE) ZHARAR HPUERERE ELumo M i AT PUE RERE Enomo L 22,  HAEHE
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Ko R T BB AE RS , 755 i 2 WP A~ W B B AT BETE N
AE = E, om0 — ELumo (3-1)
M3 3-1 nf 51, PR o2k WK 2k IR VUM S o o)1 I BERR LK
OGRS B, DA 7148 Jm) S B s PEMR IR . 1K 3L, 2P el 1 BE B (I 1 11K
THA =AY T, U DR RRAEAL 2 S N P P de ik, SRR By SRR N
M He LRI REBUEAN ZE A K, R =FH 4 SN VEREA — 5, X 55286 B
(I e 2R 14 2 P A R e vy T HA = AN 0> T SE I A 1 UL BB, AHEE T2
WL T BRI RERISIE E AR T, B9 T T RONE Y, O HIE
DURRIE L KT iR WRP L, 7 1 4.
fe3 Ca e O PR B RE R E X N I S 02 R R L
PARMITT 34T 2t 7 T E Ok, R T AR A BE, BRE Rt
Sk RN, VY 3-2. DFT BE R, R () i O VA RSB E XN 19— &
B, R 3-3: W o R 18 4,

OE
pmme~(E) @2
ON Jy(r)
1( 0°E
= — 3'3
7 Z(GNZJ 4 (3-3)
v(F)
o= 1 (3-4)
n

FELL E=Ae b, i titt, ECAREER, N AMRARANHRFEH, V()hiE
R IMHRE

HIE 3-1 Hhn i, PREaR. SR, WAIR . WAt LMV FP LR o 1 AL 2 3
(MR BEAR, T FEA AT, SRR R BAIG . T Fe B4 @ TR Fe®' )8 142
Fhk, BERERCN, FTCL, FEARS RN RAN, BEEEANRREE KI5 15 Fe? IS
d PUB R AR RN . L, BEE IR, 2R, WK, 2k ORI P FE IR
T I AR R, W AR T R, BB FRAR,  DUBR 2 2R 7)1 R e
PEAR RSG5 s PEAR IR BEAR, 35 G2 0 R T 1 G AH 8301

AR (o) RENSHTE — AN TSI TR N, 5 SO 3-5: P
B AN RSGIE 7> FAE N R L R I UL, THR AN 3-6. SR HIFRHI

N
7)
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K, WTHEBEMZ, 7 7 IRE TSR,

U
= — 3'5
@ 2 (3-5)
AN = A~ Hu
2(77| /v ) (3-6)

8 VA LT I S 18 s ol o) R R I S AR T N7 W3 | PSE2 4 4 i
TR T IR

PURPEEIR 70 7 EIR . 2R NEIR A LIRINZE AL Hs O L 1 e A2 4t
RPN, HAE PR N K+ HAL =P SR 50 1o XKW PR A S
TR DAFR T, S E RIS A, FAT e 4R SONAE e, ZeR i,
5 AR SRS TEZ R o A — 2L

3.3.3 BB/ R A 15 Hh

Ry S N PRI AT R Y, DU 2 B IR 2 ) 231 RENE A < e R T A AR AU (K AL 22T
Bf, JFgs T TAER A SOV I RITEVE IR, BT T TSR AR B
SEH R PR S DB 5E SR 0> TAE G R AR T A AR A A I, DRSS R PR 1) 1
VEAZ AL, B DU U, ALV Fukui 358, 588 T 2 R IR G 1T
531K SR S A 1

Fukui B3 F(7) 2 SCh, ZEAMMB (P ) e RN ARIELE T, BT p(r) Sk R
[ LT N — i 0.

f(F)= [ég—lglr)jv(f) (3-7)

NPT 2 AL, Fukui B3 F(F) T 1,
f(F) =a(N+1)-q(N) (3-8)
f(r) =a(N)-a;(N-1) (3-9)

VU 2 B 12 701 1) Jed 8 B N R 0 A B 3-5 7, IR LU, SRR 7)1
IR S N b2 B ks (-COOH) TIIC, O =AMgly, AR TR
BIEMR I T HIPR R Y D2 E . (GNH) FEINJE T $ikE (-SH) R ESIst T FiFRJE
(-COOH) HoJs v L, "eflIReus r )i Jot 7 I 7o PURP LR 7> 1 #AT 21

23



O = EIERRE IR N i RE I B ST

PO TER L, e IR IR > 15 i S 7 R A AR, B T m R, S n R EL
W I G P o

CYS %
£
gy €
. (’ik
FlFN flFr

BI3-5 BRI T KRB TR EON R BB R S A B

Fig3-5 Distribution of nucleophilic and electrophilic attack index for amino acid molecules
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Table3-2 Fukui index for some atoms of four amino acid molecules

2Rl f,(r) f.(r)
0(1) 0.012 0(1) 0.115
C(2) 0.018 C () 0.302
0 (3) 0.041 0 @) 0.219
P It C (4) -0.026 C (4) -0.04
N (5) 0.197 N (5) 0.011
C (6) -0.032 C (6) -0.035
S (7) 0.393 S(7) 0.068
0() 0.051 0 (1) 0.121
C () 0.055 C(2) 0.284
0 @3) 0.19 0 @) 0.237
C (4) -0.03 C (4) -0.018
SLRIR N (5) 0.326 N (5) 0.055
C (6) -0.021 C (6) -0.03
C(7) -0.008 C(7) -0.011
C(8) -0.009 C(8) -0.018
C(9) -0.004 C(9) -0.004
0(1) 0.028 0 (1) 0.113
C(2) 0.035 C(2) 0.323
0 (3) 0.092 0 @) 0.235
N R
C (4) -0.03 C (4) -0.039
N (5) 0.405 N (5) 0.008
C (6) -0.018 C (6) -0.021
0(1) 0.083 0(1) 0.243
C () 0.034 C(2) 0.314
RILLIR 0 (3) 0.022 0 (3) 0.124
C (4) -0.006 C (4) -0.027
N (5) 0.428 N (5) 0.014

ZEE el s, CERREIR IS TR 2 A AE S(7)s N(B). O(1). C()AT OR3)AL, M
BEfr i, SONIEPEROR, SRR ECR: SR AR Ik SR IS PEAT ST
T NG). O(1). C)F 0@, L& WRRHE T 57 1 3. HILM w1+
ORI FRIL THRURILT HL TR ), A3 58 2N A 2 VR A 3 11 R P IS £ S5 7 v 44 5
TR, Bk ERE, VIR SRR 7> 7 1 R NE PN 2 CYS > LEU > ALA> GLY,
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Fig 3-4 The linear correlations of experimental inhibition efficiency (IE) with global reactivity
parameters
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Fig4-1 Modes of chemical adsorption of the amino acid molecules CYS, ALA, GLY on the Fe
electrode surface
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Fig4-2 The structural diagrams of three corrosion particles
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Fig4-3 Densities of the amino acid membranes calculated by the molecular dynamics simulation at
298 K
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Fig4-4 Simulation models of particle diffusion in the amino acid membranes
(a): CYS; (b): LEU; (c): ALA; (d): GLY
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Figd-5 Temperature curve and Energy evolution curve of H,O in the CYS corrosion inhibitor
membrane
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LB K] 220k JE THORE T AR 22 ORI T i U T R I SEe, O6) T WTRA 22 b LB R AT B 2L 5
4.3.1 BRI TR BARE
R RO L 5 7 e T O, WL s T B0 A . ZEMDAE
PULFEH, JEHRLT (H30'. H,Oy CID FIZRF 4 T4 52 B0 T #az 8h LR 43 1A AH
AR50, BRSSO Qe b i B A WS S Ak . T T R A
*®l(Mean square displacement, fiiFXMSD) #5453 3 i okl T 109 BUR B & bk 1 ki
(R EAR LIRSS, B TR T g s R R ), A U 4-3,

MSD:QRJQ—R(®T> (4-2)
1 . d 2
DZW!@OE;QR (H)-R(O)]) (4-3)
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FA4-1 298 KF 3PN ORI T FEAPH R FE R B DRI 9 B R &
Table4-1 Calculated diffusion coefficients of three corrosive particles in four amino acid
membranes at 298 K

Diffusion coefficient (*10°m?s™)

Membrane
H,0 Hs0" CI
CYS 0.0433 0.0067 0.0061
LEU 0.0554 0.0080 0.0063
ALA 0.0678 0.0306 0.0108
GLY 0.1101 0.0455 0.0451
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Fig4-6 MSD plots of the three corrosive particles in four amino acid membranes at 298 K
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R IR 1 AR S> % (Fractional Free Volume, fRiFRFFV) , o Xk A HAAR 5 4
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FFV = x100% (4-4)

V +V,

TR B E BRI ok 7 e, R, 7RISR ) B e AR o S 2 i
TR E Pk =M B O VS A PLR T AR e A S — AN R R T E AN K AT
TH R, NVTIEWIRSE, FRR R P 505 HHO", H.OFICH Rya 48 FU/R BT E42,
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0.1810 nm®UAH 2= B4, R ZE(HALANL1.72%, 1.38%. FRIAASCHIEMI T 7k e A H,
TR G B AR

FE RIS 0 JE dlohr 1 RO A8 BLOR AR (36 b, TR MSHRPE 2 31315 T H307,
HoOFICI =Tl i o~ 76 DU Ffr 2 R 22 T UGS o () 1 AR, Gl 4-7 o s =0 g ok
TR R R 2k L1 DUAR & TR 1) B AR B8 T3k 4-2.
W DA Hy e SRR R IR 1 R AR 23 05 O ok (3G A8 FOR B4R R4 T
KRG R G 0TI — RS Mokl S, AR B AR EU N RN
FFVcys < FFV ey < FFVaLa < FFVeLy; 0T [R—FR & FE IR 2 Rk 38, KR B AR
3B R NRF M FFV(H30Y) > FFV(H20) > FFV(CI).

F4-2 H;0", H,OMCIFEAFE ZERE ORI+ ) B RT3
Table4-2 The FFV of H;0", H,0 and CI in four amino acid membranes

particle FFVCys(%) FFVLgu(%) FFVALA(%) FFVGLY (%)
H30" 3.36 4.14 4.56 5.72
H,0 2.86 3.58 3.98 4.99

Cr 0.99 1.42 1.74 1.92
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Fig4-7 The free volume distribution of corrosion particles in four amino acid membranes
(a): CYS; (b): LEU; (c): ALA; (d): GLY
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Table4-3 Interaction energy between the corrosive particles and the amino acid membranes

Interaction energy(kcal/mol)

Membrane H,0 H,0" cr
Etota Evaw Eelec Etotal Evaw Eelec Etotal Evaw Eelec
CYS -20.69 4.58 -25.08 -11541 840 -123.82 -132.26 1549 -147.75
LEU -19.56  6.53 -26.09 -110.47 1210 -122.57 -122.43 18.64 -141.07
ALA -19.16 3.25 -22.41 -88.24 13.75 -101.98 -96.89 14.15 -111.04
GLY -18.80 2.72 -21.53 -51.93 5.64 -57.56 -55.72 10.17  -65.89
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Fig4-8 MSD plots of four amino acid membranes
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Fig4-9 self-diffusion coefficients of four amino acids membranes
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