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Corrosion Inhibition Performance of Imidazoline Derivatives

Investigated by Theoretical Methods
Liu Jinxiang (Physics)
Directed by Associate Prof. Zhang Jun

Abstract

Corrosion prevention is of great importance for industrial application of materials.
Among numerous corrosion prevention measures, corrosion inhibitor, bearing advantages of
economy, high-efficiency, and wide-applicability, has been applied in various fields, such as
petroleum extraction and refining, iron and steel, electric power, and construction, etc.
Traditional research and developing routes are based on large-scale trial-and-error
experiments, and bring along high cost and long cycle. Therefore, theoretical guidance is

critical in design and application of new corrosion inhibitors.

Imidazoline and its derivatives was one kind of excellent inhibitor which could
effectively inhibit the corrosion of carbon steel against CO, and H,S. The chosen compounds
have the same alkyl chain (R;, undecyl), while they have different hydrophilic groups (R»),
where R, = CH,COOH (A), CH,CH,OH (B), CH,CH;NH, (C), and H (D). Corrosion
inhibition performance of four imidazoline compounds was evaluated by combination of
quantum chemical calculations, molecular mechanics and molecular dynamics simulation.
The global reactivity indices, such as frontier orbital energy, hardness and electrophilicity
index, were investigated via quantum chemical calculations to analyze the molecular
reactivity. The self-assembled monolayer was studied through molecular mechanics method to
determine the interaction between inhibitor molecule and Fe surface. The adsorption behavior
of these molecules in liquid phase was studied by molecular dynamics simulation. These
results indicated that the structure of hydrophilic group had remarkable influence on
molecular reactivity, bonding strength of molecule and Fe surface, and compactness of the
monolayer. The corrosion inhibition efficiency of four imidazoline compounds by theoretical
methods followed the order of A>B>C>D, which was in good agreement with previous
reported experimental results. These theoretical methods would provide a practice to asses the
inhibition efficiency of corrosion inhibitor and to search for newly-inhibitor with desired
properties.

Key words: Imidazoline, Corrosion inhibitor, Quantum chemical calculation, Molecular

dynamics simulation, Molecular mechanics
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ITHERAE . B2 RBEMFR 120 TP AR 2 08, . A B 3T RB) 1
LIS AN £ &= 29~ A 1 TN =X 7/ i R e A L B S AR DA WS B o A e o e e O
P J Rl SRS ) F AR SN e J B A REAT TH SRV B BEZ BR TV ROk UG, AT R
REBRE A AN IR R, FEEH T ERRIN ST

U JLAER, BEAT oL G R AN B, AL o AR A S R . B
AR RVI B AL 2 IR RV SUECE F B D REA BHI 70 7 vt . A I REREST, O DARE IS
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TEARAIIREA, ARV S BARAL 2 BT S At v v 53 B 00 A 25 40 R 30 B0 A o 2 (1) 4
i

22 BT NIHTE
221 FHF

FE5> 115 1 R B T TR AR AR TS ) ok 3R o ) Yyl fiak i 641
EC R BN SH, ReR SR ANFE A EAE - o a0 FHISHR 3D FIE ) B hr A R B
. R L REE N G R AL VE R RIAS [RIAE FH B A8 X atanprfi—hfd . hrfp—
Bl bl A, oA WA E AR AR R AR T < ARSE

&R HAT S R 2R R 1 KRB0y h =3 KRR T T4
EEP RSy T v it an: Kollman %542 H ) AMBER, B[l assisted model building with
energy refinement Jj3% . Kaiplus %5 & #4 ) CHARMM , [ chemistry at harvard
macromolecular mechanics /737 Ml Jorgensen 551 & [#) OPLS, Rl optimized potentials for
liquid simulation Jj3%45, M2 T84 N A B> 51 o v SATAE B A IR 4 A RS
PEo S5 2RINIWT N T3 SO R R, W ad& v ) el T ehl e 1, AR R A
o FIRPIIR I IR BOE ARSI B, e TR iR ES i SR F 1 4R 3 ek B0 2 A8 X
WAERT . B8 =Ry WE SR m TR, & — BRI T B ORI 1 R 8 1 1Bk,
FEZ A XA R 20 7 2 M RN EEHE, W MM & 41 CFF93 Fl MMFF
&, WERIBHZ AT TRIBL T PRIESTT) L IRENBR T, (RN T
A HJRR T 01 BRI e



B BRI

PRI RTHIE 2T 1 22 D BRI B bR, 8 e A5 MU 45 SR (A
SN AT RIS 3E 104 T 1t Bt w2l 1, COMPASS i tE & T4k
FAL I 13 7 AN R PE T IS0 T I & Rl NS TR 2 0300 4 250
WIE B IFER T 2 R ML 135, Bk COMPASS /134 REAEAR K IR . )
0 ] PR RS 8 T S0 EH AT AR R Bl RS R R T & P oy T IR S5 M W5 IRBN LA FAY)
PR, R — MRS B 1) R A RS S R G T M TR
222 HFERHFER

Oy T BN BT VT T R 5 WA R I S T 1957 4F Alder I Wainwright!'
TEREERIAN R, SR 78 )5 R R P PIRS T . Tk, ATl T 147
BJ) 3 ZE AL TR [ A B FCA B DA SO T RS RIS o AR TSRO 8 A A ARR 11
B 7 SRS AR I 2 ) ROSE R () RS . 13 21 tHe4d 80 ARG 1, BEAT TH AR
KRR R Z AR RBUNIEH SR E, A 50 T30 1 B AR R N TR .

Iy FEN 1R 5 (Molecular Dynamics Simulation Method) F2&3i %1 i 1A% A1
HLF I U 2 AR R G, VSN S A% iz ad 72, Jd i SR kL 712 3l 1k A= fi 5
BT R N4 HHAZ Bl RLT (R A EE R B I (RS A B, I T T R G I L
FOPEJTT, b — AR A R 7 Al A S 1 AR L B i i 2 3 34 A E T 442k
i iz s,

2R ) S A B R G AN RS s, R Mg i
NI N DI NP (Y Tee S i e e DA AINE- % N T i S I DA 22 E /S OR i
FESER R BCRGEN N AREF IS8 N A AR IR, AN S B B Re 5E 1AR KR
LR PEAE R LARRR R b BT HLfar Aeset 77 5K, SR 5 44 H AR BE AR 4 Boltzmann
SR AnBEALET A PSRRI AR, e AR Pk o 37 oA I 1R e s A AR g i i B X
X8 JOE A ) RS AR ELAE FH BE RN 5 BT 32 1R D AT U FRARE 2100 2% A AU H 3 4%
PRI IIE FEAE R, M3 P 453 2 285 8 FR 43 20 K5 5 TR OB (R ARAR RIS, IR I At
BT & ERIBIEPEUE, A T FURRISEIE . BE — i N T R R s S
WEHATORAT o S ST r] A BB HEAT KR4t RefE . D)%% B0, %58t Toy
B, AMISRAFAR AR B E5 0L. E I AU RGO T IS sl A HEM I ) BELAR Y, HE
itk RSB R M BIAFIRI ) FEUHE B, I H 5 R G0 2 & R Pk T
WA AR V2 o FH

FHVHENUAT RER 01 30 D) F R D BT LLXI oy A VY25 . 2 58 2 ST AL TR
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e, Preh G 8t — AR 73 13 o U SHOGL ARRRUE,  DLAERFIEE R 3% %
XA, AR ALK, JF H ARG T HRPERIRES, IBARXMAERE
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L8, WTLAE N R ZE, EIER/NN, R GRS TR AR
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TN R GO PYIE 72 P e /Wl Uy A e 2 a7/ B £ I S A NI P B B e s R D T
AEAR ZZWS] .

2.3 Material Studio ZX{&&] 9T

Materials Studio #& Accelrys A ] % [ PR # AT FE3E T & 1) — 3K AT {E PC I
EAT IR, EREARIE R e A2 . APk T — R AR ZL ) . P90 ]
LLiE ik Materials Studio 45 V- G R 7 EH A 37 H = 4EI S5 HIBIRY, Jfonf 2R A JoE
ORI i3 531 ORI R BT B A G I B TR N (R BRI T

SR N 22 B Aot 5 Materials Studio Jl oA — AN A I (AR T H o S8 X6 1)
— SBR[ RV E R T SEIUAG LA PR IR X SR AT AT, LA AR B ) A
PUFI R T )5k 54, IF BT D) S vl 58

Materials Studio®cf1>% F 2% (K Client-Server4§ i . A% OvBEHILIZ /T 1% /1 i PC
(I Visualizerfbitl, 7] Sz #52 P 1E R G5 401: Windows98. 2000 NT; H4H5Ek (fiDiscover,
Amorphous, Equilibriums, Dmol®, CASTEP%%) 217 T 4548, YHM AL H
Windows2000. NT. SGIIRIXH! Linux. JFE0VF ] HLE 4] BER v HAE LA 2
2 FIATAT — G Meds 2 b, JRRERE 45 FR [R5 AT 40T, AT A ) 4 5 05 o K
B S H I T

AHF 5T Hp 32 Z 4l $1| Materials StudioffF£4 /& H [/ Dmol MiDiscoverf5itit . Dmol*f5
Yo — i LUSE V2 o0 FEAG O BRI I J0URr B 1 ) AR, ISR L 2 D R bR
R (R AL T AT ARG i Dmol® i LUBHBIN AT I 2RI [ A PR o (L
FERCER, DURRESE MR etk 2. PORIBFE . A0 T RE AN [ fAc B ATk (10 45 ) L
Discover B | ;& Materials Studiof A (1 THEL 5 148, & DU AT (% Dy 41 2k, A8 H]
2R SEAE T T RO TR B T 1 T R NE) 2 g A BN Ge SR, e
e AT R AR A AL, T ReLS AR REE KR A MBIk E5INT
JRWIPE L 40, DR ) DU [ AR REATRIESE, e Sk, AERAEFIR R . 1A,
i3 Discoverd (KI5 R (¥ 73 A7 L H MBS R BEAT 7007, W LA 3 5 KA S8
JIZERE D35 s B0 2 UL R RS s B 5y AR R (N A R RN B)) ) A
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FE=ZT KEMITEMEZ R EERNE FHLFENR
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3.1 EFUESY
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(Enomo)~ WARZTHIERERE (ELumo)~ AT 04T fHEE . Fukuifg #5055, Mtz i)
ST AN G B R I R, NSRRI S RE, IS R, [N 45
B RS S U P B SURFFT IS 2 I % b U R o (O P FOWLER R T BE AR 75 2%,
A AL ) vt 5 I e it AR R .

A B2 AR S R T L4y g DR L 1B

AR BUE : RIS AT FHuE ST, PR ERT R B R N A T AT LIE 2 RT
FHEAE SRR, DA B2k B A2 S A e i PEAE o Enomo M Evumor I 3¢ )
RALS M TATAT LA W Y BT PUE AR 2 N E SRR, e A A Ak
BRI o Euomo s 70 TINHLERAHIG, "HEN T4 TRE I INEIE, EnomoK,
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S DRIMRAT R S RE I R A SR

I3 1 R 5 RS A AR T R 2R . SEfs R EiE W] a2

AN BEAE S v 231 P9 L 8 AN ety B pROE . T, RSB 2
SV FH 48 A 2% I R 20 PR SR EAE FH 5 S

e AR DSRAEA 27 S N B R BEAT IO T ), D) o3 A 2 3l

TR S KA X O AR AR E ARGV I N TR R, (5o e ¢
e, &S v(F)—Ert, EXFN B—r S50,

ﬂ=_1=(g%lm (3-1)

B A2 R AL S P L b 5~ R BE Tt mT LADA D A 2 o A S P o ) H 47

Tk B A% BB R T A AR A, 2 R SRR . B 7 3 SOk () — & I

E XN (=B 5450
2
n:%(afj (3-2)
N

A ERBTRAEE: v(F) AR TR N BTG
B BORE T LA IR TR, o SONBY:

s=1 (3-3)

n
Fukuiff 8. & n] DL 737 (AL 2 i PR R A R 5 5 [R] I w] Aff o 3 1 DX 25
RZHCR R o AN N3 () — S IO, Fukui B3 £(7) 52 SOk HLF 5% p(7) %o
HTFELN (1 — B A

ﬂﬂ{gﬁ%m (3-4)

ON

b, £ £ ORISR B FR BRI S G RE, n e i R T i A
GrHLTREDI MRS, BUHBCR, 4T RE D R
32 EFHFITE
32.1 WEAZE

ARICLASR 3-1 P 7R 1 DU PR bR ATT AR 00 50 RO %, BT 1 I A R 3
HiMaterials Studio 4.0 X A-ELAE . AR5 18 FHZ A6 P (FDmol’ > P, 3125 iz
BELE (DFT), 2 YRRl (GGA) Jiik, Z B APBERY, 78 XUE 14uiE
AR AL, BRI XUEU 2 BRI DNP K B AT R A ol 85, sl a2 0.37
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nm, FHERNIE] 0.005 Ha bl ARSI, WeSloRs I I Fine. X651 DU Ff ok
WARTAE 0 1A T J LT R A fiiAl, JFREAT BRI T, # DR BT A5 0 S5 Ry 320 D H RE 1T - 1)
Wi RS, ANV 70 7 T PIE A 43R S Wik L2 8 A i e
PG TES R, HT 0 G bl o -5 (0 e It 1 DI e it PR ke DY 2 77 001 22
TR IR SR AR 1 SRR, I B B VR SR AR I -

R 3-1 4 FORMEBRATED I 2E R

Table3-1 Chemical formulas of the four imidazoline compounds

Inhibitor Conformation Abbreviation 1E%
1-(2-carboxymertyl)-2-undecyl-i H‘f?-_f,
( ymertyl)-2-undecy o A 93.7
midazoline sC 2 )
4 3
|-(2-hydroxyethyl)-2-undecyl-i "<,
(-hydroxyethyD-2-undeoyld e B 91.4
midazoline s 2
1-(2-aminoethyl)-2-undecyl-imi Wy,
( yl)-2-undecyl-tmi PO C 88.3
dazoline s’
2-undecyl-imidazoline /H._';__;~...._..A.____.....\/__...._\/A-...._./ D 83.2
322 ERE5IHE
3.2.2.1 SR ar s A e Y
® ®
@ ®
ﬁ\a 3 3 $ 5 6 o’ d’a 3 3 3 3 3,
@ @ a -1 L 8- B
E # "’"
A B
>e 3_3 «i F 3,
B . 3 3 3
' 3 ‘3 : ‘3 99 o 2 9 9 939
] * &
J‘J
C D

&l 3-1 4 FhBkMEk 4 F7E PBE/DNP B8 7K F_ AR AL I JLfal iy B
Fig3-1 The optimized geometry of four imidazoline compounds calculated at the PBE/DNP level of
theory.

4 TR MERBRATT A= 40 53 1A B FE 2 DNP RS /K AR A I e R R 1] 3-1 o
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S DKM R B T 2B

HIATI B B, RE T H Ok BIARE I R AME (D, PRI & B K
AR T3 3-2, WRLEH, C2-N3 K40 0.129 nm, XL, 5
Ab, K IRER BT A SR KRG AR T3 45 TR 5 Cruz25 PO E B3LY P/6-3 11G** K- it 851 2-%5¢
- K bR (1) S50 S BORE A ARAT X UGS SO 70 1 SR A BT R A ) 5920 WIS )
MEHRTLUE AL By Cy DIYANS: 1A AH ] (R WK MR ER e B, DX T AR 1k B
CAZIE NG

#3-2  7EPBE/DNP7K-T-_L vt 5015 21 0K membh 23 B B A A B A1

Table3-2 Bond length (nm) and bond angle (°) for four imidazoline compounds calculated at the

PBE/DNP level of theory
Bond A B C D

N1-C2 0.14 0.14 0.14 0.14
Bond C2-N3 0.129 0.129 0.129 0.129
Length N3-C4 0.147 0.147 0.147 0.147
(nm) C4-C5 0.155 0.154 0.154 0.155
N1-C5 0.147 0.147 0.147 0.147

C5-N1-C2 107.5 105.6 105.8 106

N1-C2-N3 115.4 116 116.1 116

Bond
C2-N3-C4 106.9 106.5 106.4 106.2
Angle (°)

N3-C4-C5 106.5 105.8 106 105.9
C4-C5-N1 101 101.3 101.3 100.4

3.2.2.2 BB L4 Jry I NE A o B

FELF (R RO A e R S 40090 BT BT 2 TR (R A B 5 LRSI, 3T DA AT e x4k 2
S NS e PEAE FH S TRLIG 23 8 2 T 7R 7 46 Jes 2 T TR W BHA T oA 6200 % 18 43 1) HOMO (i
EE A HUE) A LUMO (RS HUED . AL B, C. D PURNZZ 54T 1) HOMO Al LUMO
oy A 3-2 iR

MR DUE B, U225 1 1) HOMO =20 A 7E keI |, [FIN By C 1Y
HOMO A — 4 B3 AE 36K 34t by By C 40 308k B H0E BB A1 KNI, 3/
T AT FIERRIEN BT A ATE TTIRIR /N, 10 A 2r 1 B RPRIEXT HOMO $UiE BAT L
KI5TER. By C #1 D ) LUMO F1 HOMO HATAHIAJ ¥ 73 A D3k, 3 2 B I/ K e Eqs |-
M A 1] LUMO 250 A01E T 26K SCHE o IR PR S8 i A s i 2l 2k . gt
IR AL U L7 = B B D b o) I B J RS, R i LS A R A o SRR
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S IMTREK MESE 5 2836 POBK RN 70 T I 0 AT IR 22 5 o B SRR (1) L S PR AT
FCRB HL RO S AT H S, 2T AN D1 i X DR IRIA ) L1 25 0 A S DR AL A
AKH G BREERA RN TR, BRI R DK MEIA I L7 2 85 AR, ]
IR T 72 p-m JRHEARR, 7 (0 B AL L1 5 PR 20 R A W A e

Enomo=-4.95 eV Erumo=-1.45¢eV

A

EHOMO: -4.87 eV

ELUMO: -0.16 eV

B B

&

EHOMO: -4.79 eV ELUMO: -0.09 eV

EHOM0: -5.03 eV

ELUMO: -0.16 eV
O K%K e

D D

Bl 3-2 4 FrokmMem s> F RS S EHE (HOMO) MRETHIE (LUMO) 44
Fig3-2 Distribution of HOMO and LUMO of four imidazoline compounds

grEnrn, PURPSEURGN Gy 1 (KR 2 Pt = ZE oA AE R 0 Sk, I oA al AR 1
SRR SEW INAE G B R i, A TR AR A d PUER R 2o o TR B R T IR ik
R, ATHAE SR AR Y AR E IR s[RI, AR S O S W AR AT B T B AT K
R R e SCREAE < e TR ORI, E AT R BELASE IS el Jo ) < R 971, k2 4R
SR IERE o BT EPIE IR 20 AT DB AL 2 S N PR 8 - 3E 1T 52 i 22 k) 2 i M RE AR A0
93, o3 T I A PUEARFREOR, B2 A i 5 s e T I s R e BUE 4
TEIRAC A, TR RARE IR s 73 1 I SRS FUE BB, Wl 528 2 (V) g Js It 1
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S DRIMRAT R S RE I R A SR

RO TR i, BE PR RUEYE, X AL By CL DT, A FRTZHL
EWBER, HZMPERERAr, By C 0 IR HMHARH G, D 7> 1 AT U am
N, S REAI N e 2

A WSE A PEAT DU R K AT 2R 00 1 I S b I, BATITHE T R RS
(HERU AE. M s B S). 3 3-3 40 il T WURP SR 7 N2 /2 B4R

K33 4 TRMKD THIRER(ED. REBR(AE). BEEAKE®) KT EHE
Table3-3 The total energy (Ey), energy gap (AE), hardness () and softness (S) of four imidazoline

compounds
Molecule Er(au.) AE (eV) n (eV) S (eV)
A -886.94 3.50 1.75 0.57
B -812.93 4.71 2.36 0.42
C -793.60 4.70 2.35 0.43
D -659.22 4.87 2.44 0.41

REBRAZ3E SN Erumo 5 BromoZ 22, 2R T B M Rsve Mg, H2Eli/h, 7 huE
VB, FEALo7 S N b R Pk e, R 5 L G AR I A AW . AR 3-3 W LU
A\ B, CHIBEBRIIE AN TD2 T, AWM Y RE T AT 25 e i G2 b ) 20 1 IR SR i 1
R IR EIE A G . R SR IE AT B I v, 3 T 20 T APk Sk vl T AN B2
HTIIRED s oA TREBED, SONISPE S, 12 iRk B0 T B A
YRR ), 5 IR ATEPE AT o3 b — 2 BAICREBRE Z IR/, W] P &
PAEVERA—E, RN T RN O s MR 8L: X THen 7, D FHA
BOKINBERE, RN VERAL, 5 G mRm  RE Ve . o PO IR B 1 v
Fedb A R TAC A0, TERERUI, R B A 22 Tl 003 R 8 Rt g ik
AN G TR G SRS A A R RO RN, T LLAGY TR R e B . DAY T IR
%, By COTHRMPEREN T P& 2 M HZERURAN . B2, AR R NS R 23l LA
N S8 A FRARSIZEECE, By COF IR HEMIMEREHEE, DAY 1 M2
MR 22, XS R EGRIEAR G KA EGINHSUE R R RERT B 1, WL
i R VAT P INTITR S e i et B 2 e
3.2.2.3 Jail S N PE S AT

FIRRTHIE AT, UGG 731 AT P DX s 53 A AR K e PR AR K S
b Rt B RE > AT RE AN SN PR R BRI Fukui $5H06E JEJR) F B

M.

N
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e s i s s ob‘”baaha
«®P « P
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® o Qe

A
e ®
s o . «® ©_ & & 6 8
“0p°s°e%0 0% gge e“e e e e
ce®c ce®c
L. (..
[ B L
°Q | %]
o2 66 88 8. . § 6 6 & .
“eCe e e e e e "gggbeeeee
‘g ¢ cg’c
L.L (-]

CL(.
e 3.
0 ¢ & § . 9.9 g )
2958080805, € 9808050 °%

A P I
Bl 3-3 4 FRERMEBRSFH) £, F f A B
Fig3-3 Distribution of f,” and f, for four imidazoline compounds

Fukui FEECAN AT LA 52 737 A0 27 00 1 s SRS, v B ] s 4 X3 23
R TR . SRR o1 P S R TR Fukui $8 40K F Mulliken FEAR 23 BT HSAH
B3 7 E B R S R S 3-3 Fron. AWEITRTLLEH: AL B C. D PURZE
T2y (2 FE R b0 R AR PR T KRR B¥ ING 3N A, AT DA 4 @ SRt LT T
A2 E s DURPSR k) o3 1 HSRIZIE B O o A AR R, 4T B C. D 431k,
FEAEPAE 2C, 3N AL, 10 A 3 FHEEZIGE LR AE 7CL 80, 90 L, IR G
JER AR T LI P TR B R . DURMZE R 73 3 B 2 AN PEAL S, WIS B R

JERZ L PAT IR, AR TG i) o3 -1 IR B R M B
PURh 2 b o TR AEEUR T £ > 0.05 81 £,F > 0.1 (I FukuidE Bu{i 4 1% 3-4. Al LLE
e DUB 31 1556 L SONEAT S E S A {EBK R | INFI 3N, T 0.13 &2 0.19
Z0H), HOANMEE ST IN BeAh, AT 904bth HAT R A S % 2, HAUE o 0.07;
XL PUFRF T INFT 3NJGF ) 42 B R TRl T R Ak 22, IRl A S ik
AR 905 T 4B i fb s 3N — X RS T i sp A e, RS 5IF L
(MAESR R, 052 ok IR S, MOE Tk FER F sp? 2946 1 INJSUF 1 iE ki DU
PG 93 T HSEAZ IONAL S AR A, By CRIDSEARZHEB LAl FPERR IR 1) 2C
F3NAE, HAEA T 0.15 42 0.19 Z 4], T ASN - H T HRIESRE I i1 5 2 WA 43 7C
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S DRIMRAT R S RE I R A SR

BOFI 904 S A% B i e U K, 43094 0.26+ 0.12+ 0.22, PUFP 5y TR S8R S VA 38 ]
DURT 4% 52 <5 Je 2R T 42 116 (0 | 7 RS ot e

K 3-4 4 FPRKME 2> T-7E PBE/DNP /K878 i Fukui 153
Table3-4 Fukui function of four imidazoline compounds calculated at the PBE/DNP level of theory

Molecule Atom £ Atom fe
7C 0.26 IN 0.13

A 80 0.12 3N 0.17
90 0.22 90 0.07

2C 0.19 IN 0.14

b 3N 0.15 3N 0.18

2C 0.19 IN 0.14

¢ 3N 0.15 3N 0.17

2C 0.18 IN 0.17

P 3N 0.16 3N 0.19

gELvlsn, A IR NTEPERT ST ING 3NL 7C. 80 A1 90 4k, iHTEAL M,
A BERL TR, i H RGO T ae ), ket B, C A
D [ R S PERL SR AE ING 2C FT 3N b, =FH AW RE RS TR AT, (2
& By C o 1oRKSCaE B AR PE R Ny O Jat 7 Al N B Sk 66 1) v 2 % 3 in g

S N PE X IR, LR REIE T D 701 MbAh, X REPE R S A R
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4-1 4 PROKIRIRAT A0 73 11 Fe 2R IHFAE7 R B i) 284 (g 00 HR 1<)
Fig4-2 Side view of equilibrium configurations of four imidazoline compounds adsorbed on Fe

surface
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Fig4-2 Top view of equilibrium configurations of four imidazoline compounds adsorbed on Fe

surface
F 4-1 g5 T KM R m) A FHBK A T 00 55 Fe SRIMER & I Ge o384, T LUE
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ATIRBR REE S, R AR SR L BAT 2 A SN VEA R W] Fe B 1 SR AN
FHEL 5 A R DR IEIA 5 7 A< R I e hoL AT, 5 B3 Fukui 45401
NI e
75k, 5 DA, A By C 20 FINBKRMEAUA A I SET P IE N T 467, X2
TR E AER] B N O 8828 155 Fe 0 1 AAH B 5 1/E RIAEAR KRR BRI T
UNEZ e s R AN B URINE e s B8 N SN QU Sl I SR S
41 4TRSS T IR BE (Eaasorption)~ NI ()FIER F 5 (B) B3R

Table4-1 Adsorption energy (Eagsorption), centroid distance (d) and orientation angle () for four

imidazoline compounds

Molecule  Eqgsorption (kJemol™) d (nm)° B )P
A 673.40 0.295 3.28

B 656.22 0.294 4.51

C 633.26 0.299 4.29

D 533.51 0.294 7.85
H,O 24.74 0.303 27.58

* The distance between the centroid of imidazole ring and the surface. ® For inhibitor molecules, the
orientation angles are the angles between the line connecting 1N with the middle point of 3N and 4C and
its projection on the surface; and for H,O molecule, the orientation angle is the angle between the line

connecting O with the middle point of H and H and its projection on the surface.

DR oy 5 4 TR 1) 45 5 i P A i s SR I PR R 1) — AN TSR A o R U2
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{EFeRIf, M B0 B B R VE R o WRBR AEBROK, SR 43 5 Fe T (R AR .15 F B
o, OB E, ZUhERe Y . DRIE, DURRSRDIA S IR MR ASB>C>D,
X5 S 25 AR &
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Foor T M6, AT R PRSI A By 8, AT i el 5T 28 2 D R 22 ik Pk e PRI AR5
RBEAE T RE A5 705 8 1 T DR -5 v ) 78 o BE R DR ML o 1] 4-3 RIIEL 4-4 D DYRH 43
T i, 1 2 2R I PR 000 400 L R P
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-3 Side view of SAM formed on Fe surface for four imidazoline compounds
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Fig4-4 Top view of SAM formed on Fe surface for four imidazoline compounds
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BRI T, BEAT 0w R DRI P B K o3 7K R P A B T R R T ) RS i A 22 LI IR
%, HMEH0. H'y CI' HCOs S5 /8 A 57 55 463 o 2 110 g 7 5 BHL L L ] SR T A L
I B SE 27 JoF b ) H 19

R 42 4 FPRKMERR T B AHRE N RAE . GERIEE R A

Table4-2 Cohesive energy, chain distance and adsorption angle of SAM model for four imidazoline

compounds
Molecule  Ecopesive (kJ*mol™) D (nm)”* 0y IE (%)
A 57.00 0.564 72.64 93.7
B 38.69 0.568 72.03 91.4
C 37.19 0.572 72.05 88.3
D 14.64 0.590 71.70 83.2

* The distance of alkyl chain is the distance between C atoms at the same position in alkyl chain of

adjacent molecules; ® Adsorption angle is the angle between the Fe surface normal and alkyl chain.
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Fig5-1 Initial adsorption configuration for single imidazoline compound (a) and multi-imidazoline

compounds on Fe surface in liquid phase
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Fig5-3 Equilibrium adsorption configuration for four imidazoline compounds adsorbed on Fe

surface in liquid phase
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Table5-1 Adsorption energy, solvent energy, deformation energy, orientation angle and centroid

distance for four imidazoline compounds

E adsorption E solvent E deform

Molecule B B B 0 () dmm)’  IE (%)
(kJemol™) (kJemol™)  (kJemol™)

A -355.95 -154.26 197.57 6.44 0.288 93.7

B -328.34 -144.05 192.94 8.00 0.292 91.4

C -316.43 -140.54 191.77 9.06 0.292 88.3

D -282.30 -107.04 173.87 9.44 0.293 83.2

* The orientation angle was defined between the best fit plane of imidazoline ring and the

surface; ° The distance between the centroid of imidazole ring and the surface.

XEFBAR AT N SEUGNIAE Fe 2RI MW HRER] 2 FERIX— LS, 2 Hrhh: #5RK
(WAFAEATAR 2R N BAH B FH AR AR 8 S % (R 5 @ i . S ki) S5V /K DL KO
AR B AR =P EAE R, Ay S22 2 b o 1 IR R L - G v o7 (Bl
ST AR AW b, T AR AT AR, B RES LMt T4
JEAI s M Re e sE, AR ARSI T SR IAAAEBGRIAN A, 2
P T RS P, 5 Gy ARV B B TR B E P E, HI58 T S o1 AE
BRI AP 5L s AERDKINPE D T, Zidn o R oKk 7, B pmin e
WS, 52 T e RERE R BUE, BEM R ZE R IS, a5 e
AT FIANELAE ks s L3 J Ly s DA 22 (0 2365 4 0K S B ikn) o015 < s A T 1Y)
FHEL A IS » 193/ PR3 0 WBE B FEe 30 3o 2 Tt 1) 71 (RIS R A BE SR A2 o

L IRy Bl A SR o3 B A I IR B AT AR RIS,
SRR Sk ph 5008 P LA e A A1 ) W VB B 3 < R A T, T e e e D) 52 348 510 280 1)
AN P A TR e 200, AT B T 207 (IR PR B RO R B JRAT e, 22
TR PR 5 P A P e 2% L A < S T AT 28 DR B B 55 8 AT S 1Y) H vy 25
JR AR T AR e ) s B2, WA T, SRAMGIAE <5 e 1 (R MR PR e By 2 S
W ? I T FRA DREIART H DG 1) 22 A2 b o5 6 < o 28 T 1 R By FsiA 124

34



AR (AR Rl 22018 3

5.3.2 ZNEMFISFE S B R E B0 B IR
5.3.2.1 JRKopTAER s AR I R it

JES PR 5 e (R OAE UK T, T8 Bk 8 N 2 e mT A R BT K G AR T e B Ak, A
A B AR o FATT B SE i A g — A ] AN &5 2 bR 701 I 2 7K AR F R ILAE 52
JE AT BT A

Bl 5-4  JK7TE Fe I K740 i #y 2

FigS5-4 Equilibrium adsorption configuration of water molecules on Fe surface
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Fig5-6 Equilibrium configuration of inhibitor monolayer formed on Fe surface

N TR DR BE BLAGPERE, N IHPRE LA 2-F — e BEBK AR 2 1R (D) A
fl, 2 EMIRKS TS BRI A & 5-7 AN a7 R K o7 ik
JERE S B ATt Ze . W LLR H, A IRZAISAE T, KT M Z i 55— Wl {5 5 3
FERRZRTH 1% 0.25 nm Abs RITCZERFIRT AR EE, W38 NG k7] 5 7K 431 R0 Ve DAL ik )~
M 4.85 TREE 2.40. FCHEWRTZE Bl > 1IN O HA R AE Fe RISy, B)EF T3k
M J2 A B 73 7K 01 BETHI 58 T WA 2R G5 RE ; TR Fe 3L 0T 0.412~1.426 nm
DX 8] P9 IR 7K 435 B0 BE IR B, TR B RLAT i K M R 10 o BB 1) AR AR AT 2 2RI
%, JEMHEFAZASARA T IRI7K 537 ) 228 25 465 Je S 100 5 1) B Bl o T i 8 T v P PR e — 20
B8N, A7 G2 RIZAT T K G 1BUR FE X AT R T I 2 om) 4 A R I, 302 bl T K
ot FEHEHE R A 7K 235 )32 2 < J R 7 1M # 3l,  AATT-S BUZ S 73 AR AH N 7K 73 5 50 H 3
T, ] AR 330 BB Hh 18 % Tl 1) g 258 £ W B A 4 SR R T

37



SIUE AR AT N R MRIRRAT 2 ) 6 <5 2 1 W BRI 9

5.4

no inhibitor
intihioty

5.0

4.5
4.0
3.5

3.0 A

Mumber density

2.5—_
2.0—_
1.5—_
1.0—_

0.5

0.0 ——
0.0 0.5 1.0 1.4 2.0 2.4 3.0
Height(mum)

B 5-7 BEEMFNEM T SBRIEK D T BECE B RE R 210 2k

Fig5-7 Number density profile of water molecules with and without inhibitor monolayer
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