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ABSTRACT

Three cationic gemini surfactants of the type N2,N3-dialkyl-N2,N? N3, N3-
tetramethylbutane diamminium bromide namely Ia, Ib and Ic have been
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synthesized. Their chemical structures were elucidated by the routine Carbon stedl;
methodologies *H-NMR, elemental analysis and mass spectroscopy. The Weight loss;
surface active properties were examined and found to be influenced by the Surface activities;
chemical structure of the surfactants. The synthesized cationic gemini Quantum chemical
surfactants were tested as corrosion inhibitors for pipeline carbon steel parameters.

APl X52 immersed in 1 M HCI solution, using weight loss method. The
obtained data refer to very good inhibitive efficiencies vary with
concentrations, and increasein thefollowing order: 1a>1b > Ic. The Quantum
chemical parameters such as highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO) energy levels, energy gap
(B omo ELumo): the dipole moment and charge densities were cal cul ated.
The theoretical calculations were in good agreement with corrosion

inhibition results.

INTRODUCTION

Theapplication of surfactantsascorrosioninhibi-
tors has been studied extensively!. Dimeric (gemini)
surfactantsarekind of surfactantsmadeup of two iden-
tica amphiphilic moietiesconnected to theleve of the
head groups by aspacer group, rather than one hydro-
philic group and one hydrophobic group for conven-
tional surfactantg?®. Indeed, they offer some advan-
tages, such aslower micelle concentration (CMC),
higher surfaceactivity and better wetting propertiesthan
the corresponding monomeric surfactants®4.0Owingto
these unique properties, gemini surfactants have been
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widdly usedinindustria detergency, gelation of organic
solvents, template synthesis of various materials,
etc,[>53, Therefore, investigation on gemini surfactants
isstill an attractive subject for research. Considerable
effortshave been madeto design surfactants, and most
of them have been focused ontheeffect of spacer length
or itsflexibility and hydophobicity*#°. In order to
evaluate compoundsas corrosioninhibitorsandto de-
sign novel inhibitors, much moreresearchworkswere
concentrated onthe studies of therel ationship between
sructura characteristicsof the organic compoundsand
their inhibiting effectsd.

Quantum chemica methods have aready proven
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to bevery useful in determining themolecular structure
aswdl asducidating the e ectronic structure and reac-
tivity. Thus, it has become acommon practiceto carry
out quantum chemicd cdculationsin corrosioninhibi-
tion studies. The concept of assessing the efficiency of
acorrosion inhibitor with the help of computational
chemigry isto search for compoundswith desired prop-
ertiesusingchemicd intuition and experienceintoamath-
ematicaly quantified and computerized form*718,

Thefirst goa of thiswork wasto design aseriesof
N2,N3-dialkyl-N?,N2,N3 N3-tetramethylbutane
diamminium bromide cationic gemini surfactants, fea-
tured with abranched spacer and to investigatetheir
surface activity properties. The second oneisto study
theinhibitiveeffect of these surfactantsascorrosionin-
hibitorsfor carbon sted in 1M HCl and discussing the
resultsinthelight of thetheoretical quantum chemical
cdculdions.

EXPERIMENTAL METHODS
AND MATERIALS

Synthesis

A seriesof cationic gemini surfactantsof thetype
NZ2,N3-dialkyl-N?,N?,N3,N3-tetramethylbutane
diaminium bromidenamdy asla, IbandIc; (wherethe
akyl groupisdodecyl-, tetradecyl- and hexadecyl- re-
spectively) were synthesized. A mixture of 2,3-
dibromobutane (0.05 mole) and N,N-
dimethylalkylamine (0.0625 mal), isheated in absolute
ethanol under reflux for 24 hours, then ethanol isevapo-
rated using therotary evaporating system. the product
waswaxy white (dueto the presence of theaminein
excess). Theexcessaminewasremoved by extraction
withamixtureof ether-benzene, and finaly by an ex-
traction with hexane.

Theresulting pureproduct wasrecrystdlizedinpure
acetone. Theresulting productswere confirmed by -
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ementd anadyss(TABLE 1), *H-NMR (TABLE 2) and
mass spectroscopy (TABLE 3a,b,c).. Themolecular
structure of compoundsisshownin Figure1, wheren
equals(9,11,13) for la, Ib, Ic respectively.

TABLE 2: 'H-NMR spectroscopy of |a, Iband I ¢

Type of Chemical Shift Spin
proton (8) ppm multiplicity

a 3.88 Quartet

b 3.44 Singlet

c 3.32 Triplet

d 2.09 Multiplet

e 1.66 Doubl et

f 1.22 Multiplet

g 0.86 Triplet

TABLE 3a: M assspectroscopy of m/z642 (C_H

3270

Br,N,)

m/z Molecular Formula m/z Molecular formula
42 CapHzoBrN, " 253 CygHasN,*"

482  CgypHqN, " 211 CyHpN]*"

467 CyHeN,* 98  CgHpNJ?

452  CyHeN,*" 43 CHsN]*

283 CygHgoN*" 29  CH,NJ**

268  CiHaN,*"

TABLE 3b: Massspectroscopy of Ibm/z 698 (C Br,N,)

36H 78

m/z Molecular Formula m/z Molecular formula
698  CagH7BrN,*" 283  CygHzN,*"

538  CagHzN,*" 241  CygHasN]*

525  CasHzsN,*" 98  CgHpNJ?*

510 CauH7No*" 43 CHsN]*

313 CyHaN,*" 29 CH,N]**

298  CioHaoN,*"

M easur ement of surfacetension

Thesurfacetension, at air/liquid interface, of the
three synthesized cationic gemini surfactantswasde-
termined at 35°C, measured using De-Nouy Tensiom-
eter (KrussK6 type) which calibrated against distilled
water (specific conductivity 1.1x10° ohm?* cm? a 30

TABLE 1: Elemental analysisof compoundsla, Ibandlic

Element % C% H% Br% N%

Surfactant Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs.
la 59.81 59.58 10.90 10.72 24.92 24,95 4.36 4,75
Ib 61.87 61.85 11.25 11.40 22.89 22.67 4,01 4,08
Ic 63.64 63.45 11.48 11.52 21.17 21.36 3.71 3.65
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TABLE 3c: M assspectroscopy of Icm/z 754 (C, H,Br N.)

plotting thesurfacetensoninmN n1?, versuslog con-
centration asshownin Figure 2. Theabrupt changein

m/z Molecular Formula m/z Molecular formula ’ i < °

754 CaoHoBrNI* 300 CpHuNg* thelinear linewastaken asacritica micelleconcentra-

504 CaoHesNo]*" 267  CygHaNI2* tion. The CM C vauestogether with other surface pa-

579 CaoHesNo*" 98 CoHLN]? rametersarelistedin TABLE 4. By careful inspection

564 CagHeoN]*" 43 CHNPZ CM C decreases asthe hydrophobicity increases.

339 C SHSON BES 29 0|24 ?\1]2*- ThesurfaceexcessconcentrationI” _ (mol /cm?)

304 C22H47N BES 2 by applying Gibbs equation®.

211144
HaC, CHs
H3C —(CH,) (T —C —N C—C N C —C —(CHy) CH;
& I ( C / -_
"CH;
HaC CH; CHy 1
Figurel: Molecular structureof synthesized cationic gemini surfactants
°C)*, Freshly prepared aqueous sol ution of the sur- 75
factants (la, Ib and Ic), in deionized water waspre- 45
pared with aconcentration range 0.01-10 mmol/L. 2
& 55
Weight loss measurements s & g O
. o . 'z 45 1
Specimensof low carbon steel withdimensions 5 Q% m

(lemx 1emx 0.5cm) wereused. Carbonstedl gradeis 5 35 1 Ld@wes
(API 5L X52M PSL2) withchemical compositionC: = 55

0.28%, Si:0.24%, Mn:1.24%, P: 0.013%, Cr: 0.02%,
Ni: 0.02%, Al: 0.03% and therest isFe. Prior toim-
mersion, the specimenswere abraded in sequenceus-
ing emery papersof grade number 220, 320, 400, 600,
800, 1000 and 1200. The samples were alowed to
stand for 72 hrin 1M HCI solution inthe absenceand
presenceof different concentrationsof inhibitorsranged
from 4x10°to 4x10° mol.I1. All testsarerunin dupli-
cate and the cal culated weight losses are avaraged.

Quantum chemical calculations

Quantum mechanical program Chem Bio Draw
Ultra12, was used for molecular modeling. Thecalcu-
lationswerebased onAbinitio (HF/3-21G and MP2/
3-21G) and semiemperical (MNDO,AM 1 and PM3)
methods.

RESULTSAND DISCUSSION

Surfaceproperties

The critical micelle concentrations CMC of the
investigated surfactants were determined at 35°C by

-6 -5 -2 -1

lo_ér C (mol .-'1'1)
Figure2: Variation of surfacetenson withlogC: (A%) | a;
(0) Ib; and (O%) I c.

TABLE 4 : Surface properties of the synthesized gemini
surfactants

T CMCx

Surfactants oC 104 1010 Anin 1
la 35 4.89 1.83 091 3450
Ib 35 4.47 3.75 0.44 3050
Ic 35 3.16 4.24 0.39 2850
1 dy
r @)

max

=" 2.303nRT dlogC

WhereRisthegasconstant (8.314 Jmol)and T is
the absolutetemperature. The constant ntakesvaue
equals 2 for anionic surfactants, were the surfactant
ion and the counter ion are univalent, and n=3 for a
dimeric surfactant made up of divalent surfactant ion
and two univaent counter ions, in absence of swvamp-
ing eectrolyte?,

Therl"_ valuesinTABLE 4wereusedtocaculae
theminimum areaper molecule A . in A?/moleculea

Watarioly Science  mmm—
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the aqueous phaseinterface using the relationship: TABLE5: Thecorrosion inhibition and surface cover age of
carbon gted in 1M HCl with addition of surfactantsla, Ib and

1018
A == @ °
min - Nalmax -1
Surfactants Conc. (mal.I™) 0 E %
wasdlightincreaseinI’,  anddecreaseinA , byin- 1x104 09910  99.10
creasein the hydrophobic chain length which might o 10* 0' 9910 99' 10
caused fromincreasing van der Vaalsinteraction. The 310° 0' 9910 99' 10
effectiveness (), whichindicatethe surface activity ia 410° 0' 9970 o9 9'7 0
of the surfactantsmol eculesat their CM Cswere deter- 8 10° 0'9970 99'70
mined. The effectivenessin surfacetension reduction . ' '
0 1x10 0.9940  99.40
(m,,.) of theprepared surfactantsat 35°C revealed that 4
lahasthehigher value, 2x10 0.9970  99.70
) 4x10° 0.9970  99.70
Weight loss measurements ax10° 09630  96.30
Theinhibition efficiency E%. was determined by 1x10* 09791 9791
thefollowing equation: 2x10* 09793  97.93
0=1-(AWiI/AW ) ©) 3x10* 0.9796  97.96
E% =1-(AWi/AW,) x 100 (4) b 4x10* 09818  98.18
WhereE% isthecorrosioninhibition efficiency, 0 is 8x10™ 09818 98.18
coverage of the metal surfaceand AW and AWi are 1x10° 09827 9807
theweight loss per unit areain absence and presence %10 09875 9875
of inhibitorsrespectively. Theresultslistedin TABLE 44107 0' 9895 98'95
5. The plotting of surface coverage () againstlog C 10° 0' 9650 96'50
illustrated in Figure4. The corrosion rateisaconcen- 10* 0' 9759 97' 59
tration dependent, whereefficiency (E%) increaseswith o 10* 0'9771 97'71
incread nginhibitorsconcentration and reechesthemaxi- X 4 ' '
mumvaluenear CMC. Theinhibition efficiency found 310, 09760~ 97.60
to beranked asfollows, la>Ib> Ic. It meansthat the le 4X10_4 0.9792  91.92
efficiency decreasesby increasing thetail chainlength 810 0.9750  97.50
; - ; 1x10° 0.9844 9844
of the synthesized gemini surfactantswith branched
spacer. 2x10° 0.9830  98.30
4x10° 0.9800  98.00
0.995 - 23
0.99 - o >
0.985 - 8
@ 098 = 15
0.975 - é 1 -
0.97 - Alb N
L 05 A
0.965 - )
0.96 T T T T 0 T T T T
= 5 “ 33 3 23 0 0.5 1 1.5 2 2.5
log C (mol. 1) C (mol.I)

Figure 3: Variation of theinhibition efficiency of carbon  Figure4: Langmuir isotherm plotsfor carbon steel in 1M
steel in the presence of different concentrations of the HCI at presenceof different concentr ationsof cationic gemini
inhibitors surfactantsla, Ibandlc.
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Theinhibitorshaving 6 near unity, isindicating a-
most afull coverage of themetd surfacewith adsorbed
surfactant moleculesasagood physical barrier shield-
ing the corroding surface from the corrosive medium.
From surface activity measurements (TABLE 4), the
greatest effectivenessinsurfacetensionreduction (rr_ )
was achieved by la compared with that obtained by
the other two surfactants, which may explain thehigh-
estinhibitionefficiency achieved by la.

Adsor ption isotherm

Theinhibition effidency hasbeenfoundtobedosdy
related to inhibitor adsorption abilitiesand molecular
propertiesfor different kindsof organic compounds?.
In order to determi nethe adsorption mode, variousiso-
thermsweretested and by far the best fit was obtained
withthe Langmuir isotherm Figure4. by thefollowing
relation?4:

5 .3
s=akk (5)

TABLE 6. showsthe parameters and the regres-
sion factor calculated from Langmuir adsorption iso-
therm. All correlation coefficients (r?) exceeded 0.99
indicatesthat thecorrosoninhibition of carbon sted by
the prepared cationic gemini surfactantswasattributed
to adsorption of these compounds on the metal sur-
face. However, the slopes of the C/ 6 versus C plots
show alittledeviation from unity, Thisdeviation may be

TABLE 6: Adsor ption parameter sof inhibitor ssurfactants
on thesteel surface.

Surfactant L”;ngrficcci)re:q?ﬁt;on sope | }:nagf'l)

la 0.9999 1.0028 98.3768 x 10"
Ib 0.9999 1.0110 37.6685 x 10*
Ic 0.9999 1.0183 90.0556 x 10*

explained on the basis of interaction between the
adsorbed species on the metal surface by mutual re-
pulsionor attraction®!.

High values of the adsorption constant K can be
reasoned for better adsorption and highinhibition effi-
ciency'®l, whichisconsistent with dataobtained from
weight lossinvestigations.

Quantum chemical calculations

Using theAbinitio (HF/3-21G and MP2/3-21G)
and semiempirica (AM1, MNDO and PM 3) methods
of cdculationsby Chem Bio Draw Ultra12 software,
theHuckel and Mulliken charges, thedipole moments,
(the highest occupied molecular orbital) and
E, uuo (thelowest unoccupied molecular orbital) val-
ueswerecalculated. Thechargesrepresentativeatoms
and other relevant quantum parameterswerelistedin
TABLES 7,8 and 9. The optimized structure of the
moleculesand thed ectric/orbita density distributions
of HOMO and LUMO illugtrated in Figure5 and Fig-
ure6 respectively.

Mulliken population analysisismostly usedfor the
calculation of the charge distribution inamolecul €27,
Thesenumerica quantitiesare easy to obtain and they
provideat least aquditative understanding of thestruc-
tureand reactivity of molecules®. Furthermore, atomic
chargesare used for the description of the molecular
polarity of molecules. By careful examination of
TABLES7,8and 9, it foundthat the v ues of theelec-
tronegative charges of the N13, N15, N16, N17, N18,
and N20, wereirrelevant to theinhibition efficiency.
Theseresultssuggested that the adsorptions might not
be attributed to achemical bond between the e ectrone-
gativeatomsand themetal surface.

Thedipole moment () valueswerefoundedto be
increased by the increase in the hydrophobic chain

EHOMO

TABLE 7: Quantum Chemical Parametersof la

Quantum parameters HF(3-21G) MP2(3-21G) AM1 MNDO PM3
Enomo (V) 23.790 23.778 23.776 23.783 23.781
ELumo (€V) 25.736 25.741 25.740 25.741 25.739
ELumo-homo (V) 01.946 01.963 01.964 01.958 01.958

N13 = 0.4906 N13 =0.4915 N13 =0.4907 N13 =0.4908 N13 =0.4910

Huckel charge (eV) N, = 0.4867 Ny= 04871  Nyg=04864  Nig=04868  Ny= 04873

. Njs=-07385  Ny=-07423  Ni=00191  Nyi=-01068  Nj3=0.5958

Mulliken charge (ev) Nig=-07390  Nig=-07395  Nig=00301  Nig=-00979  Ny=0.6185
i (Debye) 29.67 29.47 29.97 31.03 30.33
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Quantum parameters HF(3-21G) MP2/3-21G AM1 MNDO PM3
Eromo (V) 23.778 23.778 23.779 23.780 23.784
ELumo (V) 25.737 25.739 25.747 25.746 25.745
ELumo-rowo (V) 1.959 01.961 1.968 1.966 1.961

Ny = 0.4913 Njs= 04912  Nyis=05542  Nyg=04912  Nys=0.4574
Huckel charge (ev) Nig = 0.4877 Nig= 04872  Ngp=06502  Ni=04876 Ny = 0.4926
. Nig=-0.7398  Ny=-0.7424  Nyz=0.0179  Nys=-0.1068  Njs = 0.5587
Mulliken charge(ev) Nig=-0.7403  Niz=-07379  N;y=00304  Nig=-0.0983 Ny =0.5857
u (Debye) 36.74 36.71 36.99 38.17 37.59
TABLE 9: Quantum chemical parametersof Ic

Quantum parameters HF(3-21G) MP2/3-21G AM1 MNDO PM3
Eromo (€V) 23.774 23.774 23.760 23.767 23.778
ELumo (€V) 25.739 25.743 25.734 25.741 25.746
ELumo-rono (V) 1.965 1.969 1.974 1.974 1.968

N17 = 0.4906 N17 =0.4857 N17 =0.4904 N17 =0.4904 N17 = 0.4526
Huckel charge (eV) Nyo=04874  Np=04746  Nyp=04874  Np=04871  Npo= 04921
. N17 =-0.7396 N17 =-0.7411 Nl7 =-0.0191 N17 =-0.1068 Nl7 =0.5581
Mulliken charge (eV) Npo=-07103  Nyp=-07378  Nx=-0.0302  Nyp=-00978  Nyp= 05843
u (Debye) 43.93 44.36 44.35 45.43 44.87
1 Hl .I.;:"
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Figure 5: Optimized structure of the synthesized cationic gemini surfactants of the type N2 N3-dialkyl-N?,N2 N3 N3-

tetramethylbutane diamminiumbromide: (a) 1a; (b) Ib; (c) Ic

length. It may indicated that the adsorptions might not
be arisen from intermol ecul ar el ectrostatic forceel.
Highest occupied molecular orbitd energy (E,,,) axd
lowest unoccupied molecular orbitd energy (E, ) a€
very popular quantum chemica parameters. Theseor-
bitals, dsocdled thefrontier orbitdls, determinetheway
themoleculeinteractswith other species. The HOMO
istheorbital that could act asan e ectron donor, sinceit
istheoutermost (highest energy) orbita containing eec-
trons. The LUMO isthe orbital that could act asthe
electron acceptor, sinceit istheinnermost (lowest en-
ergy) orbital that has room to accept electrons. Ac-
cordingtothefrontier molecular orbita theory, thefor-
mation of atransition stateisdueto an interaction be-

tween the frontier orbitals (HOMO and LUMO) of
reactants?,

FromTABLESG, 7and8itisfoundthattheE
andtheE ,,, changedrulelessy, whilethe energy gap
E uvo Enowo the differencein energy between the
E, .ouo @A E,,,, decreased withincreasing theinhibi-
tion efficiency. Theenergy gap (AE) isanimportant
stability index®. A large HOM O-LUMO gap implies
high stability for themoleculein chemica reactiong®?

Thevaluesof (AE) indicatesremarkably that the
smdler energy gap resultsinahigh corrosioninhibition,
reflecting the stronger interaction between theinhibi-
torsand metal surface. Theinteractionsare probably
physical adsorption®24,
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Figure6: Thefrontier moleculeorbital density distributionsof the prepar ed three cationic gemini surfactantsof thetype
N2 N3-dialkyl-N2, N2 N2 N3-tetramethylbutanediamminium bromide: (a) | a; (b) Ib; (c) Ic.
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Figure7: Corrdationshetween experimental % E and calculated quantum chemical parameter (AE).
An attempt to search correlationsamong theex-  theoreticaly ca culated quantum parameter; energy gap
perimentally obtained inhibition efficiency resultsand  (AE) values; areillustrated in Figure 7. The plotting
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shows that the best correlation obtained using semi
empirica methodsMNDO andAM1. Thisresultisin
accordance with other workg18233536],

CONCLUSIONS

Novel synthes zed cationic gemini surfactantsfea-
tured with abranched spacer,showed good inhibition
propertiesfor thecorroson of pipelinecarbon sted API
X52in1M HCl solutions, and theinhibition efficiency
increased astheir concentrationincreases.

Based onthe weight |oss measurements, theinhib-
iting efficiencies of cationicgemini surfactantsfollowed
the order of la> Ib > Ic, which is the same order of
effectivnessin surfacetensonreduction.

The adsorption of studied cationic gemini surfac-
tantson the carbon stedl obeyed the Langmuir adsorp-
tionisotherm modd.

Theexperimentdly obtainedinhibitionefficdency was
correlated with energy gap whichistheoreticaly cacu-
lated by quantum chemical calculations. Thecorrda
tion waswell-proportioned suggested the adsorption
of synthesized cationic gemini surfactants onthecar-
bon steel wasphysical adsorption.
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