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Nanolayer Coatings

Abstract Langmuir-Blodgett and
self assembled molecular layers

of hydroxamic and phosphonic
acids deposited onto metal surfaces
were studied in corrosive aqueous
solution with and without corrosion
relevant microorganisms. The role of
intermolecular interaction, molecular
layer thickness, self assembled
molecular layer (SAM) formation
time as well as the alkyl chain length
in the anticorrosion processes and

in the microbiological adhesion was
in the focus of our experiments.
Langmuir films characterized by
isotherms and Brewster angle mi-
croscopy (BAM) were deposited

as Langmuir—Blodgett (LB) layers
onto copper and iron surfaces. The
SAM layer formation was followed
by sum frequency vibration (SFG)
and infrared (IRRAS) spectroscopy,
the morphology of the LB and SAM
films was visualized by atomic force
microscopy (AFM), and the change

in the wettability was characterized
by contact angle values measured

in pure water on metals (with and
without nanocoatings). The anticor-
rosion efficiency of the nanofilms
was confirmed by electrochemical as
well as by AFM measurements. The
decrease in the microbial adhesion
caused by the nanolayers was visual-
ized by epifluorescence microscopy
and enumerated by microbiological
technique. Correlation was found
between the metal surface energy
and the number of adhered corrosion
relevant microorganisms.
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Introduction

The importance of nanolayers in different technologies
(coatings, sensors etc.) has increased in the last decades.
Mainly two types of nanofilm are discussed in the litera-
ture, the Langmuir—Blodgett and the self assembled layers.
The early literature on Langmuir monomolecular layers
on LB films was reviewed by Gaines [1] and Petty [2].
Roberts also contributed to the LB film topic [3]. Ulman
who has discussed both the LB and SAM layers has given
an introduction to many characterization techniques [4],

and Schwartz has presented a review on LB film struc-
tures [5]. The preparation, characterization and application
of LB films have been surveyed by several authors [6-9].
All these papers discuss not only the molecules which can
form nanofilms but also the techniques applicable for in-
vestigation of molecular layers. Over the last two decades
the sensitivity of a number of experimental techniques
has been increased. These techniques include photoelec-
tron spectroscopy, X-ray diffraction and reflection, neu-
tron reflection, infra red and Raman spectroscopy, electron
diffraction and different scanning probe microscopy. By
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fluorescence and Brewster angle microscopy larger struc-
tures of nanolayers can be observed, and in special cases
the quartz crystal nanobalance can also provide important
information on film formation. All these methods help in
understanding the LB and SAM layer formation and, on
one hand, in elucidating the binding forces between solids
and nanolayers, and, on the other hand, in showing the
conformation of the amphiphiles in nanolayers.

In our experiments two types of amphiphilic molecules
were used for nanolayer preparation. Phosphonic acids
have often discussed in the literature [10—16]. First Lossen
reported the existence of hydroxamic acids (acyl hy-
droxylamines) in 1868 [17]. Biological activities of nat-
ural hydroxamic acids were also demonstrated by sev-
eral authors [18—21]. Extended research on water soluble
mono- and dihydroxamic acids were done by Farkas and
her co-workers [22-25]. The corrosion inhibiting effi-
ciency of benzohydroxamic acid derivatives and dihydrox-
amic acids in aqueous solution were also studied [26,27],
but on nanolayers of hydroxamic acids only limited publi-
cations are available. The first experiments on hydroxamic
acid SAM nanolayers were reported by Folkers et al. [28]
who have demonstrated that the SAM layers of alkyl hy-
droxamic acids are more stable on metal oxide surfaces
than the similar carboxylic and phosphonic acids. The
most recent publication on alkyl hydroxamic acids [29]
discusses monomer and polymer hydroxamic acid in
SAMs.

In our previous publications we have shown how can
the pH and the subphase temperature influence the mo-
lecular layer structure [30] and in some cases the applica-
tion of these nanolayers was also demonstrated [31, 32].
In this paper intermolecular constants calculated for L
monolayers of hydroxamic acid amphiphiles as well as
comparative analysis of anticorrosion efficiency of LB and
SAM films produced from the same amphiphiles will be
presented. Additionally, the influence of the solid surface
energy of metals (with and without nanocoatings) on the
microbial adhesion will be discussed.

Experimental

Chemicals: alkyl hydroxamic acids (decanoyl (C10N),
lauroyl (C12N), palmitoyl (C16N) and stearoyl (C18N)
hydroxamic acids) synthesized from the proper alkyl acid
chloride and hydroxyl amine [33] were re-crystallized
from ethyl acetate. Octadecanoyl phosphonic acid (C18P)
was the product of a Michaelis—Arbusov reaction. Melting
points, thin layer chromatography, elemental analysis and
IR spectroscopy were applied for purity control.

Metal surface finishing: copper (99.99%) and iron
(99.99%) surfaces ground with emery paper (200-1200
grit SiC) and polished with Al,O3 paste (0.3 pm), were
washed with water, degreased with acetone and let it dry
under atmospheric conditions.
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Nanolayer Preparation

Langmuir and Langmuir-Blodgett Molecular Films

Nanolayers at the air/water interface prepared by spread-
ing a solution of the amphiphiles (dissolved in chloroform)
on an ultra pure aqueous subphase were investigated in
LB trough (NIMA Technology 611D) equipped with Wil-
helmy plate pressure sensor. After spreading and evapora-
tion of the solvent (10 min) the monolayer was compressed
and transferred to the polished solid metal surfaces under
accurate automatic control of surface pressure which is
essential for proper LB deposition, as during film trans-
fer the area of the monolayer is reduced continuously in
order to keep the surface pressure at a constant value.
To produce high quality LB films the deposition speed is
also an essential factor (20 mm/min). The morphology of
the Langmuir monomolecular layers were characterized by
Brewster angle microscopy (BAM, miniBAM, Géttingen).
This technique is a well established method to visualize
nanolayers with different structures (condensed domains,
scattered molecules etc.). The principle of the operation
of BAM is that p-polarized light at the Brewster angle
is not reflected from the interface. The water surface is
very smooth and has an optically well-defined background
signal at the Brewster angle. The areas of different bright-
ness are due to different molecular layer densities on the
surface. A single molecular layer is resolved in high con-
trast. This is an ideal instrument for on-line visualization
of homogeneity and of domain structure in nanolayers. In
our experiments at different pH and temperature values of
the subphase in situ BAM images were taken at the gas-,
liquid- and solid phases as well as after the collapse of the
molecular layers.

SAM Layer Preparation

Polished, washed and degreased copper and iron coupons
were dipped into the solution of amphiphilic materials
dissolved in tetrahydrofuran (Merck). The completeness
of a compact layer formation was followed by infra red
(Nicolet Magna 750 FTIR spectrometer equipped with a li-
quid nitrogen cooled MCT detector) and sum frequency vi-
bration spectroscopy (EKS-PLA, Vilnius Lithuania). The
maximum intensity of peaks in SFG spectra has proven the
compactness of the nanolayers.

The solid surface morphology (with and without
nanocoatings) were visualized by atomic force microscopy
(AFM, Digital Instruments, NanoScope III).

Electrochemical Experiments

In a three-necked cell filled with 300 ml sodium sulphate
electrolyte (0.1 M; pH = 3.5 (copper); pH = 7.0 (iron);
room temperature) were immersed the working electrode
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(copper or iron with and without nanolayers), the counter
electrode (Pt) and the reference (saturated calomel) elec-
trode. The corrosion potential and the polarisation curves
were registered in a potentiostat (Radiometer PG-201). Po-
larization resistance values were calculated from electro-
chemical impedance spectra (EIS).

Microbial Adhesion Experiments

Metal coupons with or without nanolayers were immersed
either into cooling water (with mixed population of cor-
rosion relevant microorganisms) or into pure culture of
Desulfovibrio desulfuricans, Acidithiobacillus ferrooxi-
dans and Leptospirillum ferrooxidans. The presence of
adhered microbes was demonstrated by epifluorescence
microscope (Zeiss) after acridine orange staining (0.01%
acridine orange in water).

Results and Discussion

Several experimental techniques have enabled us to obtain
detailed information on Langmuir and Langmuir-Blodgett
films. The influence of pH and temperature of the subphase
is important to know in order to find the most proper con-
ditions for the preparation of the most compact Langmuir
and LB layers.

Isotherms Measured at Different pH and Temperature

After spreading long-chain hydroxamic acids on pure wa-
ter sub-phase, the Langmuir monolayers were character-
ized by surface pressure/area (/1/A) isotherm at different

C18HA (pH 5.6)

—20°C
----25°C
...... 30°C

T [mN/m]

| P PR LW AL RN SN PR BN SR R
20 21 22 23 24 25 26 27

A [A*molecule]

| L L WL EEEE
28 29 30 31 32 33 34 35

79

temperatures (Fig. 1). The slope of the isotherms is tem-
perature dependent, different phase transitions can be ob-
served if the temperature varies, similarly to results given
in the literature for other molecules [34, 35].

On pure water surface the pressure/area isotherms
show three distinct regions, which can be described as
gas-, liquid- and solid-phase. The transition pressure be-
tween liquid and solid phase is 20 mN/m in the case of the
CI6 N, and 18 mN/m at C18 N. For the sake of compari-
son similar value of the stearic acid is 23 mN/m [36]. This
transition is temperature-dependent, and the molecules
need larger surface area at higher temperature. The de-
crease in the temperature results in a more rigid Langmuir
monolayer. The collapse pressure of the monolayers on
pure water sub-phase at pH 5.6 decreases with increasing
temperature. This is in accordance with the results men-
tioned in the literature on others type of molecules [36].
All important information about the monolayers under in-
vestigation is summarized in Table 1.

Our investigation on hydroxamic acid monolayers was
not confined to their non-dissociated state but at increased
pH values on the dissociated form, too. The monolayer
pressure-area isotherms of palmitoyl and stearoyl hydrox-
amic acids on pure water sub-phase at different pH values
can be correlated with the length of the carbon chain.
As expected, under identical conditions the molecule with
longer carbon chain gives a more rigid film than the shorter
one. The stability of the CI8HA monolayer increases with
the increase of sub-phase pH from acidic to near neutral
values up to about the pK value. At pH 5.6, a stable, com-
pact film is obtained.

This behavior is supported by the surface demand of
the C18HA molecules at different pH values. The pH de-
pendence of the molecular area has shown a minimum at
about 5.5. At extreme pH values, i.e., at acidic and espe-
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Fig.1 Temperature dependent isotherms and compression modulus of the stearoyl hydroxamic acid; BAM images taken at the “gas” phase

as well as after collapse are inserted [30]
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Table1 Characteristic parameters of three amphiphiles

pH Collapse pressure [mN/m]
CI6N CI8N C18P
monolayer monolayer monolayer

2.0 35 35 31

4.0 29 33 27

5.6 28 33 29

8.0 27 33 31

10.0 26 34 -

T [°C]

20 38 46 34

25 34 37 30

30 27 31 24

Molecular area 27 21 31

[A2/molecule]

cially at alkali pH values these molecules occupy larger
surface area, which may be due to the structure of the
head group. Alkyl hydroxamic acid monolayers can dis-
sociate at higher pH. The pK measured in solution is
shifted in some cases to higher values on the water sub-
phase [37].

As these hydroxamic compounds are weak acids, when
the sub-phase is acidified to pH 2, their ionization is com-
pletely suppressed and they behave like neutral molecules.
At this low pH (protonated structure, non-dissociated neu-
tral molecules) the C(O)NHOH groups are switched by
intermolecular hydrogen bonding, which gives 2D net of
molecules. At a little higher pH value hydrogen ions disso-
ciate from the hydroxamic acid and hydroxamate ions are
involved into the molecular film. With increasing pH in the
sub-phase, the dissociation of the individual molecule as
well as the ratio of deprotonated groups increases. The hy-
drogen bond between protonated (—-OH) and deprotonated
groups (negatively charged O™) is stronger, around pH = 6
the head groups of the molecules require smaller area on
the sub-phase. Competition between the hydrogen bond
and electrostatic repulsion can be observed. At pH around
the pK value the molecular area has a minimum, which
may be due to the shorter intermolecular distance between
protonated and deprotonated oxygen atoms. At higher pH
values repulsion between charged head groups predomi-
nates, and the electrostatic repulsion counteracts with the
van der Waals forces between the long carbon chains; the
consequence is that the molecules require more area. The
pH-dependent molecular area curve is asymmetric (Fig. 2).

The transition pressure between liquid and solid phases
varies with the pH values of the sub-phase. At increas-
ing pH values the transition pressure decreases, but the
collapse pressure (when multi-layers are formed) is not
significantly affected by it (Table 1).

In the first theoretical description of the I7/ A isotherms
given by De Boer [38] the van der Waals equation for non-
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Fig.2 pH-dependent molecular areas in case of stearoyl hydrox-
amic acid

ideal two-dimensional gases is the follow

I =RT/(A—w)—a/A?, (1)

(where R: gas constant, T: temperature, w: the area per one
molecule of the amphiphile in the extremely compressed
monolayer, A: area available for molecules during two-
dimensional condensation, a = molecular constant).

This predicts the existence of metastable state for the
high values of the molecular constant a which is valid
when the area available for molecules decreases but the
surface pressure remains unchanged. When the surface
pressure increases, the equation [39] is valid, when A >
A(c)

IT=RT/(A—w)—B,
(B: intermolecular constant)

2

A(c) is the area available for the molecules at liquid-
expanded/liquid-condensed state.

The pH- and temperature-dependent surface pressure/
molecular experimental isotherms were used for the quan-
titative determination of intermolecular constants. The
intermolecular constants calculated from Eq. 2 are summa-
rized in Tables 2 and 3.

Not only the van der Waals interaction and hydrogen
bond formation but electrostatic interactions also play im-
portant role in monolayer formation. According to the cal-
culated intermolecular constants the van der Waals force
increases with increasing alkyl chain. Table 3 summarizes
the effect of pH on the intermolecular constants. At low
pH a weaker hydrogen bond, at higher pH values the elec-



Nanolayer Coatings

Table2 Temperature-dependent intermolecular constants

B [mN/m]
20°C 25°C 30°C
C16N —-0.0129 —0.0607 -0.1019
C18N —-0.0291 —0.1393 —0.1747
Table3 The pH-dependent intermolecular constants
B [mN/m]

pH=2 pH=4 pH=5.6 pH=38
C16N -0.6771 —0.1639 —0.0607 —0.7766
CI8N -0.6833 —-0.2933 -0.1393 —0.6084

trostatic repulsion modifies the van der Waals attraction.
At pH 2 a lateral hydrogen bond network links the inter-
nal groups in the monolayer. At near neutral pH values
stronger mutual forces lead to stable films. At alkaline
pH range, because of strong electrostatic repulsion, the
nanolayer structure shows less ordering, the aggregates are
in small lace-like domains.

Characterization of the Nanolayers

Significant increase in contact angles has proven the suc-
cessful layer deposition (Table 4). According to the liter-
ature [40], when the contact angle value of a nanolayer
coated surface is less than 110°, the film on the solid is
partly disordered or there are defect places in it. In our
cases these values significantly exceed the 110° that prove
the presence of films on metals with hydrophobic character
and the existence of tightly packed methyl groups.
Infrared spectroscopic techniques are accepted methods
for studying nanolayers as they provide information on
the binding mode and on the molecular conformation and
orientation. The time-dependent measurement of infra red
reflectivity can also be used to monitor the adsorption.
Our measurements were completed by IRRAS and SFG

Table4 Contact angles measured in water on copper and iron sur-
face with and without nanolayers

Surface Control Stearoyl Octadecanoyl
hydroxamic acid  phosphonic acid
LB monolayer LB monolayer
® dyn ® dyn ® dyn
adv. /retr. adv. /retr. adv. /retr
Copper 78°/31° 128°/95° 124° /88°
Iron 68°/32° 123°/72° 126°/95°
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Fig.3 IRRAS spectra of LB nanolayers of stearoyl hydroxamic
acid deposited onto copper

measurement. The first technique has proven a success-
ful layer-by-layer deposition (Fig. 3). On copper or iron
substrates in case of monolayer a perpendicular molecular
arrangement and a tilted one in multi-layers (up to 9) was
observed. The average tilt angle is around 23°. Linear re-
lationship was observed between the number of layers and
the asymmetric and symmetric CHj3 stretching band inten-
sity (with R = 0.9992). The other type of well-ordered
structure is involved into SAM layers. The chain-length
and deposition time-dependent increase in intensity got
by these techniques has helped to prepare compact SAM
layers (Figs. 4 and 5). These methods are very comple-
mentary because not only the adsorption and the layer-
by-layer deposition are detected but also the completeness
of the SAM process is demonstrated. The SFG reflec-
tivity gives information about secondary processes like
increasing ordering in the nanolayers at the surface [41,
42]. In the nanolayers of hydroxamic acids (like in the
case of fatty acids [43,44]) the alkyl chains are in all-
trans conformation with their long axis normal to the
substrate.

Electrochemical Measurements

The anticorrosion efficiency of the nanolayers measured
by electrochemical polarisation is demonstrated in Table 5.

The efficiency data show that the hydroxamic acid
nanolayers both in LB and SAM films decrease the corro-
sion processes and their influence slightly depends on the
length of carbon chain of the amphipiles.

Results of other electrochemical technique (EIS; Fig. 6)
support the efficiency data got by polarization measure-
ment. The polarization resistance (Rp) data (which are
the measure of the nanolayer resistance in the corrosion
process) increase significantly with increasing layer for-
mation time. These films form insulating films between
the aqueous aggressive environment and the metal surface



82

Absorbance

.0014

.0012

.001

.0008

.0006

.0004

V as (CHQ) Vi (CHz)
~2918 ~2848
7
A CISN 157 ===

~2960

Wavenumber (&m)

~2870

CI6N 15> ==
CI2N 60 -
CI16N 60’
CI18N 60’
CI2N 15
CION 15°

v as (CH3) v (CHs)

CION 60" ===

Absorbance

J. Telegdi et al.

.0014

.0012

CISN 15’
CI6N 15°
CI2N 15
CIONIS =+=:=:=

001

.0008

.0006

.0004

.0002

2850
Wavenumber (cm™)

2900

Fig.4 SAM layers on copper surface; chain-length and time-dependent IRRAS spectra (0° polarization)

SFG intensity/ arbitrary units

2.00

1.75 —

1.50 —

0.50

0.25

0.00 —M‘:‘

C18P SAM after 5 min
--A-- C18P SAM after 120 min
---@-- C18P SAM after 300 min

—e—C18P LB monolayer

2800

|
2850

A
e o %
A~ W Y
T T T T
2900 2950 3000

wave length/ cm’”

Fig.5 SFG spectra of the octadecanoyol phosphonic acid in LB and time-dependent SAM layer deposited onto iron surface

and block the active places. Higher R, values mean less
porosity of the layer.

Control of Microbial Adhesion by Nanolayers

Desulfovibrio desulfuricans can much less adhere to

nanocoated metal surfaces then to pure copper or iron

coupons (Fig. 7). Similar experimental results were ob-
served on pyrite in the presence of Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans (Fig. §;
these microorganisms are responsible for bioleaching
processes). The example of experiments carried out by
pyrite coupons shows the effectiveness of multilayers in
comparison with a monomolecular film. On copper and
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Table 5 Results of anticorrosion experiments got in the presence of LB monomolecular films and SAM layers developed from hydroxamic
acids, deposited onto copper electrodes (0.1 M Na;SOy4, pH = 3; 23 °C; n = efficiency)

Copper

Cu + LB:palmitoyl hydroxamic acid
Cu + LB:stearoyl hydroxamic acid
Cu+ SAM:decanoyl hydroxamic acid
Cu+ SAM:lauroyl hydroxamic acid
Cu+ SAM:palmitoyl hydroxamic acid
Cu+ SAM:stearoyl hydroxamic acid

Ecorr [mV] Jeorr [LA cm™2] n [%)
26 0.91 -
-29 0.35 62
31 0.25 73
-36 0.13 76
38 0.17 81
-39 0.16 82
—40 0.14 85
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Fig. 6 Results of electrochemical impedance spectroscopic measurements with copper electrodes with and without SAM layers developed

from decanoyl hydroxamic acid

iron coupons with and without nanocoatings after dip-
ping into cooling water (Table 6), the number of the or-
ange colored (dead) cells and green colored (vial) cells
show how effectively the nanolayer could repel the mi-
croorganisms from the surface. The increase in SAM
formation time and LB monomolecular layer number en-
hance the layer quality (ordering, compactness, porosity),

a more hydrophobic film can better inhibit the adhesion of
microorganisms.

We tried to find a quantitative correlation between the
surface properties and the number of adsorbed microor-
ganisms. Table 6 summarizes the metal surface energies
got from the contact angle values and the number of the
microorganisms irreversible adsorbed onto the solids (with
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and without nanocoatings). The number of microorgan-
isms of cooling water adhered to pure metal surfaces are
larger with order of magnitudes than those measured on
nanocoated surfaces. The only exception is the iron coated
by C18P monolayer, which effectively inhibit the corro-
sion processes, but the adsorption of microorganisms is
Untreated after 5 min after 15min little decreased. From the measured contact angle values
the surface energies were derived. It is well known that
the surface energy of pure metals is high. Hydrophobic
nanocoatings decrease this value. According to our ex-
perimental results the corrosion relevant microbes, which
are covered by ionic biocoating, dislike the hydrophobic
surface. Increase in surface energy results in decreased mi-
crobial number on the surface.

after 30min after 60min

Fig.7 Adhesion of Desulfovibrio des. on copper surface covered by
SAM layer; influence of SAM layer formation time; the amphiphile

is lauroyl hydroxamic acid Conclusion

This paper has presented results on amphiphilic molecules
in LB and SAM layers. The change in the pH and

Acidithiob .f.

Leptosp.f.

Pyrite withouN’

nanolayer

Fig.8 Pyrite surfaces after immersion into media inoculated with Acidothiobacillus ferrooxidans and Leptospirillum ferrooxidans; influ-
ence of nanolayers onto the microbial adhesion
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temperature values was reflected in isotherms of Lang-
muir monomolecular layer which allowed us to calcu-
late characteristic parameters (molecular area, intermo-
lecular constants etc.) of the hydroxamic and phospho-
nic acid amphiphiles. Contact angles, SFG and IRRAS
techniques have rendered possible to characterize LB
layers, to ascertain the most proper SAM layer formation
time. By electrochemical measurements the anticorro-
sion effectiveness of these nanolayers has been proven.
Positive correlation was found between the efficacy of
nanofilms and

1. the molecular layer number in LB films;
2. the SAM layer developing time;
3. the carbon chain length in the amphiphiles.

These nanolayers could control not only the corrosion pro-
cesses but the microbial adhesion too, that was ascertained
by the correlation between the surface energy and the num-
ber of adhered microorganisms.
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