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The Langmuir-Blodgett method has attracted significant attention due to its ability to form
nanostructured films from many materials with precise film composition and thickness control.
The modern Langmuir-Blodgett (LB) technique has continually developed novel methods and ma-
terials to fabricate nanostructured thin films. However, Fatty acid films fabricated by the Lang-
muir-Blodgett are considered one of the most common, earliest, and most studied nanomaterials
applied in different fields. Despite their popularity and recent advances, a contemporary review on
this topic has not been available to summarize published literature. This study reviews prior re-
search on fatty acid film literature incorporating Bibliometric Analysis from Scopus during 22
years (2002 — 2023) to provide a comprehensive review concerning the significant contribution of
the field, its trends, and applications. The results provide an overview of factors affecting the prop-
erties and application potential of fatty acids and a need for the extension of fatty acids-based hy-
brid compounds for practical applications. Also, the review suggests a trend in increase of the in-
ternational research collaboration in the field of thin films.
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controlled and ordered material structure to be main-
tained [1-4]. LB films were rooted in Pockel’s early ar-

The Langmuir-Blodgett (LB) method refersto  ticle [5] on oil surface contamination. A basic LB film
a fabrication technique used to create thin film materi-  js formed at the interface by the spreading of an am-
als on the nanoscale, which allows film thickness to be  phiphilic molecule on the water subphase, followed by

INTRODUCTION
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the compression of the spread amphiphile to form a
condensed film and subsequently transferred onto a
substrate [6]. Complex LB films having more layers
can be formed by adding the same or different material
onto the pre-existing layers [7-10]. The LB method of-
fers versatility in material choice [11-14], resulting in
a wide range of applications such as sensors [14-16],
semiconductors [17-19], biomaterials [8, 20, 21], bat-
teries [22, 23] and optical applications [24-26].

Prior studies have discussed new materials for
LB film formation [27-29]. Makiura [11] reviewed
metal-organic frameworks (MOFs) for film fabrica-
tion, focusing mainly on preparation, isotherm charac-
teristics, characterization (UV-Vis, infrared and X-ray
spectra, atomic force microscopy (AFM)), and fabrica-
tion aspects of porphyrin and triphenylene-based
nanosheets. Guo and Briscoe [30] focused on a review
of LB films’ bacterial-lipid monolayers, which dis-
cussed basic isotherm characteristics, permeability,
film flexibility, and its potential for application as an
in vitro membrane. Although these reviews highlighted
advanced areas of film material and architectures, older
film materials such as fatty acids remain highly relevant
as a mainstay of the LB film and method [31-33].

Natural fatty acids are defined as aliphatic
monocarboxylic acids commonly containing a carbon
chain of 4 to 28 carbons that are usually unbranched
[34]. It is one of the earliest materials in the LB litera-
ture, which is a form of fatty acid/lipid [5, 35]. Fatty
acids can either be saturated or unsaturated, depending
on the presence of double or triple bonds. The fatty
acid’s structure (a carboxylic group attached to a long
carbon chain) confers its amphiphilic behaviors that
are tied to the LB method [36]. This fundamental acid
has a wide range of applications, including metal bind-
ers [37], tribological lubricants [32, 38], and structural
film for different materials [39, 40].

The most recent review of fatty acids con-
ducted by Peng [41] provides a comprehensive review
of the field. The authors discussed the chain orienta-
tion, structure, substrate effects, the correlation be-
tween floating solid films and thermal effects, and the
stability of fatty acid films in monolayer and multilayer
forms. Since Peng’s work, no specific and targeted re-
view has been conducted to summarize recent ad-
vances in LB fatty acid films. Since Peng’s publication
[41], there has been no attempt at an updated summary
of published fatty acid film literature, leaving a 22-year
gap (2002-2023) that needs to be reviewed to provide
a complete picture of the field development and its po-
tential.

In this study, we use bibliometric analysis to
analyze articles related to LB films of fatty acids be-
tween 2002 and 2023 to (i) identify key metrics such
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as annual scientific production, prominent authors, and
international collaboration, (ii) identify and review
high-impact and highly cited articles within our bibli-
ometric database, and (iii) identify and review major
and potential application areas of fatty acid films.

The bibliometric analysis uses software such
as Bibliometrix and VOSviewer to extract some mean-
ingful statistics (e.g. the number of publications, inter-
national collaboration, keyword analysis, scientific
productivity, and author information), summarize ex-
isting clusters of research topics, and explore emerging
research topics from collected bibliometric data (e.g
authors, publication date, and total citations) from an
online database (e.g. Scopus, Web of Science, Dimen-
sions, etc.) [42, 43]. This method has emerged as a
powerful tool to review and analyze a large number of
scientific publications, which have traditionally been
applied in the social sciences [44-46] such as environ-
mental science [47, 48], economics [49, 50], and
healthcare [51, 52]. Recently, bibliometric analysis has
been employed to review literature in natural science,
including chemistry [53, 54], mathematics [55], and
materials science [56-60].

This work aims to answer three research ques-
tions:

Q1: What is the current state of the field?

Q2: What advances in the areas concerning
film deposition, properties, and applications have been
made in recent years?

Q3: What are future prospects for the field?

The first research question will be assessed by
a narrative review by extrapolating data and trends
from reviewed articles combined with bibliometric
analysis of the published literature using available
tools and software to allow for complete visualization
of the state of the field.

The second research question will be answered
by the bulk of the literature review within the body of
this article. Finally, the third research question will be
answered by the last section of this review, which dis-
cusses the literature and future prospects.

INTRODUCTION TO THE LANGMUIR-BLODGETT
METHOD

History of the Langmuir-Blodgett method

The first reported sighting of a thin molecular
film was reported by Benjamin Franklin in 1774 when
he dropped oil into a pond and witnessed the spread of
the oil. In the late 19th century, Agnes Pockels [5] ex-
perimented in her kitchen to devise a version of the
modern-day Langmuir-Blodgett trough. Around the
same time, Lord Rayleigh quantified Franklin's earlier
experiment and calculated that the film was about one
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molecule thick (around 1.6 nm). Agnes Pockels later
sent a letter to Lord Rayleigh, and he supported her
work, helping her publish in the journal Nature in
1891, building the foundation for further research.

However, the films and method are now named
the Langmuir-Blodgett (LB) method in memory of Ir-
ving Langmuir and his assistant Katherine Blodgett's
systematic studies on film materials and experimental
setups. In 1932, Langmuir received a Nobel Prize in
Chemistry for his work on surface science. He and
Katherine continued to refine their experimental tech-
niques, many of which are utilized today.

Since then, the LB method has been improved
with better experimental apparatus and an increased
understanding of film synthesis. The range of materials
has expanded to include surfactants [61-63] biological
compounds [64-66], ions complexes [67-69] and inor-
ganic compounds [70-72].

Surfactants

Surfactants are molecules that reduce tension
between two surfaces (liquid-gas/ liquid-liquid) due to
their structural properties. The general structure of a
surfactant consists of a hydrophilic and a hydrophobic
part. The hydrophilic part is attracted toward the liquid,
while the hydrophobic part moves away from the lig-
uid. This machine pulls the surfactant molecule to the
top surface layer, where the attraction between one sur-
factant molecule to the bulk material is less than the
attraction between bulk material molecules. As a re-
sult, the surfactant decreases the surface tension [73].

There are three main types of surfactants [74],
classified according to their hydrophilic part.

1. Non-ionic surfactants: Surfactants that carry
no charge on their hydrophilic head.

2. lonic surfactants: Surfactants that carry
charge on their hydrophilic head. Further classified
into anionic and cationic types according to charge.

3. Amphoteric surfactants: Surfactants that
carry both anionic and cationic charges on their surface
active part and exhibit properties of both anionic and
cationic properties.

Surfactants are used extensively in the Lang-
muir-Blodgett method. The role of surfactants in the
Langmuir-Blodgett method ranges from primary film
material [32, 75-77] to a tool for transferring other par-
ticles onto the surface [78-81].

Fatty acids are carboxylic acids with a long
carbon chain as surfactants. A complete definition of
fatty acids can be found in [UPAC’s documents [34].
The long carbon chain provides unique properties to
fatty acids that are unobserved in short-chain carbox-
ylic acids. One of the most important properties they
exhibit is their hydrophobic tendencies due to their

ChemChemTech. 2025. V. 68. N 2
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large molecular weight and the water-repelling carbon
chain. However, their carboxyl group provides hydro-
philic interactions, and as a result, these fatty acid com-
pounds exhibit what is known as amphiphilic proper-
ties (Fig. 1).

0

/\/\/\/\/\/\/\/\)LOH

Fig. 1. Stearic acid, a common material in many Langmuir-
Blodgett studies
Puc. 1. CreapuHOBasi KUCIIOTa, PACIPOCTPAHEHHBIN MaTepHal BO
MHOTHUX HcciiefoBanusax Jlenrmiopa-bnomxerr

LB films of fatty acids is the precursor to to-
day’s modern LB method. With pioneers like Pockels,
Langmuir, and Blodgett, research into pure fatty acid
films has been boosted. Since then, a wide body of lit-
erature has been published, detailing many aspects of a
pure fatty acid film.

Subphase

The subphase is the liquid bulk used in Lang-
muir-Blodgett experiments. However, experiments are
not restricted to the water subphase. The subphase can
be modified to change its behavior, for example, by
adding ions or changing the pH value and temperature
[75, 82-90].

Additionally, the subphase provides a different
pathway for film fabrication. In the case of tungsten
trioxide electrochromic films, the water subphase was
used to dissolve tungsten oxides, which were then col-
lected using appropriate surfactant molecules to form a
film [70].

Spreading solvent

The spreading solvent is a chemical that is
used to transfer and facilitate the uniform spreading of
film material on the subphase surface. In the case of
most Langmuir-Blodgett experiments, the spreading
solvent should fulfill two properties:

1. The ability to rise to the surface of the sub-
phase (not miscible with subphase).

2. The ability to spread evenly on the surface

Thus, non-spreading solvents like hexane are
not commonly used in experiments while chloroform
is extremely popular. Additionally, the evaporation
time for a solvent may be considered. There is a certain
threshold for each specific solvent that when reached,
will deter the solvent from effectively spreading on the
subphase. This threshold is further modified by envi-
ronmental and pre-existing conditions like subphase
properties, surface-active agents, and the presence of
ions within the subphase. A model for understanding
the spreading of solvents in Langmuir-Blodgett exper-
iments has been developed elsewhere [91].
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Langmuir-Blodgett film formation

The Langmuir-Blodgett method operates on
the principle of molecular attraction between mole-
cules to fabricate a film. As the material is spread on
the subphase surface, the distance between each mole-
cule is large, preventing any meaningful attraction. The
method seeks to compress, or shorten this distance, so
that the molecules may form a stable film. This under-
lying principle is represented through the state of the
film and surface pressure [92].

The surface pressure of the film is calculated by:

Ifitm= Isubphase — Io

where ITfim is the surface pressure of the system con-
taining only the Langmuir-Blodgett film, ITsusphase iS the
surface pressure of the system containing only the sub-
phase (measured before experiments), and IT, is the
surface pressure of the system that consists of the sub-
phase and the film. The surface pressure of the film in-
creases when the system’s pressure decreases as the
layer of surfactants begins to form.

The general state of the film is shown below:

S (solid)

L' (liquid-condensed)
deposition
L (liquid-condensed)

G (gaseous)

- 1 -
Fig. 2. Surface pressure diagram of stearic acid [93]
Puc. 2. luarpamMma moBepXHOCTHOTO JAaBJIECHUS CTCAPHHOBOM

KHCIOTHI [93]

At the lowest pressures, the film exists in a gas-
eous state (Fig. 2). As the layer gets compressed, the
distance decreases as the film approaches a liquid state.
At its densest concentration, the film exists in a solid
state. Past this solid state, the film enters its collapsed
form, where the 2D structure is disrupted due to film
tension affecting film integrity, forming micelles, 3D
structures, and crystals [94].

Langmuir-Blodgett and Langmuir-Schaefer
deposition

The film forming solution (usually a volatile
organic compound that evaporates quickly and has
good spreading capabilities [91] containing the film
material) is first spread on the subphase surface. After
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the solvent has mostly evaporated, the mechanism be-
gins to move the barrier(s) toward the center of the
Langmuir-Blodgett trough. As the barrier moves, the
space between molecules becomes compressed. The
subphase surface tension decreases as the degree of
compression increases due to fewer subphase mole-
cules occupying the surface layer. At the desired de-
gree of compression, the barrier movement will be
stopped and deposition can begin. Note that immedi-
ately after film compression ceases, the film will begin
to reorient to minimize energy and a change in surface
pressure may be noticed.

There are two popular method of film deposi-
tion: Langmuir-Blodgett (vertical) and Langmuir-
Schaefer (horizontal) (Fig. 3). In addition, the technol-
ogy of transferring floating layers to the solid substrate
by roll-to-roll has recently been developed (Fig. 4). As
the substrate is lowered into the film, the barrier moves
correspondingly and the film is pushed onto the sub-
strate in the case of Langmuir-Blodgett deposition. The
barrier stays constant during a Langmuir-Schaefer dep-
osition [1]. After drying, the end result is a film made
of the chosen material on the substrate surface.

‘ X 1
| T
A UL LA
g L |}

Barrier Barrie
Uguid > Sample Liquid

Fig. 3. Deposition of a floating monolayer onto a hydrophilic
solid substrate
Puc. 3. HaHeceHue ruiaBaromero MOHOCIOS Ha THAPODMIEHYIO
TBEPAYIO ITOJIOKKY

Start roll

icles or
ccccc

Guiding Movable
roll barrier

Fig. 4. Roll-to-roll deposition
Puc. 4. HaneceHnue pyJIOHHOTO MaTepuaia

Common characterization techniques and equip-
ment

Langmuir-Blodgett films can be characterized
during floating layer formation by using built-in tools
on many systems such as the Brewster Angle Micro-
scope (BAM) built-in on some KSV Nima systems and
through a universal surface pressure and molecular
area isotherm that is universal for all studies within the
field.
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For further characterization, tools like the
scanning electron microscope (SEM) and the atomic
force microscope (AFM) offer great insights into film
morphology. If one wishes to study the spectral prop-
erties of the film, tools like the UV-Vis spectra and
Fourier-transform infrared spectroscopy (FTIR) are
available. For special films that contain crystalline
phases, it is possible to utilize many X-ray techniques
to ascertain the structure. While the techniques men-
tioned here are the most commonly seen, this is by no
means comprehensive (Table 1).

Table 1
Method for characterization floating layer and solid
film obtained by Langmuir-Blodgett technique
Ta6ﬂuua 1. MeTOlI XapakTepusalnvu IJaaBalmero cJjiost
M TBEPJOH IVICHKH, 10JIy4YeHHOil MeToa0M JIeHrmMiopa-
baoxxerr
Solid LB thin film
Morphology: scanning electron
microscope (SEM), Field emission
scanning electron microscope
(FE-SEM), transmission electron
microscope (TEM), atomic force
microscope (AFM)
Optical: Ultraviolet-visible spec-
troscopy UV-Vis, Photolumines-
cence Spectroscopy (PL), Fourier-
transform infrared spectroscopy
(FTIR), Polarized optical micros-
copy (POM)
Thermal: Differential scanning
calorimetry (DSC), Differential
Thermal Analysis (DTA)

Floating layers

Thermal analysis (Pi-A)

Brewster Angle
Microscopy (BAM)

Surface Potential
Sensor

Interfacial Shear Rhe-
ometer (ISR Flip)

Hydrophilic & hydrophobic sur-
face: Contact angle

Structure: X-ray diffraction
(XRD)

Elastic modulus (E): estimated
from isotherm

BIBLIOMETRIC REVIEW

Methodology

Employment of the bibliometric analysis ena-
bles large volumes of published literature to be re-
viewed [95, 96], to identify trends and patterns of a
topic over a long period [97, 98]. This approach offers
a clear article search methodology to improve credibil-
ity and replication [99], which consists of three sequen-
tial steps: data collection, data extraction, and data
analysis [98]. First, Elsevier’s Scopus database with a
huge amount of natural science publications was se-
lected due to its extensibility and reliability [100-103].
Second, clean extracted data was inputted into Biblio-

ChemChemTech. 2025. V. 68. N 2

Thi Thao Vu et al.

metrix (R Studio, version 4.1.3), and VOSviewer (ver-
sion 1.6.19) [104-107]. Besides that, VOSviewer and
Bibliometrics were used to graph data, and Excel 2019
was used to screen data. Finally, the extracted graphs
were converted into meaningful charts and graphics for
data analysis by following the general analysis guide-
line applied in prior high-impact articles in the field of
natural sciences [56, 108].

Data collection and extraction

With Scopus as the chosen database, the time
period for the search was narrowed to the period be-
tween 2002 and 2023 considering Peng’s review [41]
in 2001. We limited the document type and language
to English research articles only to ensure a quality and
accurate understanding of the reviewed material. We
excluded research areas that are out of the scope of this
study as follows [109]:

(EXCLUDE (SUBJAREA, "VETE") OR EX-
CLUDE (SUBJAREA, "NURS") OR EXCLUDE (SUB-
JAREA, "MATH") OR EXCLUDE (SUBJAREA,
"NEUR") OR EXCLUDE (SUBJAREA, "SOCI") OR
EXCLUDE (SUBJAREA, "HEAL") OR EXCLUDE
(SUBJAREA, "COMP") OR EXCLUDE (SUBJAREA,
"BUSI") OR EXCLUDE (SUBJAREA, "PSYC") OR
EXCLUDE (SUBJAREA, "ECON") OR EXCLUDE
(SUBJAREA, "EART")).

To ensure the data relevancy to this study
scope, the final sample of 1,229 articles was mass-fil-
tered in Excel 2019 using the Find function to highlight
all articles with “fatty acid” and “carboxylic acid” in
their titles or abstracts. All articles that do not contain
“fatty acid” were removed, resulting in 430 articles re-
maining, which subsequently were manually reviewed
in terms of title and abstract to ensure strict adherence
to the LB fatty acid film topic. This manual process led
to 129 irrelevant articles being removed, and 301 arti-
cles retained for bibliometric analysis.

Results

Publication volume

The study of LB fatty acids appears to be less
attractive to scholars, having a negative annual growth
rate of 8.85% from 2002 to 2023 (Fig. 5). This field
experienced a gradual increase in publications for the
2002-2010 period with a total of 161 articles account-
ing for 53.49% of the total articles, especially in 2007
and 2010 with 24 articles published. However, the
number of articles gradually decreased between 2011
and 2023 with the highest number of publications in
2014 (15 articles), which possibly indicates falling in-
terest towards fatty acid films in the last decade.

Publications by country

The LB method and LB fatty acid films specif-
ically have spread widely across the world, excluding
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Africa. Fig. 6 shows the countries with a higher num-
ber of publications in the field of fatty acids in deeper
blue. The leading countries in the field of fatty acids
are the United States, France, Spain, China, India, and
Japan.

—— Article count|

Article count
— [ ) o
n o th
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Year
Fig. 5. Annual scientific production
Puc. 5. 'ooBoii 06beM HayYHOH TPOTYKIUH

~

F

v

Fig. 6. Scientific production world map
Puc. 6. Kapta Mupa Hay9HOTO ITPON3BOJICTBA

Regarding total publication, Japan was ranked
first with 182 articles, followed by the United States
with 129 articles, then China with 123 articles while
the British authors published only 33 articles. Articles
of American authors were cited the most with total ci-
tations of 624, which was much higher than that of Jap-
anese researchers, and nearly doubled total citations of
Chinese ones (Table 2).

Table 2
Leading countries in the field of LB films of fatty acids
Taénuya 2. Crpanbi-auaepsl B odoaactu JIb-nienok
KHPHBIX KUCJIOT

Country Total publications | Total citations
Japan 182 479 (#2)
USA 129 624 (#1)
China 123 330 (#5)
India 110 189 (#7)
France 104 278 (#6)
Spain 77 180 (#9)

Canada 69 455 (#3)

Germany 59 156 (#10)

Poland 48 426 (#4)

UK 33 183 (#8)
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Leading authors

10 well-known authors in the field of fatty ac-
ids field since 2002 are shown in Fig. 7. Paige F. Mat-
thew from the University of Saskatchewan had the
highest publication volume on fatty acids with 10 arti-
cles. His work is concerned with Langmuir films and
surface science [110, 111], Gemini surfactant films
[112], and the effect of perfluorotetradecanoic acid on
a phospholipid monolayer on the air-water interface
[113].

“:l Article count
Caseli L I
Bhattacharjee D :‘
Pal A |
Nath J |
C Etcheberry A |
é Cerro RL |
é Aroca RF |
Perez H |
Nath RK |
Paige MF |
0 2 4 6 $ 10

Article count

Fig. 7. Top 10 leading authors with their publications in the field
of fatty acids
Puc. 7. Ton-10 Bexymyx aBTOpOB C MyOINKAIUSIMA B 00JIaCTH
XKUPHBIX KHCIOT

The only two authors who published articles
recently (2020-2023) were Paige MF and Caseli L
(Fig. 8). These 10 authors still stay in the LB films, but
they show their interest in more complex organic
nanostructured film [114-117].

Leading journal in the field of fatty acids

The top 5 leading journals publishing fatty ac-
ids research have an H-index ranging from 8 to 18. The
highest-ranked journal is Langmuir (H-index = 18),
which has traditionally been well-known for its influ-
ential publications in general surface science, poly-
mers, and overall physical/chemical engineering of
materials at interfaces with 48 articles. Other journals
on the list are also dedicated to surface materials such
as Thin Solid Films (H-index = 7) with 17 articles, Col-
loids and Surfaces A (H-index = 12) with 23 articles,
and Journal of Colloid and Interface Science (H-index
= 8) with 16 articles. Outside of surface science, only
general chemistry journals such as Journal of Physical
Chemistry B (H-index = 15) with 26 articles. Since
2020, only Langmuir and the Journal of Colloid and
Interface Science maintained their average publication
related to fatty acids per year (about 3 articles for the
former and about 1 article for the latter). Other journals
appear to publish fewer articles on LB films of fatty
acids than before 2020 (see Fig. 9).
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International collaboration

Collaborations between countries in terms of
their strengths are presented in Fig. 10. Leading coun-
tries tend to build their networks of collaborations.
American researchers frequently collaborated with
Spain, Canada, Poland, and Brazil (red cluster) while
France maintains its collaborations with India, Israel,
and Russia (green cluster). Japan has built its research
network with China, the United Kingdom, and South
Korea (blue cluster) while Germany mainly collabo-
rated with Denmark (yellow cluster).

denmark

clilpa germany

southgkorea
’ja;gan ———france
united Kingdom ) S< g 4
umteqstates \sr g russian federation
isrgel ,”-Lc!;a
pof@hd sp;@'/n cafjgda
lf%hVOSviewer |
Fig. 10. Collaboration between countries exported from
VOSviewer

Puc. 10. CoTpyAHMYECTBO MKy CTpaHAMH, SKCIIOPTHPOBAH-
HeiMu U3 VOSviewer
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The co-citation network of authors with
50 minimum citations is shown in Fig. 11. Co-citation
is when articles are cited together in another publica-
tion; connected items on the co-citation network are
cited together more. Authors who are cited together of-
ten work on similar themes, divided into clusters.
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Fig. 11. Network of author co-citation
Puc. 11. CeTs aBTOPCKOTO COLIUTHPOBAHUS

In the graphic, we can observe four distinct
clusters: red, yellow, green, and blue. The red cluster
contains key authors Petty MC and Oliveira Jr., who
published many fundamental reviews and books on LB
film technology [1, 92, 118-121], thus they are often
cited together. In the yellow cluster, DK Schwartz pub-
lishes reviews of the LB technique [122-125] and other
fundamental aspects of LB films of fatty acids [126-128]
while CM Knobler publishes on fundamental experi-
ments and LB film theory [129-131]. The blue cluster
contains key authors D Vollhardt, who publishes fun-
damental aspects of LB films [132-134], and YR Shen,
who publishes on interface science, specializing in sur-
face vibrational spectroscopy and sum-frequency gen-
eration [135-138]. YR Shen, who can be considered the
pioneer for sum-frequency generation and vibrational
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techniques in surface science and LB fields in particu-
lar, had multiple of multiple highly-cited articles of
which [135] on second-harmonic and sum-frequency
generation for surface science achieved over 2800 ci-
tations. Finally, the green cluster contains key authors,
nasmely H Mohwald and P Dutta, who published on
basic metal ions such as iron [139], lead and cadmium
[140], and magnesium [141]. H Mohwald who pub-
lishes reviews on LB films, and concerning metal ions
in LB films [89, 142-144]. P Dutta publishes on metal
ions [139, 140], and organic molecules [145, 146].

Author keywords co-occurrence analysis

Fig. 12 shows the analysis of the author key-
words via co-occurrence (i.e. analysis by the degree
that keywords appear together), divided into 4 clusters.
The yellow cluster contains basic fatty acid film mate-
rials together with basic characterization “contact an-
gles” and “surface free energy”. The blue cluster con-
tains the central keyword “langmuir monolayers” and
also contains film material “linoleic acid” as well as
methods “brewster angle microscopy” and “photopol-
ymerization”. The green and red clusters show some
overlap, possibly due to the similar composition of the
two clusters. Both clusters contain characterization
methods “xps”, “afm” and film materials “perfluoro-

carbon”, “palmitic acid”, and “lipid bilayer”.
Iipidailayer
x-ray reflectivity
isothigrms ;
w@ &
/ @ulttlayers
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m|squryw 97 arachidic acid
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[6%0 VOSviewer air-watktinterface

Fig. 12. Author keywords co-occurrence network
Puc. 12. ABTOpCKasi CeTh COBIAACHUS KIFOUEBBIX CIIOB

Fig. 13 shows the time overlay for Fig. 12. The
central keyword “langmuir monolayers” is a light
green color, indicating the time value of approximately
2014 and demonstrating the recent relevancy of the
general topic. The red cluster in Fig. 12 has a range of
keywords throughout time, with nodes such as “xps”
standing for old characterization methods, “fatty acids”
as a general topic with a time value of approximately
2012, and newer keywords such as “palmitic acid” and
“perfluorocarbon”. The variety of keyword time values
indicates an established research area in the dataset. A
similar trend is seen in the green cluster, where there is
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a good mix of old concept keywords “phase separa-
tion” and newer keywords “isotherms”. Another nota-
ble feature is the yellow node in Fig. 12, which is deep
blue in Fig. 13. We speculate that the yellow cluster
relates to fundamental studies in fatty acid films, which
explains the old age of the cluster.
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Fig. 13. Author keywords co-occurrence network over time
Puc. 13. CeTs moBTOpEHHS KITIOYEBHIX CIOB aBTOPOB BO BPEMEHH

Table 3 presents a complete list of keywords,
date ranges, and topics for each cluster shown in Fig.
12. Clusters 1 and 4 appeared relatively early (2005
and 2003) while clusters 2 and 3 appeared in the 2010s
(2011 and 2010). All clusters continued to be re-
searched in recent years (2014 to 2017), showing a de-
gree of interest by researchers. No keywords later than
2017 appeared in VOSviewer, probably due to their
novelty and low citation count, which was filtered out
by VOSviewer when applying the analysis parameters.

There are overlaps between clusters in terms of
keywords. Common overlaps include:

i - BAM — Brewster angle microscope/micros-
copy: A characterization technique used for viewing
the films during formation, available as an add-on in
some Langmuir trough models such as KSV NIMA.

ii - Different types of fatty acids (arachidic, be-
henic, stearic, linoleic, palmitic acid): Similar long-
chain carboxylic acids with the ability to form stable
LB films.

Fig.14 shows the most cited articles during the
period (2002-2023).

These most cited articles are classified into 04
clusters (Table 3) as follows:

Red cluster: This cluster focuses on DPPC and
perfluorocarbons. The highest cited publication was an
article entitled “Chitosan as a lipid binder: A Langmuir
monolayer study of chitosan-lipid interactions” written
by Wydro [147], discussing the properties and interac-
tions of chitosan on fatty acid and lipid Langmuir lay-
ers. The surface-pressure area isotherm showed limited
film expansion due to chitosan molecules. Stearic acid
has the lowest limit, while linoleic and alpha-linoleic
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films exhibited the highest values. Compression mod-
ulus was affected by chitosan, decreasing for stearic
acid and cholesterol while slightly increasing for all
linoleic and oleic films. The authors provide four pos-

Thi Thao Vu et al.

sible factors contributing to the observed effects: elec-
trostatic interactions between amine and carboxylic
groups, insertion of chitosan molecules, changing lipid
conformations, and hydrogen bonds between chitosan
and cholesterol.

Table 3

Clusters in Fig. 12 (https://ctj-isuct.ru/article/view/6239/3617)
Tadnauya 3. Knacrepol Ha puc. 12 (https://ctj-isuct.ru/article/view/6239/3617)

Cluster ID

Cluster keywords

Year range

Topics

1-Red

Bam (brewster angle microscope, dipalmitoyl phosphatidyl-
choline (DPPC), fatty acids, langmuir-blodgett technique, mis-
cibility, monolayers, multilayers, nanoparticles, palmitic acid,
perfluorocarbon, phospholipids, surfactant, xps (x-ray photoe-

lectron spectroscopy)

2005-2017

DPPC and
perfluorocarbons

2 - Green

Afm (atomic force microscopy), isotherms, langmuir-blodgett,
lipid bilayer, mixed monolayers,
phase-separation, pressure-area isotherm, surface potential,

2011-2015

Characterization
methods

surface pressure, surface roughness, x-ray reflectivity

3 - Blue

air-water interface, biosensors,
brewster angle microscopy, cholesterol, langmuir monolayers,
linoleic acid, photopolymerization, polydiacetylene

Biosensing and pho-
topolymerization for
diacetylene mole-
cules

2010-2016

4 - Yellow

surface free energy

Aggregates, arachidic acid,
behenic acid, contact angles, langmuir-blodgett method, quartz
crystal microbalance, stearic acid,

Film materials and
quartz crystal micro-
balance

2003-2014

|:| Citations|

Guzman 2012

Price & Schwartz 2007
DiMasi 2002

Ma & Allen 2007
Duffy & Harding 2004

Goulet & Aroca 2007

References

L

Hac-Wydro and Wydro 2007
Liu & Conboy 2005

|

Huang 2005 |

Wydro 2007 |

0 30 60 9 120 150 180
Citations
Fig. 14. The most cited articles in the field of fatty acids

Puc. 14. Haubornee nutupyeMbie CTaThu B 00JIACTH KHUPHBIX KUCIIOT

A different perspective on DPPC layers was
provided by Guzman [148] which investigated the ef-
fect of silica nanoparticles on the DPPC/palmitic films.
For DPPC films, silica nanoparticle incorporation
causes the contraction of the film, while in palmitic
acid films, a large concentration of silica nanoparticles
can cause failures in monolayer formation. A decrease
in quasi-static dilational elasticity for DPPC and
DPPC/palmitic acid films is observed when incorpo-
rating silica nanoparticles. The suggested mechanism

ChemChemTech. 2025. V. 68. N 2

for this effect is nanoparticle-lipid complexes and inter-
actions, similar to the ideas brought up by Wydro [147].

In contrast to Wydro’s work[147], in which
large molecules of chitosan’s effect on fatty acid layers
were studied, Hac-Wydro [149] investigated the effect
of fatty acids on model membranes of choles-
terol/DPPC using stearic acid, oleic, and alpha-linoleic
acid. For cholesterol/fatty acid films, fatty acids cause
cholesterol films to condense, shown as a shift towards
smaller film areas on the isotherm, interacts repul-
sively with saturated fatty acids (stearic acid) and at-
tractively with unsaturated fatty acids (oleic and alpha-
linoleic) and decreases the compression modulus. For
DPPC/fatty acid films, DPPC is condensed by fatty ac-
ids and forms attraction interactions with the strongest
attraction with alpha-linoleic acid at approximately 0.5
fatty acid molar ratio; the compression modulus was
reduced by fatty acids. Similar behavior is observed in
cholesterol/DPPC/fatty acid films.

Ma’s paper [150] reported a similar effect to
Hac-Wydro [149] when investigating the effect of pal-
mitic acid on DPPC layers. Isotherm analysis suggests
miscibility between palmitic acid and DPPC and that
palmitic acid catalyzes more ordered chains in DPPC,
causing the molecular to become more compact or con-
densed. The possibility of a hydrogen bond between
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palmitic acid’s carboxylic group and the phosphate
group of DPPC is also suggested through vibrational
sum frequency generation spectroscopy.

Blue cluster: This cluster focuses on biosens-
ing and photopolymerization for diacetylene mole-
cules. Huang’s work [67] describes the effects of metal
ions on a film of 10,12 - tricosadiynoic acid (TDA), a
photopolymerizable diacetylene fatty acid. Analysis of
the surface-area isotherm indicated that TDA appears
to not form complexes with calcium and nickel ions,
while copper and cadmium ions greatly expanded the
molecular area, silver and zinc ions might have cata-
lyzed the transition from monolayers to multilayers in
the TDA film. Photopolymerization under UV light of
the metal-organic films yielded different results. Sil-
ver-containing films could not be photopolymerized,
zinc-containing films showed thermochromism re-
versible at 90-160 °C but not reversible above 180 °C,
possibly due to the irreversible damage caused by the
heat to the zinc-carboxylate complex. Copper-contain-
ing films showed highly stable chiral structures. Goulet
[151] used arachidic acid as a spreading solvent
salPTCD and R18 dyes for use in surface-enhanced
resonance Raman spectroscopy (SERRS). At high con-
centrations, the dyes are highly miscible and demon-
strate uniform spectral characteristics while at single-
molecular concentrations, the spectral profile differed,
which was attributed to single-molecule detection.
However, it was cautioned that more research should
be considered before reaching a definitive answer to
the possibility of single-molecule detection with
SERRS.

Green cluster: This cluster focuses on charac-
terization methods. A sum-frequency vibrational spec-
troscopy study determined the alkyl chain tilt angles
for DSPC lipids at 12 + 4 degrees on the silica substrate
and the phosphocholine tilt at 66 + 4 degrees [152]. In
addition, the contact angle was determined to be hy-
drophobic for solid deposited DSPC and hydrophilic
for DSPC on water. Analysis of the lipid structure in-
dicated no effect of subphase/substrate variation on the
core alkyl lipid chains. Furthermore, the nature of the
deposition itself (Langmuir-Blodgett or Langmuir-
Schaefer) does not affect the film structure. Low vari-
ance between phosphocholine tilt is attributed to weak
coupling between lipids and the charged silica sub-
strate.

Yellow cluster: This cluster focuses on film
materials and quartz crystal microbalance. Duffy and
Harding [153] described calcite crystals on stearic acid
monolayers. The degree of film ionization and crys-
tal/substrate interactions were identified as major fac-
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tors influencing nucleation. Specifically, higher sub-
strate ionization increases crystal adhesion which is
conducive to growth; crystal/substrate interactions af-
fect the number of grown faces of the crystal. A revi-
sion of the simple “lock and key” model to account for
complex crystal/fatty acid film interactions is sug-
gested. Similar to Duffy and Harding [153], Patel [154]
described the growth of a calcite material on an ara-
chidic acid film. However, Patel utilized poly(acrylic
acid) to model biological systems. The factors affect-
ing crystal growth were noted to be polymer weight
and carbon dioxide escape rate (related to the ioniza-
tion of fatty acid films and carbonate ions). Price’s
work [155] investigated the phases of fatty acids using
nematic liquid crystals for octadecanoic, eicosanoic,
and docosanoic acids. A positive correlation between
the number of methyl groups and triple point temperature
was found, and it was suggested that the liquid crystals
play a role in forming the fatty acid layer structure.

FACTORS AFFECTING LANGMUIR-BLODGETT AND
LANGMUIR-SCHAEFER FILMS OF FATTY ACID
AND THEIR DERIVATIVES

Factors affecting Langmuir-Blodgett films

There are many factors affecting the end prop-
erty of Langmuir-Blodgett films. We propose a
division into three main groups:

1. Pre-fabrication factors
2. In-fabrication factors
3. Post-fabrication factors

Each factor can affect the film on multiple
properties, for example, submerging the film into an
ionic solution creates holes of varying sizes that di-
rectly affect the mechanical properties of the resulting
layer [156].

Pre-fabrication factors pertain to the proce-
dures carried out prior to transferring the film onto the
subphase for compression. This commonly includes
material and solvent quality, equipment status and
cleaning, experimental setups, etc. These factors
should be checked prior to every experiment.

In-fabrication factors are the largest group.
This group refers to all the processes during film fabri-
cation. This includes mechanical factors like compres-
sion speed, trough stability, deposition, method of film
collection, physical qualities of subphase, temperature,
moisture, dust, and material properties (some materials
are more flexible during compression) as well as chem-
ical factors such as the presence of substances in sub-
phase and pH value [86, 87, 157-159].

Post-fabrication factors refer to processes after
the film has been fabricated. This includes additional
modifications to film morphology through various
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means, film stability outside of trough, oven tempera-
ture (for films that require heating at high temperatures
such as metal oxides), and more [160].

The combination of factors from those above-
mentioned three groups grants each film a unique prop-
erty, making Langmuir-Blodgett films highly versatile
for both research and applied uses.

Subphase ions

Among Langmuir-Blodgett and Langmuir-
Schaefer fatty acid films and their derivatives, sub-
phase ions play an important role in film formation.
These ions in the secondary phase can interact with
molecules at the air-water interface, thereby affecting
the organization and order of the membrane.

Several studies have shown the effects of sub-
phase ions as inducing electrochemical effects: inter-
actions between fatty acid molecules and these ions.
This can alter the surface properties of the monolayer
film and affect the dispersion and reorganization of
fatty acid molecules on the air-water interface. The
ions in the subphase can induce ionic interactions with
fatty acid molecules, resulting in the formation of com-
plex molecular structures. For example, metal ions in
the subphase can form complexes with fatty acid mol-
ecules, altering the self-organizing properties of the LB
membrane. At the same time, the ions in the subphase
can induce specific interactions with fatty acid mole-
cules, increase the roughness of the monolayer film,
and create specific interaction complexes between the
ions and the fatty acid molecules. This may affect the
structure and properties of Langmuir-Blodgett mem-
branes.

J.A. Zasadzinski [126] and his team investi-
gated and showed the effect of incorporating divalent
metal cations and fatty acids of different chain lengths
into films deposited on both mica and amourphous ox-
idized silicon substrates. The difference between the
lattice parameters limiting for multilayer films must be
due to the effect of cations although the symmetry of
the buffer layer is determined by the alkane chain
buffer. Surface potential measurement shows that Ba
ion and other alkaline earth metals electrostatically in-
teract with fatty acids by screening negative charges in
a nonspecific manner, whereas Cd, Mn, and transition
metals interact more specifically through covalent
bonding. In the case of CdA,, the team had previously
concluded that the head—head group interface was nec-
essary for order stabilization. While this appears to be
true for cadmium and barium, it is true to a lesser extent
for manganese and does not appear to be true for lead.
Molecular order can also be stabilized by the interac-
tion of the membrane with a specific substrate. How-
ever, even in these cases, the specific structure formed
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by monolayer membranes is significantly different and
more extensive than that of multilayer structures.

In addition, the work of F. Mugele [156] and
colleagues showed that the effects of Ca?* and Na* ions
were compared by varying their concentrations in the
subphase.

Subphase

0.5M Na*+
0.01 M Ca?*

0.01 M Ca*" 0.5M Na*

water

0,01 M NaCl

0.1 M NaCl

Exposure solution

0.01 M CaCl,

0.1 DM CaCl,

Fig. 15. AFM images of LB films prepared with all combinations
of sub-phases after exposure to water and liquid preparations. Im-
age size: 5x5um?. The Ades desorption region represents the area
of the exposed bare substrate. The inset shows representative
cross-sections. Vertical scale: in nm. Horizontal scale: 5 um [156]
Puc. 15. ACM-u3o0paxenus mieHok LB, mpuroToBIeHHBIX €O
BCEMH KOMOHMHAIIMAME cyO(¢a3 mocie BO3ACHCTBUS BOIBI U KU~
KHX npenapatoB. Pasmep n3o0paxenns: 5x5 mxm2, O671acTh fie-
copbuun Ades mpencTaBisieT co00i TUIOMas SKCIOHIPOBAHHOH
TOJI0M TIOJJIOXKKH. Ha BcTaBKke moka3aHbl PENPE3CHTATUBHBIC T10-
TNEPEYHBIC CEYCHUA. BepTPIKaJ'ILHBIfI MacuTal: B HM. FOpI/I30H-
TanbHBIA MaciiTab: 5 MM [156]

The AFM image shows almost intact films
with a few circular holes exposing the bare substrate
when prepared in the secondary phase in the presence
of Ca?" while the Na*-containing fractions result in a
large area of the substrate bare after contact with water
(Fig. 15).

Partial stabilization of the layers in contact
with purified water suggests that some adsorbed Ca?*
is present and can stabilize the LB membrane. How-
ever, this stabilization is clearly not as strong as in the
case of pure 0.01 M CaCl, fractionation. The competi-
tion between the more strongly bound Ca?" ions and
the 50-fold more concentrated Na* ions in the second-
ary phase leads to a mixed association of R—and SiO—
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with the two cations (Fig. 16). When exposed to pure
NaCl solution, the chemical potential gradients of Ca2*
and Na* seem to lead to complete destabilization of the
membrane, suggesting that initially the Ca?" and/or
SACa" ions that stabilize the LB membrane can be ex-
changed with Na* ions from the large contact solution
leading to complete decomposition of the layer. The
behavior in contact with pure Ca?" solution again re-
veals ion exchange between the bulk solution and the
loosely bound portions of the LB monolayer [156].

Thus, it can be seen that the ions in the subphase
in the Langmuir-Blodgett and Langmuir-Schaefer films,
especially for fatty acids and their derivatives, play an
important role in determining molecular organization,
stability and propagation behavior of the monolayer on
the sub-phase surface. Their presence affects important
aspects of LB engineering, ultimately influencing the
fabrication of thin films.

Nature of surfactant

The surfactants used in the Langmuir-Blodgett
(LB) deposition technique are amphiphilic molecules
such as fatty acids, amines, lipids, etc. They participate
in the formation of floating films on the water-air in-
terface in the form of a single element or a complex
(mixed with many other surfactants). Participating
fatty acids used to fabricate membranes by Langmuir-
Blodgett technology are usually fatty acids with hydro-
phobic long-chain carbon chains and hydrophilic heads
of COOH functional groups. Because of their surfac-
tants, they can be used to reduce the surface tension
between two immiscible phases, such as oil and water.
During LB deposition, a monolayer of fatty acid sur-
factants is first formed at the air-water interface. This
single layer is then carefully transferred onto a solid
substrate, resulting in the formation of a thin film. The

arrangement of fatty acid molecules in the monolayer
can be controlled by manipulating experimental pa-
rameters such as compressive pressure, temperature,
and the nature of the fatty acid — the nature of the sur-
factant. The choice of fatty acid surfactant depends on
the specific application and the desired properties of
the thin film. Recently, scientists have focused on mak-
ing Langmuir - Blodgett thin films from hybrid mate-
rials with fatty acids instead of studying monolayer
films of fatty acids as before. The results of the Lang-
muir - Blodgett thin film fabrication studies of fatty ac-
ids and fatty acid hybrid materials are listed in Table 4.
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Fig. 16. Schematic illustration of monolayer adsorption-desorp-
tion process (a) formation of salt complexes with dissociated fatty
acid at air-water interface (b) negatively charged substrate dipped un-
der subphase (c) desorption of monolayer after water exposure [156]
Puc. 16. CxemaTryeckasi WILTIOCTpAIHs poriecca aacopOuu-ie-
copOiun MoHOCOS (2) 00pa30BaHME CONEBHIX KOMILICKCOB C JIHC-

COLIMMPOBAHHOM >KUPHOM KUCIIOTOM Ha rpaHHUIIe pa3/iena BO3 yX—
Boza (b) oTpunarensHO 3apsDKEHHBIN CyOCTPAT, IOrPYKEHHbIH B Cy0-
(azy (C) mecopOIrst MOHOCTIOS TTOCIIE BO3ICHCTRES BOIbI [156]

Table 4

Research results on the fabrication of Langmuir - Blodgett thin films of fatty acids and fatty acid hybrid materials
Tabnuya 4. Pe3ynbraThl HecaeA0BAHMIA 10 MOJIYy4YeHUI0 TOHKHX IJIeHOK JleHrMiopa-bioaxeTT u3 sKUPHBIX KHCJI0T
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H FlflﬁplflIIHbIX MaTEPHAJIOB HA OCHOBE )KHPHBIX KHCJIOT

Surfactant Result Reference
1 2 3
VitaminC/SA Structure of LB film depends on the mole fraction of VitC and the nature of the [161]
substrate
1-layer: Roughness 3.14 nm
PPVISA 3-layer: Roughness 4.05 nm [162]
CI-PPV/SA 1-layer: heterog(?nelty with some valleys [163]
9-layer: homogeneous
NiPc(OBu)s/SA | The bands of the absorbance spectra: Q band (~760 nm) and B band (~317 nm) [164]
PyB/SA The size of the cluster in PyB (150x120- 280x210 nm) and PyY 250x350 + 5x10 [165]
(PyY/SA) nm?2

Saponit/SA Saponite layers was largely affected by the subphase MgCl, concentration. [166]
GOX/SA A smooth morphology, containing ;i(irgﬁlr?‘s of various contrast. Thickness:10- [167]
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continuation of the table

1 2 3
Chitosan/SA Structure strongly dependent on chitosan mole fraction and deposition pressure [168]
P30T/SA High conductivity and roughness [169]
1-layer: 2.5-5nm
PheDH/SA 5-layer: 10-12 nm [40]
PQ/SA/ . .
RE(PMo11), Uniform monolayer, creating a smooth surface [170]
CB0/SA The nanoparticles have joined Wlth each oth_er and form a kind of ordered aggrega- [171]
tion, which like a net
P3HT/SA The coverage increased at & = 35mM/m [172]
Imidazole . . .
Derivative/SA The width and height of the nanoballs are nearly 100 nm and 4.5 nm respectively | [173]
PNu\r/el:gA/ Urease can be immobilized onto these PNVK/SA LB monolayers [174]
DPPC-Palmitic | The n—A isotherm of DPPC—Palmitic acid, DPPC, Palmitic acid at the same film
acid, DPPC, forming conditions shows the difference in the area per molecule and surface and | [148]
Palmitic acid molecular structure at the time of thin films
Stearic Acid 'The observed average thickness of ~2 nm is consistent with the length of SA mole- [156]
cules and thus with the expected molecular structure as sketched in the inset
Arachidic and | 5-layer stearic acid film has a developed morphology. The islands with a diameter of [175]
Stearic Acids about 0.4-0.8 um and a height of 2-6 nm can be distinguished in the film structure

Through comparison, it can be seen that the na-
ture of the surfactant has an influence on the thin film
formation, which is expressed through the II-A iso-
therm of the film forming process and properties of
solid thin films. Under the same experimental condi-
tions, the nature of the surfactant changed, leading to a
different time of film formation. It can be seen that the
nature of the surfactant is the most important factor de-
termining the properties of Langmuir - Blodgett, and
Langmuir - Schaefer films formed by their different
chemical structures. From there, it is possible to select
a single or hybrid material of fatty acids to form suita-
ble membranes for the desired applications.

pH levels

The pH level has a significant influence on the
properties and stability of Langmuir-Blodgett (LB) and
Langmuir-Schaefer (LS) fatty acid films and their de-
rivatives. Fatty acids, consisting of a carboxylic acid
group, react with different pH values and alter mem-
brane properties [176]. Several studies have shown that
pH has a significant effect on Langmuir-Blodgett (LB)
film formation of fatty acids. To investigate the influ-
ence of pH on the LB and LS membranes of fatty acids,
the work of K. Dopierala [88] and research team was
particularly useful, describing the transformation of the
oleic acid monolayer from apo-a-lactalbumin protein
in milk is pH dependent, the interaction between oleic
acid (OA) monolayers when penetrated by apo-bovine
a lactalbumin (BLA I11) in media with different pH
(Fig. 17).

ChemChemTech. 2025. V. 68. N 2

Changes in pH can lead to structural changes
in the monolayers of fatty acids and cause essential
changes in protein interactions. Under conditions of
higher pH, the electrostatic force governs the adsorp-
tion of proteins. The interaction between the oleic acid
monolayer and apo-a-lactalbumin at pH 2 is mainly the
result of hydrophobic forces, the film forming stably.

pH 2.0, ‘ . ® pHe2

hydrophobic forces electrostatic interactions

Fig. 17. Schematic depiction of the influence of pH on the for-
mation of mixed monolayers of OA and BLA 111 [88]
Puc. 17. Cxematnyeckoe nzobpaxenue BiusHus pH Ha 0Opa3oBa-
Hue cMmentaHHbIX MoHocsioeB OA u BLA 11 [88]

The research of K.H. Kang [177] and col-
leagues presents the fabrication process of Langmuir-
Blodgett (LB) films deposited at different subphase
pHSs. In the -A isotherm in Fig. 18, the monolayer on
the air/air interface water has different limiting regions
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per molecule and shows more condensate with increas-
ing pH of the secondary phase. When the palmitic acid
LB film is deposited, the change in resonant frequency
is proportional to the deposition layer, and there is
more resonant frequency change in the case of a higher
pH range as expected. In the resonant frequency range
response for pumping organic gas, the frequency
matching has been improved in the case of LB mem-
branes fabricated in the lower subphase pH range and
dependent on the molecular weight of the organic gas.
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Fig. 18. The resonant frequency shift depending on deposition of
LB film (a) and pH relationship (b) [177]
Puc. 18. CnBur pe30HaHCHOH 9aCTOTHI B 3aBUCHMOCTH OT OCaXIIe-
nust ek LB (a) u coorromenus pH (b) [177]

In summary, pH directly affects the ionization
state of fatty acids and thus affects the intermolecular
interactions and their surface morphology in the Lang-
muir—Blodgett membrane.

lonization is the process by which a fatty acid
molecule loses or gains a proton (H*), forming a nega-
tive ion (acid) or a positive ion (salt). According to
studies, the pH value of a fatty acid solution can affect
the quantity and properties of acid ions and salt ions in
the solution. This can impact the ability to form LB
films and the properties of the formed films. For exam-
ple, in some cases, low pH can produce more acidic
ions in solution, increasing the hydrophobic and film-
forming properties of fatty acids. However, at high pH,
the ratio of salt ions increases and can reduce the film-
forming capacity and hydrophobic properties of the
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films. Therefore, pH control during fatty acid LB film
formation is crucial to achieve a thin film of desired
properties and structure.

Temperature

Langmuir - Blodgett film formation of fatty ac-
ids depends on temperature stability [178]. In the work
of Katarzyna Dopierala [88], the effect of temperature
on binding in fatty acids by a-lactalbumin was investi-
gated. The obtained results show that in the investi-
gated thermal ranges, the thin film formed at the tem-
perature of 36.6 gives the most stable and uniform film
results. At other temperatures, the molecules tend to
move in a chaotic manner, and the film shrinks une-
venly.

Concentration

Concentration plays an important role in the
formation of Langmuir — Blodgett (LB) and Langmuir
— Schaefer (LS) fatty acid films and their derivatives.
Both LB and LS techniques involve the deposition of
organic monolayers. There have been many studies on
Langmuir - Blodgett and Langmuir - Schaefer films of
fatty acids and their derivatives, investigating the film
formation at different fatty acid concentrations or re-
ferring to specific concentrations. Solution concentra-
tions of fatty acids or derivatives can influence interac-
tions with the Langmuir plane (water-air interface). A
study by G.B. Talapatra [179] and colleagues studied
the interaction between oval albumin (OVA) and stea-
ric acid layers, which showed significant differences in
isotherms when different concentrations were tested
(Fig. 19).
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Fig. 19. Surface pressure—area isotherms at room temperature (26 °C)
of (a) pure OVA, (b) pure SA, and (c—€) SA with different con-
centrations (0.0001, 0.001, and 0.01 mg/mL) of OVA in pure water
subphase, respectively. The inset shows the change in area (A)/mol-
ecule vs. surface pressure plot of the SA-OVA monolayer [179]
Puc. 19. M30TepMbI HOBEPXHOCTHOTO AABJICHUS—IUIOMAIHN IIPH
KoMHaTtHOI1 Temnepatype (26 °C) (a) uncroro OVA, (b) uncroro
SA u (c—e) SA ¢ pazmmansiMu KoHIeHTparsmu (0,0001, 0,001 u
0,01 mr/mi) OVA B uncroit BogHoii cy6dase coorBeTcTBeHHO. Ha
BCTaBKe MOKa3aHO M3MEHEHHeE IuTonaan (A)/MOJIEKyJIbl B 3aBUCH-
MOCTH OT TIOBEPXHOCTHOTO JaBieHust MoHocos SA—OVA [179]
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The n—A isotherm at the concentrations of SA
investigated gives different results. When the concen-
tration is increased, the formation of LB film will take
place earlier, the area for a molecule at the time of thin
film formation is also different, leading to different
surface morphology of the obtained film.

Similarly, the work of Luciano Caseli [180]
clarified the effect of surfactant concentration on ga-
lactose oxidase immobilized in the Langmuir-Blodgett
stearic acid membrane.

Through this study, it is possible to understand
how fatty acid concentration affects the interaction and
properties of Langmuir—Blodgett floating films. Stud-
ying the fatty acid concentration during this process
helps to better understand the relationship between
fatty acid concentration and the properties of the thin
film produced. Fatty acid concentrations in the Lang-
muir-Blodgett process can affect the thickness and uni-
formity of the thin films. Too high a concentration of
fatty acids can lead to the formation of a multilayer
film that occurs before the compression begins, or to
produce a thicker and more heterogeneous thin film.
Meanwhile, lower concentrations of fatty acids can
lead to thinner and more uniform thin films. In addi-
tion, fatty acid concentrations can also affect the chem-
ical and structural properties of thin films. Properties
such as adsorption capacity, elasticity, strength and
surface properties of films can vary with fatty acid con-
centration. Therefore, thin film formation by the Lang-
muir-Blodgett method is a sensitive process for fatty
acid concentrations. This highlights the importance of

Thi Thao Vu et al.

adjusting fatty acid concentrations to achieve thin films
with desired properties.

Compression speed

During Langmuir-Blodgett (LB) film for-
mation, the compression rate is determined by the
travel speed of the barrier (barrier) during the adjust-
ment of the surface area of the LB thin film on the wa-
ter—zero interface. Studies have shown the difference
in thin films formed upon varying the compression rate
(Table 5).

The compression rate actually plays an im-
portant role in the formation and properties of Lang-
muir-Blodgett (LB) and Langmuir-Schaefer (LS) fatty
acid films and their derivatives. When these films are
formed at the right compression rate, it allows a more
organized and controlled encapsulation of molecules at
the air-water interface, allowing the molecules enough
time to spontaneously form, resulting in a stable and
tightly structured membrane [181]. This can result in
enhanced film quality and improved properties such as
increased stability, uniformity, and reproducibility.
When the compression speed is too slow, this does not
affect the film formation too much, but it makes the
experiment time longer, productivity, and efficiency
decrease. In contrast, when the compression rate is too
fast, the molecules do not have enough time to properly
arrange themselves, resulting in a poorly organized and
uneven membrane structure. This can result in films with
lower stability, increased roughness, and reduced uni-
formity. Therefore, controlling the compression rate is
very important to achieve the desired film characteristics.

Table 5

Compression speed affecting Langmuir-Blodgett and Langmuir-Schaefer films of fatty acid and their derivatives
Tabnuya 5. CKOpoCThb C:KATHS, BIAUAIONIASA HA IUIeHKH Jlenrmiopa-BbaomxerTt u Jlearmiopa-Illedepa :xupHbix kuc-
JIOT U UX MPOU3BOJIHBIX

Surfactant Compression speed Result
_ . A smooth morphology, containing domains of various con-
GOX/SA Vn = 3.5 mm/min, trasts. Thickness:10-11,5nm [167]
Chitosan/ _ . Structure strongly dependent on chitosan mole fraction and
V¢ =10 mm/min "
SA deposition pressure [168]
_ . 1-layer: 2.5-5nm
PheDH/SA Ve =1 mm/min 5-layer: 10-12 nm [40]
CB0/SA Ve = 10 mm/min The nanoparticles formed ordered aggregation, which resem-
bles a net [171]
Imidazole Ve = 5 mm/min The width and height of the nanoballs are nearly 100 nm and
Derivative/SA 4.5 nm respectively [173]
PNVK/SA/ _ . Urease can be immobilized onto these PNVK/SA LB mono-
V¢ =5 mm/min
urease layers [174]

Transfer pressure

Surface tension was measured using the
Willhelmy method [182], in which the Willhelmy plate
was connected to a strain gauge and intercepted at the

ChemChemTech. 2025. V. 68. N 2

air-water interface. During the formation of the Lang-
muir—Blodgett floating film of fatty acids and their de-
rivatives, when the surfactant is compressed by the bar-
rier, the molecules move and there is a change in the
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induced force. Surface tension plays a very important
role in this process as it helps to determine the packing
density and orientation of the molecules on the sub-
strate. During the compression phase, the pressure will
gradually increase until the thin film formed is in a
steady state. The stability of the LB membrane requires
a balance between the passive interaction of the fatty
acid molecules with the water surface and the interac-
tion between the fatty acid molecules. The Langmuir -
Blodgett floating film will be transferred onto the solid
substrate by the Langmuir - Schaefer method, the pres-
sure at this time is called transfer pressure.

Transfer pressure plays an important role in the
formation and quality of Langmuir-Blodgett (LB) and
Langmuir-Schaefer (LS) fatty acid films and their de-

rivatives. The work of Satyajit Hazra [172] on the de-
velopment and structural evolution of poly(3-hexylthi-
ophene) (P3HT) Langmuir and Langmuir—Blodgett
(LB) blended with stearic acid provides Results on the
influence of Transfer pressure on LB film formation by
observing AFM images of membranes obtained at dif-
ferent Transfer pressure (Fig. 20). Due to the weak po-
lar nature and strong intermolecular bonds of pure
P3HT, it often agglomerates right on the surface of the
water. Therefore, it is difficult to fabricate stable mul-
tilayer P3HT by superimposing ordered monolayers on
a solid substrate. Fatty acids mixed with P3HT accord-
ing to the appropriate molar concentration will reduce
the hardness, and greatly improve and increase their
polarity when put on the water-air interface.

two different pressures (P) [172]
Puc. 20. ACM-n300paxkeHus B IBYX pa3IMYHBIX pa3Mepax CKaHUPOBaHUS U cMemraHHbIX eHoKk P3HT-SA LB, ocaxneHHBIX npu
JIBYX pa3nu4HBIX cocTaBax (R) u mpu nByx pasnmuHbIx gaBieHusx (P) [172]

Thus, it can be concluded that the compressive
pressure at the time of thin film collection is an im-
portant factor in the formation process as well as the
surface structure, morphology, and thickness of LB
and LS film of fatty acids and their derivatives.

Orientations of deposited substrates

The process of forming supernatant films of
surfactants by the Langmuir-Blodgett method depends
on many parameters as mentioned in sections 3.1-3.6.
After the stable embossed monolayers are formed, they
can be transferred onto the substrate to obtain solid
films. The film deposition floats onto the solid sub-
strates in a direction perpendicular to the water-air in-
terface (a Langmuir-Blodgett film will be obtained)
and in a parallel direction (a Langmuir-Schaefer film
will be obtained). In each method of transferring the
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membrane to the substrate according to LB or LS de-
pends on the membrane embedding speed, substrate
nature, number of embedding monolayers, transfer
pressure and especially orientations of substrates.
Studying the LB film of stearic acid when changing the
tilt angle (direction) of the embedding substrate in the
direction of membrane compression at values of 6 = 0,
45, 90° showed the difference in molecular orientation,
roughness and shape of obtained film state (Fig. 21).

PROPERTIES OF LANGMUIR-BLODGETT FILMS

Molecular orientation

On pure carboxylic acid films, Tao’s work was
particularly informative, providing information on the
structure of carboxylic acids with varying chain
lengths from 4 to 20 and a 24-carbon carboxylic acid
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[184]. In this study, Tao reported a chain tilt from 15
degrees to 25 degrees for films on a silver substrate,
while films on a copper and aluminium substrate
stayed relatively perpendicular. This finding is in ac-
cordance with an earlier study by Chollet [185] which
found behenic acid at around 25 degrees of tilt from the
normal. Later research expanded this survey of molec-
ular orientation to salts of fatty acids. A common theme
in many fatty acid salt studies concludes that the posi-
tion of the film molecule remains perpendicular to the
surface with a high degree of stability. A recent study
[75] corroborated the reported findings by performing
investigations on copper arachidate. However, it would
be an overstatement to say that all works agree with
this proposition. Outka, Stohr et al. 1988 concluded
that calcium arachidate molecules exhibit 33 degrees
of tilt. An extensive survey on metal derivatives of be-
henic acid [186] conducted ellipsometry measurements
to determine the thickness of the deposited film.

-:;//{’_,

Average roughness(nm)
(2]

N

45 a0
Orientation angle of substrate{degree)

Fig. 21. Schematic diagram of Langmuir trough with three sub-
strates to be at different orientation angles with respect films to
the compression axis (6a = 0°, 0b = 90°, Oc = 45°) (left) and Aver-
age roughness of LB stearic acid at different 15 mN/m with orien-
tation angles of the substrates with respect to the compression di-
rection (0) [183]

Puc. 21. Cxematuueckas 1uarpamma BaHHbI JIGHTMIOpa ¢ TpeMst
OUTOKKaMH, HAXOAAIUMUCA IO Pa3HbIMU yIrJlaMU OpUEHTALlUU
MO OTHOIICHHIO K TUIEHKaM K ocH cxatust (Ba = 0°, b =90°, Oc =
45°) (cneBa) U cpeaHsisl EPOXOBATOCTh CTEAPUHOBOW KHUCIIOTHI
LB npu pa3zsbix 15 MH/M ¢ pa3HBIMU yTiaMu OpUEHTAINH TTOJIO0-
JKEK 110 OTHOIICHUIO K HampasieHuro cxatus (0) [183]
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Table 6
Thickness of various film systems measured by ellip-
sometry methods
Tabnuya 6. TonuuHa pa3JIHYHbIX MIEHOYHBIX CHCTEM,
H3MepeHHAsi MeTOJaMH YLIMICOMETPUM

System Thickness in A Reference
Stearic acid* 21 [82]
Behenic acid* 32 [186]

Sodium stearate 22 [82]
Sodium behenate 30 [186]
Copper stearate** 19 [82]

Copper behenate** 23 [186]
Manganese stearate 24.5 [187]
Manganese behenate 30 [186]

Note: * Thickness determined from monolayers on acidic sub-
phases (HCI 10-2 mol/L)

** Mean values from inhomogenous monlayers

Reproduced from [186]. All credits to the original authors.
[Mpumedanne: * TonmmHa onpeneneHa U3 MOHOCIOEB Ha KUC-
neix cy6gazax (HCI 102 mons/m)

** CpenHue 3HAYCHUS U3 HEOJHOPOIHBIX MOHOCIIOEB
Bocnpousseneno u3 [186]. Bce kpenuTsl npuHaIIEKaT IIEPBO-
HayaJIbHbIM aBTOpaM

We observe that several film systems contain-
ing various ions like copper, sodium, or manganese
have a thickness less than that of the original film. The
logical expectation for a film that has substituted its
hydrogen for a larger ion is that the film thickness will
increase, and although not explicitly mentioned in the
original study, assuming homogenous and good quality
film deposition with minimal loss of film material at
the time of measurement, we can theorize that a less
than perpendicular angle is exhibited by the film mol-
ecules. Another work applies a more novel ion in the
form of uranyl arachidate [188] and surveyed the film
thickness over many pH levels (Fig. 22).

100 T v T T
| Sutphase pH4 8
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Fig. 22. Thickness survey of uranyl arachidate
Puc. 22. UccnenoBanue TONIIMHbI ypaHUI-apaxuaara

It can be inferred that the average film thick-
ness per layer is around 3 nme. The thickness of an ar-
achidic acid film has been reported in literature [175]
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at 2.5 nm. When comparing this increase to the values
reported in Table 6, we see that despite the uranyl ion
possessing a size significantly larger than that of so-
dium or other reported ions, the change in film thick-
ness is relatively similar. This can be theorized as a de-
viation from the normal orientation of the film mole-
cules assuming other variables carry minimal impact.
Regarding the anisotropy in the film layers, studies dif-
fer in their results. A mathematical model using el-
lipsometry has been proposed to investigate anisot-
ropy [189].

A recurring theme in some studies states that
subphase pH is a major factor in determining film
properties [75, 188]. Lower pH results in less ion ex-
change between the film molecule and subphase, re-
sulting in a higher molecular tilt due to unequal inter-
molecular forces. At higher pH, the ions are exchanged
more and the tilt degree is less. This difference between
pH levels can be explained via the disassociation of the
fatty acid film. As pH decreases, the number of fatty
acid molecules that do not disassociate increases and
vice versa. A more detailed description of the effect of
subphase pH levels is discussed elsewhere in this re-
view article. There are also mentions of substrate ef-
fects on film orientation, such as the differing film ma-
terial using silver, copper, and aluminium [184] and this
variable’s effect will also be discussed in this article.

Regarding mathematical models, earlier works
[190-192] contain formulas and methods for the calcu-
lation of film parameters.

Interestingly, an article slightly unrelated to
fatty acid films details an amphiphilic polymer mole-
cule of polyacrylate with azobenzene side groups that
exhibit thermotropic properties and can reorient using
UV light or annealing [193]. This finding can be trans-
lated to studying fatty acid films hybridized with azo-
benzene groups and surveying it for similar reorienta-
tion patterns, creating a potential method for manipu-
lation of film structure.

Morphology

Araujo F fabricated beta-galactosidase (p-gal,
an enzyme that catalyzes hydrolysis) film in LB film
of stearic acid and poly[(9,9-dioctylfluorene)-co-thio-
phene] (PTPF) conjugated polymers for application in
biosensors [194]. LB is the optimal method to immo-
bilize enzymes and protect the structure of lipids and
polymers in membranes. Using atomic force micros-
copy (AFM) it is shown that the film with different
thicknesses is shown by contrast in Fig. 23. F. Araujo
[194] investigated the surface roughness by varying the
film composition: (A) stearic acid and enzymes, (B)
stearic acid and polymers, (C) polymers and enzymes,
(D) stearic acid, enzymes, and polymers. The results
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showed that film (B) had the highest surface roughness
and the most pronounced morphological heterogene-
ity. The film (C) shows defects such as ridges, protru-
sions, and deep grooves. Film (D) is evaluated as de-
fects on the film surface are minimized, but the rough-
ness on the membrane surface is still recorded due to
the nature of the components present in the film.

oz S0 oo 5lin
Fig. 23. AFM atomic force microscopy images of membrane sur-
faces based on different composition, (A) stearic acid and en-
zymes, (B) stearic acid and polymers, (C) polymers and enzymes,
(D) stearic acid, enzymes, and polymers [194]

Puc. 23. M306pakeHusi MeMOPaHHBIX TOBEPXHOCTEH, MOTyIeH-
HBIE C TOMOIIBIO ATOMHO-CHIIOBON MUKpockormun ACM, Ha oc-
HOBE Pa3JIMYHOTO cocTaBa: (A) cTeapHHOBAsA KUCIOTa H dep-
MeHTHL, (B) creapuroBast kucnoTa u nomimMepsl, (C) moaumeps! 1
(depmentsl, (D) creaprHoBast KMCI0Ta, epPMEHTHI 1 IosMepsI [194]
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Fig. 24. OCA Surface morphology image of OCA and monolayer
OCA cross-section [32]
Puc. 24. U3o6paxenue mopdosnoruu nosepxuoct OCA u norne-
peuHoe ceuenne MoHocnost OCA [32]
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Silicone is widely used in MEM microstruc-
ture devices. However, this is a less durable material,
very prone to damage, and has no natural lubricant. To
extend the life of MEM devices, Akulova et al. used a
monolayer film as a protective coating [32]. The mono-
molecular film made from octacosanoic acid (OCA), a
naturally occurring fatty acid used as a protective coat-
ing for silicon, was investigated for its strength, wear
resistance, and low toxicity.

The surface morphology of the OCA mono-
layer shown in Fig. 24 shows that the voids on the
OCA-coated surface occur during the fatty acid film
transition from the aqueous phase to the substrate. The
results of AFM image analysis show that the average
surface roughness of the OCA layer is 0.52 nm and the
square root roughness (RMS) is 1.4 nm. The AFM im-
age shows the formation of a uniform OCA coating on
the silicon with a film thickness of 3.2 nm. The abra-
sion resistance survey results of the OCA film showed
in Fig. 25. That the OCA-coated silicon surface was
abraded after 780 + 15 sliding cycles with 1N load.
Fatty acid molecules have a weak bond with the sub-
strate, so they can easily move between the contact sur-
faces to help slow down the wear process.

512921999925

Fig. 25. SEM image—of abrasion stain on silicon surface coated by
OCA monolayer [32]
Puc. 25. N3obpaxenne COM — abpa3nBHOE MATHO Ha IOBEPXHO-
CTH KpEeMHUsL, TOKpBITOit MoHOCTOeM OCA [32]

Paul et al. have fabricated monolayer films of
fatty acid (arachidic acid)-based gold nanoparticles for
application in metal-insulator-semiconductor (MIS)
structures. Transmission electron microscopy image of
a single layer of Au nanoparticle LB transferred onto a
carbon-coated microscope grid is shown in Fig. 26.
The nanoparticles have a tight arrangement, good or-
der, and uniform distribution on the membrane. The
average particle diameter is about 8 nm and covers the
membrane surface [195].

Thus, it can be seen that the LB film has good
coverage, high compaction capacity, surface uni-
formity and high degree of directional order [196]. De-
pending on the different film composition, it is possible
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to create a film with different smoothness and surface
roughness. It is also possible to change the thickness
control for specific applications from a single test layer
to the desired thickness by embedding different layers
onto the substrate. The fatty acid LB film can also cre-
ate holes on the surface of the material for application
in superhydrophobic materials.

Fig. 26. Transmission electron microscopy of a single layer of LB
Q-Au transferred onto a carbon-coated microscope grid [195]
Puc. 26. TIpocBeunBaromas dIeKTPOHHAS MUKPOCKOIIHUSI OTHOTO
ciost LB Q-Au, mepeHeceHHOTo Ha MOKPHITYIO YTIIIEPOJIOM CETKY
MuKpockona [195]

Stability

Stability is a major issue for LB membrane ap-
plications. The LB films of fatty acids are evaluated to
have poor heat resistance and can change their proper-
ties and structure over time [196]. Therefore, in addi-
tion to the notes in the manufacturing process, it is also
necessary to choose an appropriate membrane protec-
tion environment. Kobayashi et al investigated the
thermal stability of Langmuir-Blodgett (LB) films of
icosanoic acid by Fourier transform infrared absorp-
tion spectroscopy (FTIR) and scanning electron mi-
croscopy [197] Kobayashi used scanning electron mi-
croscopy to examine the film surface at different tem-
peratures. Based on the SEM image (Fig. 27), it can be
seen that a few holes were observed on the membrane
surface even below the bulk melting point, possibly
due to surface fluctuations and desorption occurring
for the icosanoic acid film. This allows the acid mole-
cules to move from lower to higher positions in the
membrane and form holes on the surface of the LB
membrane. The analysis results show that the LB film
of icosanoic acid has chaos and displacement of acid
molecules when the temperature increases, making the
film unstable even at the mass melting point.

Fig. 28 shows the temperature dependence of
the FTIR RAS spectra of the icosanoic acid LB film.
FTIR in combination with DTA shows that the inten-
sity of CH- oscillations increases with temperature and
increases most strongly at 76 °C which is the sub-melt-
ing temperature, slight shift, and spectral expansion can
be observed. When cooled to a temperature of 30 °C, the
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film had structural reorientation, but the original room
temperature spectrum was not obtained.
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Fig. 27. Scanning electron microscopy images of LB icosanoic
acid films at different temperatures: (a) 25 °C; (b) 51 °C; (¢) 71
°C; (d) 80 °C [197]
Puc. 27. Ckanupyromue 3JeKTpOHHBIE MUKPOCKOIIHYECKHE N300-

paxeHus ieHok LB nko3aHOBON KUCIIOTHI IPU Pa3IUYHbIX TEM-
niepatypax: (a) 25 °C; (b) 51 °C; (¢) 71 °C; (d) 80 °C

Zhang [198] also had a similar experiment us-
ing FTIR spectra of 21-layer stearic acid LB films rec-
orded at high temperatures from 20° to 80 °C, in dif-
ferent wavenumber regions to show optical changes in
Fig. 29. The temperature-induced spectrum is more ob-
vious. The results show that the IR spectrum of the
film is in the CH, region at high temperature. 2916
and 2850 cm™ in the 20 °C spectrum are assigned to
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symmetric CH; stretching oscillations, respectively, of
unchanged frequency (2916 and 2850 cm?, respec-
tively) up to 62 °C. Then, upon a sudden increase in
the temperature range of 62-68 °C, and finally reaching
constant values (2923 and 2854 cm”, respectively)
above 68 °C indicating the frequency of the stretching
bands of CH, is very sensitive to the structure of the
hydrocarbon chain. The values of 2916 and 2850 cm™
for CH, symmetric stretching bands are characteristic
of a highly ordered hydrocarbon chain structure. It can
be seen that the structure of the stearic acid film cannot
be restored when it is returned to room temperature.

Absorbance

1800 1000 100 1200
Wavenumbers / cm-?
Fig. 28. FTIR spectra of icosanoic acid dependent on tempera-
ture [197]
Puc. 28. Cniextpst UK-Oypbe nK03aHOBO# KHCIOTHI B 3aBUCHMO-
CTH OT TeMneparypsl [197]
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Fig. 29. Infrared spectra of a 21-layer stearic acid LB film in the
high-temperature CH extension region
Puc. 29. MndpaxpacHble criekTpbl 2 1-CI0HHO# IICHKH CTeapUHOBOM
kuciotsl LB B 006nactu BeicokoTeMmneparypHoro pacrmperns CHz
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Goto et al. [79] have developed a poly(p-phe-
nylene vinylene) (PPV) block copolymer film immo-
bilized in a Langmuir-Blodgett (LB) stearic acid (HSt)
film, and incorporated with glucose-stabilized palladium
nanoparticles. oxidase (GOx-PdNP) to enhance their
electrical conductivity and luminescence properties.

Nanobiocomposites, based on HSt, PPV, and
GOx-PdNP, were transferred from the air-water inter-
face onto solid supports using the LB technique. These
films are characterized by surface pressure area iso-
therms, polarization-modulated infrared reflectance-
absorption spectroscopy, fluorescence spectroscopy,
and conductivity measurements. The results indicate
that the incorporation of GOx-PdNP in the PPV-HSt
LB film enhances the luminescence and electrical con-
ductivity of PPV. Based on the higher conductivity and
emission obtained with hybrid LB membranes and the
ability to modulate the molecular-level interactions be-
tween membrane components by varying the experi-
mental conditions, thus allowing optimal Further
chemistry, one can envision applications for these
films in optical and electronic devices, such as organic
light-emitting diodes. In addition, fatty acids used in
the fabrication of hydrophobic films show that they can
be used to protect materials from corrosion, against
physicochemical agents, and prolong the life of the ma-
terial. The corrosion tests of Zhu J showed that the
stearic acid film can resist chemical agents to protect
magnesium from corrosion after a chemical corrosion
test [199]. Zhu J also studied the chemical stability of
superhydrophobic surfaces by using acids to investi-
gate the contact angle of the film. The contact angle of
the droplet with pH 1 and 2 has a contact angle greater
than 150° which is lower than the contact angle of wa-
ter. Thus, it can be seen that the surface of the film can
be destroyed under strong acid conditions, and the su-
perhydrophobic surface can be lost.

Structure

Amphiphilic molecules of fatty acids can form
molecular monolayers on the surface of water. Chang-
ing the surface pressure can change the structure of the
membrane. The film structure of stearic acid shows X-
ray diffraction patterns of 21 monolayer films of stea-
ric acid deposited at different migration rates of the
glass substrate. Based on the graph Fig. 30, there are
two series of diffraction peaks [200]. The values at
20 = 4.41°, 6.58° and 11.0° are due to the reflections
(002), (003), and (005) of the C crystal with long spac-
ing of 3.99 nm, respectively. The peaks at 20 = 5.70°
and 9.53°, on the other hand, are assigned to reflections
(003) and (005), respectively, in crystal form with a
long spacing of 4.64 nm. Several studies have shown
that the structural arrangement of fatty acid films can
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change from hexagonal to rhombic at a thickness
greater than that of the monolayer [196].

A=form (00Q3)
c-form (003)

C-form (002)
C-form (005)

INTENSITY
A-form (00S)

2.5
1.2 mm/min

1 1 1
4 6 8 I 10 12
20 / deq
Fig. 30. X-ray diffraction pattern of 21-layer stearic acid film on a
glass substrate [200]
Puc. 30. PentrenoBckas nudpakiuuonnas kaptuHa 2 1 -ciroiHoit
IUIEHKU CTEAPHMHOBOH KHCIOTHI HA CTEKIIHHOM moutoxke [200]

By controlling the desired thickness, the LB
film can create a porous membrane structure through a
corrosion mechanism [201]. After forming the stearic
acid film by LB method on mica substrate, the film was
etched by soaking in salt solution to create a porous
structure. The AFM image of SA monolayer film
shows a uniform surface with rare defects (Fig. 31A)
and its high-resolution image (Fig. 31B). However, the
area of defects accounts for only a small percentage of
the total area. These SA LB membranes on mica were
able to maintain their structure for several days. These
types of porous materials can be used in many fields
such as life sciences, catalysis and optics. In addition,
with the single-layer film making mechanism, the
thickness of the film can be completely controlled and
the desired thickness is obtained.

i
Fig. 31. AFM image of SA monolayer (B) High resolution image
of SA monolayer [201]
Puc. 31. N300paxenne MOHOCTOS SA, MOIydeHHOE C TIOMOLIBIO
ACM (B). U3o6paxenne MoHOCIOS SA ¢ BBICOKHM pa3pelie-
uuem [201]

Optical

The graph presented a survey on the various
parameters that affect the optical properties of mixed
DBPI/PMMA or DBPI/Stearic acid films. As we can
observe from the dotted line in both a) and b), a minor
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red shift occurred when comparing the original mate-
rial in chloroform to the annotated lines with molar
fractions (Fig. 32). Although small, this indicates a
change in the material structure.
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Fig. 32. UV-Vis absorption spectra (dotted line) of N,N-bis (2,5-
di-tert-butylphenyl)-3,4,9-perylenedicarboximide (DBPI) in
polymethyl methacrylate (PMMA) and Stearic acid [157]
Puc. 32. Crextpsl norsouienust B Y ®-Buaumoit obmactu (yHK-
tupHas U ) N,N-6uc(2,5-mu-tpet-Oyrundennn)-3,4,9-nepu-
neraukapookcumuaa (DBPI) B momumernnmerakpunare
(IIMMA) u creapuroBoii kuciore [157]

From a perspective of the exciton model [202],
exchanges between molecular dipoles can cause an ex-
citon band with specific energy to materialize. This
specific energy can be different or equal to the mono-
mer’s value. A formula is used to calculate the change
in energy:

AE = 2M?(1 — 3cos?%8) /r3

where M represents the dipole moment, 6 represents
the angle between the dipole and the r vector, and r is
the length of the vector between the two centers of the
dipole. Depending on the 6 value, the change in energy
can be positive, negative, or none. At the angle of 54.7
degrees, no shift is observed, while for angles less than
54.7 the sign of E is negative, meaning the band is
formed below the monomer’s level thus creating a red
shift. On the opposite end, angles above 54.7 degrees
up until 90 degrees cause the formation of an exciton
band above the original monomer’s band, prompting
the molecule to accept shorter wavelengths thus caus-
ing a blue shift.

Earlier studies have found that aggregation
causes shifts in the spectra [203]. It is worth noting that
in this case, the aggregation of film molecules caused
the exciton band energy to fall below the original mon-
omer band, thus prompting the material to absorb light
towards the red end of the visible spectrum (longer wave-
lengths — less energy). These aggregates are called J-ag-
gregates. Note that while the studies mentioned red
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shift, it is by no means comprehensive and the opposite
can occur, which is a blue shift. A blue shift is the ab-
sorption of shorter wavelengths, or increased energy
light towards the blue end of the visible spectrum. This
is caused by the exciton band energy moving higher than
the original monomer band energy. These aggregates are
called H-aggregates.

(a)

Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)
Fig. 33. UV-Vis spectra of P3DDT solution and mixed films [204]
Puc. 33. Y®-Buaumele criektpsl pactBopa P3DDT n cMentaHHBIX
I1eHOK [204]
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Fig. 34. UV-Vis spectra of coumarin derivative and mixed films [205]

Puc. 34. Y®-Bumumble CIIEKTPBI MPOU3BOIHBIX KyMapruHa U CMe-
HIaHHBIX TIEHOK [205]

Similar conclusions can be drawn from Fig. 33
and Fig. 34 as we observe a significant red shift in the
UV-Vis spectrums. All of the articles attribute this to
the creation of aggregates causing the delocalization of
electrons and lowering the energy required for the ex-
citation of the material. However, existing literature on
LB films that exhibit blue shift behavior is not uncom-
mon. Blue shifts for azobenzene-containing fatty acids,
stilbene amphiphiles, and pyrenes were also reported
[206-208].
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Changing film parameters seems to have
mixed effects based on film architecture. Fluorescence
spectra showed small shifts from the influence of mo-
lar fractions, but significant changes dependent on
layer count and pressure [157]. In this article, increas-
ing layer count or pressure causes an increase in ex-
cimer emission and a decrease in monomeric emission,
explained by the increase in molecular density/dis-
tance, causing a higher rate of formation for excimers
and thus increasing excimer emission on the spectra.
Molar fractions do not produce visible changes in spec-
tra except a specific molar fraction of 0.8 carba-
zole/PMMA produces a spectra similar to that of car-
bazole in a microcrystal state [158]. It appears that this
molar fraction creates a stable environment for the for-
mation of similar structures. Higher layers of the film
appear to cause a reversal in the fluorescence spectra
characteristics. At lower layer counts, emission within
the longer wavelengths is higher relative to the shorter
end, while at higher layer count this appearance is re-
versed. The paper only provides speculations on this
phenomenon, attributing it to changes in electronic
structure caused by additional layers. Further study is
needed to clarify this observation. Pressure does not
have a significant effect. The effect of changing film
parameters are better discussed elsewhere within this
review article.

In general, optical properties of LB films and
LB films of fatty acids are highly diverse and depend-
ent on the properties of the compounds chosen by re-
searchers. Apart from the red/blue shift phenomenon
observed in the articles, we have not found many trends
or themes within the optical properties of LB films of
fatty acids.

APPLICATIONS POTENTIALS OF FATTY ACIDS

Sensing and biosensing

Sensing and biosensing can be considered one
of the key applications for LB films of fatty acids with
over 1400 articles [1] (see Table 3 for the keyword “bi-
osensors” in cluster 3). Recently, these films have been
applied in surface-enhanced Raman scattering (SERS),
which enables biomolecules to become highly sensi-
tive sensors when FRaman scattering is enhanced
thanks to surface modification [209]. Early studies
highlighted the basic gas sensing applications into (i)
gas sensors, (ii) ion sensors, and (iii) biosensors and
immunosensors [210]. For gas sensors, the device that
incorporates LB films takes advantage of the high ratio
of film area to film volume property of thin films. Due
to the high surface area, when the film is exposed to a
sensitive molecule, a reaction quickly begins and changes
the film’s properties. This change can be measured and
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output the type of molecule and concentration. For ion
sensors, there are ion-sensitive layers or ion-sensitive
field-effect transistors (ISFET) [210]. In these devices,
ions form complexes with film material, which then is
measured using a quartz crystal microbalance (QCM)
[211], or the device has a measured change in voltage
when exposed to ion concentrations in ISFETs [212].
Immunosensors operate in the same manner as ion sen-
sors, with biomolecules causing measured changes in
film properties [210].

A biosensor measures biological or chemical
reactions by generating signals proportional to the con-
centration of the analyte in the reaction [213]. Biosen-
sors have been widely studied and applied in most
fields from monitoring the impact of environmental
pollution, in the food and textile industries to their ap-
plication in medicine and biology [214]. Thanks to
their short response times and small form factor, bio-
sensors exhibit the capability to function in a variety of
environments and temperatures. Nonetheless, the cru-
cial element impacting the sensitivity of these sensing
systems is the presence of identification units charac-
terized by optimized surface density, excellent contact
ability, long lifetime, high stability, and high reliabil-
ity. Molecular assemblies in a thin-film model that
meet the requirements of biosensors can be fabricated
using the Langmuir - Blodgett (LB) and Langmuir -
Schaefer (LS) techniques [215, 216], which allows thin
layers of lipids to be stacked atop one another. By op-
timizing the parameters, these techniques can fabricate
thin films of amphoteric molecules, which have suita-
ble properties for immobilizing adsorbent molecules
with biological activity [217].

Gas sensor is a device that can detect and give
the concentration of various gasses such as toxic gas,
explosive gas, volatile organic compounds or moisture
[218]. Gas sensors are generally divided into two
types: reversible sensors that can be used continuously
and repeatedly and the second type are non-reverse
sensors that can give a quick warning of toxic gasses
but can only be used once. However, it is important for
most gas sensors to select a sensitive material that can
respond quickly [219]. Ding Hanming et al. previously
reported the results of gas sensing using LB membrane
fatty acid salts to detect H,S gas [220]. According to
previous evidence, H,S gas has a direct impact on hu-
mans, causing high levels of olfactory fatigue. At low
concentrations from 0 to 150 ppm, H.S gas can be irri-
tating and when exposed to 5 minutes at concentrations
of 800 ppm they can be fatal to humans [221]. Exten-
sive research has been conducted on providing early
warnings for detecting H.S gas even in low concentra-
tions. However, the applicability of most commercial
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gas sensors is restricted due to their reliance on inor-
ganic materials and the necessity to operate at high
temperatures. In recent studies, organic thin films have
shown outstanding advantages in terms of low-temper-
ature operation, rapid fabrication process, and material
availability [123, 222]. Among these materials, fatty
acids are commonly employed, particularly salts of
stearic, arachidic, behenic acids, and others. These sub-
stances exhibit rapid and facile reactions with H»S mol-
ecules. Moreover, the LB thin film possesses a struc-
tural advantage attributed to its extensive surface area,
facilitating easy diffusion of gas molecules into the thin
film. As a result, fatty acid LB thin films have the po-
tential to serve as sensitive materials for gas sensors
[220].

Thickness shear mode (TSMs) biosensors have
many potential applications in pharmaceutical science.
They can accurately measure mass in the nanogram
range, film thickness, viscosity, and shear modulus.
The application of these biosensors to measure the drug
partition coefficient has opened up new potential ap-
plications in the field of medicine [223]. Previous pub-
lications have described the principle of fatty acid mul-
tilayer films as a suitable chemical modeling system,
displacement, and spectral properties of three fatty acid
film layers coated on the sensor by the Langmuir-
Blodgett method [41]. The results indicate that the fre-
guency change is non-linear at low fatty acid counts
and the viscosity in the film becomes higher at a large
number of film layers. An inverse relationship was ob-
served between sequence length and frequency change
which was attributed to the influence of the morphol-
ogy of the sensing surface [223]. This shows the im-
portance of accurately and fully describing the proper-
ties of lipid multilayer membranes so that they can be
applied in sensors drug delivery coefficient [223].

A surface acoustic wave (SAW) sensor for the
detection of odorants was also presented earlier by
S.M. Chang by applying the Langmuir-Blodgett tech-
nique [224]. Through the deposition of various phos-
pholipids and fatty acids onto the surface of the SAW
device, the characteristics of this device operating at
310 MHz coated with phosphatidylcholine were ana-
lyzed. It is shown that the identification of these odor-
ants depends on the type of lipid used for the coating
[224]. Since then, many studies have been developed
to discuss and compare their normalized resonant fre-
quency shift patterns.

Tribological applications

The lubricating properties of LB fatty acid film
surfaces have been applied in tribological applications
[32, 225, 226]. When comparing the wear reduction ef-
ficiency of octacosanoic acid (OCA) LB monolayers to
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other self-assembly films, namely octadecanoic (OA)
and octadecyl trichlorosilane (OTS), OCA has 7.5
times the resistance of OA films and about 27 times the
resistance of OTS films [32]. The large difference be-
tween OCA and OTS films is explained via the nature
of the interaction between the film and the material.
OTS forms covalent bonds while OCA and OA form
weak bonds with the material. This weak bond allows
molecules to navigate between surfaces, thus reducing
the wear and stress on the material. However, the dif-
ference in wear reduction efficiency between OA and
OCA films (both fatty acids) was not elucidated. Other
fatty acids and fatty acid derivative materials should be
investigated, especially a mechanism explaining the
difference in the lubricating quality of different fatty
acids [227].

Model membranes

Recent studies of LB fatty acid films for bio-
medical applications were focused on tear films for dry
eye disease [228-231], and model membranes [232-
237]. The application of LB fatty acid films can be ex-
panded into the biomedical field by fulfilling other re-
quirements, namely biocompatibility, low corrosion,
and tissue integration [238]. Although it is evident that
fatty acid films satisfy biocompatibility, we have lim-
ited data on the low corrosion and tissue integration
ability of fatty acid films [7, 239, 240]. We speculate
that LB fatty acid films are likely to be used as short-
term materials and surfactants in biomedical fields
such as tear film layers.

Fatty acids which are major components of bi-
ologically relevant structures such as cell membranes
have been the subject of many studies due to their bio-
compatibility and potential applications. Solid-state li-
pid layers can be used as model membranes for the
study of lipid ligand-binding proteins, cell identifica-
tion, insertion of proteins into membranes, and other
biofilms-related studies [241]. Proposed by Prof. Mar-
cio Francisco Colombo and validated by Prof. Jodo
Ruggiero Neto, the utilization of Langmuir monolayer
membranes emerged as a fitting approach to under-
standing the molecular-level functions of biomolecules
within cells [242].

Applying the Langmuir monolayer membrane
technique in studying the interactions between mole-
cules and simulating cell membranes [243, 244],
thereby applying them to medicine is a trend that is of
great interest to researchers. Studies on the effects of un-
saturated fatty acids (UFAs) and plant sterols/stanols on
biofilms modeled as cholesterol/DPPC systems [245]
showed that the hypoglycemic agents studied changing
the physiological properties of the model membrane,
directly affecting the fluidity and interactions between
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the membrane components [246]. By applying the
Langmuir monolayer membrane technique to study the
intermolecular interactions, the above study showed
that not only cholesterol but also its oxidized deriva-
tives oxyterol [247, 248] are involved in the formation
of atherosclerotic plaques in the artery wall. Moreover,
the close association between oxyterol and cholesterol
on the same cell membrane is closely related to each
other and plays an important role in vascular remodel-
ing, and is associated with atherosclerosis. Therefore,
the interaction between unsaturated fatty acids and
cholesterol with oxyterol has been studied through the
monolayer LB membrane technique [246]. The report
of Giuseppe Vitiello et al [249] used omega-3 fatty ac-
ids to reduce the risk of developing Alzheimer's dis-
ease (AD) by modulating the properties and dynamics
of nerve cells. Results of studying the effects of lipids
omega 3 and 1,2-didocosahexaenoyl-sn-glycero-3-
phosphocholine [22:6(cis)PC] on the physiological
properties of the lipid bilayer and their interactions
with the amyloid peptide fragment A (25-35) has been
shown to interact selectively with the cholesterol-rich
(Chol) and sphingomyelin (SM) classes. [22:6(cis)PC]
increases the A(25-35) interaction with the membrane
and aids in the internalization of peptides between lipid
acyl chains [249], thereby helping to prevent the pro-
cess of causing Alzheimer's disease. It can be seen that
the application of Langmuir membrane technology to-
gether with fatty acids is increasingly being studied for
the simulation of cell membranes and their application
in the treatment of diseases, which further promotes the
development of cell membranes techniques in biomed-
ical and cellular fields.

Environmental science

Applications of fatty acid films in environmen-
tal science have emerged. This emergence is rooted in
applications of LB films for the detection of harmful
substances such as heavy metals [250, 251], pharma-
ceutical waste [252], and harmful peroxides [253].
This future research direction was evidenced by [254]
who described a thin film of poly(piperazine-am-
ide)/sulfonated graphene oxide (SGO)/magnetite-dec-
orated SGO via the electrospray interfacial polymeri-
zation method for dye/saltwater separation. The thin
film was characterized by hydrophilicity, roughness,
porosity, and permeation properties. Similarly, Ma
[255] used a thin-film composite polyamide through
the electrospray method and highlighted the film’s fea-
tures, namely porosity, surface charge, permeability,
and heavy metal ion adsorption. The LB method can
replicate similar materials [254, 255] through porosity
and surface roughness modification to allow for ion ad-
sorption. Fabricated LB polyimide/fatty acid films
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have been reported as structurally similar to our spec-
ulative polyamide/fatty acid film [256, 257], in which
fatty acid incorporation can render unstable film-form-
ing materials such as polyamides viable for thin film
fabrication. In our opinion, we consider using LB films
of fatty acids for environmental purposes to be highly
potential and feasible for researchers to conduct.

Metal ion adsorption is a viable research direc-
tion that has a basis in current LB fatty acid film liter-
ature [258]. Heavy metal ions such as cadmium, lead,
chromium, and arsenic are highly toxic to biological
life and must be purified from water sources. Fatty acid
films solve this predicament via the ion adsorption
mechanisms of cadmium ion [127, 259-261], lead ion
[262-265], and chromium ion [266]. Although the the-
oretical possibility has been established, this area re-
mains unexplored despite its potential.

Chitosan and carbon material

Yan’s work [267] described chitosan micro-
spheres produced via precipitation with promising ion
adsorption properties. Considering the recent interest
in chitosan-based LB films [268, 269], researchers can
consider incorporating the chitosan microspheres from
Yan’s work into their LB film research. Other works
have detailed chitosan/fatty acid films, demonstrating
the uses of this material [147, 168, 235]. Li’s work
[270] demonstrated a hydrogel material formed from
polymers and amylose exhibiting dye absorption prop-
erties. While forming hydrogel is not practical using
LB techniques, researchers have historically investi-
gated amylose-containing LB films such as mixed amyl-
ose/esters films [271, 272], and amylose/dye films [273].

Alvarez’s work [274] demonstrated that ozo-
nation of granular activated carbons (GACs) affected
adsorption strength towards phenolic compounds of
the material. Since LB technology allows for the fabri-
cation and modification of surface characteristics,
films containing GACs can be considered a potential
material for investigation. However, the large size of
GACs prevents them from practical applications in ex-
periments and application. Thus, we recommend a sim-
ilar alternative: powdered activated carbon (PACs).
According to a manufacturer, the median perimeter of
PACs is 15 to 30 um [257]. If these micron-sized par-
ticles can be incorporated into LB films, probably by
using a support layer such as fatty acids, we can realize
a novel research area that has not been previously done
before.

Solar cells

Along with the development of renewable en-
ergy, thin film solar cells have received more and more
attention in recent times due to their outstanding opti-
cal properties and high energy conversion efficiency
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[275]. The use of fatty acid thin films in thin film solar
cells has been proposed, which can be anti-reflective
coatings or act as an absorbent layer, or can be com-
bined with other materials to passivate defects, which
enhances the efficiency of solar cells [275, 276].

Almost all of the semiconductors commonly
used for solar cells such as silicon or gallium arsenide
have a high refractive index (n > 3.0), which leads to a
deterioration in their efficiency [277]. As previously
published, a common method to reduce the reflection
of solar cells is to add an anti-reflective (AR) coating
at the end of the battery processing. In addition to act-
ing as an anti-reflective coating, this material must also
meet the requirements for use as a protective cover for
solar cells [278]. In order to overcome the weaknesses
of materials used as protective covers for solar cells to-
day such as glass, silicon, polymer coatings, etc., or-
ganic films of long-chain fatty acids have applied in
this area [277]. The use of fatty acid films based on the
L-B method as coatings on the glass surface of solar
panels has been reported since the early 1940s, but the
application of both AR and protective coatings is a
matter of ongoing research. The research conducted by
S.L. Buckner and V.K. Agarwal has shown that fatty
acid L-B films can grow films of high quality with con-
trollable thickness, whose refractive index can be ad-
justed to a limited extent through the CH. group. inte-
grated in molecular chains or by replacing H* ions with
metal ions [277]. In addition, the hydrophobic -CHs
group in the molecule can be used to maintain the
outermost layer, which is responsible for inhibiting
water absorption, the use of polydiacetylene mem-
branes [CH3(CH),-C=C-C=C-(CH2)n-COOH] as a
photopolymer will provide thermal stability and me-
chanical stiffness corresponding to the panel protection
material. The use of fatty acid films such as stearic acid
films on silicon solar cells as an antireflection and pro-
tective coating has been presented and studied re-
cently, showing a decrease of 10-30% in the reflec-
tance on commercial solar cells. The refractive index
of stearic acid films in the range of 1.42-1.48 is suitable
for the efficient use of fatty acid thin films in the field
of solar cells [277].

The enhancement of the efficiency of solar
cells using a new material that combines inorganic ma-
terials and fatty acids has been demonstrated previ-
ously. This helps to limit the surface defects of the ma-
terial, enhance the transport of charge carriers and in-
crease the light absorption capacity of the solar panels
[278]. In the report of Yifang Qi et al., the passivation
technique was used to improve the performance of per-
ovskite solar cells (PSC) [279]. Accordingly, a new
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material was fabricated, using fatty acids-polyami-
doamine-COOH (FPC) with sixteen long alkyl chains
and eight carboxylic acid functional groups, which can
passivate Pb defects at the surface and grain bounda-
ries, which play an important role with recombination
at the interface between the perovskite layer and
PCes:BM (Phenyl-C61-butyric acid methyl ester) in
PSC. The energy conversion efficiency of PSC modi-
fied by fatty acid-polyamidoamine-COOH (FPC) can
be increased to 21.01% with Jsc = 23.74 mA/cm?, Voc
=1.09 V, and FF = 81.16%. Furthermore, the hydro-
phobic long alkyl chains improve the stability of the
device, which can maintain 82% of the original PCE
value in ambient at 305 °C for 30 days [279].

In another study, the combination of ionic lig-
uids from the products of organic acids and organic
amines with inorganic thin films was also presented
[276]. Accordingly, an easy and environmentally friendly
approach is developed to deposit Cu.ZnSn(S,Se)s thin
films by adding the important n-butylammonium butyr-
ate ionic liquid in the solution. deposition of thin films,
they can dissolve some metal oxides such as Cu.O,
ZnO va SnO, and various metal chlorides. Then, n-bu-
tylammonium butyrate was completely removed by
thermal decomposition using a low-temperature sinter-
ing process, forming a high-quality Cu,ZnSnSs nano-
particle thin film. Thin-film solar cells using the above
material give an energy conversion efficiency of
8.79%, showing the potential for making solar cells us-
ing green methods with an easy process [276].

To improve the efficiency and longevity of
photovoltaic devices, electrodes made of fullerenes
and derivatives combined with ionic liquid electrolytes
have been used in solar cells (DSSCs) [280]. In Kata-
yanagi’s study, Hideki et al. produced carbon elec-
trodes suitable for applications in solar cells using LB
technique and sulfonated fullerenes as substrates [281].
Accordingly, monolayer and multilayer films with sul-
fonyl-based fullerene/fatty acid and non-fullerene mix-
tures have been investigated [281].

Conductor

The growing fascination with organic thin
films possessing conductive and semiconductor char-
acteristics stems from their potential applications in
electronic devices that demand a molecular-level struc-
ture. The fabrication of a nanometer-sized organic con-
ductive film has opened up many applications such as
in solar cells, sensors, or light-emitting diodes [282].
However, the fabrication of thin films with molecular
structures with high order level, well-controlled size
and growth direction is still one of the difficulties in
this field. To solve that problem, the LB technique pro-
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vides precise control over the layer-by-layer deposition
and orientation of the molecule. Even so, since the pol-
ycrystalline structure of LB thin films leads to heat-ac-
tivated charge transport causing their conductivity to
degrade, improvement of the crystal structure is essen-
tial to achieve a highly conductive LB film [283]. Ac-
cording to previously published studies, LB mem-
branes of mixed fatty acid molecular systems have
been shown to exhibit metallic conductive properties
[282]. The charge transport and structural properties of
these films were investigated as a function of the alkyl
chain lengths of fatty acid molecules at different molar
ratios [282]. T. Minakata et al. successfully fabricated
polyacene thin films with the fatty acid diacetylene
(22,24-pentacosadynoic acid: o-PDY) used as a mon-
omer [284]. Among them, the polymerization of 3,4
polyethynylacetylene mainly occurred in the LB pro-
cess, then the C=C bond was formed by irradiation with
an excimer laser or an electron beam. The formation of
aromatic structures in the LB film increases electrical
conductivity. The results of nanostructured TTF-TCNQ
(tetrathiafulvalene-7,7,8,8-tetracyanoquinodimethane)
films exhibit a conductivity of 2.102 S/cm, which is six
times greater than that of PDA (10,12-pentaco-
sadiynoic acid) multilayer [284]. Another study suc-
cessfully fabricated polyaniline and polypyrrole con-
ductive films by the LB method combined with stearic
acid (PAN-B/SA) to form stable films at the air-water
interface [285]. The alkyl chains of the stearic acid
molecules are randomly distributed in the LB mem-
brane which minimizes influence on the electrical
properties of polyaniline. These films are then con-
verted to multilayer films with a conductivity of about
1 S/cm when doped with hydrochloric acid [285].

Leonid M. Goldenberg fabricated a tetrabu-
tylammonium-Ni(dmit), complex film at the air-water
surface with various substrates from the supernatant
containing different concentrations of tricosanoic acid
[286]. The morphological, electrochemical, and photo-
electrochemical properties of the conductive thin films
show that the conductivity value measured at room
temperature is 102 S-cm, thermal activation energy
AE = 0.08 — 0.1 eV over a temperature range of 100-
300 K, by electrochemical doping after deposition with
four different anions and by chemical doping with io-
dine. The electrochemical doping method during LB film
deposition showed a conductivity value of 102 S.cm?
[286].

Smart windows

In daily life, heat absorption through transpar-
ent surfaces such as windows can lead to an increase in
temperature in buildings, offices, cars, or enclosed
spaces which makes the heating process, cooling, and
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artificial lighting consume a lot of energy [287]. With
the advancement of nanotechnology, it is possible to
create materials with unique structural properties that
are capable of reducing energy consumption in a cer-
tain area. In buildings or cars, these materials can be
applied to smart windows. Smart windows can reduce
energy consumption by controlling the absorption of
solar radiation at will in different weather conditions
based on the principle of phase change [288, 289]. Pan-
eliya and colleagues have successfully fabricated par-
affin coated with silica mixture as an organic phase
change material with ultrathin coating using Lang-
muir-Blodgett technique [290]. Due to low thermal
conductivity, paraffin is coated with fatty acids to in-
crease heat conduction during phase transformation
(solid-liquid), the phase transition temperature is re-
duced from 0.6-2.5 °C, melts at 54.72 °C and con-
denses at 52.09 °C. Paraffins combined with fatty acids
can induce van der Waals interactions that cause cha-
otic crystalline domains at the surface of materials or
monolayers [290]. The film of epoxy monomer diglyc-
idylether of bisphenol A (DGEBA) is double-coated
with stearic acid and methacrylic monomer which
crystallizes at temperatures below 40 °C and melts at
45 °C. The process of investigating the transmittance
of the film according to the heating/cooling cycle at
20 °C/min shows that at 48 °C, the film has an almost
100% transmittance and drops to only 35% below 37 °C
because of crystallization in the membrane. The pro-
cess is repeatedly reproducible with optical transmit-
tance unaffected by the cooling rate.

Battery

Fatty acids are not only studied and applied in
the field of sensing, medicine or biology but also in the
field of energy storage such as in batteries or capaci-
tors. They are used mainly as a coating that improves
electrical conductivity and increases the electrochemi-
cal performance of the battery. In any chemical reac-
tion, the surface of the material plays a very important
role, the choice of coating for the anode and cathode
materials in the electrochemical cell greatly increases
the conductivity and shortens the diffusion time. ions
[291]. Accordingly, a mixed negative electrode mate-
rial of LiFePO./C was synthesized by sol-gel technique
using long-chain fatty acids such as lauric, myristic and
oleic acids as surfactants for the carbon coating [292].
Although LiFePO, possesses the outstanding proper-
ties of cathode materials, it is limited by its poor elec-
tronic conductivity, resulting in high impedance, low
capacity, and ion diffusion rate. This makes the appli-
cation of large Li-ion batteries in electric vehicles lim-
ited. Furthermore, the surface properties of LiFePO4
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are indeterminate, whether it is polar or nonpolar, hy-
drophobic or hydrophilic all depends on the synthesis
technique and the nature of the material used for coat-
ing [292]. An organic material with many functional
groups such as a surfactant that can favorably interact
with the complex surface of LiFePO4 is commonly
used as a carbon material such as Ci, and C14 fatty ac-
ids and in some studies, oil olive oil, soybean oil, and
butter were used for the LiFePO4 carbon coating [291].
Survey results of LiFePO4/C composite materials us-
ing lauric acid (C12H2402) and myristic acid (C1sH3402)
as surfactants show that the Li-ion diffusion coefficient
is higher, the discharge capacity is 155 mAh-g* at C/3
rate and cyclic stability relative to the starting material
[292]. Another report fabricated an ultra-stable zinc-
metal positive electrode thanks to a stable fatty acid-
zinc interface layer [293]. In situ complexation of sat-
urated fatty-zinc acid can produce an extremely thin
layer of zinc compounds, thereby modulating Zn nu-
cleation and deposition kinetics. Furthermore, the mul-
tifunctional surface of the hydrophobic carbon chains
of fatty acids acts as an effective protective layer to ex-
clude water molecules from the surface and inhibit the
corrosion of the zinc surface. The results show that the
anode by fatty acid-zinc layer gives a cycle life of more
than 4000 h at 5mA.cm. In addition, the fully assem-
bled Zn/V;0s cells have excellent performance and
long-cycle stability [293].

Superhydrophobic coating

Long-term dusty material surfaces can cause
loss of aesthetics and above all reduce the efficiency of
devices such as solar cells or glass doors. Superhydro-
phobic surfaces can prevent the accumulation of dust
and water due to their self-cleaning ability. Thanks to
the low contact angle delay and nanometer rough sur-
face of the solid substrate, water droplets can easily
slide across the surface of the material and wash away
dirt. The lower surface roughness results in less contact
area between the material surface and the water drop-
let. Combined with the air in the pores on the surface
of the porous material, the contact angle of the water
droplet is higher. Razavi et al [294] functionalized se-
piolite or meerschaum (Mg4SisO15(OH)2.6H20) nano-
particles with naturally derived alkyls (cinnamic acid
(CgHs05) and myristic acid ((C14H250>) to fabricate su-
perhydrophobic surfaces water by dipping the sub-
strate in solution. The results show a contact angle of
150°. In addition to hydrophobicity, the surfaces also
show antibacterial and anti-biofouling properties
formed from a fatty acid-metal-carboxylate mixture
and coated on the surface of the material [295]. The
water contact angles with the metals for use as coatings
are different, respectively: nickel (150.2+1.88°), cobalt
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(151.0+£1.68°), copper (151.1£0.98°), iron (150.5+1.88°),
zine (152.2+1.08°) and sliding angles are all less than
5°. Coatings with a combination of metals that can cre-
ate hydrophobic surfaces of various colors: copper
(blue), nickel (light blue), iron (brown), cobalt (pur-
ple), and zinc (white). Furthermore, the metal carbox-
ylate is highly stable, and can be maintained for at least
6 months without fading or losing its superhydropho-
bicity.

Protection of Steel

Corrosion is the main cause of deterioration in
the quality and service life of steel. Annual costs for
maintenance and repair are very large. Therefore, find-
ing a method to solve the problem of steel corrosion is
an urgent issue. In particular, using coatings to prolong
the protection time of steel is a popular trend today. A
protective coating that covers the entire surface of the
material can help isolate the steel surface from the sur-
rounding environment, thereby minimizing the impact
of the environment on the surface of the steel. Environ-
mentally friendly fatty acid-based coatings, which are
less toxic to the environment, are preferred over syn-
thetic ones [32]. The Langmuir—Blodgett method of
film formation is suitable for forming films with mono-
molecular fatty acids without requiring a vacuum and
high temperature. W. Xing et al investigated the corro-
sion resistance of stearic acid coating to iron [296]. The
corrosion resistance of the stearic acid film was tested
by electrochemical measurement in 0.5 M potassium
ferricyanide (KsFe[CN]e). The results showed that as
the number of stearic acid film layers increased, the
peak current decreased. When iron is surrounded by 9
layers of stearic acid, the value of the peak current is
almost no longer recorded. That shows the ability of
the stearic acid coating to protect iron from corrosion
almost completely from the electrochemical corrosion
reaction. In addition, Sacilotto et al also used stearic
acid to investigate the protection ability of stainless
steel (AISI 304) and evaluated by electrochemical
method in 0.1 mol/L NaCl with aeration at pH 6 [297].
The results after 96 hours of continuous immersion in
NaCl show that the steel surface treated with stearic
acid has higher corrosion resistance. The steacic acid
coating acts as a protective barrier separating the sam-
ple surface from the CI- ions that tend to come into
contact with the sample surface. Sacilotto also showed
that, when the surface of the sample is smooth, it con-
tributes to uniformity with the stearic acid coating,
which further enhances the protection of the coating
material.

Immobilized luminescent polymers

Polymer luminescent materials (PLEDs) have
increasingly asserted their importance in the fields of
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lighting, displays, and devices requiring precise optical
properties [298]. However, the reflective performance
of these materials is hindered by the interaction be-
tween the polymer chains and the undesirable thick-
ness of the material [299]. With the advantage of being
able to control the thickness and structure of thin film
materials, the Langmuir-Blodgett technique has been
used for applications in producing luminescent poly-
mer films and improving the current density of materi-
als [162]. Due to the limitations of polymer film for-
mation during propagation on the air-water interface of
the LB technique, polymers mixed with an amphoteric
substance such as phospholipids and fatty acids have
been investigated to solve the above problems [300].
In order to apply the above technigue to create
luminescent polymer films, Andrei Sakai used a mix-
ture of PPV (poly(p-phenylene vinylene)) with stearic
acid to obtain ultrathin films from hybrid materials us-
ing the LB method [162]. Accordingly, stearic acid acts
as a substrate to form Langmuir films that are stable to
PPV. When comparing the fluorescence spectra of the
polymer in solution in the form of a casting film and an
LB film, the emission bands of the LB film are nar-
rower and appear at lower wavelengths. Thereby, pol-
ymer thin films from the above method can be applied
in most optical devices, typically the coating of organic
light-emitting diodes (OLEDSs) [162]. From reports for
lighting applications, flat panel displays that polyfluo-
rene and fluorene-based conjugate polymers have been
intensively studied. A quinoline-fluorene-based poly-
mer (QFC) using the LB membrane synthesis tech-
nique was investigated. The transfer of this material
onto a solid substrate by the LB technique showed
strong fluorescence emission. In which the emission
spectrum at the peak of 405 nm is due to the lumines-
cence of benzyl and pyridyl groups, for quinoline-free
copolymers, the maximum emission is only 380 nm
[301]. Membrane emission can be affected by intermo-
lecular species (aggregates and excimers), much more
strongly than in solution and up to 425 nm, as previ-
ously demonstrated by Mikroyanidis [302]. Another
study also showed that a composite film consisting of
fatty acids could help the polymerization of pentaco-
sadiynoic acid and perfluoro tetradecanoic acid to be
deposited on glass substrates, helping to form oriented
polydiacetylene luminescent polymer materials. The
results show that the membrane has a heterogeneous
structure, consisting of many oriented fibers and polar-
ized photopolymer arrays [303]. The orientation in the
film is attributed to the combination of phase separa-
tion of the two immiscible surfactant components to-
gether with the mechanical force resulting from the
deposition action on the substrate. The determination
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of the orientation properties of the fibers in the polymer
film shows that their optical properties are the basis of
the conversion between the blue polymer which does
not fluoresce and the red polymer which is highly vis-
ible [303]. The application of fatty acids to the process
of creating luminescent polymer films has been ex-
ploited in many applications, this is also a potential
area for the development of LB technology.

Selective filter

Oil-water separation filtration is one of the im-
portant fields. Certification is not only used in labora-
tories but also in practical applications such as the oil
and gas industries, food industry, oil spills and envi-
ronmental protection. The moisture content of the ma-
terial plays an important role in the oil separation pro-
cess. Materials with high moisture content provide bet-
ter oil separation performance. Shama Perween et al.
have developed a composite membrane based on poly-
vinyl alcohol (PVA), polydimethylsiloxane (PDMS),
and stearic acid by electrospinning which has the abil-
ity to effectively filter and separate oil [304]. The com-
bination of stearic acid produces a solution with suita-
ble viscosity and high homogeneity for nanofiber fab-
rication. In addition, it also helps to bind PVA and
PDMS fiber molecules through Van-der-Waals bind-
ing force to help control the hydrophilic, hydrophobi-
city of the membrane. Membranes can become selec-
tive filters by becoming selectively permeable when in
contact with an emulsion in oil. The increased propor-
tion of PDMS in the film also showed an increase in
the hydrophabicity and lipophilicity of the film, which
can be used to separate the emulsion in oil. Through
the color of the film after the oil refining survey, the
film has a color close to the color of the original oil
used as the emulsion. The test results show that the
nanofiber composite film has good selective permea-
bility to oil and can successfully separate emulsion in
oil. This is also the scientific basis for making non-
toxic, environmentally friendly membranes capable of
refining oil with different types of fatty acids.

Stable magnetic fluid

Nanoscale magnetic materials have more spe-
cial properties than bulk materials. Magnetic beads
with a diameter of less than 15 nm make it easy to dis-
perse in solution or in sol-gel form. Such dispersions
of magnetic nanoparticles in the form of sol-gels are
called magnetic liquids, they are kept intact even in the
presence of high magnetic fields. Due to its unique su-
perparamagnetic, triboscopic, thermal and mechanical
properties, this material is widely used in the industrial
field [305, 306]. However, in order to minimize the ag-
glomeration of magnetic nanoparticles, the magnetic
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nanoparticles were combined with surfactants or dif-
ferent polymers adsorbed on the surface. To maintain
the dispersion of the magnetic nanoparticles in the so-
lution, Wang Y et al. used oleic acid together with
Tween 80 to coat the surface of the FesO4 nanoparticles
[307]. The results show that Tween 80 is well compat-
ible with oleic acid and forms a double-layer structure.
Tween 80's hydrophilic head makes Fe;O. nanoparti-
cles well dispersed, suspended in water even when di-
luted. Investigation of magnetic properties of FezO, na-
noparticles by vibrating sample magnetometer at room
temperature showed that the saturation magnetization
of bare FesO, and Fe3O, coated with oleic acid and
Tween 80 were 37 and 29 emu/g, respectively. L.Shen
et al. used gamma irradiation to improve the stability
against agglomeration of magnetic liquids when coated
with unsaturated surfactants such as 10-undecenoic
acid [308]. The magnetic thin films of Fe304 nanopar-
ticles fabricated by the Langmuir-Blodgett method can
have a thickness of only the molecular monolayer [63].
Fe;04 nanoparticles surrounded by fatty acids (oleic
acid and stearic acid) were maximally separated and
showed uniform distribution on the membrane surface.
Ultra-thin magnetic films are considered to have po-
tential applications in electronics, especially magnetic
recording applications, for magnetic recording densi-
ties in the range of 100 Gb/in? to 1 Th/in?.

In Smart Water Flood

The demand for energy in the world is increas-
ing, which requires an increase in production from oil
reservoirs. However, due to the deterioration of oil res-
ervoirs, the amount of recovered oil is reduced. Many
different methods have been tested and proposed, but
the method of spraying water into lakes has not been
evaluated as the most effective due to its feasibility and
low cost. Some research results have shown that using
brine and water salinity has a great influence on oil re-
covery, helping to increase oil recovery efficiency
[309]. Mg?*, Ca*, SO4* ions present in salt water
change the moisture content of the rocks in the reser-
voir to reduce their wetting ability and are called smart
water [310]. By means of intelligent flooding method
will create a pressure difference, and remove naph-
thenic acid which changes the rock surface moisture.
When using fatty acids (stearic acid), it is possible to
create an adhesion layer on the surface of the stone by
strong fatty acid bonds, causing less sand to be pro-
duced. Interactions between stearic acid and ions at the
surface can affect the mechanism that controls the sta-
bility and aggregation of droplets. Low salinity is also
one of the factors that increase the interaction between
stearic acid and ions and minimize the possibility of
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particle agglomeration [311]. The combination of na-
noparticles at the rock surface that makes the rock less
exposed to the environment also contributes to mini-
mizing the amount of sand generated.

Catalytic performance

The creation of Langmuir-Blodgett (LB) thin
films from lipid acids or enzymes shows the remarka-
ble advantage of being able to control the size and
structure at the molecular level. In previous work, con-
trol of the enzyme's catalytic activities showed that li-
pid interactions at the air-water interface in the form of
a Langmuir monolayer film provide the enzyme with a
soft environment that helps it to retain moisture. have
secondary and tertiary structures [64, 312]. This allows
the lipid-enzyme mixture to be deposited onto the solid
film while their catalytic activity is still partially con-
served. Although the catalytic capacity has been re-
duced compared with the homogeneous medium, at the
molecular size, they can preserve the catalytic activity
after a long time [313]. To demonstrate that, Luiz Hen-
rique and colleagues carried out adsorbed carbon nano-
tubes (CNTs) on a LB monolayer of stearic acid as a
substrate for the incorporation of asparaginase with the
target. to enhance the catalytic performance [314]. Alt-
hough asparaginases are non-surfactants due to their
high hydrophilic properties [66], when they are in-
serted under the Langmuir layer of SA, they become
adsorbents in the monolayer, where SA exhibits an iso-
therm with gas phase (or gas-liquid transition) up to
30 A 2/molecule. When the supramolecular structure
is formed by asparaginase, SA and CNT are stabilized
[314]. In the presence of CNTSs in the enzyme-lipid LB
membrane, they not only regulate the catalytic activity
but also help to preserve the activity and increase the
catalytic site of the enzyme. Not only that, this study
also shows the feasibility of applying fatty acid LB
membranes combined with carbon nano and enzymes
for biosensors [314]. Another study also showed the
influence of alkyl chains of linear -olefins on the catalytic
performance of Ti-containing hierarchical macroporous
silica (Ti-MMS) [315]. Accordingly, Ti-MMS was
successfully prepared by solvent evaporation using or-
ganic surfactants. The results show that Ti-MMS ex-
hibits higher catalytic activity in linear -olefin epoxi-
dation compared with Ti-containing silica without
macropores (Ti-MS) because of the advantages of in-
terfacial coupling. porous and hierarchical macrostruc-
ture [315]. Not only that, with the aim of replacing pre-
cious metals in the catalysis process, fatty acids have
been noticed and studied extensively. Accordingly,
carbon-coated FeNi nanoparticles were prepared
through an in situ decarbonization process using dou-
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ble metal cyanide at different temperatures for the de-
oxidation of stearic acid [316]. Among the studied cat-
alysts, FeNi@C-800 exhibits the greatest catalytic ef-
ficiency with selectivity up to 76.8% for heptadecane,
moreover, the catalyst can maintain stable catalytic ef-
ficiency. determined through a protective carbon shell
[316]. The application of fatty acid catalysts through
LB thin films opens up a potential research direction to
replace expensive metal catalysts.

In Vitro Anticancer Evaluation

Cancer is one of the leading causes of death
worldwide, and research to limit and prevent them is of
great interest. It has been shown that a diet rich in fiber
and complex carbohydrates can prevent many types of
cancer [317]. Short-chain acids (SCFAs) formed dur-
ing the anaerobic bacterial fermentation of fiber and
starch form the main products acetate, propionate, bu-
tyrate, valerate, hexanoate, ... with the ability to act as
an agent. chemopreventive agents by slowing growth
and activating cancer cell death [318]. To expand the
applicability of fatty acids in the treatment of cancer,
microplastics from fatty acids containing iron oxide
nanoparticles and paclitaxel (PAX) have been pro-
posed for the treatment of lung cancer [319]. Accord-
ingly, microplastics, when introduced into the body as
a dry powder, can be directed to selected locations us-
ing an external magnetic field and activated by increas-
ing body temperature. At this time, the composition of
microplastic particles is released and transferred to al-
bumin and lipid bilayer [319]. The study also showed
that the drug release effect depends mainly on the fatty
acid composition of the microparticles, after being
loaded with paclitaxel, the microparticles suppressed
cell growth in human lung (A549) of malignant origin
(IC50 for both lauric acid-based and myristic/palmitic
microplastics containing paclitaxel are below 0.375
pg/mL) [319, 320].

In order to take advantage of the hydrophobi-
city of fatty acids, drug carriers based on these com-
pounds are also used with the advantages of low melt-
ing point, low viscosity and high flexibility, etc. ad-
ministered through injection or implantation [321]. As
a result, fatty acids such as OA and CA are often used
as surface modifiers of chitosan. OA is a saturated fatty
acid, usually an omega-9 fatty acid, and CA is a poly-
phenol known as an antioxidant [322]. The bonding be-
tween them and chitosan helps to form the inner mem-
brane of the nanocapsules thanks to the fatty acid mol-
ecules. Therefore, the nanocapsules will be able to hold
the drug thanks to an outer hydrophobic membrane.
Applying that, a new conjugated CS was investigated
from OA and CA as an effective anticancer drug deliv-
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ery nanocarrier. The results show that the encapsula-
tion of the anti-cancer drug methotrexate (MTX) in CS
nanocapsules occurs at pH = 5 after 90 min with a con-
centration of 60 ppm reaching an efficiency of up to
62.25%. Thereby, nanocarriers for MTX administra-
tion were first created by modifying the surface of CS
with fatty acids [322].

DISCUSSION AND CONCLUSIONS

Summary of current research

Factors affecting fatty acid film

lons play an important role in fatty acid film
formation and synthesis, as they can interact with par-
ticles at the air-water interface and modify film archi-
tecture. lons can affect films through electrostatic in-
teractions, and there is evidence of a difference in these
interactions in published works [126]. The concentra-
tion of ions, specifically calcium and sodium positive
ions, are presented in [156] and it can be inferred that
high concentrations of ions cause destructive effects on
film morphology. It should also be noted that ions
cause changes in film molecule orientation, but the de-
gree of change is not universal.

pH is an important factor for film synthesis,
even more so for fatty acid films. Since most fatty acids
have weak disassociation in the water subphase, pH
levels can directly affect the degree of disassociation
and thus affect the received film.

Thermal and concentration parameters causes
noticeable changes on the isotherm, owing to modified
molecular behavior at different concentration and tem-
perature levels. Compression speed is a rarely sur-
veyed parameter, and most articles do not go into detail
on this variable, but it can be noted from practical ex-
perience that compression at high speeds can cause a
negative effect on the film structure, presumably due
to the fast compression disallowing the film molecules
to orient and form intermolecular attractions.

Transfer pressure affects film structure and
deposition, and transferring at pressure too low can af-
fect deposition quality, since the film has not fully
formed. Studies demonstrating this effect can be found
in literature [172, 179].

Properties of fatty acid films

Molecular orientation highly dependent on
film composition. Pure fatty acid films exhibit a tilt of
around 15 to 25 degrees [184], while fatty acid with
subphases containing ions are highly variable. Various
models developed for fatty acid films are noted in the sec-
tion 4.1. An interesting case for fatty acid films is films
containing azobenzene. Owing to the unique property
of this group, films that incorporate this group can change
their orientation via annealing and UV light [193].
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Regarding surface morphology, if the condi-
tions are of high quality, then films of fatty acids trans-
ferred onto substrates will be highly uniform with low
surface roughness. However, depending on additional
materials attached to the film or the role of the fatty
acid within the film, surface morphology can change
accordingly.

However, film thermal stability is a big draw-
back for fatty acid films. Due to their chemical compo-
sition, they tend to decompose and lose structure at
high temperatures [197, 323]. This low thermal stabil-
ity is demonstrated with microscopic images in [197].
Additionally, fatty acid films exhibit low reversibility
and restructuring capability after exposure to high heat
[197, 198].

Regarding the optical properties of fatty acid
films, mixed fatty acid films exhibit shifts in UV-Vis
spectras toward both end of the spectrum. This is theo-
rized to be due to the formation of excimers and the
resulting shift is dependent on the energy level of the
formed excimer relative to the original energy level of
the monomer [202].

Films of fatty acids have been incorporated for
use in gas sensing devices, solar cells, biomembranes,
conductors, batteries, enzymes, and even anti-cancer
applications. Detailed reviews of these articles are
found in the application potential section of this article.

CONCLUSIONS

Bibliometric analysis of 301 relevant articles
suggests research into fatty acid films has recently
slowed down even though international collaboration
remains diverse and evenly spread. Despite lessened
interest, fatty acid films continue to have applications
in sensors, tribological, and biomedical applications.
Moreover, environmental science and new materials
have been highlighted as potential areas of application.
Further studies should examine fatty acid films’ per-
formance relative to other film materials within the
Langmuir-Blodgett field to point out new opportunities
and directions for future researchers.

SUGGESTED FUTURE RESEARCH QUESTIONS

The future of the field lies in the application of
mixed fatty acid films. Pure films have been heavily
studied, and further studies, although highly encour-
aged, are likely to corroborate previous studies rather
than produce new breakthroughs and knowledge.
However, mixed fatty acid films are a recent develop-
ment in Langmuir-Blodgett film technology, and there
are many existing and undiscovered avenues of re-
search available to aspiring researchers and scientists.
Many of the mixed film studies show only preliminary
results concerning the properties of mixed films and
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have not deeply investigated the factors affecting the
properties of the films. Factors like concentration, pH
or temperature, and ions mentioned in this article can
be guidelines for future research.

Research into film formation factors for mixed
LB films of fatty acids can provide key insights. For
example, take a research project about fatty acid/car-
bon nanotubes [314]. The article surveyed different
factors of the asparaginase, but not the fatty acid,
which in this case, is stearic acid. Although standalone
stearic acid is well-known, its properties can vary de-
pending on the film architecture it is used in. Thus, we
can develop the existing publications by asking these
sample questions:

What is the effect if we deposit the stearic acid
mixed film at different pressures?

What will happen if an ion is introduced into
the subphase?

Does increasing layer numbers affect the prop-
erty of the asparaginase/carbon nanotube film?

The results generated from these questions can
then be applied to other research and be generalized,
thus contributing to the overall development of the
Langmuir-Blodgett field.
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