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Abstract:

The cutting-edge thin film studies using the multiple-angle incidence resolution
spectrometry (MAIRS) are introduced from the principle to forefront applications in a wide
variety of research fields covering semiconductor material with respect to nanoarchitectonics.
MAIRS basically reveals quantitatively optical anisotropy in thin films, which is mostly used
for quantitative molecular orientation analysis of each chemical group for chemistry
purposes. This works powerfully especially when the material has poor crystallinity that
cannot be analyzed by X-ray diffraction analysis. As a matter of fact, MAIRS works as a
role that compensates for the diffraction techniques, and the combination of MAIRS and the
diffraction techniques has already established as the most powerful technique not to miss the
molecular aggregation structure in thin films. In this review, in addition, another application
for physics purposes is also introduced where phonon in thin films is discriminated from

normal infrared absorption bands by using the MAIRS technique.
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1. Introduction
It is no exaggeration to say that the development of humankind depends on the function of
available materials. In the 20th century, various chemistry disciplines have developed and it
became possible to rationally create substances. This trend continues to this day, with major
contributions from organic,? inorganic,”* and polymer chemistry,”® which create
molecules, and supramolecular chemistry,”® coordination chemistry,”'® and material
chemistry,!"'? which can combine these molecules in various ways. At the same time, basic
physics!?'¥ and analytical science,'”!® which master the phenomena of matter, have
unraveled the partial arrangement of newly created materials. Applied physics has also made
a significant contribution in practical applications.'” 2% As these various scientific fields
developed, scientists realized a common fact. That is, it is not the substance itself, but its
structure and internal structure that have an extremely large impact on physical properties.
In other words, it is important to control structure and develop functionality at the atomic,
molecular, and nano-level for further advanced functions.

It was the inception and development of nanotechnology that determined this trend.
Various scientific technologies that advocate nanotechnology make it possible to directly
observe the structure of atoms and molecules.?)?? The physical properties of materials at
the microscopic level are now being revealed.?* Various sensors,>»*® devices,?”?®
energy-related functional systems,??-*? and biomedical materials*"-% have been developed,
and many of them have nanostructures that enhance their functions. The elements of
nanotechnology have been utilized in the development of materials. Just as the inception of
nanotechnology has advanced physics and chemistry at the nanoscopic level, the
establishment of some new concept is expected to dramatically aid this trend of development.
An emerging concept of nanoarchitectonics plays this role.>**¥ Just as Richard Feynman
initiated nanotechnology in the mid-20th century,*>-*® nanoarchitectonics was proposed by
Masakazu Aono at the turn of the 21st century.?” Nanoarchitectonics is a concept that is
positioned as post-nanotechnology.*®

Nanoarchitectonics integrates nanotechnology with various other research fields
related to materials science. It uses nano-level knowledge to fabricate functional materials.
It is the architecture of functional material systems by uniting atoms, molecules, and

nanomaterials. It can be called material architecture science starting from nano. It is a
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strategy that uses and combines physical and chemical material conversion, atomic and
molecular manipulation, self-assembly and self-organization, orientation and organization
by external forces and fields, fabrication at the nano and micro level, and biochemical
processes to create functional materials from nanomaterials.’?*?) These principles are not

limited to specific materials and can be applied to many objects and applications. From the

basics such as material synthesis,*"*? structure fabrication,*** physical phenomena,*#®
and biochemistry,*”*® nanoarchitectonics is used in catalysts,*’>? sensors,’D->?)
59),60)

devices,™"* and energy-related,”~® environmental,>”-*® and bio-related applications
as more applied fields. Since all matter is originally made of atoms and molecules, the
methodology of architecting functional material systems from atoms and molecules may be
applied to all matter. In analogy to the ultimate theory in physics, the theory of everything ®"
nanoarchitectonics may be said to be the method for everything in materials science.®?6%

Even though the methodology is applicable to all materials, there are some material
forms that are favorable for application. One of the most promising forms is ultrathin
films.®*%% Ultrathin films have a nano-level thickness but a practical-level lateral sizes.
Therefore, nano-oriented phenomena can be reflected in a material of a practical size. If such
a thin film is immobilized on a sensor or device, the nanophenomena that occur in response
to external stimuli can be transmitted to the device. For example, when considering organic
molecules as nano-units, self-assembled monolayer (SAM),%97) Langmuir-Blodgett (LB)
method, %) layer-by-layer (LbL) assembly,’”-’) and other methods are used to create
nanofilms. Ultra-thin films of organic semiconductors and other materials are also thin film
forms with rich applicability.”?»’® Especially, usages of functional thin films in applied
physics fields are significant.

In addition to the fabrication of functional thin films, the development of analytical
techniques is essential for the nanoarchitectonics of thin films and their applications in
applied physics. These include techniques such as probe microscopy for direct observation
of atomic and molecular images,”?”’ and spectroscopic techniques such as photoelectron
characterization.”®’” Vibrational spectroscopy, such as IR, is a versatile and very useful
method for analyzing thin films of more general applicability.”®-’® By looking at the
vibrational spectra of bonds that are present in all molecules, one can evaluate the orientation

of the molecule and the interactions between molecules in relation to specific functional
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groups. In particular, the MAIRS (Multiple-Angle Incidence Resolution Spectrometry)
method developed by Hasegawa et al. is a very powerful technique for analyzing the
molecular orientation of organic thin film molecular assembly structures.®” %% The MAIRS
method is an analytical technique in which a sample is irradiated with polarized infrared
light and the angle of incidence on the sample and the angle of polarization are changed
while measuring. By obtaining the in-plane and out-of-plane vibration spectra of the thin
film, not only the molecular orientation, but also the anisotropic characters of the film of the
film can be analyzed. We would like to argue in this paper that this method is a very
promising methodology to promote nanoarchitectonics research of thin films. The
descriptions and discussions presented here demonstrate the potential of the MAIRS method
to make a significant contribution to the development of functional material systems and
their analysis for applications in applied physics.

For this purpose, this review describes the MAIRS method from its basics to the
latest various developments. It actually covers analyses of molecular orientation and
chemical reaction in thin films of organic semiconductors and polymeric films, as well as
science of astronomy, sensor device analysis on nano-wires of ZnO in addition to phonon

analysis targeted for fluorocarbons.

2. Fundamental background of MAIRS

2.1 Spectroscopic analysis of molecular orientation in thin films

Fundamentals of molecular orientation analysis in thin films by absorption spectroscopy are

given by measurements of both parallel and perpendicular components of each transition

moment, which can be correlated with the orientation angle defined from the surface normal.
When the analyte is a ‘thin film’ having the thickness, d, being much less than the

wavelength, 4, of the probe light (d/1 < 1), the surface—parallel (in-plane; IP) and —

perpendicular (out-of-plane; OP) absorptions denoted as 4, and A4, , respectively, are

OP ?

observed as:®-84
Ay o Im(g, )= 2nk, (1)
1 i
Aop € Im[——} = 2nnk, (f n*>&2). ()
8r,z
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Here, ¢ is electric relative permittivity, and x and z show the surface—parallel and —
perpendicular directions, respectively. In addition, » and & are the real and imaginary parts

of complex refractive index, n (=n+ik = \/;r ), respectively, and » is approximated to be

common to both IP and OP spectra. The functions of Im (gr,x) and Im(—l/ gr’z) are known

as the transverse-optic (TO) and longitudinal-optic (LO) energy-loss functions, respectively.

The proportionality in the equations reflects Fermi’s golden rule, and 77 is a proportional
coefficient that is for the sensitivity ratio between A4, and A4, .

If the molecules in the thin film are uniaxially orientated (k, = &), the following

equation holds.?>

B kx+ky+kz 2k, +k,

kave
3 3

€)

Here, k,, is the averaged (orientation free) extinction coefficient. If extremely oriented

cases are considered, the following two equations are thus obtained.

2k, 3

Surface parallel (k. =0): k,, = 3 o ko= Ekave 4)
) k
Surface perpendicular (k, =0): k. = ?Z <k, =3k, &)

When the orientation angle, @, is considered, the two equations are thus respectively

modified to have the ellipsoid of the extinction coefficient:>
3 .
()= ksin’ g ©
kz (¢) = 3kave COSZ ¢ (7)

Combining Egs (1), (2), (6) and (7) gives Eq (8).

o |2nA,
=t i ke 1 8
$=tan" f P 3

Conventionally, 4, and A4,, are measured absorbance at a wavenumber by the

transmission (Tr) and reflection-absorption (RA) spectrometries,®>-*¥ respectively, which
means that the two different techniques are necessary. Since the two technique needs

different substrates for supporting thin films, i.e., infrared transparent and mand co-
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workerslic substrates, we very often encounter a problem that an identical film cannot be
prepared on the two different substrates. In addition, the difference of sensitivity of RA from

Tr (7#1) is another big problem for quantitative analysis of molecular orientation because
it requires highly complicated electrodynamic calculations to obtain 77 using optical

parameters for every absorption peak.’® To overcome the intrinsic and long-term unsolved
issue, another totally different idea is necessary. MAIRS3?%2) is built for solving this

problem, which is described in the next section.

2.2 Birth of MAIRS

Most of the spectroscopic techniques are exactly based on physical theories that are
deduced from fundamental physical principles, which makes us possible to quantitatively
analyze the samples with high precision. At the same time, however, this orthodox approach
makes a limit that every measurement technique has different sensitivity from the others.

To get over the limitation on a common sense of theoretical physics, a largely different
mathematical framework is introduced i.e., regression equation.® The term of ‘regression’
is used as the meaning of ‘prediction,” and the most fundamental one is the classical least
squares (CLS) regression. CLS regression makes the measured absorbance spectra, A,
modeled by the pure constituent spectra, K, using the concentration matrix, C.

A=CK+U 9)

Here, U is the matrix receiving unmodeled factors and experimental errors.?

CLS regression is known to work out with a very good analytical accuracy if the
number of constituents involved in the system is surely available with their concentrations.
In other words, if unexpected chemical components appear in the system making the
concentration information uncertain, the analytical accuracy runs down severely.®? In
general, the chemical constituents are of all the components including unexpected ones such
as molecular associates and solvated molecules, which makes the number of constituents
different from the information known in advance. Therefore, the CLS technique is not
employed for practical chemical analysis often.

However, if the constituents were of “polarization of light” for thin film analysis, the
situation changes greatly. Since the electric field of light that determines the direction of
linear polarization can only be parallel and perpendicular to the film surface, the constituents

of polarizations are exactly fixed at two, and they cannot be three or more.
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In addition, another important idea is necessary: light ‘intensity’ spectra, S, must be
applied to the CLS technique. If the ‘absorbance’ spectra are subjected to the CLS modeling,
optical parameters are necessary because the sample and background spectra are treated at
once in this process. As a result, the new technique is described as follows.

SIP
S=R +U (10)
SOP

Here, R stores the ratio factors for the linear combination of s, and s,. The deduction

process of the matrix elements in R (Eq. (11)) that is a function of the angles of incidence,

0, is a little bit complicated, and the reader is thus referred to refence.?”)

1+cos® @+sin® Otan* € tan’ O
. . (11)

Once R at several angles of incidence and the measured § are both ready, s, and s,

are readily calculated as the least-squares solutions.®?
S _
( “’j:(RTR) 'R'S (12)
Sop

The superscript, T, on the right shoulder of R indicates the transpose matrix. This analysis is
repeated twice for the sample (film on substrate) and background (BG; substrate only) to

have two sets of s, and s,,, and they are used to have the final results of 4, and 4,

in the following manner.

ssample Ssamp]e
— 1P _ opP
Ap =—log,,—55— and Ay, =—log,, —45 (13)
1P SOP

Here, the division of the two vectors are performed at every scalar value in order.

The angles of incidence are critically important to make A4, and A,, have the

common ordinate scale. This optimization of the angles has already been determined by

using a calibration sample, and the calibration details are described in a reference.®®

2.3 pMAIRS
For quantitative analysis, another problem is figured out: the sensitivity of

spectrometer for s, is different from that for s,, at every wavelength. Since this

polarization dependence of spectrometer can be measured by single-beam spectra of linear
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polarizations at 0° and 90°, the correction function can be obtained that should work for
reducing the polarization dependence theoretically. To our experiences, however, such kind
of experimental correction does not work perfectly, and analytical inaccuracy remains. To
overcome this problem, the s-polarization is excluded, and only the p-polarization is
employed for the MAIRS measurements. This is named pMAIRS. .8

To remove the s-polarization contribution from the original MAIRS, the MAIRS
matrix, R, is a little bit modified for obtaining the pMAIRS matrix, Rp.

R - (cos2 6+sin’ Otan’ @ tan’ 9}

p

(14)

The rest processes of the MAIRS analysis need not to be changed for operating pMAIRS.
The angles for pMAIRS optimized for representative substrates are presented in Table 1. The
angles of incidence optimized must strictly be kept unchanged. As long as these angles are
employed, # in Eq is unity.3!

Table 1 Experimental parameters for pMAIRS

Substrate nswb  Angles of incidence / ©  Angle interval / © H
Ge 4.0 9-44 5 0.15
Si 3.4 9-44 5 0.14
ZnSe 24 9-44 5 0.13
CaF2 1.4 8 -38 6 0.21

Here, n, 1s refractive index of the substrate. The angles of incidence show the range of

angle with the angle interval. For example, when a germanium substrate is employed, the
single-beam measurements are performed from 0° through 44° by 5° steps, and eight spectra
are collected.

The parameter of H in the last column is necessary especially for substrates having a
relatively low refractive index such as ZnSe and CaF». Details are described elsewhere,®”
but we have to say accurate analysis requires Eq. (15) where 7 is the refractive index of the
analyte thin film.

24

¢g=tan”' |—L—
n"HA,,

(15)

The parameter of H is automatically set on actual commercial spectrometers. What we have
to do is only selecting the substrate, and we don’t have to be concerned about H and and

angles as well. Refractive index of the thin film of organic compounds can typically be set

8
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to 1.55. If the film is of fullerene and perfluoroalkyl compounds having unusual index,
however, they should be set to 1.80 and 1.35 respectively. If detailed value of the index is
available, it should be used for the orientation angle analysis.

One of the benefits of using pMAIRS is that the analytical accuracy of the orientation
angle is quite high, which attains the three significant figures if the film surface is highly flat
as found in Langmuir-Blodgett films, evaporated films, and self-assembled monolayers.
Figure 1 presents IR pMAIRS spectra of pentacene evaporated on a silicone substrate. As is
always found in MAIRS, pMAIRS provides two spectra of the IP and OP ones

simultaneously from an identical thin film sample.
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Figure 1. IR pMAIRS spectra of pentacene film evaporated on silicon. The red and blue
curves are the IP and OP spectra, respectively.??

Since the spectra are optimized to have a common ordinate scale, the orientation angle
can readily be calculated by using Eq. (15) with H in Table 1. The calculated angles for the
transition moments along the x, y, and z axis of the molecule are shown in the figure. The
three axes are mutually orthogonal because of the stiffness of pentacene, and therefore the

three angles should satisfy the direction cosine equation (Eq. (16)).
cos” ¢, +cos” ¢, +cos” g, =1 (16)

If the three analyzed angles are put in this equation, the summation is calculated to be 1.00
as predicted theoretically. This agreement straightforwardly indicates that pMAIRS
performed with Table 1 works very good with an analytical accuracy of three significant
figures.

In addition, the analytical accuracy relatively keeps well even for thin films having

surface unevenness. This is because the unevenness influences nearly equally to both IP and
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OP spectra, and the influences are cancelled by making the ratio of Aip and Aop in Eq. (15).
This property of MAIRS is powerful and unique as a spectroscopic technique. Thanks to this
characteristic, practically useful thin films such as spin-coated films and drop-casted films
can be analyzed quantitatively. To our experiences, as long as the RMS value of atomic-force

microscopic (AFM) analysis is less than 100 nm, the analytical accuracy is less than 10%.

2.4 MAIRS2

Basically, pMAIRS works well with most thin films, but we sometimes encounter
practical problems. The first one is imperfect subtraction of water-vapor peaks mostly in the
finger-print region after the measurements. The second one is that optical fringes appear in
the spectra. These problems are not found only for pMAIRS specifically, and they appear
even in normal-incidence transmission spectra. In fact, these are common annoying
problems often found in IR spectra measurements, and they have long been believed to be
difficult issues that cannot be overcome.

Shioya and co-workers found that these problems became stronger when the substrate
had a larger refractive index.®® If the light is incident at the air/substrate interface
perpendicularly from the air phase, the reflectance, R, is given by:

2
R — [nsubstrate — 1] ) (17)

n +1

substrate

Since this is an increasing function with the refractive index of the substrate (# >1),a

substrate
larger index gives a larger reflectance. This means that a substrate with a large index makes
a portion of the incidental IR light go back to the interferometer in FT-IR and ‘double
modulation’ happens there. Since FT-IR does not take such an extraordinary modulation into
account, this makes the results distorted making the subtraction of water-vapor peaks
imperfect.

To prevent the going-back of the reflected light to the interferometer, small angles of
incidence should not be employed. On this concept, a new technique employes the angle of
incidence fixed at 45°, and instead the polarization of the incidental light is changed to carry
out the MAIRS measurements. This 2" generation technique of MAIRS is named MAIRS2.
The new technique not using a low angle of incidence also makes the matter of optical fringes

improved greatly because the fringes are enhanced at a low angle of incidence.

10
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Figure 2 presents IR MAIRS2 spectra as well as pMAIRS spectra of spin-coated film
of poly(2-perfluorobutyletyl acrylate) deposited on a silicon substrate. In the pMAIRS
spectra, water-vapor peaks and optical fringes are found both removed effectively. This

makes minor peaks visible and the peak positions highly accurate.
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Figure 2. IR spectra of poly(2-perfluorobutyletyl acrylate) spin-coated film on Si
measured by (a) MAIRS2 and (b) pMAIRS techniques. The red and blue curves are the IP
and OP spectra, respectively.

3. Practical Applications of MAIRS

3.1 Organic semiconductor analysis in thin films

Organic semiconductors have a condensed ring structure consisting of m-conjugated
systems, and the orientation of the aromatic rings determines the direction of charge transport
in thin films. Therefore, accurate understanding and control of molecular orientation is
extremely important for the development of high-performance thin-film devices.’??
Molecular orientation of organic semiconductors can roughly be classified into two types
with respect to the aromatic rings to the substrate: the end-on and edge-on orientations. The
edge-on orientation can further be divided into two types depending on the orientation of the
long axis of the molecule, but for the sake of simplicity, we will refer to both types of
orientation as edge-on orientation.

Since face-on and edge-on orientations show contrasting aptitudes for the devices in

which they are used, it is important to develop analytical methods to identify the molecular

11
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orientation in thin films. For this purpose, the MAIRS technique is powerful because it can
directly discuss the orientation of aromatic rings. In fact, this method has been used for
molecular orientation analysis of many thin-film organic semiconductor materials,’>!1¢
such as poly(3-alkylthiophene)s,”>*® polyphyrins,’ ' and pentacene (PEN).!?>-109

To analyze the molecular orientation of organic semiconductors, the C—H out-of-plane
vibrational (y(CH)) band of aromatic rings is useful because of its high absorption intensity
and its direction of the transition moment. An additional advantage of using the y(CH) band
for orientation analysis is that it does not overlap with other vibrational bands because it
appears in the wavenumber region below 950 cm™!, which is outside the fingerprint region.
In fact, by focusing on the intensity of the y(CH) band in the pMAIRS spectra, the face-on
and edge-on orientations of organic semiconductors can easily be distinguished.’®-*96)-
103).109-11D) We will introduce some examples of studies in which the pMAIRS technique is
used to analyze the molecular orientation of organic semiconductors on solid substrates as
follows.

PEN is one of the most well-studied organic thin-film semiconductor materials, and
much interest is focused on its aggregation structure in the film in terms of molecular
orientation as well as the polymorphs. When this compound is stacked on a solid substrate,
the edge-on orientation is typically formed due to its high self-assembling property.'!?-11?
On the other hand, there are reports that exceptionally non-oriented thin film structures can
be obtained by making the substrate temperature (7suw) low during the deposition
process, 297129 but the details of the structure have long been unknown.

The pMAIRS technique is useful for analyzing the molecular orientation of such low-
crystalline thin films. The molecular orientation of PEN in thin films fabricated at room
temperature (7Tsuw = 298 K) and at low temperature (7suw = 210 K) is revealed by using
pMAIRS spectra.!® When the y(CH) bands that typically appear at about 905 cm™! in these
films are compared, the IP and OP band intensity ratios are found inverted (Figure 3a). This
result clearly indicates that they have totally different molecular orientations from each other.
Since the y(CH) mode of the aromatic ring has a transition moment perpendicular to the ring
plane, the observed MAIRS dichroism indicates that the PEN molecules have an edge-on
orientation in the room temperature deposition film while a face-on orientation in the low

temperature-deposited film. In other words, by using the pMAIRS spectra, the unusual

12
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molecular orientation of PEN in the low-temperature evaporated film on Si was revealed for

the first time.
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Figure 3 (a) IR-pMAIRS spectra of pentacene thin films prepared at 298 K and 210 K. (b)
pMAIRS spectra for pentacene films in the wavenumber position of 940-880 cm™.!%) [DOI:
10.1038/s41598-018-37166-6] (b) pMAIRS spectra for pentacene films in the wavenumber
position of 940-880 cm™' where IP (blue open circle) and OP (black filled circle) spectra are
plotted with fitted curves (IP: blue solid line, OP: black solid line). Inset shows a schematic
illustration of the orientation angle ¢ of peak v are denoted for each spectrum. Inset shows
a schematic illustration of the orientation angle, ¢, of a pentacene molecule against a
substrate (sub.). (¢) Logarithm of the component ratio of standing molecules to all molecules
In(n"/N) vs inverse temperature (1/7). Dotted line represents a least-squares fit. The
correlation coefficient is 0.90.!) The correlation coefficient is 0.90. [DOI:
10.1103/physrevmaterials.5.013801].

Nagai and co-workers estimated the existence ratio of the edge-on and face-on
orientations in thin films from the pMAIRS dichroism that is used for determination of the
activation energy by plotting the Arrhenius plot in Figure 3b and c¢) %19, This was further

13
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induced to be a collective orientation change (Ecos: collective orientation barrier). Ecos can
be used as an indicator of the likelihood of collective orientation change. In fact, the Ecos of
PEN thin films on silicon oxide (SiOz2) and graphene are 0.02 eV and 0.20 eV, respectively,
indicating that molecules on graphene are less likely to form edge-on orientations. This result
quantitatively shows that the graphene surface interacts with the mn-conjugated surface of
PEN to suppress the edge-on orientation of molecules, and thus acts as a template layer.!?>
The results quantitatively show that the graphene surface interacts with the m-conjugated
surface of PEN, thereby inhibiting rising up of the molecules. The pMAIRS technique can
conveniently be used for quantitatively discussing the orientation properties of
semiconductor molecules on a particular substrate of interest.

Another example of molecular orientation analysis is presented for zinc
tetraphenylporphyrin (ZnTPP) in amorphous films.!°) ZnTPP has a chemical structure
consisting of a porphyrin ring and four phenyl groups.®” Grazing incidence X-ray diffraction
(GIXD) patterns of evaporated films of this compound at room temperature show that the
molecules form an amorphous structure, independent of the evaporation rate (Figure 4a).
The GIXD result gives the prediction that the ZnTPP molecules are unoriented in the
deposited film. The analysis based on the pMAIRS spectra, however, overturns this
prediction. Focusing on the y(CH) band of porphyrin at 798 cm™ in Figure 4b, a strong OP
band is clearly observed when the film is deposited at a relatively high deposition rate (80
nm min™). On the other hand, thin films deposited at a lower deposition rate (0.2 nm min™")
have almost the same intensity of the IP and OP bands. This suggests that the high deposition
rate results in formation of a kinetically controlled face-on orientation. In this manner, the

combination technique of GIXD and pMAIRS makes it possible to discuss both crystallinity

14
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and orientation in thin films individually, which means that pMAIRS serves as a
complementary technique to GIXD.
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Figure 4 (a) GIXD patterns and (b) pMAIRS spectra of fast and slow-deposited films of
ZnTPP prepared at ambient temperature.'® [DOI: 10.1021/acs.jpcc.8b00972].

Another advantage of using the pMAIRS technique is that the structure can be discussed
for each functional chemical group. This feature is particularly important for the structural
analysis of organic semiconductor materials having alkyl side chains such as 2-decyl-7-
phenyl[1]benzothieno[3,2-b][1]benzothiophene  (Ph-BTBT-C10).'?® Figure 5a, this
compound has different polymorphs of crystal and liquid crystal in thin films depending on
temperature: thin film phase,'?” bulk phase,'?® and smectic E (SmE) phase.!> While the
polymorphism of Ph-BTBT-Cio in thin films has already been elucidated in this manner, the
structure of the alkyl chains in the crystal structure is not yet understood. In particular, it
should be noted that the crystal structures of the thin film and SmE phases were obtained
based on X-ray diffraction (XRD) patterns, assuming that the alkyl chains have the all-trans-
zigzag conformation.!?”!?®) In other words, the structure of the alkyl side chain cannot be

determined by the XRD patterns alone. In such cases, structural analysis using pMAIRS
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works powerfully to determine the conformation of the alkyl side chains and the orientation

as well.
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Figure 5 (a) Crystalline polymorphs of Ph-BTBT-C10 : bulk phase (BP), thin-film phase
(TFP), and smectic E phase (SmE). (b) IR pMAIRS spectra of thin films measured at several
temperatures and (c) average orientation angles of the decyl chain calculated from the
pMAIRS spectra.!'® [DOI: 10.1021/acs.jpclett.2c03399].

The CH2 symmetric and antisymmetric stretching vibration bands (vs(CH2) and va(CH2),
respectively) are typically used to discuss the structure of alkyl chains.!3?"1*? Indeed, the
structure of the decyl group of Ph-BTBT-Cio has been analyzed on the basis of the
temperature dependence of these vibrational bands.!'> Looking at the pMAIRS spectrum of
the as-deposited film (303 K), both vs(CH2) and va(CH2) bands appear strongly in the IP
spectrum (Figure 5b). This indicates that the alkyl chains are oriented upright, which is
typical for the formation of aggregate structures. At the same time, the wavenumber positions

of the bands indicate that the decyl chains have the all-trans-zigzag conformation. In other
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words, considering that Ph-BTBT-Cio is actually in the thin film phase in this temperature
range, and the model structure of the decyl group in the thin film phase shown in Figure 5a
is supposed to be true. On the other hand, above the transition point to the SmE phase (~420
K), the IP and OP spectra are almost identical to each other (Figure 5b and c), which clearly
indicates that the orientation of the decyl chains has changed to be a disordered state due to
melting. This result is consistent with the fact that the SmE phase can be regarded as a
crystalline phase in crystallographic terms.!*® This provides important evidence that this
phase is essentially a liquid crystalline phase. Thus, the pMAIRS technique is useful for
elucidating the orientation of the side chains as well as the n-conjugated backbone.

3.2 Quantitative analysis of on-surface reactions

In the above, we have shown that the pMAIRS technique has a characteristic that IP and
OP spectra are obtained on a common vertical axis scale, which enables us to quantitatively
analyze molecular orientation in thin films. This unique property of the pMAIRS technique
provides another advantage of giving optically isotropic (OI) spectra by averaging the IP and

OP spectra (Eq. 1).1%9

A, =%(2AIP+AOP) (18)
Here, Aiso, Ap and Agp denote the absorbance of the O, IP, and OP spectra, respectively.
In other words, by substituting the measured IP and OP spectral intensities into Eq. (18), the
spectra of the unoriented molecules can be obtained by the simple calculation. Since the OI
spectrum is independent of molecular orientation, the band intensity in the OI spectrum is
solely proportional to the quantity of chemical species in the thin film. Therefore, from the
intensity of the OI spectrum, the quantitative changes of chemical species associated with

chemical reactions can be analyzed in the thin film (often called on-surface
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reactions).!%9139-136) Thig further makes it possible to estimate thermodynamic constants
such as rate constants and activation energies.!> In the following, we will introduce
examples of studies in which the pMAIRS technique is applied to the analysis of on-surface
reactions.

13,6-N-sulfinylacetamidopentacene (SAP), one of the typical precursor materials of PEN,
is readily converted to the desired product by heat treatments.'*” The overall picture of this
on-surface reaction is investigated by multivariate analysis of pMAIRS spectra measured at
several annealing temperatures.'? The results reveal that the compounds appeared in the
reaction are of three chemical species and the ratios of these components can be
quantitatively revealed (Figure 6). The conversion reaction of SAP to PEN is initiated at an
annealing temperature of about 400 K, and is almost completely completed by 420 K. In this
stage, PEN is produced in the two forms of the “thin film” and “bulk” phases simultaneously.
As the temperature increases, the thin-film phase is converted to the bulk phase, and the thin-

film phase is mostly annihilated eventually.
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Y . (Amorphous)

306 b
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£ b
s04 i
é !fPEN (Thin-Film phaseg)

le o A

FATN >

0.2 N
“ll 4 \\
Ofg— = . k‘\,_n ——
At ked PEN PEN
320 360 400 440 (Thin-film phase) (Bulk phase)

Annealing temperature /| K

Figure 6 Quantity variations of the three chemical constituents in the SAP/PEN mixed
thin films as a function of thermal treatment temperature analyzed by classical least-squares
regression calculation. Quantity variations of the three chemical constituents in the
SAP/PEN mixed thin films as a function of thermal treatment temperature analyzed by
classical least-squares regression calculation.!® [DOI 10.1021/acs.jpca.0c00111].
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The thermal conversion of dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT)
precursors has also been analyzed using a similar approach.'*¥ DNTT-phenylmaleimide
monoadduct, one of the DNTT precursors, has several stereoisomers, among which endo
(5,14-)13® and exo (5,14-) forms'* are commercially available as precursor materials for
organic thin-film transistors. Nevertheless, the exo isomer shows almost no conversion
reaction to DNTT in spin-coated thin films, as revealed for the first time by analysis using
the pMAIRS technique (Figure 7). On the other hand, the reaction of endo isomers proceeded
quantitatively. The difference in stereoisomer-dependent reactivity was also found to be due

to the molecular aggregation structure of the precursor, as shown schematically in Figure 7.
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Figure 7 Structural conversion reaction of DNTT precursors.

Recently, Maruyama and co-workers developed an in-situ measurement system
combining an FT-IR system involving MAIRS2 and a vacuum deposition system to
investigate the formation process of organic and inorganic halide perovskite thin films
(Figure 8a).!*% To incorporate the MAIRS technology into a vacuum chamber, MAIRS?2 is

fairly suitable because the angle of incidence is fixed in MAIRS2. In this study, C(NH2)sI
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(guanidine hydroiodide: GAI) and Snl> were used as organic and inorganic sources,
respectively. GAI/Snlz bilayer thin films were prepared by vacuum evaporation using a
continuous wave IR laser (CW-IR).!“9:14D The isothermal conversion reaction from the
precursor film to the GASnls perovskite film was pursued by the MAIRS?2 technique. The
reaction products were quantified from the obtained spectra, and the dependence of the
GASnl; formation rate on the reaction temperature was analyzed using the Avrami model.
As a result, this reaction was found to be a diffusion-controlled reaction. Furthermore, the
activation energy of the reaction was estimated to be 67 + 11 kJ mol' by means of an
Arrhenius plot (Figure 8b). Thus, the MAIRS2 technique is useful not only for the analysis

of molecular orientation in thin films, but also for elucidating the kinetics of on-surface

reactions.
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Figure 8 (a) A schematic illustration of the in-situ FT-IR/vacuum deposition system. (b)
Arrhenius plot of the reaction rate constant (k) estimated from the Avrami model.'*> [DOI:
10.1021/acsami.3c08708].

3.2 Protein analysis in Langmuir-Blodgett films

Langmuir-Blodgett (LB) films, which are formed at the air-water interface'*?"'43, is a
powerful platform providing insight into the molecular interactions of cell membranes,

proteins, and other molecules.'* The MAIRS technique is useful for elucidating molecular
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interactions in LB films, and it has been used to study the interactions of amphiphilic
compounds®?-149-149) a5 well as peptides and proteins.!*!52 The molecular orientation and
conformation at the air-water interface of peptides and proteins, as well as amphiphilic
compounds, can quantitatively be discussed. As an example, Wang and co-workers employ
the pMAIRS technique for analyzing the molecular orientation and conformation of a-
synuclein'>1%9 that is known to be deposited on cell membranes and causes Parkinson's
disease.’’”15% g-synuclein consists of 140 amino acids and the nonamyloid component
(NAC), which corresponds to a sequence of 61-95 amino acids, is known to be responsible
for the deposition of a-synuclein on the plasma membrane.'* C. Wang and co-workers
synthesized a-synuclein (61-95) consisting only of NAC sites and LB films of the
synthesized one were prepared.'*” Circular Dichroism (CD) spectra of the LB films showed
that the NAC moiety alone also forms an a-helix in the LB films as found for a-synuclein.
160)

The pMAIRS spectra of the LB film were then used to estimate the tilt angle of the a-helix
formed by the NAC moiety relative to the substrate. For this analysis, the amide I band at

1658 cm™! derived from the a-helix was used (Figure 9).
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Figure 9 p-MAIRS results of the LB film of a-synuclein (61-95) transferred under 6 mN m-
'(A) and 10 mN m™! (B)."3” https://doi.org/10.1016/j.colsurfb.2019.110401

The pMAIRS-IP and -OP spectra of the amide I band indicate that the helical axis of the
a-helix is tilted approximately 30° from the substrate. However, macroscopic IR
spectroscopy provides only average information for the entire thin film. Therefore, in
addition to the NAC model in which the entire a-helix is tilted at 30° at the air-water interface,
a bent chain model in which the hydrophilic part of the a-helix is oriented horizontally to
the water surface while the hydrophobic part rises above the water surface is also possible

(Figure 10).
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Figure 10 Illustration of two possibilities of a-synuclein (61-95) at the air—water
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The orientation of the a-helix in the LB film was therefore discussed by introducing the
carbon isotope '*C into the 93" glycine near the C-terminus of a-synuclein (61-95).!%)
Therefore, the backbone carbonyl (C=0) group of glycine at the position 93 near the C-
terminus of a-synuclein (61-95) was labeled with '3C '®V and by comparing the amide I
bands at >C and *C.'% CD spectra of LB films showed that a-synuclein (61-95) labeled
with 13C also forms an a-helix. pMAIRS-IP spectra showed amide I and II bands at 1655
and 1535 cm™!, which are derived from the a-helix (Figure 11). The band at 1625 cm™ would
be attributed to the amide I band involving '*C. The CD spectrum shows no B-sheet peak,
and since the band of a-helices with amide I involving '*C is known to shift a low
wavenumber by about 30~40 cm™', the band at 1625 cm™ is also considered to be derived
from the a-helix.!®" The pMAIRS-OP band is also known to be derived from the a-helix.
On the other hand, in the pMAIRS-OP spectrum, the amide I band splits into 1659 and 1645
cm’!. Furthermore, the amide I band labeled with '3C at 1625 cm'! is very weak in intensity.
This indicates that the labeled amide I band is suggested to be oriented in-plane. Thus, by
incorporating the labeled protein into an LB film. The pMAIRS spectrum of the LB film, we

obtained a schematic that a-synuclein (61-95) forms an a-helix at the air-water interface with
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an orientation such that the site near the C-terminus is horizontal and the opposite N-terminal

site stands vertically.
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Figure 11 pMAIRS results of the LB monolayer of the '*C labeled a-synuclein (61-95) at
position 9 glycine prepared at 10 mN m™! on silicon slide. The top curve is the the IP spectrum
and the bottom one is OP spectrum.'*® https://doi.org/10.1007/544211-022-00128-0

3.3 Liquid crystalline polymers

In the analysis of thin films composed of soft materials such as polymers and liquid
crystals, XRD is a primarily powerful method, but it can only provide information on
crystalline portions. MAIRS can discuss the molecular conformation and orientation of
specific functional groups, no matter how the crystallinity is in the thin film. Therefore, for
polymer liquid crystal thin films with a mixture of crystalline and disordered regions, the
combined technique of XRD and MAIRS works powerfully to analyze the crystallinity and

orientation in an identical thin film.!6*-16%)

-GN‘ 0 FaC o) 0 FaC
IO — 0Ok
) O CF3 0 0 CFs3
PMm (m =2, 4, 6, 8, 10, 12) PMDA-TFDB (PI)

Figure 12 Chemical structures of the target poly(amic n-alkyl esters), PMm, and
corresponding polyimides.'®¥ https://doi.org/10.1038/s41428-020-00458-8
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Ishige and co-workers developed a variable temperature (VT) pMAIRS equipment and
also a grazing-incidence wide-angle X-ray scattering (GI-WAXS) equipment incorporated
with a heating device to analyze molecular orientation changes during heat treatment of
polyimide precursor films for making polyimide films.!*¥ Polyimide is a main-chain type
liquid crystalline polymer having rigid main chains, which is widely used in organic devices
such as alignment films in liquid crystal displays because of its strong anchoring
effect.!916) Ag a polyimide precursor, PMm, a fluorinated aromatic diamine-containing
polyamide ester with controllable isomerism, was used (Figure 12). PMm exhibits a
lyotropic liquid crystalline phase in a 50wt% solution of N-methylpyrrolidone, and the
polyimide PMDA-TFDB is obtained by heat treatment at 300°C. Spin-coated thin films were
prepared from dilute solutions of PMm, and changes in molecular orientation during the heat
treatment process were analyzed by VI-pMAIRS. In the pMAIRS-IP spectrum of the
precursor polyimide film before heating, the C=0 stretching vibration of the ester group was
identified at 1730 cm™ and the C=O stretching vibration of the amide group at 1670 cm’!

(Figure 13).
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Figure 13 a-f In-plane (IP) and out-of-plane (OP) spectra of PMm (m =2, 4, 6, 8, 10, and
12) thin films acquired during heating from 65 to 260°C by VT-pMAIRS. The spectra of the
films substantially cured at 350°C were obtained at ambient temperature and are represented
as 350°C.'%
https://doi.org/10.1038/s41428-020-00458-8

On heating, the intensities of these two bands decrease while the intensities of the C=0
asymmetric stretching vibration band of the imide ring at 1745 cm™ and the C-N stretching
vibration band of the imide group at 1370 cm™, both of which are originated from the
formation of polyimide increase. There was no change in the band intensity of the C=C

stretching vibration mode of the aromatic diamine group at 1490 cm! before and after

heating. The imidization rate during the heating process was estimated from the C-N
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stretching vibration band intensity of the imide group. Only on the conventional transmission
method, it is difficult to estimate the imidization rate because the C-N stretching vibration
intensity of imide groups depends not only on the concentration of imide groups but also on
their orientation. pMAIRS makes it possible to quantitatively calculate the imidization
reaction rate on the useful fact that the average spectrum of the pMAIRS-IP and -OP spectra
is constant regardless of orientation as found in Sec. 3.2. The correlation between the
imidization rate and the orientation angle shows that the in-plane orientation of the precursor
polyimide moiety is higher than that of the polyimide moiety as the temperature increases in
the initial stage of imidization, which implies that the overall orientation is inhomogeneous.

The precursor had a higher percentage of the edge-on orientation than polyimide.
Comparing the orientation angles obtained from pMAIRS and GI-WAXS, it was found that
both precursor and polyimide had a higher percentage of the edge-on orientation, suggesting
that the packing of the alkyl side chains in the precursor induces edge-on orientation, but the
rotation of the polymer main chain upon imidization reduces the edge-on orientation. Note
that pMAIRS yields an averaged orientation angle covering the ordered and disordered
regions in a film. The pMAIRS and GI-WAXS results revealed that polyimide begins to be
generated in unoriented regions where the precursor has a high mobility, and after that
polyimide is further generated in regions where the precursor is strongly oriented in plane.

Ishige and co-workers also studied the changes in imidization rate and orientation ordering
in thin films for fully-aromatic polyimides having various main-chain backbones during a
heating process using VT-pMAIRS.!®® They showed that the main-chain orientation changes
differently depending on the main-chain structure through the imidization reaction.

For the side-chain polymer liquid crystals, similar studies using a combination of MAIRS

and XRD are also reported by S. Nagano and co-workers.!®!'") From comparison of
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pMAIRS spectra with XRD patterns, they revealed the existence of homeotropically oriented
regions near the film surface. Thus, by using MAIRS and XRD together, it is possible to
discuss the orientation of the liquid crystal throughout the thin film.

3.4 Interstellar Materials Science

Interfacial chemistry has long been recognized to play an important role in the study of
interstellar molecules'’®, and Hama and co-workers present brilliant works showing that
MAIRS is useful for revealing the structure and reactions of adsorbed molecules at an
interface.!”>17> The surface of the interstellar dust composed of a variety of solid and liquid
materials works as adsorption sites of interstellar molecules. The surface of interstellar dust
is covered with various solid-phase molecules, called interstellar icy dust.!”® Many
compounds are considered to be generated on the surface of the interstellar dust. Although
the cryogenic temperature of 10 K in interstellar space makes it difficult for general chemical
reactions to proceed, Watanabe and Hama showed that atoms attached to the surface of
interstellar dusts can react through the quantum tunneling effect.!’ In other words,
understanding of the thin-film growth and reactions of interstellar molecules is important for
understanding the development mechanism of planetary systems.'’®*!”? Among them, the
surface potential of a polar molecule, nitrous oxide (N20), is reported to vary a lot with
temperature.'’® 189 Since nonpolar molecules do not show such a trend,'8"13? they
performed MAIRS2 measurements of methane and nitrous oxide deposited on various
substrates at cryogenic temperatures to determine their orientation in amorphous thin films
composed of these molecules.!”

Both MAIRS-IP and -OP spectra of methane show a similar intensity at about 3010 cm!,

which is assigned to the asymmetric (called ‘v3’!8%) C-H stretching vibration mode (Figure

14A), methane molecules with a random orientation increase with deposition time. The
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identical v3 mode gives different wavenumber positions in the MAIRS2-IP and -OP spectra
at 3009 cm™! and 3012 cm’!, respectively, which is induced by the TO-LO splitting.34-184-185)
In the case of oriented N2O molecules, the band at 2222 cm™ of the MAIRS2-IP spectrum
corresponds to the v3 band of the transmission spectrum.'®® The band of amorphous N20 in
the MAIRS2-OP spectrum shows, however, a larger wavenumber shift from 2227 cm™ to
2251 cm™ with increasing the deposition thickness (Figure 14B). The intensity of the
MAIRS2-OP spectrum is getting larger than that of the MAIRS2-IP one with the deposition

time.
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Figure 14 1P and OP spectra obtained by MAIRS2 as a function of gas exposure time. (A
and B) v3 C-H stretching vibration band of amorphous CH4 at 6 K. The dashed gray
guidelines are at 3012 and 3009 cm™. (C and D) v3 antisymmetric stretching vibration band
of amorphous N20O at 6 K. The dashed gray guidelines are at 2251, 2227, and 2222 cm™!. The
pressure in the chamber is 6.7 x 10 and 6.0 x 10 Pa during CH4 and N2O exposure,
respectively.!”?

https://doi.org/10.1021/acs.jpclett.0c01585

On the other hand, dipole-dipole interactions within amorphous N2O was suggested to
influence the molecular vibrations of the surrounding N20.'8? In addition, the arrangement

of dipoles may also cause another wavenumber shift due to the vibrational Stark
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effect.!¥®189 Therefore, morphological change of the N>O layer occurs as deposition
proceeded, which significantly distorted the shape and intensity of the MAIRS2-OP
spectrum. In other words, the possibility that the shape of the MAIRS2-IP and -OP spectra
may change significantly regardless of the molecular orientation of N2O must be considered.

To determine the orientation angle of N20, they focused on the weak v3 band of “N'>NO,
an isotopomer of N20 that contains the nitrogen isotope '*N.!”? This band does not resonate
with the v3 band of '“N20, and its concentration is sufficiently low.!”) The intermolecular
vibrational coupling can thus be neglected. In other words, with the v3 band of *N'*NO, we
can calculate the molecular orientation angle of *N'>NO in amorphous N20. No intensity
change at 2187 cm™! corresponding to the v3 band of *N'NO, and no wavenumber shift in
the MAIRS2-OP spectrum found for “N2O was observed (Figure 15) as expected. The
orientation angle of N2O in the amorphous N2O film was then calculated to be 65.1° + 1.5°
from the surface normal. In addition, the MAIRS2 spectra of N2O deposited after growing
amorphous Ar on the silicon substrates are similar to those on a bare silicon substrate,
indicating that N2O shows the same orientation even on amorphous Ar as on a silicon
substrate. Thus, the MAIRS2 measurements indicate that the transient mobility of N20
molecules in the amorphous state by physical adsorption via van der Waals forces determines

the molecular orientation on the substrate.
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Figure 15 MAIRS?2 for solid N2O at 6 K in the region of the v3 (*N'*NO) isotope band as
a function of exposure time at 6.0 x 10° Pa. (A) IP spectra and (B) OP spectra. gray
guidelines are at 2187 cm™.!”¥ https://doi.org/10.1021/acs.jpclett.0c01585

MAIRS is also used for the study of amorphous ice involved in reactions at the interstellar
icy dust interface.!” On the surface of amorphous ice, there are dangling OH groups with
weak hydrogen bonds.'” The dangling OH groups characterize the amorphous ice. These
dangling OH groups work as molecular adsorption sites and catalyze chemical reactions.!*?
The dangling OH groups are also useful to quantitatively discuss the porosity and specific
surface area of amorphous ice.!”¥ Hama and co-workers prepared thin films of amorphous
ice on a silicon substrate and MAIRS2 spectra were measured at low temperatures to
determine the abundance of dangling OH groups.'” When amorphous ice was grown at 10
K, bands at 3720 cm™! and 3696 cm™! corresponding to two- and three-coordinated dangling
OH groups were identified (Figure 16A and B). To simplify the analysis of the dangling OH

groups, they readily prepared only the three-coordinated dangling OH groups and produced

amorphous ice at 90 K. As a result, only the band at 3696 cm™! increase with the deposition
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time, confirming that only three-coordinated dangling OH groups are grown. In addition, the
intensity of the OP spectrum is stronger than that of the MAIRS2-IP spectrum (Figure 16 C).
It was found that the dangling OH groups are oriented in the OP direction. This reminds us
of our another analysis of the perpendicular orientation of dangling OH group bonds of a

silicon substrate.!*>
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Figure 16 MAIRS2-IP and -OP spectra of amorphous water on a Si substrate at 3750—
3660 cm!. (A) Amorphous water at 10 K as a function of water exposure time. (B)
Amorphous water at 10 K and 90 K formed after 32 minutes of water exposure. (C)
Amorphous water at 90 K as a function of water exposure time. The pressure in the chamber
is 2.2 x 10% Pa. The amorphous water samples were prepared using H2O with 3.5 mol%
HDO.!"" DOI 10.3847/2041-8213/ac3a0e

34



Template for JJAP Regular Papers, STAP Articles, and
reviews (Oct. 2022)

Next, to quantify the amount of dangling OH groups on the amorphous ice surface,
MAIRS2 measurements were performed while methanol was exposed to the amorphous ice
surface at 90 K. As the exposure time of methanol increased, the 3696 cm™ band of the
dangling OH groups disappears and the 1034 cm™ band corresponding to the C—O stretching
vibration mode of methanol increases (Figure 17). This band was observed in the MAIRS2-
OP spectrum higher than that in the IP one. In other words, the bands of the dangling OH
groups disappeared as methanol adsorbed to the dangling OH groups on the amorphous ice
surface. The amount of dangling OH groups can approximately be assumed to be the amount
of methanol that can be estimated from the decrease of dangling OH groups, the amount of
dangling OH groups on the amorphous ice surface was calculated to be 3.3 + 0.6 x 10"
molecules cm™. The ice crystal surface contains 1.0 x 10" molecules cm™? of water
molecules, and'*® about half of them are supposed to form the dangling OH groups. Since
the amorphous ice surface contains the same amount of water molecules as the ice crystal
surface, the MAIRS analysis indicates that the dangling OH groups on the amorphous ice

surface have a portion of only 3%.
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Figure 17 MAIRS2-IP and -OP spectra of amorphous water on a Si substrate at 90 K as a
function of CH3OH exposure time. (A) 3750-3660 cm™! for the dangling-OH peak and (B)
1060-1010 cm™! for the CO stretching band of CH3OH. Amorphous water was prepared at
90 K by 32 minutes of water exposure (H20 with 3.5 mol% HDO) at 2.2 x 10 before
CH3O0H exposure. The pressure in the chamber is 2.2 x 10" Pa during CH3OH exposure.'”®
DOI 10.3847/2041-8213/ac3a0e

3.5 Medical applications using ZnO nanowire

Analysis of the adsorption process of molecules on the surface of ‘nanowires’ is another
remarkable example of the application of MAIRS.'®” Oxide nanowires represented by ZnO
are expected for sensor materials because they can detect molecular adsorption in the liquid

and gas phases giving electrical signals.'”®!'* However, the mechanism of molecular
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adsorption on solid surfaces, including oxides, is still largely unexplored, since it is difficult
to measure the presence or absence of adsorbates on solid surfaces mostly due to limitations
in measurement sensitivity. The mechanism of molecular adsorption on solid surfaces is still
largely unknown because it is difficult to measure the presence or absence of adsorption on
the solid surface itself due to the limitation of measurement sensitivity. IR spectroscopy is
extremely sensitive in terms of sensitivity, and when combined with the MAIRS technique,
it greatly contributes to the analysis of molecular adsorption processes on solid surfaces.
Wang and co-workers discussed the adsorption mechanism of nonanal on the surface of
ZnO nanowires using IR spectroscopy.?’” Nonanal (Figure 18b) is found in the exhaled
breath of certain cancer patients, and it is tried to be detected by using the surfaces of oxide
nanowires.?’"20% IR spectroscopy combined with XPS showed that heat treatment of ZnO
nanowires decreases the OH groups on their surface and the amount of nonanal adsorbed
also decreases.?*® This means that nonanal would be adsorbed on the OH groups or the Zn**

sites on the ZnO nanowire surface.
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Figure 18 (a) pMAIRS spectra (1770-1620 cm™) of nonanal adsorbed on ZnO nanowires
pretreated at 400°C (blue line) or 800°C (red line) in air. (b) Schematic structures of surface-
adsorbed nonanal and corresponding DFT-calculated C=0O frequencies.?’”
https://doi.org/10.1021/acs.nanolett.8b05180

Then, the adsorption process of nonanals on the surface of ZnO nanowires was
investigated by pMAIRS. Note that in the case of ZnO nanowires, needles growing
perpendicular to the plate work as substrates, and each needle surface is perpendicular to the
plate surface. As a result, the concept of the IP and OP directions is reversed. Nonanal
adsorbed on the ZnO nanowires heated at 400°C exhibits bands at 1709 and 1666 cm'
(denoted as vi and vz respectively) in the pMAIRS-OP spectra (Figure 18a) that is associated
with the C=0 stretching vibration (v(C=0)) mode. By comparing to the IR spectrum of

nonanal in the liquid phase, the vi(C=0) and v2(C=0) bands are attributed to adsorption on

the ZnO surface OH groups and Zn?" sites, respectively, which is supported by the DFT
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calculations.

The strong pMAIRS-OP spectral intensities of both vi(C=0) and v2(C=0) bands indicate
that the C=O groups adsorb parallel to the ZnO nanowire surface, as shown in Figure 18b.
When the pMAIRS intensity ratio, OP/IP, are compared, the ratio of the v2band is larger than
that of the vi band. This result is also consistent with the fact that the Zn**-coordination sites
are fixed nearly perpendicularly to the plate surface.’’® Comparing the intensity ratio,
v2(C=0)v1(C=0), for the samples heat-treated at 400°C and 800°C, the ratio gets
significantly lower at 800°C. This agrees with the former result of the reduced OH groups
on the surface of ZnO nanowires after the heat-treatment at 800°C studied by IR and XPS.
In this manner, the pMAIRS measurements reveal the details of nonanal adsorption to the
OH groups and Zn**-coordination sites on the ZnO nanowire surface.

As a practical application of the combination of the ZnO nanowires and pMAIRS
techniques, Yasui and co-workers developed a new highly sensitive technique to detect
extracellular vesicles specific to ovarian cancer with high accuracy by adsorbing and
separating extracellular vesicles on ZnO nanowires.?’® Since various substances as well as
the target extracellular vesicles, such as proteins in blood plasma, are all adsorbed on the
ZnO surfaces, polyketone was coated on the nanowires (Figure 19). Polyketone is of a
monomer of 3,3-dimethylpentane-2,4-dione, and the number of ketone units can be
controlled at our will so that the balance of hydrophobicity/hydrophilicity can also be
controlled.??”2%) When the nanowire surfaces are covered with polyketone, the carbonyl
groups are more likely to interact with extracellular vesicles than with proteins. The
molecular orientation and adsorption behavior of polyketone on the surfaces were
investigated by pMAIRS.

In the pMAIRS-IP and -OP spectra of ZnO nanowires coated with dimers of polyketone,
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the carbonyl stretching vibration bands are observed at 1695 cm™ and 1697 cm’,
respectively (Figure 19B). DFT calculations indicate that the band at 1695 cm™! is due to the
carbonyl group coordinated with Zn, while the band at 1697 cm™! is of a free carbonyl group
facing outward the plane surface. The carbonyl groups strongly coordinated with Zn are
almost perpendicular to the nanowire surface, resulting in a strong band solely in the ‘IP’
spectrum. On the other hand, the free carbonyl groups are weakly interacted with the
nanowire surface resulting in a tilted orientation, and therefore it also gives an OP band as
well as the IP one. The intensity ratio of the IP band to the OP one decreases as the number
of carbonyl groups increases. This confirms that the number of free carbonyl groups
increases when the molecule becomes more chained (Figure 19C, D).

Free carbonyl groups would favorite binding to extracellular vesicles. Indeed, when
extracellular vesicles were adsorbed on polyketon-coated ZnO nanowires and then recovered
by introducing phospholipids that is more acidic than polyketones, the recovery of
extracellular vesicles was higher in the dimer and 16-mer-coated systems than in the
polydisperse polyketon-coated system or by centrifugation (Figure 19F). Furthermore, the
purity of the recovered extracellular vesicles was higher in the 16-mer polyketon than in the
dimeric and polydisperse systems (Figure 19H). In other words, as supported by the results
of pMAIRS, the 16-mer polyketon with more free carbonyl groups suppressed the adsorption
of proteins on the surface of ZnO nanowires, resulting in selective adsorption of extracellular
vesicles, and the introduction of phospholipids into them allowed the recovery of highly pure
extracellular vesicles. The results show that extracellular vesicles are selectively adsorbed

and that highly pure extracellular vesicles would be recovered by introducing phospholipids.
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Schematic illustrations for the device setup and ZnO nanowire s modified by polyketone.
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LO spectra reproduce the pMAIRS-IP and -OP spectra, respectively, confirming the
pMAIRS The TO and LO spectra correspond to the IP and OP spectra, respectively,
confirming the pMAIRS measurements are correctly done. The gray box indicates the wave
number range of the C=0 stretching vibration bands. (C) pMAIRS-IP and -OP spectra of
polyketones with different lengths. The bottom spectrum named "Polydisperse" is of the
polyketone synthesized with unaligned lengths (mean, 9.5-mer). (D) Ratio of the IP intensity
to the OP one; the OP and IP intensities used for the ratio were given in (C). (E) Stable
structures of polyketone 2-mer attached to ZnO nanowires predicted by DFT calculations.
The black arrows and numbers indicate the direction of the vibrational stretching mode and
the wavenumber, respectively. In (A) and (E), the arrows marked by OP and IP indicate the
directions of the polarization distribution during the pMAIRS measurement. (F) Cryo-TEM
image of extracellular vesicles (EVs) recovered from serum by the ZnO (G) Concentrations
of EVs recovered from serum by the ZnO nanowires modified with polyketone 2-mer, 16-
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mer, and the polydisperse, and collected by ultracentrifugation (u-cfg). (H) Purities of EVs
recovered in serum by the ZnO nanowires modified with polyketone 2-mer and 16-mer, and
the polydisperse.2®)

https://doi.org/10.1126/sciadv.ade6958

3.5 Phonon analysis by MAIRS

As found in the former sections, MAIRS basically provides the function of molecular
orientation analysis. If this function is reconsidered as the analysis of optical anisotropy in
thin films, an additional function is figured out than the orientation analysis.

As a matter of fact, IR spectra consists of not only the normal-mode bands in a single
molecule, but also coupled-oscillation bands, i.e., phonon bands. In inorganic matters, let us
take an example of ionic crystals represented by sodium chloride, sodium and chloride ions
are alternatively and repeatedly located and they are combined by mostly homogeneous
interactions of the ionic interactions (Figure 20a). In this case, the concept of a single

molecule is for nothing, and the coupled oscillation over the crystal is the normal mode.?’”

(a) Inorganic ionic crystals (b) Organic matters

N. J. Chem. 2007, 31, 947.

Strong: Covalent bonds
l Coulomb interactions Coexist
Weak: vdW interactions e Strong: D-D interactions

Normal mode = Phonon > Normal mode = Single-molecule @ Phonon

Figure 20 Schematics for understanding of normal modes in (a) inorganic and (b) organic
matters.

On the other hand, in organic matters, organic molecules are weakly packed with a very

weak interactive forces of van der Waals force represented by London’s dispersion force,
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while the individual molecule consists of atoms connected by the strongest bond of the
covalent bond (Figure 20b). In other words, two largely different interactive forces coexist
in the matter. In the organic matters, therefore, the normal mode is mostly defined for each
single molecule, and the coupled oscillations over the molecules can be ignored. However,
if the molecule has chemical groups having a large permanent dipole moment such as the
C=0 and C—F bonds, the intermolecular interactions cannot be ignored, and the coupled-
oscillation (phonon) bands appears with a similar shape to the single-molecular vibration
bands. Here, we have a problem that the phonon mode in a thin film has a character that the
transition moment is largely oriented to the surface-perpendicular direction, which is known
as Berreman’s effect.398-209-21D Therefore, if the phonon mode is recognized as the normal
single-molecular mode in a wrong manner, discussion of the molecular orientation would go
to a wrong direction.

To avoid the wrong discussion, discrimination of the phonon bands from the normal IR
absorption bands is critically important. Since the Berreman mode has a unique character
that the transition moment is perpendicular to the film surface irrespective of the molecular
orientations, the function of the anisotropic analysis of MAIRS works powerfully.

Figure 21 presents IR MAIRS spectra of 5-monolayer LB film of cadmium stearate
deposited on a Ge substrate.*” The spectra have basically the same shape for both IP and OP
spectra as found in the transmission and RA spectra, respectively. In the high wavenumber
region, both vaCH:2 and vsCH:2 bands appear at the almost the same position for both IP and
OP spectra, respectively, which means that the normal alkyl (CH) groups show no phonon

character.
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Figure 21 IR MAIRS spectra of 5-monolayer LB film of cadmium stearate on Ge®”

On the other hand, in the low wavenumber region, v«COO" band appears at 1423 cm™ in
the IP spectrum while it appears at 1433 cm™! in the OP one. This clear band shift of 10 cm™
! is given by the dipole-dipole (D-D) interaction of the COO" groups in neighboring
molecules, which is phonon. A similar thing happens for the vaCOO" band at ca. 1540 cm™,
but the shift is smaller than the symmetric one. This is because the Berreman effect appears
stronger for the surface-perpendicular orientation.

Phonon comprises the bulk and surface modes, and if the thickness of the matter is

decreased, the portion of the surface mode becomes larger. Figure 22 shows IR ATR spectra

of perfluoroalkanes with time.>'?
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Figure 22 IR ATR spectra of perfluoroalkanes (CnFam+2; m = 6~9) on Ge with time.
When the liquid sample is evaporated to be thinner, a new band governs the spectra for
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every chain length. The new band is the surface mode of phonon. In particular, just before
the full evaporation, the continuous film come apart to gives many particles having a large
surface area. In this manner, phonon-relevant bands look like normal IR absorption bands,
and they are quite difficult to discriminate from each other.

To discuss the degree of phonon generation, four compounds are prepared named FrnFn-
DMPC.?* They commonly have a skeleton of DMPC (1,2-Dimyristoyl-sn-glycero-3-
phosphorylcholine), and the two tail chains are partly replaced by Rr groups with different
chain lengths of n = 4 or 8 (FnFn). If only one chain is replaced, the compound is a hybrid

compound (FrF0). Note that if the chain length is C8 or longer, the chains are spontaneously

aggregated.?!?-219
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Figure 23 IR MAIRS spectra of a single-monolayer LB film of (a) F4F4-DMPC and (b)
F4F0-DMPC on Si. As a reference, the ATR-LO spectrum of the powder sample is also
presented.?’”

The LB film of F4F4 exhibits the same mode at different positions of 1234 and 1245 cm’
! for IP and OP, respectively, with different strength (Figure 23a). This is a typical Berreman
mode, which is readily revealed by MAIRS. If the compound is changed to F4F0, the two

bands appear at nearly the same position with the same strength indicating the phonon is
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obstructed by inserting the hydrocarbon chain (Figure 23b). Here, the reader may consider
that the length of n = 4 is too short to aggregate spontaneously. In this case, the monolayer
is compressed ‘artificially’ by the Langmuir technique, and as a result the phonon band is
generated. To explore the molecular self-aggregation, the IR spectrum of the powder sample
should be visited. As found in the ATR-LO spectrum of the powder sample of F4F4, the
spectrum has a similar shape to the MAIRS-OP spectrum. Since the phonon bands are
observed as Berreman’ modes, they should appear in the OP spectrum. Therefore, this
similarity indicates that F4F4 molecules are fairly aggregated even in the powder sample,
which suggests that such short Rr chains are aggregated to generate clusters.

On the other hand, as for F4F0, the ATR-LO spectrum has a different shape of the
summation (or averaged) of the MAIRS-IP and OP spectra. If the phonon generation is
completely obstructed in powder, the spectrum should be close to the IP spectrum. Therefore,
the average spectrum indicates that even the hybrid chains of the Rr and alkyl chains also
generates the clustering to some extent.

Similar experiments are performed for F8F8 and F8F0. As found in Figure 24, F8F8
exhibits a phonon mode at 1250 cm™, but it is annihilated for F8F0, which is common to
F4Fm. Of interest is that both powder spectra show similar shape to that of the MAIRS-OP
spectrum for each case. This implies that the long Rt chains are very strongly aggregated
spontaneously even for the hybrid compound. This results indicates, therefore, that the Ry
chains as the side chains of a polymer, often make clustering in an inhomogeneous
manner.?'> This means that the phonon analysis using MAIRS is powerful to analyze the

side R chains in polymers.
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Figure 24 IR MAIRS spectra of a single-monolayer LB film of (a) FSF8-DMPC and (b)
F8FO0-DMPC on Si. As a reference, the ATR-LO spectrum of the powder sample is also
presented.?*”

4. Conclusions

This review shows that the MAIRS technique coupled with IR spectroscopy works
powerfully to reveal not only the quantitative molecular orientation at individual chemical
groups, but for quantitative analysis of chemical reaction, cross-section of IR absorption and
phonon. One of the most useful aspects of the technique is that the analysis can be performed
for films having uneven surfaces prepared by practical techniques of spin-coating and dip-
coating ones. In addition, MAIRS covers both crystalline and amorphous regions in thin
films. Therefore, MAIRS is now recognized to be equivalent and complement to the
diffraction techniques such as X-ray and electron diffractions. Since most of the polymer
matters have amorphous regions, MAIRS would soon be recognized as an essentially useful

technique for polymer science in the future.
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