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Abstract
Multiple-angle incidence resolution spectrometry (MAIRS),

originally developed in our group, is a unique spectroscopic
technique for analyzing the structure of molecular aggregates in
a thin film, which requires only the refractive index of the film
for attaining an analytical accuracy of three significant digits.
Since MAIRS is robust to the surface roughness of the film,
rough films prepared by using the spin-coating, bar-coating, or
drop-casting techniques can be analyzed with a good repro-
ducibility. MAIRS makes the best use of a Fourier transform
infrared (FT-IR) spectrometry, which enables us to discuss
molecular conformation, packing, polymorphs etc. as well as
the molecular orientation. At the moment, MAIRS has two
options, pMAIRS and MAIRS2. pMAIRS has already been
established and the application is spreading. MAIRS2 is the
newest technology, which frees us from FT-IR specific prob-
lems, that is to say, interference of water-vapor peaks and of
optical fringes. In this review, the cutting-edge analytical tech-
nology of MAIRS is described comprehensively for conven-
ience of both pMAIRS and MAIRS2 users.
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1. Introduction

On developing materials with new functions and properties,
material design tends to be oriented to “molecular” design. The
primary chemical structure of a compound influences the
material properties indeed, but a direct correlation between the
structure and property is not expected, even if the higher-order

structure and the regioregularity of the compound are both
controllable. What we need for bridging the molecular structure
and the material properties is the aggregation structure of the
molecules, which depends on molecular orientation, packing
and polymorphs at least. Accurate prediction of the aggregation
structure solely on the primary chemical structure is, however,
close to impossible, and therefore analysis of aggregation
structure of the developed material is a crucial key to feedback
to the molecular design.

Molecular devices, for example, are mostly built in a thin
film for a high throughput of electron transport, since the exci-
ton radius is small for organic compounds requiring a thin
layer. A typical device is a photovoltaic that has a layered
structure sandwiched by metal and transparent electrodes. Since
the direction of the molecular stacking of aromatic rings is
suitable for the electron transport, the molecular plane should
be stacked with a face-on orientation to the film surface. In this
manner, we have to control the molecular arrangement in a thin
film by monitoring the molecular orientation of each chemical
group.

To monitor the molecular arrangement in a thin film, two
analytical approaches are fundamental and necessary: crystal-
lography and spectroscopy that reveal polymorph and molec-
ular orientation, respectively. For the polymorph analysis, two-
dimensional grazing incidence X-ray diffraction (2D-GIXD) is
recognized to be most powerful to look over a wide range of
the reciprocal lattice at once. Regardless, very limited informa-
tion is given for an amorphous part by the diffraction tech-
nique. Spectroscopy is, on the other hand, suitable for discuss-
ing the molecular orientation of each chemical group irrespec-
tive of crystallinity.
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Multiple-angle incidence resolution spectrometry (MAIRS)
meets the spectroscopic analytical purpose in a thin film.
MAIRS makes the best use of Fourier transform infrared
spectrometry (FT-IR), in terms of the quantitative accuracy and
the sensitivity for the monolayer-level thin films. MAIRS is
characterized to enable us to perform quantitative analysis of
molecular orientation with no optical parameter for many
compounds. In addition, MAIRS has a great advantage that a
thin film with a rough surface can accurately be analyzed with
a good reproducibility. If the film comprises crystallites, the
MAIRS spectra and GIXD patterns can cooperatively be dis-
cussed to reveal an actual image of the molecular aggregation
structure in the film. In this sense, the combination of MAIRS
and GIXD is most useful and powerful for the development of
functionalized thin films.

In this review, a development history of the MAIRS tech-
nique is described from the research background to state of the
art of the technique involving practical applications.

2. Fundamental of Molecular Orientation Analysis
Using Conventional Absorption Spectroscopy

Spectroscopic analysis of molecular orientation in a thin
film is powerful especially when vibrational spectroscopy is
employed, since the orientation of each chemical group can be
analyzed no matter what the crystallinity is in the film. When
infrared (IR) spectroscopy is employed, in particular, the
analysis is much easier than the other techniques because of
two reasons. The first one is that the peak intensity (absorb-
ance), A, is simply proportional to the squared inner product of
the transition moment, hkjrjji, and the electric field, E, of the
IR light as indicated by Fermi’s golden rule (eq 1).1

A / jqhkjrjji¢Ej2 ð1Þ
Here, q is the charge on the dipole moment. The direction of
the electric field can easily be controlled by rotating a linear
polarizer, which make it possible to determine the direction of
the transition moment experimentally.

Secondly, the direction of the transition moment is easily
determined because of another simple relationship: the irredu-
cible representations of hkj and r are identical to each other, so
that the transition moment must be non-zero in group theory.1,2

In short, the molecular orientation can experimentally be
analyzed through determination of the direction of the transition
moment, which is simply done by rotating a linear polarizer.

The most fundamentally important techniques for discuss-
ing the molecular orientation in a thin film1,3,4 are the normal-
incidence transmission (Tr) and reflection-absorption (RA)5

techniques. The optical schemes are presented in Figure 1. For
the RA measurements, a grazing angle is used for the incidence
typically at 80° from the surface normal, and the p-polarization
is used. The electric field of the IR light is parallel to the sub-
strate surface for the Tr measurements, whereas it is perpen-
dicular to the surface for the RA measurements. As a result,
therefore, the surface-parallel and -perpendicular components
of a transition moment are selectively observed in the Tr and
RA spectra, respectively, which are the complementary surface
selection rules.1,2,4

Example spectra of the two spectrometries are presented in
Figure 2. The two figure panels show high and low wave-

number regions of IR Tr and RA spectra of a 7-monolayer
Langmuir-Blodgett (LB) film of cadmium stearate. For the Tr
measurement, an IR transparent substrate of calcium fluoride
(CaF2) is used; whereas a silver-evaporated glass slide is used
for the RA measurement.

As found in Figure 2, the RA and Tr spectra in the higher-
wavenumber region (left panel) seem to have a similar peak
intensity to each other; whereas they have different intensity in
the lower-wavenumber region (right panel). These unbalanced
intensities are caused by the difference of the ordinate scales of
the two spectrometries. As a matter of fact, the RA spectrometry
has an apparently larger intensity than that of the Tr by a factor
of nearly one order of magnitude.1,2 In the case of Figure 2,
therefore, the RA spectrum should be corrected to be weaker by
a factor of ca. 0.1 for comparison to the Tr one. To correct the
ordinate scales quantitatively, many optical parameters involv-
ing complex refractive index as a function of wavenumber and
thickness are definitely needed for the calculation,6 which makes
the conventional IR spectroscopy unpractical for many users.

We also have to note that having “anisotropic optical param-
eters” a priori is equal to having the orientation angles before
the analysis, which is indeed a big dilemma. Analysis of
molecular orientation using two different techniques has thus a
high hurdle for practical use.

If the ordinate scales could be arranged to be common to the
two techniques, therefore, the molecular orientation angle, º,
should easily be analyzed in a very simple manner, if the real
part of refractive index can be approximated to be a constant,
which corresponds to a weak absorption.1,4,6

p

Electric
field

metallic substrate
thin film

(b) RA
Electric
field

Thin film

IR ray

(a) Tr

Figure 1. Schematics of (a) Tr and (b) RA measurements
of a thin film on IR transparent and metallic substrates,
respectively. For the RA measurements, the p-polarized ray
is employed.
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Figure 2. IR Tr and RA spectra of a 7-monolayer LB film
of cadmium stearate deposited on CaF2 and silver sub-
strates, respectively. The two spectra are plotted with a
common ordinate scale.
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º ¼ tan�1

ffiffiffiffiffiffiffiffiffiffi
2ATr

ARA

r
ð2Þ

Note that, in this equation, no optical parameter is involved for
the orientation analysis on the uniformed ordinate scale.

This analytical dream comes true, if an idea of multivariate
analysis is added to the conventionally established physically
rigorous theory.

3. Birth of MAIRS

To overcome the limit of the physical principle, multivariate
analysis is introduced to make the best use of the theoretical
fundamentals of spectroscopy as a new spectroscopic strategy.

In the new strategy, the conventional Tr and RA measure-
ments are changed to new schematics using a common normal-
incidence Tr geometry7 as shown in Figure 3.

The schematic of the in-plane (IP) measurement (Figure 3a)
is the same as that of the conventional Tr measurements
(Figure 1a). On the other hand, the out-of-plane (OP) measure-
ment is realized by using a virtual light that has an electric-field
oscillation parallel to the light-traveling direction (Figure 3b),
which is not available in nature. If the light intensities of both
IP and OP measurements were readily measured, nevertheless,
a unique measurement scheme would be built as follows.

In practice, the IR ray is incident on the sample (a thin film
deposited on a substrate) obliquely at the angle of incidence of
ª, and the intensity of the transmitted light (sobs) is measured as
a single-beam measurement by FT-IR as shown in Figure 4.

Here, sobs involves a linear combination of sIP and sOP with
weighting ratios of rIP and rOP, whereas the rest factors (e.g.
reflected ray) with no linear correlation with the weighting
factors are out of the linear combination. Fortunately, on
changing the angle of incidence, the linear combination part
can be tied up in a classical least-squares (CLS) regression1

manner (eq 3) leaving the remaining parts in U. Here, U is a
“garbage matrix” that receives the non-linear responses to the
weighting ratio matrix, R, which is a unique characteristic of
using a regression equation.1

S �
sobs;1
sobs;2

..

.

0
B@

1
CA ¼

rIP;1 rOP,1
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� �
þ U ð3Þ

Here, the matrix element of R is theoretically obtained7 as eq 4.

R ¼
1þ cos2 ªj þ sin2 ªj tan

2 ªj tan2 ªj

..

. ..
.

 !
ð4Þ

This matrix proved to be physically correct, which needs heavy
mathematical calculations though.8

Then, what we have to do is collect single-beam spectra at
multiple angles of incidence for both sample and background
measurements. Note that single-beam (light intensity) spectra
are collected, and absorbance spectra cannot be used.1,7 The set
of angle-dependent single-beam spectra are stored in S in eq 5,
and both sIP and sOP are quickly calculated by using eq 5 as the
least-squares solution1 of eq 3.

sIP

sOP

� �
¼ ðRTRÞ�1RTS ð5Þ

This set of measurements and calculation is carried out for
both sample (S) and background (B) measurements, which
finally yields the IP and OP spectra, AIP and AOP, as follows.

AIP ¼ � logðsSIP=sBIPÞ
AOP ¼ � logðsSOP=sBOPÞ ð6Þ

Here, the division is carried out at each wavenumber. This is
the basic framework of the measurements of MAIRS spectra,
but at the moment, the ordinate scales are not uniformed. For a
quantitatively accurate analysis, precise optimization of the
angle of incidence considering the refractive index is necessary,
which is described in Section 6.

These spectra correspond to the conventional Tr and RA
spectra in shape.7 In particular, the IP spectrum agrees with the
Tr spectrum quantitatively with a better signal-to-noise ratio.9

4. pMAIRS

The original MAIRS technique stated in Section 3 works
well to reveal the spectral ‘shape’ of the IP and OP spectra, but
the ordinate scale of the OP spectrum has sometimes a large
inaccuracy. This is mostly due to the apparent polarization
dependence of FT-IR. Indeed, the observed intensity ratio of
the s-polarization to the p-polarization is apart from unity,
which depends on wavenumber.

To eliminate the polarization dependence, the s-polarization
is removed from the MAIRS measurements, and only the p-
polarization should be employed for the analysis. This is called
the p-polarization MAIRS or “pMAIRS.”10

(a) “IP” corresponds to Tr (b) “OP” corresponds to RA
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Figure 3. Schematics of (a) MAIRS-IP and (b) ­OP mea-
surements of a thin film (not drawn) deposited on an IR
transparent solid substrate. The double arrow indicates the
direction of the electric field oscillation of the IR ray. For
the IP measurements, two degrees of freedom are both
indicated by the two double arrows.
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Figure 4. Measurement scheme of MAIRS. The thin film is
omitted, and the side view of the substrate only is illus-
trated. s and p denote the polarizations.
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pMAIRS has a slightly different weighting matrix, Rp, from
that of the original MAIRS as is presented in eq 7.

Rp ¼
cos2 ªj þ sin2 ªj tan

2 ªj tan2 ªj

..

. ..
.

 !
ð7Þ

Rp is obtained by removing “1” in R (eq 4), which corresponds
to the s-polarization, leaving the remaining matrix elements as
they are. With the pMAIRS technique, the analytical accuracy
becomes quite high, and reproducibility is also high.

Since the p-polarization provides electric fields in the x-
and z-directions (Figure 4), pMAIRS is theoretically suitable
for analyzing not only a uniaxially distributed molecule, but
also for a biaxially distributed system. For analyzing the biax-
ial system, the sample film is once measured by pMAIRS,
followed by a similar measurement with a rotated sample by
90° in the film plane.

5. Intuitive Understanding of pMAIRS

The pMAIRS-IP and -OP spectra are extracted from a
collection of multiple single-beam spectra measured at various
angles of incidence as the least-squares solution.

Since the reader may be confused on the extraction mecha-
nism on eqs 3 and 4, the mathematical process is explained
intuitively by using a schematic in Figure 5.

The matrix of S is a linear combination of sIP and sOP as
found in eq 3. Linear combination of the two vectors means
that all the points stored in S should be involved in two-
dimensional space, i.e., a plane, which is spanned by the
vectors of sIP and sOP (Figure 5).

A point in the plane corresponds to a measured spectrum,
and the position is a function of the angle of incidence.1

pMAIRS extrapolates some of the points by the least-squares
line to have the optimal solution on the two axes: sIP and sOP.
Here, we have to note that the measured points (circles) are not
on a straight line, but on a curve as schematically illustrated
in Figure 5. This means that a choice of some points largely
influences the extrapolated results.

For example, if the three open circles are chosen, the extrap-
olated solutions on the 0° and 90° axes yield sIP and sOP, but the
norm (distance from the origin) of the two vectors are appar-
ently different from each other, which means that the ordinate
scales of the IP and OP spectra are different from each other.

If the three closed circles are chosen, on the other hand, the
IP and OP spectra obtained in the extrapolated manner have a

common ordinate scale. In this case, therefore, the three angles
of incidence represented by the three closed circles are the
optimal angles of incidence for the pMAIRS measurements. In
this manner, optimization of the angles of incidence is key to
accomplish pMAIRS as a practically useful quantitative ana-
lytical technique.

6. Optimization of pMAIRS

Determination of the optimal angles of incidence is necess-
ary to make pMAIRS quantitatively useful, but it is a difficult
task indeed. At an early stage of the pMAIRS development,
a thin film of highly oriented molecules was used as the cali-
bration standard, so that the band intensity ratio of the IP
spectrum to the OP spectrum would agree with the orientation
angle known in advance.11 This calibration technique based on
band ‘intensity’ requires a highly reliable standard sample with
the oriented molecules, which is not practical for many users.

To overcome the experimental difficulties, a totally different
approach is employed: band ‘position’ is used for the calibra-
tion. When strongly IR absorbing molecules are close to each
other, a lattice or cluster of dipole-dipole interacting aggregates
absorbs IR ray in place of a single molecule, which would be in
a phonon or polariton state.12­14 In this state, degenerated pho-
non modes are split into the transverse and longitudinal optic
(TO and LO, respectively) waves, which is called the TO-LO
splitting.12­14 The TO-LO splitting does occur not only for a
crystal, but also for an amorphous matter involving glass and
liquid.15

For the use of the TO-LO splitting for the calibration,
perfluoroalkyl (Rf )-containing compounds are useful. An Rf

group composed of the C­F bonding has a large permanent
dipole moment at each bond,16 which works as a strong IR
absorber inducing the TO-LO splitting.1,14,15 When the Rf group
is (CF2)6 or shorter, the spontaneous molecular aggregation
is weak,17,18 and as a result, the compound is liquid or gas at
ambient temperature, i.e., a structurally isotropic matter. Band
positions of the TO and LO modes are obtained from the
attenuated total reflection (ATR) spectrum of the isotropic Rf-
containing compound by using the Kramers-Kronig relation-
ship.1,17,19 Therefore, what we have to do is determination of
appropriate angles of incidence, so that the shape of a pMAIRS
spectrum would match that of the calculated TO and LO spectra.

For details of this procedure, the reader is referred to a refer-
ence.20 Here, the optimal conditions are presented in Table 1.
The optimal angles of incidence depend on the refractive index
of the substrate, nsub, used for the thin-film support. For exam-
ple, when using a silicon (Si) substrate, we have to take the
angles of incidence from 9 to 44° by 5° steps, i.e., eight single-
beam spectra in total, for both S and B measurements.

7. Molecular Orientation Analysis Using pMAIRS

If the ordinate scales of the IP and OP spectra were ideally
made common, the simple band intensity ratio would yield the
orientation angle of the transition moment (eq 8).

º ¼ tan�1

ffiffiffiffiffiffiffiffiffiffi
2AIP

AOP

r
ð8Þ

The orientation analysis of eq 8 has a powerful benefit that
analytical accuracy of the molecular orientation is robust to the

Figure 5. Experimental optimization by choosing an ap-
propriate set (closed circles) of incident angles. The two
orthogonal axes correspond to the direction of sIP and sOP.
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surface roughness of the film. This is because the roughness
influences equally to both IP and OP spectra, which is can-
celled by making the intensity ratio.

Nonetheless, when a thin film of a spherical molecule of
fullerene (C60) is measured by pMAIRS, unfortunately, the OP
spectrum appears with an entirely larger intensity than the IP
spectrum.21 Since C60 is an intrinsically isotropic compound,
all the bands must exhibit an isotropic result: AIP ¼ AOP.
Therefore, this disagreement implies that the pMAIRS tech-
nique still has an inaccuracy even after the experimental
optimization.

The reason of the inaccuracy is that the ‘refractive index of
the thin film’ influences the AIP and AOP spectra in a different
manner. To make both spectra have an ideally common scale,
an additional correction is necessary, which is called “n4H
correction.”21 This correction on a condition of n2 º k2 works
well when:

1) The refractive index of the thin film is apparently far from
that of usual organic matter located at ca. n = 1.55. The typical
examples are C60 (n = 1.8 or higher) and Rf compounds (n =
1.4 or less), and

2) The refractive index of the substrate is lower than nsub =
2.5, which is typically found for CaF2.

In these cases, we have to correct the ordinate scale (eq 9) by
using a substrate-specific factor, H, as well as n as found in
Table 1.

º ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2AIP

n4H¢AOP

r
ð9Þ

Fortunately, eq 9 readily explains why the conventional
many pMAIRS spectra gave reasonable results without using
the correction. In fact, a usual organic material with n = 1.6
deposited on a Si substrate (nsub = 3.4; H = 0.14) yields n4H =
0.92 µ 1. We have to note, however, that the correction term is
essentially necessary for the measurements of pMAIRS spectra.

Fortunately, this correction using the parameters in Table 1
is involved in the commercial pMAIRS equipment, and the
operation is quite easily done as a black box.

We are now ready to use pMAIRS for practical applications.
Figure 6 presents a pMAIRS spectrum of a pentacene (PEN)
film deposited by an evaporation technique on a Si substrate. A
single pMAIRS spectrum consists of two spectra of the IP and
OP spectra presented by the red and blue curves, respectively.

PEN is a stiff molecule that has three mutually orthogonal
normal modes along the short- and long-axes as well as the
plane normal, which are denoted as x, y and z, respectively, and
they appear at largely different band positions. By measuring

the band intensity ratio of each band, the orientation angles
from the surface normal are easily calculated as shown in the
figure.

When a set of three mutually orthogonal directions are con-
sidered, the tilt angles of the directions measured from a
common direction satisfy the direction-cosine equation (eq 10)
in theory.1,2,4,6

cos2 ºx þ cos2 ºy þ cos2 ºz ¼ 1 ð10Þ
When the three orientation angles are put in this equation, in
fact, the summation is 1.00. This surprisingly beautiful result
straightforwardly implies that the analytical accuracy of
pMAIRS attains three significant digits. One of the reasons
of the high accuracy is that only the p-polarization is used: the
polarization dependency of FT-IR is excluded.

This accuracy check using eq 10 is quite convenient to
examine whether the pMAIRS spectra are properly measured or
not. If there is a problem with the sample or with the spec-
trometer, the summation becomes far from unity. For example,
if the surface roughness is measured by atomic force micro-
scope (AFM) to have a root mean square (RMS) roughness of
more than 100 nm, the summation of the direction cosines tends
to be far from unity by more than 10%.

8. Application Studies Using pMAIRS

One of the most useful application targets of pMAIRS is
organic electronics, which requires analysis and control of
molecular orientation for developing high-performance organic
thin-film devices as found over more than two decades.22­63

The molecular orientation in an organic semiconductor thin
film is analyzed by using various characterization tools such as
2D-GIXD,64­67 electron diffraction (ED),68,69 near-edge X-ray
absorption fine structure (NEXAFS),65,70 spectroscopic ellips-
ometry (SE),51,71 polarized Raman72­75 and vibrational sum-
frequency generation (SFG)76­79 spectroscopies. Many recent
papers, in addition, demonstrate that pMAIRS works effec-
tively as an alternative technique for revealing the molecular
arrangement in organic semiconductor thin films,80­92 as shown
in the following sections. Note that pMAIRS can easily be
installed on FT-IR, and it provides rich chemical information
not only of molecular orientation, but of conformation, molec-
ular packing and even polymorphs in a thin film with a surface
roughness.

A) Molecular Orientation Analysis Irrespective of Crys-
tallinity. High-crystalline materials are of a two-dimension-

Table 1. Optimal experimental parameters for representative
IR transparent substrates, on which a thin film is deposited

Substrate nsub
Angles of
incidence/°

Angle
step/°

H

Ge 4.0 9­44 5 0.15
Si 3.4 9­44 5 0.14

ZnSe 2.4 9­44 5 0.13a

CaF2 1.4 8­38 6 0.21
aIn the original paper, the value of ZnSe was miscalculated to
be 0.11.

Figure 6. A pMAIRS spectrum of a PEN film deposited on
a Si substrate.
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ally well-organized molecular assembly on a solid surface in
general, but this does not mean that an amorphous part has
a random orientation. Yokoyama and co-workers report that
several amorphous materials for organic light-emitting diodes
(OLEDs) tend to be oriented horizontally in the film, and the
order of orientation significantly influences the device per-
formance.25,51 In a similar manner, for organic photovoltaics
(OPVs) using semi-crystalline polymers, molecular orientation
is recognized to be one of the critical parameters for enhanc-
ing the power conversion efficiency.30,32,33,39,45,49 Analysis of
molecular orientation in a low-crystalline film is thus of great
interest particularly for developing OLEDs and OPVs. For this
purpose, pMAIRS works powerfully showing an outstanding
performance for the quantitative analysis as follows.

The most widely used material for OPVs, poly(3-alkylthio-
phene) (P3AT),93­95 works as an excellent p-type semiconduc-
tor even with a low crystallinity. Although the aptitude has
already been studied well depending on the molecular arrange-
ment, a fully molecular schematic is not at hand. By using
the pMAIRS technique, we have revealed the accurate molec-
ular structure and the controlling mechanism of molecular
orientation.90,92

To discuss the relationship between the molecular orienta-
tion and the crystallinity, two crystallinity-controlled films of
poly(3-butylthiophene) (P3BT) are compared (for preparation,
see the original paper90). The 2D-GIXD patterns of the two
films are presented in Figure 7. The strong (h00) reflections due
to the lamellar structure appear along the q? axis in Figure 7a
where q? is the OP component of the scattering vector. This
indicates that the edge-on orientation is formed in the crys-
talline lamellae, since the crystallographic a-axis is along the
alkyl side chains (i.e., x-axis; Figure 8). The other film has
almost no lamellar peaks (Figure 7b), and a broad halo indexed
as 010 is observed in the high q? region. This is a typical
diffraction pattern of liquid-crystalline thin films,96 and it is
further evidence of having no lamellar crystalline structure. On
the GIXD pattern alone, in this manner, quantitative orientation
analysis of a low crystalline material is difficult.

The pMAIRS spectra, on the other hand, show an apparent
difference of the intensity ratio of IP and OP bands at about
825 cm¹1. This band is assigned to the C­H out-of-plane defor-

mation vibration (denoted as γ(C­H)) mode of the π-conjugated
skeleton.97 This band appears strongly in the IP spectrum for
the film (Figure 7a); whereas it appears strongly in the OP
spectrum for the film (Figure 7b). Since the transition dipole
moment is directed normal to the ring plane (z-axis; Figure 8),
the relatively strong IP and OP bands roughly mean the edge-
on and face-on orientations, respectively, in the film.90,92 With
this surface selection rule, the higher crystalline film is con-
firmed to have the edge-on crystallites predominantly. On the
contrary, for the other one, the face-on orientation is preferen-
tially formed. Because the GIXD pattern has no lamellar peaks,
the face-on orientation is thus found not driven by the inter-
molecular interaction. This experimental result is consistent
with a previous paper98 using molecular dynamics (MD) simu-
lations reporting that a single molecule of P3AT prefers a face-
on configuration induced by the molecule-substrate interaction.

Another notable observation is that the ring stretching vibra-
tion97 band appeared at 1512 cm¹1 has an intensity ratio of
nearly unity for the face-on thin film (Figure 7b). By carefully
analyzing the band as well as the γ(C­H) band, the face-on
orientation of P3AT is found to be defined by the highly
aligned molecular short-axis as depicted in Figure 8.92 At the
same time, the long-axis is relatively disordered. In this man-
ner, pMAIRS has a powerful benefit that quantitative orienta-
tion analysis can be performed for each chemical group, as
further mentioned below.

B) Molecular Orientation Analysis of Each Chemical
Group. Another interesting application of pMAIRS is shown
for solution-processed zinc tetraphenylporphyrin (ZnTPP;
Figure 9a) thin films.91 ZnTPP has four phenyl rings attached
to the porphyrin skeleton, and the phenyl rings typically take
a twisted conformation to the porphyrin ring due to steric
hindrance. The phenyl rings contribute to its high solubility in
general organic solvents, which makes the solution-coating
techniques possible. Although the spin-coated films of ZnTPP
and its related compounds are practically used in various
organic thin-film devices such as OPVs99,100 and organic
sensors,101­103 a comprehensive understanding of the structure-
controlling factors is inadequate.

In the original paper,91 influences of the three factors of sol-
vent, coating technique, and thermal annealing on the molec-
ular structure in the film are discussed. As a result, the evapo-
ration time of solvent is found to be key, which can easily be
controlled by changing the solvent and the coating technique.
For example, the combination of chloroform (Chl) and spin-
coating (SC) results in the shortest evaporation time for obtain-

Figure 7. 2D-GIXD patterns (upper panel) and pMAIRS
spectra (lower panel) of P3BT thin films having two
different orientations ((a) edge-on and (b) face-on config-
urations) deposited on a Si substrate.

Figure 8. Schematic illustrations of a face-on orientation of
P3AT in a thin film.
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ing the film (Chl-SC film). The pMAIRS spectrum of the Chl-
SC film indicates a nearly perfect random orientation judging
from the good agreement of the IP and OP spectra over the
entire wavenumber range (Figure 9b). In contrast, the com-
bination of the longest evaporation time of solvent, that is,
1,2,4-trichlorobenzene and drop-casting (TCB-DC) induces a
remarkably ordered polycrystalline structure in the film regard-
less of thermal annealing. The annealed film, in particular,
shows an extremely high dichroic ratio in Figure 9b.

Here, we have to note that pMAIRS works powerfully for
discussing the molecular orientations of the porphyrin and
phenyl rings individually, which is difficult by using other
techniques. These two rings exhibit a contrasting intensity ratio
in the spectra, as typically found for the γ(C­H) bands in
Figure 9b. As a result, the porphyrin ring is found to be ori-
ented in a face-on manner, while the phenyl ones take the edge-
on configuration. Analytical details are referred to the original
paper.91 Of another note is that the degree of orientation
becomes higher as the evaporation time increases. In this way,
quantitative analysis of each chemical group by pMAIRS is
quite useful for discussing the relationship between the film-
preparation parameters and the molecular orientation of ZnTPP
systematically.

C) Three-Dimensional Orientation Analysis. Next,
we show another useful characteristic of pMAIRS, which is
used for analysis of a solution-processed PEN thin film.81 The
film can be prepared by the thermal conversion technique
using a soluble precursor (13,6-N-sulfinylacetamidopentacene;
SAP).104 As described in Section 7, PEN has three mutually
orthogonal normal modes (see the molecular scheme in
Figure 6),105 which give absorption bands at 1445, 1297 and
906 cm¹1 in the spectra (Figures 6 and 10a). The intensity ratio
of the IP to OP bands directly gives the quantitative orientation
angle for the three orthogonal modes using eq 8. This is an
outstanding advantage when comparing to other spectroscopic
techniques such as ultraviolet-visible (UV-Vis) absorption
spectrometry and NEXAFS.

The calculated orientation angles (ºx, ºy and ºz) give the
three-dimensional (3D) orientation image of the molecule
against the thermal-treatment temperature in Figure 10b. The

plot indicates that all the angles are at near the magic angle
(54.7°) immediately after beginning of the thermal conversion.
In other words, PEN is randomly oriented in the film at an early
stage of the structural conversion process. The 3D orientation
analysis is a unique property of pMAIRS, and even the
NEXAFS technique cannot depict the 3D structure of PEN,
because the technique provides only orientation information of
the z-axis, i.e., ºz.70

9. Advanced Analysis Using pMAIRS

As shown in Section 8, pMAIRS exhibits highly useful per-
formance as a structural characterization tool for organic thin
films. pMAIRS has, in fact, high potential for structural char-
acterization of thin-film samples, not only to the molecular
orientation analysis. In this section, a totally different use of
pMAIRS is shown as follows.

A) Another Use of pMAIRS: Quantity Analysis in a Film.
Quantitative analysis of chemical constituents in a thin film
using spectroscopy with the aid of multivariate techniques (i.e.,
chemometrics) is a challenging long-term issue in analytical
spectroscopy. This is because the spectral intensity (absorb-
ance) of a thin film is influenced not only by the quantity, but
also by the molecular orientation via the surface selection rules.
If the influence of molecular orientation can be removed, the
spectral intensity would be governed by only the quantity of
constituents in the film. This is realized by using the pMAIRS
technique.81

Here, we note again that both IP and OP spectra have a
common ordinate scale. With this characteristic, pMAIRS can
uniquely annihilate the influence of the molecular orientation
by simply taking the average of AIP and AOP to generate the
isotropic spectrum, Aiso (eq 11).81

Aiso ¼
1

3
ð2AIP þ AOPÞ ð11Þ

The isotropic spectrum is a spectrum, as if it were measured
on an orientation-free (perfectly random) film. Of course, the
quantity information of all the constituents in the film is readily
preserved in Aiso.

In this manner, the pMAIRS-IP and -OP spectra can now be
used in two totally different ways: i) molecular orientation is
calculated by taking the ratio, and ii) molecular orientation is
annihilated to leave the quantity only by taking the average of
the spectra, which is schematically summarized in Figure 11a.

Figure 9. (a) Schematics of chemical structure and some
representative vibrational modes of ZnTPP. (b) pMAIRS
spectra of ZnTPP thin films deposited on a Si substrate.

Figure 10. (a) pMAIRS spectra of solution-processed PEN
thin films, and (b) the calculated orientation angles as a
function of the annealed temperature.
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Once the influence of orientation is removed, the isotropic
spectra can directly be used for chemometric analysis.

As an example, the CLS regression technique can be coupled
with pMAIRS for revealing quantity changes of the chemical
species involved in the film during the thermal conversion
process of SAP to PEN.81 Before the CLS analysis, the iso-
tropic spectra measured at various annealed temperatures, Aiso,
were subjected to the principal component analysis (PCA).1

The eigenvalue plot is presented in Figure 11b. An eigenvalue
plot of a collection of spectra of a thin film often yields an
ambiguous result having no apparent boundary between the
basis and noise factors. Figure 11b shows, however, an ideally
beautiful eigenvalue plot, from which we can determine that
the number of constituents is apparently three. This clear PCA

analysis straightforwardly implies that the isotropic spectra on
pMAIRS are powerful for chemometric analysis.

The ‘three’ constituents go to SAP and two crystalline phases
of PEN, i.e., the thin film and bulk phases.81 These three phases
can strictly be discriminated by means of IR spectroscopy.

Then, the CLS analysis was performed on Aiso by the use of
the three pure-component spectra. The analytical results are
presented in Figure 11c. The plot clearly shows that the
reactant of SAP mostly disappears at 420K, and instead the
thin-film and bulk phases of PEN appear and grow together. At
a higher temperature, the thin-film phase is rearranged into the
bulk phase.

B) Visible-pMAIRS Analysis Monitors Davydov Split-
ting. pMAIRS is mostly employed for the IR region, but it has
more versatility. Here, an example of using pMAIRS coupled
with UV-vis spectroscopy (Vis-pMAIRS) is shown.106,107 Vis-
pMAIRS reveals the anisotropic electronic absorptions in a thin
film, which are substantially related to the charge transport in
the film. In this sense, Vis-pMAIRS should be a promising
analytical tool to study the structure-property relationship for
optoelectronic devices. In addition, this technique also gives
insight into the molecular orientation of organic semiconduc-
tors in a thin film, from a different perspective of IR-pMAIRS.

Control of the molecular orientation of PEN on a dielectric
material is a challenging topic. This compound is spontane-
ously aggregated to have end-on orientation on the supporting
substrate at ambient temperature.108 This is due to the high
aggregation property and the anisotropic molecular shape of
PEN.108,109 According to a study using MD-simulations,110 on
the other hand, a single molecule of PEN takes the face-on
stance on amorphous SiO2. A low-temperature (LT) deposition
technique is thus a candidate for realizing the face-on oriented
film, since the surface diffusion of a molecule is kinetically
restricted on a cold substrate.71,96,111­113 In the past, PEN was
believed to take a randomly oriented amorphous structure in
LT film.114­117 PEN thin films at ambient temperature were
known to exhibit Davydov splitting in the visible region due to
herring-bone crystalline packing, but it was not observed for
the LT film.116,117 This implies that no crystalline aggregates
were generated in the LT film. This interpretation has long been
believed to be true of the molecular structure in the LT film. We
have to note, however, that the conventional spectra were
measured by the normal-incidence Tr technique only.

By using the Vis-pMAIRS technique, the OP absorption
spectrum is first obtained for the LT film (the blue curve in
Figure 12a),86 where the IP spectrum (red curve) reproduces
the conventionally measured Tr spectrum. In the Vis-pMAIRS
spectra, the two Davydov components at 1.86 and 1.98 eV
appear individually in the IP and OP spectra, respectively.
Considering the direction of the transition moments, the mole-
cule should be aligned with the face-on orientation as depicted
in Figure 12b.86 In this way, Vis-pMAIRS readily makes up
for the OP spectrum that has long been missed, which largely
corrects the conventional interpretation by finding the Davydov
splitting.

10. MAIRS2: A New Generation of MAIRS

The pMAIRS technique is widely employed for various
organic compounds ranging from polymers to low-molecular-

(b)

(a)

(c)

Figure 11. (a) Schematic summary of two different uses of
pMAIRS. (b) Eigenvalue plot after the PCA analysis of
Aiso of a SAP/PEN film and (c) an analytical result by the
CLS regression calculation.
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weight materials as mentioned above. Sometimes, nevertheless,
unexpected noise components interfere with the analysis. The
most representative one is interference fringes due to the multi-
ple reflections of light within the substrate. The other is water-
vapor peaks deformed through the double FT modulation of
IR ray involving the reflected ray from the substrate.118 These
measurement troubles are especially severe for low angle (ª <
10°) incidence measurements. Unfortunately, pMAIRS mea-
surements are on the multiple-angle measurements including a
low angle of incidence.20

To overcome the problem, an alternative MAIRS technique
has recently been developed,118 which is called “MAIRS2.”
The different points from pMAIRS are summarized:
1) The angle of incidence is fixed at a specific angle deter-

mined by the substrate material (for example, 45° for Si).
Instead, the polarization angle is changed from 0° to 90°
during the measurements as schematically shown in
Figure 13a.

2) The R matrix of the MAIRS analysis is changed to have
a polarization-angle-dependent form (see the original
paper).

This is a simple modification of the measurement process
indeed, but it improves the obtained results drastically, partic-
ularly for the OP spectrum, as found in Figure 13c. The noisy
water-vapor peaks in Figure 13b are beautifully removed.
MAIRS2 is indeed powerful and useful for many IR users,
since we do not have to worry about the optical fringes that

appear not only in MAIRS spectra, but on Tr spectra. Since the
rotation of the sample stage is not needed during the measure-
ments, MAIRS2 would be a basic technology to develop
MAIRS for further applications.

Note that, however, MAIRS2 cannot be used for analysis of
a biaxially oriented sample, since the linear polarizer is rotated
during the measurements.

11. Conclusion

MAIRS equipped FT-IR is now a practically useful and
powerful technique for analysis of the thin-film structure repre-
sented by molecular orientation using very few parameters in
advance such as the refractive index of the film. Other param-
eters are automatically set by choosing the substrate material,
and the user can use it as a black box. Since the orientation
anlaysis is robust to the surface roughness of the film, MAIRS
is superior to other spectroscopic techniques. The two options
of pMAIRS and MAIRS2 are conveniently used up to the ana-
lytical purposes. MAIRS2 frees us from the concerns of water-
vapor peaks and optical fringes, whereas pMAIRS is easy to
introduce into the laboratory and it works for analyis not only
of uniaxial orientation distribution, but of biaxial orientation
in the film. MAIRS on FT-IR is a complementary technique
to GIXD for full understanding of a thin film, which should
boost research on a thin film or molecular adsorbates on a solid
surface including fluorous chemistry119­122 and medical appli-
cations123 and others.124­128

The 2D-GIXD measurements were performed at the
BL46XU beamline of SPring-8 with the approval of the Japan
Synchrotron Radiation Research Institute (JASRI) (Proposal
No. 2017B1831). The authors thank Prof. Hiroyuki Yoshida
and Tomoyuki Koganezawa for help for the GIXD experi-
ments.
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