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Scope of Research

To understand the chemical structure and property in a molecular aggregated system, the keywords of molecular inter-
actions and/or orientation are focused on, and the molecular aggregates are investigated by using originally developed 
spectroscopic techniques. The current major topics are: (1) Stratified Dipole-Arrays (SDA) theory accounting for bulk and 
molecular properties of perfluoroalkyl compounds; (2) the molecular orientation and conformation analysis in a thin film 
of an organic semiconductor; (3) the molecular structure and dynamics analysis of molecular water involved in a Nafion 
membrane.
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An Origin of Complicated Infrared Spectra 
of Perfluoroalkyl Compounds Involving a 
Normal Alkyl Group

Perfluoroalkyl (Rf) compounds containing a normal 
alkyl group often yield highly complicated infrared 
(IR) spectra especially in the CF stretching vibration 
(νC-F) region. To reveal the reason behind this, the IR 
p-polarized multiple-angle incidence resolution spectrom-
etry (pMAIRS) is employed to measure a monolayer of 
CF3(CF2)9(CH2)3COOH deposited on a silicon substrate. 
The compound is known to spontaneously aggregate to 
form a molecular assembly with the closest packing, in 
which the molecules are oriented perpendicular to the sub-
strate. The IR pMAIRS spectra apparently prove that the 
complexity of the νC-F region is due to the normal alkyl 
part directly connected to the Rf group because the carbons

in the Rf group are vibrated as a coupled oscillator, and 
the oscillation of the alkyl part propagates to the Rf part 
along the molecular axis.

 
A New Schematic for Poly(3-alkylthiophene) 
in an Amorphous Film Studied Using a Novel 
Structural Index in Infrared Spectroscopy

The molecular structure of poly(3-alkylthiophene-2,5-di-
yl) in an amorphous film reveals that the short axis of 
the thiophene ring is kept highly oriented parallel to the 
substrate, whereas the long axis along the polymer chain 
is largely disordered. This is unveiled by infrared p-po-
larized multiple-angle incidence resolution spectroscopy 
(pMAIRS), achieved by analyzing the orientation angles 
of three mutually orthogonal vibrational modes localized 
on the thiophene ring with the aid of a newly developed 
structural index. This new analytical technique is useful 
irrespective of the crystallinity of the thin film. As a result, 
the intrinsic chemical parameters controlling the molecu-
lar orientation are understood in a unified manner, and the 
reason that the hexyl group gives the best results for a pho-
tovoltaic cell is also revealed.

Hydration Structure of Strongly Bound Water 
on the Sulfonic Acid Group in a Nafion Mem-
brane Studied by Infrared Spectroscopy and 
Quantum Chemical Calculation

The hydration structure of the ‘strongly bound water’ 
around the sulfonic acid (SA) groups in Nafion, which 
has recently been revealed by 1H NMR spectroscopy 
(Anal. Chem., 85, 7581 (2013)), is studied using infrared 
spectroscopy with the aid of quantum chemical (QC) cal-
culations. During a heated drying process, bulky water is 
firstly dehydrated, which is followed by the disappearance 
of the hydronium ion and the appearance of bands that have 
been assigned to the fully dehydrated species at 140 °C. 
However, a spectral simulation based on QC reveals that 
the spectrum at 140 °C comes from the SA group associated 
with a single-water molecule via two H-bonds. This implies 
that a thoroughly dried membrane is unavailable even at 
140 °C, and the involved water corresponds to the ‘strongly 
bound water.’ The QC-analytical results are experimental-
ly confirmed by evolved gas analysis mass spectrometry 
(EGA-MS). At ca. 300 °C, which is the temperature where 
the SA group is selectively decomposed, the molecular 
fragment of SO2 is observed accompanying water mole-
cules as expected. This confirms that the last single-water 
molecule can remain on the SA group until the thermal 
decomposition.

Figure 3. Dehydration and deionization process about sulfonic acid group 
in a Nafion membrane on heating. 

Figure 2. A new schematic of the face-on orientation in a thin film of 
poly(3-alkylthiophene).

Figure 1. Schematic image of the CF stretching vibration mode. The com-
plicated band is induced by the vibration along the molecular axis.


