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Abstract

Steel sheet with an insulator to prevent corrosion is used for various purposes including in building and car manufacture.
Terahertz waves, for which insulators are highly permeable and metal surfaces are highly reflective, have been studied in
order to establish a new inspection technology for these steel plates. In our previous research, spectroscopic measurements
in the 1.0-4.0 THz range, generated by a GaP crystal, were carried out in order to collect information on the infrared
activity of the metal corrosion products formed on Zn-Al hot-dip galvanized steel sheet. In the previous work, the infrared
activity of Fe-based corrosion products was not examined. To examine these products, we conducted THz spectroscopy on
goethite (a-FeEOOH) in the range from 8.4 to 11.0 THz, generated by a GaSe crystal. The results of Attenuated Total
Reflectance (ATR) FTIR spectral measurements and molecular vibration calculations were analyzed, on the basis of
which the natural vibration modes of a-FeOOH in the THz frequency range were assigned.
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1. Introduction

Terahertz waves have a number of useful characteristics. First, they are highly permeable in non-polarized materials;
second, they are highly reflective at metal surfaces; third, they can be used to obtain finger print spectra for molecular
bonding; and fourth, they are safe to use as they are harmless to human tissue. THz spectroscopy can be used to inspect the
condition of steel substrates covered by an insulator/coating. Metal corrosion products can be qualitatively and
quantitatively measured through the absorption of THz waves at the natural vibration frequencies of the molecules in these
products. In addition, THz spectroscopy has the advantage of having high resolution, and there is no need for a large
interferometer or a long optical path such as needed for Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy.
However, practical THz spectroscopy has yet to be demonstrated. In the 1990s, THz spectroscopy was conducted using
THz waves generated using a photoconductive antenna™. It has since become possible to make measurements over a wide
range of tunable frequencies using difference frequency generation (DFG) crystals, which have high nonlinear optical
effects. Thus, we have devoted much attention to studying this phenomenon ?*!. As THz spectroscopy has developed, the
infrared activities of many organic and biological substances have been reported %; however, the infrared activity of
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Fe-based metal corrosion products has not yet been reported !, The production mechanism for Fe-based corrosion
products is shown in Fig.1 ™. When Fe®* ions are generated in steel sheet, they aggregate in neutral or basic solutions to
form colloids of Fe(OH),2™. If the oxidation rate is fast, the Fe** ion deprotonates into Fe(OH);. When Fe(OH); is
hydrolyzed, a-FeOOH is formed. In contrast, if the oxidation rate is slow, green rust, which is a mixture of Fe(OH), and
Fe(OH); is produced. When the green rust is completely oxidized, it changes to a-FeOOH ", The qualitative and
quantitative evaluation of a-FeOOH is an important factor that can be used to estimate the condition of the steel substrate.
Our research group has performed spectroscopic analysis on a-FeOOH at frequencies of 1.0-4.0 THz, which is the range of
THz waves generated by GaP crystals. The obtained spectrum is shown in Fig.2. However, the infrared activity of
a-FeOOH was not obtained in this frequency range. Therefore in this study, spectroscopic analysis of a - FEOOH was
carried out using a GaSe crystal, which can generate THz waves in a higher frequency region than GaP crystals.
Calculations of the vibration frequencies of single molecules were conducted enabling us to assign the natural vibration
modes of a-FeOOH.

Fe(OH) >
Fe(OH), >

Precipitation

Goethite
a-FeOOH

Oxidation

Figure 1. Mechanism for the generation of Fe-based corrosion products *2.
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Figure 2. Absorption spectra of a-FeOOH at 1.0-4.5 THz.
2. Experiment

2.1 Samples

For the THz transmittance measurements we prepared pellets consisting of a mixture of standard a.-FeOOH powder and
polyethylene powder. The two powders were ground by mortar and pestle for 10mins. Pellets with different mixture ratios
were prepared, with concentrations of 1.0, 3.0, 5.0 wt% of a-FeOOH. The diameter and thickness of the pellets were 20
mm and less than 1mm, respectively, and were compressed at a pressure of 1.0 ton/cm? for 1 min. During compression, the
pellets were tilted 2<to prevent interference of THz wave due to the pellet thickness. Details of the a-FeOOH powder used
in the pellets is shown in Table 1.
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Table 1. Details of a-FeOOH powder.

Molecular Weight Purity
a-FeOOH 88.85 > 99 %

2.2 Optical System

The experimental set up for the THz spectrometer has been described in previous reports >, THz transmittance
spectroscopy was carried out as shown in Fig.3. The probe beam is produced by a frequency variable Cr:Forsterite laser
excited by a Nd:YAG laser. Two different frequencies close to the infrared region are introduced into the GaSe crystal.
The THz waves generated are directed toward the sample pellet and detected by a 4.2 K Si bolometer. The parameters of
the optical stage for each frequency are controlled by a computer. The frequency range of the THz waves generated from
the GaSe crystal is from 8.4 to 11.0 THz. THz radiation generated in the GaP crystal obtained in our previous study and in
the GaSe crystal in this study is shown in Fig.4. It can be seen from the figure that generating terahertz radiation in the high
frequency region is possible using a GaSe crystal. The linewidth of the THz radiation is 500 MHz.
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Figure 3. Schematic diagram for the THz spectroscopic measurements.
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Figure 4. THz radiation in the frequency range 1.0-4.0 THz generated in the GaP crystal (a),
and in the frequency range 8.4-11.0 THz generated in the GaSe crystal (b).

2.3 ATR-FTIR Spectroscopy

ATR-FTIR spectroscopic measurements of the standard a-FeOOH specimen were conducted. ATR-FTIR spectroscopy is
an analytical method that uses the absorption spectrum in the infrared region for qualitatively and quantitatively evaluating

substances. The measurements were carried out in the range of 100 cm™-4000 cm™ (3.0-12.0 THz) in the far-infrared

region at room temperature. For these measurements, we used a Thermo Scientific™ Nicolet™ iS™ 50 FTIR
spectrometer with a built-in ATR. The measurement step was 8 cm ™ and the S/N ratio was 55,000. From the measurements,
three broad peaks were observed as shown in Fig.5. Three broad absorption peaks were obtained at (1)9.95 THz, (2)10.54
THz and (3)11.38 THz by ATR-FTIR spectroscopy. However, these peaks are considered to be the combination of several
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absorption peaks of which the full width at half maximums (FWHM) are too large to enable them to be assigned to any
particular molecular vibration mode. Since high resolution can be obtained with terahertz spectroscopy, this can help us
clarify the absorption peaks and assign them in this case.
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Figure 5. ATR-FTIR spectroscopy of a-FeOOH.

2.4 DFT Calculations

By comparing the experimental results with calculations of the vibration frequencies in single molecules, it is possible to
assign the intramolecular vibration modes. Single molecule vibrations for a-FeOOH were calculated using density
functional theory (DFT) with the aid of the Gaussian09® program package. DFT is a quantum chemical method and is
known to be a reliable method for obtaining vibration frequencies. Due to the different possible spin states of iron and
oxygen atoms, the calculations were performed using an unrestricted spin B3LYP hybrid density functional and the 6-31G
(d,p) basis set which is the split valence double zeta basis set.

3. Results and Discussion

THz spectroscopic measurements were conducted, and the results are summarized in Fig.6. Four absorption peaks were
observed at (1)8.9 THz, (2)10.0 THz, (3)10.2 THz and (4)10.3 THz (Fig.6 a). These absorption peaks were fitted to
Gaussian functions and a quantitative relationship between the peaks was obtained (Fig.6 b). From the results of the
calculations using DFT, two natural vibration modes, at 8.61 THz and 9.23 THz, were identified. The vibration mode at
8.61 THz is the bending vibration between oxygen and iron atoms and the absorption peak at 9.23 THz is the bending
vibration between oxygen and hydrogen atoms. The dependence of the THz absorption area for the various a-FeOOH
mixture ratios can be divided into 2 groups, one in which the gradient is >1.0, the other in which the gradient is <1.0.
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Figure 6. Absorption peaks in the THz spectrum (a), the dependence of the integrated intensity of
THz absorption with respect to mixing ratio (b).
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These are expected to be for the different specific vibration modes of a-FeOOH. The intramolecular vibrations become
more active as the mixture ratio increases. Conversely, the intermolecular vibrations become more restrained as the
mixture ratio increases, due to the Mass Action Law (MAL). Assume that n is an intermolecular bond between molecules
M1 and M2. n is, for example, a hydrogen bond or a hydrated bond. Furthermore, consider that the integrated intensity of
the absorption band of a specific frequency appearing in the THz spectrum is proportional to the number of intermolecular
bonds. Then, when M1 and M2 are bound with two intermolecular bonds, the equilibrium chemical reaction formula is

M1 +2n+ M2 S (M1 — 2n — M2) 1)

From the MAL, the equilibrium reaction constant K is

_ [M1][n]*[M2]
K= [M1-2n-M2] @)
Therefore, the intermolecular bond concentration [n] is
[, [M1-2n-M2]\1/2
[n] = (K [M1][M2] ) (@)

This represents a bimolecular vibration, and the integrated absorption band intensity is proportional to the square root of
the concentration. Generally, if there are x loosely bonded intermolecular bonds, the equilibrium chemical reaction
formula is

M1 +xn+ M2 5 (M1 —xn — M2) 4

The equilibrium reaction constant K and intermolecular bond concentration [n] are

_ [M1][n]*[M2]
K= [M1-xn—M2] (5)
Y
. [M1-xn-M2]\ /X
[n] = (K [M1][M2] ) ©®)

Thus, it can be considered that the integral absorption band intensity is proportional to the 1 / x the power of the
concentration. For example, in the case of bimolecular vibrations, it is proportional to the square root of the concentration

and the gradient is 0.5. And In the case of tri-molecular vibrations, it is proportional to the cube root of the concentration,
and the gradient is 0.33. Therefore absorption peak (4), which has a quantitative relationship (Gradient>1.0), is expected to

be an intramolecular vibration. On the other hand, the remaining absorption peaks, (1), (2) and (3), which have quantitative

relationships (Gradient=0.30), are expected to be intermolecular vibrations. The ATR-FTIR spectroscopic measurements,
THz spectroscopic measurements and the calculations of single molecule vibrations using DFT are summarized in the

Table 2.

Table 2. Summary of the results of ATR-FTIR spectroscopic measurements, THz spectroscopic measurements, and
calculations of single molecule vibrations using DFT.

Powder sample by ATR-FTIR Compressed Pellet by THz spectroscopy Single molecular vibration calculation by

spectroscopy (THz) (THz) DFT (THz)
9.85 (Gradient:0.30)

9.95 9.95 (Gradient:0.32)
10.15 (Gradient:0.30)

10.54 10.25 8.61

11.38 9.23

4. Conclusion

In this paper, the absorption characteristics of a-FeOOH are analyzed by ATR-FTIR spectroscopy, THz spectroscopy and
calculations of single molecule vibrations using DFT. From the results, the absorption peak observed at 10.25 THz is
expected to be due to intramolecular vibrations. Conversely, the remaining absorption peaks, at 9.85, 9.95 and 10.15 THz,
are expected to be due to intermolecular vibrations. This work demonstrates that higher resolution can be obtained with
THz spectroscopy compared to ATR-FTIR spectroscopy, and that, from the gradient of the THz absorption area with
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respect to mixture ratio and by comparison with the results of calculations of single molecule vibrations using DFT, the
vibration mode can be assigned.
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