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Introduction

propose in this study that the radio and MW frequency
heating may be explained as due to thermoMatsuo and Seki succeeded of heating a cyclohexanol upconversion.
solution under irradiance of radio frequency wave, at
0.81 and 10.1 MHz, stating that radio frequency
Results and Discussion
heating results from dielectric loss factor1. As for
effective microwave (MW) heating of water, Verification of radio frequency heating of cyclodielectric loss of water between 0 to 100οC is shown hexanol solution
in the wavelength range 0.01-10 cm, equivalent to Supposing that cyclohexanol solution consists of a
respective 3 THz - 0.3 GHz (the microwave 2.45-GHz cyclohexanol monomer, and its hydrogen-bonded
frequency corresponds to a 12.2-cm wavelength). In dimer and trimer, they are molecular-modeled,
order to find out what is molecularly taking place in respectively, using the B3LYP exchange-correlation
cyclohexanol and water under respective radio and functional, and the 6–31G(d) basis set in the Spartanmicrowave irradiances, molecular alignment of their 16 PC-installed software (Wavefunction, Inc. Irvine,
liquid state are modeled at the molecular level on the CA). In this analysis we obtain the formation energy
basis of density-functional theory (DFT) using the (∆E), the energy levels of the lowest-unoccupied and
B3LYP exchange-correlation functional and the 6– the highest-occupied molecular orbitals (ELUMO and
31G(d) basis set with Spartan 16 (Wavefunction, Inc.
EHOMO, respectively), the electron transfer gap (∆Et,
Irvine, CA). It is worth noting that DFT-based
calculated from ELUMO and EHOMO), the infrared
molecular modeling (DFT/MM) calculates not only
(IR) absorption with high intensity, and a series of far
the infrared (IR, 4000-500 cm-1) but also far infrared
infrared (FIR) peak absorptions, as listed in Table 1.
(FIR, >500 cm-1) spectra and below. In addition, as
The intense IR absorptions are assigned to O-H
absorption peaks in IR can recognize bond vibration,
stretching. Interestingly, the lower peak absorptions in
absorption peaks in FIR also recognize intermolecular
FIR (0-200 cm-1) are assigned to a concerted cyclovibration of aggregated molecules. On the basis of an
hexane ring vibration and the other upper peaks to Ointermolecular vibration analysis in FIR region, we
H and C-H concerted bending of cyclohexanol.
Table 1: DFT-based calculations for IR/FIR spectra of liquid-state cyclohexanol
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Formation of cyclohexanol trimer is the most
exothermic (∆E=-18.6 kcal/mol), giving the highest
dipole moment of 3.12 debye. In addition, intense two
absorption peaks in IR are assigned to O-H stretching,
and interestingly, some peak absorption in broad FIR
absorption calculated in the region, 0-234 cm-1 can be
assigned to a concerted cyclohexane ring vibration of
all cyclohexanol rings, as shown in Fig. 1. The trimer
undergoes concurrent absorption and emission of
radio and MW frequency, i.e., FIR/IR energy, giving
heat by final thermal emission of the thermoupconverted O-H stretching energy. Then, such
intermolecular concerted vibration predicts that the
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radio-frequency-induced heating phenomenon could
be explained as due to thermo-upconversion rather
than molecular friction and/or dielectric loss.
Figure 2 shows the three dimensional (3D) and
electron density structures of cyclohexanol trimer.
The trimer has the least electron transfer gap (∆E), and
the electrostatic potential indicates that the trimer
locates in the potential between 2.44 and –2.02 eV.
The trimer is very easily energized by the low energy
of the radio frequency energy. The energized trimer
emits and absorbs higher radio frequency, undergoing
successive thermo-upconversion to the O-H stretching
energy.

Figure 1: DFT-based IR/FIR spectra of hydrogen-bonded trimer of cyclohexanol

Verification of microwave heating of water solution
Conceivable water aggregates (H2O)n(n=1-6) and ice
model of piled-[(H2O)6]2 3,4 are divided into three
water aggregates, i.e., at high-temperature liquid
state, at liquid state, and at low-temperature state (Fig.
3), which is on the basis of O-H stretching
wavenumber in DFT/MM-based IR data in Table 2.

In general, the wavenumber above 3600 cm-1 is
assigned to free O-H bond observable at hightemperature liquid water state, and the wavenumber
below 3000 cm-1 to hydrogen-bonded OH that are
observable at low-temperature liquid or crystal water
states. All water aggregates at liquid state will be
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heated up by thermo-upconversion under MW
irradiation as suggested by intense absorption of OHstretching and effective and sequential absorption in
FIR region.
It is reported that dielectric loss of pure water
depends on wavenumber of IR/FIR and temperature,
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and of the temperature increases, the absorption
wavenumber increases with decreased intensity2. In
Fig. 4, IR/FIR spectra of ts-(H2O)3 and piled-[ts(H2O)3]2 are shown as a water model of low
temperature and of high temperature, respectively.

Figure 2: Hydrogen-bonded structure and electron density structure of cyclohexanol trimer (C6H11OH)3

Figure 3: Hydrogen-bonded H2O aggregates (H2O)n for n=1-6.
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Table 2: DFT-based IR/FIR spectra analysis of hydrogen-bonding H2O alignments

Figure 4: DFT-based IR/FIR spectra of triad symmetry H2O, ts(H2O)3 as a high-temperature water model,
and piled [ts(H2O)3]2 as a low-temperature water model.
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The ts(H2O)3 model starts to absorb at longer
wavenumber of FIR and the emission from the OHstretching is not strong. As for the electron density
structure (Fig. 5), the large ∆Et (eV) 9.33 eV and the
electrostatic potential gap of 7.75 eV rationalize that
FIR starts at longer wavenumber when compared with
other water aggregates.
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On the other hand, DFT-based IR/FIR spectrum
of the piled-[(H2O)3]2 verifies effective heating under
MW irradiance as a result of thermo-upconversion.
The electron density analysis supports the effective
heating by smaller ∆Et (eV), 8.36 eV and smaller
electrostatic potential gap of 4.72 eV (Fig. 6). We
further state that the piled-[(H2O)3]2 may contribute to
the high density of water around 4 degree.

Figure 5: Hydrogen-bonded structure and electron density structure of triad symmetry (H2O), ts(H2O)3.

Figure 6: Hydrogen-bonded structure and electron density structure of piled [ts(H2O)3].
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Conclusions

About the Authors:

Liquid-state molecules interact with each other via
van der Waals and Coulomb interactions, giving
various alignments of their aggregates, which may be
called amorphous states of liquid. DFT-based
molecular modeling (DFT/MM) can characterize each
aggregate in amorphous state as one non-covalent
bonding molecule, giving an electron density energy
structure for each aggregate. In addition, DFT/MM of
molecular aggregates verifies and predicts
electromagnetic absorption spectra such as IR/FIR and
UV/Vis.5, 6) The proposed thermo-upconversion
mechanism for radio and MW frequency heating is a
DFT-predicted mechanism. We conclude that MWassisted quick and clean organic synthesis will be
called “MW thermo-catalytic synthesis”, because
reactants aggregate each other via van der Waals and
Coulomb interactions, being heated up instantly by
thermo-upconversion of the aggregated reactants
under MW irradiance.
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