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Abstract

The far-infrared THz spectra of naphthalene, a-naphthol, b-naphthol, biphenyl and anthracene have been measured using THz

time-domain spectroscopy. The low-energy vibrational modes of measured molecules are discussed based on their characteristic and

common features. The complex dielectric functions are obtained. Meanwhile, it is shown that the experimental results can be well

fitted by a standard Lorentz model.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Recently terahertz (THz) technology is becoming an

extremely attractive research field and its applications
have involved semiconductor, tomographic imaging,

label free genetic analysis, cellular level imaging, bio-

logical sensing and so on [1,2]. Its applications in

probing the low-energy vibrational spectroscopy of

materials excite much interest because the vibrational

spectroscopy plays a significant role in investigating the

thermodynamic properties and structure of molecules

[3,4]. Similarly, the low-energy modes is essential for
many physical and chemical processes [5].

Generally, for crystalline, the internal motion, in-

termolecular modes and lattice vibrations contribute to

far-infrared (FIR) THz absorption spectrum. The po-

sition and strength of low-frequency vibrational spec-

troscopy are highly sensitive to the conformation and

structure of molecule and its environment. As a result,

the high sensitivity of FIR THz spectroscopy provides
us with a powerful and unique fingerprint to discrim-

inate the conformation of molecules. And these ob-

served fingerprint spectra are useful for medical

diagnostics or materials discriminations such as
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distinction of isomeric conformation [6,7]. In this case,

the characteristic absorption spectrum of the sample is

an important and direct information. On the other

hand, the problem whether the FIR THz spectra of
molecules would exhibit some common features also

should be considered and studied. Of course this needs

to measure FIR THz spectra of many different sam-

ples. However, up to date, as we know there are

lacking in the experimental data and theoretical studies

about this thing. In this Letter, we have performed

Terahertz time-domain spectroscopy (THz-TDS) on a

series of similar molecules in crystalline form to explore
some characteristic and common features of their THz

spectra, which are related with their low-energy vibra-

tional modes.
2. Experimental methods and materials

Fig. 1 shows the chemical structures of molecules of
naphthalene, a-naphthol, b-naphthol, biphenyl and

anthracene considered in this work. All molecules in

the crystalline phase were purchased from Sigma–Al-

drich and used without further purification. The sam-

ples were prepared by milling the crystals powder

carefully and made into pellets with thickness between

1.1 and 3.0 mm by applying on approximate pressure

mail to: han@sinr.ac.cn


Fig. 2. Experimental setup for THz time-domain spectroscopy.

Fig. 1. Chemical structure of naphthalene, a-naphthol, b-naphthol,
biphenyl and anthracene.
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of 50 MPa with an oil press. All procedures were

carried out well in the dark because of light sensitivity

of naphthol.

A standard THz-TDS apparatus for FIR trans-
mission measurements is illustrated in Fig. 2. The

setup and corresponding experimental data analysis

method have been discussed in detail in previous re-

ports [3,6]. In brief, the laser was model-locked Ti:

sapphire system that provided 100-fs pulses at a

wavelength of 800 nm with average power of 700 mW

and a repetition rate of 80 MHz. Pulsed THz radia-

tion was produced by illuminating the GaAs photo-
conductor antenna and detected in a ZnTe crystal via

electro-optical sampling. The used bandwidth of the

spectrometer is 0.1–2.2 THz and the spectral resolu-

tion is better than 40 GHz. The THz beam path was

purged with dry nitrogen in order to minimize the

absorption of water vapor.
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Fig. 3. The measured refractive index n (dash line) and the power

absorption coefficient a (solid line) of naphthalene, a-naphthol,
b-naphthol, biphenyl and anthracene.
3. Results and discussion

The power absorption coefficient a and the index of

refraction n of the different samples were obtained in the

frequency range 0.1–2.2 THz. The collective data below

0.5 THz are not considered due to interference between

reflections of the probe pulse inside the sample pellets. A

gradual rise of the absorption baseline with increasing
frequency results from scattering.
Fig. 3 shows the FIR power absorption coefficient a
and the index of refraction n of naphthalene, a-naph-
thol, b-naphthol, biphenyl and anthracene recorded in

the range 0.5–2.2 THz. The absorption coefficient is

depicted by solid line and the index of refraction is by
dash line. Distinct absorption peaks of every samples

can be seen. The presence of the absorption features is

confirmed by the observation of changes in the refrac-

tive index. Firstly, we can find some common informa-

tion about the vibrational features of the measured

molecules. As shown in Fig. 3a, d, e, for naphthalene,

biphenyl and anthracene, there are no obvious reso-

nance peaks below 60 cm�1 and the characteristic ab-
sorptions appear at the frequency above 60 cm�1. For
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Fig. 4. The real part of dielectric function e1 (solid line) and the

imaginary part of the dielectric function e2 (dash line) are experimen-

tally obtained for all measured samples.
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these three samples there are no hydrogen bonds. In

contrast, we can see from Fig. 3b, c, the marked ab-

sorption peaks of a-naphthol and b-naphthol are lo-

cated between 30 and 60 cm�1. For these two samples

there are hydrogen bonds. Therefore the hydrogen bond
may be a key factor.

Moreover, a strong and distinct absorption peak si-

multaneously appears in naphthalene, b-naphthol, and
anthracene around 65 cm�1. Why these three different

molecules exhibit a so wonderful similar behavior

around this frequency and why such a behavior can not

be found for a-naphthol? Let us take these common and

characteristic features into mind and proceed to the
following discussion.

It is known that many factors contribute to the low-

frequency spectrum and result in obvious absorption.

Intermolecules vibrational modes or lattice vibration are

considered as the main mechanisms in the THz fre-

quency region. THz measurements of organic crystals

allow us get the information on both molecular con-

formation and intermolecular environment. In the pre-
vious research about FIR THz spectra of DNA [6],

retinal isomers [8], benzoic acid, glucose [7]and uric acid,

polycrystalline saccharides [9], and biotin [10], the low-

frequency discrete vibrational features have been dem-

onstrated to be mainly associated with the collective

vibrational modes of molecules held together by the

hydrogen bonded networks. For these molecules, the

hydrogen bond plays a significant role in the low-fre-
quency vibrational modes. Based on this interpretation,

in our present work, we attribute the distinct resonance

peaks below 60 cm�1 to the collective motion of mole-

cules linked by hydrogen bonds and that above 60 cm�1

to the lattice vibrations.

As discussed above, we have identified the distinct

absorption peaks of a-naphthol and b-naphthol exhib-
iting between 30 and 60 cm�1 are associated with the
collective motion of molecules linked by hydrogen

bonds [11]. More precisely, from Fig. 3b, c, we also can

find some pronounced distinctions between the spectra

of a-naphthol and b-naphthol in spite of the very similar

molecular structures . This indicates FIR absorption

provides excellent probe of the isomeric structures with

characteristic FIR fingerprints and this can be used in

materials diagnostics [7,9,12].
For another three molecules without hydrogen

bonds, naphthalene, biphenyl and anthracene do not

show obvious characteristic absorption between 30 and

60 cm�1. Their obvious resonances are located in the

frequency range above 60 cm�1 and these features can

be attributed to the lattice vibrations. However the

distinction between them is easily seen. For naphthalene

and anthracene the strong absorption is around 65
cm�1, but for biphenyl it is around 70 cm�1. Although

we attribute all their absorptions to the lattice vibration

qualitatively, the exact mechanism is not well under-
stood and the detailed quantum chemical calculations

are necessary in order to get more quantitative infor-

mation on the lattice vibrations.

Till now, there is still one puzzling question. As

shown in Fig. 3a, b, c, naphthalene and its derivative b-
naphthol exhibit remarkable resonance around 65 cm�1,

but another derivative a-naphthol do not display the

same feature at this frequency. We do no know how OH

causes a so great influence on the lattice vibration that a-
naphthol and b-naphthol exhibit a large difference.

Fig. 4 shows the real part e1 and imaginary part e2 of
the dielectric function of all our studied samples, in

which the frequency dependance of complex dielectric



Fig. 5. Comparison of measured complex dielectric function(open

circles) with calculated results(solid line) by Lorentz model. e1 and e2
are respectively the real part and imaginary part of the dielectric

function of naphthalene.
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function eðxÞ is obtained through the formula:

e ¼ ðnþ ijÞ2. The real part of the dielectric function

indicates the resonance process related with similar

mechanism as optical absorption, and the imaginary

part describes the dielectric loss of this resonance

process.
In addition it should be noted that the measured

spectra can be fitted theoretically using a standard Lo-

rentz model [6,8,13,14], which is described as following:

e ¼ e1 þ
X

j

Sjm2j
m2j � m2 � imCj

¼ ðnþ ijÞ2; ð1Þ

where the sum is taken over the different oscillators with
the center frequency mj, the oscillator strength Sj and the

line width Cj. e1 denotes the high-frequency contribu-

tion to the dielectric function. This model offers a simple

description of the complex dielectric function. Using this

expression, the refractive index n, the real part and

imaginary part of the dielectric function are easily ob-

tained and then through the formula: a ¼ 4pmj=c, the
absorption coefficient can be calculated.

In Fig. 5, as an example, we present a theoretical fit to

the real part and imaginary part of dielectric function of

naphthalene using one oscillator. As one can see the fit is
good. The center frequency, line width and oscillator

strength can be extracted from the fit as: mj ¼ 66:67
cm�1, Cj ¼ 9:5 cm�1, Sj ¼ 0:015 cm�1. The similar fit-

tings are available for other measured samples if we take

appropriate oscillator modes into account. A more ac-
curate theoretical description will be taken into account

in the later work including a complete fit to all experi-

mental results.
4. Conclusion

In summary, we have performed an investigation into
the low-energy vibrational modes of naphthalene, a-
naphthol, b-naphthol, biphenyl and anthracene in

crystalline form. Using TDS-THz spectroscopy, we have

recorded the completed FIR THz spectra, represented as

power absorption coefficient and index of refraction in

frequency region between 0.1 and 2.2 THz. The complex

dielectric function of all samples are also obtained at the

same time. Many distinct characteristic and common
features of their THz spectra could be identified as the

signatures of intermolecules vibration linked by hydro-

gen bonds or lattice vibrations. The FIR spectroscopy

not only provides a fingerprint of molecular conforma-

tion, which may be useful for isomer discrimination, but

also allows us to get some visible common features be-

tween similar molecular structures although these com-

mon features are not yet understood clearly. We have
further shown that the Lorentz model is available to give

a good fit to the measured spectra.
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