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Temperature-dependent terahertz (THz) absorption spectra of poly(3-hydroxyalkanoate)s (PHAs)

were measured by using a Fourier transform far-infrared (FT-FIR) spectrometer and a THz

time-domain spectrometer over a temperature range of 10 K to 465 K with a liquid helium

cryostat and a heating cell. Clear differences were observed between the spectra of crystalline and

amorphous polyhydroxybutyrate (PHB), indicating that the absorption peaks observed in the

THz spectra originated in the higher-order conformation of PHB. The polarization spectra of a

stretched PHB sample were measured, and the direction of the vibrational transition moment was

determined. The temperature dependences of the spectra reveal frequency shifts and broadening

of the absorption peaks with temperature, suggesting large anharmonicity of the vibrational

potential. The temperature shift behaviour is quite different in each transition. Some of the

transitions show a blue shift, which cannot be explained by a simple anharmonic potential model.

Frequency shifts of the peaks were mainly observed below 10 THz, which suggests a large

anharmonicity of the vibrational potential at lower frequencies.

Introduction

Despite a long history dating back to the 1950s,1 vast

unexplored fields remain in molecular spectroscopy in the

terahertz (THz) frequency region. Spectrometers have not

been sensitive enough to measure the spectra of optically thick

samples with a good signal-to-noise ratio. The development of

Fourier transform infrared spectrometry (FT-IR) in the 1980s

has made measurement in the far infrared much easier.2 Some

difficulty still remains for measurement at frequencies lower

than 100 cm�1 (=3 THz), because the Si bolometer used as a

detector in this frequency region must be cooled by liquid

helium. Measurement of THz spectra has recently become

easier with the development of the terahertz time-domain

spectroscopy (THz-TDS) technique.3,4 Since THz-TDS detects

the THz electric field coherently, the signal is free from

thermal background noise, and the obtained spectra show a

quite high dynamic range in the frequency region below 3

THz.4,5 As a result, many applications using characteristic

spectra in the THz frequency range (so-called fingerprint

spectra) have become possible, such as detection of illicit

drugs,6,7 detection of explosives,8,9 and imaging of cultural

heritages.10 Most of those applications use fingerprint spectra

of organic molecules to identify materials.11,12

However, the assignment of the THz fingerprint spectra

itself is still in its infancy. Since low-frequency vibrational

modes originate from intramolecular vibrational motions

coupled with intermolecular motions, their vibrational frequencies

change dramatically with the development of crystal structure.13

Moreover, the anharmonicity of the potential and large

amplitude of vibrational motion make ab initio calculations

difficult. Jepsen and Clark have succeeded in assigning THz

spectra of sucrose by density functional theory (DFT) calculation

in consideration of its crystal structure.14 Recently, King et al.

investigated the anharmonicity of lattice vibrations in

hydrated molecular crystals.15 However, in many cases, the

origin of THz spectra is not clearly understood. Additional

spectroscopic evidence, such as polarization spectra that

determine the orientation of vibrational dipole moments,

may also facilitate the assignment. In our previous work, we

found that THz absorption spectra of poly(3-hydroxyal-

kanoate)s (PHAs) show clear peaks originating from the

higher-order conformation of a polymer chain.16 By using

polarization spectra of stretched poly(3-hydroxybutyrate)

(PHB), in which the c-axis of the lamellar crystal is aligned,

we successfully revealed the orientation of the vibrational

dipole moments. The polarization and temperature dependence

of the spectra of PHB may yield detailed information about

vibrational motions in crystalline PHB.
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Far infrared spectroscopy of polymers has been studied

since the 1970s.17 In many cases, polymers show broad

absorption features in the far infrared due to skeletal motions

of a polymer chain and librational motions of side groups.

Wietzke et al. recently studied temperature-dependent spectra

of high-density polyethylene18,19 and polyvinylidene19 by using

THz-TDS. They observed that the thermal gradient of crystal

lattice modes changes at the glass transition temperature,

which indicates a strong interaction between the amorphous

and crystalline domains in the polymer. Vibrational peaks due

to hydrogen bonds are known to be observed at lower

frequencies. Such peaks are observed in the THz spectra of

polymers having hydrogen bonds, such as nylon,20 poly-

(methacrylic acid),21 poly(lactic acid),22 and PHB.16 By using

THz spectroscopy, we may obtain detailed information about

how hydrogen bonding results in the higher-order conforma-

tion of polymers.

In the present study, we measured absorption spectra of

PHB in a wider frequency range and a wider temperature

range than in the previous study. We used both FT-FIR and

THz-TDS to obtain spectra in the frequency region from 1 to

19 THz. By expanding the frequency range, we may be able to

observe differences between global vibrational motions at

lower frequencies and local vibrational motions at higher

frequencies. Temperature-dependent THz spectra of PHB

were obtained between 10 K and 440 K. With decreasing

temperature, the linewidths of vibrational peaks are reduced,

and overlapping bands may be separated.23 Also, the

frequency shift of the peak position indicates the anharmonicity

of the vibrational potentials. Polarization spectra, which

provide information on the vibrational dipole transition

moments of separated peaks, were measured at 10 K and will

facilitate the assignment of THz spectra of PHB.

PHAs have received keen interest for their potential as a

biodegradable plastic.24–29 Their physical properties have been

a subject of active research. Fig. 1(a) and (b) show the

chemical structure of PHB and poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (P[HB-co-HHx]), respectively. Fig. 1(c)

and (d) show schematic figures of the molecular structure of

the amorphous and crystalline phases, respectively, which

were obtained by X-ray diffraction measurement.30 In the

amorphous phase, molecular chains tangle randomly. In the

crystalline phase, molecular chains make up a lamellar crystal

in which helical structures are aligned along the c-axis.30 The

dashed lines in Fig. 1(c) and (d) depict the hydrogen bonds

between the CQO group and the CH3 group. Previous

infrared and X-ray diffraction studies by Sato et al. revealed

that the direction of the hydrogen bonds in the lamellar crystal

is parallel to the a-axis.31–33 X-Ray diffraction measurement

has shown that the amount of amorphous content increases in

the P(HB-co-HHx) copolymer, and the thickness of its lamellar

structure decreases. This change occurs because the replacement

of CH3 units with C3H7 units hinders the periodical folding of

the polymer chain.28 The crystallinity of PHB homopolymer is

about 55%, and that of P(HB-co-HHx) (HHx = 12 mol%) is

about 30–40%.25 Recently, Sato et al. studied PHAs by

infrared spectroscopy,31,32,34,35 Raman spectroscopy,35 near-

infrared spectroscopy,36 X-ray diffraction measurement,32,34,37

and differential scanning calorimetry (DSC) measurement34

and demonstrated the contribution of CQO� � �H–C hydrogen

bonding between two helices to the crystal morphology. THz

spectroscopy may also provide new insight into the relationship

between hydrogen bonding and the higher-order conformation,

which directly reflects the physical properties of PHAs.

Experimental

Sample preparation

Four different types of PHA samples, isotactic PHB homo-

polymer (Aldrich Corp.), synthetic amorphous atactic PHB

(Procter & Gamble Co.), P(HB-co-HHx) with an HHx content

of 12% (Procter & Gamble Co.), and highly stretched PHB

(donated by Prof. Tadahisa Iwata) were prepared as follows.

Isotactic PHB and P(HB-co-HHx) powder were melted at

185 1C, pressed (below 0.5 N mm�2), and then slowly cooled

to 40 1C in two hours and formed into a film about 100 mm
thick. Amorphous PHB was spread directly onto a polypropylene

window with a thickness of 2 mm to measure its spectrum,

because it is a viscous liquid at room temperature. Highly

stretched PHB was prepared by the following procedure. A

sheet of PHB was drawn up to 1000% at 165 1C and annealed

for two hours at 100 1C. Under such stretching conditions, the

c-axis of the lamellar crystal aligns in the stretched direction.29

Note that the moisture content of PHB is surprisingly low

compared to many other types of polyester. We estimated the

moisture content of PHB to be no more than 200 to 600 ppm

for typical resin samples.

Terahertz and FIR spectra

The absorption spectra of the PHAs were measured by

conventional THz-TDS (Aispec: pulse IRS-2300) and FT-FIR

(ABB Bomem Inc.: DA8) spectrometers. THz-TDS was used

for the measurements between 0.3 and 4.0 THz. A THz single-

cycle pulse was generated and detected by a dipole-type

GaAs photo-conductive antenna,4 which was pumped by a

Ti–Sapphire mode-locked laser (FEMTOLASERS: FUSIONt).

The waveform of the THz electric field was recorded as a

function of time, and power spectra were obtained by Fourier

Fig. 1 Chemical structures of (a) PHB and (b) P(HB-co-HHx) and

schematic diagrams of their molecular structures in the (c) amorphous

and (d) lamellar crystal states.
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transformation of the THz electric field waveform. The

frequency resolution of the spectra was 0.03 THz.

An FT-FIR spectrometer was used for measurements in the

wider frequency region from 1 THz to 20 THz with a

frequency resolution of 0.06 THz. A combination of a high-

pressure mercury lamp as a THz light source, a Mylart film as

a beam splitter, and a deuterated triglycine sulfate (DTGS) or

Si bolometer as a detector was used.

The samples were placed in a vacuum chamber, which was

pumped below 1 Pa to reduce the absorption of water vapour.

For each measurement, spectra of both a sample and a reference

were measured. The absorbance a(n) was obtained by the

equation aðnÞ ¼ �Log10 Is=Ir

� �
, where Is is the power spectrum

of a sample, and Ir is that without the sample. The polarization

spectra were measured by using a wire-grid polarizer

(40 lines mm�1, Specac Inc.), which was placed between the

light source and the FT-FIR sample. The polarization dependence

of the spectra was measured by rotating a polarizer.

The temperature of the PHA samples was changed by a

heating cell and a liquid-helium-cooled cryostat (Oxford

Instruments: Cryojet). Spectra at 300 K to 440 K were measured

by holding a PHA film in the centre of an aluminium cell

(30 mm � 30 mm � 30 mm) which was heated by an electric

heater. The temperature of the heating cell was monitored by a

platinum resistance thermometer. Spectra at 10 K to 300 K were

measured by using the cryostat. The temperature of a sample

was changed by controlling the flow rate of liquid helium and

the heater attached to the sample holder.

Results and discussion

THz spectra of three types of PHA

Fig. 2 shows absorption spectra of PHB (10 K), P(HB-co-HHx)

(10 K), and amorphous PHB (28 K) measured by FT-FIR.

The absorbances of PHB and P(HB-co-HHx) were normalized

by the sample thickness measured by a micrometer. The

absorbance of amorphous PHB is shown in arbitrary units.

The spectrum of PHB shows sharp peaks, with a linewidth of

about 0.15 THz (FWHM). In contrast, a peak was barely

observed in the spectrum of amorphous PHB, and a broad

absorption feature appears from 1 to 8 THz. The differences

between these two spectra reveal that the sharp absorption

peaks in the spectra of PHB are due to the vibrational motions

of the lamellar crystal.

The spectrum of P(HB-co-HHx) is similar to that of PHB, but

features appear that are somewhat intermediate between the

spectra of PHB and of amorphous PHB. First, the intensity of

the peaks decreases by approximately 60% in the spectrum of

P(HB-co-HHx) compared with that of PHB, which is in good

agreement with the ratio of crystallinity between PHB (65%) and

P(HB-co-HHx) (30–40%).25 The baseline of the spectrum of

P(HB-co-HHx) is higher than that of PHB and gradually

increases between 6 and 8 THz. The increase of the baseline is

due to the amorphous phase in the sample.

The linewidths of P(HB-co-HHx) are broader than those of

PHB. Since the vibrational potential of molecules close to the

surface of a crystal is different from that of molecules inside

the crystal, the smaller lamellar size and defects in the crystal

structure of P(HB-co-HHx) increase the inhomogeneous

broadening of the vibrational transitions. In the spectrum of

P(HB-co-HHx), vibrational bands at 1.8 and 2.5 THz show

broader linewidths than the other bands. The vibrational

modes of those two transitions are more sensitive to the size

and defects of the crystal structure.

The thickness of the lamellar crystal of PHB is about

5.3 nm, and that of P(HB-co-HHx) is about 1.9 nm.28,33 If

the observed transitions are global vibrational motions like

phonon modes in the crystal, frequency shifts must be observed

between the spectra of PHB and P(HB-co-HHx). However,

most of the PHB and P(HB-co-HHx) peaks are observed

at almost the same frequencies in the spectra of Fig. 2.

Differences appear only at frequencies below 2 THz. In the

spectrum of P(HB-co-HHx), the peak at 1.34 THz was not

observed. Instead, a broad absorption feature was observed at

1.8 THz. The differences between these two spectra suggest

that the vibrational motion of this band represents global

modes, which are sensitive to the size of the lamellar crystal.

Polarization spectra of PHB

Since low-frequency vibrational motions originate in intra-

molecular motions strongly coupled with intermolecular

motions, the assignment of the observed peaks in Fig. 2 is

not a simple task. Theoretical calculations treating the crystal

structure with a precise intermolecular potential are necessary

for the assignment of THz spectra. Polarization spectra may

help, because the direction of a vibrational dipole moment

relative to the c-axis of the crystal is obtained by the intensity

ratio between parallel and perpendicular polarization spectra.

Fig. 2 THz absorption spectra of three different types of PHA

measured by FT-FIR: (a) PHB measured at 10 K, (b) P(HB-co-HHx)

measured at 10 K, and (c) amorphous atactic PHB measured at 28 K.
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Fig. 3 and 4 show absorption spectra of PHB and polarization

spectra of stretched PHB measured at 10 K in the 1–10 THz

frequency range and in the 10–19 THz range, respectively. In

the middle and bottom traces, respectively, the THz electric

field was polarized parallel and perpendicular to the stretched

direction, which corresponds to the direction of the c-axis of

the lamellar crystal. The frequencies at 10 K, heights, and

polarization properties of peaks in the spectra in Fig. 3 and 4

are summarized in Table 1.

Fig. 3 clearly shows that the peaks at 2.55, 2.93, and

3.43 THz completely disappear in the perpendicularly polarized

spectrum, which means that the vibrational transition

moments of those peaks are parallel to the c-axis of the

lamellar crystal. In the lamellar crystal of PHB, C–H� � �OQC

hydrogen bonds are oriented perpendicular to the c-axis; see

Fig. 1(d). Therefore, we can speculate that those transitions do

not originate from the hydrogen bonds. Most probably, those

transitions are due to the skeletal vibrations of helical structures.

The other transitions are observed in the perpendicular spectrum,

which suggests a possible contribution of hydrogen bonding to

the vibrational potential.

Temperature dependence of THz spectra

Fig. 5–8 display temperature-dependent THz absorption spectra

of PHB. The spectra in Fig. 5–8 were measured by FT-FIR, and

those in Fig. 6 were obtained by THz-TDS. Note that as the

temperature increases, the linewidths increase, and some of the

peaks shift. Owing to the broadening of the linewidths, couples of

vibrational transitions overlap in the absorption bands at higher

temperature. For example, four peaks were observed at 10 K

between 2.3 and 3.6 THz. The peak at 2.82 THz shifts to lower

frequencies as the temperature increases, while that at 2.55 THz

does not shift. Both lines are broadened and overlap above

100 K. Also, the peak at 3.43 THz shifts and is merged with

the peak at 2.93 THz, which does not shift. Therefore, the two

bands at 2.5 THz and 2.9 THz observed in Fig. 6 consist of four

transitions, which change the spectral features at higher

temperatures. It is necessary to trace the vibrational frequencies

at lower frequencies to understand THz absorption spectra

measured at higher temperatures. Fig. 9 and 10 plot the frequen-

cies of peaks observed between 1.2 and 3.6 THz and those

between 5.0 and 6.9 THz, respectively, versus temperature. The

peak at 2.82 THz (at 10 K) starts shifting at 40 K and shifts

linearly to lower frequencies. On the other hand, the peak at

1.34 THz (10 K) starts shifting at 10 K and shifts to higher

frequencies. Thus, the temperature shifting behaviour is quite

different in different transitions. The shifts of the peak positions

were fitted by a linear function, and the coefficients of the slope

are listed in Table 1.

Shifts in peak position and line broadening have been

observed in the vibrational spectra of micro-crystalline organic

Fig. 4 THz absorption spectra of PHB and polarized THz absorption

spectra of highly stretched PHB in the frequency region from 10 to

19 THz, measured by FT-FIR at 10 K. The angle between the

stretched direction and the direction of the THz electric field was set

to 01 (parallel) and 901 (perpendicular).

Fig. 3 THz absorption spectra of PHB and polarized THz absorption

spectra of highly stretched PHB in the frequency region from 1 to

10 THz, measured by FT-FIR at 10 K. The angle between the

stretched direction and the direction of the THz electric field was set

to 01 (parallel) and 901 (perpendicular).

Table 1 Frequency at 10 K, absorbance peak height, polarization of
the transition dipole moment, and temperature shift of the
peak frequency of PHB. ‘//’ and ‘>’ represent polarization of the
vibrational dipole moment parallel and perpendicular to the c-axis of
the lamellar crystal, respectively. ‘0’ indicates that no clear difference
in peak intensity was observed in the polarization spectra

Frequency/THz
Peak
height/cm�1 Polarization

Temperature
shift/GHz K�1

1.34 20 // +0.7
2.55 60 //
2.82 180 > �1.1
2.93 140 //
3.43 130 // �1.3
3.82 30 >
5.08 100 > +1.0
5.35 120 >
5.76 50 // +0.5
6.78 80 // �0.5
7.98 >300 >
10.98 >300 0
11.91 60
12.88 100 //
13.69 180 > +0.3
15.4 >300 0
15.93 200 >
17.97 110
18.7 220 >
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molecules measured at THz frequencies.15,23,38 The peak shifts

can be attributed to the anharmonicity of the vibrational

potentials.15,23 When an anharmonic potential is assumed,

the spacing between vibrational levels changes at higher

energies. In a THz vibrational spectrum, hot bands are

simultaneously observed because of the thermal distribution.

When the vibrational frequency is 2.5 THz, only 33% of

molecules occupy the lowest vibrational state at 300 K. As a

result, an envelope of transitions from different initial states

Fig. 5 THz absorption spectra of PHB in the frequency region from

0.8 to 4.2 THz over a temperature range of 10 K to 300 K measured by

FT-FIR.

Fig. 6 THz absorption spectra of PHB in the frequency region from

1.0 to 3.4 THz over a temperature range of 300 K to 436 K measured

by THz-TDS.

Fig. 7 THz absorption spectra of PHB in the frequency region from

4.2 to 7.2 THz over a temperature range of 10 K to 300 K measured by

FT-FIR.

Fig. 8 THz absorption spectra of PHB in the frequency region from

4.2 to 7.2 THz over a temperature range of 300 K to 440 K measured

by FT-FIR.
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makes an inhomogeneous line shape, which changes with the

temperature. If the anharmonicity of the vibrational potential

is large, the observed transitions show broad, asymmetric line

shapes. In Fig. 5, the peak at 3.4 THz, which has a large

temperature shift, shows an asymmetric line shape at 10 K,

and its left shoulder rises with temperature, indicating a large

anharmonicity of the vibrational potential.

Table 1 shows that the temperature shift of the vibrational

frequency is quite different for the different transitions. Fig. 9

and 10 show that the curvatures of frequency shifts also differ.

However, the frequency shift tends to become larger at lower

frequencies. The large anharmonicity at lower frequencies

suggests that the vibrational potential is shallow and the

vibrational amplitude is large. Those vibrations are probably

due to intermolecular interactions, such as hydrogen bonding.

On the other hand, most of the peaks above 10 THz show no

frequency shift. The vibrational potential of those peaks may

originate from deeper potentials. It is interesting that both

negative and positive frequency shifts are observed. When a

Lennard–Jones-type potential, which is conventionally used

for the calculation of hydrogen bonds, is assumed, the peak

shifts must take negative values.39 The existence of positive

peak shifts suggests that such a simple anharmonic potential

cannot work when calculating vibrational transition frequencies

in the THz frequency region.

Fig. 11 shows THz absorption spectra of amorphous PHB

measured at 28 K and 300 K. The glass transition temperature

of PHB is about 3 1C.25 THz time-domain spectra of high-

density polyethylene18,19 and polyvinylidene19 were recently

measured by THz-TDS at different temperatures. The glass

transition was observed as a change in the temperature shift in

the absorption peak of crystal lattice modes. This research

reported a change in the amorphous structure via frequency

shifts in the lattice vibrational mode. However, no obvious

change was observed in the absorption spectra of amorphous

PHB measured above and below the glass transition temperature.

Also, in Fig. 9 and 10, the peak frequencies shift continuously

around the glass transition temperature. Thus, the shape of the

PHB absorption spectra does not represent an obvious glass

transition.

Conclusion

In this paper, temperature-dependent THz absorption spectra of

PHAs with different higher-order conformations, measured by

using both THz-TDS and FT-FIR spectrometers, were reported.

Clear differences were observed between the spectra of crystalline

and amorphous PHB, which shows that the higher-order

conformation of PHB determines the THz spectra. The spectrum

of P(HB-co-HHx) is slightly different from that of PHB,

reflecting the difference in the crystallinity and the thickness of

the crystal lamellae. The polarization spectra were measured for

a stretched PHB sample at 10 K, and the direction of the

vibrational transition moment was determined.

The temperature dependences of the spectra revealed that

peaks at lower frequencies shift with temperature, suggesting a

Fig. 9 Peak positions of the THz absorption spectra of PHB in the

range of 3.5–1.2 THz versus temperature.

Fig. 10 Peak positions of the THz absorption spectra of PHB in the

range of 7.0–5.0 THz versus temperature.

Fig. 11 THz absorption spectra of amorphous PHB measured at

28 K and 300 K by FT-FIR.
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large anharmonicity of the vibrational potential. The temperature

shifting behaviour is quite different in each transition. Some of

the transitions show blue shifts, which cannot be explained by

a simple anharmonic potential model. The vibrational dipole

transition moment and anharmonicity of the vibrational

potential thus obtained should provide important information

for the theoretical calculation and assignment of spectra in

future.
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