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ABSTRACT The low-frequency torsional modes, index of refraction, and absorption of a tryptophan film and pressed powders
from 0.2 to 2.0 THz (6.6-66 cm~') were measured by terahertz time-domain spectroscopy at room temperature. It was found
that there were two dominated torsional vibrational modes at around 1.435 and 1.842 THz. The associated relaxation lifetimes
(~1 ps) for these modes of the tryptophan molecule were measured. Using a density-functional calculation, the origins of the
observed torsional vibrations were assigned to the chain and ring of the tryptophan molecule.

INTRODUCTION

There is an increasing interest in understanding the
molecular dynamics associated with the vibrational, rota-
tional, and torsional modes of biomolecules during photo-
dynamical and structural changes. The dynamics of
molecular components of proteins involves low-frequency
collective modes of particular subunits. Molecules excited
up the vibrational ladder can cross transitional energy
barriers (Austin et al.,, 1991; Woolard et al., 2002). The
dynamics of the collective modes generally occur via
anharmonic interactions with other normal molecular modes,
leading to energy exchange. It is believed that the low-
frequency collective modes are responsible for the directed
flow of conformational energy for a variety of biological
processes, ranging from primary photoisomerization events
of vision to enzyme action (Beratan et al., 1992; Austin et al.,
1989; Moritugu et al., 2000; Xie et al., 2002). The motions of
molecular subunits within proteins are associated with
different functions. Photoinduced isomerization in the
primary stages and absorption changes during structural
changes in different stages of the photocycles of some
proteins are associated with collective motion. These
processes involve well-defined torsional modes along one
of the C=C bonds of the polyene chain. Knowledge of the
relaxation lifetimes of these modes is important to improve
these processes as well as to obtain a better understanding
of the theory. Tryptophan, an essential amino acid found in
proteins and present in foods, affects our daily life. Tryp-
tophan is one of the key biological photoactive fingerprint
molecules used in cancer and bacteria detection using fluo-
rescence spectroscopy.

Far-infrared (FIR) studies of materials have been limited
due to the weak sources and low signal/noise ratios,
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especially below 100 cm™'. Recently, pulsed terahertz
time-domain spectroscopy (THz-TDS) has been used to
overcome these difficulties and have become a versatile tool
for spectroscopy on a wide variety of samples in the FIR
(Kindt and Schmuttenmaer, 1996; Taday et al., 2003). Most
recently, the THz technique has been applied to examine
DNA and some other biomolecules (Markelz et al., 2000;
Brucherseifer et al., 2000; Walther et al., 2000, 2002). THz-
TDS relies on coherent generation and detection of an
ultrashort pulse with a large signal/noise ratio of ~8000—
10,000 over a large bandwidth.

In this study, the THz absorption, index of refraction, and
dispersion of a tryptophan film and pressed powders were
measured and analyzed to determine the main torsional
modes and representations of the subunits in the frequency
range 0.2-2.0 THz (6.6-66 cm ™).

EXPERIMENTAL CONFIGURATION

Tryptophan films were prepared by mixing tryptophan powders with methyl
alcohol. Tryptophan powders were purchased from Sigma-Aldrich (St.
Louis, MO; No. T-8941), used without further purification, and stored in the
dark below 5°C. The molecular structure, subunits, and the diagram of
a tryptophan sample are shown in Fig. 1. Films from 0.2 to 1.2 mm thickness
were prepared by applying an approximate pressure of ~100 kg cm ™" to the
mixture on a polyethylene substrate with thicknesses of 2.0 and 4.0 mm. The
thicknesses of 2.0 and 4.0 mm for polyethylene windows were chosen to
eliminate etalon spectral oscillations from the substrate. The thickness of the
film was measured using a micrometer (Accuaro Gold, Phillipsburg, NJ)
with an accuracy of =0.01 mm. Pressed powders were also used as samples
with different window thicknesses.

The THz-TDS system used (Grischkowsky et al., 1990; Kindt and
Schmuttenmaer, 1996) to perform the measurements is shown in Fig. 2.
Details are given in Yu and Alfano (2003). A mode-locked Ti:sapphire
amplifier system provided 200-fs pulses at a wavelength of 800 nm with
a repetition rate of 250 kHz. THz radiation was produced by optical
rectification in a nonlinear medium, namely, a ZnTe crystal via x® that was
pioneered by Zhang and co-workers (Wu et al., 1996). The electric field of
the THz pulses, after passing through the sample, was detected in a second
ZnTe crystal via electro-optic sampling (Wu et al., 1996). The sample was
positioned between the emitter and detector. All measurements were made at
room temperature. The THz spectroscopy system was enclosed in dry-
nitrogen-purged boxes to diminish FIR absorption due to ambient humidity.
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FIGURE 1 (A) Structure and subunits of the tryptophan molecule and (B)

diagram of the tryptophan sample. n;, n,, and nj are the refractive indices of
air, the tryptophan film, and the polyethylene substrate, respectively.

RESULTS AND DISCUSSION

The THz temporal profiles after transmission through a pure
polyethylene substrate alone (reference) and a tryptophan
film (thickness 0.82 mm) with substrate are shown in Fig. 3.
The analysis of the absorption and index of refraction of the
tryptophan film are performed by alternating measurements
of the transmission three times at normal incidence through
the tryptophan film with substrate, and through only the pure
polyethylene substrate as a reference. To avoid complica-
tions from multiple reflections from the substrate, the
maximal recorded delay was limited to 12 ps by the
translation stage. A distinct temporal shift of about Ar =
492 fs can be seen between the peaks of Fig. 3, a and b,
which is related to the thickness of the sample d and its group
index n,. Using the relationship of group delay At = (n, — 1)
dfc, where c is the velocity of light in free space, n, = 1.18 is
obtained (d = 0.82 mm).

A fast Fourier transform of the temporal profiles (Fig. 3)
was performed, and the resultant power is shown in Fig. 4 for
both the substrate and the film on the substrate. The power
spectrum signal-to-noise ratio was better than 10*:1 on
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FIGURE 2 Schematic diagram of the THz time-domain spectrometer.

semilog P(v) plots (inset Fig. 4). The absolute frequency
scale is calibrated using the known positions of water vapor
absorption lines. Weak, discrete absorption lines due to
water vapor are visible as dips in the frequency spectrum
(Fig. 4) and small oscillations after the main pulse in the
time-domain spectrum (Fig. 3). Different THz waveforms
in shape and magnitude shown in Fig. 4 indicate some
absorption in the tryptophan film. From the Fourier trans-
forms (power spectra and phase shifts), we can determine the
frequency-dependent absorption and index of refraction for
the film.

For our experimental situation with a relatively small total
absorption and a thin sample, multiple reflections of the THz
pulse occur between the two surfaces of the sample
(tryptophan film). When we consider the effects of the mul-
tiple reflections (the Fabry-Perot effect) and the reflection
losses from the interfaces of air/film and film/substrate (Fig.
1 b), the field Egim(w) after the film has the form (Born and
Wolf, 1987; Duvillaret et al., 1996)

nrwd
n(w)t12t23 eXp |:—l ZC :|
ﬁzwd] Ey(w). @9

Eim (w) =

1+ rprpsexp {—21’

The reference field E..f(w) without the sample is given by

E¢(w) = n(w)t;; exp {_i@] Ey(w), )
where Eq(w) is the incident field, and E,.{(w) and Eg;,(w) are
the reference (without the film) and signal (with the film)
field, respectively. All of the reflection, transmission, and
propagation coefficients in media 1 and 3 are included in the
term m(w), in which the echoes of the terahertz wave created
in media 1 and 3 are negligible or occur on a timescale
different from that corresponding to the signal of interest.
The ¢, and r|, are the complex Fresnel transmission and
reflection coefficients from air into the sample of thickness d;
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FIGURE 3 Measured THz temporal profiles for (a) the polyethylene
substrate alone and (b) the tryptophan film with a thickness of 0.82 mm on
a 4-mm-thick polyethylene substrate.

1,3 and r,3 are the transmission and reflection coefficients
from the sample into the substrate; and #,5 is the transmission
coefficient from the air into the substrate. The complex
refractive index is i = n — ik, where k = ca/2w. With THz-
TDS we can measure the magnitude and phase difference of
the complex transmission amplitude. The complex spectrum
(Eef(w)) of the reference THz pulse is related to the complex
spectrum (Egm(w)) of the output THz pulse by the equation
Egm(@)/Efw) = |t(w)|exp[—iAp(w)], where the term
A@(w) is the phase shift between Eg,(w) and E (). Using
the Fabry-Perot analysis (Duvillaret et al., 1996) of Eq. 1 and
the measured ratio of Epjn(w)/Eefw), we numerically
remove the multiple reflection effects from our measured
data and determine the power (P(v) = Ez(v)) absorption
coefficient a(v) and the refractive index n (v) as shown in
Figs. 5 a and b, respectively. Two dominated modes occur at
1.435 THz and 1.842 THz. Under the same measurement
conditions, we measured the absorption and refractive index
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FIGURE 4 Power spectra of (a) the polyethylene substrate alone and (b)
the tryptophan film covered on the polyethylene substrate. The logarithm
dependence of the power spectra on frequency (v) is shown in the inset.

for two additional samples with the thicknesses of 0.4 and
1.2 mm. Similar absorption coefficient and peaks were
obtained. The results indicate the origin of the absorption
peaks that we observed comes from the tryptophan
molecules (see Table 1).

To clarify and support the above results on the films, pure
powders of tryptophan were pressed between two poly-
ethylene windows instead of onto just one window. Two
dominated absorption peaks at around 1.481 and 1.819 THz
were still observed. The peak delay of 0.63 ps for the powder
sample with a thickness of 0.705 mm was obtained which
leads a group refractive index of 1.27 (see Fig. 6). The
refractive index of pressed powders is larger than that of the
tryptophan film (~1.18). Liquid CS, sealed in a 2-mm-thick
quartz cell was used as reference sample. A 4.1-ps shift in the
time domain was obtained, leading the group index of
refraction of n, = 1.62, which agrees well with the previous
report (Yu and Alfano, 2003) (see Fig. 7).

Using the standard expression for Lorentzian oscillators, it
is possible to extract the center frequencies v, the linewidths
[; and the oscillator strengths S; of the several different
modes for film samples which have small inhomogeneous
broadening. For the sample of pressed powder, the in-
homogeneous broadening cannot be ruled out, and there-
fore Lorentzian oscillators cannot be used to describe the
mode profiles directly. The relaxation lifetime (7) of the
mode can also be extracted for Lorentzian using the rela-
tionship of 7" =~ 0.2 (Xie et al., 2002). The Lorentzian
oscillator model offers a simple description of the complex
refractive index across the band profile. It is of crucial
importance for the accuracy of the fitting procedure that our
method permits simultaneous determination of both absorp-
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FIGURE 5 (a) Absorbance of the tryptophan film versus frequency (v). A
good fit between 0.7 and 2.0 THz (solid line) was achieved using the
parameters given in Table 1. (b) Refractive index of the tryptophan film
versus frequency (v).

tion and refractive index data. The frequency-dependent
complex dielectric function used is (Walther et al., 2000;
Moeller and Rothschild, 1971)

= (n—ik)’, 3)

where the sum is taken over the different oscillators. The
high-frequency contribution to the dielectric function is
denoted by &.. The absorption coefficient and refractive
index from 0.2 to 2.0 THz were fitted to two oscillators. The
center frequencies, linewidths, oscillator strengths, and mode
lifetimes were extracted from the fits. The results are listed in
Table 1.
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TABLE 1 Molecular parameters extracted from the fit of the
absorption data based on Eq. 3 and mode assignments
in the frequency range of 0.2-2.0 THz

Tryptophan Calculated by DFT Mode assignment
121 1.435 THz 1.492 THz Cl11-C12

(47.4 cm™")
I, 0.2060 Chain, terminal part
M 0.0170
T 0.9709 ps
vy 1.842 THz 1.80 THz C1-C9

(60.8 cm ™1
I, 0.1820 THz Ring
S, 0.0123

T 1.0989 ps

The vibrational frequencies of the tryptophan modes are
distributed from 3700 cm ™! (O-H stretching) to a few cm !
(collective modes of the entire protein) in the mid- to FIR
regions. Strong force constants and small masses result in
high vibrational frequencies, such as for O-H, N-H, and C-H
stretching. The concerted motions of a large number of
atoms in these low frequencies appear to be mainly from
bending, deformation, and torsional motions involving
changes in bond angles.

To back up the conclusions above, the low-frequency
motions of the modes were calculated using density
functional theory (DFT) with software package Gaussian
98 using B3LYP theory and the 6-13G basis set (Frisch et al.,
1995). The absorption spectrum and refractive index were
calculated by assuming that each resonance mode can be
described as a damped oscillator, resulting in a characteristic
absorption and refractive index profile described by Eq. 3.
The results are shown in Table 1. The major observed modes
for the film sample agree fairly well with the calculated
results. In addition, in accordance with the analysis for the
low-frequency torsional modes for all-frans-retinal reported
by Walther et al. (2000) and Gervasio et al. (1998), the
modes at 1.435 THz are assigned to C11-C12 torsional
motions and the mode at 1.842 THz is localized at the ring
C1-C9 (Fig. 1).

The curve in Fig. 5 a shows two broad bands of THz
absorbance for the film sample centered at 1.435 THz (47.4
cm™ ') and 1.842 THz (60.8 cm™'). The full-width half
maximums (FWHM) of these bands are 0.2060 and 0.1820,
respectively. The refractive index as a function of frequency
is shown in Fig. 5 b, where n(v) ~1.14 to 1.2 is obtained
over the 0.2-2.0 THz (6.6-66 cmfl) region and is consistent
with the calculated value of n,. The oscillation n(v) is
consistent with absorption results.

Since localized twisting motions of nonpolar groups show
a weak THz absorption, we estimate that the THz absorbance
band of tryptophan is mainly due to many low frequency
modes which are collective modes. Because of the dense
manifold of torsional states in tryptophan in the THz region
and the short relaxation lifetime of these modes, the spectrum
appears as a broad continuum of states. The fits to bands are
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FIGURE 7 (a) Time profile of THz pulse transmitted through the empty
cell and liquid CS, sample. (b) Refractive index of CS2 versus frequency (v).

Lorentzian and satisfy the fundamental relationship 71" ~
0.2, which connects the linewidth I' and the relaxation
lifetime 7. The relaxation lifetimes of torsional modes are on
the order of picoseconds to subpicoseconds (see Table 1).

CONCLUSION

THz-TDS was used to measure several of the FIR low-

FIGURE 6 (a) Time profile of THz pulse transmitted through the empty
windows and the tryptophan powders (0.705 mm). One window thickness is
2.0 mm. (b) Absorbance of tryptophan powders pressed into two
polyethylene windows. (c¢) Refractive index of the tryptophan powders.
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frequency torsional vibrational modes and their relaxational
times of tryptophan. The dominated modes are at 1.435 THz
for C11-C12 torsional motion and 1.842 THz for C1-C9 ring
torsional motion. The broadband FIR absorption is due to
a large density of low-frequency torsional modes with pico-
second to subpicosecond relaxation lifetimes. The refractive
index of tryptophan is determined to be n ~ 1.18 for film and
1.27 for powders in the 0.2-2.0 THz region. This work has
important implications for biomolecular dynamics in the fun-
damental physics of biomolecular low-frequency vibrations.
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