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Intramolecular vibrations of large macromolecules reside in the terahertz range. In particular, protein vibrations
are closely spaced in frequency, resulting in a nearly continuous vibrational density of states. This density of
vibrations interferes with the identification of specific absorption lines and their subsequent association with spe-
cific functional motions. This challenge is compounded with the absorption being dominated by the solvent and
local relaxational motions. A strategy for removing the isotropic relaxational loss and isolating specific vibrations
is to use aligned samples and polarization-sensitive measurements. Here, we demonstrate a technique to rapidly
attain the anisotropic resonant absorbance using terahertz time domain spectroscopy and a spinning sample. The
technique, modulated orientation-sensitive terahertz spectroscopy (MOSTS), has a nonzero signal only for aniso-
tropic samples, as demonstrated by a comparison between a silicon wafer and a wire grid polarizer. For sucrose
and oxalic acid molecular crystals, the MOSTS response is in agreement with modeled results for the intermo-
lecular vibrations. Further, we demonstrate that, even in the presence of a large relaxational background, MOSTS
isolates underlying vibrational resonances. © 2016 Chinese Laser Press

OCIS codes: (120.0120) Instrumentation, measurement, and metrology; (120.2130) Ellipsometry and polar-
imetry; (170.6280) Spectroscopy, fluorescence and luminescence; (300.6380) Spectroscopy, modulation;
(300.6390) Spectroscopy, molecular; (300.6495) Spectroscopy, terahertz.
http://dx.doi.org/10.1364/PRJ.4.0000A1

1. INTRODUCTION
The long-range intramolecular vibrations of proteins and
other large macromolecules reside in the terahertz (THz) fre-
quency range. Calculations have shown these motions may
provide the molecule with efficient access to functional struc-
tural change for biomolecules as well as possibly enable allo-
steric control through the dynamics [1–6]. To date there has
not been experimental proof of the relevance of these motions
to biology, due to the challenge of measuring these motions
and characterizing how they change with functional state and
mutation. X-ray and coherent neutron inelastic scattering
measurements are used to measure the vibrational density
of states (VDOS), but these measurements are challenging, re-
quiring ∼100 mg of protein and specialized facilities [7–10]. In
addition, the VDOS measurements cannot yet provide insight
into the role of these motions in function because specific mo-
tions associated with structural change cannot be isolated.
Optical techniques could potentially simplify the spectrum
by isolating those vibrations with optical coupling. However,
standard optical absorption spectra of proteins do not show
the hoped for resonant absorption structure and, instead, find
only a broad absorbance centered at 100–150 cm−1 [11–13],
similar to the dielectric response of amorphous or glass-like
materials. This broad absorption could be first understood as
reflecting a majority of the intramolecular vibrations, which
are optically active; thus, the optical absorbance reflects
the broad VDOS. In addition to this, the amino acid side chains
and the solvent will also contribute a strong background from
relaxational dielectric loss [14,15].

It is tempting to simply remove all the water from a protein
sample to at least eliminate this background; however, the
molecular structure of proteins is highly dependent on the hy-
dration, and the removal of water results in distinctly different
material structure and dynamics. As the hydration decreases,
the protein’s backbone structure is no longer well defined
[16,17]. To study a uniformmolecular sample with biologically
relevant dynamics, the protein sample must be hydrated to at
least 0.3 g water/g protein [16,17]. However, at this hydration
level, the absorption from thewater alone is very large [18–21].
In addition, the amino acid side chain librational motions can
also contribute to a dielectric relaxation loss [22]. Thus, the
broad VDOS along with relaxational contributions from local
motions severely impede the isolating of specific intramolecu-
lar vibrations in the THz optical absorption of proteins.

Anisotropic absorption measurements of aligned samples
can overcome both of these challenges. The coupling of light
to a vibrational excitation is dependent on the relative direction
of the light polarization to the vibration’s transition dipole.
Figure 1(a) shows a displacement vector diagram of an intra-
molecular vibration calculated for cytochrome c using quasi-
harmonic mode analysis. The overall dipole transition direc-
tion is indicated on the figure by the red arrow. The solvent
molecules are randomly oriented over the surface of the
protein. The net absorption for any polarization direction is
given by
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where absisotropic is the isotropic contribution, νj , γj , dpj∕dq, are
the vibrational resonant frequency, damping, dipole derivative,
respectively, and λ�θ� is the light polarization direction. For
the THz light polarization along the direction of the dipole
transition, therewill be absorption by the intramolecular vibra-
tion, and the relaxational loss of the solvent, whereas, for the
perpendicular polarization, there will only be absorption from
the relaxational loss. Bymodulating the polarization relative to
the sample orientation, one can isolate the absorption from the
intramolecular vibrations. In addition to the net removal of the
relaxational contribution, the modulation can increase struc-
ture in the spectrum because of the directional dependence
of the different vibrations. In Fig. 1(b), we show the calculated
intramolecular vibrational absorption (relaxational loss is not
included) for reduced cytochrome c, for unpolarized and polar-
ized light. As seen, there are frequency-dependent resonances
specific to the polarization. Even in the case of unpolarized
light, there is some structure in the absorbance, with a plateau
occurring at 1.7 THz. Also shown in the figure is the measured
absorbance for the hydrated reduced-cytochrome c film. The
plateau is not apparent in the data, illustrating the dominance
of the isotropic relaxational contribution.

Here, we isolate the anisotropic signal using modulated ori-
entation-sensitive terahertz spectroscopy (MOSTS). We find
good agreement between modeling of the modulated signal
and measurements for molecular crystals of oxalic acid and
sucrose. We then apply the method to a model protein crystal
sample with a large relaxational background. The MOSTS
spectrum reveals intermolecular resonances that are a factor
of 100 weaker than the background absorbance.

2. MATERIALS AND METHODS
A. THz Time Domain Measurements
A standard THz time domain spectroscopy (TDS) system is
used to characterize the dielectric response for the samples
in the 0.2–3 THz range. We use a mode-locked Ti:sapphire la-
ser with 100 fs pulse width and centered at 800 nm (NIR). The
400 mW NIR beam is split into two beam paths: a THz gener-
ation path (350 mW) and NIR detection path (50 mW). THz
light is generated by a photoconductive GaAs antenna with
80 μm electrode separation, which is AC biased (26 kHz, 120 V
peak to peak). The THz light passes through the optical sys-
tem and is detected using electro-optic (EO) detection using a
2 mm thick (011) ZnTe crystal. THz beam is focused onto the
EO crystal, and the induced birefringence is probed using the
NIR beam split off from the THz generating beam. A balanced
photodiode is used to monitor the polarization of the NIR
probe. The balance photodiode detector signal is fed to a
lock-in amplifier using the AC bias frequency as the reference.
A transmission measurement consists of toggling between a
reference aperture and a sample aperture.

B. MOSTS
MOSTS uses several modifications to standard THz TDS.
Mainly the photoconductive antenna is DC biased (60 V),
and the sample is spinning at frequency ω. The balanced
photodiode signal is still monitored with a lock-in, but with
reference frequency at twice the sample spinning frequency.
We found only the amplitude of the MOSTS waveform was
affected by the relative phase of the lock-in and not the
frequency content. Given this result, the phase was set to
maximize the signal. As will be discussed, a straightforward
analysis of this system is possible, however, the model as-
sumes that the detection is perfectly polarization sensitive.
EO detection does not have a simple sinusoidal polarization
dependence [23]. To prevent discrepancies in the signal due to
the polarization rotation by a birefringent sample resulting in a
changing EO response, a stationary wire grid polarizer (5 cm
diameter with 10 μm diameter wires and with 20 μm spacing
between wires) is placed immediately after the sample.

The mount for the sample spinning consists of a gear at-
tached to a circular ball bearing mount. The gear has a hole
for the insertion of a circular sample plate. The demountable
aluminum sample plates have a circular aperture at their
center (diameters 4–10 mm). Half the sample plate is painted
with black IR absorbing paint. An IR transceiver is mounted
above the sample plate. As the plate spins, the changing reflec-
tivity of the plate face provides the reference frequency of the
rotation. The spinning frequency is typically 45 Hz. The sam-
ple plate gear is belt coupled to a servo motor shaft (Bodine
Electric Company). A schematic of the optical setup and
pictures of the spinning sample mount are shown in Fig. 2.
Our current dynamic range is >40 dB, which is less than
the >60 dB dynamic range of standard THz TDS. The reduc-
tion is primarily due to MOSTS low-modulation frequency due
to the limitations of mechanical rotation of the sample.

C. MOSTS Signal Modeling
The linearly polarized THz pulse is incident on the rotating
sample, transmits through the birefringent sample, and
then transmits through the static wire grid polarizer. Using
Jones matrix algebra, we have the linearly polarized vector

Fig. 1. (a) Displacement vector diagram for intramolecular vibration
at 9.72 cm−1 for cytochrome c, calculated using quasi-harmonic
mode analysis. Transition dipole is indicated by the red arrow.
(b) Calculated polarization dependent absorption from the intramo-
lecular vibrations for cytochrome c.
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is rotated into the sample’s frame with the angle of rotation
being time dependent θ � ωt, where ω is the angular velocity
of the rotating sample. The resulting vector is then propagated
through the crystal with permittivity εo�ν� (where ν is the fre-
quency of the THz light) for the field along an ordinary axis
and εe�ν� for the field along the extraordinary axis. The field
vector is then rotated back to the lab frame and transmitted
through the polarizer:

Eout �
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1 0
0 0

��
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− sin θ cos θ

�
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Substituting θ � ωt and solving the matrix, the output field vector is
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The field incident on the EO detector has both a time-
independent part and an oscillatory part with frequency 2ω,
which is due to the birefringence, and is zero for an isotropic
sample. Thus, by locking into the signal at 2ω, we isolate the
signal due to the anisotropy:

EMOSTS ≈
Ei
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If the incident field is known, one can calculate the normalized
MOSTS signal; however, typical THz TDS systems have signal
drift during the time it takes to remove or attach a sample to
the rotating stage and reestablish a dry air environment. Here,
we demonstrate that the direct MOSTS signal without refer-
encing detects anisotropic resonances, even in the presence
of a large isotropic background.

D. Samples
Standard THz TDS measurements are made on cytochrome c
films. Films are prepared by first dissolving cytochrome c in
tris buffer ph 7 at a concentration of 100 mg∕mL. 10 μL is pi-
petted on one half of a water-free quartz slide and dried, re-
sulting in a film with 1 cm diameter and 100 μm thick. The
plate is placed in a hydration cell with two apertures, with
the film-covered slide over one aperture, and the clean portion
of the slide over the other as a reference. The cell is closed and
hydrated nitrogen gas is circulated through the cell with a rel-
ative humidity of 80%.

Large oxalic acid and sucrose crystals were made using
the seed-growth method. Sucrose and oxalic acid dihydrate
powder were purchased from Sigma Aldrich. Sucrose was
dissolved in pure DI water to saturation at 23°C. Small
sucrose seeds were first grown by drying a saturated solution.
Seeds were then hung in a beaker filled with clean saturated
solution and were left for several days at room temperature.
Oxalic acid crystal growth followed a procedure similar to
that used in [24]. Seeds were formed by a drying a saturated
solution of oxalic acid in DI water. For large dihydrate crystal
growth, a saturated solution was made using a solvent of 75%
acetone and 25% DI water. The seeds were hung in the satu-
rated solution at 35°C. For both sucrose and oxalic acid crys-
tals as large as 15 mm × 12 mm × 7 mm were obtained, and
habits were sufficiently clear that one could readily identify
the crystal axes. The grown crystals were polished by hand
along a specific crystal faces (a or c) to have a large area
and be sufficiently thin so that the absorbance is within the
dynamic range of the THz system. The polished thicknesses
were between 300 and 1000 μm. The oxalic acid dihydrate
and sucrose crystals grown had monoclinic symmetry. The
a and c axes are 103° to each other but are 90° from b axis.
We note the a and c faces in sucrose are not perpendicular to a

and c axes, respectively. Rather the a face and c face lie in the
bc plane and ab plane, respectively.

The molecular crystal measurements were used to demon-
strate MOSTS sensitivity to the anisotropic intermolecular vi-
brations. With this sensitivity, the method can be used to
measure the intramolecular vibrations in proteins. To do so
requires a sample of aligned protein molecules in a fully
hydrated environment. Protein crystals provide the regular

Fig. 2. Top, schematic of MOSTS optics; yellow arrows show direc-
tion of incident THz polarization. Bottom, photos of the sample
rotator.
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alignment and the full hydration (protein crystals are 30%–70%
water by volume). To test whether the method can suppress a
large isotropic background from the protein crystal waters,
we tested MOSTS on amock protein crystal sample. The mock
protein crystal sample was made to simulate the anisotropic
response of an ordered and oriented system embedded in a
large relaxational background. To achieve this, a c-face su-
crose single crystal was attached to a thick polycarbonate
substrate.

3. RESULTS
A. Anisotropic Isolation
Figure 1(b) shows the absorbance for a cytochrome c hy-
drated film. The absorbance increases monotonically with fre-
quency through the range of 0.2–2.0 THz and is typical for an
unaligned protein sample. As discussed, this frequency
dependence is due to both the dense VDOS for the complex
macromolecule and the isotropic background from the libra-
tional motions of the solvent and amino acid side chains.
Equation (4) shows that MOSTS only measures anisotropy
in the permittivity. Thus, MOSTS would be insensitive to
the isotropic background and be able to detect narrowband
features associated with specific intramolecular vibrations.
We test MOSTS sensitivity to anisotropy by comparing the sig-
nal from an isotropic and anisotropic sample. A standard sil-
icon wafer is used as an isotropic sample. The unintentionally
doped silicon has no phonons in this frequency range and has
no lattice birefringence. Because of the background charge
density of 1012 cm−3, there will be absorbance in the THz
range from the ohmic loss, known as Drude absorption. This
free-carrier absorption is independent of the light polarization.
A wire grid polarizer (5 cm diameter with 10 μm diameter
wires and with 20 μm spacing between wires) with a broad-
band power extinction ratio of 900 is used as an ideal aniso-
tropic sample. In Fig. 3 we show that, indeed, the MOSTS
method only detects anisotropic transmission changes.
Figure 3(a) shows there is no MOSTS signal for the doped sil-
icon wafer, even though a transmitted waveform was readily
measured using THz TDS, as shown in the inset. The MOSTS
waveform for the rotating polarizer, on the other hand, is
nearly identical to a reference THz TDS waveform. Based
on the polarizer waveform and the THz TDS data for the wafer
in the inset, we expect that the MOSTS waveform for the sil-
icon wafer would appear at 25 ps (∼3 ps after polarizer wave-
form). The lack of any MOSTS waveform for the silicon wafer
even out to 35 ps indicates there is no MOSTS signal for the
isotropic sample. Further, this also indicates that the signal for
the polarizer does not come from some other modulation such
as an off-center spinning aperture, as this same modulation
would be present for the silicon wafer measurement.
Figure 3(b) shows the power spectra of the two samples, with
a zero spectrum for the Si wafer, whereas, for the polarizer,
the MOSTS power spectrum is nearly identical to that of the
THz TDS power spectrum, as expected for the broadband ex-
tinction for this polarizer. The MOSTS signal exclusively mea-
sures anisotropic changes in transmission.

B. Birefringent Molecular Crystals
Measurements on molecular crystals test the sensitivity of
MOSTS to different degrees of anisotropy and whether reso-
nant absorption can be detected. Molecular crystals have

strong resonant absorption in the THz range arising from
intermolecular crystal lattice vibrations [25]. The absorption
for a c-cut oxalic acid dihydrate single crystal is shown in
Fig. 4. An intermolecular resonance at 1.4 THz is observed
the THz electric field E‖a-axis, whereas there is a resonance
at 1.8 THz for E‖b-axis, in agreement with previous measure-
ments [26,27]. Also shown is the refractive index along the two
directions. There is a substantial birefringence over the entire
frequency range as well as anomalous dispersion at the

Fig. 3. MOSTS signals for an isotropic silicon wafer and for an aniso-
tropic sample, a polarizer. (a) MOSTS time domain signal. Inset shows
a standard THz TDS transmission measurement for the silicon wafer
to contrast with the zero MOSTS waveform because MOSTS only mea-
sures anisotropy in the sample. (b) MOSTS field amplitude showing
the broadband anisotropy of the polarizer and, again, zero signal for
the isotropic silicon.

Fig. 4. Absorption coefficient and refractive index measurements of
c-face oxalic acid dihydrate single monoclinic crystals measured using
THz TDS. Measurements shown are for the THz electric field parallel
to the crystal’s a axis and parallel to the b axis.
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resonant absorption frequencies. We fit these measurements
to simple expressions:

εo�e��ν� � εo�e�;∞ �
X
j

Ao�e�;j
ν2o�e�;j − ν2 − i�νγo�e�;j∕2π�

(5)

for the ordinary, εo�ν�, and extraordinary, εe�ν�, permittivities.
Here, νo�e�;j , Ao�e�j , and γo�e�j are the frequency, oscillator
strength, and linewidth for the jth resonance along the ordi-
nary (extraordinary) axis, respectively [28]. The extracted
parameters and the reference waveform are used in Eq. (4)
to calculate the expected MOSTS field detected at 2ω for a
crystal of thickness d. In Fig. 5, we show the calculated
and measured results for a 500 μm thick c-cut oxalic acid di-

hydrate crystal. Figures 5(a) and 5(b) show the results of the
calculated and measured waveforms, respectively. The mod-
eled waveform reproduces the same distortions seen in the
measured waveform, such as the ringing from the resonant
absorption features. In Figs. 5(c) and 5(d), we see the power
spectra from the model and measurement, respectively. The
spectra are broadband as expected from broadband birefrin-
gence leading to broadband modulation of the waveform
phase for the spinning sample. In addition, we see inflections
in the spectra that correspond to the 1.4 and 1.8 THz intermo-
lecular crystal vibrations. The calculated inflections are larger
than those in the model calculation, suggesting that the initial
fits to the crystal phonons was not sufficiently accurate.

In Fig. 6 we show the THz TDS measured absorbance and
refractive index for a 550 μm thick a-face sucrose single crys-
tal for both E‖c axis and E‖b axis. The results are consistent
with previous non-oriented and single crystal measurements
[27,29,30]. There is considerably more complexity in the
anisotropic absorbance compared with oxalic acid. On the
other hand, the birefringence is very slight except at the res-
onances. Again, we extract the parameters needed for our per-
mittivity model and apply Eq. (4) to calculate the expected
MOSTS signal. In Figs. 7(a) and 7(b), we show the modeled
and measured MOSTS waveforms for a 1 mm thick a-face su-
crose crystal. The calculated and measured field amplitude
spectra are shown in Figs. 7(c) and 7(d), respectively. The cal-
culated and measured field spectra are more narrow than for
the oxalic acid, due to the narrower region of birefringence.
The MOSTS power spectrum has inflections occurring at the
absorption resonances at 1.55, 1.72, and 2.05 THz. These
frequencies appear to be most closely associated with reso-
nant absorbances seen for E‖b for 1.55 THz and for E‖c
for the others. While MOSTS cannot be used to extract highly
accurate spectra, the key feature is that it is sensitive to the
anisotropy in a single measurement. Later, we show how this
can be used to extract resonances from a strong isotropic
background.

Figure 8(a) shows the THz TDS measured absorbance and
refractive index for a c-face sucrose single crystal for both
E‖a axis andE‖b axis. The spectra andbirefringence are highly
similar to the a-face data; however, the MOSTS field amplitude
spectrum in Fig. 8(b) is somewhat more narrow and
overlaps only the region where there is strong birefringence
and anisotropy due to the resonances. The contrast with
the a-face data suggests that there is less net birefringence

Fig. 5. MOSTS modeling and measurements of a c-face oxalic acid
dihydrate single crystal. (a) CalculatedMOSTSwaveform from param-
eters extracted from Fig. 4. (b) Measured MOSTS waveform.
(c) Calculated MOSTS field amplitude spectrum. (d) Measured
MOSTS field amplitude spectrum.

Fig. 6. Absorption coefficient and refractive index measurements of
a-face sucrose single monoclinic crystal measured using THz TDS.
Measurements shown are for the THz electric field parallel to the
crystal’s c axis and parallel to the b axis.
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between the a and b axes than the THz TDS results indicate in
Fig. 8(a). Here, we note that we have focused on the amplitude
of the power spectrum of the MOSTS signal; however, the
phase of the MOSTS signal can also be examined. Unlike typ-
ical THz TDSmeasurements where the relative phase delay for
the transmissionof a static sample canbeused todetermine the
refractive index, as the MOSTS signal is only measuring the
anisotropy; because we are applying the technique without a
reference, an absolute refractive index cannot be attained.
Here, we evaluate a relative refractive index defined by

nrelative �
ϕ�ν�
2πν

� 1;

where ϕ�ν� is the frequency dependent phase from the Fourier
transform of the MOSTS waveform. As shown in Fig. 8(b), the
extracted relative index shows inflections at frequencies with
large birefringence at 1.55, 1.72, and 2.05 THz.

C. Protein Model System
The MOSTS spectra for the molecular crystals demonstrate
that the technique measures anisotropic response with fea-
tures corresponding to vibrational resonances. To apply the
technique to measuring protein intramolecular vibrations, it
must provide the necessary isotropic suppression to observe
vibrational resonances above a strong relaxational back-
ground. To determine if MOSTS can remove a large isotropic
background and still expose anisotropic resonances, we
measure a mock protein sample where we have both a well-
ordered system with strong anisotropy and a large isotropic
background. This mock protein sample consists of a sucrose
single crystal glued to a polycarbonate substrate. The polycar-
bonate substrate has a somewhat smaller THz absorption than
water but has a similar frequency dependence. The thickness
of the polycarbonate was set so the absorbance was equal to
that of the sucrose crystal at 1.9 THz. A 5 mm thick polycar-
bonate plate fulfilled this condition for a 560 μm thick c-face
sucrose crystal.

In the Fig. 9(a) inset, we show a schematic of the model
protein sample. Figure 9(a) shows the THz TDS measure-
ments of the model sample for the polarization along the su-
crose crystal’s a axis (0°) and along the b axis (90°). There are
no sharp resonances observed corresponding with the narrow
resonances seen in Fig. 6. Rather, the monotonic nearly power
law frequency dependence is highly reminiscent of THz mea-
surements of protein hydrated films, as seen in Fig. 1(b) [31].

Fig. 7. MOSTS modeling and measurements of an a-face sucrose sin-
gle crystal. (a) Calculated MOSTS waveform from parameters ex-
tracted from Fig. 6. (b) Measured MOSTS waveform. (c) Calculated
MOSTS field amplitude spectrum. (d) Measured MOSTS field ampli-
tude spectrum.

Fig. 8. (a) Absorption coefficient and refractive indexmeasurements
of c-face sucrose single monoclinic crystal measured using THz TDS.
Measurements shown are for the THz electric field parallel to the crys-
tal’s a axis and parallel to the b axis. (b) MOSTS field amplitude.
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MOSTS measurements of the model sample are shown in
Figs. 9(c) and 9(d). Unlike the purely isotropic silicon wafer
sample, an MOSTS waveform is detected. The field amplitude
spectrum in Fig. 9(d) reveals at least two prominent resonan-
ces at 1.55 and 2.0 THz, just as detected for the pure c-face
crystal seen in Fig. 8(b). We note that one might also identify
the 1.7 THz inflection seen in Fig. 8(b); however, this is not
above the noise level in the rest of the spectrum and would
presumably not be identified for an actual protein sample.

This exciting result shows that the technique can indeed ex-
tract anisotropic features from a strong isotropic background.

4. DISCUSSION
A variety of modulation techniques have been developed
over the last 10 years for THz polarimetry [32–38]. Initial mea-
surements to measure the AC Hall effect used static polar-
izers, one before the sample and one after, both set at
45 deg from the emission and detection polarization maxima.
A measurement consists of the transmission for the two polar-
izer set in parallel and in crossed configurations. This is a
highly precise method but can be inconvenient without auto-
mated rotation. Several groups have used rotating polarizers
to determine the full conductivity tensor of solid state materi-
als in a magnetic field [35–37]. The main disadvantage of
polarizer spinning techniques is that both the polarization
and the field amplitude are modulated. This issue could easily
be resolved by having circularly polarized THz light, thus
eliminating any field amplitude variation as the polarizer is
rotated. Unfortunately, broadband quarter-wave plates are
not yet commercially available.

Previous THz polarimetry measurements have focused on
the measurement of circular dichroism that is present in
materials in a magnetic field. In the case of protein intramo-
lecular vibrations, we are interested in measuring the linear
dichroism. In the case of circular dichroism, the spinning
of the sample with the axis along the direction of light propa-
gation will not provide any modulation; however, in the case
of linear dichroism, it provides a substantial modulation.

The MOSTS technique was highly successful for the model
protein sample and suggests that the overall method may en-
able rapid characterization of intramolecular dynamics for
proteins as a function of small molecule binding or protein
structural change. However, there are a number of challenges
to realize the potential of MOSTS measurements. The first is
that these are far-field measurements, and the protein sample
must be larger than the diffraction limited spot size of the THz
light. Protein crystals can readily be grown to 300 μm lateral
dimensions, so this is achievable. Other challenges are to have
a fully hydrated protein crystal, and that the crystal be suffi-
ciently strongly attached to the spinning allow for the spinning
of the mounting plate. Protein crystals are typically prepared
for x-ray diffraction measurements by capturing the crystal
along with its mother liquor in a small wire loop and then flash
freezing with liquid nitrogen before mounting in the x-ray
beam. The sample remains frozen by exposure to a steady
stream of liquid nitrogen gas at ∼100 K flowing over the sam-
ple. Such an overall protocol could be adapted for MOSTS
measurements, with the protein crystal being held in the
spinning plate aperture first by the surface tension of the
surrounding mother liquor and then flash frozen.

We note that the results in Fig. 9(b) are equivalent to per-
forming static measurements as a function of orientation for
protein crystals and taking differences in the spectra. Such
measurements have recently been performed using near-field
THz microscopy and had considerably better results than
those shown for the model sample [39,40].

5. CONCLUSION
MOSTS successfully characterized the anisotropic features
against a large relaxational background. Intramolecular

Fig. 9. (a) THz TDS measurements of sucrose-polycarbonate model
sample with THz polarization along the a axis of the sucrose (0°) and
along the b axis (90°). (b) Difference in the absorption coefficient
measured in (a) showing no obvious frequency dependent features.
(c) MOSTS waveform of model sample and (d) field amplitude of
MOSTS signal showing clear resonances at 1.55 and 2.05 THz as seen
for the c-cut sucrose in Fig. 8(b).
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vibrations of proteins have been in the realm of theoretical
speculation, with essentially no experimental data to test
the sensitivity of the vibrations to a mutation and functional
state, much less test if tailoring the dynamics can influence
function. MOSTS is a feasible method for such characteriza-
tion measurements. In addition, the method may also be use-
ful when isotropic backgrounds present a challenge for other
materials.

Funding. National Science Foundation (NSF)
(DBI2959989); University at Buffalo (UB) (Holm Fund
1126960-1-68255); Los Alamos National Laboratory (LANL)
(Molecular Crystal Studies 1125895-1-71842).

REFERENCES
1. D. D. Boehr, H. J. Dyson, and P. E. Wright, “An NMR perspective

on enzyme dynamics,” Chem. Rev. 106, 3055–3079 (2006).
2. G. G. Hammes, S. J. Benkovic, and S. Hammes-Schiffer,

“Flexibility, diversity, and cooperativity: pillars of enzyme
catalysis,” Biochemistry 50, 10422–10430 (2011).

3. S. J. Benkovic and S. Hammes-Schiffer, “A perspective on en-
zyme catalysis,” Science 301, 1196–1202 (2003).

4. R. M. Daniel, R. V. Dunn, J. L. Finney, and J. C. Smith, “The role
of dynamics in enzyme activity,” Annu. Rev. Biophys. Biomol.
Struct. 32, 69–92 (2003).

5. M. Karplus and J. Kuriyan, “Molecular dynamics and protein
function,” Proc. Natl. Acad. Sci. USA 102, 6679–6685 (2005).

6. I. Bahar and A. J. Rader, “Coarse-grained normal mode analysis
in structural biology,” Curr. Opin. Struct. Biol. 15, 586–592
(2005).

7. M. Diehl, W. Doster, W. Petry, and H. Schober, “Water-coupled
low-frequency modes of myoglobin and lysozyme observed by
inelastic neutron scattering,” Biophys. J. 73, 2726–2732 (1997).

8. F. Gabel, D. Bicout, U. Lehnert, M. Tehei, M. Weik, and G.
Zaccai, “Protein dynamics studied by neutron scattering,” Q.
Rev. Biophys. 35, 327–367 (2002).

9. D. Liu, X.-Q. Chu, M. Lagi, Y. Zhang, E. Fratini, P. Baglioni, A.
Alatas, A. Said, E. Alp, and S.-H. Chen, “Studies of phononlike
low-energy excitations of protein molecules by inelastic x-ray
scattering,” Phys. Rev. Lett. 101, 135501 (2008).

10. M. C. Rheinstadter, K. Schmalzl, K. Wood, and D. Strauch,
“Protein-protein interaction in purple membrane,” Phys. Rev.
Lett. 103, 128104 (2009).

11. J. Xu, K. W. Plaxco, and S. J. Allen, “Collective dynamics of ly-
sozyme in water: Terahertz absorption spectroscopy and com-
parison with theory,” J. Phys. Chem. B 110, 24255–24259 (2006).

12. R. J. Falconer and A. G. Markelz, “Terahertz spectroscopic
analysis of peptides and proteins,” J. Infrared Millimeter
Waves 33, 973–988 (2012).

13. S. Fan, Y. He, B. S. Ung, and E. Pickwell-MacPherson, “The
growth of biomedical terahertz research,” J. Phys. D 47,
374009 (2014).

14. S. Ebbinghaus, S. J. Kim, M. Heyden, X. Yu, U. Heugen, M.
Gruebele, D. M. Leitner, and M. Havenith, “An extended dynami-
cal hydration shell around proteins,” Proc. Natl. Acad. Sci. USA
104, 20749–20752 (2007).

15. N. Q. Vinh, S. J. Allen, and K. W. Plaxco, “Dielectric spectros-
copy of proteins as a quantitative experimental test of computa-
tional models of their low-frequency harmonic motions,” J. Am.
Chem. Soc. 133, 8942–8947 (2011).

16. J. A. Rupley and G. Careri, “Protein hydration and function,”
Adv. Protein Chem. 41, 37–172 (1991).

17. R. Pethig, Protein Solvent Interactions, R. B. Gregory, ed.
(Dekker, 1995), Chap. 4, p. 265.

18. D. M. Leitner, M. Gruebele, and M. Havenith, “Solvation dynam-
ics of biomolecules: modeling and terahertz experiments,”HFSP
J. 2, 314–323 (2008).

19. S. J. Kim, B. Born, M. Havenith, and M. Gruebele, “Real-time de-
tection of protein-water dynamics upon protein folding by tera-
hertz absorption spectroscopy,” Angew. Chem. Int. Ed. 47,
6486–6489 (2008).

20. H. Frauenfelder, P. W. Fenimore, G. Chen, and B. H. McMahon,
“Protein folding is slaved to solvent motions,” Proc. Natl. Acad.
Sci. USA 103, 15469–15472 (2006).

21. J. T. Kindt and C. A. Schmuttenmaer, “Far-infrared dielectric
properties of polar liquids probed by femtosecond terahertz
pulse spectroscopy,” J. Phys. Chem. 100, 10373–10379
(1996).

22. G. Giraud, J. Karolin, and K. Wynne, “Low-frequency modes of
peptides and globular proteins in solution observed by ultrafast
OHD-RIKES spectroscopy,” Biophys. J. 85, 1903–1913 (2003).

23. P. C. M. Planken, H. K. Nienhuys, H. J. Bakker, and T.
Wenckebach, “Measurement and calculation of the orientation
dependence of terahertz pulse detection in ZnTe,” J. Opt. Soc.
Am. B 18, 313–317 (2001).

24. J. S. John and L. Torgesen, “Growth of oxalic acid single crystals
from solution: solvent effects on crystal habit,” Science 146, 53–
55 (1964).

25. P. U. Jepsen and S. J. Clark, “Precise ab-initio prediction of tera-
hertz vibrational modes in crystalline systems,” Chem. Phys.
Lett. 442, 275–280 (2007).

26. M. D. King and T. M. Korter, “Effect of waters of crystallization
on terahertz spectra: anhydrous oxalic acid and its dihydrate,” J.
Phys. Chem. A 114, 7127–7138 (2010).

27. R. Singh, D. K. George, J. B. Benedict, T. M. Korter, and A. G.
Markelz, “Improved mode assignment for molecular crystals
through anisotropic terahertz spectroscopy,” J. Phys. Chem.
C 116, 10359–10364 (2012).

28. J. D. Jackson, Classical Electrodynamics, 2nd ed. (Wiley, 1975).
29. M. Walther, B. M. Fischer, and P. U. Jepsen, “Noncovalent inter-

molecular forces in polycrystalline and amorphous saccharides
in the far infrared,” Chem. Phys. Lett. 288, 261–268 (2003).

30. J. Kröll, J. Darmo, and K. Unterrainer, “Terahertz optical activity
of sucrose single-crystals,” Vib. Spectrosc. 43, 324–329 (2007).

31. J.-Y. Chen, J. R. Knab, J. Cerne, and A. G. Markelz, “Large ox-
idation dependence observed in terahertz dielectric response
for cytochrome C,” Phys. Rev. E. Rapid 72, 040901 (2005).

32. Q. Chen and X. C. Zhang, “Polarization modulation in optoelec-
tronic generation and detection of terahertz beams,” Appl. Phys.
Lett. 74, 3435–3437 (1999).

33. G. S. Jenkins, D. C. Schmadel, and H. D. Drew, “Simultaneous
measurement of circular dichroism and Faraday rotation at tera-
hertz frequencies utilizing electric field sensitive detection via
polarization modulation,” Rev. Sci. Instrum. 81, 083903 (2010).

34. M. Li, H. Pan, Y. Tong, C. Chen, Y. Shi, J. Wu, and H. Zeng, “All-
optical ultrafast polarization switching of terahertz radiation by
impulsivemolecular alignment,”Opt. Lett. 36, 3633–3635 (2011).

35. R. V. Aguilar, A. V. Stier, W. Liu, L. S. Bilbro, D. K. George, N.
Bansal, L. Wu, J. Cerne, A. G. Markelz, S. Oh, and N. P. Armitage,
“THz response and colossal Kerr rotation from the surface states
of the topological insulator Bi2Se3,” Phys. Rev. Lett. 108, 087403
(2012).

36. D. J. Aschaffenburg, M. R. C. Williams, D. Talbayev, D. F.
Santavicca, D. E. Prober, and C. A. Schmuttenmaer, “Efficient
measurement of broadband terahertz optical activity,” Appl.
Phys. Lett. 100, 241114 (2012).

37. D. K. George, A. V. Stier, C. T. Ellis, B. D. McCombe, J. Černe,
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