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Hydrogen bonds (H-bonds) in biological macromolecules are important 
for molecular structure and functions. Since interactions via hydrogen 
bonds are weaker than covalent bonds, it can be expected that atomic 
movements involving H-bonds have low frequency vibrational modes. 10 

Sub-Terahertz (sub-THz) vibrational spectroscopy that combines 
measurements with molecular dynamics (MD) computational prediction 
has been demonstrated as a promising approach for biological molecule 
characterization. Multiple resonance absorption lines have been reported. 
The knowledge of relaxation times of atomic oscillations is critical for 15 

successful application of THz spectroscopy for hydrogen bond 
characterization. The purpose of this work is to use atomic oscillations in 
0.35-0.7 THz range, found from molecular dynamic (MD) simulations of 
E.coli thioredoxin (2TRX), to study relaxation dynamics of two intra-
molecular H-bonds, O··H−N and O··H−C. Two different complimentary 20 

techniques are used in this study, one is analysis of statistical distribution 
of relaxation time and dissipation factor values relevant to low frequency 
oscillations, and the second is analysis of autocorrelation function of low 
frequency quasi-periodic movements. By studying hydrogen bonds 
atomic displacements, it was found that the atoms are involved in a 25 

number of collective oscillations, which are characterized by different 
relaxation time scales ranging from 2-3 ps to more than 150 ps. The 
existence of long lasting relaxation processes opens the possibility to 
directly observe and study H-bond vibrational modes in sub-THz 
absorption spectra of bio-molecules if measured with appropriate 30 

spectral resolution. The results of measurements using a recently 
developed frequency domain spectroscopic sensor with a spectral 
resolution of 1 GHz confirm the MD analysis.  
 

1. Introduction  35 

Hydrogen bonds (H-bonds) in biological macromolecules are important 
for their structure and functions. Yet there are no simple direct methods 
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to observe and characterize H-bonds. Since interactions via hydrogen 
bonds are weaker than covalent bonds, it can be expected that atomic 
movements involving H-bonds have low frequency vibrational modes. 
Sub-Terahertz (sub-THz) vibrational spectroscopy of biological 
macromolecules, which combines measurements with molecular 5 

dynamics (MD) computational prediction, has been demonstrated as a 
promising approach for studying interactions between low energy 
radiation and intra-molecular dynamics. It reveals resonance 
spectroscopic features, vibrational modes or group of modes at close 
frequencies in absorption (transmission) spectra of biomaterials caused 10 

by a fundamental mechanism of interaction of low frequency internal 
intra-molecular motions via hydrogen and other weak bonds with THz 
radiation. Although multiple resonance absorption lines in sub-THz 
region have been reported in measurements with appropriate spectral 
resolution, for example1–6, successful application of THz spectroscopy 15 

for DNA, RNA and protein characterization requires deep understanding 
of relaxation processes of atomic dynamics (displacements) within a 
macromolecule. 

The dissipation time is one of the fundamental problems related to 
THz vibrational modes in biological molecules. The width of individual 20 

spectral lines and the intensity of resonance features observed in sub-
THz spectroscopy are sensitive to the relaxation processes of atomic 
movements within a macromolecule. It is clear that the decay 
(relaxation) time, τ, is the factor that determines the spectral width and 
the intensity of vibrational transmission/absorption modes, the required 25 

spectral resolution, and eventually the discriminative capability of sub-
THz spectroscopy.  The suggested range of molecular dynamics 
relaxation times for processes without bio-molecular conformational 
change varies from approximately 1.5 ps to 1 ns in different studies.7,8 
The corresponding values for the dissipation factor, γ, and the width of 30 

spectral lines, W, which are reciprocal to τ, are between 6 and 0.01 cm-1
. 

Values of W above 1 cm-1 would result in structureless sub-THz spectra, 
since vibrational resonances could not be resolved in the case of the high 
density of low intensity vibrational modes.3 The existence of long-lasting 
dynamic processes have been confirmed by relaxation dynamics of side 35 

chains in macromolecule thioredoxin observed by time-resolved 
fluorescence experiments.9 At the same time the entire mechanism that 
determines relaxation times in dynamics processes is still not completely 
understood. There are a number of studies on the problem using MD 
simulation and Langevin equation along with the analysis of inelastic 40 

neutron scattering10,11 and other experimental techniques.12 The estimates 
from inelastic neutron scattering give very large broadening of low 
frequency motions. Possible reasons for the differences between 
experiment and simulation results have been discussed in 13, in particular 
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much higher vibrational density of states in simulations compared to 
neutron scattering experiments. It is known from experiments that 
“proteins exist in an ensemble of structures, described by an energy 
landscape”14, and neutron scattering spectra result from an average over 
different proteins conformations or substates. These motions, however, 5 

are quite different from quasi-harmonic vibrational modes in THz, and 
especially in sub-THz spectral range, for both, time and displacement 
scales.15 Weak THz vibrations associate with displacements at distances 
on the order of only ~0.1 – 1.0 Angstrom. These oscillations might live 
for a relatively long time since collision probability is less when 10 

displacements are small.  
Another problem existing in analysis of relaxation is that in most 

cases the data on relaxation cannot be attributed to atomic fluctuations in 
a certain frequency range. For example, the most common method for 
relaxation analysis, autocorrelation function of atomic displacements, 15 

often exhibits featureless, non-exponential decays.16 One explanation for 
this result is that atoms go through different frictional regions in space 
and time, and the average produces non-exponential decay.

16 However, 
another explanation may lie in the fact that the autocorrelation function 
usually averages oscillations over all frequencies observable in MD 20 

simulation. Regarding proteins, it has also been shown that relaxation 
processes can be a complex and heterogeneous phenomenon.

17  
In this work, statistical analysis of MD data is applied to study 

relaxation in vibrational dynamics of two intra-molecular H-bonds, 
O··H−N and O··H−C, of E.coli thioredoxin. These bonds connecting 25 

tryptophan with charged neighbors have been studied in9 using 
fluorescent spectroscopy. By studying atomic displacements obtained 
from MD in time and frequency domains, we found that the atoms in 
these bonds are involved in a number of collective oscillations, which 
are characterized by different relaxation time scales ranging from 2-3 ps 30 

to more than 150 ps for processes without conformational change. Two 
different complimentary techniques are used in this study, one is analysis 
of statistical distribution of relaxation time (or dissipation factor) values 
relevant to low frequency oscillations, and the second is analysis of 
autocorrelation function of low frequency quasi-periodic movements. 35 

The existence of long lasting relaxation processes makes it possible 
to directly observe and study H-bond vibrational modes in sub-THz 
absorption spectra of bio-molecules. Until recently we used a Fourier 
transform spectrometer Bruker IFS 66v with the spectral resolution of 
0.25 cm-1.3 Although significant progress in experimental THz 40 

spectroscopy was demonstrated and reliable information was received 
for transmission/absorption spectra from different biological 
macromolecules and species, experimental characterization still required 
milligrams quantities of material, a detector cooled with liquid helium 
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for reliable characterization, and a system under vacuum or purged with 
dry gas because of the very low intensity of radiation available from the 
mercury lamp source and to eliminate disturbances caused by liquid and 
vapor water.3 The implementation of THz vibrational spectroscopy was 
impeded because of the absence of spectroscopic systems, which 5 

simultaneously satisfy the requirements of good spectral and spatial 
resolution, along with high sensitivity. For our new studies, we utilize a 
spectroscopic sensor prototype developed by Vibratess.4 This novel 
constant wave, frequency-domain spectroscopic instrument with imaging 
capabilities operates without the need for cryogenic cooling of the 10 

detector. The high sensitivity, good spectral resolution of 0.03 cm-1, and 
a spatial resolution below the diffraction limit  permitted us to observe 
intense and narrow spectral resonances in transmission/absorption 
spectra of nanogram samples of biological materials with spectral line 
widths as narrow as W = ~0.1 cm-1. Transmission spectra were obtained 15 

in the sub-THz region between 315 and 480 GHz for both, 
macromolecules and biological species. The results of measurements 
using this new spectroscopic sensor confirm our MD analysis. 

2 Methods 

 20 

Molecular Dynamics 

A detailed description of our protocol for MD simulation of protein 
thioredoxin using Amber 10 can be found in our recent study.

18 We 
simulated a complex of thioredoxin (PDB code 2TRX) and 8 Å shell of 
TIP3P water. In preparation steps, a constant volume and temperature 25 

(NVT) ensemble is used to raise the temperature to 293 K. The system is 
heated for ~16 ps, and protein’s atoms are restrained using a 10 
kcal/mol/Å2 force constant. During this heating process, bonds involving 
hydrogen are fixed. Constant pressure periodic boundary conditions are 
used to scale the system volume during 100 ps to reach a density of ~1 30 

g/cm3. In these procedures, a 10 Å real space cutoff is used with a 2 fs 
integration time step. Once the system has attained selected values of 
temperature and density, random velocities from the Maxwellian 
distribution are assigned to all atoms, followed by another equilibration 
step (NPT ensemble) for further energy minimization. 35 

After equilibration, a 5.0 ns production run is performed in a 
constant volume and energy ensemble (NVE) to avoid undesirable 
effects on atomic motions due to coupling to an external thermal bath. 
During the simulation, the coordinates of all atoms of the system are 
recorded every 20 fs for the entire production run. 40 

Atomic trajectories collected in MD simulations are converted to the 
covariance matrix of atomic displacements <RiRk>. The force-field 
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matrix is found in a quasi-harmonic approximation utilizing the relation 
between the covariance matrix and the inverse of the force-constant 
matrix (<RiRk> = kBT [F-1]ik ), where R are displacements and F are force 
constants.19,20 Diagonalization of F matrix gives eigenfrequencies 
(normal mode frequencies) and eigenvectors (displacement vectors- 5 

normal modes).  
In our study18, MD simulations of sub-terahertz vibrational modes of 

the protein thioredoxin were conducted with the goals of finding the 
conditions needed for simulation convergence, improving the correlation 
between experimental and simulated absorption spectra, and ultimately 10 

for enhancing the predictive capabilities of computational modeling. We 
studied the consistency, accuracy and convergence of MD simulations of 
the sub-THz vibrational modes by comparing simulations performed 
using different initial conditions, protocols and parameters to the 
experimental results. It was demonstrated that the constant energy 15 

simulation protocol, NVE, during the production run is more preferable 
than the constant temperature regime, NPT, for several reasons. Using 
the NVE ensemble in a production run gives more stable results 
compared to NPT regime. Constant energy simulations without frequent 
exchange with the external bath for temperature regulation induce fewer 20 

disturbances into trajectories of atoms and, in addition, prevent transition 
of a protein molecule into a different conformation. At the same time, 
the NVE protocol requires more attention to the choice of starting energy 
in the production run. The starting total energy of the system (ETOT) at 
the beginning of the production run significantly affects results and has 25 

to be close to the equilibration minimum.  
 
Absorption Spectra Calculation  

 
Using atomic trajectories from the constant energy and volume MD 30 

simulations, thioredoxin’s sub-THz vibrational spectra and absorption 
coefficients were calculated in a quasi-harmonic approximation. The 
absorption coefficient spectra α(v) as functions of the frequency ν can be 
calculated through the relationship between α and the imaginary part of 
dielectric permittivity21: 35 

 ∑
+−

=
k k

k

W

S
W

22222

2

)(
)(

ννν
ννα  (1) 

where νk are normal mode frequencies calculated by diagonalization of 
the force-constant matrix, and Sk are oscillator strengths computed for all 
vibrational modes k. Two values of line width for all vibrational modes 
in sub-THz range were earlier suggested from our experimental work: 40 

W = 0.5 cm-1 (moderate spectral resolution in Bruker spectrometer), and 

Page 5 of 18 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t
Fa

ra
da

y
D

is
cu

ss
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

 

6  |  [journal], [year], [vol], 00–00 

This journal is © The Royal Society of Chemistry [year] 

W = 0.1 cm-1 from high resolution spectroscopy using Vibratess 
spectrometer. 

Better simulation convergence and improved consistency between 
simulated vibrational frequencies and experimental data were obtained 
using a new procedure for averaging mass-weighted covariance matrices 5 

of atomic trajectories in MD simulations.18 In particular, the open source 
package ptraj was edited to improve a matrix analyzing function. 
Averaging of only six matrices gives much more consistent results, with 
absorption peak intensities exceeding those from the individual spectra, 
and with a relatively good correlation between simulated vibrational 10 

frequencies and experimental data.  Reasonably good correlation 
between absorption spectrum of thioredoxin simulated with W = 0.5 cm-1 

and experimental results as measured with a moderate spectral resolution 
of 0.25 cm-1 have been demonstrated.

18 Experimental spectra taken with 
much better spectral resolution of 0.03 cm-1 compared with 15 

computational modeling using W = 0.1 cm-1 also demonstrated 
reasonable correlation.4 
 

H-bonds studied 

  20 

Fig. 1 (A and B) shows two H-bonds in thioredoxin that we studied in 
this work. In one of these bonds, O··H−N, the oxygen atom (OD1, 
ASP61) from aspartate ASP61 (on the left of Fig.1B) has a weak 
interaction through the hydrogen atom (HE1, TRP31) to the nitrogen 
(NE1, TRP31) in the indole ring of tryptophan (TRP31). The location of 25 

this bond allows for oscillations of a relatively large (4-7 Å) amplitude. 

A B  
Fig. 1. Two H-bonds in thioredoxin: one is an O··H−N interaction formed between Asp 61 and TRP 
31 involving O (OD1, ASP61), H (HE1, TRP31) and N (NE1, TRP31) atoms. The second 
interaction O··H−C is formed between 4th C atom (CE3, TRP31) of the TPR31 indole ring through 30 

H (HE3, TRP31) to an oxygen atom (O, TRP31) involved in the peptide bond between TRP31 and 
CYS32 residues. A: the entire molecule is shown. B: detailed view of the two bonds. Images were 
made using Chimera.22 

The second hydrogen bond C−H··O connects the 4th carbon atom (CE3, 
TRP31) from the same indole ring of tryptophan residue TRP31 through 35 

its hydrogen atom (HE3, TRP31) to the oxygen atom (O, TRP31) in the 
peptide bond between TRP31 and CYX32 (shown on the right of Fig. 
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1B). These two particular H-bonds have been earlier used in experiments 
on fluorescent spectroscopy9 to study relaxation times for quenching 
excited tryptophan TRP31. For the first considered hydrogen bond, 
O··H−N, we analyzed the dynamics of distances between O and H and 
between O and N atoms during MD simulation. A similar approach was 5 

used for the second hydrogen bond O··H−C. 
Two independent complimentary methods for data analysis were 

used in this study. In the first method of studying atomic displacements, 
we analyzed statistical distributions of spectral line width, relaxation 
time values, and vibrational frequencies in the sub-THz spectral range. 10 

In the second method, an analysis of autocorrelation function of low 
frequency quasi-periodic movements was used. 

 
MD Trajectories and Fast Fourier Filtering 
 15 

The coordinates of chosen atoms are extracted from the MD trajectory to 
calculate the distance between a pair of atoms (1 and 2) for each time 
point in the 5 ns simulation as 

 
2

21
2

21
2

21 )()()( zzyyxxd −+−+−=  (2) 

 20 

For better accuracy, a distance trajectory was interpolated to have a 1 fs 
time step using Matlab spline function. 

Since we are interested in low energy vibrational modes in the sub-
THz range, to facilitate data analysis and understanding results for fast 
vibrations with a very small amplitude, the distance fluctuations in time 25 

domain are processed using a Fast Fourier Transform (FFT) filter 
available at the Matlab website.

23 Application of a low frequency 
rejection filter with the boundary below 0.3 THz provides more uniform 
motion dynamics. In the FFT filtering procedure, the time domain 
trajectory is first transferred into the frequency domain, then frequency 30 

components inside filter limits are cut, and after that the inverse FFT 
procedure is applied to return the data back into the time domain.  
 

3. Results 
 35 

Statistical distributions of relaxation parametrs using fitting to 

a model of two non-interacting damped oscillators  
 
Figures 2 A and B show fragments of MD trajectories for two atom pairs 
involved in two H-bond interactions demonstrated in Fig 1. 40 
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A      B  
Fig. 2. Dynamics of the distances. A: O··H−N hydrogen bond interaction: solid - N and O; dash –H 
and O; B: O··H−C hydrogen bond interaction: solid - C and O;  dash – H and O. 

Considering the bond O··H−N in Fig. 2A, several important results 
become obvious immediately: 1) the atoms are involved in 5 

heterogeneous movements with different time durations and distance 
variations up to 3-3.5 Å, and 2) the O-N and O-H distances change with 
time in a similar way. This second result could be expected since the 
chemical bond between H and N is very strong and the distance 
fluctuations between them are significantly smaller compared to the 10 

distance O-H. Variations of distances between atoms in the second H-
bond, O··H−C, demonstrated in Fig. 2B, are significantly smaller, only 
~0.5 Å most of time, although very short variations with an amplitude of 
~1 Å are also observed. The similarities between C-O and H-O distance 
variations are, however, preserved. A peak in the time interval 3560-15 

3570 ps observed for H-O distance in the O··H−N bond in this particular 
simulation run is not revealed in the dynamics of O··H−C interaction. 
This peak, involving movement at a distance ~4 A, is probably an 
indicator of conformational change. 

Fig. 2 represents all movements involving these hydrogen bonds that 20 

might include possible vibrations at all frequencies. Since we are 
interested in a relatively narrow sub-THz frequency range, as a next step, 
we used a standard Fast Fourier Transform (FFT) filtering technique to 
separate interfering motions shown in Fig. 2. For example, application of 
a low frequency reject FFT filter removes movements with amplitudes of 25 

several Angstroms and periods of tens and hundreds of picoseconds, 
similar to the peak at time 3565 ps observed in Fig. 2A. Application of a 
reject filter above frequency of 1.2 THz removes high frequency 
oscillations from a raw trajectory (gray line 1, Fig 3A) and simplifies the 
trajectory to black line 2. Application of both, low frequency and high 30 

frequency reject filters, leaves only movements that occur in the 
frequency range that we are interested in, with much more uniform 
motion dynamics as demonstrated in Fig. 3B, with obvious quasi-
harmonic movements. 
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A      B  
Fig. 3. Application of FFT filter. A: Gray line (1): original N-H--O trajectory from MD simulation, 
black line (2): fluctuations with frequencies above 1.2 THz were removed using 0-1.2 THz band-
pass filter. B: Application of a 0.35-0.7 THz band-pass filter removes both, higher frequency and 
lower frequency movements and reveals periodic oscillations in a sub-THz frequency range of our 5 

interest. 

The existence of long-lived vibrations with different periods above 
1.3 ps, which corresponds to vibration frequencies below ~26 cm-1 is 
clearly demonstrated. The presence of harmonic components indicates 
that there are local regions in the molecule, with atoms oscillating in this 10 

frequency range for at least of several periods. These small amplitude 
vibrations have been described as “rattling motions in a cage consisting 
of the neighbouring atoms within a molecule or surrounding solvent”.

24 
In the case of quasi-harmonic movement, the distance between two 

atoms Y(t) as a function of time can be modelled as a damped oscillator: 15 

 Y(t) = A cos (ωt + φ) e–tγ
 (3) 

where A is an amplitude (Å), γ is a dissipation factor or relaxation rate 
(ps-1), t is time (ps), ω is angular frequency (2π /ps), and φ is phase. At 
the same time the trajectory shown in Fig. 3B is more complicated and 
can not be described by a model of only one oscillator even for a 20 

relatively small time interval. The simplest possible model to describe 
the filtered trajectory for a quantitative analysis during a relatively short 
time interval is a model of two non-interacting damped oscillators:  

 Y(t) = Y1(t) + Y2(t) (4) 

where each component is presented by eqn (3). 25 

The fact that relatively long lived vibrations  are able to survive 
without fast dissipation indicate that the damping factors, γ,  for at least 
some vibrational modes, have to be relatively small. More detail 
analysis, described below, is required for identification of other motions 
that are definitely present and for studying accurate values of relaxation 30 

parameters.  
Using a moving time window (frame) ∆T with a δt step along a 

filtered trajectory we apply the model of two oscillators to find 
parameters A, ω, φ and γ  for each frame and each step using a fitting 
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procedure. Time frames ∆T of 5, 10 or 20 ps and time steps δt of 50 fs or 
100 fs have been used to find optimal values of parameters that give the 
clearest presentation of results. Matlab lsqcurvefit function is used to 
make the fitting to the filtered data. Lower and higher boundaries for 
relaxation rate were set to 0.001 ps-1 and 10 ps-1, which corresponds to 5 

0.1-1000 ps relaxation time limits. The quality of fitting is verified by 
calculation of the Pearson correlation (r) between the fitting curve and 
the raw data, and the percent of unexplained variation is found as  
100(1-r2)%. This parameter is used as a cutting threshold to remove 
results with low quality fitting. Fig. 4 gives an example of fitting results 10 

in relative MD coordinates after filtering using the model inside a 10 ps 
window. In this particular example, the portion of unexplained variation 
in the data is less than 10%. Parameters of two oscillators from fitting in 
this example are presented in Table 1. 
 15 

 
Fig. 4. Example of fitting the filtered trajectory of O-N distance. Solid line: MD data, dash line: 
model. The portion of unexplained variation in this example is less than 10%. 

Table 1. Parameters of two oscillators for the given trajectory window in Fig. 4 

oscillator      A, Å            f = ω/(2π), THz           γ, ps-1 
Y1               -0.26           0.588          0.003 
Y2               -0.34           0.372          0.045 
 20 

 
To find the statistical distribution function for a dissipation factor, γ, 

all fitting results were further grouped into classes using equal intervals, 
δγ,  and the number of observations was calculated for each class. For 
the purpose of comparing simulation results with experimental data, we 25 

also found the distribution function for the absorption Lorentzian line 
width at half peak (W) using its relationship with the dissipation factor of 
a damped oscillator, γ : 

 
c

W
⋅

=
π

γ
 (5) 

Page 10 of 18Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t
Fa

ra
da

y
D

is
cu

ss
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

 

[journal], [year], [vol], 00–00  |  11 

This journal is © The Royal Society of Chemistry [year] 

where γ is in ps-1, c is the speed of light (cm / ps), and W is in cm-1. The 
line width and the dissipation factor differ only by a scaling factor πc. 
The procedure similar to finding γ was used to find the distribution 
function for relaxation time τ = γ 

-1 using equal intervals, δτ, and for 
frequencies of vibrations using equal intervals, δf. The quality of data 5 

presentation for distribution of spectral width values is sensitive to the 
choice of intervals, with too large of intervals resulting in a small 
number of possible observations, while too small interval gives noisy 
results. Several values of δW were used to find the best presentation of 
results. Fig. 5 demonstrates this effect for the spectral line widths 10 

distribution for the O··H−N bond.  

 
Fig. 5. Statistical distribution of spectral line widths for O··H−N bond vibrations (O-N distance) 
calculated with two values of δW, 0.0106 cm-1 and 0.0053 cm-1. Moving window 5 ps, filter 0.35-0.7 
THz, threshold 2%. 15 

The main result is, however, the same independent of δW: the 
distribution is not a smooth function of line width values, but shows 
sharp peaks. In addition to the existence of very narrow spectral lines 
(widths less than 0.1 cm-1) having relatively high probability, almost 
equal distribution of line widths up to W=1 cm-1, and  slow reducing of 20 

distribution of widths above ~ 1 cm-1 are clearly demonstrated.  Similar 
results are obtained for the second hydrogen bond, O··H−C, (Fig. 6). 
Line width distributions shown in Figures 5 and 6 are not sensitive to the 
values of unexplained variations in the fitting procedure. This result is 
also demonstrated in Fig. 7, where the peak positions are independent of 25 

the cutting threshold.  
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Fig. 6. Statistical distribution of spectral line widths for O··H−C bond vibrations (O-C distance). 
δW=0.0106 cm-1, moving window 5 ps, filter 0.35-0.7 THz, threshold 2%. The inset shows a more 
detailed fragment below 0.7cm-1 from another MD simulation. 

 5 

Fig. 7. Comparison of line width distributions calculated with different percent of unexplained 
variations. Parameters used: one 5 ns production run, moving time window 5 ps with 50 fs step, 
δW=0.0106 cm-1, filter 0.35-0.7 THz. Numbers above curves are relaxation time values at local 
peaks of  line width distributions. 

Relaxation times can be recalculated as 1/γ from line width 10 

distributions in Figures 5-7 using eqn (5); some results are shown as 
numbers above curves in Fig. 7. Thus the atoms are involved in a 
number of collective oscillations, which are characterized by different 
relaxation time scales. However, Fig. 8 gives much more accurate results 
for the range of small relaxation times as calculated directly from time 15 

distribution for two hydrogen bond vibrations using filtered sub-range of 
0.35-0.75 THz. The almost identical results for both bonds indicate that 
the distribution has a maximum at relaxation time of 2-3 ps. These small 
values of relaxation time have been found in different experiments, and 
are often attributed to rotational and translational relaxation of bulk 20 

water molecules.7,10 However, relaxation time distributions show very 
long tail that can not be described with only one relaxation process. 
There is not enough sensitivity for more accurate analysis of longer 
relaxation time probabilities using this approach because of a small 
window used, ∆T = 5 ps. 25 
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Fig. 8. Distribution of relaxation time values for O··H−N and O··H−C bonds vibrations with small τ. 
Filter 0.35-0.7 THz. 

Fig. 9A shows the distribution of vibrational frequencies in sub-THz 
range. Results are sensitive to the choice of initial Maxwell velocities 5 

determined by a random seed “ig” number. Results for one ig and 
averaging for 3 ig numbers however definitely indicate the presence of 
many modes in our relatively narrow sub-range and reduced modes 
density above 21 cm-1. Vibrational frequencies are different for two 
bonds (Fig. 9A and 9B).  10 

A    B  
Fig. 9. A: Distribution of vibrational frequencies  in sub-THz range for O··H−N bond using 0.28-0.8 
THz filter, window 10ps, 10% threshold. B: The same as in A but for O··H−C bond. Simulation run 
with a random seed number ig 51223179.  

 15 

Autocorrelation Function 
 
We also analyzed dissipation of THz oscillations using autocorrelation 
function (ACF), F(∆t), that was computed as 

 
2

1

/])YY)(YY[(
1

)(F Y

kN

i

tt kiikN
t σ∑

−

=

−−
−

=∆
+

, (6) 20 

where 
it

Y and 
kit +

Y are trajectory coordinates separated by ∆t = ti+k - ti = 

k·δt. In our case, time step δt =10 fs, and the total number of steps, N = 
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5·105, for 5 ns MD run. Y  and 2
Yσ  are the sample mean and variance of 

Y.  
 
Two types of time-domain data were analyzed using ACF. First, ACF 
was calculated for the original trajectory of distances between studied 5 

atoms. Second, it was computed for FFT filtered oscillations where 
upper and lower frequency limits were varied. ACF of oscillations after 
applying a 0-1.2 THz band-pass filter is shown in Fig. 10 for time above 
10 ps, and for the entire range is given in the inset.  

 10 

Fig. 10. ACF of oscillations after applying a 0-1.2 THz band-pass filter to the original trajectory of 
distances between O and N atoms of the O··H−N bond for time above 10 ps.  The entire range is 
given in the inset. 

Finally, Fig. 11 shows the variation in results for O··H−N bond ACF 
calculated from three MD simulations. All results reveal overall rather 15 

smooth reducing of ACF with time for t below ~30 ps.  

 
Fig. 11. Autocorrelation functions for the filtered trajectory of distances between O and N atoms in 
O··H−N bond calculated from three MD simulation runs. 

However at higher time values, the peaks are reproducibly observed at 20 

~40, 80-90, and ~170 ps from all three simulations. Above ~200 ps the 
results from different simulation runs are not consistent. This fact might 
indicate the possibility of molecule transition into a different 
conformational state. It can also explain the variability of other results 
from different simulation runs having different initial Maxwell velocities 25 

distribution.  
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4. Comparison with Experimental Data and 
Discussion 

 
We have recently measured absorption spectra from E.coli protein 
thioredoxin using a new spectrometer with high spectral resolution.4 The 5 

existence of intense and narrow spectral resonances was observed in 
transmission/absorption spectra with spectral line widths as narrow as  
W ~0.1 cm-1. 

In Fig. 12, the experimental spectrum is compared with MD 
simulation to verify both. Although the overall correlation between the 10 

theory and experimental data confirms again the existence of intense and 
narrow absorption lines, not all peaks are reproduced in the measured 
and simulated spectra. The most obvious reason for differences is that 
the same damping factor γ  was used to calculate absorption for all 
vibrational modes. Our current results demonstrate a broad distribution 15 

of spectral line widths (Figures 5-7) and of damping factor  γ. Additional 
explanation has to be given to the fact that narrow width vibrations 
having small values of γ and large values of τ  are well observed in 
absorption data and, at the same time, the highest probability is 
demonstrated for vibrations with very short  τ~2 ps (Fig. 8). Figures 9A 20 

and 9B demonstrate vibrational frequencies for two hydrogen bonds as 
simulated with different spectral line widths. However, not all of these 
vibrations contribute equally to the absorption spectrum shown in Fig. 
12. For each particular vibrational mode, the absorption coefficient is 
inversely proportional to W (eqn 1), and absorption due to vibrations 25 

with small relaxation times (or with large γ and spectral line width) has 
very low probability of being observed.  

   
Fig. 12. Absorption spectrum of protein thioredoxin from E. coli: MD simulation and experimental 
results as measured using Vibratess spectroscopic sensor. Our work.25 30 

5. Conclusions 

In this work, relaxation dynamics for two intra-molecular hydrogen 
bonds, O··H−N and O··H−C were studied. Time domain trajectories 
(atomic displacements) demonstrate the complicated character of atomic 
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movements. Fourier transform filtering was used to restrict the data into 
a frequency domain within the limit of 0.35-0.7 THz, which corresponds 
to the experimental conditions used to characterize vibrational spectra. 
This procedure permitted selection and visualization of quasi-harmonic 
components of atomic movements. The fluctuations were further 5 

analyzed by fitting with a model of two non-interacting damped 
oscillators. A new fitting procedure permitted us to extract more 
information about relaxation parameters from atomic trajectories and 
justifies application of statistical approach for quantitative analysis of 
oscillations. In the statistical analysis used, sample distributions for 10 

relaxation factors and spectral line widths reveal multiple peaks with 
almost equally high probability in the range between 0.1 and 1 cm-1. By 
studying atomic displacements, it was found that the atoms are involved 
in a number of collective oscillations, which are characterized by 
different relaxation time scales ranging from 2-3 ps to more than 150 ps. 15 

The relaxation time distribution gives a sharp peak for  τ~2 ps, that was 
earlier observed in different experiments, and a very long tail that can 
not be described with only one relaxation process. A broad spectrum of 
vibrational frequencies is demonstrated. The results from analysis of 
autocorrelation functions for hydrogen bond distances confirm the 20 

existence of processes with long time characteristic scales. 
The existence of long relaxation processes makes it possible to 

directly observe and study H-bond vibrational modes in sub-THz 
absorption spectra of bio-molecules measured with the proper spectral 
resolution. The results obtained in this study are in general agreement 25 

with measurements using a recently developed time domain 
spectroscopic sensor with the spectral resolution of 1 GHz. These new 
results permit better understand the dynamics of hydrogen bonds in 
thioredoxin and will be further used for more detailed analysis and 
prediction of experimental sub-THz absorption spectra from biological 30 

macromolecules.  
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