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SCIENTIFIC WORKFLOW 1 – LIFE SCIENCES.  

CALCULATION OF LOCAL MODE FREQUENCIES (PARTIAL VIBRATIONAL 

DENSITY OF STATES) FROM CLASSICAL OR AB INITIO MOLECULAR 

DYNAMICS SIMULATIONS 

 

 Vibrational spectroscopy, as an experimental technique, has become a rather powerful 

tool to study even complex biomolecular systems. The method is rather simple from a 

technical viewpoint, and, at the same time, provides information about the structure, intra-and 

intermolecular interactions of a biomolecule, as well as of its dynamics. When certain 

characteristic groups are present in a biomolecular system that have specific “absorption 

fingerprints” in the vibrational spectra (the so-called “vibrational chromophores), they can 

serve as nanoprobes to study interactions of the particular biomolecule with its environment 

(that can be complex to an arbitrary degree).  

 Aside from all these advantages, however, experimental vibrational spectroscopic 

techniques lead only to information concerning the distances between vibrational energy 

levels (on an energetic scale), not concerning the levels themselves. Therefore, in order to 

rationalize the experimental findings and to distinguish between several possibilities, a solid 

theoretical support is required. Development of analytic derivatives techniques in 

computational quantum chemistry has paved the way towards practically routine algorithms 

for computation of vibrational spectroscopic properties of even large molecular systems. In 

popular quantum chemistry codes, algorithms have been encoded that allow practically 

“black-box” sequential optimization of molecular geometries (in the sense of locating 

stationary points on potential energy hypersurfaces in Born-Oppenheimer sense) and 

harmonic vibrational analyses, performed by diagonalization of mass-weighted Hessian 

matrices. Aside from harmonic vibrational spectra, harmonic vibrational analyses enable a 

check of the character of the located stationary point on the molecular PES (minimum vs. 

saddle point of some order). However, the calculations of the previously mentioned type 

effectively treat isolated molecular species in vacuum, at T = 0 K. Much more often, in 

realistic applications, one is interested in molecular species embedded in some medium 

(solvent, solid matrix etc.) at finite temperature, usually much above absolute zero. To 

account for the variety of different thermally-induced configurations of a molecular system 

embedded e.g. in a liquid solvent, statistical physics simulations need to be performed (such 
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as, e.g. Monte Carlo – MC or molecular dynamics – MD). In this scientific workflow, we will 

focus on a method for efficient processing of the results from MD simulations. In the 

particular case considered, we will use the results from Born-Oppenheimer MD (BOMD) 

simulations, generated either with Gaussian09 or ORCA 4.0 series of codes.  

 Born-Oppenheimer molecular dynamics simulations. In BOMD, the total Hamiltonian 

of the system is given by: 
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In (1), the coordinates represented by lower-case letters refer to electrons, while the upper-

case ones refer to nuclei. Mi is the mass of i-th atom (i.e. nucleus), while Zi and Zj are the 

effective relative core charges for atoms i and j respectively; Eelec is the total electronic 

energy of the system. The equations of motions (EOM) for the nuclei (within the classical 

nuclei approximation) are written as: 

H
dt

Rd
M

iR

i
i






2

2

  (2) 

Eq. (2) can be solved numerically, e.g. using the predictor-corrector algorithm, as 

implemented in the Gaussian series of codes. In summary, BOMD is an ab initio MD 

technique, in which the dynamics of nuclei is generated classically on an ab initio PES 

computed in an “on-the-fly” manner. The MD trajectory that is generated by the simulations 

consists of the set of atomic coordinates and velocities     nn RRRRRR


,...,,;,...,, 2121 , i.e. 

    nn vvvRRR


,...,,;,...,, 2121
. Starting from such sets of data generated from equilibriated 

BOMD runs, various theoretical spectra at realistic conditions (finite temperature, molecule 

embedded in realistic medium, etc…) may be computed.  

  The simplest type of “theoretical infrared (IR) spectrum” that can be calculated from 

BOMD simulations is the “power IR spectrum”. It is defined through Fourier transformation 

of the velocity autocorrelation function    


 tRR


, i.e.: 

       

  ttitRRP dexp 
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To account for the proper IR intensity distributions along normal modes, the Fourier 

transform of the dipole moment autocorrelation function needs to be considered, weighted by 

proper correction prefactors (including the quantum correction factor): 
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Such type of spectrum contains contributions from all atoms involved in the dynamical 

simulation (i.e. all vibrational modes). Very often, however, one is interested in either only a 

single, “vibrational chromophore” and its particular contribution to the overall vibrational 

density of states, or in a particular “frequency window”, relevant to specific purposes of the 

study. In some cases, one may even want to identify only a particular, characteristic 

contribution of a given intra- or intermolecular fragment to the dynamical BOMD IR 

spectrum. In such cases, it is rather convenient to focus on the so-called method of partial 

autocorrelation functions (pACF).  

 In particular, we adopt the following definition of the pACF: 

     ttC 
 0  (5) 

The contribution to the overall IR intensity spectrum of this particular pACF is given by a 

Fourier transformation: 

       ttitCI dexp    (6) 

or, finally: 

         ttitI dexp0 
  (7) 

In the particular case that we cover in this workflow, ζ is defined as the O-H distance of the 

vibrating hydroxyl group within a molecule. Thus, the time series ζ(t) needs to be extracted 

from the BOMD trajectory, subsequently numerical first-order time derivatives need to be 

computed and the correlation function    t  0  to be finally calculated. By a subsequent 

Fourier transformation, the contribution (7) is obtained. Actually, (7) gives the contribution 

of this particular local mode to the overall vibrational density of states (VDOS), i.e. it 

represents the corresponding partial vibrational density of states (pVDOS) corresponding to 

the O-H stretching vibration within the studied molecule. 

  We illustrate the outlined approach to an example of a very simple molecule (formic 

acid, considering both of its conformers), for which even rather long BOMD simulations are 
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computationally feasible. In our work throughout the project, however, we have applied this 

methodology to considerably larger molecular systems. 

   

 

 

THE WORKFLOW OF THE APPROACH (on an example of cis-conformer of formic 

acid) 

 

STEP 1 

  Construct the initial Z-matrix for cis-formic acid, choose a computational 

methodology and make an input file for QM calculation. Since Gaussian is one of the most 

widely used (and most widely available) quantum chemical codes, we’ll illustrate the 

principles of the approach through worked examples with this particular code. In Figure 1 

given below, an example input file is presented for geometry optimization and subsequent 

harmonic vibrational frequency computations for free cis- conformer of formic acid.  

 

%chk=fa-cis-mp2 

%mem=40000MB 

%nprocshared=12 

# mp2/6-311++g(3df,3pd) opt freq=numer 

 

cis formic acid free, optimization and freq calculations 

 

0 1 

 C1 

 H2,1,RH2C1 

 O3,1,RO3C1,2,AO3C1H2 

 O4,1,RO4C1,3,AO4C1O3,2,D0,0 

 H5,4,RH5O4,1,AH5O4C1,2,D,0 

      Variables: 

 RH2C1=1.00 

 RO3C1=1.50 

 RO4C1=1.50 

 AO3C1H2=120.0 

 AO4C1O3=120.0 

 D0=180.0 

 RH5O4=1.00 

 AH5O4C1=118.0 

 D=0.0 

 

Fig. 1. Example Gaussian input file for simple geometry optimization and subsequent 

analytical harmonic frequency calculation starting from cis-conformer of the free formic acid 

molecule. 
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  As we focus on quite another aspect in this workflow, our intention was to keep the 

structure of the Gaussian input file as simple as possible. For more details concerning the 

options and Gaussian keywords, the reader is referred to Gaussian documentation 

(www.gaussian.com). In the current example we adhere to numerical computation of 

harmonic vibrational frequencies (requested by the freq=numer G09 keyword), in order to 

avoid the necessary reference (HF) wavefunction stability checks that need to be done prior 

to analytic computation of harmonic vibrational frequencies at MP2 level. This keeps the 

computation simple, though computationally somewhat more expensive. 

 

 

STEP 2 

  Run the Gaussian jobs. The Gaussian jobs are run on a HPC system in a standard way 

(depending on the particular workflow management system, architecture and user policies; in 

certain cases, modifications may be required in the input file especially regarding the amount 

of RAM allocated and the number of processors used through shared memory). Once the 

stationary points on the molecular particular potential energy surface (PES) are located (the 

default Gaussian criteria are implied in the former input files), the computation automatically 

subsequently continues to analytical evaluation of the mass-weighted Hessian, its 

diagonalization and computation of harmonic vibrational eigenvalues within the normal mode 

approximation. Aside from vibrational analysis, the computed vibrational frequencies are also 

an indication of the character of the located stationary point on the molecular PES (minimum 

or an n-th order saddle point). We hereby seek for true minima on the PES, so that the finally 

“optimized” structures should be characterized with absence of imaginary frequencies (i.e. 

negative eigenvalues of the Hessian matrices).  

 

 

STEP 3 

  Generate input files for the BOMD simulation. For this step, one can either pick up 

the optimized geometry of the cis-formic acid from the Gaussian output file or read the 

optimized geometry from the checkpoint file from the previous run (using geom=checkpoint 

keyword in Gaussian series of codes), possibly along with the initial guess. A typical simple 

input file of this type is shown in Fig. 2, given below. Note that prior to doing “production” 

BOMD runs, one needs to equilibrate the system. For such a simple system, however, in gas 

phase, equilibration is achieved rather quickly. 
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%chk=fa-cis-mp2-bomd-10k 

%mem=40000MB 

%nprocshared=12 

# mp2/6-311++g(3df,3pd) bomd=(RTemp=10, MaxPoints=10000) 

 

cis formic acid free, bomd simulation at 10 K 

 

0 1 

 C 

 H,1,RH2C1 

 O,1,RO3C1,2,AO3C1H2 

 O,1,RO4C1,3,AO4C1O3,2,D0,0 

 H,4,RH5O4,1,AH5O4C1,2,D,0 

      Variables: 

 RH2C1=1.09898909 

 RO3C1=1.19547279 

 RO4C1=1.34976192 

 AO3C1H2=124.05877934 

 AO4C1O3=122.40720509 

 D0=180. 

 RH5O4=0.96277669 

 AH5O4C1=108.91540741 
 D=0. 

 

Fig. 2. A simple example Gaussian input file for BOMD simulation of cis-conformer of the 

free formic acid molecule (starting from the optimized structure at the corresponding level of 

theory). 

 

  BOMD simulation is here carried out at T = 10 K, computing a total of 10 000 points. 

 

 

STEP 4 

  Extract the computed time-series of O–H distances in the course of the production 

BOMD simulations. This can be done in many ways, using various tools or home-made 

codes. For example, one may rather straightforwardly use the awk language (which is a part 

of every standard Linux distribution) to locate the O–H distance as a function of time directly 

from the Gaussian output file. Alternatively, a simple code in C or FORTRAN can be written 

to extract the coordinates of the hydroxyl oxygen and hydrogen atoms during the simulation 

and subsequently compute the distance as a function of time.  
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STEP 5 

Compute the time-derivatives of the O–H distance at each time step. This can be done 

using e.g. a spreadsheet program or a locally developed code. 

 

 

STEP 6 

From the time series of bond length derivatives, compute the partial autocorrelation 

function      ttC 
 0 . This can be done rather straightforwardly with our locally-

developed simple FORTRAN code named “pacf”. This code uses the file with time series of 

the bond length derivatives, and writes an output file containing    t  0 . 

 

  

STEP 7 

Calculate the Fourier transform of    t  0 . This can be done either with 

OriginLab, Wolfram Mathematica, R, Matlab, Octave, or any other package, or with locally 

developed codes.  

 

 

The calculated pACF corresponding to the O-H stretching vibrational coordinate (the 

“local mode”) from the computed BOMD trajectories of the cis- rotamer of the free (gas-

phase) formic acid is shown in Fig. 3. In Fig. 4, on the other hand, the corresponding Fourier 

transform of this correlation function is shown (i.e. the real part thereof), which actually 

corresponds to the contribution of the O-H stretching local mode to the overall IR spectrum 

in the case of this particular formic acid conformer. It actually shows the computed pVDOS 

corresponding to the O-H stretching mode of the formic acid cis- conformer.  
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Fig. 3. The pACF for the O-H stretching coordinate time derivative computed from 

BOMD/MP2/6-311++G(3df,3pd) trajectory for cis- conformer of formic acid 

 

 

 

Fig. 4. The pVDOS computed by sequential Fourier transformation of the pACF for the O-H 

stretching coordinate time derivative computed from BOMD/MP2/6-311++G(3df,3pd) 

trajectory for cis- conformer of formic acid. 
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