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ABSTRACT: The atomistic and molecular simulation environment MedeA
(MedeA: Materials Exploration and Design Analysis, version 2.14.6; Material Design,
Inc.: Angel Fire, NM, 1998−2014; http://www.materialsdesign.com) in its
functionalities and graphical user interface has been enhanced to prepare and
submit on the order of 1000 simulations on different structures, and to collect and
help in the analysis of the results. We illustrate this with the determination of the
accuracy of the semiempirical (SE) package MOPAC2012 (Stewart, J. J. P.
MOPAC2012; Stewart Computational Chemistry: Colorado Springs, CO, USA,
2012; http://OpenMOPAC.net) with the PM7 method (Stewart, J. J. P.
Optimization of parameters for semiempirical methods VI: more modifications
to the NDDO approximations and reoptimization of parameters. J. Mol. Model.
2013, 19, 1−32) to compute frequencies of vibration and thermodynamic properties, specifically the zero point energies, ideal
gas heat capacity at constant pressure, entropy, and Gibbs free energy, between 200 and 1000 K for 795 organic molecules. The
results were compared with experimental data and density functional theory (DFT) values (using B3LYP/TZVP and BP86/
TZVP DFT methods). This comparison showed that the PM7 frequencies of vibration above 2500 cm−1 are systematically
underestimated. An a posteriori correction using a linear relationship rescaling of the frequencies permitted resetting to zero the
average relative deviations with respect to experimental reference values. This frequency correction also removed the bias from
the zero point energies, ideal gas heat capacity, and entropy average deviations from the PM7 results. The root-mean-square
deviation (RMSD) of PM7 and the DFT heat capacities of 160 organic molecules were equivalent with respect to experimental
values, being about 5 %, 2.5 %, and 3 % at 300 K, 600 K, and 1000 K, respectively. The RMSD of PM7, when compared to the
DFT values, became 4 %, 2 %, and 1 % for the same temperatures when the analysis was extended to a set of 795 molecules. In
the case of the ideal gas entropies, the RMSD of the PM7 relative to DFT values were between 5 % and 4 % between 300 K and
1000 K, respectively. The RMSD of the Gibbs free energies of PM7 were 15 kJ mol−1 and 30 kJ mol−1 at 300 K and 1000 K,
respectively. The efficiency of this semiempirical approach was tested on a set of approximately 5800 molecules. This set was
processed in about a day, thus demonstrating the scalability of the approach to big data sets.

■ INTRODUCTION

The reliable and efficient determination of chemical and
physical properties of large sets of molecules is of high
industrial value, yet it still remains a formidable scientific and
methodological challenge. The European Union Registration,
Evaluation, Authorization, and Restriction of CHemical
substances (EU-REACH) and the Toxic Chemicals Safety
Act in USA (US-TCSA) are illustrations of these needs. In
chemical engineering, the thermodynamic property predictions
of pure organic compounds are mostly relying on group
contribution methods, corresponding states theory, and
equations of state.1 Molecular modeling approaches have
been considered as too computationally demanding and not

sufficiently flexible to provide timely predictions to engineers.
However, computer simulations can play a role in fulfilling the
objectives of evaluation of the physical and chemical properties
of thousands of chemical compounds as needed in EU-REACH
and US-TCSA. In particular, computer simulations permit the
standardization and automation of tasks that can be spread over
a large number of processors resulting in highly parallelized
computations. At the beginning of 2014, a list of 12 276 unique
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substances was registered in REACH, while 143 836 substances
had already been preregistered.2

However, there is a need for a systematic evaluation of the
accuracy and efficiency of computational approaches. Because
the generation of data for thousands of compounds per batch is
essential, an appropriate user interface to prepare and submit
the calculations, and to collect and analyze the results is needed.
This role is played by simulation software environments such as
the Materials Exploration and Design Analysis (MedeA)
software.3

The determination of very accurate thermodynamic proper-
ties of ideal gases is possible using quantum chemistry
methods.4−14 The computed data are, for instance, used to
obtain the thermodynamic properties of fluids, vapor pressure,
solvation heat capacity, solvation energy,13,14 and to determine
chemical reaction energies and kinetic parameters of gas phase
reactions,9,15,16 among others. However, there is trade-off
between accuracy and computational effort, especially if data
sets containing thousands or possibly hundreds of thousands of
molecules are involved. In this context, semiempirical quantum
mechanical methods17,18 can be highly valuable because of their
inherent computational efficiency, provided that their accuracy
is carefully validated.
In this work, the thermodynamic properties of a set of 795

organic molecules using both density functional theory (DFT)5

and semiempirical (SE) approaches were determined, and a
detailed statistical analysis of the results performed with respect
to experimental and reference DFT data. The only molecular
data that were used were the calculated frequencies of
vibrations, and the properties that derived from them, namely,
the ideal gas heat capacities, entropies, Gibbs free energies, and
zero-point energies. No comparison of the standard heat of
formation of molecules and solids was done, since these have
already been documented.17,18 The results show that with a
systematic scaling of the SE vibrational frequencies very good
agreement can be achieved compared with DFT and
experimental data. Finally, the applicability of the protocol to
even a larger set of molecules was demonstrated.

■ MODELS AND DATA
The molecules used in the calculations were built from a
simplified molecular input line entry specification (SMILES)19

formulas list obtained from DIADEM20 software that provides a
graphical user interface (GUI) to the DIPPR database.20 In
DIADEM, a search was made for organic molecules that
contain less than 10 carbon atoms. This search included
oxygen- and nitrogen-containing molecules and resulted in a set
of 795 molecules. The full list of molecules, together with their
SMILES formulas, names, and CAS-numbers, is given in the
Supporting Information (SI) (Table S-1) (set 1). In this list,
there are 151 ketones and esters, 147 halogenated hydro-
carbons, 111 amines and amides, 85 alkanes, 74 olefins, 72
(mono)alcohols, 43 aldehydes, 37 polyols, 35 carboxylic acids,
15 oxanes, 10 peroxides, 8 isocyanates, and 7 alkylaromatics.
When available, experimental frequencies of vibration of some
molecules of Table S-1 were abstracted from the NIST
database.21 The experimental frequencies of vibration were
unambiguously assigned to normal modes of vibration for fewer
molecules than in Table S-1. A set of 1135 frequencies of
vibration for 52 molecules was defined (Table S-2) (set 2), with
this set being a subset of set 1. Experimental constant pressure
heat capacities of the ideal gas (Cp) were obtained from the
tabulated data in Poling et al.22 for a set of 160 molecules that

belong to the list of molecules in Table S-1, and are reported in
Table S-3 (set 3). Set 3 is also a subset of set 1. These tabulated
data are estimated to be accurate to 1 %. Experimental ideal gas
entropy of 238 molecules were identified from the DIPPR
database: the values for the other molecules in set 1 are not
experimentally known. The list of 238 molecules is given in
Table S-4 (set 4).

■ METHODS
The conversion of the molecular SMILES formulas into atomic
coordinates file format was done using OpenBabel function-
alities.23 Some of the OpenBabel functionalities, namely the
SMILES formula to atomic coordinates conversion, and the
conformer search tool, were integrated into the MedeA
environment3 to make the handling of large number of
simulation tasks in preparation, submission, and postanalysis
easier. An efficient and robust protocol following the
conversion from SMILES formula to coordinates was used to
avoid any error in the postprocessing of the molecular
coordinate files. The main problem was identifying when two
atoms were positioned too close to each other after the
SMILES formula conversion. To prevent this unphysical
situation, atom distances in each molecule were checked, and
when they were too small, an OpenBabel conformer search
followed by energy minimization was performed. The
coordinates of the molecule with the lowest potential energy
was then used. The determination of the potential energy was
done using a UFF force field.24 MedeA allows for the
preparation of simulations via graphical flowcharts, which are
built using task modules that are dropped into the flowchart
and linked together to define the simulation protocols.3 These
contain all the necessary information, conditions, and
parameters for running a simulation. Because the flowcharts
are stored as a file for each simulation, they can be reused
conveniently by the owner of the flowchart or by any other
user, thus easing the definition of the standard protocol of
simulation. The ability to perform tasks on a predefined list of
molecules and periodic structures, which are built from
concatenation of molecule or crystal structure files from
various coordinate formats or direct conversion from a SMILES
formula list file, is particularly relevant: files containing the lists
of molecule SMILES formulas as provided in the Table S-1
become the only input data needed. Using flowcharts, such lists
of structures can be processed in a serial or simultaneous task
mode of the user’s choice, and in accord with the computer
architecture being used.
The semiempirical PM7 method17,18 in the simulation

package MOPAC2012,25 as included in MedeA, was used to
optimize the molecule geometries. The geometry optimization
algorithm was based on eigenmode following the use of an
approximate initial Hessian (e.g., the default optimizer in
MOPAC-MedeA) with a gradient optimization ending criterion
set to 0.04 kJ mol−1 Å−1. That the geometry optimization
resulted in an energy minimum was further confirmed via
frequency calculation and verification of the absence of any
imaginary modes of vibration. When a minimum was not
obtained, as revealed by the presence of imaginary mode of
vibration, the geometry was slightly distorted and then
reoptimized with the Hessian matrix being explicitly computed
every three optimization steps. In some instances, a more
robust approach was used, which consisted of generating
between 10 to 30 conformers of the molecule, optimizing them,
and rerunning the frequency calculation. Data from the
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molecule with the lowest energy and without imaginary mode
were then selected. This procedure always provided optimized
molecules. These different scenarios of geometry optimization
verification and data selection are not yet currently integrated in
MedeA.
Next, all PM7 molecule geometries were collected and

exported via MedeA to Cartesian coordinates files. These files
were used as input in Turbomole26−28 density functional theory
(DFT) calculations. The geometries and frequencies of
vibration of all molecules were calculated using the BP8629,30

and B3LYP29,31,32 DFT functionals with the TZVP basis set.33

As with the semiempirical results, geometry optimization in
Turbomole was checked by means of frequency vibration
analysis and verification of the absence of imaginary modes of
vibration.
The frequencies of vibration, zero point energies (ZPE),

ideal gas entropies (S), Cp, and Gibbs free energies between
100 K and 1000 K, using an interval of 10 K, were collected
from all SE and DFT calculations. The frequencies of vibration
and all resulting thermodynamic properties were computed
within the rigid rotor harmonic approximation using the
standard equations as implemented in MOPAC and
Turbomole. The consistency of the thermodynamic properties
computed in MOPAC and Turbomole was verified: geometries
and frequencies of vibration obtained from MOPAC were
exported to Turbomole format, and the thermodynamic
properties were computed using the thermochemical calcu-
lation module as available in Turbomole.

■ RESULTS
The 1135 experimental frequencies of vibration from 52
molecules are compared with the experimental values (Figures
1 and 2, and Table S-5). As suggested by Červinka et al.,13 the

results were split into groups of low and high vibrational
frequencies. However, it appeared more convenient to use a
limit of 2500 cm−1 instead of 2000 cm−1 between the two
groups owing to the absence of vibrational frequencies between
about 2300 cm−1 and 2700 cm−1 in the data set. Furthermore,
all three computational methods gave qualitatively and
quantitatively equivalent results below 2500 cm−1. Statistical
linear fitting of functions with slopes close to unity were
observed for the three computational methods values with
respect to the experimental values (Figure 1). The situation

differed strongly above 2500 cm−1 for PM7 (Figure 2), while
B3LYP/TZVP and BP86/TZVP results had slopes close to
unity when compared with the experimental values. The
frequency scaling parameters for the DFT methods were
determined using the values in Figures 1 and 2. Below 2500
cm−1, they were 0.9663 and 0.9966 for B3LYP/TZVP and
BP86/TZVP, respectively, and above 2500 cm−1, 0.9919 and
1.0365, respectively. When the frequency scaling parameters
were determined, including all frequencies without separation
in two groups, they were 0.9527 and 0.9709 for B3LYP/TZVP
and BP86/TZVP, respectively. These frequency scaling
parameters are well in line with those available in the
literature.10−12,34 The small differences between the parameters
reported here and the previously reported parameters are
explained by the different basis sets (Pople’s35 basis sets vs
Ahlrichs’ basis sets33). The frequencies of vibration obtained
from the DFT methods were not scaled. As stated earlier, the
situation with PM7 is very different from that of B3LYP and
BP86 when comparison was made with the experimental values
for frequencies above 2500 cm−1. The PM7 values can still be
fitted to a linear function as a function of the experimental
values. However, the slope of this function is close to 1/4.
Because of the large difference between the experimental values
and PM7, a scaling of the semiempirical values was applied and
all thermodynamic values using the unscaled and scaled values
were computed. Hereafter, the values obtained from the
unscaled and scaled PM7 values are referred as PM7(U) and
PM7(S), respectively. On the basis of the data plotted in
Figures 1 and 2, the following equation was used to correct the
PM7 frequencies of vibrations:
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Only the frequency correction above 2500 cm−1 is necessary:
the correction below 2500 cm−1 is minor (0.6 %) and need not
be made. The underestimated frequencies of vibration were
associated with vibrational normal modes involving hydrogen
atoms. An alternative way of correcting the frequencies of
vibration was investigated: the hydrogen atomic mass in the

Figure 1. Comparison of the computed (B3LYP/TZVP in green,
BP86/TZVP in black, PM7 in red) and experimental frequencies of
vibrations below 2500 cm−1 for 52 organic molecules.

Figure 2. Comparison of the computed (B3LYP/TZVP in green,
BP86/TZVP in black, and PM7 in red) and experimental frequencies
of vibrations above 2500 cm−1 for 52 organic molecules.
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equations36 used to compute the frequency vibrations from the
chemical bond force constants and the reduced mass of the
atoms involved in the normal mode of vibration was changed
from mH = 1.0 amu to mH = 0.8 amu. This resulted in an
improved fit with respect to experimental values for vibration
frequency up to 3300 cm−1. However, it also resulted in an
overall worse agreement with experimental data and in an
overestimation of the vibration frequencies for values below
2500 cm−1. This attempt to improve the vibrational frequencies
was deemed unsuccessful.
To better estimate the deviation and distribution of the

deviations of the computed frequencies with respect to the
experimental data, the relative deviations for all frequencies and
all methods were calculated and the results then used to
determine the average relative deviation (ARD) and root mean
squares deviation (RMSD) for each. The relative deviations are
obtained from

ν
ν ν

ν
Δ =

−
−

100( )
calc exp

calc exp

exp (2)

where vexp and vcalc are the experimental and computed
frequencies of vibration, respectively. The ARDs and RMSDs
are summarized for values below and above 2500 cm−1 for the
four methods, namely, B3LYP/TZVP, BP86/TZVP, PM7(U),
and PM7(S), with respect to the experimental values in Table
1:

The main effect of the scaling of the PM7 vibrational
frequencies was to improve the average relative error with
respect to the experimental data. The dispersion of the values
around the experimental values, that is, the RMSD, did not
change much. PM7(U) and PM7(S) had close RMSD at low
and high frequencies. At low frequencies, the RMSD of
PM7(S) was about 1.3 and 1.9 larger than that of B3LYP/
TZVP and BP86/TZVP, respectively. For high frequency, the
RMSD of PM7(S) was about 4.5 larger than that of the DFT
methods, and slightly worse than PM7(U). Because BP86/
TZVP data shown the smallest average deviation and RMSD
with respect to experimental data, they were used as references
in the statistical analysis of the computed data obtained with
the set of molecules 795 molecules (set 1). The SE values have
a higher RMSD than DFT values with respect to the
experimental data, but the dispersion of the values is not very
different from that of B3LYP and BP86 (much less than 1 order
of magnitude) with computational speeds that are about 2
orders of magnitude faster than that of DFT methods.37

To check whether the scaling of PM7 can be extended to
other molecules, and also to validate the above statistical results
on the limited set of values (e.g., 1135 frequencies), consider

the 37 113 frequencies obtained from the 795 molecules. The
frequencies of vibration of B3LYP/TZVP and PM7(S) as a
function of BP86/TZVP are plotted in Figure 3. As to the

linear functions reported in Figure 3, the ARD (RMSD) of
B3LYP/TZVP and PM7(S), with respect to BP86/TZVP, are
0.7(5.0) % and 1.2(12.1) %, respectively. The average and root-
mean-square deviations with respect to BP86/TZVP values of
the computed ZPE are shown for all molecules in Table 2:

Again, the scaling of PM7 improved the average deviations
while the RMSD of the values remained equivalent to that of
PM7(U). B3LYP/TZVP and BP86/TZVP gave values that
were not much dispersed in respect to each other, owing to the
self-consistency of the DFT formalism, although they showed
averaged values that were 3 % apart from each other.
This reinforced the previous result: when a larger set of

molecules was used, rescaling the PM7 values significantly
reduced the average deviation without affecting much the
dispersion of the values.
The computed data of the ideal gas heat capacity at constant

pressure for the set of 160 molecules for which experimental
values were available is presented in Supporting Information,
Table S-3. The statistical deviations of the Cp values computed
from the molecule geometries and vibrational frequencies
obtained with the four different methods with respect to the
experimental values are presented in Figure 4. All RMSD values
obtained with the various methods differed by less than 1 %
above 300 K and by about 2 % to 4 % below 300 K. The DFT
results were equivalent or slightly better than the PM7
predictions. To facilitate comparison with previously reported
data,13,14 the averaged unsigned deviations with respect to
experimental data for the 160 molecules that were considered
in the Supporting Information are shown in Figure S-1. There
unsigned errors are smaller than the RMSD. The lowest average

Table 1. Average Relative Deviation (ARDs) and Root Mean
Square Deviation (RMSD) of the Computed Frequencies of
Vibrations with Respect to the Experimental Values for 52
Organic Moleculesa

v < 2500 cm−1 v > 2500 cm−1

method ARD RMSD ARD RMSD

B3LYP/TZVP 1.6 11.3 4.1 1.1
BP86/TZVP −2.2 8.0 1.9 1.1
PM7(U) 3.0 16.3 −9.9 3.4
PM7(S) 0.0 15.0 0.0 4.9

aSet 2. In %.

Figure 3. Comparison of the computed (3LYP/TZVP in green and
PM7(S) in blue) frequencies of vibrations with respect to BP86/TZVP
values of 795 organic molecules (37 113 frequencies).

Table 2. ARD and RMSD of the Computed Zero-Point
Energy with Respect to the BP86/TZVP Computed Values
for 795 Organic Moleculesa

ZPE ARD RMSD

B3LYP/TZVP 3.0 0.3
PM7(U) −3.8 3.8
PM7(S) −0.9 3.1

aSet 2. In %.
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unsigned deviations were about 1.75 % and 2 % for the DFT
and PM7 methods, respectively. Equivalent deviations of 1.5 %
have been reported for unscaled B3LYP values.13,14 B3LYP/
TZVP and PM7(U) average deviations with respect to
experimental data drifted significantly as a function of
temperature. BP86/TZVP and PM7(S) did not show this
important drift and have almost the same average deviations as
a function of temperature. Using the same procedure described
earlier, the Cp values obtained for the set of 795 molecules were
collected for the DFT and PM7 methods. The values of BP86/
TZVP were again used as reference to estimate the ARD and
RMSD of the different methods (Figure 5).

As noted in the comparison of the experimental and
computed data, the average Cp computed with B3LYP/TZVP
and PM7(U) shown a drift as a function of temperature. The
trends observed in the Cp comparison of the computed and
experimental data (Figure 4) and in the vibrational frequencies
(Figure 3) are confirmed in Figure 5. The global scaling of the
frequencies of vibration of PM7 improved the average deviation
with respect to other data with only minor effect on the
dispersion of the values.

The ideal gas entropies for all 795 molecules are shown in
Figure 6. The deviations of B3LYP/TZVP, PM7(U), and

PM7(S) with respect to BP86/TZVP are reported as a function
of temperature between 200 K and 1000 K. The main
contributions to the entropy are the smaller vibration
frequencies. Because the frequencies were either not modified
or only slightly modified below 125 cm−1 or between 125 cm−1

and 2500 cm−1, respectively (eq 1), PM7(S) and PM7(U) give
close ARD and RMSD. The temperature did not change the
average deviations of the different methods significantly:
between 200 K and 1000 K, the average deviations of
PM7(S) and PM7(U) changed only by 1 % while the
B3LYP/TZVP deviation changed by 0.5 %. The average
deviations of PM7(U) and PM7(S) were between −2 % and
−1 %, and decreased with increasing temperature. The RMSD
of PM7(U) decreased from 7 % to 5 % between 200 K and
1000 K, while the RMSD of PM7(S) was constantly about 1 %
smaller than that of PM7(U). The average deviation of B3LYP/
TZVP changed from 1 % to 1.5 % between 200 K and 1000 K,
and the RMSD remained essentially constant and equal to 1 %
over the whole temperature range.
Several experimental ideal gas entropies are given in the

DIPPR database. We collected the entropies for the molecules
in this set (Supporting Information, Table S-4) and computed
the statistical error between the computed and the experimental
values (Table 3).

Rescaling the semiempirical frequencies of vibration mainly
changes the average absolute error. The RMSD values of
PM7(U) and PM7(S) remain similar, and not very different
from that of BP86/TZVP.
Finally, the Gibbs free energies of molecules of set 1 were

examined between 200 K and 1000 K. For each method and
temperature, we compute the difference:

Figure 4. ARD (solid line) and RMSD (cross) between the
experimental and computed (B3LYP/TZVP in green, BP86/TZVP
in black, PM7(U) in red, and PM7(S) in blue) ideal gas constant
pressure heat capacity as a function of temperature of 160 organic
molecules.

Figure 5. ARD (solid line) and RMSD (cross) between the computed
DFT (B3LYP/TZVP in green) and the semiempirical (PM7(U) in red
and PM7(S) in blue) ideal gas constant pressure heat capacity as a
function of temperature with respect to BP86/TZVP values for 795
organic molecules.

Figure 6. ARD (solid line) and RMSD (cross) between the computed
DFT (B3LYP in green) and semiempirical (PM7(U) in red and
PM7(S) in blue) ideal gas entropy with respect to BP86/TZVP values
as a function of temperature for 795 organic molecules.

Table 3. ARD and RMSD of the Ideal Gas Entropy with
Respect to Experimental Values for 238 Organic Moleculesa

entropy ARD RMSD

BP86/TZVP −3 17
PM7(U) −13 21
PM7(S) 1 24

aSet 4. ARD is in J mol−1 K−1.
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Δ = −G T G T G T( ) ( ) ( )M BP86/TZVP (3)

where M is B3LYP/TZVP, PM7(U), or PM7(S), T is the
temperature, and G is the Gibbs free energy correction to the 0
K energy as obtained from the thermochemical module of
Turbomole. G is equal to the zero point energy minus RT ln p,
where p is the product of the translation, rotation, and vibration
partition functions as obtained within the rigid-molecule
harmonic approximation. The differences of B3LYP/TZVP,
PM7(U), and PM7(S) with respect to BP86/TZVP are
reported in Figure 7. PM7(S) and PM7(U) gave similar

RMSD values: the PM7(S) RMSD was systematically about 3
kJ mol−1 lower than that of PM7(U), while the RMSD of
PM7(U) increased from 12 kJ mol−1 to 30 kJ mol−1 between
200 K and 1000 K. The RMSD of B3LYP/TZVP was much
lower: it increased from about 5 kJ mol−1 to 8 kJ mol−1 from
200 K to 1000 K. As noted before, the rescaling of PM7
significantly improved the ARD with respect to BP86/TZVP
values, and was about −5 kJ mol−1 and −12 kJ mol−1 at 200 K
and 1000 K, respectively. At the same temperatures, the ARD
of PM7(U) were −18 kJ mol−1 and −23 kJ mol−1. The ARD of
B3LYP/TZVP was also rather large, 12 kJ mol−1 and 17 kJ
mol−1 as compared to BP86/TZVP at 200 K and 1000 K,
respectively. For Gibbs free energies, the SE results appeared to
be comparable in average with DFT values after corrections
were made to the high-frequency vibrations. However, as also
observed before for Cp and S, the RMSD of the Gibbs free
energies for the set of 795 organic molecules was larger than
that of DFT, being between 2.3 and 3.8 times larger than that
of B3LYP/TZVP with respect to BP86/TZVP.

■ DISCUSSION
Using sets of organic molecules the average deviations and
standard errors of frequencies of vibration and resulting
computed statistical thermodynamic properties, namely, ideal
gas heat capacity, entropy, zero point energy, and Gibbs free
energy were analyzed with respect to experimental and DFT
data.
The average relative deviations of the BP86/TZVP with

respect to experimental data are −0.5 %, −1.2 %, and −0.6 %,
for the heat capacities, frequencies of vibration, and entropies,
respectively. In the case of PM7(S), the average relative

deviations for the heat capacities, frequencies of vibration, and
entropies are 0.5 %, 0.0 %, and 0.8 %, respectively. The
statistical analysis of the heat of formation was not done,
because this has been already covered,17,18 nor the enthalpy,
because it can be derived from that of Cp.

4−14 In the case of the
ideal gas Gibbs free energy, we show that its accuracy compares
with that of Cp and S (Figure 7).
Qualitatively, the standard errors are more important with

PM7 ((S) and (U)) than with the DFT methods. For the
frequencies of vibration, the RMSD values are between two to
four times larger than those of the DFT methods with respect
to experimental data (Table 1). Rescaling the PM7 frequencies
of vibration does not really change the RMSD, while it greatly
reduces the ARD. Because the heat capacity, zero point energy,
entropy, and Gibbs free energy are obtained from equations
that sum up all frequencies weighted or not by the considered
temperature,6,7,9 the average deviation on the frequencies
accumulates and leads to drifting in the computed properties, as
observed in the case of the heat capacity and entropy (Figures 4
and 5). The situation is different, however, for the heat capacity
RMSD. The RMSDs are very close for all methods with respect
to experimental data in the 300 K to 1000 K range (Figure 5).
The extension of the statistical analysis to the set of 795

molecules confirms the above results: on average, PM7 and the
DFT methods provide similar results after frequency rescaling,
but the RMSD of PM7 remains larger than that of the DFT
methods. This trend is verified for the heat capacity, entropy,
and Gibbs free energy.
The frequency scaling correction approach has been

employed in the literature. Specific scaling parameters have
been defined to minimize the DFT computed frequen-
cies,10−12,34 entropies,4,5,7,8,13,14 and heat capacities6,13,14

unsigned deviations and RMSD with respect to experimental
data. More complex and more accurate models have also been
derived, in which the nature of the elements involved in the
vibration modes are considered, resulting in specific bond-type
corrections.13,14 However, this approach has also shown its
limits: it cannot reduce the RMSD beyond a certain point, in
particular for molecules that have internal rotations. Several
solutions have been proposed to reduce further the inaccuracy
of the calculated values. One large group of methods proposes
to remove the contribution of the harmonic vibration modes
associated with internal molecular rotations in the vibration
partition function and replace them with specific contributions
that better account for the anharmonicity of these modes.8,9,14

However, these approaches have also some limitations and
specific inaccuracies, in that they do not account for the
coupling of the rotavibrational modes with the other vibrational
modes. Ideally, the most suitable protocol is to explicitly
compute the different conformers of the molecules and
determine all their anharmonic vibration modes by sampling
the potential energy hypersurface,9 yet this last approach is
computationally very demanding when using DFT methods to
be extended to a large number of molecules. Semiempirical
methods can play an important role here because they can
substitute the DFT methods in the wide hypersurface sampling
calculations. The extended statistical analysis of the PM7
method versus experimental and reference DFT methods given
here provides a useful basis in this direction. Future works can
also focus on a more detailed analysis of the influence of the
chemical family on property prediction and on higher
molecular weight compounds.

Figure 7. Average relative deviations and root-mean-square deviations
between the computed DFT (B3LYP/TZVP in green) and semi-
empirical (PM7(U) in red and PM7(S) in blue) Gibbs free energy as a
function of temperature with respect to BP86/TZVP values of 795
organic molecules.
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Since semiempirical methods are about 2 orders of
magnitude faster than DFT methods,37 they permit the rapid
computation of properties for a large number of molecules,
illustrated here with a set of 795 molecules. The preparation
and submission of the calculations and post-treatment of the
results (relying in particular on the possibility to print
personalized tables of data) are greatly eased when using the
GUI of MedeA. The robustness and efficiency of the approach
was further confirmed using a list of SMILES formulas of 5865
organic molecules (set 5).38 This list of molecules was
processed using the same MOPAC flowchart than that used
for the list of 795 molecules (set 1). Out of 5865 molecules, 13
calculations were not successful because the geometry
optimizations failed to converge in the automated processing
of the calculations. These failures were due to inadequate
starting geometries or calculation parameters and required
human intervention. The PM7 time for geometry and
frequency calculations for the full list was about 40 h or 24 h
for jobs submitted on single CPU or two single CPUs,
respectively. Because of the significant computational effort that
would be required, the processing of this list with DFT
methods was not attempted.

■ CONCLUSIONS
The atomistic and molecular simulation environment MedeA,3

its functionalities, and graphical user interface have been
enhanced; these enhancements comprised the incorporation of
OpenBabel functionalities,23 namely, the conversion of
SMILES19 formula into atomic coordinates file format, and
the molecule conformer search method. Further major
enhancements included the definition of the structures list
object in the environment of MedeA, and its incorporation in
the MedeA flowchart system. This permitted the automatic
definition of, and standardized protocols for, molecular and
atomistic simulations on large sets of molecules and crystal
structures using not only MOPAC,17,18 but also any other
available simulation modules in MedeA, in particular
LAMMPS39 and VASP.40−43

One objective was to show that it is easy to prepare and
submit on the order of 1000 simulations on different structures,
and to collect and assist in the analysis of the results. This was
illustrated with the determination of the accuracy of PM7 in the
semiempirical package MOPAC201225 when compared with
experimental and reference DFT data. We computed the
frequencies of vibration and thermodynamic properties,
namely, zero-point energies, and ideal gas constant pressure
and heat capacity between 200 K and 1000 K for 90
temperatures of 795 organic molecules, and performed the
statistical analysis of the results. It was found that the PM7
frequencies of vibration above 2500 cm−1 are underestimated,
and an a posteriori correction via a linear relationship was
proposed. The main effect of this rescaling was to reset to zero
the average relative deviations with respect to experimental and
DFT reference values. Once the frequency correction was
performed, the same small average deviations of scaled PM7
were also obtained for the zero point energies, ideal gas heat
capacity, entropy, and Gibbs free energy. The effect of the
frequency scaling was much less pronounced on the RMSD of
the PM7 data. However, the PM7 RMSDs were actually small:
The RMSD of PM7 and the DFT heat capacities of 160 organic
molecules (set 3) were equivalent with respect to experimental
values. They were about 5 %, 2.5 %, and 3 % at 300 K, 600 K,
and 1000 K. The RMSD of PM7 became 4 %, 2 %, and 1 % for

the same temperatures when the analysis was extended to the
full set of 795 molecules (set 1) and compared with the DFT
values. In the case of the ideal gas entropies, the RMSD of the
PM7 values were between 5 % and 4 % between 300 K and
1000 K. In the case of the Gibbs free energy, the RMSD of the
PM7 values were 15 kJ mol−1 and 30 kJ mol−1 with respect to
DFT values at 300 K and 1000 K, respectively. Hence, PM7
shows RMSDs that were larger than those that can be obtained
with the DFT method, while the computational time to
perform the calculation was about 2 orders of magnitude
smaller.37

The new capabilities of MedeA discussed in the present work
make property computations on lists of several thousand
molecules readily doable, as demonstrated here with MOPAC
on set 5, which contains more than 5800 molecules. The
approach is scalable to bigger data sets because of its inherent
parallel characteristics and robustness, thus setting the stage for
fully exploiting the growth in computer power. Beyond these
preliminary attempts, it is likely that other pure components
like volumetric properties, vapor−liquid equilibria, and trans-
port coefficients will soon be predicted with MedeA on large
grids of computers. The data sets obtained from these
calculations will make the best of theoretical chemistry
instantaneously available for process engineers.
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