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StatThermo —smo nosoe npozpammnoe obecneuenue 01 pacuema mepmoOUHAMUUECKUX
dyHKYUi MOSIEKYT1 U UOHO6 6 COCMOAHUL UOCATIBHOZO 2a3d NO MOJIEKYIAPHBIM HOCHOAHHBIM 6 HPU-
OnudIceHUU <OHCeCKUIL pomamop-2apmonuseckuil ocyunnamop . Ilpozpamma cooeprcum paznuu-
Hble 6CIPOEHHbIE ATIZOPUMMBL 0715 PACUEma KOOPOUHAM AN OMO8 OOTbUIUHCINEA RPOCMBIX MOJIEKYT
(c uucnom amomos N < 8). Pazpabomannoe npocpammnoe oéecneuenue moxcem npoeooums pac-
uembut 012 06yx peghpepenmnvix memnepamyp (0 unu 298,15 Ku paznuunvix oasnenuii. Oonoii u3z
omauyumenwvhuix yepm StatThermanensemcea 6o3morcnocme yuema snepeuu u cmenenu 6blpoic-
O0eHUs HU3KOAEHCAUUX IeKmponnwix ypoeueii. Ilpozpamma ovina npomecmuposana na paziuy-
HBIX OP2AHUYECKUX U HEOP2AHUYECKUX MOJIEKYAX, 8 PE3YIbIante ez Obliu NOIyYeHbl Cledyloujue
cpeonue nozpewnocmu pacuemos. 0,05xk/Inuc-mons™ (H {T)-H 90)), 0,01xc:mons™ K™ (@ 1T)) u
0,0020x¢c:mons™ K™ (SqT)). lpozpamma maxice o6nadaem cnocobHOCHbI0 NPOOOUNTL ANNPOK-
CUMAYUIO 20MO08bIX HADOPOE MEPMOOUHAMUYECKUX PYHKUUIL, 66edeHHbIX noTb308amenem. An-
HPOKCUMAUUs NPOU3GOOUMCA NPU HOMOWU ROTUHOMUATNbHOU (ynKyuu memodom LU-pa3s-
noxcenusn. bonvuioii nabop GynKuuoHanbHBIX 603MONCHOCH N, ZUOKUE RAPDAMEMPBL pAcuema u
cnocobnocms Ixkcnopma 6 éude maxpocoes Visual Basicoenarom StatThermamownsim uncmpy-
MeHmOM 0711 mepmoouHamueckux pacuemos. StatThermanoscem ézaumooeiicmeosams c cep-
eepamu Hauboee WUpPoKo pacnpoCmpaneHblx madauuHslx npoyeccopos, maxux kaxk MS Office
u OpenOfficeons sxcnopma nonyuennvix oannvix. Ipozpammuoe obecnevenue moxcem oopaoa-
mbleams 6bIX0OHbIE (Pailivl HAUbOIee NONYAAPHBIX NPOZPAMM 0151 K6AHMOB0-XUMUYECKUX paC-
uemos, cpeou komopeix Gaussian, Gamess, FireFly, Jaguar, MolPro, CFoudWChem, ORCA,
Priroda, PSI4, Q-Chemu VASP. Myasmusnzsiunas u kpocc-niamgopmennas noooepicka oe-
aarom StatThermodocmynnoii 01 wiupoxozo Kpyza nonv3osameneii.

KoueBble cj10Ba: TEPMOIUHAMHYECKHE (DYHKIMH, TPOrPAMMHOE 0OeCIIeYeH e, KECTKHIA pOTaTop-
rapMoHudeckuit ocummisarop, MS Excel, Open Office
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A new software StatThermo for calculation of thermipnamic functions using the mo-
lecular constants in Rigid Rotator — Harmonic Oslator approximation has been developed.
Program includes various prebuilt algorithms to callate atom coordinates for the majority of
simple compounds (with a number of atomsN\B). The developed software can make the calcu-
lation for two reference temperatures (0 or 298.K% and different pressures. One of the promi-
nent features of StatThermo is taking into accouttte low-lying electronic levels. The software
was tested on different organic and inorganic molges and average errors was found as follows:
0.05 kJmol™ (H qT)-H 90)), 0.01 3mol*-K™ (& qT)), and 0.002 dmol*-K™* (S{T)). The pro-
gram can also approximate by the polynomial the tm@dynamic functions defined by user. A
wide range of functional possibilities, flexible pgmeters of calculation, and feature of export
results in the Visual Basic macro do the StatThermowerful software for thermodynamic com-
putations. StatThermo can connect to the MS Offiaad OpenOffice servers for the export of
calculated data. The software can treat the Gaussi®amess, FireFly, Jaguar, MolPro, CFour,
NWChem, ORCA, Priroda, PSl4, Q-Chem, and VASP outfiles. A multilingual and cross-
platform support makes the StatThermo accessibleddot of users.

Key words: thermodynamic functions, software, rigid rotatonarmonic oscillator, Gaussian, MS Excel,
Open Office
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INTRODUCTION ing Lazarus IDE [8]. The program structure was dase
Nowadays owing to a great progress in quantufif! the principles of an object-oriented programming
chemistry many structural and energetic data derdif The hierarchy of classes is shown on Fig. 1.
ent organic and inorganic molecules were appebied.

fortunately, existing databases [1-3] on thermodyina

properties of individual substances include regric

number of objects only and do not cover the reguafst | TAtom | TFunc | [__Ttevel
specialists. Statistical thermodynamics enablesitoy |

out the calculations of thermodynamic functiongios TMol

basis of theoretical data of quantum chemistry. HOW  Fig. 1. The hierarchy of classes used in the Stathib

ever, to date a cross-platform multilingual softevéor Puc. 1. Wepapxus k1accos B StatThermo

calculation of thermodynamic functions on molecular

constants and energy levels of molecules is abbent. The TAtom class included the atom designa-

this regard, the development of such program fagminion, the mass, and the Cartesian coordinates tfinees
thermodynamic databases and convenient for a widescription of atom properties. The array of atoms
range of users is a topical problem. forms the class TMol corresponding to selected mole
This paper presents a description of a new preule. The fields of the TMol class include: typeusl-
gram StatThermo [4] for calculating thermodynamiecule (nonlinear or linear), point group of symmetr
functions of the molecules in the state of idea ga arrays of internuclear distances, angles and viral
the base of molecular parameters. frequencies, symmetry number, molecular weight, and
METODOLOGICAL ASPECTS number of atoms. The low-lying electronic energy le

The developed software uses the Rigid Rotator_e—ls and their degeneracy factors are also givesulRe

Harmonic Oscillator (RRHO) approximation. The funind thermodynamic functions of internal enetgf),

damental constants and atomic masses were takan frfonthalpy incremertd(T), free energyd(T), Helmholtz
[5]. The main formulas were taken from [6, 7). Thé&NergyF(T), isobaric and isochoric specific heat ca-

software was written on the Object Pascal language PacityCp(T) andC«(T), and entropy(T)) form the two-
dimensional array (temperature — function values).
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RESULTS AND DISCUSSION The obtained polynomial together with tabu-

The user interface is very convenient (Fig. 2jat¢d data can be exported into the MS Excel or
A distinctive feature of the program is availalyilif OpenOffice (L|k_)reOff|ce)_CaIc. To export these fiesu
various prebuilt algorithms to calculate atom coorg®S Macro of Visual Basic user must enter the macro
nates for the majority of simple compounds (with ame and push_ th? Export button. After the gxport
number of atom#\ < 8) included. User could simply € chosen application will be open and new matzo f
choose a number of atoms, the structure of molecu] /Il be ’I,mked to It All eXpo'Tted. files are savénthe
and insert the molecular constants. It is very eoAv xport” folder inside the maln_dlrectory of Staifimo. .
ient because literature data contain molecularteots User can also approximate by the polynomial
in this format. Nevertheless, user can input themge 'S OWn functions. To do this the user must cléwmr t
try of the molecule manually. To do this user mu _SUItS table and paste into it the prepared fonsti
click on “Manual input of geometry” checkbox. The irst column always must contain the temperatuirgega
table containing fields with the masses of atoms affther columns should correspond to the order aitioms
their coordinates will appear. Also user must ket t IN results tableH®(T) —first, ®°(T) — second, etc.).
type of molecule (nonlinear or linear) as well he t

O®

symmetry number.

The StatThermo has its own format of files of fms = B :
input data (*.stf). User can save the initial pagtens " H H N T
of calculation by clicking on “Save initial datalitton. : T W [
The software also supports the Gaussian [9], Games ey EEIE
[10], FireFly [11], Jaguar [12], MolPro [13], CFour Bt %7/
[14], NWChem [15], ORCA [16], Priroda [17], PSI4 L [ Er—
[18], Q-Chem [19], and VASP [20] output files as in eSS YO,
put data along with its own format. e S Q= &=t . "

The developed software produces calculation va W/ \
for two reference temperatures (0 or 298.15 K)difid -/ \
ferent pressures (101325 Pa by default). Also ceer Stat 5 Qg/
select the thermodynamic functions for calculatidn Thermo s

the corresponding checkboxes, set the temperature i g

terval and increment. — — e ——
As was recently shown [21] the electronic EEERFEEEEr oo e

states are very important for evaluating of theryaod

namic functions. The possibility to take into aaebu

the low-lying electronic states is one of the rekabte

features of the program. It should be noted thét so

ware treats all low-lying electronic levels insteaid

¥

H

418183 | 120761 | 409,869 16564 157326 | 547,259

515,75 285902 | 507,436 | 177,829 169514 | 667,016

579,081 | 45,7065 570766 | 180,617 172303 | 739,75

626071 | 63,0026 | 617,756 | 181,841 173527 | 791,892

663451 | 80,4053 | 655136 | 182,839 174524 | 832,576

694,506 | 97,0084 | 686,191 183856 | 175542 | 866,001

721,085 1us513 (712771 184,843 176528 | 894,418

744,331 13321 736,017 185,705 177,391 919,158

§83888¢8¢

764,997 150985 | 756682 | 186388 | 178074 | 941,072

783,604 168818 | 77529 186,878 | 178564 | 960,737

simple splitting of ground state. o o[ oo
After the calculation the window automatically CE M N T
switches on next tab “Results”. Here in the tabie t | mom oo _|wan v ioww
calculated thermodynamic functions are shown. N T T N T e
However to work with tabulated data is not so s [smrsr ooss Taeoms T rvars | romwr

208329 | 347,575 | 900,015 186,401 178,087 | 109043

convenient as with polynomials. For this purpose th
feature of approximation of the thermodynamic func-

Fig. 2. User interface of StatThermo

tions was added to the program. The software approx Puc. 2. Unrepdeiic StatThermo
imates the thermodynamic functions by the polyndmia
recommended in [7]: The software StatThermo has been tested by
Func(T) =alnx + bx2 + cxt + dx + ex2 + i3, comparison the calculation results of the thermody-
(x = T/1000), (1)namic functions for reference molecules with those
hereFunc(T) is a thermodynamic function. from the databases [1, 2]. They were chosen torcove

The StatThermo can also approximate the funfaore wide set of input parameters (linear or n@am
tions in any specified temperature range. Theeefse Structure, different point group of symmetry, numbe
pressure can also be adjusted. To find the coefiisi Of atoms, and electronic levels). Table 1 contéies
of polynomial (1) the LU-decomposition is used. molecular constants for selected molecules from [7]
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The relative differences of tabulated [2] andage errors of StatThermo are as follows: 0.0mm&*
calculated thermodynamic functions are collected H°(T)-H°(0)), 0.01 dnol*K-! (®°(T)), and 0.002
Table 2. Analysis of Table 2 shows a good agreemeninol-K-! (S°(T)). Mainly they explained by the di-
between the tabulated values and calculated by Staérgence of the fundamental constants.

Thermo. None of the errors exceeds the 1%. The aver
Table 1

Molecular constants of reference molecules
Tabnuya 1. MoJiekyJsipHbIe OCTOSIHHBIE MOJIEKYJI CTAHAAPTOB

Moleculd Point group Internuclear Angles Vibrational frequenciesr Electronlc1 levels,
of symmetry| distances, A cnT
GeQ Dosh 1.65 180.0 860; 280(2) 1062 o(1p
GeCbh Cay 2.186 100.4 395; 160; 370 0(1)
Be,O D.oh 14 180.0 620; 320(2); 1200 0(3)
NaF, Dan 2.08 95.0 406; 229; 271; 176; 350; 371 0(1)
2.449 (v?; ) 340; 145; 93; 42; 20; 310; 82; 82;
Alzlg Dan 2.634 (y) 115.0 €u); 99.6 (1) 415: 90: 13: 405: 54: 291 0(1)
7. : 0(2); 40(2); 110(2);
Cek Dsn 2.92 120.0 142; 27; 191(2); 35(2) 2200(8)
r(0-H) = 0.97; .
COOH G r(C-0) =1.32 11(;; ((((:)(él—(;)) 3316; 1797; 1261, 1088; 620; 6(15 0(2)
r(C=0) = 1.23
CBr4 Tyq 1.942 109.28 268; 122(2); 680(3); 182(3 0(1)

Notes: 1) — the degeneracy of level or vibratidneduency is given in parentheses, 2) — the vatoegsponding to the torsion and
ring attributes are designated by “t” and “r”, resfively

[Ipumeuanus: 1) —B CKOOKax J1aHa CTENEHb BBIPOXKIAEHUS YaCTOT KoJie0aHuid, 2) — BEJIUYHUHBI, COOTBETCTBYIOIINE TOPCUOHHOMY M
KOJIBLICBOMY Y4acTKy, 0003HaueHsl Kak “1” u “I” cOOTBETCTBEHHO

Table 2 oo | 298.15] 190312] 190.265] 0.025
Comparison of tabulated and calculated by StatTherra & 1000 | 243.681 243.628 0.02p
(ST) thermodynamic functions of some molecules 298.15| 241.840 241.838 -0.001
Taonuya 2. CpaBHenue TA0JHYHLIX M PACCUHTAHHBIX NagF> 1000 | 321.247 321.242 -0.002
StatThermo (ST) repmoannamMuyecknx GyHKIHUii Heko- | 208.15| 452.271 453.215 0.209
TOPLIX MOJIEKYJ : Aldls 1000 | 638.732] 638.767|  0.00b
Molecule | T, K Thergnodynamlc S‘°$”Ct'°rlzrror, % Cel, | 29815] 357.992] 357.990] -0.001
[2] | ] 1000 | 452.275| 452.280| 0.002
H(T)-H(0), kImol coon |298.15| 215355 215398 -0.020
1000 | 50.344 50.330 | 0.028 car 208.15| 289.643] 289.641] 0.001
Gech | 298.15] 13277 13.277 | 0.002 4 000 387 647 887 8311 0.0k
1000 | 53.125 53.123 | 0.008 ST, Imor KT
Beo |238.15] 11.190 11.190 | -0.003 Geo | 298.15| 241134 241124 0004
1000 | 50.460 | 50.451 | 0.018 1000 | 307.020] 306.985|  0.01f
NaoF, [228.15| 16.682 16.682 | 0.00L GeCp, | 298.15] 295716] 295.722] -0.002
1000 | 73194} 73.191| -0.004 1000 | 363.998] 364.000| -0.001
Aljde |[22815| 40920 40.598 ) -0.786 noo | 298.15] 227.843] 227.798] 0020
219%00 15;-(‘)33; 226632 'g-ggz & 1000 | 294.141] 294.078] 0.02L
Cek 15 01 01 -00L 298.15| 297.792]  297.790| _ -0.001
1000 | 81.581 81.596 | 0.019 NacFo 5005 T 504441 3944341 —0.002
coon 29815 10813| 10.813) -0.003 208.15| 589.517| 589.382| -0.023
1000 | 52.059 52.046 | 0.024 Alols
1000 | 805.567| 805.149] -0.052
298.15| 20.365 20.365 | 0.00[L
CBn e 5o 0 oth Cel, | 298.15| 431841 431.840]  0.000
B, Imor KT D1y 1000 | 533.856] 533.883|  0.005
208.15| 203.374] 203.365] 0004 | coon [ 22815 251622 251666/ -0.017
GeQ 1000 | 319.700] 319.721| -0.005
1000 | 256.677| 256.655|  0.000
298.15| 357.948] 357.945]  0.001
Gec, | 298.15| 251.185| 251191 -0.002 | CBn 1000 47946499435 0.008
1000 | 310.872] 310.877| -0.002 ‘ : '
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The software can work under the MS Windowseen developed. Program has a lot of prebuilt igos
operating system (XP, Vista, 7, 8, 10) as wellmsik  for calculation of the geometry of small molecutekes
(Debian based distributives). Both x86 and x64 iarchinto account low-lying electronic states, and can p
tecture is supported. The minimal system requiregserfiorm calculation for different reference temperatur
depend on chosen exporting server (MS Excel XP, M#d pressures. A wide range of functionality, théi
Excel 2007, OpenOffice Calc etc.). If user won’e usparameters of calculation and possibility to appnake
the export function it is enough 512 Mb RAM, 1 GHzand export results as a macro do the StatThermerpow
processor frequency, and 3 Mb free disk space. ful software for thermodynamic chemical calculason

The StatThermo has multilingual supportLow hardware requirements, multilingual and cross-
English and Russian language available. Nevertbeleplatform support makes the StatThermo accessibke fo
user interface is easily translatable. In “langsdgelot of users. To download the StatThermo pleasi¢ vis
folder user can duplicate the STATThermo.en.pq filefficial website www.isuct.ru/htms/en/statthermo.
change the language code suffix, and edit thafidamy Acknowledgments.This work was supported
appropriate editor (PoEdit [22], for example). by the Ministry of Education and Science of the Rus-

sian Federation Ne 4.32.32.2017/pp (in the framework
CONCLUSION of Government order). Authors also acknowledge Dr.

The new software StatThermo for calculationviadimir Motalov and Dr. Dmitry Sergeev for testing
of the thermodynamic functions of molecules in thef the developed software.
state of ideal gas using the molecular constanss ha
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