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ABSTRACT

Quantum mechanical calculations of different energies components of 1,3,5-trinitrobenzene (TNB) in ground state
were carried out by DFT method , in isolated state and in various solvents to study the effects of solvents on various
energy components. The solvation energy, chemical potential, hardness, eectrophilicity of picric acid were
calculated with the help of computed HOMO-LUMO gap of picric acid in different solvents in ground state .The
plots of energy components and thermodynamic parameters against the dielectric constant of the corresponding
solvents were found to be polynomial of higher order. The 3D plot of HOMO-LUMO of TNB and dielectric
constants of various solvents in ground state reveals that LUMO of TNB is more affected than that of HOMO by
change in the dielectric constant of the solvent

Keyword: DFT, Ground state, TNB, energy components, HOMOMQJ solvation energy, dielectric constants.

INTRODUCTION

Physical and chemical property of a molecule depemrd the structure and the various kinds of engrgfethe
molecule. Chemical reaction of a molecule in solutis affected by the nature of the solvent; sahadfects not
only the energies of HOMO and LUMO of the molecliet also other kinds of energies. Energy of a mudkemay
be considered to have various energy componentsasiceaction field energy, total zero-electromt Nuclear-
nuclear, Nuclear-solvent, total one-electron ter&igctron-nuclear, Electron-solvent, Kinetic, totalo-electron
terms, Electronic energy, total quantum mech. eneegs phase energy, Solution phase energy, witgkesenergy,
total solvent energy, Solute cavity energy, Reoizztion energy, Solvation energy total internaérgyy , total
enthalpy, total Gibbs free energy, and zero poigrgy. TNB is a pale green yellow crystalline, egive solid[1-
2], It is used in preparation of Charge transfemplexes[3-13] of various utilities. Charge-transieteractions
between aromatic amines and trinitrobenzene haeelaen utilized for the distinction and determorabf some
primary, secondary, and tertiary aromatic amind$. [Keeping in view the utility of TNB various kisdf energies
of TNB in the ground state in gaseous phase amiifferent kinds of solvents have been theoreticafliculated in
this paper.

Computational methods

The initial structure of TNB was built with Chem-&w ultra8.0 and the structure was optimized on Gizmltra
8.0. The structure was exported to Maestro 9.3cbif@linger 2012 version. The optimization of theicure was
done on the Jaguar panel of the Maestro 9. The BIFITY-3 method of theory was chosen. 6-3idasis set was
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selected and 255 basis functions were createdafoulation. The molecule was assigned net zerogehand singlet
multiplicity.In the solvent menu of the jaguar phR8F solver was used for optimization of the stnue in both the
gaseous and solution phase. The optimizationtheogasstate and in the different solutions were dogeound

state of the molecule.

Geometry optimization

for perform a geometry optimization one needs tesguat the geometry and the direction in whicletveh, a set of
co-ordinates to optimize, and some criteria for mvke optimization is complete. The search direci®obtained
from the gradient of the energy and the initial $i@s. An initial Hessian(second derivative matniXarce constant
matrix) and the gradient are used to define sedirgttion that should result in lowering of energ@ye choice if
co-ordinate systems have a substantial impact @ercohvergence of the optimization. The ideal se€@fordinate
is one in which the energy change along each cmatelis maximized, and the coupling between coratds is
minimized. Jaguar chooses the coordinate systedefault. It has two options Cartesian and z-matrat produces
an efficient optimization requires an understandiofg the coupling between simple internal co-ordisat

For optimization to minimum energy structures , toavergence criterion for SCF calculation is &t assure
accurate analyses gradients. For these jobs, a fuaction is considered converged when the rootnrszpiare
(RMS) change in density matrix element is less thtie RMS density matrix element change criteriohose
default value is 5.0xI1® The geometry is considered to have converged winernergy of successive geometries
and the elements of analyze gradients of the enamgly the displacement has met convergence critEoa.
optimization in solution, the default criteria armiltiplied by a factor of three, and a higher ptiors given to the
energy convergence criterion. Thus if the energgnge criterion is met before the gradient and disghent
criteria have been met, the geometry is considemt/erged. The optimized geometry may not havecallo
minimization energy i,e it may have reside on adgadlo know whether it is global minimization waeok for the
value of vibrational frequencies. If all the viboatal frequencies are real (i,e+ve) then it repmeseglobal
minimum, but if any of the vibrational frequenciés negative (i,e imaginary) then it is local minimu

Performing a solvation calculation

It involves several iterations in which the waveadtions for the molecule in the gas phase are [zl The
program ch performs electrostatic potential fitfimghich represents the wave function as a set oit mharges on
the atomic centers. The interactions between thkecule and the solvent are evaluated by Jaguariss®o

Boltzmann solver[12-13], which fits the field praghd by the solvent dielectric continuum to anotbiers point

charges. These charges are passed back to sch waitorms a new calculation of the wave function the

molecule in the field produced by the solvent paiharges. Electrostaticpotential fitting is perfednon the new
wave function, the solvent-molecule interactionsaevaluated by the Poisson-Boltzmann solver, andns until

the solvation freeenergy for the molecule converges

For solvation calculations on neutral systems itew#he program pre evaluates the Lewis dot stractor the
molecule or system and assigns atomic van der Wadisaccordingly. Thesevan der Waals radii aredu® form
the boundary between the solvent dielectric contimand the solute molecule. The Lewis dot strucame van der
Waals radii information both appear in the outpainf the program pre.The radii are listed under ibading
“vdw2” in the table of atomic information below ttisting of non-default options. After the pre put, the usual
output appears for the first, gas-phase calculaggoept that the energy breakdown for the scfutafso describes
the electron-nuclear and kinetic contributionshie total one-electron terms in the energy, as agtlie virial ratio —
V/T, where V is the potential energy and T is tliekic energy. This ratio should be -2 if the cidtion satisfies
the virial theorem. After the first scf output,etloutput from the first run of the program ch appe&ince
performing a solvation calculation enables elet#tis potential fitting to atomic centers, the usoatput for that
option is included every time output from the peog ch appears in the output file. The post prognaites out the
necessary input files for the Poisson-Boltzmannesglthis step is noted in the output file. The thextput section
comes from the Poisson-Boltzmann solver. The ouipeltides information on the area (in A2) of thelecalar
surface formed from the intersection of sphere$ whe van der Waals radii centered on the varidoms; the
reaction field energy in KT (where T = 298 K), whiis the energy of the interaction of the atom-essd charges
with the solvent; the solvent-accessible surfa@adin A2), which reflects the surface formed frtime points
whose closest distance from the molecular surfa@gual to the probe radius of the solvent; anccéwity energy
in KT, which is computed to be the solvation enesfig nonpolar solute whose size and shape argatihe as those
of the actual solute molecule. The output from pinegram solv follows the Poisson-Boltzmann solvesuits,
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giving the number of point charges provided bysbker to model the solvent, the sum of the surfdweges, the
nuclear repulsion energy already calculated by diaghe nuclear-point charge energy representiagetiergy of
interaction between the molecule’s nuclei and tbleent point charges, and the point-charge repulsinergy,
which is calculated but not used because it ideivant to the desired solvation results.After thigput, the output
for the second solvation iteration begins. The oufpm scf comes first, giving the results for timelecule-and-
solvent-point-charges system. Total quantum mewdrgy corresponds to the final energy from theeselrgy table
for that iteration, and includes the entire enexdige the molecule-solvent interactions. The outpart includes the
gas phase and the solution phase energies fordalexute, since these terms are, of course, negefssasolvation
energy calculations. The first solution phase epexgmponent is the total solute energy, which idekithe
nuclear-nuclear, electronnuclear, kinetic, and ehextron terms, but no terms involving the solveinectly. The
second component of the solution phase energisotlal solvent energy, which is computed as halhe total of
the nuclear-solvent and electron-solvent termgesgome of its effect has already changed theeseh#rgy. Third,
a solute cavity term, which computes the solvatoergy of a nonpolar solute of identical size ahdpg to the
actual solute molecule, as described in refereb2g [s included. This is only done for water adsent. The last
solution phase energy component (shown only i§ ihonzero) is term (T), the first shell correctiantor, which
depends on the functional groups in the molecuiih, aoms near the surface contributing most hgakinhally, the
list ends with the reorganization energy and thiwagion energy. The reorganization energy is thiéedince
between the total solute energy and the gas phesgye and does not explicitly contain solvent terihe final
solvation energy is calculated as the solution ghasergy described above minus the gas phase engngy
solvation energy is listed in Hartrees and in koal/

Chemical potential (1)[14]
HOMO as ionization energy(lIE) and LUMO as electedfinity (EA) have been used for calculating theattonic
chemical potential (m) which is half of the enecdyHOMO and LUMO

M= (ExomotELumo)/2

Hardness (f)[15]
The hardness (h) as half of the gap energy of HGM®LUMO has been calculated using the followingagigpn:

Gap= Eiomo-ELumo
n =Gap/2

Electrophilicity (a)[16]
The electrophilicityw) has been calculated using equation

w= P2 n
Reaction field energy (in KT)

This gives us the energy of the interactions ofratentered charges with the solvent; Solvent addessurface

area (SASA inAOz) reflects the surface formed form the points whadssest distance from the molecular surface
is equal to the probe radius of the solvent.

Cavity energy (in KT)
This is solvation energy of a non-polar solute wehsize and shape are the same as those of aclutal swlecule.

Quantum mechanical energy
This term corresponds to the entire energies mntblecule solvent interaction and is equal tostima of total zero
electron terms and electronic energy.

Reorganisation energy
This is the difference between the total solutergnend the gas phase energy, and does not ekplicihtain
solvent terms.
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RESULTSAND DISCUSSION
Solvent parameters:
Table-1 summarizes the solvent parameters suclebestiic constants, molecular weight, density aotarity of
the solvents used for the present theoretical shydyPoisson-Boltzmann solver. In table-3 the epe@mponents
calculated by DFT method on Jaguar panel of thestla®.3 with 6-314 basis set utilizing 255 basis functions for
1,3,5-trinitrobenzene in the ground state have heeorporated. The pictures of HOMO and LUMO of TNB
gaseous state and in various solvents have be@mshdig.1

An electron acceptor represents the ability to iobéa electron in the LUMO and HOMO representsahiity to
donate electron.

The (Enomo-ELumo) gap is an important scale of stability [17] and compds with large (Fomo-ELumo) gap value
tend to have higher stability. The perusal of #itdd-2 indicates the stability of TNB increaseshia solvents in the
ground state in the order;

methanol > acetonitrile= cyclohexane>dmf> carbontetrachloride> benzene> dichlormethane > THF> water

The plot of the energy gap between HOMO and LUM®@sus dielectric constant of solvents in groundesthive
been shown in the fig 2.

The dependence of the energy gap (y) on dielectristant (x) in ground state follows the equagien-4E-08X +
6E-06x - 0.0004% + 0.0078% - 0.0591x - 5.2127, (R? = 0.9943).

The TNB molecule has been found to be stabilizetiénground state in
methanol > acetonitrile= cycl ohexane>dmf> carbontetrachloride> benzene> dichlormethane >THF> water.
Therefore, if it is desired to stabilize TNB in theound state then out of ten solvents studied amethis the best.

The 3D plots of HOMO-LUMO and dielectric constahbgn in figure 7. reveals that LUMO of picric adc&dmore
effected than HOMO in both the ground state by gean the dielectric constant of the solvent.

The chemical potentials(x) of TNB in the ground state increases in the order;

Water> methanol> acetonitrile> dmf> dichloromethane> THF> chloroform> benzene> carbontetrachloride>
cyclohexane.

The plot of the chemical potential versus dieleatonstant of solvents in ground state have beewrsin the fig3.

The dependence of the chemical potential (y) oledigc constant(x) follows the equation y = 7E-060.0009% +
0.0303x - 6.2436 (R2 = 0.9919)

The TNB molecule has been found to possess hidt@nical potential in the ground state in benzehiroform,
gas, methanol, water in the order;

Water> methanol> acetonitrile> dmf> dichloromethane> THF> chloroform> benzene> carbontetrachloride>
cyclohexane.

Therefore, if it is desired to have highest chemmatential, TNB in the ground state, then out e tsolvents
studied water is the best.

The hardness(7) of TNB increases in the ground state in the follgorder;

Chloroform>water>THF=dichloromethane>benzene>cartoachloride>dmf=acetonitrile>methanol= cyclohexan
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The plot of hardness versus dielectric constasbbfents in the ground state have been shown ifighe

The dependence of hardness (y) on dielectric cot{s)afollows y = 2E-08% - 3E-06X + 0.0002% - 0.0039% +
0.0296x + 2.6064,R2 = 0.9943

The TNB molecule has been found to be hardest ioratorm in the ground state. Therefore, if it isstted to
increased hardness of TNB to largest extent ingtioeind state then out of ten solvents studiedrofdomis the

best.

Tablel. Physical parameters of various solvents

Solvents M.W Density  Dielectric constant  Probe wadi
g/mol g/ml A°
1.Acetonitrile 375 0.777 375 2.19
2.Benzene 78.12  0.87865 2.284 2.6
3.Carbontetrachloride  153.82 1.594 2.238 2.67
4.Chloroforn 119.3¢  1.483: 4.80¢ 2.52
5.Cyclohexane 84.16 0.77855 2.023 2.78
6.Dichloromethane 84.93 1.3266 8.93 2.33
7.DMF 73.0¢ 0.94¢ 36.7 2.4¢
8.methanol 32.04 0.7914 33.62 2
9.THF 72.11 0.8892 7.6 2.52
10.Wate 18.02  0.9982( 80.31 14

Table 2.Valuesof HOMO-LUMO energy, p, 1, @ of TNB calculated by DFT -B3LY P/6-31G- level

Solvents HOMO LUMO  Gap p=Ehomo+Elumo/2 n=(Lumo-Homo)/2 Electrophilicity
HOMO, LUMO energy in eV w=p?2n
acetonitrile -8.630 -3.327 -5.303 -5.979 2.652 0.064
benzene -8.835 -3.523 -5311 -6.179 2.656 0.068
carbontetrachloric -8.837 -3.527 -5.31( -6.18: 2.65¢ 0.06¢
chloroform -8.780 -3.425 -5.355 -6.102 2.678 0.067
cyclohexane -8.847 -3.544 -5.303 -6.195 2.651 0.069
dichlormethan -8.71C  -3.37¢ -5.33% -6.04:% 2.66¢ 0.06¢
dmf -8.635 -3.332 -5.304 -5.983 2.652 0.064
methanol -8.629 -3.327 -5.302 -5.978 2.651 0.064
THF -8.73z  -3.387 -5.34f -6.06( 2.67¢ 0.06¢
Water -8.631 -3.281 -5.349 -5.956 2.675 0.064

The electrophilicity (wof TNB increases in ground state in the followorder:

Carbontetrachloride=cyclohexane>benzene>  chloroform>THF=dichloromethane>  water=dmf=acetonitrile.

The plot of electrophilicity (y) versus dielectdonstant(x) of solvents in ground state have sbenvn in the fig5.

The dependence of the electrophilicity on dieleatonstant follows the y = 4E-14x6E-09X + 3E-07X - 8E-06X
+ 9E-05x% - 0.0009x + 0.0701,(R? = 1.0002) in the ground.

The TNB molecule has been found to possess higttrefilicity in the ground in carbontetrachlorided
cyclohexane . Therefore, if it is desired to inseealectrophilicity of TNB to larger extent in theund state, then
out of ten solvents studied carbontetrachloride @mtbhexane are the best.

The Solvation energy of TNB in the ground state are in the followingder, methanol>acetonitrile> dmf>
dichloromethane> THF>chloroform> benzene> carboatéioride> water>cyclohexane.

The plot of the solvation energy versus dieleatdnstant of solvents in ground state have been slimthe fig.6.

The dependence of the solvation energy(y) on digteconstant(x) follows y = -1E-08x+ 0.0002% - 0.014% +
0.3368X - 3.4151x + 0.1895
R2=0.999

1,3,5-trinitrobenzene is most highly solvated e tground state in methanol than other studiedestdv
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Table 3. Values of energy components of TNB in gaseous state and various solventsin ground state calculated by DFT -B3LY P/6-31G- level

Ground state

Energy components , in eV Gas-phase Acetonitrile nzBae Carbon  Chloroform Cyclohexane Dichloro dmf  thaeol THF Water
tetrachloride methane
(A)Total zero electon terms 26186.21 26221.75 2€@R2 26208.57 26224.84 26201.42 26186.98 26186.0120R62 26187.67
(B)Nuclear-nuclear 26243.02 26241.33 26245.65 2@BM5 26247.45 26245.58 26248.4 2624151 26241.22 462 26241.93
(C)Nuclear-solvent -55.1226 -23.9049  -23.3075 -38.8804 -20.7432 -4B198 -54.5319 -55.2101 -44.9861 -54.2619
(E)Total one electron terms -83481.5 -83405.6 -835 -83456.6 -83439.4 -83459.5 -83430.6 -83406.6 3408.3 -83432.5 -83413.4
(F)Electror-nuclea -10627: -10629¢  -10629! -10629( -10629: -10628¢  -10627. -10627: -10628¢ -10628(
(G)Electron-solvent 53.64956  23.32805 22.74615  37.89271 20.24802 4B475753.07602 53.73365 43.82044 53.37672
(H)Kinetic 22812.11  22813.8; 22813.81 22813.1! 22813.9i 22812.81 22812.2; 22812.11 22812.9¢ 22813.2:
(I)Total two electron terms 34224.98 34204.55 34229 34220.09  34216.42 34220.7 34214.56 34204.85 04848 34214.88 34211.46
(L)Electronic energy (E+I) -49256.5 -49201 -49235.849236.5 -49223 -49238.8 -49216 -49201.8  -49200-89217.7 -49202
(N)Total quantum mechanicenergy(A+L -23013.¢ -23014.¢ -2301¢ -2301+ -23014. -23013.¢ -23014.¢ -23014.¢ -23014.t -23014.! -23014.
(O)Gas phase energy -23013.5 -23013.5 -23013.5 -23013.5 -23013.5 -2313-23013.5 -23013.5 -23013.5 -23013.5
(P)Solution phase energy(Q+R+S) -23014.1 -23013.23013.7 -23013.9 -23013.7 -23014 -23014.1  -23014.123014  -23013.7
(Q)Total solute energy(-C-G) -23013.: -23013..  -23013. -23013.: -23013.: -23013.. -23013.. -23013.. -23013. -23013.
(R)Total solvent energyC/2+G/2) -0.73651 -0.288430.28065 -0.49382 -0.24758 -0.61233  -0.72795 -0.43820.58285 -0.44261
(S)Solute cavity energy 0 0 0 0 0 0 0 0 0 0 0.18683
(U)Reorganization energy(Q-O) 0.125323  0.023318 27234  0.061947 0.01754 0.090569 0.12348  0.12523®83056 0.059226
(V)solvation energy(P-O) kcal/mol -14.090 -6.112 9%/ -9.956 -5.303 -12.028 -13.935 -14.132 -11.506-5.684
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Figurel.Pictureof HOMO-LUMO in the ground state in gaseous and ten various solvents

State HOMO LUMO State HOMO LUMO
3
Gaseous state Q dichloromethane|
V4
cyclohexane % @ methanol }‘@ @
carbontetrchloride| %@ % DME @ %
benzene % % acetonitrile >§ }%
chloroform @ % water }‘@1 }{i
\ \
THF

Figure 2. Effect of dielectric contant on the HOM O-LUMO gap of TNB intheGS
0.000

2 0.000 20.000 40.000 60.000 80.000 100.000
() y = -4E-08x° + 6E-06x* - 0.000x3 + 0.007x?2 -
g -2.000 0.059x - 5.212
3 R?=0.994
o
S -4.000
o
I
-6.000

dielectric constant

245
Scholars Research Library



K. K. Srivastava

et al

Arch. Appl. Sci. Res,, 2013, 5 (6):239-247

Figure 3.Effect of dielectric contant on the chemical potential of TNB in the GS
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Figure 4.Effect of dielectric contant on the hardnessTNB in the GS
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Figure5.Effect of dielectric contant on the electrophilicity of TNB in the GS
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Figure 6.Effect of dielectric contant on the electrophilicity of TNB in the GS
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Figure?. Figure 3D plot of HOMO-LUM O-dielectric constant to study the effect on HOM O and LUM O of TNT with the changein the
dielectric constant of solventsin ground state

dielectric constant
P

CONCLUSION

The present study on solvent effect on the enemyponents of 1,3,5-trinitrobenzenein ground stateten
different solvents has lead us to conclude it ghlyi solvated in methanol while lowest in cyclohegalt has been
found that TNB is most hard, electrophilic and cheah potential in  chloroform, carbontetrachlori¢@so in

cyclohexane and benzene), and water respectivelle Wdast in methanol (also in cyclohexane) ,w&&tF and
acetonitrile) and cyclohexane respectively.
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