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ABSTRACT

Using of modeling of processesin the molecule of hydrogen peroxide and
guantum-chemical calculations it was shown that the radiolysis of water
leads to homolytic dissociation of H,O with the high quantumYyield; cata-
Iytic decomposition of the peroxide is carried out in Fe** complex with
water molecules and hydrogen peroxide providing exothermicity of the
fracturing processH,O, intwo OH radicals; intermediate product H,0-O,
formed in the presence of the catalyst, exhibitsinstability with the activa-
tion energy of ~ 0.8 eV; the excitation of the molecul e of hydrogen perox-
idein any excited state leadsto rupture of the O-O bond with the quantum
yield close to one; the photodissociation of the hydrogen peroxide mol-
ecule with abreak of OH bond will appear under excitation in the absorp-
tion band of the S, — S, and higher; conversion reaction of |eft hydrogen
peroxide conformer to right one and vice versa is possible in a strong
external dectricfield. © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION lecular structureswith new physical properties, aswell
as search for structuresthat acquire suitablefor the
researcher propertiesasaresult of self-organization.

They are useful for creation for nanoel ectronic de-

Chemical propertiesof hydrogen peroxidearewdll
known*4,

At thesametime physical propertiesof hydrogen
peroxideareinsufficiently studied. So theauthorsde-
cided to conduct the research of the structure, energy
structure, formation and dissociation of H,O, using
quantum-chemica methods. Itisimportant bothfor the
explanation of theknown chemica propertiesand cre-
ation of amodd suitablefor theneedsof nanod ectronics
and molecular dectronics.

Onthe other hand, one of the actual problems of
the modern nanoscal e physicsisthe creation of mo-

vices (for example, they may bepromising for creat-
ing electronic circuits elements such astransistors,
switches, memory cells, etc.). These devicesmay con-
tain e ementscapableto dter their res stance depending
on the current flowing through them, changethe phase
state of the substance from an amorphousto crystal-
line oneand viceversa, to modify dipole moment un-
der the action of temperature and an external electric
field (ferroel ectric memory FRAM), etc®%. A mol-
eculewhich can exist in two or more stableforms,
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between which are possiblereversibletransitionsun-
der externd influence- heating, lighting, chemical ef-
fects, electric or magnetic effects- canfunctionasa
molecular switchl™.

Themaingoal of researchintheregion of themo-
lecular e ectronicsisthecreation of switchesand tran-
sistorsbased onasinglemolecule. Thiswork aso con-
tributesto the solution of thisimportant problem.

To ensure reliable operation of the element, the
control action should unfallingly convert moleculetothe
desired state. Inthisregard, it is necessary to select
mol eculeswhich have at |east two well-defined stable
stateswith sufficiently long lifetime. Thesemolecules
must bewd | controlled for possibletransfer theminto
elther of twowell-defined system states®.

Inthisstudy gpproach of salf-organizing molecules
is favored. The atoms themselves “know” how to
chooseasituationinthemolecule. Our task istofigure
out which configuration or conformation of molecules
areformed under different conditions, and which are
themost favorablefor theimplementation of task, con-
ceived by explorer. In other words, weneed tofigure
out abilitiesof amoleculeto usethem the best way for
molecular electronics.

MATERIALSAND METHODS

Peroxide of hydrogen can act asamode molecule
for thisclassof compounds, that existsintwo structura
forms

H H

i
~/

Right 1somer

For practical purposesit ispossibleto use com-
plex peroxides, in which one or both hydrogen atoms
arereplaced by akyl, aryl, or other substituents.

In the present paper the calculations were per-
formed using the molecular modeling system
HyperChem 8.0.6. It was used the methods of mo-
lecular mechanicswith theforcefild MM+, abinitio
method with basis6-31G**, and semiempirica meth-
ods MNDO, AM1, PM3, MINDO/3, MNDO/d®.

Left 1somer

= Pyl Paper
RESULTSAND DISCUSSION

Radiolysisof water

By exposureto radiation (by high-energy quantaof
of light, fast particles), awater moleculecan betrans-
lated in ahighly excited state. Under the relaxation of
themoleculeout of thisstate settlement of thedissocia-
tivetriplet state T, (Figure 1) ispossible, resultingin
theformation of two paramagnetic particleswith spin
2.

E eV
Gk wh AW =N

0,08 0,10 012

R

0,14 0,16 0,18 0.20
on ™
Figurel: Theenergy structure of the water molecule de-

pending on thelength of theO-H- bond

Let usexamineclosday thewater molecule. Thisis
ahighly symmetric molecule, which symmetry isde-
scribed by thegroup C,,.

Asfollowsfrom TABLE 1, from four atomic or-
bital (AO) oxygen (s, p,, P, p,) ands-AQO two hydro-
gen atomsformed 6 molecular orbita (MO), three of
which arethecompletely (A,), one(p,) correspondsto
therepresentation of B, andtwo + B,. Thesymmetry
axis§ =y + x isdirected along the dipole moment (d)
of themoleculeandistransformed by theA  represen-
tation. The second axism =y-x istransformed by the
B, representation. Thedipole moment of awater mol-

TABLE 1: Group C, andrealizableinit MO of thewater
molecule

Cy E C, 6, o, N(MO) och
A 11 11 3 E=y+x, z
A, 11-1-1 0 -
B: 1-11-1 1 -
B, 1-1-11 2 n=y-X

AOS puPy.P»SuS 6 0 2 4
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eculeisdirected a ong the bisector of the HOH angle,
i.e. dongthesymmetry axisC, (Figure2).

Ay
H

C,/d

/
e

7 X
—H

Figure2: Thedipolemoment d of thewater molecule

Quantum transitionsbetween MO, corresponding
to thesame representation are polarized along theaxis
€. If oneMOrefersto therepresentationof A, and the
second to B,,, then thedipole moment of quantum tran-
stionisdirected dongtheaxism. Therest of the quan-
tum transitionsare absent dueto the ban on symmetry.

AstheOx and Oy of amoleculeareinitsplane, the
axisOz isperpendicular to the plane of themolecule.

TheMO, thequantum transitions between which
provideenergeticaly structureshowninFigure 1, have
thefollowing properties. Binding (fully symmetric) MO
no.3isformed by theinteraction of p -atomicorbitas
(AO) and py-AO oxygen withthes-AQO of hydrogen
atoms (Figure3). Nonbonding MO no.4isthe highest
occupied MO. Itisfully represented by p,-AO of oxy-
gen. Lower freeMO no.5 isantibonding (fully sym-
metric) MO (opposite of MO no.3). Finaly, MO no.6
isantibonding (antisymmetric) MO formed by reaction
between p,_and py-AO oxygen and s-AO of hydrogen
atoms.

Asit canbeseenfromFigure 1, thequantumtrang-
tion between MO no.3 and no.5 trand ateswater mol -
eculeinto S, or T, state, last of whichisdissocidtive.
So, theradiative excitation of water moleculecan cause
it to dissociateto hydrogen atom and the OH radical.

We seethat with lengthening of the O-H bond the
dipolemoment of the moleculeincreasesand the posi-
tive charge on the hydrogen atominitially increases,
reaching amaximumvaueof about +0.3V e, and then
decreasesto zero. Consequently, OH and H radicals
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areformed asaresult of thedissociation.
Subsequently, recombination of OH radicasleads
to theformation of H202 molecule.

Thecatalytic decomposition of the hydrogen per-
oxide

To separatethe oxygen atom of theH,O, molecule
theexistence of opportunity of hydrogen atom transfer
reaction to form amolecule of H,0-O is necessary.
Calculation showsthat the binding energy of themol-
eculeis 11.22 eV for H,0,, and 8.78 eV for H,0-O
molecule. Thisdifferenceinbindingenergieswill create
an energy barrier of 2.44 eV, which preventsthefor-
mation of H,O-O combination. Cal culations show that
with sufficient mutual approach of two molecules of
H,O, therepulsiveforces are overcome and process
of exchanging hydrogen atoms can beenergeticdly fa
vorable, resultingin theformation of two molecules of
H,0-O. Repulsiveforces can be overcomeby forming
acomplex with two molecules of H,0O, atom (ion) of
metal servingasacatayd.

Let usconsider the complex formed by dication of
Ferum (Fe?*) with molecul esof hydrogen peroxide.

Theéd ectronic configuration of theferum dication:
1s225°2p%3s23p°3d°. Consequently, the two 3d-AO,
one4s-AO and threedp-AO arevacant in Fe**, which
will let the dication to form the donor-acceptor bond
with six fully engaged MO, not forming abond. In our
case it means that Fe?* form bonds with each of the
oxygen atoms of two molecules of H,O,, and attach
two water molecules. In the absence of hydrogen per-
oxide Fe** can form donor-acceptor bonds with six
mol eculesof water (pecific solvation). Caculation us-
ing the quantum chemical method PM 3 showed that
theformation of two typesof complexes(A andB) is
possible(Figure4).

Complex symmetry of Aisclosetothegroup D,
(excluding hydrogen atoms), and symmetry of thecom-
plex BisclosetotheC,,. Thebond energy of thecom-
plexAis34.4eV, and 34.49 eV for complex B. There-
fore, we can assumethat both of these complexesare
formed with approximately the same probability. The
presence of water moleculesin the complexesisnec-
essary for thetransfer of hydrogen atoms: H,O mol-
eculesact asabridgeinthetransfer of ahydrogen atom
inthecomplex of asinglemoleculeof hydrogen perox-
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Figure3: Molecular orbitalsof thewater molecule

idetotheother. In both cases, thefinal product hasthe
form (C):

In the complexes A and B reaction of hydrogen
atomsexchanging must flow with high efficiency, since
theenergy gainis3.69 eV for the processA — Cand
3.48 ¢V for the process B—C. Consequently, the hy-
drogen transfer reaction in the complex hasastrong
exotherm. However, thereisabarrier betweentheini-
tial and final state, the value of which dependson the
nature of the catalyst, which significantly owsdown
the exchangereaction. Since theformation and break-

down of thecomplexesA and B isadynamic process,
andtheexchangereectionishighly exothermic, thecom-
plex Cwill further break up with therel ease of thein-
termedi ate molecules of H,O-O.

Study of possible hydrogen-atom transfer in com-
plex containing only one H,O, moleculeand four water
mol ecul es showed that the cata ytic hydrogen transfer
insdethemoleculeH,0, isasorealized. Energy gain
forthiscaseis2.83eV.

Study of theformed H,O-O molecul e showed that
it should be unstablewith an activation energy of the
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Figure4: Complex formed by dication iron (Fe**) with moleculesof hydrogen peroxideand water

The geometric structure of hydrogen peroxide
molecule

Information about thegeometrica structure of hy-

(©)
Figure5: Thefinal product of thetransfer processof hydro- 94 .
gen atomsin the complexes A and B from one molecule of 96 S~—

hydrogen peroxidetotheother 038
012 0,14 0.16 018 0.20 022 R ,.nm

O-Obond bresking AE of about 0.8 eV (Figure6) &  rigyrep: Thedependenceof thebond energy of themolecule
room temperature. H,0-0 onthebond length of O-O

TABLE 2: Parameter smoleculesof hydrogen peroxidein gaseousstate!

The method of deter mining Row, N'm  Rgo,nm  AngleHOO  Dihedral angle Dipole moment d, D

Published data 0095 01474 g 115° = 07107 o)
Calculation MINDO3 009649 013806 106853 85.6028 2140
MNDO 009613 012953  107.257 158.945 0.583
MNDO/d 009614 012049  107.311 155.075 0.687
AM1 009843 012975  106.265 122,021 1501

PM3 009445 014821  96.4837 179.64 0010
MM+ 009443 014302  99.5228 121.933

Abinitio 6-31G** 009454 013967  102.243 115.685 19418

!In the solid state the molecule H,O, has the following parameters: the angle ROH = 0.0988 nm, ROO = 0.1458 nm, HOO = 101.9,
the dihedral angle is equal to 90.2°
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drogen peroxidehaslong beenknown, andisindl text-
books on chemistry. According to the datagivenin
Wikipedia, the distance between the oxygen atomsin
themoleculeH,0, is0.1474 nmin agaseous state and
0.1458 nminthecrystd sae. Thevdueof thedihedra
angleisequal to, respectively, 111.5 and 90.2".

Through modeling of various processesinvolving
molecul es of hydrogen peroxide, we a so conducted
thequantum-chemica study of the geometric structure
of theinvestigated molecule. Theresultsare shownin
TABLE2.

As can be seen from TABLE 2 none of current
methodsdoesnot givethefull consent with the experi-
mental results. And the most surprising for the authors
wasthefact that most powerful semi-empirica method
of calculation, whichistheMNDO/d, givesasignifi-
cant differencein all parameters. Lessaccurate PM3
method showed sati sfactory agreement in thevalues
of the bond lengthsand HOO angles, but it found the
sgnificant deviationinthevaueof thedihedral angle
and, asaconsequence, in the magnitude of thedipole
moment of the mol ecule. From the comparison of dif-
ferent cal cul ating methods we cometo the conclusion
about expediency of use of methodsabinitio 6-31G
** PM3and AM1 for our problem.

Using the method AM 1, we conducted the study
of the structure of hydrogen peroxide molecule, sur-
rounded by water. Asmight be expected, the hydrogen
bond between H,0 and H,O, resulted in additional po-
|arization of bond and, asaconsequence, to the change
in the other molecul e parameters. Thelength of OH
bond (0.099 nm) was increased, the length of OO-
bond isamost unchanged (0.1294), the HOO angle
increased dightly (108.5°), and dihedral angle decreased
significantly (92.7981°) to the value close to the ex-
perimentally obtained val uefor the solid hydrogen per-
oxide.

Photochemical decomposition of hydrogen per ox-
idemolecule

Derived fromthe structure of thehhydrogen perox-
ideit can beconcluded that it ispossblethedissocia-
tion of the O-O or O-H bond upon excitation of the
molecule. Inthisregard, we examinedthe potentia sur-
face of the excited state of H,O, at the € ongation of
each of thetagged bonds.

= Pyl Paper

First of al, let’s consider the process of the disso-
ciation of the O-O bond. Theresultsare presented on
Figure7.

010 0,12 0,14 0,16 0,18 020 022 024 026 028 030 032

RM, nm

Figure7: Theenergy structure of the hydrogen peroxide
depending on thedistance between the oxygen atoms

From Figure 3 we seethat the potentia surface of
the ground state S, intersects with the surface of the
triplet state T, withincreasing distanceR .. Theinter-
section of these surfaces determinesthe activation en-
ergy of the hydrogen peroxide dissociation process,
whosevaueisAE ~ 2.5 eV. As to the nature of the
surface of the T, state, that of Figure 3we seethat at
R, = 0.16+0.18 nm the interaction of potential sur-
facesT, and T, states occurs. Interaction between them
led to the mixing of states whereby the nature of T,
stateis changed when passing through the point of in-
tersection (0.16 + 0.18 nm). For all lengths R the
surfaceof T -stateisthedissociativeone.

For theequilibrium configuration of hydrogen per-
oxidethequantumtransition S,— T, correspondsto
thetransition of an electronfromMO no.7toMOno.8
(Figure8),and S —T, - tothetransition betweenMO
no.7 and no.9. With the extension of the O-O- bond to
0.17 nmthespatia structureof MO ischanged (espe-
cialy MO no.9), and theinteraction between the ex-
cited states|eadsto thefact that the quantum trangition
S, — T, correspondsto the transition of an electron
fromMOno.6to MO no.8.

Quantum transitionsS, - S, S, — S,, etc. re-
sponsiblefor the appearance of the absorption bands
intheUV region of the spectrum, respectively, at 264.3
nm (the oscillator strength f = 0.0007), 197.6 nm (f =

Hn Tndéan g%wumé



166

Modeling of processes in hydrogen peroxide

PCAIJ, 9(5) 2014

Full Paper ===

i :

(7 A AR,
NHLET A B i
SRt s

! = T ma
iy 9.-.'!.‘ PR

LUMOnoS8

R o {(.-_;'? - )
[ I
e Iy =
% i T,
T
& ] L
o) 2 .
| 1 i Wy
- - i
L C A
=y i 4 \ !
= iy / _
- Y T
""_.ff E
MO no.9

Figure8: Molecular orbitalsof themoleculeof hydrogen peroxide

0.0014) and 173.4 nm (f = 0.0287). It correspondsto
literature data® (theband at 290+ 185 nm).

Thus, theexcitation of H,O, moleculeto any highly
excited statelead to itsrelaxation in S -state, which
intersectsthe T, stateinthevicinity of theenergy mini-
mum. Therefore, theinterconversonwill occur withthe
quantumyield of ~ 1 followed by rel axation of themol-
eculeinthe T -dissociative state. So, we cameto the
conclusionthat the photo-dissociation of hydrogen per-
oxideintotwo OH radicaswill becarried out with the
quantumyieldof ~ 1.

It isnatural to assumethat two OH radicalswill
recombinate.

Quantum-chemica ca culations using the method
AM 1 showed that the binding energy of theradica OH
i154.80 eV. Consequently, the energy of the two OH
redicalsisexactly equal to theenergy T -state of hy-
drogen peroxidefor alarge (> 0.24 nm) el ongation of
dissociating bond (Figure 7). Consequently, thetwo

radicalscombineinsuch away toformthetriplet Sate.
To combinetwo OH-radicalsin themoleculeof hydro-
gen peroxideit isnecessary to overcomethebarrier of
~0.8¢eV. Thereforethisprocesswill flow rather dowly

D I o =

o
-1 Tscz ﬁ/r:/‘:_/r/ xi}ﬁgﬁ’ d.sﬂ:‘/ji
2|5, w\*“*‘ﬁ”*/ 2P e
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R_.nm
OH
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Figure9: Theenergy structure of hydrogen peroxide de-
pendingonthedistanceR
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at room temperature.

Thefirgt excited state of the OH radica corresponds
totheenergy 4.7 eV. Referringto Figure 7, we seethat
the S, state of hydrogen peroxidewith the significant
elongation of the dissociating bond liesabovethe T,
stateexactly by thesamevaue. Therefore, themesting
of two OH radicals, one of whichisin theexcited sate,
will lead totheir rapidinteraction and theformation of
moleculeof H,O,.

Let usnow consider possibility of photodissocia-
tion of H,0O, with the breaking of OH-bond. Theen-
ergy structure of themoleculeinthiscaseisshownin
Figure9.

From Figure9itisfollowed that the activation en-
ergy AE of thethermal dissociation of the OH-bond is
4.1 eV. Thedissociation of the OH-bond formed two
radicals(H and NO,). Theenergy surface of thetripl et
stateisdissociative.

Noteworthy isthefact that at theequilibrium dis-
tancein the molecul e of hydrogen peroxidethethird
triplet stateisdissociative. It correspondsto the quan-
tum transition from the highest occupied MO no.7 on
freeM O no.9. When extending the OH bond t0 0.13
nm, the surfaceintersectsthe energy surface of the sec-
ondtriplet ssate (HOMO no.6 — LUMOno.8). Inter-
action between these states|eadsto splitting at thein-
tersection. Further elongation of R ,t00.14 nmleads
toitsintersectionwithsurface T, state (HOMOno.7—
LUMO no.8), which causessplitting of thismixed stete.
In case of further elongationof R, thelowest triplet
state hasthe dissociative surface. Theintersection of
thissurface with the energy surface of the S -state at
R, =0.17 nmisnot accompanied by theinteraction
between them because of the different multiplicity of
dates.

Upon meeting of freeradicalsof H nad HO, they
easily recombined becausethe energy barrier for the

= Pyl Paper

reaction doesnot exceed 0.3 eV (Figure9).

Upon excitation of hydrogen peroxideinthe T -
state the dissociation of the OH-bond will be obstructed
becausefor thisprocessthereistheenergy barrier of
0.8 eV. Upon excitationinthe T, state the barrier is
0.33eV.InT-statethe barrier is absent.

Vibrational spectraof hydrogen peroxide

The calculation of thevibrational spectrum of hy-
drogen peroxideiscarried out usingthe progranAM 1
for theequilibrium configuration of themolecule.

H,O, moleculehas symmetry C,. Twofold axisis
directed along thedipole moment. Let thez-axisisdi-
rected along the dipole moment, x - along the O-O
bond, y - perpendicular to them, theorigin“ in the cen-
ter between the oxygen atoms. The group-theoretical
anaysisof thevibrationa spectrumisrepresentedin
TABLES3.

TABLE 3: Thesymmetry group of themoleculeH,0, and the
symmetry of vibrationsin the spectrum of themolecule

C, E C, Polarization T R N n
Ar 1 1 z,Zxy, x5y 1 1 6 4
Ay 1 -1 Xx,y,Xz,yz 2 2 6 2
T 3 -1
R 3 -1
N 12 0

Fromthegroup-theoretica andys sweseethat we
should have4 completely symmetric (A,) vibrationsand
antisymmetric (A,) vibrationsthat correspondto cal-
culationsof thelR spectrum. Symmetricvibrationswill
be z-polarized and antisymmetric - in the plane of xy.
Moreover thesevibrationsare activein Raman scatter-
ing (22, X2, ¥?, XY, XZ,y2).

Resultsof calculations of frequenciesand thevi-
bration symmetry representedin TABLE 4.

Inthe experimental study of the |R-absorption of
hydrogen peroxide, we clearly seethehigh intensity

TABLE 4: Characteristicsof thevibrational spectrumof H,O,

Frequency, cm™ Intensity Assignment Symmetry
237 63 Pendulum oscillations of the dihedral angle s
1400 0.45 O-O bond S
1641 15 Unsymmetrical fluctuations HOO-angles as
1784 0.06 Symmetrical fluctuations HOO-angles s
3406 5.2 Symmetrical fluctuations OH-angles s
3421 31 Unsymmetrical fluctuations OH-angles as
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vibrations 237 cmr?, 1641 cmrt and 3421 cm™. The
rest of vibrationswill bevigbleonly at andevated vaue
of the product of thickness and the concentration of
H,O, molecules. Inthe UV region of the spectrumit
can be observed thevibrationa replicasin the absorp-
tion spectra. In such acase only totally symmetric vi-
brationswill manifest.

Theinfluence of an external electricfield on the
propertiesof themolecule of hydrogen peroxide

Earlier we mentioned that therearetwo stable con-
figurations(left and right) of thehydrogen peroxidemol-
ecule. Sincetheseconfigurationsaremirror reflections
of each other, it can be concluded that at the equilib-
rium configuration both isomershavethe sameenergy.
Themutua rotation of the OH- groupsrelativetothe
O-0O-bond is hardened by the presence of potentia
barriers. Itisnatural to expect that thebarrier will be
reduced if the dihedral angleat equilibriumincreases
from 90° to 180°. In the latter case, both configura-
tionsdegenerateinto the single configuration. Conse-
quently if weusethe PM3 method of calculating, we
won’t be able to find the two configurations of H,O,.
Soto get theresultsthat are closeto the experimental
ones, itisnecessary to use methodsMINDO3,AM 1
and abinitio 6-31G**. These cal culation methodspro-
videthefollowingresults, respectively: 4.08 kcal/mol,
0.37 kcal/mol and 1.06 kcal/mol. These values of
energy of thebarrier aretoo small to noticeably affect
therateof equilibration between thetwo configurations
of hydrogen peroxide. Thereforethe study of hydrogen
peroxide can cause concernintermsof themolecular
€l ectronics or nanoel ectronics only asamodel com-
pound. For practical applications, the compound must
be selected with the barrier height about 1 eV.

From the exampl e of hydrogen peroxideit canbe
seen that putting of themoleculeintheexternd dectric
field pardld tothemoleculedipolemoment theresults
inthesignificant asymmetry of double-well potential,
resulting only one stable configuration. If the externa
eectricfiddisanti-pardld tothedirection of themol-
eculedipolemoment, with the sufficient externa field
(induced by the externd field the di pole moment must
exceed theorigind moleculedipolemoment) thetrans-
formation of the configuration of themoleculefrom I eft
to right or vice versaoccurs and the direction of the

Physical CHEMISTRY o

moleculedipolemoment ischanged to opposite. At suf-
ficiently high barrier of thetransformation of configura-
tions such effect can be used to createamemory ele-
ment sSimilar to the mentioned above memory ement
FRAM.
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