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The geometric structure and energy of the electronic system of spiropyran and merocyanine molecules
in electrically neutral form, as well as in cationic and anionic form in the presence of an external electric
field (from —0.02 a.u. to + 0.02 a.u.) were investigated using quantum mechanical methods. Spiropyran
and merocyanine molecules with attached hydrogen atom to the oxygen and nitrogen atoms were also stud-
ied. It is shown that the attaching of a hydrogen atom to a nitrogen atom causes breaking of N-Cspiro bond
and in the case of attaching to the oxygen Cspiro-O bond cleavage is observed. In both cases, such cleavage is
accompanied by sp3 — sp? rehybridization of the atomic orbitals of the spiro atom. It is shown that in the
electric field E =+0.01 a.u. the right and left moieties simultaneously turned on 90°, breaking common -
electronic system. It is discovered that in the electric field £ =+(0.01-0.02) a.u. spiropyran molecule with
attached hydrogen atom to the oxygen atom transforms into merocyanine molecule.

Keywords: Molecular switch, Transformation of molecules in an external electric field, Spiropyran, Mero-

cyanine.
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1. INTRODUCTION

Spiropyran (SP) and merocyanine (MC) molecules
which transform from one to another under the influ-
ence of light are interesting for physicists, chemists
and technologists for several decades [1-4]. In the last
century, this interest was caused by the development of
film materials for optical recording of information (pho-
tos on the materials which don’t contain silver). The
necessity in such investigations has been significantly
decreased with the development of computer technolo-
gy and new technologies for recording photographic
images [5]. However, the miniaturization of the ele-
ments of hardware has already raised the question of
the possibility of using individual molecules as ele-
ments of integral circuits. SP-MC molecular system can
perform the role of electronic switch successfully since
SP molecule is not able to conduct an electric current
along the long axis of the molecule, while MC molecule,
which has a planar structure and a delocalized n-
electron system, has the ability to transfer charged
particles along the long axis [6, 7].

Nowadays, the versatility of the SP-MC pair still at-
tracts researchers’ attention [8-11]. However, this is a
very complicated system, and therefore physical and
chemical processes that occur during transformations
in this system are still not studied. Attempts to solve
the problem by considering shapes of potential surfaces
of electronic system in excited states have not been
successful yet. Therefore, in this work, authors studied
the possibility of interconversions of SP-MC pair in
charged states as well as in an external electric field.

2. OBJECTS AND METHODS

A pair of molecules that can reversibly transform un-
der the influence of light, has been chosen for research.
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PACS numbers: 31.10. + z, 31.15. — p, 31.15.bu,
33.15.Dj, 33.15.Hp,

Hus H32 Ha3s3
Hg Hio Hu: J \
/ 12, C3p=—=—==C2s
c,—C3, Hia \ O3
C/ Ca——Nr11 [0} Ca3 CZS‘NH/
Clg—41 / N \ S |
——==Cs. i Cor—C5; O35
[N N
C & Ca==C{ H34
W I-J‘Ils Ho2s Hae
Hiz
Fig. 1a — General structure of spiropyran molecule
H7 Os6
/ ' \
Cls\ /Cs\ HI'HE y 34 N31—q,
C1 \CE/CIE % CZF‘"‘—:C
// 8
C
O N
Ho AN = G yd TGy \ Coo—Has
C3 N
\ H\zs Cr—Ci
Hio 0 //
/Clz—| 13 2 H32
His Hia

Fig. 1b — General structure of molecule

In this work a quantum-chemical methods of inves-
tigation were used due to HyperChem-8 and MOPAC-12
software packages. The MNDO/d [12] and AM1 [13, 14]
methods were used to find the geometric structure and
the energy structure of the molecules in the ground and
excited states.

The charge state of the molecule was set before car-
rying out calculations. There are three active sites for
joining a hydrogen atom or a proton in SP and MC mol-
ecules. These sites are nitrogen atom N(11), oxygen at-
om O(24), which is connected with spiroatom, nitrogen
atom N(31) in the nitro group. If it was necessary, hy-
drogen atom was joined to the oxygen or nitrogen atom
before the calculations.

Investigation of the anionic form of the molecules
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requires a particular attention since the energy of affin-
ity to the electron is slight. This leads to the fact that
calculated procedure is failing with slight deviations
from the real structure of the molecule. Since molecular
switches in real conditions functionate with the applica-
tion of electric field, such investigations were carried
out in this work.

3. RESULTS AND DISCUSSION

As it can be seen from the geometric structure of the
SP molecule (Fig. 1), the oxygen atom O(24), which is a
substituent in the phenyl moiety, is attached to the spi-
roatom of carbon (Cspiro). Hence, O(24) closes a six-
membered ring. In this case, Cspiro is characterized by
sp3-hybridized atomic orbitals. As consequence, we have
two independent r-electronic system. Excitation of the
SP molecule leads to the cleavage of the Cspiro-O bond
and sp3 — sp? rehybridization of atomic orbitals [7, 15].
As a consequence, the MC molecule is obtained. It has a
planar structure and extended r-electronic system. If
such molecule is placed between electrodes (to achieve
this, active substituents are attached at the ends of the
long axis of the molecule) and transfer an electron or a
hole to the molecule from the electrode, then the charge
will be transferred through the molecule to another elec-
trode without any lossless.

In this paper, the mechanisms of the SP-MC conver-
sion in the modified charge state and under the influ-
ence of the external electric field were considered.

3.1 Energy of the Electronic System

First of all, the energy of the electronic system of the
molecules in various charge states was considered. The
results of calculations are given in Table 1.

Table 1 — Energy of electronic system in the ground state of the
molecules (neutral and cationic forms)

No |Molecule |E, eV Ei1, eV [Molecule |E, eV Ey,
eV

1 MC -171,49 |7,05 |SP -171,89 (7,80

2 MC-11H |-172,73 |6,45 |SP-11H |[-174,68 7,36

3 MC-11H* |-166,27 SP-11H+ |-167,32

4 MC-31H |-170,92 |7,91 |SP-31H |[-171,35 |8,14

5 MC-31H* |-163,01 SP-31H* |-163,22

6 MC-OH - 174,65 6,69 |SP-OH —174,09 (6,87

7 MC-OH* |-167,95 SP-OH* |-167,22

8 MC+ — 164,44 Sp+ — 164,09

Obtained results are presented on Fig. 2.

Electronic system of the SP molecule has lower ener-
gy MC molecule. As a result, spiropyran is a main form
of the studied molecule, but merocyanine can be unsta-
ble (when low barrier is present). Molucule’s ionization
which takes place during carrying out a hole through the
molecule stabilizes merocyanine molecule. It’s important
for the flow of electric current through it. A hole is local-
ized on the highest occupied molecule orbital (HOMO).
Values of the ionization energies of the molecules are
presented on the Table 1. To ensure the conductivity of
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the molecule it’s required to transform it from spiropy-
ran form into the merocyanine form. Various variants of
joining a hydrogen atom to the studied molecules were
considered to find such possibility.
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Fig. 2 — Neutral and cation forms of the spiropyran and mero-
cyanine molucules

Geometric structure with H atom has been achieved
by placing it above the target atom (above molecule’s
plane or molecule’s fragment) with subsequent geometric
optimization. As can be seen from the Fig. 2 when H
atom is connected to N(11) atom the molecule is stabi-
lized and its energy is decreased by 2.8 eV. Therefore,
such a reaction will facilitate the return of the merocya-
nine molecule to spiropyran. To make such an attach-
ment of H atom happened it’s necessary that molecular
structures in which the binding energy of the H atom is
below 2.8 €V are present in the environment. However,
switching from spiropyran to merocyanine doesn’t occur
in this case. Previously unknown effect has been ob-
served: attachment of the H atom leads to break of the
N-Cepiro bond. Also, sp? — sp? rehybridization of the spi-
roatom takes place. But it doesn’t expand m-electron sys-
tem. So, in the new form the molecule can conduct an
electric current along the long axis of the molecule.

On the other hand, attaching H atom to N(11) atom
in the merocyanine breaks m-electronic system. This
leads to terminations of the conductivity of the molecule
along the long axis. This effect may be used to build a
molecular switch.

Attaching of H atom to N atom in the nitrogroup is
energetically unfavorable and doesn’t affect on equilibri-
um between spiropyran and merocyanine molecules.

Attaching of H atom to O atom leads to substantial
decreasing of energy of the electronic system of merocy-
anine molecule which in turn stabilizes it. At the same
time, the energy gain from joining the hydrogen atom to
the oxygen atom in the SP molecule is less than in the
case of N(11). However, attaching of H atom to O atom
leads to braking of the O-Cspiro bond. It may signal as
start of switching or as merocyanine stabilization. In
both cases of bond breaking sp3 — sp? rehybridization
takes place. But still there is a question of how to control
the switching process which takes place when H atom is
attached to O atom.

Possibility of electron transfer through the molecules
has been studied. Electron can move through the mole-
cule using lowest unoccupied molecular orbital (LUMO).
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The results of calculations are presented on Table 2 and
Fig. 3.

Table 2 — Energies of the electronic system of the molecules
in anionic form

Ne |Molecule |E, eV Ea, eV |Molecule |E, eV Ea, eV
1 |MC- —174,43 (2,94 SP- —-173,55 | 1,66
2 |MC-11H- |-174,55 (1,82 |SP-11H- |-173,74 [-0,94
3 |MC-OH- |-176,44 (1,79 SP-OH- —-175,01 | 0,92
4 |MC-31H- |-174,17 |3,25 [SP-31H- |-174,68 | 3,32

Besides energies of the electronic system in anions of
spiropyran and merocyanine, energies of affinity Ea to
electron also are presented. It’s notable that affinity of
SP-11H is negative. It can be assumed that in this case
electron transfer from an electrode to the molecule is
unlikely. If molecule is free then such a transfer will be
impossible. Additional lowering of energy due to polari-
zation of the nearest environment makes it possible.
This negative fact is useful for our system because MC-
11H conductivity is absent due to breaking m-electron
system.
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Fig. 3 — Energies of the electron system of the spiropyran (*)
and merocyanine (°) in anion form.

From Fig. 3 it can be seen that in the system of SP-
MC anions, anion of MC will be energetically beneficial.
It can favour not only to the reliability of the flow of elec-
tric current, but also to the SP-MC transformation.

For cationic and anionic forms energetically favora-
ble are OH-substituted molecules as for molecules in
neutral form. However, in all cases, the addition of a
hydrogen atom to the oxygen atom increases (breaks the
bond) the Cspiro-O distance. This increase in the anionic
form occurs from 1.38 A to 2.61 A. Bond order decreases
to 0.004, that is, the complete bond cleavage occurs. At
the same time, the orthogonality of the moieties in the
molecule retains.

3.2 Influence of the External Electric Field on
the of Spiropyran-Merocyanine System

The external electric field was determined by soft-
ware and oriented along the long axis of the molecule.
Control of the spatial field orientation was carried out
with the help of a benzene molecule which took on the
role of test. Orientation of the electric field was deter-
mined by the distribution of charges on the atoms that
forms the benzene molecule. Carrying SP and MC mole-
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cules in electric field led to the polarization of the mole-
cule and, consequently, to the change in the magnitude
of the energy of the molecules’ electronic system. Redis-
tribution of charges in the investigated molecules leads
to a change in the geometric structure of the molecules.
In those cases when it is possible to calculate the energy
of an electronic system in molecules with optimized ge-
ometry, the results are put down in the Table 3.

Table 3 — Energies (kcal/mol) of the electronic system of the
spiropyran and merocyanine molecules, which were carried in
the external electric field

Electric field (a.u.)

Molecule — 0,02 —0,0L__Jo 0,01 0,02
Merocyanine |[—3987,12 [—3952,13 —3994,36 |- 4075,36
Optimized 1, o/ tions |- 3951,25 *97%7 |_3999,67 |- 410,20
geometry

Spiropyran__ |- 4013,96 |- 3979,90 — 3965,16 |- 3983,60
Optimized | na4 99 |_3985,67| 396398 |_ 3968 56 |- 3998,70
geometry

MC+ —3822,81 |- 3778,39|— 3776,80 |- 3824,84 |- 3947,67
SP+ — 3875,85 |- 3819,53|— 3784,12 |- 3764,43 |- 3811,60
MC-OH — 4086,64 |- 4033,02[— 4022,91 |- 4045,07 |- 4127,27
SP-OH — 4062,47 |- 4029,38|— 4014,71 |- 4015,28 |- 4030,61

The value of the negative charge increases on the
chlorine atom in those cases when the direction of the
electric field has a sign "-". The charge on the chlorine
atom reaches “1”, and the atom breaks away from the
MC molecule in the field £ =-0.02 a.u. In addition, in
this case the Cspiro-IN bond of the molecule is broken. In
other cases, the structure of the molecule is remained. In
Table 3 it is shown that the placement of the SP mole-
cule in the electric field has changed the magnitude of
the energy of the electronic system. This happened due
to the polarization and change in the geometry of the
molecule.

The investigation of charged molecules, in particular,
"MC*" and "SP*" is associated with methodological diffi-
culties, since such molecules in the electric field are con-
tinuously moving with both translational and rotational
motions. That's why only energies of electronic system of
the molecule in the presence of polarization are shown
on the Table 3. The investigation of the influence of the
electric field on the geometric structure showed that at
E=-0.01 a.u. in the cation of MC, the phenyl ring was
irreversibly broken off. It was presented on Fig. 4.

Fig. 4 — Geometric structure of the MC+ in electric field E =—
0.01 a.u.

At E=+0.01 a.u. the right and left moieties simulta-
neously turned on 90°, leaving central ethyl group in the
place. Such change in the structure of the molecule actu-
ally broke the 7z-electronic system. However, such struc-
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ture is observed only in the electric field and without
breaking the interatomic bonds. Consequently, it can be
used as a molecular switch.

The cation of the SP in the external electric field is in
constant motion, but the structure of the molecule does
not change.

Subsequently, SP and MC molecules with attached
hydrogen atom to the oxygen atom (MC-OH and SP-OH)
were investigated. The study of MC-OH showed that in
the field £=-0.02 a.u. anion of chlorine breaks away
from the molecule. However, other components of the
structure remain unchanged. The SP-OH molecule in
the "-" field was practically unchanged. Joining hydro-
gen atom to the oxygen atom in SP led to the cleavage of
Cspiro-O bond, but the increase of the Cepiro-O distance
and the conversion of the molecule to the MC-OH didn’t
occur.

Fig. 5 — Geometric structure of the SP-OH in electric field
E=+0.01 a.u.

Under influence of electric field +0.01 a.u. Cspiro-O
bond has lengthened (Fig. 5). It happened because of
turn of the phenyl moiety around C-Ph bond. Only after
this the cis-trans turn of the ethyl group has started.

_szﬁ _________

“0.105 0.078

0.138

Fig. 6 — Geometric structure of the SP-OH in electric field
E=+0.02 a.u.

When electric field was increased to +0.02 a.u. ethyl
group fully established trans-form and the formation of
merocyanin was completed (Fig. 6).

Cl atom had a charge of +0.52e when electric field
was used. When electric field was disabled molecule’s
configuration didn’t change much but Cl atom had a
charge of — 0.01e.

Thus, the conducted studies of the energy and geo-
metric structure of spiropyran and merocyanine mole-
cules in various forms allowed to: 1) find energetically
favorable structures of the studied molecules; 2) show
that external electric field allows to regulate molecule’s
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structure. The last is important for developing an elec-
tronic switch based on a single molecule. For studied
molecules in which the chlorine and nitro group substit-
uents are localized at the ends of the long axis, a possi-
bility of spiropyran-merocyanine transformation was
shown. It’s possible with using external electric field and
H atom attached to O atom. To find a reverse reaction
it’s needed to study the molecules with some other sub-
stitutes.

4. CONCLUSIONS

Based on quantum-chemical researches of spiropiran
and merocyanine molecules in electroneutral and
charged states as well as they analogs with attached H
atom 1in reactive points was shown:

1) Energy of spiropyran’s electronic system is lower
than merocyanine’s. Attaching H atom to one of N
atoms in studied molecules doesn’t change this ra-
tio. However, attaching H atom to O atom which is
bonded to Cspiro atom makes merocyanine energy
favorable.

2) For spiropyran and merocyanine molecules in elec-
troneutral and charged states, joining hydrogen at-
om to the oxygen atom is energetically favorable.

3) Addition of the hydrogen atom to the nitrogen atom
in the spiropyran molecule leads to the cleavage of
CspircN bond and to the rehybridization of the
atomic orbitals of the carbon spiroatom. At the
same time, the extending of the m-electronic system
didn’t occur. Moreover, joining a hydrogen atom to
a nitrogen atom in a merocyanine molecule breaks
the m-electronic system. This leads to termination
of the conductivity of the molecule along the long
axis.

4) Joining hydrogen atom to the oxygen atom in the
spiropyran molecule or in the ionic forms of this
molecule leads to the breaking of Cspiro-O bond. This
cleavage is accompanied by sp3 — sp? rehybridiza-
tion of the atomic orbitals of the spiro atom. How-
ever, the planar structure of merocyanine doesn’t
form.

5) Carrying SP and MC molecules in external electric
field leads to the polarization of the molecule and
then to the change in the geometric structure.

6) Carrying MC molecule in electric field which in-
creases the charge on the chlorine atom to -1, leads
to the breaking away of this atom and to the cleav-
age of Cspiro-N bond in the molecule.

7) Carrying the cation of MC into electric field
E=-0.01 a.u. leads to the irreversible break of the
phenyl ring. At electric field E = +0,01 a.u. the right
and left moieties simultaneously turned on 90°,
leaving central ethyl group unchanged. Such struc-
ture breaks the z-electronic system and can there-
fore be used as a molecular switch.

8) There is increasing of the Cgpiro-O distance by turn-
ing the phenyl moiety around the C-Ph bond when
SP-OH molecule is carried in the electric field
E=+0.01 a.u. With a further increase in the elec-
tric field strength, the ethyl fragment passes from
the cis-form to the trans-form, forming a planar
merocyanine molecule, which is retained when the
electric field is removed.

03023-4



THE ROLE OF THE CHARGE STATE OF THE MOLECULE...

Ponp 3apsaaoBOro crany MOJIEKYJIH i 30BHIIIHBOTO €JIEKTPUYIHOTO MOJIA
Yy (byHKIiOHYBaHHI MOJIEKYJIAPHUX [IEPEMHUKAYiB HA OCHOBI criponipaHa

0O.A. KoBasnenxol, I1.0. Kougparenro?, 10.M. JlomaTkiu!

L Cymcoruil OepacasHull yrigepcumem, 8ysa. Pumcvrozo-Kopcakosa, 2, 40007 Cymu, Yrpaina
2 Hauionanvrutl agiauiiinuil ynigepcumem, np. Kocvonaema Komaposa, 1, 03680 Kuis, Ykpaina

B poboTi mpoBemeHi TOCTIPKEHHS TeOMETPUYHOI CTPYKTYPH 1 eHepril eJIeKTPOHHOI CHCTEeMU MOJIEKYJI
criporripasa 1 MepoIliaHiHa B eJIeKTPOHeNTpa bHOl hopMi, a TAKOK B KATIOHHIN Ta aHIOHHOM (OpMi B IpHU-
CYTHOCT1 30BHINIHBOTO eJsieKTpuuHoro moias (Bim — 0,02 a.o. mo +0,02 a.0.) 3 BHUKOPHUCTAHHSIM KBAHTOBO-
MeXaHIYHUX MeTO/IB. JocimiIsKeHo TakosK MOJIEKYJIN CITIPOITipaHa 1 MepoIliaHiHa 3 IPUETHAHNM aTOMOM BO-
JIHIO 10 aToMa a30Ty abo kucH. IlokasaHo, 110 IpHegHAHHS aTOMa BOJHIO 0 ATOMA a30Ty BUKJINKAE PO3PUB
3B'saky N-Cspiro, a mpueIHAHHS 10 aTOMy KHUCHIO - po3puB 3B'a3ky O-Cspiro. B 06ox Bumagkax Takuit pos-
PHB CYIIPOBOIKYETBCS Sp3 — Sp? meperibpigusaiiiero aToMHUX opbiTaseit cripoatoma. [lokasaHo, mo B eyrex-
tpuaHoMy 1ol E =+0,01 a.o. npaBwmii 1 JiBuil (pparMeHTH KaTiOHA MepOIliaHIHA 0JHOYACHO PO3rOPTATHCS
Ha 90°, PO3pHWBAIOYM €IWHY M-eJIEKTPOHHY cucTeMy. BusBiieHo, mo B eJsiekrpumyHomy momi K =+(0,01-
0,02) a.0. MoJierysIa cripolripaHa 3 IPHEJHAHUM 10 aTOMy KHCHIO ATOMOM BOJHIO II€PETBOPIOETHCS B MOJIe-
KyJIy MepoIliaHiHa.

KirouosBi ciiopa: Moseryssipumit mepemurad, [lepeTBopeHHSI MOJIEKYJI B 30BHINIHBOMY €JIEKTPUIHOMY
mouti, Cuiponipan, MepouiaHis.

Poss 3apAd0BOT0O COCTOAHUA MOJIEKYJIBI 1 BHEITHEI'0O JIEKTPHUYIE€CKOIO IT0JIA

B (QDyHKIIMOHUPOBAHUU MOJIEKY/IAPHBIX MEPEKJI0YaTEIel Ha OCHOBE CIIMponupaHa

0O.A. KoBasnenxol, I1.A. Kounparenxo?, 10.M. Jlonatkun!

1 Cymcruil 2ocyoapemeermblil yrugepcumem, ya. Pumckoeo-Kopearosa, 2, 40007 Cymot, YVepauna

2 HayuoraunvHolil asuayuormbili yrnusepcumem, np. Kocmonaema Komaposa, 1, 03680 Kues, Ykpaurna

B paGore mpoBemeHs! ncciieJ0BaHNS T€OMETPUIECKON CTPYKTYPBL U JHEPTUU 3JIEKTPOHHOM CHCTEMBI MO-
JIEKYJI CIIMPOIIMPAHA W MEPOLMAHWHA B 3JIEKTPOHENTpaIbHON dopMe, a Takke B KATHOHHOM M AHHOHHOM
dopMe B HPUCYTCTBUM BHEIIHEro ajieKTpmdueckoro mojs (or — 0,02 a.e. mo +0,02 a.e.) ¢ HCHOJIB30BAHHUEM
KBAHTOBO-MeXaHUIECKUX MeToHoB. VcciemoBasbl Takike MOJIEKYJIEL CIMPOIIMPAHA ¥ MEPOITMAHUHA C IIPUCO-
eIMHEHHBIM aTOM BOJOPOJa K aToMy a3ora miu kuciopona. [lokasamo, uTo mprucoefuHeHHe aToMa BOLOPOaA
K aToMy a30Ta BBI3bIBAeT pa3phiB cBs3u N-Cspiro, a mpucoequHeHNe K aTOMY KHUCJIOpoaa — pa3psiB cBsiau O-
Cspiro. B oboux ciyuasix Takoil paspbIB COIPOBOKIAETCS Sp3 — Sp? -IlepernOpuausanueii aTOMHBIX 0pouTa-
Jeu cimpoaroma. IlokasaHo, 4To B aekTpudeckoM moje E = +0,01 a.e. mpaBbIil ¥ JIeBBIM (PParMeHTHI KaTH-
OHA MepOoIIMaHWHA OJHOBPEMEHHO pa3BopaumBaioTcsa Ha 90°, pa3phiBas eIUHYI 7-9JIEKTPOHHYIO CHCTEMY.
Oo0napy:xeHo, 4To B aJekTpudeckoM moJie K =+(0,01-0,02) a.e. MoJIeKyJIa CIIUPOIIUPAHA ¢ IIPUCOETUHEHHBIM
K aToMy KHCJIOPOJa aTOMOM BOJOPOZA IIPEBPAIIAETCS B MOJIEKYJLy MepPOIInaHIHA.

Kirouessie cinoBa: MosekyisipHblil nepersouarens, [IpeoOpazoBanne MOJIEKYJI BO BHEIIHEM JJIEKTPUYE-
cxoMm mnoste, Cimponmpan, Meporpasnus.
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