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ABSTRACT

B3LYP/6-311G(d,p) quantum calculations are perfaine optimize geometries and obtain properties ddpg
on the electronic, optical and photovoltaic paraerstfor some pyridazine derivatives. These nowels drganic
donor-s-acceptor dyes (B-A) used for dye-sensitized solar cells (DSSC). Wésults have shown that the
polarizable continuum model (PCM) were reasonalalgable of predicting the excitation energies, thsaption
and the emission spectra of the molecules. The HGRDLUMO energy levels of these dyes can enspisiive
effect on the process of electron injection and egeneration. Gaps energhe,, short-circuit current density {J,
light-harvesting efficiency (LHE), injection drijnforce dG™*), total reorganization energyl{w) and open-
circuit photovoltage (M) permit qualitative predictions about the readijvdf these derivatives.

Keywords: DFT, Pyridazine, Oscillator strengths, Electromioperties, Organic Photovoltaic

INTRODUCTION

Organic photovoltaic solar cells are an importasteptial of development in the search for low-aosdules for the
production of domestic electricity. Recent prograskieved using organic mono-crystal; multilayetted film and
interpenetrated network technologies permit onexXpect a very fast increase in the conversion yiéldrganic
solar cells. This will possibly make them a comipeti alternative to the various forms of silicorllselndeed, the
past two years have seen a significant jump irctiveversion yield of organic photovoltaic (PV) sotalls, passing
from a 1% vyield achieved 15 years ago [1], to aypétd achieved one year ago [2]. This opens thepmmtive of
seeing very soon, on a typical 5 years time-saatggnic PV cell with solar efficiencies in exce$16%. The long
term objective of such very active research isettuce the cost of PV modules. In this review, weeuks some of
the key technical aspects of the problem. Then@ishort term ambition to replace silicon, or tfiim technologies
(a-silicon, CIS or photosensitized cells), but ®velop a long term technology based on environntignsafe
materials with almost unlimited availability. Suah objective becomes feasible now a day, in theesaay as we
face the development of efficient organic displaythe electronic industry [3]. Those displays weexeloped after
a 10-year laboratory research effort because tliftey a low cost ‘easy’ technology and a technicalyractive
alternative to liquid crystal displays. We use thrganic light emitting diode (OLED) technology [# draw the
research guidelines in organic PV cells. Progressrganic PV cells requires a clear understandindpe peculiar
physics of amorphous organic semiconductors anicee\5]. We start with the basic understanding®rgganic
semiconductors, and their essential properties siscleharge transport. We give indications aimedeggcting
efficient organic PV materials and we review sonasses of materials used in the different layera BV cell. We
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then go to an electrical description of organi@saklls. A critical analysis of the physical preses leading to the
photovoltaic effect in organic materials permitsaisize the maximal and minimal yields achievalsding different
device structures.

The sunlight is a clean, abundant and virtuallyitless energy source which can be used to addnesgrbwing
global energy needs. Recently, polymer photovoltaits (PVCs) have received much attention becafigbeir
flexibility, facile processibility, low weight antbw production cost [6—-8]. Since the 1990s, polpfenylene
vinylene)s (PPVs) and the polythiophenes (PTs) waiest studied conjugated polymers with high power
conversion efficiencies (PCE) [9, 10]. However,ithelatively large band gaps limited the shortcait current
(Js9, reducing the PCE. In order to further improve tbfficiency, low band gap conjugated polymers were
developed to better match the solar spectrum aaeltly produce highek. [11, 12]. Great progress has been made
in PVCs based on bulk-heterojunction (BHJ) netwariede of low band gap conjugated polymers andraudie
derivatives in the past few years, and efficiensyhah as more than 7% has been reported [13geheral, the
power conversion efficiency (PCE) relies on therepigcuit voltage Y,o), the short-circuit current densitys{, and

the fill factor (FF) of the devices. In PVCsl is controlled by the matchment between the abgormf the
conjugated polymers and the solar spectrum [14¢.\Ehis determined by the difference between the enknggls

of lowest unoccupied molecular orbital (LUMO) ofetullerene derivatives (as electron acceptor, AJ ¢he
highest occupied molecular orbital (HOMO) of corgted polymers (as electron donor, D) [15]. Theweféurther
improvement in the PCE demands the developmenbeélnconjugated polymers with appropriate energele
and broader absorption with the solar spectrum.tt@nother hand, the high charge carrier mobilitypofymer
semiconductors should also be taken into accougjt Recent researches showed that the pyridazisiersyis a
promising candidate as a core unit for high perforoe semi-conductors [17, 18].

Theoretical quantum calculations have been effediols in the field of chemistry because they banused to
rationalize the properties of known chemical commsuand also predict those of unknown ones to goliderved
experimental synthesis. In contrast to experimengslilts for metal-free organic dyes, the theoatiitvestigations
are still limited. Only few research groups hawelgtd the electronic structures and photophysicaperties of dye
sensitizers [19, 20], and intra molecular electignamic process between dyes and,@nocrystalline [21-23]. In
this context, the theoretical study of novel pyride-based dyes was reported in Fig.1. The cepyradlazine was
paired through conjugation to an (benzene, chlarpbee and methyl) and the group (C=0O, -NHNBEs donor
groups and linked to substituent as acceptor/aimoipgroup forming Dr-A architecture.

In this study, the electronic structure and optaiaéorption properties were calculated by using DéfTfour dye
sensitizers (Fig.1): 5-[hydroxy(phenyl)methyl]-6-4ngpyridazin-3(H)-one (P1), 4-(2-chlorobenzyl)-6-hydrazino-
3-methyl-1,6-dihydropyridazine (P2), 5-(2,6-dicldbenzyl)-6-methylpyridazin-3()-one (P3) and 5-[(2-
chlorophenyl)(hydroxy)methyl]-6-methylpyridazin-3{2one (P4). Based upon the calculated results, nadyzed
the role of different electron-donor groups in theing the geometries, electronic structures artitalpproperties.
Also, we aimed to see the sensitizer donor effestthe open circuit photovoltag€,() and the short-circuit current
density (s) of the cell through discussing the key factofeafng V.. and Js. with the goal of finding potential
sensitizers for use in DSSC.

H,4C N HaC N H4C N H4C N
/\NH /\NH /\NH /\NH
HO HO
\ o S I\|IH \ o S o
cl NH, CI cl cl
P1 P2 P3 P4

Figure 1: Chemical structure of pyridazine derivatives
MATERIALS AND METHODS

Theoretical background

Drawing the current—voltage characteristics of l icethe dark and under illumination, permits avakiation of
most of its photovoltaic performances as well aseiectric behavior [24]. the short circuit currégtis the one
which crosses the cell at zero applied voltagés & function of illuminationG. Charges travel under an internal
potential difference typically equal td,; the open circuit voltage is measured when curienthe cell is 0,
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corresponding to almost flat valence and condudiamds;,.x andVx values are defined in order to maximize the
power |max XVmad. This is the maximum powd®., delivered by the PV cell; fill factor FF is theticaof the
maximum power to the external short and open dir@alues:

FF 'F;.":E.'«' — -[.J:.":L'.'_A' :{ I.‘.":L‘.‘.A'

TVox L V.x L

aoc - oc -

Under monochromatic lightning at a wavelengthhe yield of electron generated per incident phpthe Internal
Photon to Current Efficiency (ICPE) is defined a5]{

Jec he
e 1€

IPCE =
Gxld e

with Jg. the short-circuit current density, or numericahlya very simple manner: IPCE 224J,/(G x 7). ICPE is
the measured parameter in the photovoltaic acpentsa.

The external photovoltaic yieldis defined as the ratio of the maximum electric poextracted to the illumination
G times the surfac8of the module:

P

TMax

T S<6

(it is often expressed as a percentage). Conveysaid is the key parameter as concerns cells grddty. It must
be evaluated carefully [26], and not be confuseti VEPE.

Dark characteristics of the cells are a standaodielione. The sign and value of the applied vol@gtermines
blocking and conducting regimes. The cell condwdten the voltage exceeds a threshaésd An ideal cell can
follow the thermionic injection model [27]:

-

I=1 [.E‘J.'Tﬂ(i—::— l))

wherelis the saturation current under reverse bias.

For the short-circuit current densily. in DSSC, it is determined by:

s'rsc = .J;_ ‘[‘HEE‘ijqbinJ"EcrchHEcrc{‘;‘

where LHE(A) is the light harvesting efficiency® . is the electron injection efficiency, amf};;;..- is the

nject
charge collection efficiency. For the same DSSChwanly different dyes, it is reasonable to assuhs the
N.o110c¢ 1S @ coOnstant. As a result, to shed light onto riflationship between th&. and s theoretically, we
investigated th&.HE, & and total reorganization energy,&). To obtain a higlls, the efficient sensitizers

applied in DSSC should have a latdgE, which can be expressed as [28]:

nject

LHE=1-10

wheref is the oscillator strength of the dye associatthowavelength..x in the equation. We noticed that the
larger oscillating strength obtained, the highghtiharvesting efficiency will have. At the samendi a large
& could also guarantee a hidl, which is related to the injection driving fora&™** and evaluated as [28]:

inject
AGlnject - Edye + ECB

whereE?¥®" is the oxidation potential energy of the dye ia #xcited state anifs is the reduction potential of the
conduction band of Tig) respectively. There, we use in this wiidg = —4.0 eV for TiQ [29], which is widely used
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in some papers [30-32], and tB&®" can be estimated [31-33]; wheE& is the oxidation potential energy of the
dye in the ground state, whilgy, is an electronic vertical transition energy cop@sling to thé\na,. It is generally
accepted that there are two schemes to evaluateGR&", which is relaxed and unrelaxed paths:

Edye* - Edye_ EOO

The previous works concluded that the calculatiath whe unrelax path is reliable [24, 28]. Thuse thectron
injection from excited state of dye to the FiQCB) is determined by the unrelax path in our Btigation.
Additionally, the small total reorganization enei@y,) Which contains the hole and electron reorgaroreginergy
could enhance th&. Namely, the smallet,, value obtained, the faster charge-carrier trangpbes will be [25].
So we computed the hole and the electron reorgémizanergy 4, andl) according to the following formula [34]:

A;=(E§ — Ex)+ (B2~ Bo )

where Ez is the energy of the cation or anion calculateth wie optimized structure of the neutral moleciiZ, is
the energy of the cation or anion calculated with optimized cation or anion structut®® is the energy of the

neutral molecule calculated at the cationic or micictate, and theZ, is the energy of the neutral molecule at
ground state.

The equivalent circuit is that of an imperfect emtrgenerator, with shunt and series resistanégsdf Wherd, is

a current source whose intensity dependsGoiR; and Ry, are the series and shunt resistan&esis the charge
resistance of the external circuit [35]. The shairtuit currentlg. is the one which crosses the cell at zero applied
voltage; it is a function of illuminatios. Series resistance depends on the material’stivityisthe electrodes
resistivity, and the metal-organic interfaces atdtectrodes.

PV Cell

Phnmn hu

],

T
3

Figure 2: Idealized equivalent circuit of a real plotovoltaic cell under light

The shunt resistance (sever&)kcorresponds to leaks and shorts in the diode. Sityge around zero bias is a
measure of the shunt resistance [36]. The reldteweenV,. andls. can be determined when it is assumed tRat:
=0 andRy, = oo, with| =0 andl| =l

nkT !
Vo= 1n[ﬂ—1j

oc
€ EC

A small shunt resistanc&s, will reduce V,.. Additionally; the cell will not deliver any volge under low
illumination G. I is essentially reduced by the series resist&yce

To analyze the relationship betwe¥g (Open-circuit photovoltage) and tgyvo of the dyes based on electron
injection from LUMO to the conduction ban&ds) of the semi-conductor TiQ the V,. can be approximately
estimated by the analytical relationship [30]:

Voc = ELumo — Ece

Theoretical calculations

All our calculations were performed in the gas ghay using the quantum method DFT (Density Funetfion
Theory) with the hybrid functional of exchange edation B3LYP [37-40] (Becke three-parameter LeergfeParr)
and the basis sit used for all atoms over all datmns is always the basis set of people with -ghaeddirized (6-31G
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(d, p)) [41, 42]. All the optimizations were doné&hwut constraint on dihedral angles. The prediergy of excited
state and oscillator strengths (f) were invest@ydig using TD-DFT/CAM-B3LYP calculations in chlomm

solvent on the fully DFT optimized geometries. Wavd also examined HOMO, LUMO levels and the enettyy;
used software of all calculations is Gaussian 08gm@am [43]. In this paper, the integral equationmfalism

polarizable continuum model (IEF-PCM) [44-46] wd®osen in excitation energy calculations. The cati@md
anionic states of dyes were optimized at the B3I6Y®PY1G(d,p) level to calculate the total reorgatmimaenergies
(Aota)- Polarizable continuum model (PCM) [47, 48] haseeged in the last two decades as the most eféetdivl

to treat bulk solvent effects for both the ground axcited-states.

RESULTS AND DISCUSSION

Molecular design and geometry structures

The chemical structures of our compounds (P1, B2aml P4) used in this work are depicted in FigAlBthe

molecular geometries have been calculated witlBBleYP/6-311G(d,p) level. It was found in other werthat the
DFT-optimized geometries were in excellent agreegmeéth the data obtained from X-ray analysis [49-5lhe

optimized structures for all organic dyes show tihaly have similar coplanar conformation. We baidat this
coplanar molecular-structure should improve theteda transfer from the electron-donor to the etattacceptor
through thern-spacer unit for these dyes. The calculated ctiticand lengths in all the ground statg)(&nd the
excited state ($ permit that these corresponding geometrical patera in $are very similar with each other. The
linkage between the electron-donor andonjugated bridge showing especially more C=C attar which favors

ICT. Indeed, in this De-A system, ther-conjugated group is employed as the bridge of i@ the electron-donor

to electron-acceptor group. Moreover, upon photibaton to the excited state (S the bond lengths for these
compounds significantly decreased in comparisoh thiose in the ground stateySThese results indicate that the
connection of acceptor group and ttéridge (pyridazine) is crucial for highly enhandé&il character, which is
important for the absorption spectra red-shift.

P3 P4
Figure 3: Optimized geometries obtained by B3LYP/&1G (d,p) of the studied molecules

Intramolecular charge transfer

In efficient photovoltaic applications, one of thest important features of metal-free organic szess is the
intramolecular charge transfer (ICT) from donomtzeptor/anchoring group. The ICT behavior wasiobtafrom
the frontier molecular orbital (FMO) contributioBd-55]. Herein, we plotted the electron spatiatribsition of
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HOMO and LUMO orbitals of all compounds (Fig. 4).deneral, the plots of the HOMO and LUMO demonstia
the typical n-type molecular orbital characteristics. Moreovlle HOMO displays an anti-bonding character
between two adjacent fragments and bonding charadtien each unit. The LUMOs exhibit the bondinigacacter
between the two adjacent fragments, so the lowasy lsinglet states are corresponding to electrtmaigsition of
n—n* type [56-59]. As observed in Fig. 4, the pattefrihe HOMOs and LUMOs are qualitatively similartiveach
other, respectively. Moreover, the electron distiilns of HOMOs are mainly located in the electdamor to the
n-conjugated spacer, while the LUMOs are essentlatplized on the conjugation spacer moiety. Theefthe
electronic transitions of all @-A dyes from HOMO to LUMO could lead to ICT fromehdonor units to the
acceptor/anchoring groups through the conjugatethér so that the HOMO-LUMO transition can be dféess as
an—n* ICT. Table 1 present the Mulliken Atomic ChargedaNatural Charge for all atoms of the compounds
studied. The anchoring groups (C=N and C=C) ofcalinpounds has considerable contribution to the LWMO
which could lead to a strong electronic couplinghwiiO, surface and thus improve the electron injection
efficiency, and subsequently enhance the shortitictirrent densitys.

P3 P4

JQ} &
e
9

N
‘_.
oy 2

Figure 4: The contour plots of HOMO and LUMO orbital’s of the studied compounds

. >

Molecular orbitals

The analysis of the energy levels of the fronti@euoular orbitals (HOMO and LUMO) and the related ey gap
(AEg) of our compounds is provided in Table .2, to affdeeper insight about the dependence of thereféct
properties on the molecular structure; we note (Bgt present the total energy, (1) dipole momengy EBuclear
repulsion energy and (<R**2>) Electronic spatialest. The electron-donating ability of the electadomor in D#-

A dyes has the tendency to influence the electroatad properties. A De-A dye with a stronger electron-donating
group should give a high HOMO as compared to thigth @ weaker electron-donor. We have investigated t
electron-donor effect on the electronic propertigsusing different donor groups. According to thealgsis of
HOMO, the results of these dyes are in order: P2PR3P4. The P2 and P3 contains the strongest electtoard
group (hydrazino) and (C=0, dichloro) since theyehthe highest HOMO (-5.430 and -6.565 eV). DyesaRd P4
with calculated HOMO energy levels -6.568 eV, hawaeak contribution in electron-donor ability dwethe fact
that they contain a (C=0) group in the electronatomoiety. The calculated LUMO level for all sersitrs are
relatively unaffected by the changes in molecutancture, due to the inclusion of same electroreptr group
(C=N) in these sensitizers, which is less influehbg the change of the donor group. According ®dhalysis of
LUMO, the results of these dyes are in order: P3H22P1.

The LUMO energy levels of all dyes are much higtien that of TiQ conduction band edge (ca. -4.0 eV) [60].
Moreover, molecules in excited states have a stednilify to inject electrons into TiQelectrodes. The HOMO of
all dyes is lower than that 67173 (ca. -4.8 eV) [61], therefore, these molecule$ kbse electrons could be restored
by getting electrons from electrolyte. Thus, electmjection of excited molecules and, subsequentigeneration
the oxidized species is energetically permitteds Etlows the application of the dyes in dye-sersit solar cell
DSSC.
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Table 1: Mulliken Atomic Charge and Natural Chargefor all atoms of the compounds studied

0.55716 0.68056 23 0.20432 0.22818 23 0.10728 0.25753 | 23 0.53973 0.67371

P1 P2 P3 P4
Atom MAC NC Atom MAC NC Atom MAC NC Atom  MAC NC
1N - - 1N - - 1 - - 1N - -
2 N 0.44827 0.28616 2N 0.44271 0.27927 2N 0.44665 0.28427 | 2 N  0.44764 0.28475
3C - - 3 H - - 3C - - 3C - -
4 C 0.49778 0.40200 4 C 0.48391 0.45770 4 C 0.49659 0.39957| 4 C  0.49731 0.40097
5 C 0.62400 0.50006 5H 0.42943 0.50992 5C 0.62541 0.50267| 5 C 0.62599 0.50135
6 C - - 6 C 0.12286 0.07340 6 C - - 6 C - -
7 H 0.19600 0.25045 7H 0.18488 0.19811 7H 0.18963 0.25618 | 7 H 0.19275 0.25055
8 O 0.02505 - 8 C - - 8 O 0.03089 - 8 O 0.03520 -
9 H 027125 0.05928 9C 0.10348 0.20984 9 H 0.26597 0.03277| 9 H 0.27372 0.05724
10 C 0.44647 0.16817 10 N 0.23640 0.27390 10 C 0.44758 0.15672 | 10 C 0.44706 0.16989
11 H - 0.51947 11 H 0.02003 - 11 H - 051992 | 11 H - 0.51983
12 C 0.52273 - 12 C 0.23798 0.06852 12 H 0.52194 - 12 C 0.52262 -
13 H 0.24685 0.55220 13 H - 0.10806 13 C 0.23896 0.55142 | 13 H 0.24208 0.55208
14 H - 0.27681 14 H 0.43579 - 14 H - 0.27042 | 14 H - 0.27332
15 H 0.05456 0.05920 15 C 0.25238 0.51125 15 H 0.51184 - 15 H 0.07280 0.05528
16 O 0.21495 0.23377 16 H - 0.33374 16 H 0.24836 0.48408 | 16 O 0.22206 0.23928
17 H - - 17 H 0.50325 - 17 C 0.25774 0.27080| 17 H - -
18 C 0.58546 0.69704 18 H 0.24320 0.47574 18 C - 0.27608 | 18 C 0.58672 0.69739
19 C 0.20091 0.23579 19 N 0.22099 0.26574 19 C 0.60088 - 19 C 0.19885 0.23450
20 C 0.24295 0.26522 20 H - 0.25525 20 C 0.21502 0.69869 | 20 C 0.24726 0.26747
21 C 0.20849 0.24401 21 H 0.59825 - 21 C 0.21850 0.24184| 21 C 0.20921 0.24452
22 H 22 C 0.19571 0.69265 22 C 0.22919 0.24259 | 22 H
C C H C
24 H 036091 0.45124 24 C 0.21399 0.23325 24 H - - 24 C 0.36296 0.45131
25 C - - 25 C - 0.24847 | 25 H 26 0.36030 0.06224 | 25 H 0.01665 -
26 H 0.04229 0.10041 26 C 0.53082 - Cl - - 26 H - 0.10825
27 H - - 27 H 0.25906 0.70474 27 Cl 0.34768 0.06128 | 27 H 0.18252 -
28 H 0.19081 0.23320 28 C 0.29363 0.33638 - - 28 Cl - 0.22419
- - 29 H 0.06086 0.37003 0.14013 0.05362 0.35843 -
0.18268 0.23323 30 H - - - - - 0.06483
- - 31 H 32 0.35137 0.04564 0.14082 0.23687 0.17894 -
0.17832 0.23455 Cl - - - - 0.19852 0.23563
0.18888 0.24487 0.17717 0.05964 0.17220 0.23636 - 0.25171
- - - - 0.22153 - 0.14053 -
0.17869 0.23405 0.14321 0.22544 0.22136 0.23041 - 0.23585
0.20319 0.25647 - - 0.21202 0.26667 0.17609 -
- - 0.18189 0.24019 0.19374 0.26647 0.20002 0.23175
0.18159 0.23790 0.19442 - 0.19509 0.26180 0.21863 0.25250
0.19376 0.24858 - 0.23812 0.02642 0.20412 0.26465
0.19475 0.24910 0.18018 0.25132 0.02780 0.19373 0.25559
0.19390 0.24826 0.20733 0.03602

0.18971 0.24234
0.19281 0.25814
0.17200 0.24656
0.24946
0.01117

The energy gap for these compounds was obtaingtiebdifferences of HOMO and LUMO energy levels gsin
B3LYP/6-311G(d,p) and the results are listed inl&aB. The order of thaE, is: P2<P1<P4<P3. With the HOMO—
LUMO gap decrease, more photons at the longer-wagth side would be absorbed to excite the elestirn the
unoccupied molecular orbital, which increases tiartscircuit current density and further enhandes ¢onversion
efficiency of the corresponding solar cell. Thegas ofAE; are about 2.17-3.36 eV; we may conclude that these
dyes have the potential to be employed in the D&Jflication.

Table 2: Optical and electrical parameters for allcompounds

Evomo | Eumo | AEy Er 1] Ern

DYe | "ev) | ev) | (ev) | (ev) | (Debye)| (Hartree)

<R**2> (au)

P1 | -6.568| -3.271] 3.297 -19599 5.6846 1052 3781
P2 | -5430| -3.260 2.170 -31000 3.10%5 1328 4560
P3 | -6.565| -3.202 3.368 -42456 4.8712 1402 4744
P4 | -6.568| -3.26§ 3.300 -32045 6.0986 1318 4229

Optical properties

The excitation energy and UV-Vis absorption speédrathe singlet—singlet transition of all senstizdyes were
simulated using TDDFT with CAM-B3LYP functional. €hcomputed vertical excited singlet states, traomst
energies and oscillator strength of all sensitidgds in solvent media are tabulated in Table 3. Sihalated
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absorption spectra data of the studied compountisnad at the IEF-PCM/TD-CAM-B3LYP/6-311G(d,p) léve
the spectra show similar profile for all dyes; thEgsent a main intense band at higher energies 386 to 378

nm. The most intense contribution to the main biarah excitation from the HOMO to LUMO orbital inlsent as

the second singlet excitation.

On the other hand, the position related to thelggween HOMO and LUMO levels, and the width of fingt band
in the spectrum are the two first parameters thatlwe related to the dye efficiency, since the gdtem shift to
lower energies favors the light harvesting procddsrein, the first vertical excitation energieS.J of the
compounds are in decreasing order: P3>P1>P4>P2shdhat there is a bathochromic shift when pas§iog P3
to P2. The absorption spectra of P4 show slighe-shift with less decreased oscillator strengtle, pitobably to the
electronegativity of the heteroatom in the elecdonor groups. The absorption spectra of P2 prekennain peak
at 377.20 nm. All results of absorption spectraiamgood agreement with the energy levels and lgapddiscussed
above.

In order to study the emission photoluminescenapgrties of the studied compounds, the adiabatissiom
spectra were obtained using the optimized geometrthe second excited singlet state at the TDDFIMMEA
B3LYP/6-311G(d,p). The simulated fluorescence wawgths with the strongest oscillator are preseintddble 3.
According to the absorption and emission data,vidleies of Stokes shift (SS) for all dyes were otgdi The
emission spectra arising from, State is assigned to*—n and LUMO—-HOMO transition character for all
molecules. Through analyzing the transition confijon of the fluorescence, we found that the dated
fluorescence is just the reverse process of thedblying absorption. Moreover, the observed raffeshemission
of the photoluminescence (PL) spectra in order: FA3¥®4<P2 when passing from P3 to P2 is in reasenabl
agreement with the obtained results of absorptamthermore, the Stokes shift of these dyes isddonbe in the
range 107.88 and 112.11 nm. The P2 emitted at higlee-lengths (489.31 nm) with strongest intengity
0.0568), and was also characterized by larger Stekit (112.11 nm). These encouraging optical erigs suggest
that P2 with (hydrazino) electron-donor will be thest candidate in the DSSC devices.

Table 3: Absorption and Emission spectra data for bhdyes obtained with PCM-CAM-B3LYP/6-311G(d.p)

Absorption Emission
Dye . . Eex Amax . . Eex Amax SS
Main composition @) | (m) f Main composition @) | (nm) f (nm)

P1 HoL 0.44 | 3457 358.68 0.0408 —iH 0.46 295 467.52 0.0439 108.89

P2 H-L 0.43 3.286 377.20 0.0537 —iH 0.45 2.78] 489.31 0.0568 112.11

P3 HoL 0.46 | 3.486 355.59 0.0402 —iH 0.48 298 463.47 0.0433 107.88

P4 H-L 0.45 3.445 359.80 0.0396 —iH 0.47 2.94] 468.84 0.0427 108.p5
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Figure 5: Simulated absorption spectra of all dyes
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Figure 5 present the simulated absorption spedtedl compounds (oscillator strength and epsiloradanction of
wavelength); since the table 4 present the excitagnergies and oscillator strengths in defereitt@state.

Table 4: Excitation energies and oscillator strendts for all compounds

P1 P2 P3 P4
Excited State| Eex A Eex A Eex Eex
@ | om | " e [ om | ey [MM] T ] ey MM T
1 3.0207| 410.45 0.0000 3.2869 37720 0.0%37 3.04367.36| 0.0000, 3.0159 411.10 0.00p0
2 3.4572| 358.63 0.0408 3.4443 359.97 0.0007 3.48885.59| 0.0402| 3.445 359.89 0.03p6
3 4.4369| 279.44 0.0006 3.4883 355[74 0.0029 4.0J7304.40| 0.0001] 4.12383 300.69 0.000p8

Photovoltaic properties

The electronic injection free enerdyG™**, groundE?® and excitecE”®" state oxidation potentials computed for
our compounds are represented in Table 5. Basé&bopman’s theorem, ground state oxidation poteetiergy is
related to ionization potential enerdy”® can be estimated as negativigofio [62]. EV® of all dyes is increasing
order: P2<P4<P1<P3. It shows that the most conuewieidizing species is P2 while P3 is the worst. AG™*"
estimated is in negative value for all sensitizéras the electron injection from the dye to Ti®spontaneous. As
seen from Table 5 and Fig. 6(b) the calculatad(X*) are decreased in the order: P2>P4>P1>P3. It stiww$2
has the largest4G™*®) value while P3 has the smallest.

inject

Another factor related to efficiency of DSSC is thexformance of the dyes responsible of the inditight. Based
on the LHE of the dyes, the value has to be as &gjpossible to maximize the photocurrent respofise.LHE
values for all dyes are in narrow range 0.087-Q.1l# increase slightly with increasing the conpigya length
(Fig. 6(a)) in the order: P2>P1>P3>P4. This mehatdll the sensitizers give similar photocurrent.

Table 5: Estimated electrochemical parameters forlacompounds

Dye | E¥* (eV) | E® (eV) | AG™® (V) | LHE | how(€V) | Vo (eV)
P1 6.56 3.82 -0.18 0.08p 0.47 0.729
P2 5.43 2.75 -1.25 0.116 0.38 0.7490
P3 6.56 3.95 -0.05 0.088 0.56 0.798
P4 6.56 3.81 -0.19 0.08[ 0.44 0.732
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Figure 6: Critical parameters influencedJs. along of investigated sensitizers: (a) the lightdrvesting efficiency, (b) the electronic
injection free energy and (c) the reorganization egrgy Aotar.

As we know, besides the reaction free energy, gmganization energ.. could also affect the kinetics of
electron injection. So, the calculatéd,, is also important to analyze the relationship leetwv the electronic
structure and thds. The smally, Which contains the hole and electron reorganiraginergy could enhance the
Jse As seen from Table 5 and Fig. 6(c) the calculatgd of all dyes are increased in the order; P2<P4<B1#P
shows that dye P2 possesses the smallest totglar@pation energy while dye P3 has the largesta Assult, dye
P2 exhibits a favorabld, due to the relative similar LHE, largaG™*" and smallef,. At the same timeAG™e®
and)e are more important to govern thg mostly.

As discussed in section, we know that besides floet-gircuit current densitys. the overall power conversion
efficiency  also could be influenced by the open-circuit vpdtdV,). Therefore, between two dyes with similar
structures, the electron injection would be moriicient for that dye with the higher excited stagdated to the
semi-conductor conduction band edge (i.e. highgy. It was found thaV,. of all dyes (Table 5) is in the range
0.729-0.798 eV and in decreasing order: P1<P4<P2kRBows that P3 has the larg®st values, while P2, P4
and P1 have the smallest.
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As a consequence of the above data, we could dam@usion that the large LHE anG"* as well as smalyy
andV,. could have a high efficiency. Thus, the perfornreaa€EDSSC sensitized by dye P2 might be superitingo
other dyes, due to its favorable performances@ftiove factors based on our computed results.

CONCLUSION

In this study, we used the DFT/B3LYP level to azalyhe geometries and electronic properties of malecules
based on pyridazine with several structures. Thelifisation of chemical structures can greatly madeland
improve the electronic and optical properties détpre studied materials. The optoelectronic proesrof these
new conjugated materials have been computed usBig36(d, p) basis set at B3LYP level. The conclgdiemarks
are: « the appropriate functional to predict thectrbnics properties is B3LYP; ¢ the appropriatectional to predict
the optical properties is CAM-B3LYP; « the absooptproperties have been obtained by using TD-DFthatk the
obtained absorption maximums are in the range 85377 nm; « the calculated band gayEg) of the studied
molecules was in the range 2.170 to 3.363 eV; «ctieulated values of,. of the studied molecules range from
0.729 to 0.798 eV; ¢ the 4-(2-chlorobenzyl)-6-hyna-3-methyl-1,6-dihydropyridazine (P2) dye wasrd to be
the best photo-sensitizer for use in DSSC,

These values are sufficient for an efficient elewtinjection; all the studied molecules can be usedrganic solar
cells. Finally, the procedures of theoretical clltians can be employed to predict the optoeleatrproperties on
the other compounds, and further to design novétriads for organic solar cells.
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