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Abstract

Three conjugated small molecules based on thiopladediphenylamine units were designed and stubdieduantum
chemical method using the density functional the@@¥T). To examine the ability of these studied poomds to be
employed in organic dye sensitized solar cells (DB5@dsorbed on Ti§) geometric and electronic properties were
investigated at B3LYP/6-31G(d) level and absorp8pactra were simulated by Time Dependent Densitcfonal Theory
(TD-DFT) at the same level. The designed molechias two cyanoacrylic acid groups which are useelestron acceptor
groups for the attachment of the dye on the,T80rface. Different -conjugated groups (thiadiazolothienopyrazine (T, TP)
benzothiadiazole-pyrazine (BTP) and benzopyrazyrazine (BPP)) were introduced asspacers in one branch of the
molecules to investigate their effects on the gadmeelectronic and optical properties. The highescupied molecular
orbital (HOMO) and the lowest unoccupied molecuabital (LUMO) levels are calculated and comparedconducting
band of TiQ (anatase). Calculated band gap energies for tedges are comparable to the one of poly(3-hexyithéne)
which is considered as one of the best performolgmer solar cells to date. Simulated absorpticecsa showed that these
dyes can harvest light in the visible spectrum. €kemination of the frontier orbital density sudgacshow that (BTP and
BPP) are the bestconjugated groups promoting the intramoleculargbdransfer to the one of the anchored groupdo th
surface of semiconductor (T

Keywords: Organic dye-sensitized solar cells, thiopheneheliylamine, low band gap, open circuit voltage,ogison
spectrum.

1. Introduction:

Dye-sensitized solar cells (DSSCs) are a classgzfrmc-based photovoltaic cells which have becdmestibject

of great interest due to their low production castl compatibility with various supporting materig®nce the
breakthrough made by Gratzel in 1991, DSSCs basedpmrous Ti@layer as the semiconductor material have
attracted large attentions from both industry apaidamic researches [1,2]. DSSCs are based on phit&t®n

of dye molecules adsorbed onto the surface oféh@conductor. There are many essential factorsidwd to be
taken into consideration to guaranty the efficien€yDSSCs. Indeed the dye should have a broad ptimor
spectrum, with a high extinction coefficient andxinaum wavelength situated preferably in the nearfdR
better harvesting incident photons. Also, the endeyels should be suitable to the conduction bahdhe
semiconductor and the redox potential of the holedactor. Concerning the structure, the dye musd birongly

to the semiconductor surface for long term stabjBj. For this, the carboxylic function is usedths electron
acceptor group for the attachment of the dye ons#reiconductor surface. Generally, the dye consisin
electron-donating group (D);spacer () and electron acceptor (A)[4]. The DA structure allows to the dye to
reach a long lifetime of the injected electronsbigcking the recombination pathways. Small variadiovithin
these different moieties cause significant diffeesnin photovoltaic properties.

Among the donor groups, diphenylamine and its déines have shown promising properties in the agraknt

of the synthesis of DSSC. It was chosen as stromgrdmoiety in many studies [5,6]. As to the acoegiroup,
the cyanoacrylic acid group is generally choserdfagrs anchored on the surface of the semicondtitaoks to
the carboxylic function. The most used semiconduistdliO, which have [7,8] a large band gaps that are 3.2,
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3.02, and 2.96 eV for the anatase, rutile and btegihases, respectively [9]. The anatase strudsupeeferred
over other polymorphs for solar cell applicatiorxduse of its higher electron mobility, low dietectonstant
and lower density [10].

For this, several syntheses of compounds desigseghatosensitizers in dye-sensitized solar cellsewe
accomplished to study the effect of diversifyingeatfon donors, -spacers and electron acceptors on the
performance of DSSC based on organic dyes [11718].number of anchoring group is another paranvetérh
affects the efficiency of the material [14].

In our continuous works in the design etonjugated systems for organic photovoltaic appibms [15-17],
three non-symmetrical branched molecules, baseatiptrenylamine as a central core and cyanoacrylit @the
end group connected with differemtspacer groups, were designed. They were inspin@d & synthetic dye
(SD) reported by Jin-Kook Lee and al. [11], whidntains the triphenylamine moiety as an electramod@nd
cyanoacrylic acid moiety as an electron acceptmmected by thiophene units (Figure 1).

Our designed compounds include two arms with diglenine as donor unit (D) and cyanoacrylic acid as
acceptor unit (A). Thiophene is chosen asspacer in one arm (arml). As for the second armZp one form
thiadiazolothienopyrazine (TTP), benzothiadiazojeapine (BTP) and benzopyrazine-pyrazine (BPPhizsen
(Figure 1). These Different electrorconjugated groups were introduced to investightdr teffects on the
electronic structure.

We report herein a quantum chemical investigatioth@se novel dyes including the one synthesized-KyLee
and al [11]. Geometric, electronic and optical pmies of these dyes were studied using the Dehsibgtional
Theory with the aim to evidence the relationshipMeen the nature of the introducedatonjugated group and
optoelectronic and photovoltaic properties.

Frontier orbitals, Gap energies and Voc (open tiraltage) of the studied compounds have beerutatied and
reported.

This investigation was used to drive next synthésesrds compounds more useful as active matendlsSSC
anchored on Ti®

HOOC

CN
HooC, CN
COOH HoocC CN
HOOC\’QK/ ’ -

Figure 1: The sketch map of the structures (SD, M1, M2 ang M3

2. Theoretical methodology

All molecular calculations were performed in gasgh using Gaussian 09 program [18]. The ground-gtabmetries of
molecules were optimized using DFT (Density Fun@ioTheory) and employing the B3LYP (Becke threeapseter Lee—
Yang—Parr) exchange correlation functional [19,20h 6-31G(d) basis set for all atoms. The caldatatof vibration

frequencies for each molecule shows that thera@ienaginary frequencies, showing that the optichigeometry is located
at a minimum point of the potential surface.

Optical absorption spectra were simulated usingTinge-Dependant Density Functional Theory (TDDFTB8LYP/6-31

G(d) level, based on optimized ground state gedewtThe theoretical vertical transition energiesl dhe respective
maximum absorption wavelength and intensities withgiven configuration interaction (Cl) expansionsifigly excited

determinants were determined. The main of 6 caledlfowest singlet-singlet transitions with highestillator strengths
were presented.

The energy of highest occupied molecular orbitaDf#HD) and lowest unoccupied molecular orbital (LUM@Yels were
examined and visualized using Gaussview 5 Proggdh [
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3. Results and discussion

3.1. Geometric properties

The optimized structures of all studied compoun@silustrated in figure 2. All the molecular geames have
been calculated with the hybrid B3LYP function canaa with 6-31G (d) basis sets usi@gussian 09rogram.
It was found in other works [22-25] that the DFTHiopzed geometries were in excellent agreement thighdata
obtained from X-ray analyses. Geometric parametershosen as shown in Figure 3.
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Figure 2: Optimized structures of the studied compounds (8D M2 and M3)
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Figure 3: analyzed geometric parameters

Table 1 bond lenghts of compounds SD, M1, M2 and M3olaetdiby B3LYP/6-31G(d).

Molecule di d2 d3 d4 ds5 dé
SD 1.430 1.461 1.416 1.425
M1 1.429 1.464 1.434 1.434 1.369 1.410
M2 1.427 1.462 1.420 1.427 1.397 1.451
M3 1.426 1.461 1.416 1.425 1.404 1.458

Table 2: torsion angles of compounds SD, M1, M2 and M3oleich by B3LYP/6-31G(d).
Torsion angle (deg.)

1 2 3 4 5 6
SD™® 179 20.60 38.36 46.77
M1 0.01 27.15 56.65 51.29 -151.93 1.80
M2 -21.03 140.42 -40.13 134.03 131.19 150.78
M3 -20.69 143.46 -37.70 135.23 125.79 147.68

Examining the geometric parameters listed in TaAkded Table.2 we found that the dihedral angleonnecting
the consecutive thiophene phenyl units increages W1 to M3. On the other hand, the incorporatibseveral
groups does not change inter-ring distances dl1d@nout a slight decrease in the distance d3 isrebédegoing
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from M1 to M3. The distance d3 in M3 is identicalthat in SD. Comparing d1 to d6 that representtb@nces
between the anchoring group and the rest of thecutd, we observed that d6 increase going from & 3.
Also, we noted an increase in d5 that is the degtdetween the donor unit and the second arm ahtilecules.
This bond is the shortest for all the studied conmais, it shows more C=C character especially for M1

These observations relate the great extension mjigation in compounds M1 to M3 compared to SD.sThi
extension is more important in M3.

3.2. Absorption and Electronic properties

From the optimized structure obtained at the B36¥BLG(d) level of each studied compoundge have
calculated the UV-Vis spectra of SD, M1, M2 and M8ng time-dependent density functional theory DHD)
method at the same level. As illustrated in table8, can find the values of the main calculated gdism
wavelength 4,5 lowest excitation energies, oscillator strengfhysand compositions in terms of molecular orbital
contributions.

Table 3 Absorption wavelength 5,5 (nm), Excitation energies and oscillator strengthsained by the TD-
DFT/B3LYP/6-31G(d) method. (H = HOMO, L = LUMO, L+1 LUMO+1, etc)

molecule | e E, (eV) f transition Co?;lment
exp 460
SD 470
SD 527.19 2.35 1.042 H L 0.70
353.70 3.5053 0.5034 H-2 L 0.66
M1 426.80 2.905 0.451 H L+2 0.65
537.15 2.308 0.216 H L+ 0.69
M2 477.45 2.5968 0.5661 H L+1 0.68
793.79 1.5619 0.2529 H L 0.70
M3 474.62 2.6123 0.6398 H L+1 0.66
751.34 1.6502 0.2044 H L 0.70

#Pabsorption spectrum of the synthesized dye[di@methanol solutior!, of the dye absorbed on TiO

The simulated absorption spectrum of the dye SDdeae using TD-DFT method at B3LYP/6-31G(d) level i
gas phase for comparison with the experimental(dable 3). The deviation between the calculated (B2 nm)
and observed maximal absorption wavelength (470ismjie to the fact that the calculations wereqveréd for
molecules in gas phase. In spite of this deviatiba,absorption wavelengths which are related e¢ontblecular
structure can be estimated from the calculatedegalu

For the designed dyes, we note that all absorptaaesr in the visible region. The main calculatédaption
wavelengths are red shifted in the following orddt M3 M2. We note that the maximal absorption
wavelength of SD with lower excitation energy isigaed to the transition from the HOMO to the LUM@hile
the maximal absorption wavelengths of the desighatt are assigned to H.+2 for M1 and H L+1 for M2
and M3 with higher excitation energies.

We can conclude that for SD, the maximum of absmmpihich correspond to the transition from the HONb
the LUMO can be assigned to the * transition, while the maximal absorption waveltdrgof M1 to M3 dyes
can be attributed to the intramolecular chargestean(ICT) [26-28].

The band gaps of conjugated compounds are genegsilinated as the difference between the HOMO and
LUMO level energies on the ground singlet stateliermolecules.

As shown in Table 4, the values of HOMO and LUMCergies of M1 to M3 show S|gn|f|cant difference
between M1 and the two other compounds, but tresdight difference between M2 and M3. In addititre
calculated band gap energieg.gcof these new dyes are comparable to the onelp{3sbexylthiophene) which
is considered as one of the best performing polysotar cells to date [29]. The best value of baap (.9 eV)
was shown for the dye containing (BTP) moiety. Enealues are lower than the calculated gap valudef
synthesized dye (SD) which is 2.65 eV while theeskpental value is 1.69 eV. From this deviation, e&n
predict that the experimental gap values of thégdeds dyes M1 to M3 should be lower than the thicak
values.
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HOMO LUMO

Figure 4: The contour plots of frontier orbitals of studieged SD, M1, M2 and M3 in neutral form.

The examination of the frontier orbital densityfages (Figure 4) can inform us about excitationppraes by
indicating how the charge transfer occurred aldrgchain of the molecule.

As shown in Figure 4, the HOMOs of these compoundbe neutral form possess donding character within
subunit and a -antibonding character between the consecutive rstdowhile the LUMOs possess &
antibonding character within subunit and-bonding character between the subunits.

For M2 and M3, The HOMO is delocalized along the avms of the molecules. But, concerning M1, theviD

is delocalized with low contribution in the arm taining thiophene and cyanoacrylic acid units.

For SD, the HOMO is delocalized over theonjugated system via the triphenylamine group thedLUMO is
delocalized over the cyanoacrylic unit through thiephene group. The HOMO-LUMO excitation moved the
electron distribution from the triphenylamine grdoghe two cyanoacrylic acid moiety.

For the three dyes, the LUMO is delocalized over ¢lganoacrylic acceptor moiety through theonjugated
bridges group with low contribution in cyanoacryiimiety in arm2 of M1. Other hand, the cyanoacrgiia unit

in arml1 doesn’t contribute to the LUMO. The exartimra of the HOMO and LUMO of the three organic dyes
indicates that HOMO LUMO excitation moves the electron distributionrfrahe arm1 to the cyanoacrylic acid
unit connected by the tricyclic group in arm2. Tdisplacement is significant For M2 and M3. Accogly, the
photo-induced electron transfer from these dye§i@2 can be efficiently induced by the HOMO-LUMO
transition.

We can conclude that the replacement of the thiopiphenylene fragment by tricyclic moieties in @mn of
the dye modify the electronic distribution of threrftier orbitals. We can conclude also that (BTiR) éBPP) are
the best -conjugated groups promoting the intramoleculargharansfer to the one of the anchored groupeo th
surface of semiconductor (T3D
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Photovoltaic properties

Efficiency of the -conjugated compounds considered as photovoltaice®ean be estimated by calculatior
the power conversion efficiency (PCE) wmeasures the amount of power produced by a solaretative to the
power available in the incident solar radiatiomi

PCE is expressed by the following equati —————— whereJscis the shorcircuit current,Vocis the

open-circuit voltage which ishe maximum possible vtage across a photovoltaic « in sunlight when no
current is flowing, andrF denotes the fill fact([30].
The direct relationship among theparameters and electronic struetsirof the dyes is still unknow[31]. To
analyze relationship betweensyand E yuo based on electron injection from LUMO the conduction band of
TiO2 (Ecg), ca. -0.5 V vs. NHEEquivalent tc-4 eV in vaccum) [32]the energy relationship can be expresse
[33]: . In fact, o effectively inject the electron into the CB 0f0,, the LUMO levels in the
energetic diagram of the dyesust be positioned above the CB energeg) of the semiconduct, by at least 0.2
eV [34].
E[eV vacuum] E[V NHE]
E L ~Homo
8.0 38 = lumo

-8.5 +4.0

Figure 5: Data of the absolute energy of the frontier orbitdODMO and LUMO for the studied molecules
comparison with conducting band of LiO

Examining the gap energy (lmo-Ecg) Of the studied dyes, we note thhis energy is positive f M2 and M3
and negative for M1 (See Table 4 and Figure¢(E_umo-Ecs) gap ofM2 (0.19 eV) may be an acceptavalue for
effective electron injection.df M3, this energy ga(0.42 eV) seems to eegood valu since it is comparable to
the experimental value of SD (0.56 . For M1, the negative value of this energy gapusdo conclude that th
dye appears not to tedficient for DSSC applicatio

We can conclude tha&f1 and M2 could providVoc valuesn the norms of efficient dye

Table 4 Values of HOMO (eV), LUMO (e\, Eg (eV) energiegpen circuit voltage (Voc) of ani ) energy
calculatecby B3LYP/6-31G(d) for studied dyes.

molecule Enomo (V) Euwo (V) Eca; (€V) (ELumo-Ece)(eV)
5.13 -3.44° 1.69° 0.62(V)0.56°
SD -5.58 -2.93° 2.65° 1.07°
M1 -6.32 -4.22 2.10 -0.22
M2 -5.71 -3.81 1.9 0.19
M3 -5.64 -3.58 2.06 0.42

2 experimental values [10]calculated values at B3LYF-31G(d) level.

Conclusion

In this study, three dyes based tiophene and diphenylamine units were designed sindied by quantum chemic
method usinghe density functional theory (DI).

Geometries, electronic and optigalbperties ofthe designed compounds and of one symmetrical egiztbd dy[10] was
done in order to display the effect iotroduced -conjugated moieties on the structurahtc-electronic and photovoltaic
properties of these materials.
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The optimized structures for all studied compoustisw that the introduced moieties affect the teorsimgles. The
calculated frontier orbital energies HOMO and LUMKbwed that the energy gaps of the designed dyet® MIB are better
than those of SD and differ slightly from 1.90 e2.06 eV. These values are comparable with thbB8dT.

Simulated absorption spectra of the designed dyk#bié broad red shifted absorptions which takesaipredict a good
harvest of photons in the visible spectrum.

The examination of the frontier orbital density fages of the SD and the three designed dyes M1 3oshbw that the
replacement of the thiophene-phenylene units bytrilgclic units (BTP) and (BPP) groups promotes thtramolecular
charge transfer to the one of the anchored grouphafvors the electron injection process froméheited molecule to the
conduction band of semiconductor (L)JOThis leads us to consider that M2 and M3 are¢ basdidates to be employed in
organic DSCC adsorbed on TiO

The unsuitable energetic position of the LUMO lesEM1, which is too low for conducting band of Ti@nd the density
surface of HOMO and LUMO orbitals lead us to codeldhat M1 may be not efficient as dyes sensitszddr cell based on
TiO, but can be operated in other applications in igld bf photovoltaic thanks to its low band gap.
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