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eived May 6, 2015Conjugated organi
 systems su
h as thiophene are interesting topi
s in the �eld of organi
 solar 
ells. Wetheoreti
ally investigate �-
onjugated polymers 
onstituted by n units (n = 1�11) based on the thiophene (Tn)mole
ule. The 
omputations of the geometries and ele
troni
 stru
tures of these 
ompounds are performedusing the density fun
tional theory (DFT) at the 6�31 G(d; p) level of theory and the Perdew�Burke�Eenzerhof(PBE) formulation of the generalized gradient approximation with periodi
 boundary 
onditions (PBCs) in one(1D) and two (2D) dimensions. Moreover, the ele
troni
 properties (HOCO, LUCO, Egap, Vo
, and Vbi) are de-termined from 1D and 2D PBC to understand the e�e
t of the number of rings in polythiophene. The absorptionproperties � ex
itation energies (Eex), the maximal absorption wavelength (�max), os
illator strengths, andlight harvesting e�
ien
y are studied using the time-dependent DFT method. Our studies show that 
hangingthe number of thiophene units 
an e�e
tively modulate the ele
troni
 and opti
al properties. On the otherhand, our work demonstrates the e�
ien
y of theoreti
al 
al
ulation in the PBCs.DOI: 10.7868/S00444510151201111. INTRODUCTIONIn re
ent years, organi
 solar 
ells of 
onjugatedpolymers su
h as those based on thiophene have shownimproved e�
ien
ies. Consequently, organi
 photo-voltai
 (OPV) 
ells that o�er the advantages of a rel-atively low fabri
ation 
ost 
ompared to sili
on-basedmaterials, easy pro
essing, �exibility, and possible re-
y
lability, have gained fo
us despite their relativelylow e�
ien
ies [1℄. Indeed, there are other importantfa
tors a�e
ting the devi
e overall e�
ien
y and per-forman
e, i. e., the 
harge 
arrier mobility, the 
hargeextra
tion at the ele
trodes [2℄, and photo
hemi
al sta-bility. On the other hand, the development of organi
solar 
ells has progressed rapidly with the synthesis ofnew organi
 materials, 
ontrol of the pro
essing 
on-dition su
h as annealing, and the use of additive [3℄*E-mail: sailkari7�yahoo.
om

as well as the introdu
tion of various devi
e stru
turessu
h as the tandem and inverted stru
tures [4�6℄. Thesigni�
ant improvement of OPV devi
e performan
ehas been a

omplished by introdu
ing various OPVar
hite
tures, su
h as bulk-heterojun
tion (BHJ) andinverted devi
e stru
tures, and developing low-band-gap 
onjugated polymers and innovative organi
 smallmole
ules as donor materials. However, a new type ofsolar 
ells has attra
ted 
onsiderable attention due totheir environmental friendliness and low 
ost of produ
-tion. Therefore, further study is required to in
reasethe e�
ien
y, improve the lifetime, and redu
e the pro-du
tion 
osts before the low-
ost goal 
an be a
hieved.Up to now, main e�orts have fo
used on improving thephotovoltai
 
onversion e�
ien
y, and re
ently about8% of white light e�
ien
y has been realized on thedevi
e level. It is generally 
onsidered that a minimumpower 
onversion e�
ien
y of 10% is needed in orderto enable realisti
 appli
ations, in building integratedOPV 
ells.1155 7*



K. Saïl, G. Bassou, M. H. Gafour, F. Miloua ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015The major di�eren
es between the underlyingphysi
s of organi
 solar 
ells and their inorgani
 rel-atives 
ome from the low mobility (between 1 and10�5 
m2/V�s) of the 
harge 
arriers as well as the lowdiele
tri
 
onstant, whi
h results in strong Coulombintera
tion between ele
trons and holes after photoex-
itation [7℄.The appropriate highest o

upied mole
ular or-bital (HOMO), lowest uno

upied mole
ular orbital(LUMO) energy level of the donors and a

eptors, anda low band gap are known to be important for highOPV performan
e, as well as good �lm-forming prop-erties, strong absorption ability, and high 
harge mo-bility [8℄. Their performan
e is known to be limitedby the small 
harge-generating interfa
ial area betweenthe donor and a

eptor layers [9℄. Signi�
ant e�ortshave been devoted to developing methods for 
ontrol-ling the band gaps and the positions of the HOMOand LUMO of 
onjugated materials with the goal toprodu
e te
hnologi
ally useful low-band-gap polymers.Theoreti
al analysis of the ele
troni
 stru
ture of
onjugated systems 
an establish the relation betweenmole
ular stru
ture and ele
troni
 properties [10℄.The values of HOCO (highest o

upied 
rystal or-bital)/LUCO (lowest uno

upied 
rystal orbital) andgap energies 
an be estimated by density fun
tionaltheory 
al
ulations [11�14℄ with di�erent basis sets.Therefore, the DFT theoreti
al 
al
ulations give a gooddes
ription of the absorption properties of the studied
ompound and 
an be used to predi
t the ele
troni

hara
teristi
s of other materials.Up to now, the photoa
tive materials for organi
solar 
ells have been the subje
t of several theoreti
alstudies [15�28℄. However, it is important to understandthe nature of the relation between the mole
ular stru
-ture and the ele
troni
 properties to provide guidelinesfor the development of new materials and the ne
es-sity to bene�t from their adaptive properties to photo-voltai
 
ells.Di�erent 
ompounds with 
onjugated ba
kbones
an be used as the ele
tron donor material in OPVdevi
es. In parti
ular, polythiophene and its related
ompounds have attra
ted 
onsiderable attention overthe past de
ade in view of their potential appli
ationsto ele
troni
 and optoele
troni
 devi
es. The 
hoi
e ofthis 
ompound depends on several parameters in
lud-ing the energy gap.The use of low-band-gap materials is a viablemethod for better harvesting the solar spe
trum andin
reasing its e�
ien
y [29℄. The 
ontrol of this pa-rameter of the materials is a resear
h issue of ongoinginterest. In this paper, quantum 
hemi
al investigation

is performed to explore the geometri
, ele
troni
, andopti
al properties of these 
ompounds with the aim toeviden
e the relation between mole
ular stru
ture andoptoele
troni
 properties.2. METHODOLOGY AND COMPUTATIONALDETAILSIn the present study, DFT 
al
ulations are 
ar-ried out for thiophene-derived 
onjugated polymers(C4H4S)n, where n denotes the number of thiopheneunits (n = 1 to 11). We �rst performed B3LYP/6-31G(d; p) 
al
ulations in order to obtain the optimized 
on-formations. This 
hoi
e was made a

ording to [30℄; theB3LYP 
al
ulations give reasonable stru
tures. The
al
ulations were 
arried out using the GAUSSIAN 09-D pa
kage [31℄. The visualization of any mole
ule was
arried out using GaussView 05 program [32℄.All mole
ular 
al
ulations of optimized stru
tureswere performed in the gas phase using the DFT [33; 34℄
ombined with the 6-31G (d; p) level of theory. For theperiodi
 boundary 
onditions (PBCs) in one and twodimensions, the Perdew�Burke�Eenzerhof (PBEPBE)[35�37℄ formulation of the generalized gradient approxi-mation to the ex
hange 
orrelation fun
tional was used.The HOCO, LUCO, and energy gap of the studied 
om-pounds have been 
al
ulated and are reported.To gain insight into the opti
al properties, the ex-
itation energy and UV/Vis absorption spe
tra for thesinglet�singlet transition of all 
ompounds were sim-ulated using the time-dependent DFT with a B3LYPfun
tional 
ombined with the 6-31G (d; p) level of the-ory. Appli
ations of the time-dependent DFT have be-
ome reliable approa
hes for the theoreti
al treatmentof ele
troni
 ex
itation pro
esses, and re
ent worksdemonstrate the good a

ura
y for a wide range oforgani
 systems [38�40℄. The maximum open 
ir
uitvoltage (Vo
) of an organi
 solar 
ell is related to thedi�eren
e between the HOMO of the ele
tron donorand the LUMO of the ele
tron a

eptor. The values ofVo
 
an be 
al
ulated from the empiri
al formula [41℄Vo
 = jEHOMO(Donor)j �� jELUMO(A

eptor)j � 0:3: (1)The light harvesting e�
ien
y (LHE) of the 
ompoundshas to be as high as possible to maximize the photo
ur-rent response. Here, LHE is expressed as [42℄LHE = 1� 10�f ; (2)where f is the absorption (os
illator strength) ofthe 
ompound asso
iated with �max. The os
illator1156
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T11Fig. 1. Optimized stru
ture of the studied 
ompounds by the B3LYP/6-31G(d; p) level
1157



K. Saïl, G. Bassou, M. H. Gafour, F. Miloua ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015
T1 T2

T3
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T11Fig. 2. Optimized stru
ture of the studied 
ompounds by the PBEPBE/6-31G(d; p) level using 1D PBC
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Fig. 3. Optimized stru
ture of the studied 
ompounds by the PBEPBE/6-31G(d; p) level using 2D PBCs1159
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Fig. 4. The 
ontour plot of HOCO and LUCO orbitals of the studied 
ompounds using 1D PBC1160
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Fig. 5. The 
ontour plot of HOCO and LUCO orbitals of the studied 
ompounds using 2D PBCs1161
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HOCO 1D
HOCO 2D

LUCO 2D
LUCO 1D–2

–3

–4

–5

–6Fig. 6. HOCO and LUCO of the studied 
ompoundsplotted as fun
tions of the number of thiophene rings
al
ulated at the PBEPBE/6-31G(d; p) using 1D PBCsand 2D PBCsstrength is dire
tly derived from the time-dependentDFT 
al
ulations.3. RESULTS AND DISCUSSIONThe optimized stru
tures of all studied 
ompoundsare illustrated in Fig. 1. All the mole
ular geometrieshave been 
al
ulated with the hybrid B3LYP fun
-tion 
ombined with 6-31G(d; p) basis sets. The ob-tained stru
tures are optimized again in PBCs usingthe PBEPBE/6-31G(d; p) level of theory. The opti-mized geometries obtained for the 
ompounds in onedimension (1D) and two dimensions (2D) are shown inFigs. 2 and 3. We 
an 
learly see the �-ele
tron delo-
alization between the di�erent aromati
 units. On theother hand, results of the optimized stru
tures for allstudied 
ompounds show that the planar stru
ture ismostly stable in all oligo- and polythiophenes.It is very important to analyze the HOCO and theLOCO for these 
ompounds, be
ause the latter pro-vides a rational qualitative indi
ation of the ex
itationproperties and of the ability of ele
tron or hole trans-port. On the other hand, the HOCO and the LUCOenergy levels of the donor and a

eptor 
omponentsare very important fa
tors to determine whether ef-fe
tive 
harge transfer o

urs between the donor andthe a

eptor. The isodensity plots of the model 
om-pounds are shown in Figs. 4 and 5 and 
al
ulated fron-tier orbital energy and energy gaps for all 
onsideredmole
ules are given in Table 1.Figures 4 and 5 show that the HOCO and LUCOof all mole
ules are spread over the whole p-
onjugatedba
kbones with similar 
hara
ter; the HOCOs display
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Gap energy,eV

111098765432
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Fig. 7. Energy gap of the studied 
ompounds plottedas a fun
tion of the number of thiophene rings 
al
u-lated at the PBEPBE/6-31G(d; p) using 1D PBCs and2D PBCs
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0.100.05Fig. 8. Energy gap of the studied 
ompounds plottedas a fun
tion of the inverse number N
 of the 
ar-bon atoms along the 
onjugated 
hain 
al
ulated at thePBEPBE/6-31G(d; p) using 1D PBCs and 2D PBCsthe antibonding 
hara
ter between two adja
ent frag-ments and the bonding 
hara
ter within ea
h unit. Butthe LUCOs exhibit the bonding 
hara
ter between twoadja
ent fragments. We note that the heteroatoms haveno HOCO lobes, as has been reported earlier [43℄. FromFigs. 4 and 5, it is 
lear that the HOCOs are prin
ipally
omposed of ring C=C bonds and the LUMOs are prin-
ipally 
omposed of inter-ring formal C�C single bonds.The same results were obtained in [44℄.The 
al
ulated HOCOs energies are in the range�5:54 eV to �4:14 eV for 1D PBCs and �5:53 to �4:34for 2D PBCs. However, the HOCO energies were in therespe
tive range �2:91 to �1:08 and �3:20 to �1:24 for1D PBCs and 2D PBCs. A

ording to the graph shownin Fig. 6, the HOCO energy de
reases sharply for the
ompounds with n = 1 to those with n = 4 (where n is1162



ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015 PBE�DFT theoreti
al study : : :Table 1. The HOCO energy, the LUCO energy, the gap energy, the open-
ir
uit voltage Vo
, and the built-in potentialVbi of studied 
ompounds obtained by the PBEPBE/6-31G(d; p) level using 1D and 2D PBCs. n is the number ofthiophene unitsCompound n HOCO, eV LUCO, eV Gap, eV Vo
/C60, eV Vbi, eV1D 2D 1D 2D 1D 2D 1D 2D 1D 2DT1 1 �5:54 �5:53 �1:08 �1:24 4.45 4.31 0.26 0.27 2.07 2.06T2 2 �4:80 �4:94 �2:08 �2:37 2.71 2.56 1 0.86 1.33 1.47T3 3 �4:51 �4:56 �2:26 �2:47 2.25 2.08 1.29 1.24 1.04 1.09T4 4 �4:38 �4:62 �2:57 �2:89 1.80 1.72 1.42 1.18 0.91 1.15T5 5 �4:26 �4:55 �2:61 �3:15 1.65 1.39 1.54 1.25 0.79 1.08T6 6 �4:27 �4:41 �2:78 �3:07 1.48 1.34 1.53 1.39 0.8 0.94T7 7 �4:24 �4:51 �2:82 �3:07 1.42 1.44 1.56 1.29 0.77 1.04T8 8 �4:21 �4:47 �2:86 �3:06 1.35 1.41 1.59 1.33 0.74 1T9 9 �4:21 �4:32 �3:14 �3:15 1.07 1.17 1.59 1.48 0.74 0.85T10 10 �4:21 �4:36 �3:14 �3:17 1.07 1.19 1.59 1.44 0.74 0.89T11 11 �4:14 �4:37 �2:91 �3:20 1.22 1.16 1.66 1.43 0.67 0.9
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0.6

0.2

Vbi 1D
Vbi 2D

Voc, Vbi, eV

1 12

Number of thiophene units

111098765432Fig. 9. Open 
ir
uit voltage Vo
 and the built-in po-tential Vbi of the studied 
ompounds plotted as fun
-tions of the number of thiophene rings 
al
ulated usingEq. (1)number of rings) and slightly for the 
ompounds withn > 4. The LUCO energy de
reases strongly in therange 1 to 4 and slightly for n > 4.In material s
ien
e, band stru
ture has be
ome im-portant be
ause the band gap is one of the most im-portant fa
tors for 
ontrolling the physi
al properties ofsolar 
ells. The band gaps in 
onjugated polymers aregoverned by their 
hemi
al stru
tures. Their value 
anbe de�ned by the di�eren
e between the lowest bandenergy in the 
ondu
tion band and the highest bandenergy in the valen
e band.

1 1211102 3 4 5 6 7 8 9

Number of thiophene units
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Fig. 10. Polarizability of the studied 
ompounds plot-ted as a fun
tion of the number of thiophene rings
al
ulated using the time-dependent DFTFor 1D PBCs, the 
al
ulated band gap of the stud-ied 
ompounds de
reases gradually with in
reasing thenumber of rings from n = 1 to n = 10. In [45℄, itwas also noted that the energy gap de
reases as the
hain is elongated. The same observation was notedfor 2D PBC 
al
ulated band gap with the number ofrings from n = 1 to n = 6. When the ba
kbone ofa 
onjugated polymer is twisted, the � orbital overlapde
reases, resulting in a de
rease in the e�e
tive 
on-jugation length, whi
h is the 
ase of 
ompounds in the1163
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1 1211102 3 4 5 6 7 8 9Number of thiophene units1:52:53:54:5
2:03:04:0Ex
itation energy, eV

Fig. 11. Ex
itation energy of the studied 
ompoundsplotted as a fun
tion of the number of thiophene rings
al
ulated using the time-dependent DFT

1 1211102 3 4 5 6 7 8 9Number of thiophene units012
34Os
illator strengths

Fig. 12. Os
illator strengths of the studied 
ompoundsplotted as a fun
tion of the number of thiophene rings
al
ulated using the time-dependent DFTrange from n = 7 to n = 11. On the other hand, in-ter
hain intera
tions also have a strong e�e
t on theele
troni
 properties of 
onjugated polymers. Further-more, strong �-sta
king intera
tions lead to signi�
antshifts of the band gap. The size and dire
tion of theshift also depend strongly on the relative orientation ofneighboring 
hains [46; 47℄.The 
al
ulated band gaps are in the respe
tive range1.07�2.71 eV and 1.16�2.56 eV for 1D PBCs and 2DPBCs with the number of rings n > 1. The exper-imental in [48℄ give a value in the range 2.0�2.2 eV.Low-band-gap polymers (Eg < 2:0 eV) are desired forsolar 
ell appli
ation [49℄ be
ause the polymer 
an ab-

sorb more solar energy.The highest values are those obtained for themonothiophene, 4.45 eV for 1D PBCs and 4.31 eV for2D PBCs (Fig. 7). These values are redu
ed by 1.74 eVfor bithiophene and 2.2 eV for trithiophene. The 
al-
ulated values of mono-, bi-, and trithiophene are ap-proximately similar to those obtained in [50℄ (4.49 eV,2.93 eV, and 2.21 eV respe
tively).Theoreti
al studies of polymers generally extrap-olate oligomer properties to in�nite 
hain lengths[51; 52℄. In general, su
h an approa
h should be simi-lar to using the periodi
 boundary 
al
ulation approx-imation. The band gap for in�nite 
hains of polymers
an be determined by plotting band gaps in polymersagainst the inverse number N
 of the 
arbon atomsalong the 
onjugated 
hain and extrapolating this num-ber to in�nity a

ording to the linear equation [12℄Eg(N
) � aN
 + b (3)with b determined by linear regression.A

ording to the graph shown in Fig. 8, the bandgap is extrapolated to be 0.93 eV for 1D PBCs and0.88 eV for 2D PBCs.The maximum open-
ir
uit voltage (Vo
) of a solar
ell is related to the di�eren
e between the HOMO ofthe donor (our studied mole
ules) and the LUMO ofthe ele
tron a

eptor [53℄ (PCBM(C60) derivatives inour 
ase). Figure 9 shows that Vo
 in
reases with in-
reasing the number of rings, inversely to the variationof �, whi
h de
reases with in
reasing the number ofrings.The open-
ir
uit voltage Vo
 is related to the built-in potential denoted by Vbi, whi
h is primarily deter-mined by the relative energy gap between the HOMOof the donor and the LUMO of the a

eptor [54℄. Thebuilt-in potential Vbi a
ross a solar 
ell is usually de-s
ribed as an upper limit of the open-
ir
uit voltage ofthe 
ell under illumination. Their values are between0.67 and 2.07 for 1D PBCs and between 0.85 and 2.06for 2D PBCs.Due to the high symmetry of the 
ompounds 
orre-sponding to an even number of rings, the values of theele
tri
 dipole moment are very small. For an odd num-ber of rings, the values are 
lose to 0.62 D. Generally,orientations of the polymer 
hains are the most impor-tant parameters a�e
ting the ele
tri
 
harge transportproperties of polymers; the ele
tri
al 
ondu
tivity of apolymer 
hain is altered when its orientation and 
on-sequently its symmetry and nonisotropi
 intera
tionsare 
hanged [55℄.Values of polarizabilities and hyperpolarizabilities1164



ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015 PBE�DFT theoreti
al study : : :Table 2. Dipole moment �, polarizability �, hyperpolarizability �, ex
itation energy Eex, os
illator strengths f , wave-length �max, and LHE of the studied 
ompounds obtained by the time-dependent DFT using 1D and 2D PBCs. n is thenumber of thiophene unitsCompound n �, D �, eV �, arb. units Eex, eV f �, nm LHET1 1 0.62 1.85 21.08 4.35 0 284.83 0T2 2 0.0004 4.26 0.0028 3.47 0.43 357.00 0.63T3 3 0.63 7.47 501.38 2.85 0.84 434.36 0.85T4 4 0.0003 11.45 0.00002 2.49 1.28 497.39 0.94T5 5 0.63 16.05 1055.74 2.25 1.72 550.84 0.98T6 6 0.0006 21.14 0.74 2.08 2.14 596.67 0.99T7 7 0.58 28.25 2199.94 1.95 2.54 635.83 0.99T8 8 0.0002 32.33 0.27 1.85 2.93 669.04 0.99T9 9 0.63 38.25 1193.88 1.78 3.30 696.87 0.99T10 10 0.001 43.24 0.030 1.72 3.65 720.02 0.99T11 11 0.63 50.50 1172.24 1.67 3.99 739.58 0.99for all 
ompounds have been 
al
ulated and listed inTable 2. Based on Fig. 10, we 
an 
laim that withan in
rease of the number of rings, polarization valuesin
rease as well. An in
rease in the 
hain length of a
onjugated polymer (or the length of the �-
onjugatedsystem) in
reases the polarizability values of the poly-mer. It was shown in [56℄ that the bond length alterna-tion as a parameter related to the mole
ular stru
turestrongly a�e
ts the values of the linear polarizabilityand hyperpolarizability of organi
 
ompounds with de-lo
alized �-ele
tron systems.The ex
itation to the S1 state 
orresponds almostex
lusively to the promotion of an ele
tron from theHOMO to the LUMO orbital. The ex
itation ener-gies represented in Fig. 11 de
reases gradually as thering number in
reases. In the 
ase of the os
illatorstrength (Fig. 12), the absorption wavelengths arisingfrom the S0 ! S1 ele
troni
 transition in
rease pro-gressively with an in
rease in 
onjugation lengths. It isto be a�e
ted by the ele
tron-donating 
apability from�-
onjugation and heteroaromati
 groups [57℄.The theoreti
al absorption spe
tra presented inFig. 13 are 
al
ulated by using the time-dependentDFT approa
h. The maximum absorptions in UV/Visspe
tra are dominated by HOMO!LUMO � ! ��transitions. Furthermore, the absorption propertiesare an important fa
tor for appli
ations as a pho-tovoltai
 material, and a good photovoltai
 materialshould have broad and strong visible absorption 
hara
-teristi
s. The 
al
ulated wavelength �max of the stud-ied 
ompounds in
reases with in
reasing the 
onjuga-
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Fig. 13. UV/V is spe
tra of the studied 
ompoundsplotted as fun
tions of the number of thiophene rings
al
ulated using the time-dependent DFT
tion length (Fig. 14). This batho
hromi
 e�e
t is obvi-ously due to a higher mean 
onjugation length and tothe inter
hain ele
troni
 
oupling [58℄.LHE is a good indi
ator of the in
ident photon-to-ele
tron 
onversion e�
ien
y (IPCE). Figure 15 showsthat for n = 1 to n = 4, the LHE in
reases slightly.However, for n > 4, the LHE value remains 
onstant,being 
lose to 0.99. Therefore, the 
ompounds havingn > 4 give similar photo
urrent.1165
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Fig. 14. Wavelength �max of the studied 
ompoundsplotted as a fun
tion of the number of thiophene rings
al
ulated using the time-dependent DFT
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Fig. 15. LHE of the studied 
ompounds plotted as afun
tion of the number of thiophene rings 
al
ulatedusing Eq. (2)4. CONCLUSIONThis study is a theoreti
al analysis of the geomet-ri
al, opti
al, and ele
troni
 properties of various 
om-pounds based on thiophene, whi
h displays the e�e
tof the number of rings on the stru
tural and optoele
-troni
 properties of these materials. Theoreti
al 
al-
ulations of optimized stru
tures were performed us-ing the density fun
tional theory with periodi
 bound-ary 
onditions in one and two dimensions, where thePerdew�Burke�Eenzerhof formulation was used. The
al
ulated values of the HOCO, the LUCO, the gap

energy, and Vo
 of the studied mole
ules 
an give anidea on the possibility of e�
ient ele
tron inje
tion. Itwas also found that 
hanging the number of thiopheneunits 
an e�e
tively modulate the ele
troni
 and photo-physi
al properties of these 
ompounds. On the otherhand, opti
al properties of all 
ompounds were simu-lated using the time-dependent DFT with the B3LYPfun
tional 
ombined with the 6-31G (d; p) level of the-ory. The results show that this pro
edure of theoret-i
al 
al
ulations 
an be employed to predi
t the op-toele
troni
 properties of other 
ompounds, and fur-ther to design novel materials for organi
 solar 
ells.Furthermore, the PBC model demonstrates a powerfulapproa
h and 
an be used as a model system for un-derstanding the relation between ele
troni
 propertiesand mole
ular stru
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