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ABSTRACT

The intra-molecular charge transfer electronic transition in a series of D-z-A metal complexes dyes which could be
used as sensitizers in DSSCs have been studied utilizing the TD-DFT method. The structure of these dyes are shown
in figure 1, where different z-spacers (S) namely; benzene, furan, pyrrole and thiophene have been assigned. The
transition metals studied were Co(ll1), Ni(ll), Cu(l) and Zn(Il) and the acceptor part in the dye was taken as 2-
cyanoacrylic acid. The geometrical and electronic spectral properties of these dyes were calculated at the PBE/6-
31G level of theory in order to understand the mechanism of the intra-molecular charge transfer eectronic
transition taking place in these systems. It is found that the amount of charge transferred on going from the ground
state to the excited state (o°") depend on the type of the metal as well as the z-linker used. For all the z-spacers (S
the amount of g°' was found to increase in the order Co(I11) < Ni(ll) < Cu(l) < zn(ll) metal complex dyes. For
Co(l11) and Cu(l) complexes the thiophene z-spacer was found to be the best in enhancing the CT process while the
largest calculated value of g°" for Ni(11) and zZn(I1) complexes was found with the pyrrole moiety as the z-spacer.
Calculated descriptors of the charge transfer transition for all the studied dyes have been reported and discussed.

Keywords: DSSCs, Thiopheng-spacers, Light harvesting efficiency, TD-DFT, BPE

INTRODUTION

Molecular modeling through structural modificatioofsthe Da-A metal as well as metal free dyes, could strongly
help in enhancing their efficiency as sensitizer®5SCs. Metal complexes dyes, in particular Riebbasoved to
be the most efficient in solar—to—electrical powenversion. In fact, since the early pioneer wdrlOtRegan and
Gratzel [1-3] using Ru-based dyes as sensitizeBS8Cs, there have been a tremendous growth ofimygrdal as
well as theoretical investigations of the sensiitiraprocess of several organic and inorganic §4€g. It has been
concluded [4-6] that it is crucial to acquire a @ete understanding of the different processestpkilace in
DSSCs specially the electron transfer phenomeiragoove the performance of the photovoltaic devices

To develop efficient sensitizers for DSSCs with @mted electron transfer process at the interfacbeotlye with

the nanocrystalline semiconductor such as,daQarge number of experimental as well as themakttudies have
been performed [7- 50] and this research interast mever ceased to grow. The TD-DFT calculationshef

different electronic properties of metal and méted dyes proved to be a reliable tool for undediteg geometrical
as well as electronic spectral aspects of thesg ayesensitizers in DSSCs [10-19 , 35-50].
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For dyes of transition metal complexes the metdig@and charge transfer (MLCT) electronic transitigives rise to
an intense absorption band in the visible regidris Thcreases the efficiency of solar energy hdimgsand in turn
potential use of such dyes in DSSCs. The lightedrinterfacial electron injection process whentthasition metal
complex dye anchored on nanocrystalline J80rface has been theoretically described [4-680Akome indexes
analyzing the MLCT transition based on the variatiaf electronic charge densities as a result oftelaic
excitation were proposed [12-16]. These indexesndethe amount of charge transferred upon goingftbe
ground to the excited state and the associatedgehimanmolecular dipole moment. In addition , bantees of the
density depletion and the density increment zosesaated with the CT electronic transition andaksociated CT
length have been defined [12,13] and also an indeixh defines the overlap between the centroidsaudd be
used to test the performance of TD-DFT for the dpon of through space CT transitions. A discassof how
these indices derived from TD-DFT computed electtensity variations could be used to develop eittesv dyes
of metal complexes or new organic dyes for seraitim in DSSCs has been given[14-16].

In the present work, the above mentioned propo$2d ] indices have been calculated using TD-DFThoa: for
a series of Co(lll), Ni(ll), Cu(l) and Zn(ll) metalomplexes dyes having the sequence-®- as sensitizers in
DSSCs. The general structure of these metal corapleyes is given in figure 1 where thepacer group S is
changed from benzene (l) to furan (ll), pyrrolel)(land thiophene (V) to determine the effects bégen-
conjugating groups on the efficiency of these metahplexes dyes. The amount of charge transfemddlze CT
excitation length upon light absorption for eachtaheomplex dye have been calculated utilizing TBTDmethod
and the results obtained are reported and discussed
EE-E x
r

HOOC 00H

CALCULATIONS
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In the CT model proposed by Bahers, Amado and @i¢f2,13], the changes in the partial atomic ckarf\q;) as
a result of vertical excitation of the dye molecfrtam its ground state (GS) to the CT excited s(&®) are defined
for each atom (i) whose Cartesian coordinates»xqrg(and 2 and calculated as follows:

Ag; = qf° — qf° @)
=q; (if Ag >0)
=q; (if Ag<0)

It is necessary to note thgt is taken equal to zero g < 0 and similarly; is taken equal to zero ifg > 0.
The CT electronic excitation will thus result indwnain categories of atoms. The atoms which losetrnic
charge would have positive chargg Y upon excitation and the atoms which gain eledtroharge and would have
negative chargef) upon excitation. The amount of charge transfeimg@-molecularly can be calculated as

" =Yqf = 1%iq7 | 2)

Two barycenters corresponding to tjfeandg; functions have been defined [12,13] by the Caatesioordinates
of the starting and ending points of the chargasfer process as:

‘l"+ — (x+,y+,z+) — Zlqr#q:- (3)
o= (xy,a) = Mg )
Accordingly, the charge transfer distance is cal@ad as:
dT = |rt —r7| (5)
The change in dipole moment of the molecule asaltref the electronic excitation is:
ApCT = dCTqCT (6)

For a rod-like system in which the CT predominamdlies place along the x-axis, an index denotdd @sdefined
as:

H =1 ™

Whereos** is the root mean square deviation for the positiveegative components along the x- axis calcdlage

ot —xE)2
otr = [BALbEr? ®

Two centroids of charges.() and C(r) associated to the positive and negative demsifjons respectively were
defined for visualization purposes and a descrigteing the difference between the calculatéd ahd H denoted
as the t-index is defined [12,13] as:

t=dT—H ©)

A code developed [13,51] to calculate these dgmsibdel descriptors has been used in our calcalsti®ther
criteria determining the efficiency of the DSSC s light harvesting efficiency (LHE) of the seizang dyes
were also calculated as described before [50]. D¥IT and TD-DFT calculations were performed using3GO
package [52]. Optimum molecular geometry and tleetednic vertical excitation energies were caladatvithin
the framework of TD-DFT approach.

The PBE functional [53] was utilized and the solverffects were taken into account using the poddnliz
continuum model C-PCM [54-56]. The GQjenerated cube files at this level of theory fa gnound as well as
excited states were utilized as input data intodbde developed [13,51] to calculate the differ€rit transition
descriptors defined above in this section.

RESULTS AND DISCUSSION
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The calculated values of some selected geomeparameters for all the studied dyes are colleatethble 1. The
calculated average value of the metal-ligand nérogtom bond distance was found to be 1.8% all the
complexes

I Co(ll), 11 Co(llN), 1 Co(lll) and 1V Co(lll). For the complexes | Ni(ll),II Ni(ll) ,

11 Ni(Il) and IV Ni(ll) the average calculated w# of this bond distance was found to be O.@bile 1.9@ for

all the Cu(l) complexes and 2Dfr all the Zn(ll) complexes with spacers |, lll,and IV respectively. This

increase in the calculated value of this metalegién bond distance is consistent with the incréasan der Waals
radii of the metal ions.

The calculated values of the bond angles N2-M-N¥29-M-N35 , N2-M-N35 and N14-M-N29 for all the uslied
complexes indicated that the geometry around th&alemetal ion are more or less distorted tetraddesymmetry.

It was found that the p-bromo benzene ring in h# studied complexes is twisted out of the planehef
neighboring pyridine ringdll and®, shown in Fig 1) by a value averaged over all thdisd metal complexes equal
to 29.5. It is worth noting that the dihedral angles &hd ) reported in table 1 give the twist angle between t
planes of the two bi-pyridine ligands coordinatedhe metal ion. The average calculated valueloivas found to
be 71.9 and that of D2 was found to be 86.2his indicates that the two planes of the twgyaidine ligands in all
of the studied metal complexes are nearly perpetatic

Table 1. Selected optimized geometrical parameteof the studied metal complex Dyes.

Co(llly NIT(D) cu(l) Zn(lly
I m v I oo v I I m v I 1 m v

Complexes

Bond Distances (A)
187 189 187 187 189 189 189 190 195 195 195 195 204 202 202 203

M-N2 8 1 1 6 7 5 8 0 8 9 8 8 4 5 4 4
186 187 189 189 190 189 189 189 195 195 195 195 202 202 202 203
M-N14 6 6 1 1 3 6 9 7 9 9 8 8 6 5 4 6
189 188 1.88 187 189 189 189 189 195 195 195 195 203 202 202 202
M-N29 5 1 5 6 2 8 8 8 9 8 8 8 5 2 7 6
188 187 187 188 190 189 189 189 196 195 195 195 203 202 202 202
M-N35 1 4 7 4 2 8 9 6 0 8 9 9 0 2 8 5
146 146 146 146 146 146 146 146 147 147 147 147 148 148 1.48 1.48
C28-C34 6 4 5 6 3 4 3 4 4 6 5 6 8 8 7 8

Bond Angles (°)

8
5. 853 856 855 853 853 854 854 839 839 83H408 834 838 839 834
N2-M-N14 6
8
5. 855 854 853 853 854 853 854 839 839 840398 838 837 835 834
N29-M-N35 5
1
0 109. 107. 107. 107. 106. 106. 106. 123. 123. 123. 123. 119. 118. 118. 118.
7. 3 7 4 2 7 6 8 6 4 4 4 4 4 5 0
N2-M-N35 8
1
0 109. 110. 110. 106. 106. 106. 106. 123. 123. 123. 123. 120. 118. 118. 117.
9. 3 1 5 4 8 8 4 5 6 6 6 0 4 6 5
N14-M-N28 2
1
1 112, 113. 113. 113. 113. 113. 113. 114. 114. 114. 114. 116. 116. 116. 116.
2. 6 7 7 4 4 5 5 5 5 5 5 3 2 2 3
N2-C1-C13 3
1
1 112, 112. 113. 113. 113. 113. 113. 114. 114. 114. 114. 116. 116. 116. 116.
2. 2 4 5 3 4 3 3 5 4 4 4 4 0 2 0
N29-C28-C34 6
Dihedral Angles (°)
01 246 267 255 266 283 284 282 305 317 31.2.73 31.7 310 306 304 31
112
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02 2717 264 267 255 306 304 305 279 318 316183 318 307 309 312 30
03 30.1 1.9 1.9 11 325 2.3 1.4 34 318 102 0.0 2.82.5 2.7 0.5 0.3
04 30.3 4.3 0.7 1.0 30.7 2.4 15 4.1 319 98 0.0 2.82.0 2.8 0.5 0.2
D1 795 789 784 787 704 701 702 698 90.1 90.40.19 90.3 96.6 79.9 99.0 77.
o2 1(5)0. lL;IJ-l. lgl. lgl. 129. 129. lgg. l:éO. 899 896 899 897 824 lg)-O. 81.0 1(2JZ.

For a better understanding of the nature of thegehttansfer electronic transition in the studiegtahcomplexes as
sensitizing dyes in DSSCs the CT descriptors ddfinghe previous section have been calculatedrepdrted in
Table 2. The amount of charge transferred on gbig the ground to the excited stafé svas found to depend on
the type of the metal as well as théinker used.

Table 2 . Calculated Descriptors for the charge trasfer transitions of the studied metal complex dye

Dye or(€) | Dct(R) | por(Debye) | HAY) | A%)
[ (Co(Ill)) 0.443| 3.360 7.145 3.565| -0.205
II(Co(lll)) | 0.370| 2572 4571 3420 | -0.848
Il (Co(l)) | 0.442 | 3.934] 8.351 3.649 265
IV (Co(lll)) | 0.459| 3.871] 8.523 3521 0B
I (Cu(l)) 0.773| 3.826 14.193 3.56 0.2p6
I (Cu(l)) 0.587| 2.643  7.451 3.007 _ -0.3p4
11 (Cu(l)) 0.839| 3.530 14.208 3244 289
IV (Cu(l)) 0.924| 3469 15387 3.488  -0.019
[ (Ni(I) 0.718 | 2.307| 7.955 3.190 -0.883
I (Ni(I) 0.718 | 1.043] 3595 3.037 144
I (Ni()) | 0691 | 1.423] 4.718 3.1406 717
IV (Ni(l)) | 0.642 | 1.493| 4.601 3272 197
[ (Zn(ll)) 1.323| 7.301] 46.368 4.294 3.007
1T (Zn(ll)) 1.341| 5931 38.178 3.85] 20
I (Zn()) | 1.304 | 7.449] 46.626 4166 8@
IV (Zn(l)) | 1.301| 7.744] 48.343 4315 3047

For the Co(lll) complexes with the ligands | ,, llll and IV the calculatedq ranges from 0.38-0.46 (e). This
range is found to be higher for the Ni(ll) complssteeing 0.64-0.72 (e). The calculated values“far the Cu(l)
complexes and the Zn(ll) complexes lie in the ranfe&9-0.92 (e) and 1.30-1.34 (e) respectivelye Tdrgest
calculated value of 4 among the four complexes of each metal ion benzgyreole, furan and thiophenelinkers
was found to increase in the order Co(lll) < Ni@l)Cu(l) < Zn(ll) complexes. For Co(lll) and Cu@@mplexes the
thiophener-linker between the metal and 2-cyanoacrylic aciceator group , was found to be the best in enhgnci
the CT process where the calculatéd galues were found to be ~ 0.46 e and ~ 0.92 eHese complexes
respectively (Table 2). On the other hand the Etrgalculated value of°q for Ni(ll) and Zn(ll) complexes was
found with the pyrrole moiety as thelinker between the metal and 2-cyanoacrylic acideator group. Its
calculated values were found to be ~ 0.72 (e) a&d (e) respectively. As mentioned above the catedl values of
q°" for Zn(ll) complexes range 1.30 -1.34 (e) foe fourn-spacers used. The difference is only 0.04 (e) whic

not a determining factor. However, this is an ureetpd overestimation of the amount of charge tearesd upon
electronic excitation (the“q descriptor). This unphysical larg&'cqcalculated value (~ 1.30 e) could be related ¢o th
accuracy of the sampling of the density over a fir&].

The calculated CT length which is the distance ketwbarycenters {§ did not show a systematic trend with
respect to the type of thespacer assigned. The order of increase or decdegmnds only on the type of metal ion
and not ther-spacer group. The largest calculated CT lengttClaill) complex was calculated to be ~3.90 A with
thiophene as well as furan as thepacer. For Ni(ll) complexes the largest calcula® length was found to be
2.30 A with benzene moiety as thespacer. For Cu(l) complexes the calculated lardissance was found to be
3.83 A with also the benzene moeity as thepacer. For the complexes of Zn(ll) the two ceadsavere found to
be much more extended over the molecule so thdathest calculated CT distance was found to beuatig to
7.74 A with thiophene as thespacer.

On the other hand the calculated change in moledifemle moment upon going from the ground to tReited
state |I" (Table 2) showed a more or less systematic tréhd. highest calculated value of"\for all the metal
complexes was found with the thiophene moietyhasttspacer except for Ni(ll) complexes where the leaez-
linker have given the highest calculated palue. The calculatedfivalues showed the trend thiophene > furan >

113
Available online at www.scholarsresearchlibrary.com




Ahmed A. Hasaneinet al J. Comput. Methods Mal. Des., 2015, 5 (4):109-119

benzene > pyrrole for the Co(lll) , Cu(l) and Hpn( For Ni(ll) complexes the trend was found te imore or less
the same, being benzene > furan > thiophene »lgywhere benzene and thiophene have exchangetbposiis
worth noting that different atomic charge modelsreviested [13] and it is found that the differerudedipole
moments between the ground and excited statesepasduced by most approaches used [13], howevatamic
charge model was fully satisfactory for reproduding distance. Furthermore it has been concludgltiiat for the
more complex DSSC dyes the different partial atochiarge models used were able to provide CT pasm#iat
were systematically on the density reference spmé. above discussed variations of calculat€damd & for the
different metal complexes as thespacer is changed from benzene to pyrrole, furahthiophene moieties are
shown in (Fig 2) and the computed centroids whilsbws the spatial extent of the overlap between thesity
depletion and the increment regions are also shiowkFig 3, where the extents of spatial proximityvbeen the
donor and acceptor parts of the different dyesstigated are shown.

(a)

1.6
1.4
1.2 Co(ll)
1
‘:.j 0.8
S — e Nii(1l)
0.6
0.4 Zn(1l)
0.2
0
Benzene Pyrrole Furan  Thiophene
10
8
Co(ll)
< 6
< cu(l)
o 4

\/_ —Ni(ll)
2 \ Zn(l)

Benzene Pyrrole Furan  Thiophene

Fig2. (a) Calculated amount of Charge transfred (qCT)
(b) Calculated Charge transfer distance (IBr)
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Fig. 3. PBE/6-31G Computed differences in totalensity for the ground and excited statesA[p (r)], graphical representation of

Dcr, and centroids of charge (C+/Q for all the studied metal complex dyes in THF asolvent.

Comparison between the calculatéd ahd H values for the studied metal complex dyesvsdathat for nearly all
the n-spacers investigated and in most of the Co(IIfj Aii(I) metal complex dyes the calculate™ dalues were
found to be smaller than the calculated H valuestii@ other hand for Cu(l) and Zn(ll) metal comptiyes the
calculated 8" values are larger than the calculated H valuess@&Hindings points out the presence of a through-
space charge transfer in these dyes. The indeont @ could also be used to feature the extethrofugh-space
character of a given electronic transition. It Heeen pointed out [12] that a value t > 1.6 A dadiés that a
potentially problematic transition for standard G@wd hybrid functionals.

The absorption band wavelengih,{), oscillator strength (f) and main electronic ¢aons contributing for the
first three absorption bands for all the studiedaheomplex dyes were calculated by the TD-DFT rodthnd the
results are reported in Tables (3,4). All the stddilyes have an intense band corresponding tanttemolecular
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CT absorption band. The electronic excitation whighs found to have the main contribution to the miotense
absorption band for all the systems studied waeddo originate from the (HOMO) , (HOMO-1) or tHigilOMO-
2) levels tothe LUMO level.

Table 3. Calculated Emax), Oscillator strength (f) , main excitation and Ight harvesting efficiency for Co(lll) and Cu(l) dyes calculated
by TD-DFTmethod.

metal | spacer| Amax (NM) Main Excitation f LHE
2875.3 HOMO to LUMO (0.7072) 0.051¢ 0.1116
| 2750.5 HOMO-2 to LUMO (0.7068) 0.0006  0.0014
1944.1 HOMO-1 to LUMO(0.6632) 0.133D 0.2638
2581.9 HOMO to LUMO(0.6866) 0.045p  0.0995
1l 2157.3 HOMO-1 to LUMO(0.5685) 0.047)7  0.1040
Co(lll) 1856.5 HOMO-3 to LUMO(0.6107) 0.201jL  0.37Q6
2736.6 HOMO to LUMO(0.7121) 0.053p 0.1147
1] 2011.0 HOMO-1 to LUMO(0.6099) 0.0988 0.2035
1838.7 HOMO-2 to LUMO(0.6614) 0.098P  0.2034
2713.5 HOMO to LUMO(0.7107) 0.053p 0.1149
v 1969.9 HOMO-1 to LUMO(0.4951) 0.074L  0.159
1854.5 HOMO-2 to LUMO(0.5426) 0.152¢  0.2940
816.0 HOMO to LUMO (0.6741) 0.000p  0.0000
| 711.3 HOMO-1 to LUMO+1 (0.6734) 0.0000  0.00p0
660.7 HOMO-1 to LUMO (0.5826) 0.582p  0.73§7
803.8 HOMO-1 to LUMO (0.6203) 0.000p  0.0000
1l 730.3 HOMO to LUMO+1 (0.6196)| 0.000p  0.0000
cu(l 658.7 HOMO to LUMO (0.5771) 0.614p 0.7571
883.0 HOMO to LUMO (0.6954) 0.000p  0.00¢40
1 771.9 HOMO to LUMO+1 (0.7061)| 0.000p  0.0000
686.1 HOMO-1 to LUMO (0.6148) 0.482p 0.67(8
943.3 HOMO to LUMO (0.7001) 0.000p  0.00¢0
v 852.8 HOMO to LUMO+1 (0.7063)| 0.000p  0.0000
725.8 HOMO-1 to LUMO (0.6300) 0.426[L 0.6291

Table 4. Calculated Emax), oscillator strength (f) , main excitation and Ight harvesting efficiency for Ni(ll) and Zn(Il) dy es calculated
by TD-DFTmethod.

metal | spacer| A max (NM) Main Excitation f LHE
1041.4 HOMO to LUMO (0.6787) 0.037B  0.0823
| 974.1 HOMO-1 to LUMO (0.5535) 0.0188 0.0424
872.6 HOMO-2 to LUMO (0.6076) 0.006p 0.0142
1140.3 HOMO to LUMO (0.6923) 0.0486 0.10%9
Il 1059.0 HOMO-1 to LUMO (0.6162) 0.0292  0.06%0
Ni(ll) 932.0 HOMO-2 to LUMO (0.5868) 0.0150L  0.0342
1078.1 HOMO to LUMO (0.6884) 0.045p  0.0988
1] 981.0 HOMO-1 to LUMO (0.5588) 0.021p  0.0485
923.0 HOMO-2 to LUMO (0.5731) 0.014p 0.0317
1073.5 HOMO to LUMO (0.6883) 0.050B 0.1094
\% 979.1 HOMO-1 to LUMO (0.5624) 0.022p  0.0498
921.4 HOMO-2 to LUMO (0.5779) 0.014p 0.0328
513.5 HOMO to LUMO (0.7066) 0.0008  0.00Q7
| 508.1 HOMO-1 to LUMO (0.7065) 0.000b 0.0012
461.2 HOMO-1 to LUMO+1 (0.6916) 0.2018 0.37¢9
533.2 HOMO to LUMO+1 (0.6880)| 0.000B 0.0018
Il 519.9 HOMO-1 to LUMO+1 (0.6889) 0.0008 0.0018
Zn(l) 498.0 HOMO to LUMO (0.6469) 0.205¢4 0.3748
546.2 HOMO to LUMO (0.7070) 0.0008  0.00Q7
1] 540.3 HOMO-1 to LUMO (0.7070) 0.000¢  0.0009
464.1 HOMO-1 to LUMO+1 (0.5883) 0.299D0 0.49f7
562.5 HOMO to LUMO (0.7071) 0.000p  0.00Q5
\% 556.2 HOMO-1 to LUMO (0.7071) 0.000p  0.0005
480.5 HOMO-2 to LUMO (0.5934)| 0.141B 0.27]7
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The light harvesting efficiency (LHE) for all theuslied dyes have been calculated using the follgwigquation [57,
58]

LHE =1 - 10" (10)
especially for the calculated most intense absamptiand. The calculated LHE values are summariaetiables
(3,4). The results showed that the Cu(l) complexiéis the pyrrole moiety as thespacer has the highest calculated
LHE value, being ~ 0.76. The lowest LHE calculatedue was found to be 0.08 for the Ni(ll) complexhwv
benzene as thelinker. The Zn(Il) complex with furan-linker has a calculated LHE value of 0.5 while®f8r the
Co(lll) complex with pyrrole as tha-spacer group. Thus the order of calculated LHRieslis increasing as
Cu(pyrrole) > Zn(furan) > Co(pyrrole) > Ni(thiophen For the Cu(l) and Co(lll) complex dyes the oldted LHE
values are corresponding to the electronic exoitati (HOMO-1)— LUMO while HOMO — LUMO for the
Ni(Il) complexes, and finally to the (HOMO-1» (LUMO+1) excitation for the Zn(ll) complex dyes.

CONCLUSION

1- The amount of charge transferred on going frieenground state to the excited staf&)(was found to depend on
the type of ther-linker used as well as themetal. For all the spansed  increased in the order Co(lll) < Ni(ll)
<Cu(l) < Zn(ll) metal complex dyes. For Co(lllhé Cu(l) complexes the thiophendinker between the metal
and the 2-cyanoacrylic acid acceptor group , feamd to be the best in enhancing the CT processrev
thecalculated ¢ values were found to be ~ 0.46 e and ~ 0.92 ¢hiese complexesrespectively. On the other hand
the largest calculated value df'cfor Ni(ll) andzn(ll) complexes was found withetipyrrole moiety as thelinker
between themetal and 2-cyanoacrylic acid acceptarpy The calculated values of 'dorzn(ll) complexes range
from 1.30 -1.34 (e) for the fourspacers used. Thisunexpected overestimation adrti@int of charge transferred
upon electronicexcitation could be related toabeuracy of the sampling of the density over a fir&].

2- No systematic trends are found in the calculatddes of G" with respect to thetype of thespacer assigned ,
however the calculated “[ivalues showed thetrend thiophene > furan > benzepyrrole for the Co(lll) , Cu(l)
and Zn(Il) complexes . The trend was found to loeenor less the same for Ni(ll) metal complexesdpebenzene
> furan > thiophene > pyrrole . This could be retato the previous finding [13] that no atomic regamodel was
fully satisfactory for reproducing the distance .

3- The order of calculated LHE values is increagiadCu(pyrrole) > Zn(furan) > Co(pyrrole) > Ni@phene). For
Cu(l) and Co(lll) complex dyes the calculated LHElues are corresponding to the electronic excitatio
(HOMO-1) —» LUMO while HOMO — LUMO for the Ni(ll) complexes and Finally to théed©QMO-1) —
(LUMO+1) excitation for the Zn(ll) complex dyes.
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