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Abstract It is well known that photosensitizers play a vital role in the dye-sensitized solar cells (DSSCs). Understanding of
their structures and photophysical properties is necessary to enhance the photoelectric conversion efficiency of DSSCs. In this
work, a series of sensitizers [PcRu(RPy)(Py-COOH)] (Pc=phthalocyanine, Py=pyridine, R=COOH, CN, H, Me and OMe)
as well as their one- and two-electron oxidized derivatives have been investigated using density functional theory (DFT) and
time-dependent DFT. Their structural and spectroscopic properties were addressed. Full optimization demonstrates the ruthe-
nium center exhibits octahedral geometry with six nitrogen donors. One- and two-electron oxidation slightly shortens equato-
rial Ru-N bond lengths relative to neutral dyes, but lengthens their axial ones. The experimentally known RuPc-1 has been
calculated to evaluate performance of various functionals, basis sets, computational models of solvent effect and solvent
sorts. And the TD-BLYP/SDD/PCM/Ethanol approach was used for spectral calculation in the present work. The comparison
among calculated absorption spectra reveals that the neutral complexes are more suitable for photosensitizers in
dye-sensitized solar cells than their oxidized derivatives. Neutral dyes were calculated to display a strong Soret absorption
peak at 350 nm and a relatively weak Q band at 600 nm. They were assigned as intra-phthalocyanine t—m* transition and
Ru—Py-COOH metal-to-ligand charge transfer. As these dyes anchor to semiconductor photoanode by the carboxyl of axial
pyridyl group, their 7—7* transition has no contribution to the subsequent electron injection. Further association with above
ruthenium dyes missing absorption between 400~580 nm in visible region elucidates why DSSCs sensitized by them have
such a low overall conversion efficiency of photo to electricity. Building on the present results, it is suggested to fabricate a
sensitizer like [((COOH),-(Pc))Ru(L),], where anchoring carboxylic acids are bonded to equatorial Pc macrocycle and strong
electron-donating groups are axially introduced. With this arrangement, Ru center, donating L groups and Pc macrocycle
(high-lying 7 occupied orbitals) all serve as electron donors, while Pc ligand (low-lying ©* unfilled orbitals) and peripheral
carboxylic substituents behave as electron-accepting reservoir. This in-progress work is anticipated to design dyes that im-
prove the conversion efficiency of DSSCs.

Keywords Ru-phthalocyanine sensitizer; one- and two-electron oxidation; electronic spectrum; time-dependent density
functional theory (TD-DFT)
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Jefie ), BRE A DSSC H— P E L. A,
BATHR BT — RALE A RIIELE Ru A
[PcRu(RPy)(Py-COOH)](Pc A Fik7; Py Jntkie; R 43 Hi4%
#-COOH. -CN. -H. -Me fil-OMe), {&#/Fric A RuPc-n
(n=1~5), WK 1a. [, XPEf18. BB FERT A
YTV

1§11 Priroda F2/571 WAL &9 K Lo BT
FALAT DI LT E54, IR GGA-PBE 2 #& 75 11
4=H1¥ Gaussian(double-{ polarized quality)#&ZH. 15
b, FRATR A DY 4 54 Hl P AR AR Tk, BEJS I

698  http://sioc-journal.cn

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

R RuPc-n
n=1 R=COOH
n=2 R=CN
n=3 R=H
n=4 R=Me

? n=5 R=0Me

(@

Bl1 (a) FHEIBKHE RuBLA), (b) BUMALEDEH
Figure 1 (a) Calculated Ru-phthalocyanine complexes, and (b) sug-
gested complex [((HOOC)4-(Pc))Ru(NCS),]*~
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Table 1 Optimized geometry parameters of photosensitizers RuPc-n (n=1~5) as well as its one- and two-electron oxidized derivatives in the ground

state (Distances in angstrom and angles in degree).

Ru—N(1) Ru—N(2) Ru—N(3) Ru—N(4) Ru—N(5) Ru—N(6) a ' hy?
RuPec-1 2.006 2.006 2.006 2.006 2.093 2.093 180.0 90.0 90.0
[RuPc-1]* 2.002 2.002 2.002 2.002 2.120 2.120 180.0 89.9 89.9
[RuPc-1]** 1.999 1.999 1.998 1.998 2.138 2.138 179.9 89.8 89.8
RuPc-2 2.005 2.005 2.005 2.005 2.115 2.085 180.0 89.8 90.2
[RuPc-2]* 1.999 1.999 1.999 1.999 2.126 2.113 179.9 89.8 90.0
[RuPc-2]** 1.996 1.996 1.996 1.996 2.138 2.135 180.0 89.8 89.8
RuPc-3 2.005 2.005 2.005 2.005 2.112 2.086 180.0 89.8 90.2
[RuPc-3]" 1.999 2.000 1.999 1.999 2.125 2.112 180.0 89.8 90.0
[RuPc-3]** 1.996 1.997 1.996 1.996 2.139 2.133 180.0 89.7 89.8
RuPc-4 2.005 2.005 2.005 2.005 2.115 2.085 180.0 89.8 90.2
[RuPc-4]" 1.999 1.999 1.999 1.999 2.126 2.113 179.9 89.8 90.0
[RuPc-4]** 1.996 1.996 1.996 1.996 2.138 2.135 180.0 89.8 89.8
RuPc-5 2.005 2.005 2.005 2.005 2.124 2.082 179.9 89.7 90.3
[RuPc-5]" 1.999 1.999 1.999 1.999 2.131 2.112 179.9 89.8 90.1
[RuPc-5]** 1.995 1.996 1.995 1.995 2.139 2.135 180.0 89.8 89.9
¢ a1 =N(5)—Ru—N(6); * h; =N(5)-Ru-N(1)-N(2), 1, =N(6)-Ru-N(2)-N(1).
3.2 IHETIRAEE LC-BLYP #1 LC-wPBE), [l 5% 7 ¥ 1 4k 52 5!

4T RuPe-1(18] 1a) 2B 1 S50 MG i /1 SCik b A7
I, FATE S T RG-S RuPe-1 (1l 76k, AT
CHIVFZ 2, W5 Bz RJriE. R4, W
B BEFIRRSE . AR 18 R4 A5 n] REXT LR R T B
FEAE R, DRI, RS A ) S g AT LRV
Y ER I HITERE. KT TD-DFT PRig, 2202 st
F5I SUBR 2 pR(BLYP, PBE, PW91, BP86 fil HCTH)-.
JR % 2 B (SVWN) . 224632 ki (BH&HLYP. PBEL
A1 B3LYP)LL KB B B KRR IE7Z B (CAM-B3LYP,

(PCM Fil CPCM). ¥ 7 (H BEFD L) S 5 20 gk
ECPs(LanL2DZ #1 SDD). 33| IOLHEEH Gaussian
PRECEL, IETE(FWHM)SEh 035 eV. WK 2 B,
AT AR IZ bR IR 0 RSO G A 6k 25 5 ), i e A
FXPERE IR /N, Horf TD-BLYP 2 88 N AT 20
WG 5 S0 B A B DG iR o #EIE, gk 2 FdE R,
EMEBLYPIZ B, THS T RuPe-1 (155 50 A U4 11
LB 554 2.05 A1 3.96 eV, 55286 CL%11 2.00 AT 4.00
eV M54, Kk, TD-BLYP/SDD/PCM/Ethanol J7%:4%

£2 AEANIFEFEZ RS TV RuPe-1 WRBOG TG LA A RV 1) S 56 {F

Table 2 Calculated absorption of RuPc-1 with different density functionals, compared with experimental values

Functionals Q Band Soret Band

EleV A/mm il EleV A/mm 1

GGA BLYP 2.05 603 0.2415 3.96 313 0.1911
PBE 2.10 590 0.2487 4.00 310 0.1159
PWI1 2.09 592 0.2460 3.99 311 0.1214
BP86 2.10 591 0.2460 4.02 309 0.1211
HCTH 2.09 593 0.2430 4.01 310 0.1336

LDA SWVN 2.10 589 0.2391 3.99 311 0.2246

Hybrid B3LYP 2.17 571 0.2264 434 286 0.4048
PBE1 227 546 0.4252 4.06 305 0.2053
BH&HLYP 2.31 537 0.6194 431 288 0.3922

Long-range corrected CAM-B3LYP 233 533 0.5660 4.23 293 0.1484
LC-BLYP 2.24 554 0.6068 4.26 291 0.3823
LC-wPBE 2.29 541 0.5922 4.19 296 0.3668

Experiment“ 2.00 620 4.00 310

¢ Experimental values (mean) of complexes [(‘BusPc)Ru(Py-COOH)(Py-R)] (R=COOH, N(Ph);, NPh,, CN, OMe, Me) and [(‘BusPc)Ru(Py-R),] (R=Me, NH,,

NMe,, and NO,) from Ref.s [o=21L, 30]; b Oscillator strength (f).
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Figure 2 Simulated absorption spectra of experimentally obtained RuPc-1 with the variation of (a) density functionals (GGA, LDA, Hybrid and
Long-Range Corrected), (b) basis sets and different pseudopotentials, (c) solvation models, and (d) solvents
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Figure 3 Simulated absorption spectra in ethanol of (a) RuPc-n (n=1~5), (b) [RuPc-n]", (c) [RuPc-n]*", and (d) RuPc-1 and its oxidized derivatives.

# 3 RuPc-1 16 LB 98 43 U 43
Table 3 Calculated partial molecular orbital contributions (%) of RuPc-1 in ethanol

Orbitals Energy/eV Contributions % Ru Components/%

Ru Pc Py COOH
L+8 213 —1.204 3 94 3 0 2 (py)
L+7 212 —1.479 0 66 34 0
L+6 211 —1.682 0 30 70 0
L+5 210 —1.683 2 11 87 0
L+4 209 —1.738 5 94 0 0 4(s)
L+3 208 —2.837 15 43 30 12 6 (dy) 6 (dv2)
L+2 207 —2.837 15 43 30 12 7 (dy) 6 (d)
L+1 206 —3.061 0 43 41 15
LUMO 205 —3.062 0 43 41 15

HOMO-LUMO Gap

HOMO 204 —4.523 51 49 0 0 49 (d,2)
H—1 203 —4.663 0 100 0 0
H—2 202 —4.677 52 38 9 1 46 (d.) 2 (d?) 2 (dP)
H—3 201 —4.677 51 39 9 1 50 (dy)
H—4 200 —5972 0 99 1 0
H—5 199 —5.987 10 88 2 0 8(d,.)
H—6 198 —6.048 3 93 4 0 2(po 1(dy)
H—=17 197 —6.071 8 86 6 0 4 (px) 3 (dy)
H—38 196 —6.118 5 94 1 0 4 (p.)
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B H—2 FIH—3 A4 b+ AL, 7 R b
)8 Ru FIERH I, iy L+2 S b o 5 A TR A
Bl 1) (R PR LRI . 592 nm AR B H—1—L
M H—1-L+2 MERIT S M), X1 L+1 308, Pram
HL P o A AE BRI, DLk 600 nm [ Q 5
WU HLAT K5 BRI 1) s+ BRAT AT m(Pe)/Ru—Py-COOH
HA e A8 (IR A AT . IR, 2T 350 nm 2245 W
WU = B T AR IR N R mom* BRI SR, JE AR
LR RS, FRATTANIE, LE 2RO BH A H v Pl )
L I 5 P 5 1 b 1 1 402 1 S MO B AR B P . ot A2,
TENMSAER, AW RuPe-1 A HL T30 4642 v
T, SRR B0l 1) b e S A E iR A ] Rl 2L
BRI SR TR A R N B 3 AAO8 B R
s, WHFE T LA H, AUH n(Pc)/Ru—
Py-COOH BRI Bl i (1) FE 11 AN Da ik, 17 oy 48 50
I3RS IR N IR o T ) L 3 NV Dk, A

R4 UHHE RuPe-1 75 LA IR0 G 1S 1
Table 4 Calculated absorptions of RuPc-1 in ethanol

AYmm E'leV  f? Configuration |CI Coef.|>0.2
603 2.06 02410 H—3-L+2 0.37376
H—2-L+3 —0.37327
H—3-L+3 —0.25935
H—2-L+2 —0.25851
592¢ 2.09 02942 H—1-L+2 —0.49841
H—I1-L —0.28798
H—1-L+3 0.22897
370¢ 3.35 0.1027 H—I12-L+2 0.60593
344¢ 3.61 03651 H—1-L+9 0.36937
H—15-L —0.30709
H—7-L+3 0.22417
339¢ 3.65 0.2565 H—1-L+9 0.48950
H—2—-L+8 —0.33329
332¢ 3.73 03541 H—I15-L —0.37475
H—18—L+1 —0.30177
H—15-L+2 0.29313
H—7-L+3 —0.19924
313¢ 3.96 0.1120 H—15-L+2 0.39933
H—16—>L+3 —0.36217

“ Absorption wavelength (nm and eV); ° Oscillator strength (f); “ In the cases of
two degenerate transitions contributing to Soret band, only one is listed for
simplification.
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