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Microwave Synthesis of Porphyrin and Napthalocyanine and

Application for Dye—sensitized Solar Cell

Seung Yup Jeon

Department of Polymer Engineering, The Graduate School,

Pukyong National University

Abstract

In this study, porphyrin derivative and naphthalocyanine derivat
ive with vanadium oxide were synthesized by using microwave.
So that absorption region of solar energy was increased, titaniu
m oxide impregnated mixtures of synthesized dyes and N719 co
uld be take more efficient dye—sensitized solar cell (DSC). In det
ail, porphyrin with chloro, bromo, tert-butyl, methoxy as derivati
ve was synthesized by using microwave method. Vanadyl porphy
rin derivative was synthesized with porphyrin and vanadyl sulfat
e. Naphthalocyanine with tert-butyl derivative and vanadium oxid
e was synthesized. Synthesized dyes were confirmed by 'H-NM
R, FT-IR, and their optical character were measured by UV-Vis
spectroscopy. DSC used mixtures of dyes and N719 was made.

But dyes didn't impregnate titanium oxide chemically, DSC of mi

- viii -



xture of dyes was not measured. If it was used dyes with carbo

xylic acid, it expect good properties.

Keyword: porphyrin, naphthalocyanine, dye-sensitized solar cell

microwave
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2-1. Porphyrin
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(1) Porphyrin (2) Chlorin (3) Isobacteriochlorin

(4) Tetrahydrocorphin (5) Corrin

Figure 1. Common core structure of porphyrin analogues.
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E @ SN
propionic acid '
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Figure 2. The synthesis of porphyrin synthesis by method of
Rothemund & Lindsey.
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Figure 3. Typical synthetic method of porphyrin.
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Figure 4. To be continued
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2-2. Naphthalocyanine

2-2-1. Phthalocyanine

-
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2-2-2. Naphthalocyanine
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~ SN\ A NF
\ NH N= =N HN /
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Figure 5. Structure of (a) phthalocyanine and (b) naphthalocya
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2-3. Microwave
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Figure 6. Microwave induced green synthesis.
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A NN

Absarber palar

Selective
Absorher{Mixed)

Figure 7. Behavior of microwave in the material: (a) transpare
nt (nonpolar polymer, low-loss insulator and ceramic
s), (b) reflect (conductor polymer, metal and conduct
or materials), (c) absorber (polar polymer, dielectric
ceramics, FeO, ZrO,, SiC etc.) and (d) selective abso
rber (matrix = low loss materials and fiber/particles/

additives = absorbing materials).
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2-4. Dye-sensitized Solar Cell (DSC)
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Figure 8. A schematic representation of the structure and com

ponents of dye-sensitized solar cell.
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Figure 9. Working principle of dye-sensitized solar cell (TCO:
transparent conductive oxide).
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Figure 10. The schematic diagram of microwave system.
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3-2. =2 =4

Lz e g2 Alold o] A olli= o-xylene (Junsei, 98.5%), 2-chloro-2
—-methylpropane (Across, 98%), aluminium(Ill) chloride anhydrous
(Junsei, 98%), N-bromosuccinimide (Fluka, 95%6), carbon tetrachlo
ride (Duksan, 99.5%), 2,2-azobisisobutyronitrile (Junei, 98%), fuma
ronitrile (TCI, 98%), sodium iodide (Junsei, 99%), N,N-dimethyl
formamide (Duksan, 99.5%), vanadium(I) chloride (Aldrich, 9
7%), copper(Il) chloride (Aldrich, 97%), quinoline (Junsei, 9
5%)& ET AA glo] ALEstA Tt E=23] 2 A oA = propio
nic acid (Aldrich, 99.5%), N,N-dimethylformamide (Duksan, 99.
5%), vanadium(IV) oxide sulfate hydrate (Aldrich, 97%), 4-chl
orobenzaldehyde (Fluka, 98%)E 2+ AA glo] AF&3ldt. =
3t benzaldehyde (Aldrich, 99%), 4-Methoxybenzaldehyde (Aldr
ich, 98%), 3-Bromo-benzaldehyde (Aldrich, 97%), 4-tert-butyl
benzaldehyde (Fluka, 97%), pyrrole (Aldrich, 98%)-2 aluminum
oxides ©l-&3F 3to] AHS AMEsto] AASta wiz ARESES]
o B A A el AR&gE Al Foll A titania paste=+= Ti-n
anoxide HT/SP%, W& Zuw2+% Pt-Catalyst T/SP, A& =
+ lodolyte R-50, % HEA 82+ TCO22-15, 7+ 9%
2+ Ruthenium 535-bisTBAE solaronixAlol| 4] F-ulj gl 1)
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3-4. 4E5AEH HIEHA &A AR

3-4-1. TiO, =¥
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Figure 11. Composition of TiO; layer of DSC.
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3-4-3. €8 A

5) 100me o= &

=
1)
AL =

i (g, SRR

95 20mgs A &

Cleaning

Eoom Temperature, 24 h
Figure 12. The schematic diagram of sensitizer impregnation.
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3-4-4. 983 AfE &9 F

Figure 139} 2o] ds7h 39 fela Pt 29d el v
g 9x fdste] ¥ #e 3

FHA skl Aol hot melt HEA| =
g o] EY FH o R Jodolyte R-50 73

H27)%, Pt 2R 29
4 goe F9sm ds AR

Ceunter electrode with platinum layer

L (+)

(—)—|

Sealant
Working electrode with TiO,

Figure 13. Cross-section of assembled dye solar cell showing

sealing rim.
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3-5. Porphyrin®] &4

3-5-1. 5,10,15,20-tetraaryl porphyrin® 34

100 me 17 5 =229 pyrrole 20 mmol (1.37 g)¥} benzald

ehyde %A 20 mmolS Y3l & ulZA] propionic acid 10 mE F

=

=

oyl ZetAas AMxs & 500WE 537F ZAste] wh&skolct.
L =z ]

HFS RS WA 284 100 (S U8 T B

T &
e B8ttt g9 77] §945= 3d 275 ol&st &
| S SWAlZ] F column chromatography (aluminum oxide, chl
oroform)E ©]-&3to] AHA|sto] 33 Benzaldehyde®t 4-m
ethoxybenzaldehydeE =% B4 & A FAst= HAFole Wt
SES Wws] dste] AAst AAA dE dxste] 35l
, °]l= 99 H A3 column chromatography S ©]&3lo] A A

alo] 3 Fetelth o599 FAAAL Figure 149 YERHATHI

=

5, 10, 15, 20-tetraphenyl porphine (1a)

Yield: 2096, color: purple crystal
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IR (em™): 3317, 3054, 3025, 2954, 2913, 1811, 1596, 1557, 1472, 144
1, 1400, 1350, 1220, 1176, 1154, 1071, 1001, 979, 965, 87
6, 849, 798, 731, 700, 657, 621
UV-Vis Am (nm): 418, 445, 516, 551, 590, 647 (in CHCly)
'H-NMR (400MHz, CDCl):
§ = =277 (s, 2H, Hyyw), 7.72 (m, 12H, Hyy), 820 (dd, 8H, H,y), 8.8
4 (s, 8H, Hym)

5, 10, 15, 20-tetrakis(4-t-butylphenyl) porphine (2a)

Yield: 9%, color: purple crystal

IR (em™'): 3317, 2959, 2923, 2855, 1474, 1463, 1397, 1362, 1350, 126
7, 1217, 1195, 1187, 1153, 1108, 1022, 993, 981, 967, 80,
848, 805, 791, 760, 736

UV-Vis Amax (nm): 421, 450, 519, 554, 593, 649 (in CHCI3)

"H-NMR (400MHz, CDCls):

& = =273 (s, 2H, Hpyw), 1.16 (s, 36H, Hyuy) 7.74 (d, 8H, Hpn), 8.1

4 (d, 8H, Hp), 887 (s, 8H, Hyyr)

5, 10, 15, 20-tetrakis(4-chlorophenyl) porphine (3a)

Yield: 9.6%, color: purple crystal

IR (cm'): 3319, 2955, 2923, 2853, 1592, 1557, 1488, 1472, 1394, 135
0, 1255, 1221, 1213, 1189, 1175, 1159, 1092, 1015, 993, 98
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3, 966, 946, 854, 844, 795, 757, 728

UV-Vis Amx (mm): 419, 449, 516, 551, 590, 647 (in CHCly)

'H-NMR (400MHz, CDCl):

§ = -2.86 (s, 2H, Hyw), 7.73 (d, 8H, Hy), 811 (d, 8H, H,), 8.83
(s, 8H, Hyym)

5, 10, 15, 20-tetrakis(3-bromophenyl) porphine (4a)

Yield: 1.3%, color: purple erystal

IR (em™'): 3322, 2955, 2920, 2851, 2346, 1589, 1558, 1464, 1401, 134

6, 1157,-1090, Q78025 TS T80, 730,713, 705, 639

UV-Vis Amax (nm): 419, 448, 515, 530, 590, 646 (in CHCIl3)

"H-NMR (400MHz, CDCL):

& = -289 (s, 2H, Hyyw), 762 (t, 4H, Hyn), 7.94 (d, 4H, Hp), 8.14
(d, 4H, Hyn), 8.37 (s, 4H, Hp), 8.86 (s, 8H, Hyyr)

5, 10, 15, 20-tetrakis(4-methoxyphenyl) porphine (5a)

Yield: 12.996, color: purple crystal

IR (cm'): 3318, 2954, 2922, 2852, 1584, 1557, 1487, 1474, 1390, 134
9, 1222, 1212, 1186, 1178, 1098, 1070, 1012, 992, 982, 96
6, 841, 798, 786, 796, 728

UV-Vis Amax (nm): 420, 450, 516, 551, 591, 649 (in CHCI3)

"H-NMR (400MHz, CDCl):
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& = -2.87 (s, 2H, Hyr), 7.88 (d, 8H, Hyn), 8.05 (d, 8H, Hu), 883

(S, 8H, prn")
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Figure 14. The synthetic scheme of 5,10,15,20-tetraaryl porphy

rim.
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3-5-2. Vanadyl porphyrin®] 34

250 mé 17+ S Z2+2=29 porphyrin (1a-5a) 0.5 mmol¥} N,N
~dimethylformamide 60 m(E FHstA Tk vle]a=2s} 4 Ao

rEEo] FYE EokaaE AXAZ § 560WER 1L FARshaL

&
r]I.
oo
i
flo
>

to

(0]
fr
0%
i)
"
=
Rl
ol\
il
+
o
()
=
.
Y
iR
_0|L
2
o%
o3

phy (aluminum oxide, chloroform)& o] &3le] HFE7S H g

ATH38].

5, 10, 15, 20-tetraphenyl porphine vanadium(IV) oxide (1b)

Yield: 77.6%, color: vermilion crystal

IR (em'): 2956, 2919, 2870, 1733, 1487, 1440, 1378, 1337, 1204, 117
5, 1070, 1004, 806, 750, 725, 702, 662, 623

UV-Vis Amax (nm): 424, 547 (in CHCl3)

5, 10, 15, 20-tetrakis(4-t-butylphenyl) porphine vanadium
(IV) oxide (2b)
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Yield : Don't clearly separated, color: vermilion crystal

IR (em'): 2057, 2923, 2854, 1473, 1464, 1397, 1377, 1362, 1350, 126
7, 1194, 1108, 1082, 1070, 1023, 1003, 993, 980, 966, 847,
805, 791, 737

5, 10, 15, 20-tetrakis(4-chlorophenyl) porphine vanadium(IV)

oxide (3b)

Yield : Don't clearly separated, color: vermilion crystal

IR (em™'): 2955, 2922, 2851, 1593, 1484, 1394, 1338, 1207, 1176, 109
1, 1004, 966, 851, 803, 724

UV-Vis Amax (nm): 425, 547 (in CHCla)

5, 10, 15, 20-tetrakis(4-methoxyphenyl) porphine vanadium

(IV) oxide (5b)

Yield : Don't clearly separated, color: vermilion crystal

IR (em'): 2955, 2922, 2851, 1483, 1390, 1337, 1207, 1178, 1071, 100
5, 966, 801, 724

UV-Vis Amax (nm): 425, 547 (in CHCl3)
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R =1b: H, 2b: 4-fert-t-butyl,
3b: 4-chloro, 5b: 4-methoxy

Figure 15. The synthetic scheme of vanadyl porphyrin.
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3-6. Napthalocyanine®] 34

3-6-1. 4-tert-butyl-1,2-dimethylbenzene (6a)¢] A
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gl
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Yield: 43%, color: colorless liquid
H-NMR (400MHz, CDCl):
& = 1.38 (s, 9H, Hpuy) 2.30 (s, 3H, Hmetny), 2.34 (s, 3H, Hmewny1), 7.
13 (d, 1H, Hy), 7.20 (d, 1H, Hy), 7.24 (s, 1H, Hyn)
GC-MS (m/e): 162 (22%), 147 (100%), 119 (37.6%), 107 (18.8%),
91 (14.4%), 77 (6.8%)
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Crushed ice

NaOH aqueous
zolution trap

Figure 16. The schematic diagram of alkylation synthesis.
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Figure 17. The schematic diagram of steam distillation.
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Figure 18. The schematic diagram of fractional distillation.
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3-6-2. 4-tert-butyl-1,2-bis(dibromomethyl)benzene (6
b)el ¥4

500ml 17+ S Z2f~=9) 6a 18 g (0.1 mole)S WA il N-b
romosuccinimide 76.8 g (041 mole)S T3t S 24 carbon te
trachloride 150 m(E ARE3&}Ith &850 W7 Z8}~3E hot pla

te ‘ﬂoﬂ ’éﬂé}_ﬂ, _1_]’_‘{]_]‘3]—13&/\-] %_HH7]_ 3}

S
)
H
it
N
12
_0|L
e
N
_\7:1
off

Al UV-BREZE ARE8te] 24 AIZbech UVds ZAlel FUth

Yield: 6596, color: white crystal

H-NMR (400MHz, CDCL):

& = 1.33 (s, 9H, Hpuey) 7.09 (s, 1H, Hmety), 7.17 (s, 1H, Hmetny1), 7.

37 (dd, 1H, Hpn), 7.60 (s, 2H, Hpn)

IR (em'): 3053, 3012, 2963, 2921, 2869, 1731, 1606, 1565, 1555, 150
4, 1465, 1406, 1364, 1318, 1275, 1235, 1214, 1151, 1134, 9
30, 894, 835, 790, 796, 682, 646

GC-MS (m/e): 401, 397, 318, 237, 143
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3-6-3. 6-tert-butyl-2,3-naphthalenedicarbonitrile (6¢)
o9 ¥4

500m¢ 17+ &<+ Z8f239 6b 31.86 g (60 mmol), fumaronitrile

525 g (66 mmol)¥} sodium iodide 60.5 g (400 mmol)S F 3L

£1jE N,N-dimethylformamide 300 mZ AF&3tich 70 CTE #

g Fg2xol REEEC] FYH E923E 8 AbEt wdAlA
0

t}. sodium sulfite 100 g2 =< =& 12 23 42

Yield: 65%, color: ivory—-white crystal
H-NMR (400MHz, CDCl):
& = 143 (s, 9H, Hpuy) 7.88 (m, 2H, Hpypn), 791 (m, 1H, Huapn), 8.3
0 (d, 2H, Hpan)
IR (em'): 3062, 3039, 2955, 2907, 2873, 2230, 1983, 1845, 1830, 180
8, 1727, 1682, 1624, 1597, 1495, 1479, 1460, 1411, 1397, 1
384, 1365, 1318, 1282, 1262, 1216, 1202, 1175, 1099, 1082,
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1024, 949, 925, 905, 839, 759, 725, 692, 660, 636
GC-MS (m/e): 234, 219, 191, 165
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me._ /s

CH. C
3 t-butyl chloride /
» HC
AlCI
CHs CH;

o-xylene 6a
NBS, hv
ATEN
ol
HSC\C/CHS CN % \C/CHS CHBr
2
/ Fumaromtrile /
HiC < H;C
ITal, DME
CN CHBr,
6¢ &b

Figure 19. The reaction scheme of 4-tert—butyl-1,2-dimethylb
enzene (6a), 4-tert—butyl-1,2-bis(dibromomethyl)b
enzene (6b) and 6-tert-butyl-2,3—naphthalenedicarb

onitrile (6¢).
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3-6-4. Vanadyl 2,11,20,29-tetra-tert-butyl-2,3—naphth

alocyanine (6d)<] ¥4

100 M 17 & 28239 6¢c 098 g (4 mmol), vanadium(I)
chloride 0.32 g (2 mmol), quinoline 5 m¢¢} DBU (1,8-Diazabicyclo
[54,0]-undec-7-ene) 2 mE g2 FYsla, WHSEo] FYdHE =
2235 vlolARy FXo] Wi 190 CellA 0%z W& =S
AT g=S WA 712 methanol= Al M spH A 2t

Aaata I F, FE

N

Az AZA A Axd e EL
column chromatography (silica gel, chloroform)E ©]&3%}o] &

2] AAAAA 3 =3t }ATH40].

Yield: 729, color: dark green crystal

IR (em™'): 3055, 2957, 2907, 2868, 1733, 1626, 1504, 1461, 1368, 135
8, 1331, 1318, 1271, 1259, 1206, 1163, 1143, 1100, 1083, 1
004, 947, 903, 811, 748, 724

UV-Vis Amax(nm): 329, 358, 423, 449, 726, 766, 813 (in CHCI3)

H-NMR (400MHz, CDCl):

& = 1.88 (s, 36H, Hpuy) 8.10~879 (m, 20H, Huapn)
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WVanadium( I} chloride

[ CI
/
H;C Cuinoline, DETI
e
CH

Figure 20. The reaction scheme of vanadyl 2,11,20,29-tetra—ter
t-butyl-2,3-naphthalocyanine (6d).
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4-1. Porphyrins &4 2%

4-1-1, 7z 24

3-4 AoA 4% porphyrins® vanadyl porphyrinse] FT-IR =

glet i, 3a%t da= 717 paraZe] e} orthozbg] ol x187]7F A&
AL Fagd = Ak T3 XIVR tert-butyl71S 717 2a9]
d5- & = 1.16001 4 methyl”] 49 paraztz]ol 2277} = AS

gAed = ANY. 2 Y methoxy”]1E 7F 5a] 4% § = 0~3
Atelell Al 2T A7E gle 3R ERIFa, IR ~FEFgA =
10667+ 1071414 YEh= C-0 3=2E g1 F Ao N-H
a3z EAsta O-H =27k fls 3oz 3

=

'H-NMR9] AFM %= -OHo| w2 F2 3



Z  methoxy”7]ol4] methyl Hi&% tE Zoz HIH A7
hydroxy 7] obd A& &<l & 4 AUAth Porphyrins (la~5a)°]
= -2 olgle] ¥=A FHL ¥ =9 FA N-H7| &

(N-H)dlel A o] o] #as= Jor% T NFux g
N-H7} EA5te glez S8 + sidth wehr, a&o] 28w
vanadyl porphyrins (1b~5b)¢] 7% 3300 cn '3 =7} AlgA &
Ao BhtbFoR % 1000 cn ' 419 Va7t A7)E A B2

T AATH42].

=
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1a
=
2
N
e
R
2
) 2a
<
1 3a
4000 3000 2000 1000
Wavenumber (CM-1)
g 4a
=
e
R
S
2
< Sa
4000 3000 2000 1000

Wavenumber (Cm-1)

Figure 21. IR spectra of the synthesized porphyrins (la-5a).
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[=]
02 [ = ¥ iITaY. w f r/
a k1 '
1
n 3b ' |
<
1 5b WY W
4000 3000 2000 1000

Wavenumber (cm-1)

Figure 22. IR spectra of the synthesized vanadyl porphyrins
(1b-5b).
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Table 1. FT-IR of porphyrins (la-5a) and vanadyl porphyrins

(1b-5hb).
Sample Wavenumber (cm ')
la 3318 (N-H streching)
(R=H)
2a 3317 (N-H streching)
(R=4-tert-butyl)
3a 3319 (N-H streching)
(R=4-chloro)
4a 3324 (N-H streching)
(R=3-bromo)
2 3319 (N-H streching)
(R=4-methoxy)
1b
Mo 1004 (N-V)
2b -
(R=4-tert-butyl) 1004 NV
3b
(R=4-chloro) 1005 (N-V)
5b 1005 (N-V)

(R=4-methoxy)

64



4-1-2. BH £A
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_/_J\J\ Sa
5
: _——j\/\
5 4a
-~
2 3a
=
< AR 2a
_’—J\/\ 12.
300 400 500 600 700
Wavelength (nm)
L 5a
=
« 4a
= A
2 \/ \ - T = 11 - 3a
< 2a
la
450 500 550 600 650 700

Wavelength (nm)

Figure 23. UV-Vis absorption spectra of porphyrins (la-5a)

in chloroform.
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//\\ —~ 5b
|
//\\ il 1b
300 400 500 600 700
Wavelength (hm)

Absorbance

Figure 24. UV-Vis absorption spectra of vanadyl porphyrins
(1b-5b) in chloroform.
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Table 2. UV-Vis absorption peaks of porphyrins (la-5a) and
vanadyl porphyrins (1b-5b).

Sample Wavenumber (cm ')
la A18,) 445, 516,551, 590, 647
(R:H) ) ) ) ) )
2a
(R=4-tert-butyl) 421, 450, 519, 554, 593, 649
3a
(R=4-chlotd) 419, 449, 516, 551, 590, 647
4a
(R=3-bromo) 419, 1448, 515, 550, 590, 646
Ha
(R=4-methoxy) 420, 450, 516, 551, 591, 649
1b
(1D 424, 547
3b
(R=4-chloro) 425, 547
5b 425, 547

(R=4-methoxy)
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300 400 500 600 700

Wavelength (nm)

Figure 25. The change of UV-Vis absorption spectra of porph
yrin (4a) and vanadyl porphyrin (3b) with irradiatio
n time of UV-B lamp in chloroform.
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4-2. Naphthalocyanine 34 23}

4-2-1. 7 B4

3-5 Aol A AFAE (6b-6¢)F} vanadyl naphthalocynine
(6d)°] FT-IR ~FE#HS Figure 2601 YERHSATE IR dlo]Ef ol A
= 6b9 A% 1235 ean! (C-BnE BES 6cE 2231 ean' (C=N)
S 283 6dE 1004 am ' (N-V)E elstoza whgo] Atz o
ol AL & = Uk 622 ASdE 'H-NMREW #A4S 3
a9om 6bst 6cel ASolE 'H-NMRAS dolelst 7271 4
| AA s chik 6de) A4S pERR 2ol 9=t sl W
© 93 P2 delsith ol ERFE Aol de] 2] g

of &dstA FeluA xKstar Sfo] @ FHE SASA7] ol

[‘2

o

1

6d2] UV-Vis & ~HEHS Figure 279 YERHA A, 6d2] F
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= 6¢
(=9
1
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17,]
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Figure 26. IR spectra of the 6b, 6¢c and 6d.
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Absorbance

300 400 500 600 700 800 900
Wavelength (nm)

Figure 27. UV-Vis absorption spectra of Vanadyl 2,11,20,29-te
tra—tert-butyl-2,3-naphthalocyanine (6d) in chlorofo

rm.
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Figure 28. FE-SEM micrographs of surface of TiO: coated

glass.
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Figure 29. Optical transmittance spectra of

TiO2 impregnated with dye.
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Figure 30. Photocurrent-voltage curve of a solar cell with the

N719 sensitizer.
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