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A. Taula de Fotosensibilitzadors

257





 

Porficens 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

9-capronyloxytetrakis(methoxy-

ethyl)porphycene 

CPO 

 

L1210 FRET - RE(MIT) 

LIS S1 

235,342 

P388 FM - MIT 343 

L1210 FM - RE 344 

HaCaT 

SCL1 
FM - LIS 345 

SCL2 FM - LIS 345 

1c1c7 FM - MIT 346 

tetra-n-propylporphycene 

TPrPo 

 

SSK2  FC 
DPPC 

DOPC 
MEM OTH S2 167 

hydroxyethyl-tri(propyl)porphycene 

 

SSK2 FC 
DPPC 

DOPC 
MEM OTH S3 167 

9-acetoxy tetra-n-propyl 

porphycene 

9-ATPrPo 

 

SSK2 FC 
DPPC 

DOPC  
MEM OTH S4 167 

9-acetoxy-2,7,12,17-tetra( -

methoxyethyl)-porphycene 

ATMPo 

 

HaCaT FM - LIS (MIT) 

LIS S5 

347 

SCL1 SCL2 FM - LIS (MIT) 347 

N1 FM - LIS (MIT) 347 

HaCaT CLSM - MIT 307 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

23-carboxy-24-

(methoxycarbonyl)benzo[2,3]-

7,12,17-

tris(methoxyethyl)porphycene 

 

SSK2 FC 
DPPC 

DOPC 
MEM OTH S6 167 

Tetraphenylporphycene 

TPPo 

 

HeLa 

A-549 
FM DPPC LIS 

LIS S7 

118, 348 

HeLa FM DPPC LIS, MC 349 

9-hexyl-2,7,12,17-

tetra(methoxyethyl)porphycene 

HTMPo 

 

HaCaTSCL1 

SCL2 
FM - LIS MIT S8 345 

9-nonaoyloxy-2,7,12,17-

tetra(methoxyethyl)porphycene 

NTMPo 

 

HaCaTSCL1 

SCL2 
FM - LIS LIS S9 345 

3-sulfonamide-N-methyl-1,6-hexyl-

N’-trimethyl-ammonium-2,7,12,17-

tetra-n-propylporphycene 

PS6A 
 

NPC/CNE-2 CM - MIT LIS S10 342 

3-sulfonamide-N-methyl-1,6-hexyl-

N’methylamine-2,7,12,17-tetra-n-

propylporphycene 

PS6 
 

NPC/CNE-2 CM - DIF MIT S11 342 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

N,N’-methylene-4-morpholine-

2,7,12,17-tetra-n-propylporphycene 

PcM 

 

P388 FM - MIT MIT S12 350 

N,N’-methylene-1,4-piperazine-bis-

(2,7,12,17-tetra-n-

propylporphycene) 

PcD 

 

P388 FM - MIT MIT S13 350 



 

Porfirines 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Hematoporphyrin 

Hp 

 

C6 CLSM - DIF, LIS 

LIS S14 

195 

V79 CLSM - DIF, LIS 195 

MGH-Ul FM - DIF 351 

Hematoporphyrin Derivative 

HpD 
estructura desconeguda 

V79 SF - MIT (LIS) 

indefinit S15 

233 

L-cells SSE - LIS 233 

RB230AC SSE - RE (MIT) 233 

Polyhematoporphyrin 

PHp 
estructura desconeguda RIF-1 FM - DIF indefinit S16 290 

31,81-bis[3-amino-3-

carboxypropylthio]mesoporphyrin 

 

C6 CLSM - DIF OTH S17 293 

13,17-bis[3-(2-

(dimethylamino)ethylamino)-3-

oxopropyl]-2,7,12,18-tetramethyl-

3,8-divinylporphyrin 

 

C6 CLSM - MIT 

MIT S18 

195, 293 

V79 CLSM - MIT 195 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

13,17-bis[3-(2-

(diethylamino)ethylamino)-3-

oxopropyl]-2,7,12,18-tetramethyl-

3,8-divinylporphyrin 

 

C6 CLSM - MIT MIT S19 293 

Protoporphyrin IX 

PPIX 

 

Gf SF - MIT 

OTH S20 

233 

NCTC 2544 FM - 
MEM, LIS, 

MC 
352 

B16 FTMS - 
MIT, RE, 

MC 
353 

RIF-1 FM 

- 

MePEG500 

PCL4100 

 

MC 

 

354 

Hematoporphyrin diethylether  

 

C6 CLSM - DIF OTH S21 293 

3,8-bis[2-ethoxyethyl]-13,17-bis[3-

(2-(diethylamino)ethylamino)-3-

oxopropyl]-2,7,12,18-

tetramethylporphyrin 

 

C6 CLSM - MIT MIT S22 293 

         



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

31,81-bis(2-

morpholinoethylthio)mesoporphyri

n 

 

C6 CLSM - CIT(LIS) 

LIS S23 

293 

POVD N.D. - LIS 128 

13,17-bis[3-(2-

(dimethylamino)ethylamino)-3-

oxopropyl]-2,8,12,18-tetramethyl-

3,7-bis[1-(2-

morpholinoethylthio)ethyl]porphyri

n  

C6 CLSM - MIT(LIS) 

MIT S24 

293 

POVD N.D. - CIT 128 

31,81-

bis(carboxymethylthio)mesoporphy

rin 

 

C6 CLSM - DIF OTH S25 293 

3,8-bis[1-(3-(2-

(dimethylamino)ethylamino)-3-

oxopropylthio)ethyl]-13,17-bis[3-

(2-(dimethylamino)ethylamino)-3-

oxopropyl]-2,7,12,18-

tetramethylporphyrin   

C6 CLSM - MIT 

MIT S26 

195 

V79 CLSM - MIT 195 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

3,8-bis[2-pentyloxyethyl]-13,17-

bis[3-(2-

(diethylamino)ethylamino)-3-

oxopropyl]-2,7,12,18-

tetramethylporphyrin 

 

C6 CLSM - LIS MIT S27 293 

31,81-dimethoxymesoporphyrin 

dimethylester 

 

C6 CLSM - DIF, LIS 

MIT S28 

195 

V79 CLSM - DIF, LIS 195 

31,81-(2-

ethoxyethoxy)mesoporphyrin 

 

C6 CLSM - DIF 

OTH S29 

195 

V79 CLSM - DIF 195 

3,8-bis[1-(ethoxyethoxy)ethyl]-

13,17-bis[3-(2-

(dimethylamino)ethylamino)-3-

oxopropyl]-2,7,12,18-

tetramethylporphyrin 

 

C6 CLSM - MIT(LIS) 

MIT S30 

195 

V79 CLSM - MIT 195 

         



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

31,81-bis(2-nitrosoethylthio)-

mesoporphyrin 

 

C6 CLSM - CIT 

MIT S31 

195 

V79 CLSM - CIT 195 

3,8-bis[1-(2-nitrosoethylthio)ethyl]-

13,17-bis[3-(2-

(dimethylamino)ethylamino)-3-

oxopropyl]-2,7,12,18-

tetramethylporphyrin  
 

C6 CLSM - MIT 

MIT S32 

195 

V79 CLSM - MIT 195 

2,4-( , -

dihydroxyethyl)deuteroporphyrin 

IX tetrakiscarborane carboxylate 

ester  

BOPP 

 

C6 CLSM - MIT MIT S33 355 

5,10,15,20-tetrakis(1-

decylpyridinium-4-yl)-21H.23H-

porphine tetra-bromide 

 

HeLa EM - MIT MIT S34 356 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

meso-tetra(4-N-

methylpyridyl)porphyrin 

TMPyP 

 

HeLa EM - MC 

OTH S35 

356 

HeLa 

Murine carcinoma 
FM - LIS 357, 358 

HeLa 

D532 

H2T 

FM - NUC 

291, 359, 

360, 361, 

313 

HeLa FM - LIS 358 

meso-tetra(1-sulfopyridinum-4-

yl)porphyrin 

TPPS 

 

HeLa EM - DIF OTH S36 356 

Tetraphenyl([4-aminobutyl]7-

chloroquinoline) 

propioamidoporphyrin 

TPPQ 

 

Human fibroblasts FM LDL LIS LIS S37 362 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

3,1-meso-tetrakis(o-

propionamidophenyl)porphyrin 

3,1-Tpro 

 

R3230AC ENZ Cremophor EL MIT MIT S38 291, 363 

meso-tetra-hexylpyridyl porphyrin 

 

D532 MSF - CIT, LIS MIT S39 291, 360 

31,81-bis[2-

(dimethylamino)ethoxy]mesoproph

yrin 

 

C6 CLSM - CIT 

MIT S40 

195 

V79 CLSM - CIT 195 

Uroporphyrin I 

Uro 

 

Hex SF - LIS OTH S41 233 

         



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Mococationic porphyrin 

MCP 

 

L1210 FM - MEM (CIT) 

MIT S42 

350, 364, 

365 

P388 FM  MEM 350, 364 

RIF FM  MEM 317 

meso-tetra(3-

hydroxyphenyl)porphyrin 

3-THPP 

 

V79 FM - LIS OTH S43 366 

Diphenyl-di(4-

sulfonatophenyl)porphine 

TPPS2a 

 

V79 
SF 

FM 
- LIS 

OTH S44 

366 

NHIK 3025 EM - LIS(CIT) 308 

meso-tetra(4-

sulfonatophenyl)porphine 

TPPS4 

 

NHIK 3025 FM - LIS(NUC) 

OTH S45 

308 

NHIK 3025 EM - NUC 233 

V79 
SF 

FM 
- CIT 366 

CT26 
SRI 

FM 
- LIS 367 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Triphenyl-mono(4-

sulfonatophenyl)porphine 

TPPS1 

 

CT26 
SRI 

FM 
- AG 

LIS S46 

367 

NHIK (3025) FM - DIF 252, 308 

NHIK (3025) EM - DIF 233 

20-(2-carboxyethoxy)-5,10,15-

triphenyl-21,23-dithiaporphyrin 

 

R3230AC CLSM - DIF(MIT) OTH S47 179 

5,20-(2-carboxyethoxy)-10,15-

triphenyl-21,23-dithiaporphyrin 

 

R3230AC CLSM - MIT OTH S48 179 

5-(4-PEGphenyl)-10,15,20-

triphenylporphyrin 

 

HEp2 FM - RE, MIT MIT S49 177 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

5,10-di(4-PEGphenyl)-15,20-

triphenylporphyrin 

 

HEp2 FM - RE, MIT LIS S50 177 

5,10,15-tri(4-PEGphenyl)-20-

triphenylporphyrin 

 

HEp2 FM - LIS LIS S51 177 

5,10,15,20-tetra(4-PEGphenyl) 

porphyrin  

 

HEp2 FM - LIS LIS S52 177 

Benzoporphyrin derivative 

monoacid 

BPD 

 

L1210 N.D. - MIT, RE MIT S53 235 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Benzoporphyrin derivative 

monoacid ring A 

BPD-MA 

 

NHIK 3025 N.D. - CIT MIT S54 234, 252 

Lutetium texaphyrin 

Lutex 

 

 

L1210   LIS 

OTH S55 

235 

EMT6 CLSM - LIS 368 

1c1c7 FM - LIS 346 

HaCaT FM DPPC LIS 346 



 

Ftalocianines 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Aluminium phthalocyanine 

tetrasulfonate 

AlPcS4 

 

NHIK (3025) FM - LIS, MEM 

LIS S56 

252, 371, 

369 

V79 FM - LIS, MEM 
252,  305, 

369 

LOX CLSM - LIS 291 

KB FM  LIS 136 

KB FM POPC LIS 136 

KB FM DPPIsC LIS, CIT 136 

RR 1022 CLSM PBS MEM 370 

Aluminum phthalocyanine 

trisulfonate 

AlPcS3 

 

LOX CLSM - LIS 

LIS S57 

291 

KB FM - LIS 136 

Aluminum phthalocyanine 

disulfonate 

AlPcS2 

 

NHIK (3025) FM - LIS, MEM 

LIS S58 

371 

V79 FM - LIS, MEM 371 

LOX CLSM - DIF, LIS 371 

KB FM - MC 136 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Chloroaluminium phthalocyanine 

disulfonate 

AlPcS2b 

 

KB FM - MC OTH S59 136 

Aluminum phthalocyanine 

monosulphonate 

AlPcS1 

 

NHIK (3025) FM - CIT 

OTH S60 

371 

V79 FM - CIT 371 

LOX CLSM - CIT 291 

KB FM - MC 136 

Zinc(II) phthalocyanine 

ZnPc 

 

4R FM - AG(MIT) 

MIT S61 

372 

Pam212 FM DPPC MIT 373 

A-549 FM DPPC AG 
118, 331, 

374 

MS-2  DPPC AG 291 

p 53-deficient 

HeLa 
FM DPPC AG 375 

HeLa FM DPPC AG 376 

         



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Phthalocynine Pc4 

Pc4 

 

L1210   MIT, RE 

MIT S62 

235 

L5178Y-R CLSM - 
MIT, AG, 

LIS (LIS) 
377 

PC-3 CLSM - MIT 378 

A431 CLSM - MIT, RE, AG 379 

Pyridinium zinc [II] phtalocyanine 

Zn-PPC 

 

RIF-1 FM - LIS 

LIS S63 

290 

RIF-1 FM - LIS(NUC) 380 

Tetraglycine zinc [II] phtalocyanine 

TGly 

 

RIF-1 FM - LIS LIS S64 290 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Tetradioctylamine zinc [II] 

phthalocyanine 

TDOPc 

 

RIF-1 FM - LIS LIS S65 290 

Ethynyl-trisulfonated zinc 

phthalocyanine 

ZnPcS3C2 

 

EMT-6 CLSM - MC MIT S66 381 

Hexynyl-trisulfonated zinc 

phthalocyanine 

ZnPcS3C6 

 

EMT-6 CLSM - MIT MIT S67 381 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Nonynyl-trisulfonated zinc 

phthalocyanine 

ZnPcS3C9 

 

EMT-6 CLSM - MIT MIT S68 381 

Dodecynyl-trisulfonated zinc 

phthalocyanine 

ZnPcS3C12 

 

EMT-6 CLSM - MC MIT S69 381 

Hexadecynyl-trisulfonated zinc 

phthalocyanine 

ZnPcS3C16 

 

EMT-6 CLSM - MIT LIS S70 381 

         



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Trisulfonated zinc phthalocyanine 

ZnPcS3 

 

EMT-6 CLSM - MIT MIT S71 381 

Zinc 2,10,16,24-

tetra(trimethylammonio)phthalocya

nine 

ZnPcA1 

 

HeLa 
FM 

EM 
- MIT MIT S72 320 

Zinc 2,10,16,24-

tetra(hexyldimethylammonio)phthal

ocyanine 

ZnPcA6 
 

HeLa 
FM 

EM 
- MIT MIT S73 320 

Zinc 2,10,16,24-

tetra[(trimethylammonio)methoxy]p

hthalocyanine 

ZnPcE1 

 

HeLa 
FM 

EM 
- MIT MIT S74 320 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Zinc 2,10,16,24-tetra[3-

(hexyldimethylammonio)propoxy]p

hthalocyanine 

ZnPcE6 

 

HeLa 
FM 

EM 
- MIT MIT S75 320 

2,10,16,24-

tetrasulfonatephthalocyanine 

TSPC 

 

RIF-1 FM - LIS(NUC) MIT S76 380 

meso-tetra(N,N-bis(2-

hydroxyethyl)sulfamoyl)phthalocya

nine 

TDEPC 

 

RIF-1 FM - AG, CIT OTH S77 380 



 

Clorines 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Etiobenzochlorin monosulfonate 

EBCS 

 

L1210 FM - MEM OTH S78 382 

Etiobenzochlorin 

EBC 

 

L1210 FM - LIS MIT S79 382 

Tin etiobenzochlorin monosulfonate 

SnEBCS 

 

L1210 FM - MEM OTH S80 382 

Tin etiobenzochlorin  

SnEBC 

 

L1210 FM - LIS MIT S81 382 

         



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Mono-L-aspartyl chlorin 

NPe6 

 

L1210 

CHO-K1 

 

FM - LIS 

LIS S82 

344, 383 

1c1c7 FM - LIS 346 

Ethylene diamine chlorin e6  

EDA-e6 

 

HeLa SFM - MEM OTH S83 384 

LISyl Chlorin p6 

LCP 

 

1c1c7 FM - LIS 

MIT S84 

346 

P388 FM - LIS 350 

L1210 FM - LIS 330 

9L FM - 
MIT, AG, 

RE (CIT) 
392 

Lysyl Chlorin p6 triester 

LCP2 

 

L1210 FM - LIS MIT S85 330 

 

 

 

        



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

5,10,15,20-tetra(m-

hydroxyphenil)chlorin 

m-THPC (foscan) 

 

L1210 FM - RE 

OTH S86 

235, 385 

HT29 FM PBS MC 387 

NPC/HK1 

NPC/CNE2 
CLSM DMF MIT 386 

P388   MIT 343 

M1 CLSM - MIT 388 

JCS CLSM - MIT 388 

Colo 201 CLSM - LIS 389 

RIF-1 FM - DIF 290 

HT29 FM - DIF 387 

MCF-7 CLSM - RE, AG 390 

Lysyl chlorin imide 

LCI 

 

L1210 FM - MIT, MC MIT S87 330 

Dicationic ketochlorin 

DCKC 

 

P388 FM - MEM OTH S88 364 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Chlorin e6 

Ce6 

 

MGH-U1 CLSM  
MEM, MIT, 

NUC 
OTH S89 391 

Chlorin e6 polystyrene 

 

MGH-U1 CLSM 
Polystyrene 

microspheres 
LYS MIT S90 391 

Benzobacteriochlorin_16 

 

RIF C3H/HeJ FM - MIT MIT S91 173 

Benzobacteriochlorin_17 

 

RIF C3H/HeJ FM - MIT MIT S92 173 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Benzobacteriochlorin_18 

 

RIF C3H/HeJ FM - MIT MIT S93 173 

Benzobacteriochlorin_19 

 

RIF C3H/HeJ FM - MIT MIT S94 173 

Benzobacteriochlorin_20 

 

RIF C3H/HeJ FM - MIT MIT S95 173 



 

Purpurines 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 

Vehiculitzaci

ó 
Localització Predicció** ID Referència 

Tin etiopurpurin  

SnET2 

 

P388 FM - MIT, LIS 

MIT S96 

350 

L1210 FM - LIS, RE 384 

Tin octaethylpurpurin amadine 

SnOPA 

 

P388 FM - 
CIT, MEM, 

LIS, MIT 
OTH S97 237 



 

Feofòrbids 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

2-(1-hexyloxyethyl)-2-devinyl 

pyropheophorbide-a 

HPPH 

 

L1210 

 
  RE OTH S98 235 

2-[1-propyloxyethyl]-2-

devinylpyropheophorbide-a 

Pyropheophorbide C3 

 

FaDu FM - MIT MIT S99 305 

2-[1-pentyloxyethyl]-2-

devinylpyropheophorbide-a 

Pyropheophorbide C5 

 

FaDu FM - MIT MIT S100 305 

2-[1-hexyloxyethyl]-2-devinylpyro-

pheophorbide-a 

Pyropheophorbide C6 

 

FaDu FM - MIT 

MIT S101 

305 

RIF FM - LIS 305 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Aggregated 2-[1-hexyloxyethyl]-2-

devinylpyropheophorbide-a 

Pyropheophorbide C6 

 

RIF FM - MIT indefinit S102 305 

2-[1-heptyloxyethyl]-2-

devinylpyropheophorbide-a 

Pyropheophorbide C7 

 

FaDu FM - MIT MIT S103 305 

2-[1-octyloxyethyl]-2-

devinylpyropheophorbide-a 

Pyropheophorbide C8 

 

FaDu FM - LIS LIS S104 305 

Aggregated 2-[1-octyloxyethyl]-2-

devinylpyropheophorbide-a  

Pyropheophorbide C8 

 

FaDu FM - MIT indefinit S105 305 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

2-[1-decyloxyethyl]-2-

devinylpyropheophorbide-a 

Pyropheophorbide C10 

 

FaDu FM - LIS LIS S106 305 

Aggregated 2-[1-decyloxyethyl]-2-

devinylpyropheophorbide-a  

Pyropheophorbide C10 

 

FaDu FM - MIT indefinit S107 305 

2-[1-dodecyloxyethyl]-2-

devinylpyropheophorbide-a 

Pyropheophorbide C12 

 

FaDu FM - LIS LIS S108 305 

Aggregated 2-[1-dodecyloxyethyl]-

2-devinylpyropheophorbide-a 

Pyropheophorbide C12 

 

FaDu FM - MIT indefinit S109 350 



 

Nom Estructura molecular Línia cel·lular 
Mètode de 

detecció 
Vehiculització Localització Predicció** ID Referència 

Pyropheophorbide-a methyl ester 

MPPa 

 

NCI-h446 CLSM - MC OTH S110 311 

 

 

* Les localitzacions principals s’indiquen en negreta, seguida de les localitzacions secundàries. En cas de produir-se relocalització, s’indica l’orgànul destí 

entre parèntesis. 

** Els FS sobre els quals no s’ha pogut aplicar el mètode de classificació es mostren amb com indefinit.  

 

 

 

Nomenclatura emprada: 

 

 AG aparell de Golgy 

 CIT citoplasma 

 DIF localització difosa 

 LIS lisosomes 

 MC membranes nuclears 

 MEM membrana cel·lular 

 MIT mitocondri 

 NUC nucli 

 OTH altres localitzacions subcel·lulars 

 RE reticle endoplasmàtic 



 

 

 DOPC dioleoyl phosphatidylcholine 

liposome 

 DPPC dipalmitoyl phosphatidylcholine 

liposome 

 DPPIsC 1,2-di-O-(Z-1’-hexadecenyl)-sn-

glycero-3-phosphocholine 

liposome 

 ENZ Inhibition of mitochondrial 

enzymes 

 LDL low density lipoprotein, 

lipoproteïna de baixa densitat 

PC/Chol  phosphatidylcholine and 

cholesterol 

 PLA poly(D,L-lactide) nanoparticle 

 PLGA poly(D,L-lactide-coglycolide) 

nanoparticle 

 POPC palmitoyl-oleoyl 

phosphatidylcholine liposome 

 

 

 CLSM Confocal Laser Scanning 

Microscopy 

 CM Confocal Microscopy 

 EM Electron Microscopy 

 FC Flow Cytometry 

 FM Fluorescent Microscopy 

 FRET Fluorescence resonance Energy 

Transfer 

 FTMS Fourier Transform Multipixel 

Spectroscopy 

 MSF Microspectrofluorometry 

 SF Subcellular Fractionation 

 SSE Studies of Sensitizing Effects 

 

 1c1c7 Murine hepatoma 

 4R Rats embryo fibroblasts 

 9L Brain tumor 

 A431 Human epidermoid carcinoma 

 A-549 Human lung adenocarcinoma 

 B16 Mouse melanoma 

 C6 Mice glioma 

 chok1 Chinese hamster ovary K1 

 CNE2 Nasopharyngeal carcinoma 

 colo201 Human colon carcinoma 

 CT26 Colon carcinoma 

 D532 Human skin fibroblast 

 EMT6 Mammary tumor 

 FaDu Human  hypopharyngeal 

carcinoma 

 H2T  Hamster pancreatic tumor 

 HaCaT Human keratinocyte 

HCT-116  Human colon carcinoma 

 HeLa  Human epithelial carcinoma 

 HEp2 Human  epidermoid carcinoma 

 Hex Rats hexachlorobenzene-fed 

 HT29 Human  colon adenocarcinoma  

 JCS Myeloid leukemia 

 KB Human nasopharyngeal cancer 

 L1210 Murine leukemia 

 L5178Y-R Mice lymphoma 

 LLC Lewis Lung Carcinoma 

 LOX Human melanoma 

 M1 Mouse myeloid leukemia 

 MCF7 Human breast cancer 

 MGH-U1 Human bladder cancer 

 MS-2 Fibrosarcoma 

 NCI-h446 Human lung carcinoma 

 NCTC-2544 Human keratinocyte 

 NHIK Human cervical carcinoma 

 NPC/CNE-2 Human squamous cell 

carcinoma 

 OAC Human oesophageal 

adenocarcinoma 

 P388 Murine leukemia 

 Pam 212 Murine keratinocyte 

 PC-3 Human prostate cancer 

 POVD Human lung cancer  

 R323AC Rats adenocarcinoma  

 RB230 Mammary adenocarcinoma 

 RIF-1 Fibrosarcoma 

 RIF-SA Fibrosarcoma with induced 

resistance to photofrin 

 RR1022 Rat sarcoma 

 SC1 Human squamous cell 

carcinoma  

 SC2 Human squamous cell 

carcinoma  

 SSK2 Murine fibrosarcoma 

 V79 Chinese Hamster lung 

fibroblast 

 Gf Mice griseofulvin-fed  

 Colo-26 Murine colon carcinoma 

 CHO Chinese Hamster ovary 
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Synopsis

In this work, a comparative study between two

methods to acquire relevant information about a

cosmetic formulation has been carried out. A

Design of Experiments (DOE) has been applied in

two stages to a capillary cosmetic cream: first, a

Plackett–Burman (PB) design has been used to

reduce the number of variables to be studied; sec-

ond, a complete factorial design has been imple-

mented.

With the experimental data collected from the

DOE, a Least Mean Square (LMS) algorithm and

Artificial Neural Networks (ANN) have been uti-

lized to obtain an equation (or model) that could

explain cream viscosity. Calculations have shown

that ANN are the best prediction method to fit a

model to experimental data, within the interval of

concentrations defined by the whole set of experi-

ments.

Résumé

Dans cet article on compare deux méthodes

d’acquisition d’information remarquable sur une

formulation cosmétique. On a appliqué un plan

d’expérience (Design Of Experiments, DOE) en deux

étages sur une crème cosmétique capillaire: on a

utilisé un dessin Plackett–Burman afin de réduire

le nombre de variables à étudier, suivi d’un plan

factoriel complet.

Avec les données obtenues du DOE, on a con-

fronté les algorithmes des moindres carrés (Least

Mean Square, LMS) et des réseaux de neurones

artificiels (Artificial Neural Networks, ANN) pour

obtenir une équation (ou modèle) qui puisse justi-

fier la viscosité de la crème. Les calculs out démon-

tré que les ANN sont la meilleure méthode pour

ajuster un modèle aux données expérimentales,

afin de prédire la propriété dans l’intervalle de

concentrations utilisé dans l’ensemble des essais.

Introduction

The influence of formulation’s components over

some of its properties has been traditionally stud-

ied by performing a large number of experiments.

The successive variation of a component’s concen-

trations represented a waste of time and money

and even worse, results did not make improve-

ment of the formulation always possible.

The first goal of this study was to perform a

Design of Experiments (DOE) to reduce the number

of tests needed to improve the viscosity of a capil-

lary cosmetic cream by maintaining all the rele-

vant information. For this, two DOE are

implemented; the first one is suitable for dealing

with a large number of variables (the Plackett–

Burman DOE, PB–DOE) and the second one
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(a complete factorial DOE, CF–DOE) to obtain all

possible information of a set of experiments carried

out with a small set of components.

The second goal of this work was to study and

compare two different methods of modelling the

cosmetic formulation: Least Mean Square (LMS)

and the Artificial Neural Networks (ANN).

This study is divided into four main sections: in

the first one, the formulation to be studied and the

property to be modelled are described, clearing the

way to a brief explanation of PB–DOE, CF–DOE

and LMS methods. The next section is dedicated to

ANN’s description. Finally, in the last section, all

results are shown.

Cosmetic capillary creams

Formulation

A cosmetic o/w emulsion vehicle for a permanent

hair dye was studied. The oily phase was com-

posed of consistence factors such as cetostearyl

alcohol, ceteareth-23, stearilic alcohol, cocamide

MEA and stearic acid. Alcohols, in addition to

other characteristics, also exhibit an autoemulsifi-

cation function; MEA is commonly used as a vis-

cosity regulator and stearic acid provides pearl

effects. The aqueous phase carried preservatives

such as ascorbic acid, sodium sulphite and quela-

tion agents in a very low concentration.

Furthermore, ammonia was used to increase the

absorption of the dye in the hair, thus the resul-

tant pH was quite basic. The strong odour was

masked with the addition of a coconut perfume.

Suitable conditioning properties were provided at

such high pH by adding an amphoteric polymer

(Merquat�, Nalco company, Leiden, The Nether-

lands). The high pH causes skin irritation, which

was relieved with Shootex, tridecyl salicilate (Cos-

macol ESI) and quaternary protein (Gluadin WQ),

all of them with emollient properties.

The fundamental formulation is shown in

Table I.

Only percentages of the first eight components

were changed to study their effect on the viscosity

of the cream. Some minor components were con-

sidered as a group and their percentage was kept

constant in all experiments. Water was used to

maintain the overall percentage at 100.

After preparing each formulation and before the

rheological test (see Rheological test), each cream

was mixed (one to one) with hydrogen peroxide.

Rheological test

The viscosity of each formulation was measured

using a rheometer (AR550) (TA Instruments, New

Castle, DE, U.S.A.). The experimental test consisted

of two steps, each one lasting 1 min:

• First step: an increasing linear stress ramp, start-

ing from 0 Pa up to 150 Pa.

• Second step: a constant stress of 150 Pa.

The viscosity used in subsequent mathematical

analysis was the one that the formulation attained

in the last point sampled in the second step [here-

after called g (100%)].

The homogeneity of the emulsion is critical in

the study; therefore, the emulsion must be stirred

properly. Once the emulsion was prepared, it was

left to rest for 5 days. The test was carried out at

room temperature.

DOE and LMS method

Plackett–Burman DOE

As seen before, when there are several variables

that could affect one or several properties, the clas-

sical approach to study their effect would be to

perform a large number of experiments with differ-

ent values for each variable.

The DOE is a statistical tool that allows obtain-

ing useful information from a system performing

the minimum number of experiments [1]. There

are several ways to carry out a DOE depending on

the kind of information to be obtained, the number

of variables that could affect the system and limi-

tations on the number of experiments that can be

performed.

Table I Components of the fundamental formulation

Component Percentage (%)

Cetostearyl alcohol 15

Stearilic alcohol 15

Cocamide MEA 15

Ceteareth-23 1

Stearic acid 1.5

Cosmacol 0.2

Shootex 0.5

NH3 (25%) 20

Deionized water 20

Minor components 11.8
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In this study, a PB–DOE [2, 3] was under-

taken followed by a 2-level CF–DOE to reduce the

number of experimental tests, keeping the funda-

mental information intact.

The purpose of a PB–DOE is to identify the

variables that are mainly responsible for the prop-

erty under study, with as few experimental tests

as possible.

The first step in applying this method consists of

identifying the variables that could affect the prop-

erty. The second step fixes the number of levels,

and their values, for each variable. For example, if

the concentration of one compound is a variable

under study, then the number of different concen-

trations that will be taken into account and their

values must be established. In this work, all vari-

ables studied had two levels (+high level, )low

level) and their values have been proposed accord-

ing to professionals’ criteria (see Table II). The last

step, before starting the experiments, is the choice

of the best type of PB–DOE that fulfils all the

requirements of the research.

The selected DOE uses a generator of experi-

ments that, when rotating, gives the levels of each

variable for a given experiment [2]. According to

the number of variables, we used the generator

related to a PB design in 16 runs:

+, +, +, +, ), +, ), +, +, ), ), +, ), ), ), )

The rotation of this generator (with the last sign

fixed) determines the level of each variable for the

16 possible experiments.

The first eight columns of Table III are represen-

tative of the different levels of the variables used,

whereas the other columns are used to set a signif-

icance level to determine whether or not a vari-

able affects the studied property.

The procedure to set the relevance of one vari-

able, after carrying out the formulations and the

measurement of the property, is described below:

the process starts with the product between the col-

umn of signs associated with the variable and the

results obtained for each experiment (see Table IV).

The second step consists in summing up the values

obtained in the previous step. The numerical result

obtained is finally divided by the number of experi-

ments (16, for the generator used in this study),

obtaining the ‘effect’ of the variable. These opera-

tions are applied for each variable studied, includ-

ing the ‘dummy’ variables (E1–E7 in Table III).

The third step fixes the cut-off level of signifi-

cance to discriminate relevant from irrelevant vari-

ables using Equation 1.ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

val Eið Þ2=n

s !
t ð1Þ

Equation 1 depends only on calculated values of

‘dummy’ variables: t is the ‘t’ of Student value

(generally fixed at 95% of certainty), val(Ei) is the

effect for the ‘dummy’ variable i and n is the num-

ber of ‘dummy’ variables.

A variable will be relevant if the absolute value

of its effect is equal or greater than the value given

by Equation 1 (cut-off level).

Complete factorial DOE and LMS method

In a CF–DOE it is possible to study all the interac-

tions between variables. The number of experi-

ments to be performed will be: levelsvariables.

In this study, a CF–DOE for two variables with

two levels was studied because of the results

obtained during the experimental process (see

Plackett–Burman DOE Results), requiring a total of

four experiments (see Table V).

A and B are the variables under study, and the

level of each one is shown in the columns (+high

concentration level and )low concentration level).

The heading AB stands for the column to be used

to study the effect of the interaction of both vari-

ables in the property studied. Percentages of the

rest of components are reported in Table VIII (see

Results).

The effect of each variable is obtained in the

same way as in PB–DOE, including the effect for

the interaction AB. It is then possible to eliminate

a variable if its effect is clearly not significant (i.e.

the values obtained should be one or more order

Table II Variable list for the Plackett–Burman design of

experiments (DOE)

Var.

number Variable

Low

level (2)

High

level (+)

1 Cetostearyl alcohol 5 15

2 Stearilic alcohol 5 15

3 Cocamide MEA 5 15

4 Ceteareth-23 0.2 1

5 Stearic acid 1.5 8

6 Cosmacol 0.2 2

7 Shootex 0.5 2

8 NH3 (25%) 6 20
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International Journal of Cosmetic Science, 1–11 3

Optimization of cosmetic formulations A. C. Balfagón et al.



of magnitude higher), but this point is not always

very clear and it is advisable to be sure that one

variable can be erased.

The final stage in all experiments consists in

generating a prediction model (in terms of an

equation, if possible), to predict property values

without performing any kind of experiment. The

model must be validated by applying it over inputs

not belonging to the set used to build it, to guar-

antee its prediction capacity and to avoid over-

fitting and over-training results.

An easy way to generate the model is by using

the LMS algorithm [4] which generates a polyno-

mial expression. Using the CF–DOE generator

described above (Table V), the polynomial obtained

would be:

Y ¼ a0 þ a1Aþ a2Bþ a3AB ð2Þ

Here, Y is the predicted property; and A, B and AB

are the normalized concentrations (between )1

and +1) for the variables A, B and its product AB.

The coefficients ai have to be fixed using the LMS

algorithm.

An alternative way to LMS to find out these

coefficients is that they can be interpreted as the

effect of each variable:

a1 is the effect of variable A.

a2 is the effect of variable B.

Table III Plackett–Burman (PB) design for 16 runs

Variable number Dummy variables

Experiment 1 2 3 4 5 6 7 8 E1 E2 E3 E4 E5 E6 E7

1 + ) ) ) + ) ) + + ) + ) + + +

2 + + ) ) ) + ) ) + + ) + ) + +

3 + + + ) ) ) + ) ) + + ) + ) +

4 + + + + ) ) ) + ) ) + + ) + )
5 ) + + + + ) ) ) + ) ) + + ) +

6 + ) + + + + ) ) ) + ) ) + + )
7 ) + ) + + + + ) ) ) + ) ) + +

8 + ) + ) + + + + ) ) ) + ) ) +

9 + + ) + ) + + + + ) ) ) + ) )
10 ) + + ) + ) + + + + ) ) ) + )
11 ) ) + + ) + ) + + + + ) ) ) +

12 + ) ) + + ) + ) + + + + ) ) )
13 ) + ) ) + + ) + ) + + + + ) )
14 ) ) + ) ) + + ) + ) + + + + )
15 ) ) ) + ) ) + + ) + ) + + + +

16 ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

Table IV Signs for each experiment for input 5

Experiment Input 5 Property (Sign level)*Property

1 + Y1 +Y1

2 ) Y2 )Y2

3 ) Y3 )Y3

4 ) Y4 )Y4

5 + Y5 +Y5

6 + Y6 +Y6

7 + Y7 +Y7

8 + Y8 +Y8

9 ) Y9 )Y9

10 + Y10 +Y10

11 ) Y11 )Y11

12 + Y12 +Y12

13 + Y13 +Y13

14 ) Y14 )Y14

15 ) Y15 )Y15

16 ) Y16 )Y16

Table V Complete factorial design of experiments (DOE)

for two variables with two levels

Experiment A B AB

1 ) ) +

2 + ) )
3 ) + )
4 + + +
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a3 is the effect of variable AB (the interaction of

A and B).

a4 is the mean value of the property.

Artificial neural networks

Linear regression models such as LMS provide only

linear relationships, whereas ANN belong to artifi-

cial intelligence methods and appear to be an

alternative methodology to adjust non-linear cor-

relations, mimicking human brain behaviour.

The complex neural design of the brain is

thought to be responsible for its ability to remem-

ber, think and learn. Most of our daily life tasks

could not be carried out without a previous learn-

ing process based on our personal experiences,

which are often acquired through a trial-and-error

process. The combination of these characteristics

allows a human being to be faster than a com-

puter in facial recognition problems, although a

PC can solve more difficult numerical calculations.

In an attempt to transfer the learning ability to

computers, ANN permit simulating neural pro-

cesses in a mathematical way. As a result of their

similarity with biological systems, most of the

terms involved in ANN receive the name of their

biological analogues.

Artificial neural networks were first developed

in the middle 20th century by McCullogh and

Pitts. However, their development has been con-

tinuous and extended until today and they offer

a huge range of applications from image recog-

nition to drug discovery in medicinal chemistry

[5–7].

In this study, multi-layered feed-forward neural

networks have been used. This type of ANN is

made up of processing units called neurons, which

can be considered as nodes arranged in layers.

There are three main types of layers: (1) the input

layer, where each neuron receives an input signal

that will be used as starting point to obtain a

desired output; (2) the output layer, which

includes the neurons whose output signal becomes

the ANN’s result and (3) one or more hidden

layers that help in finding the input interactions.

The manner in which neurons of different layers

are connected defines the net’s architecture and

each connection is ruled by weights. These values

define how one connection affects the other, and

could be interpreted as synapse strength. The

number of neurons in every layer forms the ANN’s

topology.

Neurons can be mathematically defined as a

summing function over all inputs modified by its

synaptic weight, acting like a linear combiner

(Equation 3).

uk ¼
XN

j

xjkxj þ bk ð3Þ

Here, N is the number of neurons that fires to the

kth neuron, bk is the bias term, an external

parameter acting as an affine transformation of

the neural response, which is treated like any

other neural input, with an input value fixed at 1

and an associated weight equal to bk.

One of the advantages of ANN over other

regression methods is their ability to establish

non-linear relationships among inputs. This is

because of the introduction of a non-linear opera-

tor (called activation function) in output’s process-

ing (Fig. 1), which usually corresponds to a

sigmoid function (Equation 4).

yk ¼
1

1þ e�uk
ð4Þ

Thus, defining input values and setting initial

weights, neural network propagates the informa-

tion right to the output neurons. The final result

will be interpreted according to the problem to be

solved: classification methods usually have one

neuron per class with binary output values,

whereas predictive ones have only one output

neuron with a real number as a result.

To obtain reliable results, ANN must be trained

using a learning method. The attention is focused

on supervised learning methods in which the net-

work training optimizes not only connection

weights but also the weight associated with the

bias term to obtain the minimum error between

the expected value and ANN’s result. This learning

method assumes having a training set of inputs

with known expected output values for all of

them. Following a trial-and-error process, weights

are slowly optimized to the best situation to predict

uk yk
x1

bk

x0

xN

…

Figure 1 Block diagram of a neuron.
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training set values. In this study, the results

obtained are described using a back-propagation

(BP) algorithm in batch mode (all inputs are pre-

sented to the net before weight updating) as a

supervised learning method for training ANN.

Commonly, BP uses the error between expected

value and ANN’s output to calculate a correction

factor to be applied on weights to improve

ANN’s efficacy [5, 6, 8]. The way learning algo-

rithm moves overall response surface is deter-

mined by the learning rate parameter which,

applied over weight’s correction factor, controls

the convergence speed; low values mean small

changes between weights of different iterations,

ensuring a solution finding, but increasing the

number of iterations. High learning rate values

help to speed convergence, but run the risk of

losing a solution.

Results

Plackett–Burman DOE

The values of rheological tests performed for each

formulation are shown in Table VI.

The effects of each variable (calculated using the

method explained in previous sections) and the

cut-off levels, calculated using Equation 1, are

shown in Table VII.

Considering the results, it can be noticed that

the most relevant variables are the concentration

of MEA and stearic acid. Both components showed

a value of the same magnitude as the cut-off level.

Thus, the concentrations of these two compounds

are the ones chosen to implement the CF–DOE.

Obviously, some information will be lost in this

simplification, but we assume this in favour of

making final results easier to use.

Complete factorial DOE

The concentration values of the fixed components

over all the experiments are presented in Table -

VIII. Note that although some values do not corre-

spond to low or high concentration level, all of

them are included in PB–DOE’s percentage range.

The variables studied were the concentration

level of cocamide MEA and stearic acid. The two

levels studied for each product are shown in

Table IX.

Table VI Experimental results

Experiment g (100%) Experiment g (100%)

PB 1 1.43 PB 9 0.68

PB 2 6.92 PB 10 28.3

PB 3 1.56 PB 11 8.58

PB 4 3.63 PB 12 3.27

PB 5 28.47 PB 13 1.42

PB 6 19.92 PB 14 0.70

PB 7 2.56 PB 15 0.34

PB 8 4.42 PB 16 0.06

PB, Plackett–Burman.

Table VII Effects for each variable

Variable 100%

Cetostearyl alcohol )1.79

Stearilic alcohol. 2.18

Cocamide MEA 4.93

Ceteareth-23 1.42

Stearic acid 4.21

Cosmacol )1.37

Shootex )1.79

NH3 (25%) )0.92

Cut-off level 4.86

Values in bold indicate the variables with effects similar to the

cut-off level.

Table VIII Concentration percentages of the fixed com-

ponents

Component Percentage (%)

Cetostearyl alcohol 15

Stearı́lic alcohol 10

Ceteareth-23 0.8

Cosmacol 1

Shootex 1

NH3 (25%) 16

Cadesol 3.75

Merquat 1.25

Amisol trio 1

Perfume 0.8

Ascorbate 0.3

Sodium sulphite 0.3

Dissolvine 0.1

Sequion 0.1

WQ Gluadin 0.05
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The property values for each formulation are

shown in Table X.

The effects of each component and their interac-

tions are shown in Table XI.

The equation obtained for theoretical prediction

of g (100%) was:

g 100%ð Þ ¼ 1:58þ 0:73 � Aþ 0:24 � B ð5Þ

The interaction between A and B (AB) was

suppressed because the effect is one order lower

than that of the others.

An external validation was performed to verify

the utility of the prediction method, proposing

three new experiments which were not included

when establishing the model (training set). The

codified values and the experimental and predicted

g (100%) results, obtained using Equation 5, are

summarized in Table XII.

It is easy to note that the error increases when

the values of the variables A, B and AB drift apart

from the points of the training set (whose codified

values are ±1).

At this point, ANN seem to be a good method to

solve this problem, finding a better prediction

model.

Artificial neural networks

Computational study

This study was focused on the application of ANN

as a regression method for experimental data, and

its comparison with LMS.

The experimental results obtained in both

PB–DOE (16 formulations) and CF–DOE (seven for-

mulations) were used as a data set. In all studies,

internal Leave-One Out validation (LOO) was per-

formed to obtain better models with higher predic-

tive power. The LOO error was calculated at the

end of each epoch of training and contributed to

the estimation of a global prediction error for the

resulting model.

Artificial neural networks implemented in ArIS

software tool developed at Molecular Design Labo-

ratory at Organic Department of Institut Quı́mic

de Sarrià (IQS) was used in this study. These net-

works had already incorporated back-propagation

Table IX Concentration level of cocamide MEA and stea-

ric acid

Variable Low level (2) High level (+)

(A) Cocamide MEA 5 15

(B) Stearic acid 1.5 8

Table X Complete factorial design of experiments (DOE)

(two variables with two levels) including experimental

values

Formulation A B AB g (100%)

CF 1 ) ) + 0.60

CF 2 + ) ) 2.08

CF 3 ) + ) 1.10

CF 4 + + + 2.54

CF, complete factorial.

Table XI Effect of components A and B, and their inter-

action

Effect (variable) 100%

A 0.73

B 0.24

AB )0.01

Table XII Codified values and experimental and predicted data for the external validation set

Experiment A B AB Predicted Experimental

Relative

error (%)

CF5 0.7 )0.2 )0.14 2.04 2.31 11.74

CF6 0.5 0.5 0.25 2.07 2.20 5.91

CF7 0 0 0 1.58 1.02 54.90

CF, complete factorial.
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learning modes. Some modifications were carried

out in internal ArIS’s source code to fulfil specific

requirements that arose during the calculations.

Initial random weights were delimited between

)0.5 and 0.5, and a sigmoid function was used as

an activation function. Learning rate was also

optimized in each run because its value highly

depends on topology, numerical range of input

values and the internal error definition.

A feed-forward neural network with eight input

neurons corresponding to the eight components

of the chemical formulation (Table II) was defined

for all runs. One output neuron was used to

obtain a real number for associating its value

with the formulation’s viscosity. The effect of

varying the number of hidden layers and hidden

neurons was studied, to identify the best topology

to solve problems raised in each part of the

study.

The number of hidden layers was limited to a

maximum of two because there are evidences that

this is enough to adjust continuous functions,

according to Kolmogorov’s theorem [9]. Regarding

the number of hidden neurons, the number of hid-

den units was kept below the number of descrip-

tors [10], to prevent over-fitting problems [11].

Taking these limitations into account, a trial-and-

error methodology was followed to find the best

net topology.

Results and discussions

The first results obtained showed that ANN with

only one hidden layer yield better results than the

ones obtained with two hidden layers.

The first viscosity prediction model (Model 1A)

(derived from PB–DOE’s data as training set and

CF–DOE’s data as external validation set) was

deduced with an 8-5-1 net topology; the results

obtained are shown in Fig. 2. Quite good agree-

ments with experimental training set (R2 = 1.0)

and external validation set (R2 = 0.78) were

obtained. The relative error of the validation set

was still too high for prediction purposes. Never-

theless, the results presented at this point are in

accordance with those reported by Trenn [12],

who considers that five hidden neurons should be

enough to adjust an approximation order of two

functions in a system with eight inputs.

To improve the prediction capacity of the model,

points with viscosities below 0.7 were removed

from the training set, assuming that low values
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Figure 2 Predicted g (100%) values calculated by 8-5-1

ANN vs. experimental results for the first three proposed

models (1a–1c). Inset shows the whole range of results

for the training set, maintaining the same axis units as

in the main figure.
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were affected by experimental error. Artificial neu-

ral networks were re-trained under these condi-

tions, obtaining a better model (Model 1B). Note

that points above 10 were not removed to main-

tain the margin of interest in which the model

would be applied.

Although recognition of the training set was

maintained (R2 = 0.99), prediction power was

increased in external validation set (R2 = 0.85).

Finally, in an attempt to increase the prediction

capacity of the model, the first experimental train-

ing data set was duplicated by including small ran-

dom changes to mimic experimental error [5, 13],

obtaining Model 1C. Given the small data set size,

duplication must be carried out assuring that new

points are different from the test set, otherwise it

would no longer be considered as external, unseen

data. If more experiments were available, the split-

ting of the test set into two subsets could be used to

study the benefit of data duplication (first subset)

and as external validation (second subset).

The results for the different models are shown in

Table XIII.

All models derived from this first study were

capable of adjusting data set values (Fig. 2).

Although Model 1C fits better with experimental

values, Model 1B maintains the viscosity order

between them: Spearman’s rank correlation coeffi-

cient (q) is quite higher in Model 1B (0.82) than

in Model 1C (0.75).

To identify the most important components of

formulations in this study, the number of inputs

was diminished. Considering this issue, two differ-

ent approaches could be used:

(a) Attending to the value of resulting connection

weights on models 1A–1C, identifying the

inputs with lower synapse strength [14, 15].

(b) Using a genetic neural network (GNN), discard-

ing inputs with less importance in ANN per-

formance. This method applies a genetic

algorithm (GA) to find the best set of descrip-

tors to use as input [16].

Inspection of synapse strength for ANN on mod-

els 1A–1C shows that variables 2, 4 and 7

(Table II) could be removed from training data set

(Model 2A), as their weights are, in average, two

to four times lower than the rest of the variables.

This result partially agrees with that of the GNN,

where different runs found that inputs 5 and 7

(Table II) could be omitted (Model 2B). Each calcu-

lation was followed by parameter optimization.

The results are shown in Table XIV.

Note that the input suppression is only carried

out in the mathematical treatment of data, and

not in the experimental formulation. The sup-

pressed inputs do not have a significant influence

on formulation’s viscosity within the studied range

of experimental concentrations.

Considering both results obtained, the model

with the best performance was Model 2B trained

without inputs 5 and 7 (Fig. 3).

Results presented until this point do not agree

with the variable selection made with CF–DOE

(which discards all inputs except for 3 and 5). In

the attempt to obtain a prediction model under the

same conditions as in LMS linear regression (using

only CF–DOE data as the training set), we realized

that ANN is not able to adjust a valid model with

this restriction. However, a prediction model was

obtained by setting aside one value to use as an

external validation. The entire PB data set was

useless because of the fact that some of its points

are far away from training set values.

Unfortunately, the resulting model is still not

satisfactory enough because of its lack of applica-

bility for high viscosity values.

Conclusions

In this work, the comparison between two fitting

methods applied to cosmetic formulations was

investigated. For this reason, two DOEs were

applied according to the number of variables. The

first one was a Plackett–Burman DOE adapted to

Table XIII Comparative results for models A, B and C

Model RMSE (train) RMSE (validation)

1A (n = 16) 0.071 0.988

1B (n = 12) 0.333 0.554

1C (n = 12) 0.061 0.655

Table XIV Results for models 2A and 2B

Model

Excluded

inputs

RMSE

(train)

RMSE

(validation)

2A (n = 12) 2, 4, 7 0.867 0.842

2B (n = 12) 5, 7 0.125 0.232
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work with a large number of variables, which

helps in identifying the variables that are mainly

responsible for the formulation’s viscosity. The sec-

ond one was a complete factorial DOE which,

using the result of previous stage, is an ideal

method to obtain the maximum information from

a reduced set of variables.

The LMS method is very easy to apply to statisti-

cal results of the complete factorial DOE and per-

mits obtaining a preliminary prediction method.

The problem appears in points which drift apart

from those used as training set, where the predic-

tion error increases significantly. It becomes more

important when the set of data is reduced, as has

been shown in the experiments carried out.

Artificial neural networks are a more complex

methodology to fit a model, although they appear

to be more suitable to obtain predictions from a

reduced data set. A useful theoretical model has

been established for the prediction of g (100%)

value in capillary cosmetic creams.

Artificial neural networks also permit improve-

ment in the identification of components related to

formulation’s viscosity calculated using DOE.

Results are valid within the range of concentra-

tions under study and its generalization cannot be

argued according to the nature of removed compo-

nents. As we would expect from a chemical point

of view, both models find cocamide MEA to be an

important factor to describe formulation’s viscos-

ity, but the suppression of one component does

not mean that it is always negligible: it can only

be removed in this formulation within the studied

range of experimental concentrations.
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versitats i Empresa de la Generalitat de Catalunya

and the European Social Fund for a FI2009 grant.

References

1. Montgomery, D.C. Diseño y análisis de experimentos.

Limusa Wiley, Mexico (2002).

2. Plackett, R.L. and Burman, J.P. The design of opti-

mum multifactorial experiments. Biometrika 33,

305–25 (1946).

3. Fisher, R. The arrangement of field experiments.

J. Minist. Agric. (Great Britain) 33, 503–513 (1926).

4. Navidi, W. Estadı́stica para ingenieros y cientı́ficos.

MacGraw Hill, Mexico (2006).

5. Haykin, S. Neural Networks, A Comprehensive Founda-

tion. Prentice Hall, New Jersey (1999).

6. Zupan, J. and Gasteiger, J. Neural networks: a new

method for solving chemical problems or just a pass-

ing phase? Anal. Chim. Acta. 248, 1–30 (1991).

7. Terfloth, L. and Gasteiger, J. Neural networks and

genetic algorithms in drug design. DDT 6, S102–

S108 (2001).

8. Freeman, J.A. and Skapura, D. Neural Networks: Algo-

rithms, Applications and Programming Techniques.

Addison-Wesley, Reading (1992).

9. Poggio, T. and Girosi, F. A Theory of Networks for

Approximation and Learning, Technical Report. Massa-

chusetts Institute of Technology, Cambridge (1989).

10. Blum, A. Neural Networks in C++. Wiley, New York

(1992).

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10

Training set

Test set

0

5

10

15

20

25

30

0 5 10 15 20 25 30

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10

Training set

Test set

0

5

10

15

20

25

30

0 5 10 15 20 25 30

(a)

(b)

Figure 3 Predicted g (100%) values vs. experimental

results for Model 2a (calculated by 5-4-1 ANN) and

Model 2b (calculated via GNN by 6-4-1 ANN). Inside fig-

ure shows the whole range of results for the training set,

maintaining the same axis units as in the main figure.

ª 2010 The Authors. Journal compilation

ª 2010 Society of Cosmetic Scientists and the Société Française de Cosmétologie
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The absorption spectrum of the asymmetric 9-amino-2,7,12,17-tetraphenylporphycene shows new,

strongly red-shifted bands compared to the symmetric parental 2,7,12,17-tetraphenylporphycene

and to the also asymmetric 9-acetoxy-2,7,12,17-tetraphenylporphycene. Dual emission is also

observed with relative contributions that depend strongly on the excitation wavelength and

temperature. The gap between the two fluorescence bands is 84 nm. Tautomerization in both the

ground and excited states is shown to account for these observations, the 9-amino group being

particularly able to selectively lower the energy of the first excited singlet state of just one of the

trans tautomers. Introduction of amino groups in porphycenes may be a convenient way to gain

a deeper insight into the tautomerization mechanisms in this macrocyclic core.

1. Introduction

Porphycenes are prominent isomers of porphyrins in terms of

fundamentals and applications, particularly in light-mediated

processes. Their photophysics have been widely studied1 and

proposed as attractive second-generation agents for photo-

dynamic therapies (PDT).2 This is due to their ability to

absorb red light and photosensitize singlet oxygen.3 Our group

has focused on 2,7,12,17-tetraphenylporphycenes (TPPos)4

that are endowed with excellent in vitro PDT photosensitizing

properties.5 In order to improve the biological compatibility

and selectivity of the parental TPPo, some combinatorial

approaches6 and 9-regioselective insertions of functionalities7

have been achieved. Our previous works showed that the

fluorescence quantum yield and the ability to produce singlet

oxygen were substantially decreased in 9-amino-2,7,12,17-

tetraphenylporphycene (9-ATPPo), but not in 9-acetoxy or

9-nitro derivatives. Moreover, the fluorescence decay kinetics

of 9-ATPPo were biexponential, suggesting the presence of

two emitting forms.6 The amino derivatives are of special interest

because they contain a linking point for further conjugation to

biological vectors that would enhance the intrinsic selectivity

of PDT. Therefore, a better understanding of the abnormal

photophysics of the model 9-ATPPo is crucial to overcome

these drawbacks for future photosensitizer designs.

On the other hand, porphycenes’ particularly well-defined

inner cavity, with migrating hydrogen atoms isolated from

the environment, has provided a unique framework to probe

tautomerism, coupling between vibrations, cooperativity, and

other basic chemical processes.8 Since porphycenes undergo

sensitive dimensional changes of the inner cavity depending

on the peripheral substitution, they offer the chance to

establish correlations between NH� � �H distances and tauto-

merization mechanisms inside the macrocycle.9 Interestingly,

the difference between tautomerism in porphycene and in the

parental isomer porphyrin is caused by geometry pertur-

bations rather than by electronic structure factors,8 and a

major understanding of the hydrogen migration processes

in porphyrins can thus be approached by systematically

modulating the geometry of porphycenes. It is noteworthy

that, among all porphycenic systems, the symmetric ones

are the most extensively characterized. The general trend is

the observation of a low-barrier tunneling equilibrium in the

ground state and a high-barrier distance-dependent hydrogen

movement in the first excited state.8,9 However, studies of

symmetric porphycenes deal with just three different tautomers,

because opposite tautomers have the same properties. This is

not the case of 9-ATPPo and other 9-substituted porphycenes,

in which opposite tautomers are no longer equivalent

(Fig. 1).

Even though previous studies of asymmetric porphycenes

reported significant spectral perturbations and gave convincing

evidence of relative energy changes in the excited states,10,11

9-ATPPo shows an abnormal absorption spectrum shape6 and

a striking two-band emission that cannot be explained just by

taking into account bulky asymmetric effects. The present

work provides spectroscopic insight into the problem and

gives evidence of a high electronic stabilization of just one

tautomer in its excited state. Therefore, 9-amino derivatives of

porphycenes can provide useful experimental proof of the

effects and relevance of the relative positions of inner hydrogen

atoms in terms of energy and electronic structure.
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2. Experimental

2.1 Chemicals

9-ATPPo and 9-acetoxy-2,7,12,17-tetraphenylporphycene

(9-AcOTPPo) were synthesized as described previously and

found to be of purity >99% by HPLC.6 Spectroscopic quality

solvents were purchased from Aldrich and were used as

received.

2.2 Photophysical techniques and methods

All photophysical measurements were carried out in spectro-

scopic grade solvents. Absorption spectra were recorded using

a Varian Cary 4E dual-beam UV/vis spectrophotometer.

Corrected fluorescence excitation and emission spectra were

recorded on a JobinYvon-Spex Fluoromax-2 spectrofluorometer

with optically-thin solutions (absorbance below 0.1 at the

Q-bands maxima). Fluorescence decays were recorded using

a Pico-Quant Fluotime 200 time-correlated single photon

counting system equipped with a red-sensitive photomultiplier.

Picosecond diode lasers working at a 40 MHz repetition rate

were used for excitation at 654, 596 and 375 nm. All spectro-

scopic measurements were carried out in 1-cm quartz cuvettes

(Hellma, Germany) in air-saturated solutions at room tempera-

ture unless otherwise stated.

2.3 Computational methods

Ground state geometry optimizations were performed using

the B3LYP method at 6-31G(d) level of theory. This method

was validated by optimizing the parent porphycene (Po)

geometry and comparing the results with the energy values

and natural orbital topologies calculated elsewhere with HF

and DFT methods.12,13 Frequency calculations to predict zero

point energies (ZPE) were considered necessary for the comparison

between energies of the tautomers. TD-DFTB3LYP/6-31G(d)

calculations were carried out to estimate the energies of the

first excited state of 9-ATPPo tautomers. Gaussian03 software

was used for all calculations.14

3. Results

3.1 Absorption spectra

The room-temperature absorption spectrum of 9-ATPPo is

compared in Fig. 2 with that of 9-AcOTPPo, an asymmetric

porphycene with an electronically neutral substituent at the

meso position. The main differences between both spectra

are (i) a more pronounced splitting of the Soret band in the

case of 9-ATPPo, (ii) lower absorption coefficients in the Soret

region as a result of band splitting, and (iii) a 110-nm red

shift of the lowest-energy Q band, which appears at 755 nm for

9-ATPPo.

3.2 Emission spectra

The emission spectrum of 9-ATPPo is shown in Fig. 2. Two

well resolved bands F1 and F2 can be observed, with maxima

at 780 and 696 nm, respectively. Such a large gap of 84 nm is

unprecedented for the porphycenes and largely exceeds the

separation between vibrational energy levels. More strikingly,

the 696-nm emission band appears at a shorter wavelength

than the lowest-energy absorption band (755 nm). Finally, we

found that the ratio of the F2/F1 intensities is strongly excita-

tion wavelength dependent (Fig. 3b).

3.3 Excitation spectra

The excitation spectra monitored at different emission wave-

lengths are shown in Fig. 3a. The shape of the spectra depends

strongly on the observed emission wavelength and almost

matches the absorption spectrum when the F1 emission is

monitored. A total number of 6 bands, Q1–Q6 can be identified,

Q3 and Q4 being strongly overlapped at room temperature.

Interestingly, the Q3 band is significantly enhanced when the

F2 emission is monitored.

Fig. 1 The six possible tautomers of 9-ATPPo named according to

Gil et al.10

Fig. 2 Absorption and fluorescence spectra of 9-ATPPo in toluene.

The absorption spectrum of 9-AcOTPPo is shown for comparison.
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3.4 Fluorescence kinetics

Time-resolved emission spectra (TRES) provide an opportunity

to ascertain the decay kinetics of the two emissions observed in

the steady state spectra. Global analysis of the decays excited

at 375 nm reveals that the F1 and F2 emissions are mono-

exponential (Fig. 4), F2 decaying more slowly than F1 (1.90 vs.

0.83 ns). Changing the excitation wavelength from 375 to 596 nm

or 654 nm did not affect the kinetics of the components.

3.5 Temperature effects

Absorption spectra remain essentially constant in shape,

bandwidths and relative intensities over the temperature range

10–80 1C. However, the relative intensities of the F1 and

F2 fluorescence emission bands change significantly when

lexc = 647 nm (Q3). Specifically, increasing the temperature

leads to ca. 40% decrease in F2 while F1 decreases only 5%.

When the same experiment is carried out at 586 nm (Q2) the

two emissions behave identically and show only a modest

decrease (Fig. 5).

A further decrease of the temperature down to 77 K confirms

the above trend (Fig. 6). Not surprisingly, excitation spectra

are temperature-dependent as well (Fig. 7). Interestingly, at

77 K the ratio of Q3/Q2 intensities is increased and a significant

shift to the red is observed for the lowest-energy bands Q5 and

Q6 but not for the other bands.

3.6 Computational support

The ground state geometries and energies of the tautomers

trans-1, trans-2, cis-A1, cis-A2, cis-B1 and cis-B2 (Fig. 1) were

estimated using DFT/B3LYP 6-31G(d) methods. The trans-1

tautomer was found to have the lowest ground state energy,

but trans-2 energy was only 0.9 kJ mol�1 higher. Significantly

higher energies were obtained for the cis tautomers, cis-A1 and

cis-A2 (7.8 and 10.3 kJ mol�1, respectively). Electronic transi-

tions were computed as vertical excitations from the ground

state structures by using the TD DFT approach. S1 and S2
energies of trans-1 were 178.7 and 216.2 kJ mol�1, and those of

trans-2 were 190.4 and 207.1 kJ mol�1, respectively.

4. Discussion

4.1 Existence of two absorbing tautomers in solution

The findings reported in this study illustrate the strong influence

of the amino group on the absorption and fluorescence

properties of tetraphenylporphycenes. Compared to the

parental TPPo, an electronically neutral group such as acetoxy

introduced only a marginal hypsochromic shift in all absorp-

tion and emission bands, whereas the amino-substituted

analogue showed large perturbations.6 The dependence of

the fluorescence excitation spectra of 9-ATPPo on the obser-

vation wavelength clearly demonstrates that there are, at least,

two absorbing species in solution. Tetrapyrroles such as

porphyrins and porphycenes are well known for the tauto-

merism involving the exchange of two hydrogen atoms among

Fig. 3 (a) Normalized excitation and absorption spectra of 9-ATPPo. (b) Emission spectra of 9-ATPPo at different excitation wavelengths.

Toluene was used as solvent.

Fig. 4 Decay-associated spectra of F1 and F2 recovered by global

analysis of the fluorescence decays (lexc = 375 nm) in toluene.
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the four nitrogens of their inner cavity.8,15,16 In porphyrins, it

has recently been shown that tautomerization can lead to dual

fluorescence.17 In porphycenes, Gil et al. demonstrated that

substitution of 2,7,12,17-tetra-n-propylporphycene by an

acetoxy group changes the excited state energy of the two

trans tautomers.10 However, while the tautomers could be

distinguished by their absorption spectra, fluorescence occurred

mainly from only one of them, although the authors noted a

weak emission at the blue edge of the main fluorescence band

and attributed it to the other tautomer. Based on these earlier

works, we propose that our observations are likewise the result

of tautomerization processes. With the purpose of establishing

the number and identity of the 9-ATPPo tautomers existing in

solution, and assigning the bands in the absorption and

emission spectra, DFT/B3LYP 6-31G(d) calculations were

carried out on the tautomers shown in Fig. 1. The geometry

and S1–S0 relative energies calculated for the trans tautomers were

in good agreement with those of a model porphycene (Po),13

whereas for the cis tautomers the results were somewhat in

disagreement and might need further, more accurate calcula-

tions. It was nevertheless evident that the two trans tautomers

are much lower in energy than their cis counterparts and can

therefore be considered the only existing ground state species

in solution.18 The similarity between the energies of the two

trans tautomers also confirms the observations in Fig. 5 that

the absorption spectra are temperature independent. Global

analysis of TRES results confirms the existence of two emitting

species with different emission spectra (Fig. 4), indicating that

the two tautomers are no longer equivalent in energy in their

singlet excited state. Using the S0 - S1 transition calculations

performed with TD-DFT methods, the fluorescence band of

lowest energy (F1) is assigned to the tautomer trans-1, and the

highest-energy band (F2) to trans-2. Thus, dual fluorescence in

porphycenes occurs with an unprecedented gap of 84 nm

between the spectra of the two tautomers.

4.2 Tautomerization in the excited states

Tautomerization also takes place in the excited state as

revealed by the excitation spectra. As shown in Fig. 3a,

excitation spectra of the F1 band match almost perfectly the

absorption spectrum of the tautomer mixture. This indicates

that a population flow from trans-2 to trans-1 must be taking

place in the excited state whenever trans-2 is the primary light-

absorbing tautomer. This would suggest that a rise component

in the F1 fluorescence kinetics should be observed when trans-2

would be the primary photoexcited species. The following

kinetic analysis shows that the situation is however more

complex. Emission at 800 nm (F1) is proportional to the

concentration of trans-1, which, according to our hypothesis,

can be populated both directly and from photoexcited trans-2

(eqn (1)):

F1 / ½trans� 1�t ¼ ½trans� 1�0 � e
� t
t1 þ ½trans� 2�0 � f

� t1
tT � t1

e
� t
tT � e

� t
t1

� �� �
ð1Þ

Fig. 5 (a) Absorption and emission spectra of 9-ATPPo from 10 to

80 1C in toluene. Measurements were performed every 10 1C. The

absorption spectra were normalized relative to the total area of absorp-

tion. Emission spectra were recorded at lexc = 647 nm and were

normalized at 780 nm (F2). (b) Temperature variation of the absolute

intensities of the F1 and F2 bands at lexc= 647 nm (b.1) and 586 nm (b.2).

Fig. 6 Emission spectra in 2-MeTHF at room temperature and at 77 K

recorded at (a) lexc = 586 nm and (b) lexc = 647 nm. The intensities are

normalized at 788 nm to facilitate the comparison.
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where t1 is the lifetime of trans-1 (0.84 ns), tT is the lifetime

for production of trans-1 via trans-2, and f is the fraction of

trans-2 undergoing tautomerization. Rearranging terms:

F1 ¼ a1 � e
� t
t1 þ a2 � e

� t
tT ð2Þ

where

a1 ¼ ½trans� 1�0 � ½trans� 2�0 � f � t1
tT � t1

ð3Þ

and

a2 ¼ ½trans� 2�0 � f � t1
tT � t1

ð4Þ

If tautomerization takes place from the S1 level of trans-2, then

it competes with radiative decay and therefore tT can be

equated to the observed lifetime for F2 (1.9 ns). In this

case we ought to see a biexponential function with lifetimes

0.84 and 1.9 ns. This is in fact what we see when we excite at

654 nm, albeit the preexponential factor for the 1.9 ns

component is very small, ca. 5%. We must then conclude that

tautomerization occurs with a very small efficiency from S1 of

trans-2. As such, both a1 and a2 are positive and no growth can

be observed.

On the other hand, if tautomerization takes place before the

S1 level of trans-2 reaches thermal equilibrium (i.e., from an

upper electronic or a not fully equilibrated state in S1)
11

then tT { t1,t2. Under these conditions, a1 E [trans-1]0 +

[trans-2]0 � f > 0 and a2 E �[trans-2]0 � f o 0. Thus, we

should see a rise component with lifetime tT. However, if such

growth is faster than the resolution of our system (ca. 100 ps)

such rise component will be undetectable. We believe that this

is actually the case.

Of course a third scenario is possible, in which excited-state

tautomerization would not take place at all. This is however

hard to reconcile with the almost perfect match between the F1

excitation spectra and the absorption spectra of the equilibrated

tautomer mixture.

Additional insight can be obtained from the temperature

effects: Fig. 5 shows that emission spectra are highly temperature-

and excitation-wavelength dependent. For lexc = 647 nm (Q3),

increasing the temperature leads to a ca. 40% decrease of F2

while F1 decreases only 5%. However, when the same experiment

is carried out at 586 nm (Q2) the two emissions behave identically,

showing only a very slight decrease over the whole temperature

range. We must conclude that (1) a temperature-dependent non-

radiative process exists for trans-2 which is more efficient than for

trans-1, and (2) a population flow from trans-2 to trans-1 occurs

at the S2 level and it is more efficient than at the S1 level. If trans-1

and trans-2 would not interconvert in the excited state then the

temperature behavior of their fluorescence would have been

independent of the excitation wavelength. At 77 K (Fig. 6b), a

further enhancement of the F2/F1 ratio is observed. Accordingly,

the F1 excitation spectrum recorded at 77 K (Fig. 7b) shows a

very small contribution of the Q3 and Q4 bands. Taken together,

these observations indicate that Q3 and Q4 belong to the trans-2

tautomer, and that thermal activation is needed to reach the

S1 state of trans-1 despite the fact that it lies lower in energy.

Based on the similarity between the energy of Q4 and that of

F2 we assign them to the S0–S1 (0,0) transition of trans-2. Thus,

the higher energy absorption bands Q5 and Q6 must belong to

trans-1, Q6 and F1 corresponding to the S0–S1 (0,0) transition.

Inspection of the F1 excitation spectra also reveals that the

Q5/Q2 ratio is almost insensitive to temperature, implying that

either Q2 belongs to trans-1 or it belongs to trans-2 but then

tautomerization takes place efficiently. The observation that

Q2 involves in fact two transitions similar in energy (Fig. 7b),

together with the computational TD-DFT results indicating

that the S2 states of the two isomers are close in energy, allows

us to assign Q2 to the S0 - S2 (0, 0) electronic transition for

both isomers. The temperature effects on the emission spectra

at Q2 (lexc = 586 nm; Fig. 6a) confirm that the two possibilities

above indeed simultaneously contribute to F1, and that the

trans-2 to trans-1 conversion from S2 is still uphill, although it

is more efficient than from the S1 state. As an aside, Q1, Q3 and

Q5 must then be assigned to vibrational overtones of the

corresponding electronic transitions, as is usually observed

in the electronic spectra of porphycenes.19

Comparison with 9-acetoxy-2,7,12,17-tetraphenylporphycene.

Observation of Fig. 2 indicates only a modest energy difference

between the trans-2-bands and the absorption profile

Fig. 7 Normalized excitation and emission spectra of 9-ATPPo in 2-MeTHF at 77 K and at room temperature. Spectra were recorded at

(a) lobs = 742 nm and (b) lobs = 800 nm.
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of 9-AcOTPPo, but a remarkable shift of trans-1 absorption to

the red. Because 9-AcOTPPo is paradigmatic of non-electronic

but asymmetry effects on the spectral properties of a TPPo

core, it is safe to conclude that this shift to the red must be

caused by electronic stabilization of the S1 electronic state of

trans-1 due to the amino group. This was further examined by

exploring the effect of changing the solvent polarity. No

significant absorption or emission shifts were observed for

any of the bands but the steady state fluorescence intensity and

the decay kinetics turned out to be highly solvent dependent

(Table S1 in the ESIw). F1 showed no significant correlation

with none of the usual solvatochromic parameters a, b and p*,
while F2 was clearly deactivated in solvents of higher polarity

and H-bond accepting capacity (Table 2 in the ESIw). Similar

trends can be observed in the decay lifetimes. It would thus

seem that the decay of trans-1, but not of trans-2, is mediated

by H-bonding with solvent molecules.

Fig. 8 summarizes our findings and attempts to provide a

fairly complete picture of the Q states energies of both trans-1

and trans-2 tautomers and their conversions.

As a final comment, analysis of the S0 - S1 and S0 - S2
transitions in terms of the Gouterman’s 4-orbital model20

using the calculated LUMO + 1, LUMO, HOMO and

HOMO � 1 orbitals reveals that after the 9-amino symmetry

breakdown, orbital topologies are no longer governed

by the relative position of the inner-cavity hydrogen atoms

but by the position of the amino group. A striking con-

sequence is that the S0 - S1 and S0 - S2 dipole moments

do not change direction upon tautomerization (Fig. 8), the

9-amino group thus acting as an orbital-topology anchoring

point. A recent report indicates that the polarity introduced by

oxygen atoms in a 9-acetoxyporphycene reduces the angle

between the transition dipole moment of the two tautomers

from the typical ca. 901 of symmetric porphycenes to 501.21 It

therefore supports our expectation that the more polar amino

group further reduces this angle. It would be interesting to

seek experimental confirmation of this prediction.22–24

5. Conclusions

The absorption spectrum of 9-ATPPo has been shown to be

composed by overlapped absorption spectra of two equally-

populated trans tautomers with very different energies in the

first excited singlet state. The presence of the amino group is

spectroscopically irrelevant for one of the tautomers while for

the other it induces a remarkable shift to the red in the absorp-

tion and emission spectra owing to the selective stabilization of

its singlet excited state. Temperature effects on spectra have

proved that the essentially unidirectional trans–trans tautomerism

in the excited states is not a downhill conversion but follows a

thermally activated pathway. Careful observation of excitation

spectra showed that such a conversion is effortlessly feasible in

the S2 state, which turned out to have similar energies in both

tautomers. Overall, these findings provide good proof that

introduction of amino groups in porphycenes may be a convenient

way to gain a deeper insight into the tautomerization mechanisms

in this macrocyclic core.
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del Departamentd’Innovació, Universitats i Empresa de la

Generalitat de Catalunya and the European Social Fund for

their fellowships.

References

1 S. E. Braslavsky, M. Mueller, D. O. Martire, S. Poerting,
S. G. Bertolotti, S. Chakravorti, G. Koc-Weier, B. Knipp and
K. Schaffner, J. Photochem. Photobiol., B, 1997, 40, 191–198.

2 J. C. Stockert, Curr. Med. Chem., 2007, 14, 997–1026.
3 C. Richert, J. M. Wessels, M. Mueller, M. Kisters, T. Benninghaus
and A. E. Goetz, J. Med. Chem., 1994, 37, 2797–2807.

4 S. Nonell, N. Bou, J. I. Borrell, J. Teixidó, A. Villanueva,
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