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Langmuir-Blodgett (LB) films of two new asymmetrically substituted phenylbisphtha- 
locyanines, tetra-3,4,5,6-phenyllutetium bisphthalocyanine (PcLuPc4”) and tetra-3,4,5,6- 
phenyl-tetra-3’,4’,5’,6‘-phenyllutetium bisphthalocyanine ( P C ~ ~ ~ L ~ P C ~ ~ )  have been prepared. 
The spectroscopic studies include UV-vis, FTIR, and surface-enhanced Raman scattering 
(SERS) techniques. Electrochromism in LB films, formed on I T 0  glass, was observed with 
a n  electrode potential ranging from -0.4 to +1.2 V in 0.1 M KC104 aqueous solution. Similar 
color changes were observed after chemical oxidation-reduction and acid-base treatment. 
The presence of substituents and the lowering of the symmetry when compared to the parent 
compound LuPc2, increases the number of IR-active modes particularly in the 600-780 cm-’ 
region. The interaction of the LB films with NO, was followed using SERS on gold islands 
substrates. 

Introduction 
The properties and applications of lanthanide bisph- 

thalocyanines (LnPcz), especially lutetium derivatives, 
have been studied extensive1y.l This is due to the fact 
of that these molecules can be used as catalysts,2 in 
electrochromic  device^,^^^ and in photovoltaic materi- 
a l ~ . ~ ~ ~  These molecules also have a promising potential 
application in gas-sensing devices.I 

It is well-known that thin films of LuPc2 and their 
derivatives exhibit electrochromism with a t  least three 
distinct colors when a potential ranging from -1.5 to 
+1.5 V is applied.8-10 Moreover, when these bisphtha- 
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locyanines are exposed to electron-donor or electron- 
acceptor gas molecules such as NH3 or NO,, respec- 
tively, they undergo changes in their spectroscopic 
properties. Shifts in the electronic absorption and 
Raman peak maxima are observed, and these changes 
are consistent with the shifts observed for electrochemi- 
cally reduced and oxidized forms.11-14 In a previous 
paper, our group described the spectroscopic and elec- 
trochromic behavior of Langmuir-Blodgett (LB) films 
of several lutetium bisphthalocyanine derivatives in- 
cluding the symmetrically substituted octa-3-bromo- 
octa-5-tert-butylbisphthalocyanine and the symmetri- 
cally substituted octa-4-phenylbisphthalocyanine. The 
presence of electron-withdrawing substituents in the 
macrocycle ring increased the rate of desorption for 
chemisorbed electron-acceptor  molecule^.^ Until now 
few papers have reported the properties of asymmetri- 
cally substituted lanthanide bisphthalocyanine deriva- 
tives LB films.1°J5 

In the present work the spectroelectrochemistry of 
Langmuir-Blodgett films of asymmetrically substi- 
tuted lutetium bisphthalocyanine molecules is studied. 
These complexes were the tetraphenyl-substituted de- 
rivative tetra-3,4,5,6-phenyllutetium bisphthalocyanine 
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Figure 1. (a) Structure of the asymmetrical tetraphenyl- 
substituted lutetium bisphthalocyanine P C L U P C ~ ~ ~ .  (b) Struc- 
ture of the asymmetrical octaphenyl-substituted lutetium 
bisphthalocyanine P c ~ ~ ~ L u P c ~ ~ ~ .  

( P c L u P c ~ ~ ~ ,  Figure la )  and the octaphenyl-substituted 
tetra-3,4,5,6-phenyltetra-3',4',5',6'-phenyllutetium bisph- 
thalocyanine ( P c ~ ~ ~ L u P c ~ ~ ~ ,  Figure lb). The electronic 
absorption spectra of solutions and LB films were 
recorded and the SERS spectra of LB films were 
obtained on Au island films. The electrochromic be- 
havior of both complexes and the reversible adsorption 
of electron-acceptor molecules such as NO, by these 
bisphthalocyanine films were also investigated. 

Experimental Section 
The synthesis involves heating a mixture of tetra-3,4,5,6- 

phenylphthalonitrile and unsubstituted phthalonitrile with 
lutetium acetate in relation 8:4:1 molar. The temperature was 
gradually raised from 100 to 270-280 "C, where it remained 
for 2.5 h. A mixture of different bisphthalocyanines was 
obtained and separated by column chromatography on alumi- 
num oxide. Then, a purification by TLC using Silufol plates 
was performed. After a second TLC, the sample was further 
purified by sublimation. The complete synthesis and purifica- 
tion procedures for P c L u P c ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  materials have 
been recently described.16 

Isotherms and LB films were prepared in a KSV 5000 
Langmuir-Blodgett trough equipped with a Wilhelmy plate 
to measure the surface pressure. Monolayers were transferred 
with Z type deposition to 7059 Corning glass slides, IT0 glass 
(sheet resistivity of 50 Q/cm2) and glass slides covered with 
Au island films. Transfer was performed at  a constant speed 
of 1 m d m i n  and at  a constant surface pressure of 20 mN/m. 
Glass slides were pretreated with chromosulfuric acid in order 
to obtain a hydrophilic surface. Au island films were made 
by vacuum evaporation of 4 nm of Au onto glass slides kept at  
200 "C. The mass thickness of these Au films was monitored 
by an XTC Inficon quartz crystal oscillator. Surface-enhanced 
Raman scattering (SERS) spectra were obtained using a 
Spectra Physics Series 2000 Ar+ ion laser pumping a Spectra 
Physics 375 B rhodamine dye laser. The wavelength of the 
emitted laser light was 612.2 nm. Raman shifts were mea- 
sured with a Dilor multichannel spectrophotometer. UV-vis 
spectra were recorded with a PU 8620 Philips UV-vis spec- 
trophotometer. A Bomem Model MB155 FTIR spectropho- 
tometer was used to obtain the IR spectra. Films were exposed 
to NO, in a chamber at 300 Pa and room temperature for 3 
min. Desorption studies were carried out by comparing the 
spectrum recorded immediately after the exposure to another 
one recorded 24 h later. Electrochemistry was carried out in 
a PAR Model 263 potentiostat galvanostat using a conven- 
tional three-electrode cell. LB films on IT0 glass were used 
as the working electrode, Pt wire as the counter electrode, and 
Ag/AgCl electrode as the reference electrode. KC104 (0.1 MI 
was used as electrolyte. A two-window cuvette was used to 
obtain the in situ UV-vis spectra for different applied voltages. 

Results and Discussion 

In LnPcz, the structural data have shown that the 
cation is at the center of two Pc ligands facing each other 
in a staggered arrangement. It is reasonable to assume 
that a similar stable configuration would be found for 
the lutetium complexes under study (PcLuPcph and PcPh- 
LuPcPh, Figure 1). 

Isotherms were recorded by spreading chloroform 
solutions of P c L u P c ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  onto a deion- 
ized (MilliQ) water surface kept at 20 "C. After solvent 
evaporation, the phthalocyanine molecules were com- 
pressed by a barrier at  a constant speed of 1 mrdmin 
until the film pressure rose sharply, indicating that a 
continuous surface film was formed. Reproducible 
isotherms (surface pressure versus molecular area) were 
obtained for both molecules (Figure 2). In the case of 
the tetraphenyl substituted compound, the limiting area 
obtained from the slope of the curv? was 70 A2; for PcIPh- 
L u P c ~ ~ ~  a limiting area of 87 A2 was found. The 
isotherms showed similar features to those described 
for other lanthanide bisphthalocyanine derivatives, 
especially those with bulky peripheral g r o ~ p s . ~ J ~  These 
results suggest a tilted edge-on configuration for the 
solid phase of the floating monolayer. 

W-Visible Characterization. The maxima cor- 
responding to the electronic absorption peaks for the 
chloroform solutions and for LB assemblies of P C L U P C ~ ~ ~  
and P c ~ ~ ~ L u P c ~ ~ ~  are listed in Table 1. 

The electronic spectra of the chloroform solutions of 
the samples under study presented two main absorption 
peaks; a band at 317 nm is seen for both P c L u P c ~ ~ ~  and 
for P c ~ ~ ~ L u P c ~ ~ ~ ,  and a strong Q band is observed at  
661 and 666 nm, respectively. For both complexes, the 
Q-band region was similar for LB films and for chloro- 
form solutions. The Q bands in the solid-state spectra 
are broader than in solution, and they are red shifted. 
The band near 460 nm, which has been associated with 
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Table 1. Characteristic Electronic Absorption 
Wavelengths of P C L U P C ~ ~ ~  and P c ~ ~ ~ L ~ P c ~ ~ ~  

Phthalocyanines 
PCLUPC4Ph PC4PhLUPC4Ph 

solution LB film solution LB film 
317 316 317 304 
353 350 (sh) 340 (sh) 346 
458 466 455 465 
577 (sh) 581 (sh) 
597 604 (sh) 602 605 
661 667 666 670 

a free-radical structure of rare-earth bisphthalocya- 
nines,ls was present in both compounds. 

As i t  has been previously reported, the chloroform 
solution of the symmetrically substituted eight phenyl- 
lutetium bisphthalocyanine has its absorption maxi- 
mum at 676 nm.9 The latter value should be compared 
with a Q-band maximum a t  666 nm for P c ~ ~ ~ L u P c ~ ~ ~ ,  
661 nm for P c L u P c ~ ~ ~ ,  and 658 nm for LuPc2. The 
results indicate a small spectral shift directly connected 
with the substitution pattern. The symmetrical sub- 
stitution of eight phenyl groups would slightly increase 
the aromaticity and, consequently, shifts the Q band to 
lower energy than in P c ~ ~ ~ L u P c ~ ~ ~ .  Similarly, P c ~ ~ ~ -  
L u P c ~ ~ ~  shows the transition a t  a lower energy than 
PCLUPC4Ph. 

A recent publication has studied the W-vis  spec- 
troscopy of asymmetric monophthalocyanines and tet- 
raazaporphyrins (TAP).19 In accord with these results, 
if compared to the parent molecule (LuPcz with C4” 
symmetry), the lower symmetry of our compounds 
would give rise to a shift in the position and probably a 
small splitting of the Q band. 

The changes observed in the position and shape of 
the Q bands obtained in our case are in accordance with 
the expected behavior for these molecules. 

Electrochromism, Redox Properties, and Acid- 
Base Behavior. Cyclic voltammetry (CV) of P C L U P C ~ ~ ~  
and P c ~ ~ ~ L u P c ~ ~ ~  LB films (10-20 monolayers) on IT0 
glass in contact with 0.1 M KC104 aqueous solution was 
carried out, from -0.4 to  f1.2 V at  a scan rate of 20 
mV/min. A cyclic voltammogram of a PcLuPc4” film 
is shown in Figure 3, where three peaks can be observed 
at  E112 = -0.05 V, Eu2 = 0.45 V and Ev2 = 0.92 V. Pc4”- 
L u P c ~ ~ ~  showed two peaks, at E112 = -0.06 V and at  
E112 = 0.46 V. The values of the half-potentials obtained 
for the first oxidation peaks are similar to those previ- 
ously reported for the symmetrically substituted eight 
phenylbisphthalocyanine (0.5 V for the first o~idat ion) .~ 
After 500 sweeps, reproducible voltammograms were 
obtained. 

Absorption spectra were recorded in situ at different 
applied voltages. Figure 4 shows that the oxidized and 
reduced species of P c L u P c ~ ~ ~  are clearly differentiated 
by a shift in the Q band. At 0.0 V, the unoxidized 
starting material shows a Q band at 667 nm, the 
oxidized material a t  0.8 V presents two maxima at  690 
and 505 nm and the reduced material at -0.2 V has a 
maximum at 618 nm. Similar results were found for 
P c ~ ~ ~ L u P c ~ ~ ~ ,  where the starting material shows a Q 
band at 670 nm. At 1.2 V, the two characteristic bands 
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Figure 3. Voltammogram of a P c L u P c ~ ~ ~  LB film (15 mono- 
layers) on IT0 glass in contact with 0.1 M KC104 aqueous 
solution. 

LB film P ~ L ~ P c ~ ’ ~  

618 667 

500 600 700 
Wavelength (nm) 

Figure 4. In situ UV-vis spectra of a P c L u P c ~ ~ ~  LB film (15 
monolayers) on IT0 glass a t  different potentials: (a) -0.2, (b) 
0.0, (c) 0.8 V. 

at 714 and 490 nm of the oxidized form were observed. 
The blue form present a t  -0.3 V shows a maximum at 
624 nm. 

For comparison purposes, the electrochromism was 
also studied in cast films. Similar results were found 
using cast films, but in this case, the peaks obtained 
were broader and few repeatable sweeps could be 
performed. 

The W-vis  spectra of the red and blue forms could 
also be obtained by chemical oxidation and reduction. 
For example, when a typical oxidant such as Br2 was 
added to P c L u P c ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  in chloroform 
solution, the Q bands of both complexes were shifted to 
longer wavelengths. Similarly, the effect of a typical 
reducing agent such as hydroquinone on PcLuPc4” and 
P c ~ ~ ~ L u P c ~ ~ ~  in chloroform solution was to reduce the 
starting green forms producing electronic absorption 
spectra in full agreement with the spectrochemical 
curves. These oxidation-reduction processes were fully 
reversible. For instance, upon the addition of hydro- 
quinone to the oxidized red form, the blue form of the 
molecules was detected. It should be pointed out that 
color changes of the two compounds in chloroform 
solutions were also achieved by the addition of acids 
such as diluted HN03 or HC1 or bases such as of 
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FTIR on KBr Pellets 

II 

1000 1500 

Wavenumber (cm)-  1 

Figure 5. FTIR spectra of KBr pellets of (a) P C L U P C ~ ~ ~  a n d  
(b) P c ~ ~ ~ L u P c ~ ~ ~ .  
triethylamine. 

Vibrational Analysis of P c L u P c ~ ~ ~  and P c ~ ~ ~ -  
L U P C ~ ~ ~  LB Assemblies. The infrared spectra of both 
materials were obtained in KBr pellets. The SERS 
spectra of single monolayers on a Au island was 
recorded to complete the vibrational characterization. 

The SERS spectra of P c L u P c ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  
monolayers on Au island films were obtained with the 
612.2 nm line. A comparison between the spectra under 
study and those of the previously reported unsubstituted 
LuPcz8 and the symmetrical octaphenyl-substituted 
L u P c z ~ ~  der i~a t ive ,~  permits the identification of char- 
acteristic vibrational frequencies of P c L u P c ~ ~ ~  and Pc4ph- 
L u P c ~ ~ ~ ,  e.g., the macrocycle breathing vibration at  680 
cm-l, the phthalocyanine ring stretching at  744 cm-', 
pyrrole stretching a t  1335 cm-l, and the most intense 
band, corresponding to the pyrrole C-N stretching at 
1530 cm-l. The vibrational frequencies in the SERS 
spectra of P c L u P c ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  show similar 
wavenumbers when compared to that of the unsubsti- 
tuted lutetium bisphthalocyanine and the symmetrical 
phenyl-substituted bisphthalocyanine. 

The FTIR spectra of the P c L u P c ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  
molecules showed the four characteristic molecular 
vibrations of the bisphthalocyanine molecules: 727, 
1114,1322, and 1452 cm-l for P C L U P C ~ ~ ~ ;  and 734,1114, 
1322, and 1457 cm-l for P c ~ ~ ~ L u P c ~ ~ ~  (Figure 5). The 
main differences between these spectra and the corre- 
sponding one for the unsubstituted LuPcz are in the 
600-800 cm-l region. The P c L u P c ~ ~ ~  bisphthalocya- 
nine showed six vibrational modes in the 600-800 cm-l 
region: 680, 690, 698,727, 760, and 775 cm-l, and the 
P c ~ ~ ~ L u P c ~ ~ ~  showed five bands: 680,699,734,761, and 
779 cm-l. In this region, unsubstituted LuPcz has only 
one intense band at 727 cm-l corresponding to the C-H 
out-of-plane mode. Additional bands in that region have 
been previously reported for the symmetrically substi- 
tuted eight phenylbisphthalocyanine. This molecule 
shows four bands at 671,695, 749, and 782 cm-l. The 
increase in the number of IR active modes in the 600- 
800 cm-l region should be related to the presence of the 
phenyl groups, specially the band at 695 cm-l present 
in all the phenyl-substituted lutetium bisphthalocya- 
nines studied, which is a characteristic benzene vibra- 
tion. 

Table 2. Characteristic Vibrational Raman and IR 
Frequencies of P C L U P C ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  

Phthalocyaninesa 
PCLUPC4Ph PC4PhLUPC4Ph 

IR SERS IR SERS description 

680 (w) 
690 (w) 
698 (w) 
727 (9) 
740 (sh) 
760 (w) 
775 (w) 

811 (w) 
885 (m) 

998 (w) 
1027 (w) 
1062 (w) 
1079 (w) 
1114 (s) 

1159 (w) 

1261 (w) 
1281 (w) 

1322 (s) 
1365 (m) 
1369 (w) 
1384 (w) 
1405 (w) 
1423 (w) 

1452 (SI 

480 (w) 

580 (m) 

681 (9) 

736 (sh) 
744 ( 8 )  

777 (sh) 
784 (m) 
819 (m) 

942 (w) 

1106 (w) 
1143 (w) 

1198 (sh) 
1217 (m) 

1304 (w) 
1335 (m) 
1350 (w) 

1410 (m) 
1426 (s) 

680 (w) 

699 (9) 
734 (s) 

761 (w) 
779 (w) 

809 (w) 

1027 (w) 

1072 (w) 
1114 (s) 

1157 (m) 
1178 (sh) 

1259 (m) 
1282 (w) 

1322 (s) 
1363 (m) 
1374 (m) 

1419 (w) 
1442 (sh) 
1457 (s) 

481 (m) 
486 (m) 
578 (m) 
654 (m) 
667 (w) 
680 (s) 
687 (sh) 

736 (sh) 
744 (s) 

784 (m) 
816 (m) 

955 (w) 

1108 (w) 
1140 (w) 

1217 (m) 

1304 (w) 
1335 (w) 
1350 (w) 

1410 (m) 
1426 (s) 

macrocycle breathing 

phenyl groups 
C-H wagging 
Pc ring 

C-H wagging 
C-H bending 

C -H bending 
C -H bending 
C -H bending 

C-H bending 
C-H bending 
C-H bending 

C-H bending 
C-H bending 

isoindol stretch 

isoindol stretch 

isoindol stretch 
isoindol stretch 
isoindol stretch 

1515 (sh) 
1530 (s) 1531 (s) pyrrole stretch 

1606 1606(w) 1602 (w) benzene stretch 

The P c L u P c ~ ~ ~  and the P c ~ ~ ~ L u P c ~ ~ ~  IR spectra differ 
in the relative intensities of the two most intense 
vibrations; the band at  698 cm-l is the most intense 
band in the P c ~ ~ ~ L u P c ~ ~ ~  bisphthalocyanine IR spec- 
trum. However, for the P c L u P c ~ ~ ~  the most intense 
band is the C-H wagging at 727 cm-l. 

The asymmetry introduced in the eight phenyl P c ~ ~ ~ -  
L u P c ~ ~ ~  molecule introduced by the phenyl group sub- 
stitution may be discussed by comparison with the 
previously reported symmetrically substituted eight 
phenyl bisphthalocyanine. The band at  749 cm-l 
present in the asymmetrically substituted molecule is 
shifted to 734 cm-l in P c ~ ~ ~ L u P c ~ ~ ~ .  A change in the 
relative intensities of the two most intense bands is also 
observed. Spectral differences are probably due to lower 
symmetry of the molecule and also ring distortions. A 
complete list of the observed fundamentals is given in 
Table 2. 

Adsorption of NO, on P c L u P c ~ ~ ~  and P c ~ ~ ~ -  
L u P c ~ ~ ~  LB Films. LB films on glass and on Au island 
films were exposed to NO, at  a pressure of 300 Pa for 3 
min. The changes due to the adsorption of the gas were 
monitored by both W-vis  and SERS spectroscopy. 

In the W-visible spectrum of the P c L u P c ~ ~ ~ ,  the 
exposure to NO, caused a decrease in the intensity of 
the strong absorption a t  667 nm, and the new spectrum 
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500 600 700 800 

Wavenumber ( c m - I )  

Figure 6. Electronic spectra of P c ~ ~ ~ L u P c ~ ~ ~  LB on glass (a) 
before NO, adsorption, (b) after NO, absorption, (c) 5 min later, 
(d) 10 min later, (e) 15 min later, (f) 20 min later. 

is in correspondence with that of the electrochemical 
formation of the bisphthalocyanine oxidized form. Simi- 
larly, when the P c ~ ~ ~ L u P c ~ ~ ~  film is exposed to NO, the 
Q band is observed at  714 nm (red form) as can be seen 
in Figure 6b. In both cases the typical band of the red 
form a t  495 nm for P c L u P c ~ ~ ~  and 490 nm for Pc4ph- 
L u P c ~ ~ ~  was also recorded as shown in Figure 6b. The 
spectroscopic results clearly indicate a strong interaction 
of the adsorbate with the LB film (chemisorption), where 
the electron-acceptor molecule has decreased the elec- 
tron density (oxidation) of the macrocycle. 

The effects of gas adsorption in the SERS spectra of 
single monolayers of P c L u P c ~ ~ ~  and P c ~ ~ ~ L u P c ~ ~ ~  LB 
were analogous and are illustrated in Figure 7 for P c ~ ~ ~ -  
L U P C ~ ~ ~ .  The polarization caused by the electron- 
acceptor gas in the central macrocycle results in lower 
intensities for vibrations corresponding to the Pc ring. 
For example, as can be seen in Figure 7, the macrocycle 
breathing at  680 cm-l and Pc ring stretching at  744 
cm-l were strongly affected by the NO, chemisorption. 
The adsorption of NO, also decreases the intensity of 
the pyrrole vibrations observed in the 1300-1500 cm-l 
region. 

In summary, the electronic and the SERS spectra of 
LB films showed that chemisorption of NO, takes place 
where the electron-acceptor molecule strongly polarizes 
the macrocycle. W-visible and SERS spectra also 
demonstrate that the chemisorption is reversible and 
that the total desorption time for the LB film is ca. 20 
min (Figure 6). 

PCLUP c 4Ph LB film on A u  4Ph 

e) Before NOx 

b) A f t e r  NOx /k 
500 1000 1500 

Wavenumber (cm- 1 )  

Figure 7. SERS spectra of one LB monolayer of P c ~ ~ ~ L u P c ~ ~ ~  
on Au (a) before and (b) after adsorption of NO,. 

When cast films instead of LB films were exposed to 
the gas, the desorption rate decreased and at  least 2 h 
was needed for the recovery of the film. 

Conclusions 

Langmuir monolayers and LB films of asymmetrical 
phenyl-substituted bisphthalocyanines have been pre- 
pared. The electrochromic properties (blue-green-red 
forms) of both materials in LB films on IT0 substrates 
have been demonstrated. The two peaks corresponding 
to  oxidation reduction processes were clearly detected 
in the cyclic voltammograms of the LB films deposited 
on IT0 glass and were stable under consecutive sweeps. 
The presence of phenyl groups and the reduced molec- 
ular symmetry produces shifts in the Q bands of the 
UV-vis spectra and an increase in the number of IR- 
active modes in the 600-800 cm-l spectral region. The 
chemisorption of the electron acceptor molecule polar- 
izes the PC ring and decreases the Raman intensity of 
the Pc vibrations. 
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