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A series of three Phthalocyanine (Pc) derivatives have been designed, synthesised and formulated as self-

assembled monolayers (SAMs) on gold-coated optical waveguides. The alkyl chain tethering the Pc macrocycles

to the gold surface via a thiol moiety varied in length viz. (CH2)11, (CH2)8 and (CH2)3. The three Pc SAMs

have been characterised using re¯ection absorption infrared spectroscopy and ¯uorescence spectroscopy excited

via the evanescent wave. The infrared data have shown that the length of the alkyl tether has a profound effect

on the orientation and packing density of the Pc macrocycle on the gold surface. Similarly, the intensity of

¯uorescence observed from the Pc monolayers was related to the length of the alkyl tether. A further

investigation of the C11 Pc derivative SAM has shown that the monolayer ®lm was stable, exhibiting no

oxidation and only minor orientation changes on the gold surface over a period of 24 months as determined by

infrared and ¯uorescence spectroscopy. The longevity of the Pc SAM is thought to be due to the macrocyclic

ring possibly preventing oxidation of the thiolate root. As simple alkanethiols are known to oxidise at gold

surfaces, the stability results obtained for the Pc derivative would suggest that macrocyclic SAMs may have

properties that are more suitable for long term applications.

Introduction

Phthalocyanines (Pcs) have been shown to possess properties
which are attractive for numerous applications ranging from
electrophotography,1 optical data storage systems,2,3 chemical
sensors,4,5 photovoltaic cells,6 fuel cells,7 electrochromic
devices8 and photodynamic therapy of cancer.9,10 Such is the
interest in these macrocyclic compounds that much work has
focused on the formulation of thin ®lms of Pcs using techniques
such as Langmuir±Blodgett,11±14 spin-coating,14,15 deposition
from the vapour phase16,17 and more recently the formation of
Pc monolayers via self-assembly.18±20 Self-assembled mono-
layers (SAMs) offer a number of advantages over other thin
®lm formation techniques in that the monolayer ®lms are
simple to fabricate, are chemically bound to the substrate and
deposition is highly reproducible with known speci®c mole-
cular orientation. Such properties are particularly attractive in
many of the ®elds in which Pcs are being applied.

We have previously reported the formation and character-
isation of SAMs formulated from thiol and disul®de deriva-
tivised Pcs deposited on gold-coated substrates18±21 and
trichlorosilyl derivative Pcs assembled on glass and silicon
substrates,22 focusing on the use of the Pc SAMs for chemical
sensing applications. In our previous studies we have noted
that the mercaptoalkyl chain which tethers the Pc macrocycle
to the gold-coated substrate appears to determine the surface
orientation of the SAM. In order to study this observation a
series of three Pc derivatives have now been synthesised with a
varying length mercaptoalkyl chain viz. C11, C8, C3. In this
paper the formation of the three Pc derivatives as SAMs on
gold-coated glass substrates and the subsequent characterisa-
tion of the surface orientation by re¯ection absorption infrared
(RAIR), visible absorption and ¯uorescence spectroscopies is
described. Additionally, the long term stability of macrocyclic
SAMs is also discussed as infrared and ¯uorescence spectro-
scopic data for the C11 Pc derivative SAM over a 24 month
period are also presented.

Experimental

Synthesis of the Pc derivatives

Equipment and measurements. 1H-NMR spectra were
measured at 60 MHz on a JEOL JNM-PMX 60 using TMS
as the internal reference and at 270 MHz on a JEOL EX 270
using the residual solvent peak as the internal reference
(dH~7.15 for benzene). Routine mass spectra were obtained
using a Kratos MS 25 mass spectrometer. FAB-MS were
obtained using nitrobenzyl alcohol as the matrix and were
measured using the VG ZAB-E low resolution EPSRC service
equipment at Swansea University. Melting points and
transitions between crystal, liquid crystal and isotropic
liquid states were monitored using an Olympus BH-2
polarising microscope in conjunction with a Linkam TMS
92 thermal analyser with a Linkam THM 600 cell. The
heating rate used was 5 ³C min21.

Materials. The synthesis of 1,4,8,11,15,18-hexahexyl-22-(11-
mercaptoundecyl)-25-methylphthalocyanine (1) (Fig. 1) has
been described elsewhere.21 The two novel homologues were
similarly prepared from the previously reported hydroxyalkyl
analogues,23 1,4,8,11,15,18-hexahexyl-22-(8-hydroxyoctyl)-25-
methylphthalocyanine and 1,4,8,11,15,18-hexahexyl-22-(3-
hydroxypropyl)-25-methylphthalocyanine, via the methanesul-
fonyl derivatives.

1,4,8,11,15,18-Hexahexyl-22-[n-(methylsulfonyloxy)alkyl]-25-
methylphthalocyanines

These were prepared from the hydroxyalkyl derivatives, above,
by adaptation of the procedure described previously.21

1,4,8,11,15,18-Hexahexyl-22-[8-(methylsulfonyloxy)octyl]-25-
methylphthalocyanine. Yield, 96%. Transition temperatures:
(KAD) not seen, (DAD) 89.5 ³C, (DAI) 135.7 ³C. m/z 1239.
dH (270 MHz, C6D6): 7.82 (m, 4H), 7.4±7.64 (m, 4H), 4.7 (m,
4H), 4.58 (m, 4H), 4.41 (m, 4H), 3.7 (t, 2H), 3.5 (s, 3H), 1.0±2.4
(m, 65H), 0.88 (t, 18H), 20.8 (s, 2H). Found. C, 75.58; H, 9.00;
N, 8.89. C78H110N8O3S requires: C, 75.55; H, 8.95; N, 9.04%.
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1,4,8,11,15,18-Hexahexyl-22-[3-(methylsulfonyloxy)propyl]-25-
methylphthalocyanine. Yield, 94%. Transition temperatures:
(KAD) not seen, (DAD) 100.9 ³C, (DAD) 163.9 ³C, (DAI)
186.0 ³C. m/z 1169. dH (270 MHz, C6D6): 7.82 (s, 4H), 7.35±
7.62 (m, 4H), 4.65 (m, 4H), 4.55 (t, 2H), 4.41 (m, 6H), 4.2 (t,
2H), 4.08 (t, 2H), 3.47 (s, 3H), 2.42 (t, 2H), 1.2±2.4 (m, 51H),
0.9 (m, 18H), 20.81 (s, 2H). Found. C, 75.07; H, 8.62; N, 9.43.
C75H100N8O3S requires: C, 74.95; H, 8.62; N, 9.58%.

1,4,8,11,15,18-Hexahexyl-22(n-mercaptoalkyl)-25-
methylphthalocyanines

These were prepared from the (methylsulfonyloxy)alkyl
compounds, above, by adaptation of the procedure described
previously21 using thiourea followed by reaction with NaOH.
Reactions were performed under nitrogen to avoid oxidation to
the disul®de.21

1,4,8,11,15,18-Hexahexyl-22-(8-mercaptooctyl)-25-methyl-
phthalocyanine (2). Yield, 57%. Transition temperatures:
(KAD) not seen, (DAD) 115.8 ³C, (DAI) 173.8 ³C. dH

(270 MHz, C6D6): 6.6±7.7 (m, 8H), 4.5 (m, 4H), 4.2 (m, 2H),
3.8±4.0 (m, 4H), 3.5 (m, 2H), 3.2 (m, 2H), 2.6 (m, 4H), 2.1±2.4
(m, 5H), 1.1±2.0 (m, 56H), 0.8±1.1 (m, 18H), 21.8 (s, 2H). S±H
signal not identi®ed. Found. C, 78.46; H, 9.12; N, 9.33.
C77H108N8S requires: C, 78.52; H, 9.24; N, 9.51%.

1,4,8,11,15,18-Hexahexyl-22-(3-mercaptopropyl)-25-methyl-
phthalocyanine (3). Yield, 58%. Transition temperatures:
(KAD) not seen, (DAI) 156.6 ³C. m/z 1177. dH (270 MHz,
C6D6): 7.1±7.8 (m, 8H), 4.62 (m, 4H), 3.5±4.5 (m, 14H), 3.2 (m,
5H), 1.2±2.6 (m, 46H), 0.8±1.1 (m, 18H), 22.05 (s, 2H). S-H
signal not identi®ed. Found. C, 78.23; H, 8.80; N, 9.85.
C72H98N8S requires C, 78.07; H, 8.92; N, 10.11%.

Formation of the Pc SAMs

Glass microscope slides (BDH Ltd.) were used as the substrates
for the Pc SAMs characterised using RAIRS. For the
¯uorescence and visible region studies of the Pc SAMs SF-15
glass slides (UQG Ltd.) were used as the glass microscope slides
exhibited an intrinsic ¯uorescence. For both types of substrate
the glass surface was wiped clean with a soft, detergent free
tissue and then washed with a stream of methanol in order to
remove any bulk surface contamination. The glass substrates
were then immersed into a solution of potassium hydroxide in
aqueous methanol (100 g of potassium hydroxide was
dissolved in 100 mL of Millipore water, then diluted to
250 mL with methanol) for 12 hours. The substrates were
rinsed with fresh Millipore water and then dried in a stream of
re¯uxing propan-2-ol. The resultant clean substrates were
stored in sample jars, with air-tight lids. The cleaned, dried
glass substrates were then coated with a layer of chromium
(99.999% purity, Johnson Matthey Ltd.) followed by a layer of
gold (99.999% purity, Johnson Matthey Ltd.). The chromium
layer was deposited to ensure a good adhesion of the gold onto
the glass surface. The thickness of each metal layer deposited
was dependent upon the spectroscopic technique employed to
study the metal ®lm once a SAM had been formed on the
freshly prepared surface. For RAIR spectroscopic character-
isation, 5 nm of chromium was deposited on the cleaned glass
substrates followed by a 45 nm gold layer. For the ¯uorescence
and visible absorption spectroscopy experiments, 1 nm of
chromium was deposited on the cleaned glass substrate
followed by an 8 nm gold layer. Both the chromium and
gold layers were deposited by thermal evaporation under
vacuum using an Edwards Auto 306 vacuum evaporator. The
Pc SAMs were formed by immersing the freshly prepared gold-
coated substrates in a 261024 mol dm23 cyclohexane solution
of 1, 2, or 3 for 20 hours (to ensure the formation of well
organised SAMs24). Reference substrates for the SAMs were
fabricated by immersing freshly prepared gold-coated sub-
strates into cyclohexane for 20 hours. The Pc SAMs, and their
respective references, were then washed in fresh cyclohexane,
dried in a stream of argon and then subsequently stored in
clean amber sample jars with air-tight lids.

RAIR spectroscopic characterisation of Pc SAMs

RAIRS experiments were performed using a Bio-Rad FTS40
Fourier transform infrared spectrometer coupled with a
Spectra-Tech FT85 re¯ectance unit. The FTIR spectrometer
housed a liquid nitrogen cooled MCT detector. RAIR spectra
were acquired with the re¯ectance unit, using p-polarised light
at an incidence angle of 85³. The spectra were obtained from
the co-addition of 1024 scans at a resolution of 4 cm21.
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Fig. 1 Phthalocyanine derivatives showing varying length mercap-
toalkyl tether: (CH2)11 1, (CH2)8 2 and (CH2)3 3.
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Visible absorption and ¯uorescence spectroscopy of Pc SAMs

The visible region spectra of the Pc SAMs were obtained using
a Hitachi U3000 spectrophotometer, with the corresponding
reference blank gold-coated substrate placed in the reference
beam.

Fluorescence data were obtained from the Pc SAMs using a
method based on evanescent wave excitation. The protocol
used was developed from that previously reported.20 The
experimental con®guration consisted of an in-house designed
sample holder which was housed within the sample chamber of
a Fluoromax-2 ¯uorescence spectrometer (Instruments SA).
The sample holder allowed each Pc SAM to be reproducibly
positioned with regards to the laser source.

Each Pc SAM was excited using a 3 mW laser diode at
670 nm (Model VLM2-3L, Applied Laser Systems) and a
4 mW HeNe laser at 633 nm (Model 1107, Uniphase Inc.).
The laser beam was directed onto the edge of the glass
substrate, i.e., to use the substrate as an optical waveguide.
The laser radiation passed along the length of the substrate by
means of total internal re¯ection thereby exciting ¯uorescence
from the Pc SAM via the evanescent wave. The emitted
¯uorescence was detected using the photomultiplier detector
of the ¯uorimeter.

Results and discussion

RAIRS characterisation of Pc SAMs

Re¯ection±absorption infrared spectroscopy (RAIRS) was
used to determine the formation and structural orientation
of the SAMs of Pcs 1, 2 and 3 on the gold-coated glass
substrates. The assignment of the infrared absorption bands
observed from the SAMs of 1±3 are summarised in Table 1.
The RAIR spectrum of a SAM of 1 is shown in Fig. 2. Fig. 2A
shows the strong absorption bands of CH3 (nAS) at 2965 cm21,
CH2 (nAS) at 2922 cm21, CH3 (nS) at 2879 cm21 and CH2 (nS)
at 2852 cm21.25 These aliphatic CKH stretches are associated
with the 6 non-peripherally substituted alkyl chains and the
mercaptoalkyl tether. Also present in the RAIR spectrum are a
series of absorption bands between 3105±3000 cm21 that are
incorporated within a broad envelope representing aromatic
CH stretches.26,27 Additionally, an absorption band is observed
centred at 3302 cm21, which is assigned to n(NH).28 In Fig. 2B

the following bands have been assigned:26±31 1605 cm21,
benzene CLC stretch; 1570 cm21, ring stretching, components
from CKC and CKN; 1507 cm21, NH in plane deformation
(dip); 1483 cm21, ring stretching; 1468 cm21, CH2 deformation
(dCH2); 1455 cm21, CH3 asymmetric deformation; 1434 cm21,
isoindole stretch; 1376 cm21, CH3 symmetric deformation;
1306 cm21, ring stretch; 1275 cm21, n(CN); 1095 cm21, CLN
stretch involving the azo nitrogens; 1065 cm21, CKH deforma-
tion; 1022 cm21, skeletal mode of the central ring; 880 cm21,
out of plane ring CKH deformation and 725 cm21, out of plane
NKH deformation. The origin of the 1148 cm21 absorption
band present in Fig. 2B cannot be conclusively assigned as it
has been described in the literature as a CLN stretch involving
the azo nitrogens27 and as an in plane CH deformation.30
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Table 1 Vibrational assignments for the absorption modes of 1, 2 and 3 phthalocyanine SAMs

Pc Derivative SAM/absorption bands (cm21)

1 2 3 Assignment25±31

3302 3295 n(NH)
3105±3000 Aromatic n(CH)
2965 2963 2965 CH3 (nAS)
2922 2924 2928 CH2 (nAS)
2879 2878 2878 CH3 (nS)
2852 2856 2859 CH2 (nS)
1605 1607 Benzene CLC stretch
1570 1565 Ring stretching, component from CKC and CKN
1507 1507 NH in plane deformation (dip)
1483 1485 Ring stretching
1468 1470 1467 CH2 deformation (dCH2)
1455 1458 CH3 asymmetric deformation
1434 1425 Isoindole stretch
1376 CH3 symmetric deformation
1306 1308 Ring stretch
1275 1275 n(CN)
1148 1148 CLN stretch involving the azo nitrogens or in plane CH deformation
1095 1096 CLN stretch involving the azo nitrogens
1065 1065 1069 CKH deformation
1022 1022 Skeletal mode of the central ring
880 880 Out of plane ring CKH deformation

761 Out of plane ring CKH deformation/out of plane ring deformation
725 Out of plane NKH deformation

Fig. 2 RAIR spectrum of a SAM of 1.

J. Mater. Chem., 2000, 10, 31±37 33



The RAIR spectrum of a SAM of 2 is shown in Fig. 3.
Fig. 3A shows similarities to Fig. 2A in that strong absorption
bands from the aliphatic CH stretches associated with the non-
peripheral alkyl chains of the Pc macrocycle are observed. A
weak absorption band at 3295 cm21 is also present, which can
be assigned as a n(NH). It should be noted that the intensity of
the n(NH) absorption band is not as large as that observed for
the SAM of 1 (Fig. 2A). Additionally, the envelope of
absorption bands between 3105±3000 cm21 associated with
the aromatic CH stretches was not observed for the SAM of 2
as compared with the SAM of 1. Fig. 3B shows absorption
bands which are predominantly associated with the macrocycle
of the Pc SAM (see Table 1 for assignment).

The RAIR spectrum of a SAM of 3 is shown in Fig. 4.
Fig. 4A shows the strong absorption bands of the aliphatic CH
stretches related to the alkyl chains of the Pc macrocycle. The
absorption bands due to the n(NH) and the aromatic CH
stretch were not observed. As can be seen from Fig. 4B, none of
the absorption bands associated with the Pc macrocycle is
present in the spectrum. The absorption bands present in
Fig. 4B are those associated with the substituent alkyl chains,
viz. CH2 deformation (dCH2) at 1467 cm21 and the CKH
deformation at 1069 cm21.

With consideration of the metal surface selection rule, i.e.,
only vibrational modes with a dipole component perpendicular
to the metal surface may be excited and observed,32 the RAIRS
data can be used to determine the orientation of the three Pc
SAMs upon their respective gold-coated substrates. It is clear
from Fig. 2 and 3 that absorption bands associated with the
macrocyclic ring (e.g. NKH stretches/deformations, aromatic
n(CH), ring stretching modes and CN stretches/deformations)
of the SAMs of 1 and 2 are present in the RAIR spectra.
However, the RAIR spectrum of the SAM 3 shows no
vibrational modes originating from the Pc macrocyclic ring.
The RAIR data suggest that Pc derivatives of 1 and 2 have self-
assembled in a different orientation on the gold surface as
compared with 3. As the RAIR spectra of the SAMs of 1 and 2
show Pc macrocyclic absorption bands this indicates that the
macrocyclic cores of 1 and 2 are inclined with respect to the
metal surface. The absence of the Pc macrocyclic absorption
bands in the RAIR spectrum of SAM 3 suggests that the

aromatic core of the Pc molecules lie parallel to the gold
surface. In a previous study,20 a 1,4,8,11,15,18,22 heptadecyl-
25-(3-mercaptopropyl)phthalocyanine was self-assembled onto
a gold-coated substrate (a Pc derivative again with a C3 anchor
chain) and was also found to orientate parallel to the metal
surface.

The RAIRS information allows further interpretation of the
1 and 2 SAMs. Fig. 2 and 3 clearly show that while macrocyclic
absorption bands are present for both Pc SAMs the relative
intensities of these modes are greater for the SAM of 1 as
compared to the SAM of 2. The difference in intensity of the
absorption bands between the Pc molecules for the two
monolayers indicates that the Pc cores of the SAM of 1 are
orientated in a more perpendicular con®guration with respect
to the gold-coated surface as compared to the molecules within
the SAM of 2. Therefore, it is clear that all three Pc SAMs (1, 2
and 3) adopt different orientations on the gold-coated
substrates. The difference in surface orientation of these
SAMs is evidently related to the length of the mercaptoalkyl
anchor chain for the three Pcs. It is apparent that the C3

mercaptoalkyl chain of 3 forces the macrocycle to assume a
parallel orientation on the gold-coated surface, while the longer
chains of C11 and C8, associated with the Pc molecules 1 and 2,
respectively, allow the macrocycles to adopt a more perpendi-
cular orientation with respect to the surface, thereby increasing
the packing density and molecular ordering of these mono-
layers.

It is possible that the difference in surface orientation
between the SAMs of 1 and 2 is not only due to the length of
the mercaptoalkyl chain but also whether the chain length has
an odd or even number of carbon atoms. If the mercaptoalkyl
anchor chain is considered to be in an all-trans extended
con®guration25,33 then the Pc macrocycle would adopt a
different orientation with respect to the alkyl chain depending
on whether its length is odd or even. Therefore the orientation
adopted by the SAM of 1 may place it in a con®guration that
allows it to pack with a greater density compared to that of
SAM 2. The parallel surface orientation of the SAM of 3 would
confer a reduced packing density as compared to the SAMs of 1
and 2. Such conclusions are supported by Zak et al.34 who
reported that longer mercaptoalkyl chain metalloporphyrins
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Fig. 3 RAIR spectrum of a SAM of 2. Fig. 4 RAIR spectrum of a SAM of 3.
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orientated in a more perpendicular orientation with respect to
the surface.

The presence of both symmetric and asymmetric CH2

stretches in the RAIR spectra of all three Pc SAMs suggests
that the 6 substituent alkyl chains of the Pc macrocycles are
tilted in relation to the parallel and perpendicular planes of the
gold-coated surface. Further information regarding the con-
®guration of these alkyl chains can be obtained by considering
the orientation of the Pc macrocycles and from the position of
the nAS and nS methylene stretching bands. It has been
established that the Pc macrocycle of the SAM of 1 is
orientated such that the ring is approaching a perpendicular
position in relation to the gold-coated surface. The Pc
molecules would therefore be densely packed, `face-to-face',
with a high degree of order. Such an orientation would allow
the alkyl chain substituent groups of neighbouring Pc
molecules to adopt an all-trans crystalline packing stabilised
by van der Waals interactions. Evidence for such an alkyl chain
con®guration is provided by the position and width of the
methylene stretching vibrations [CH2 (nAS) at 2922 cm21 and
CH2 (nS) at 2852 cm21] observed in the RAIR spectrum of the
SAM of 1 (Fig. 2A) which are indicative of crystalline
packing.25,33 The Pc macrocycles in the SAM of 3 have been
determined to lie parallel to the gold-coated surface. In such an
orientation the alkyl chain substituent groups of the neigh-
bouring Pc molecules would be unable to pack in a crystalline
manner and are therefore expected to adopt a disordered state.
The methylene stretching vibrations [CH2 (nAS) at 2928 cm21

and CH2 (nS) at 2859 cm21] observed in the RAIR spectrum of
the SAM of 3 (Fig. 4A) provide evidence that the alkyl chains
do assume such a disordered con®guration.25,33 The Pc
macrocycle in the SAM of 2 adopts an orientation which is
intermediate between that of 1 and 3. The Pc molecules are
densely packed, albeit less than in the SAM of 1, in a `face-to-
face' manner with a degree of order. With this type of structural
con®guration the alkyl chain substituent groups of neighbour-
ing Pc molecules cannot readily form an all-trans crystalline
packed structure. Evidence for the reduced density in the
packing of the alkyl chains is again provided by the shift to
higher frequency for the CH2 stretching vibrations25,33 [CH2

(nAS) at 2924 cm21 and CH2 (nS) at 2856 cm21], as observed in
the RAIR spectrum of the SAM of 2 (Fig. 3A). A schematic
representation of the possible orientation of the three Pc SAMs
on the gold-coated substrates is given in Fig. 5.

Visible absorption spectra of Pc SAMs

The strong visible region absorbance characteristic of Pcs gives
rise to detectable absorption pro®les of each of the three SAMs:
visible region absorption spectra obtained from SAMs of 1, 2
and 3 on gold-coated glass substrates are shown in Fig. 6. The
visible spectra for each SAM show the characteristic Q band
associated with Pc molecules. The Q bands for all three SAMs
are broadened relative to those observed in solution for the
three Pc derivatives and are blue-shifted by ca. 40 nm. Such
broadening of the Q band has been previously observed in the
visible spectra of SAMs of non-metallated trichlorosilyl
derivative Pcs self-assembled directly onto glass substrates22

and is characteristic of spectra obtained from other solid state
formulations.14,35

Evanescent wave excited ¯uorescence of Pc SAMs

The ¯uorescence emission spectra of the SAMs of Pcs 1, 2 and 3
on gold-coated glass substrates were obtained using a
technique based on evanescent wave excited ¯uorescence
spectroscopy.20 Laser radiation was passed along the length
of the glass substrate by the means of total internal re¯ection.
At each re¯ection point along the optical waveguide laser light
penetrated through the substrate via the evanescent wave

exciting the Pc SAM. The ¯uorescence spectra for the SAMs of
Pcs 1, 2 and 3 obtained using evanescent wave excitation at 633
and 670 nm are shown in Fig. 7 (A and B respectively). The
maximum ¯uorescence emission for the three Pc SAMs
occurred at 790 nm.

There is a large `red-shift' of the ¯uorescence emission
maxima for the three Pc SAMs studied as compared to the
solution values (lmax 737, 751, 745 nm for 1, 2 and 3
respectively). The large `red-shift' between solution and SAM
¯uorescence spectra suggests that the macrocycles of the Pc
SAMs are ordered as such shifted ¯uorescence emission spectra
are observed for ordered Langmuir±Blodgett ®lms of Pc
molecules.35

From the spectra shown in Fig. 7 it is apparent that the
mercaptoalkyl chain length tethering the Pc macrocycle to the
gold surface affects the intensity of ¯uorescence emission. In
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Fig. 5 Schematic representation of the possible orientation of the Pc
SAMs on the gold-coated substrate (A) SAM of 1, (B) SAM of 2 and
(C) SAM of 3.

Fig. 6 Visible absorption spectra of SAMs 1±3.
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both Fig. 7A and B the SAM of 1 exhibits the greatest intensity
of the three Pc derivatives. It is also apparent that the SAM of 3
shows the weakest ¯uorescence, with the SAM of 2 inter-
mediate between those of 1 and 3. The relative intensity of
¯uorescence emission from the SAM of 2 is dependent on the
wavelength of the laser used to excite the monolayer; the
¯uorescence emission appears more intense upon using 633 nm
excitation (Fig. 7A) which is possibly due to the larger value of
e at this wavelength as compared to 670 nm (Fig. 6). The
relationship between intensity of ¯uorescence versus chain
length of tether is possibly due to a number factors. The
¯uorescence intensity will depend on the number of molecules
present in the monolayer ®lm, which may be lower in the
apparently less densely packed SAM of 3, and the extent of self
quenching, which could be higher for the more densely packed
monolayer ®lms of 1 and 2. However, an overriding factor is
expected to be the proximity of the Pc molecules to the gold
surface. A number of studies have shown that the excited state
of a ¯uorophore positioned near a metal surface is quenched
via non-radiative energy transfer processes.36-41 However, by
separating the ¯uorophore from the surface it is possible to
obtain ¯uorescence emission. Assuming that the angular tilts of
the mercaptoalkyl anchor chains of the Pc derivatives are
similar to those of straight chain alkane thiols, i.e. 20±30³ from
the surface normal,25,33 the Pc macrocycle within 1, 2 and 3
would be ca. 13 AÊ , 10 AÊ and 4 AÊ respectively from the gold
surface.20 This suggests that a distance of at least 12±13 AÊ

between the ¯uorophore and metal surface is ideally required to
obtain signi®cant ¯uorescence emission from the excited Pc
macrocycle.

It is possible that the intensity of ¯uorescence emission from
the SAM of 2 is affected by the macrocycle being separated from
the metal surface by an even length alkyl chain, C8 as compared
with the odd chain lengths of 1 and 3 (C11 and C3 respectively).
As discussed above, variation in orientation between the C11

and C8 tethered Pc SAMs is suggested from the RAIRS data
(see Fig. 5). The orientation that the Pc macrocycle assumes in
the SAM of 2 may therefore place it in a con®guration such that
its excited state could be more ef®ciently quenched than would
be expected for an estimated distance of 10 AÊ from the gold
substrate. Any odd±even effect could only be established
through the synthesis of Pc derivatives with, e.g., a C7 and C9

mercaptoalkyl anchor chain. Additionally, Pc derivatives
containing long mercapto-n-alkane chains (nw11) would be
desirable in order to determine the optimum distance of
macrocycle from the metal surface.

Long-term stability of Pc SAMs

A number of studies have shown that straight chain alkane
thiols formulated as SAMs oxidise at the thiolate root
over a period of time limiting their use in numerous appli-
cations.24,42±45 Any potential applications of macrocyclic
SAMs would require that the monolayer ®lm possesses long-
term stability. In order to investigate the longevity of the Pc
SAMs, both RAIR and evanescent wave excited ¯uorescence
spectra were obtained from 1 at regular intervals over a period
of 24 months.

Fig. 8 shows a RAIR spectrum of a 24 month aged SAM of
1. The RAIR spectrum clearly shows the characteristic
absorption bands associated with the Pc macrocycle such as
NKH stretches/deformations, aromatic n(CH), ring stretching
modes and CN stretches. The vibrational modes of the
macrocycle appear in the same position, with similar intensities
to those bands observed in the RAIR spectrum of the freshly
prepared SAM of 1 (Fig. 2). However, while the locations of
n(CH2) and n(CH3), associated with substituent alkyl chains, in
Fig. 8A are the same as those seen in Fig. 2A for the freshly
prepared SAM, it is apparent that the relative intensities of
these stretching modes have changed over the 24 month period.
It would appear that while the macrocycle ring of the aged Pc
SAM lies in a similar orientation to the original `as deposited'
SAM of 1, the substituent alkyl chains have relaxed to a
different orientation with respect to the gold surface over the
period of study. This possibly suggests that the macrocyclic
ring of the Pc derivative protects the Au±S bond of the
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Fig. 7 Fluorescence emission spectra of SAMs 1±3 and background
substrate excited at (A) 633 nm and (B) 670 nm.

Fig. 8 RAIR spectrum of an aged (24 month) SAM of 1.
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mercaptoalkyl tether preventing oxidation of the thiolate
moiety. Such a result is in agreement with studies made on
benezenethiol SAMs on gold, albeit that the investigations
took place over only a 10 day period.46,47

Evanescent wave excited ¯uorescence emission spectra from
the SAM of 1 were recorded and analysed over a period of 24
months. Over the 24 month time period the ¯uorescence
intensity and emission pro®le of the SAM of 1 were unchanged
from that shown in Fig. 7.

Conclusions

The results presented in this paper describe the characterisation
of a series of three Pc derivatives formulated as self-assembled
monolayers on gold-coated substrates. The orientation of the
Pc macrocycles on the gold surface was found to be dependent
upon the length of the incorporated mercaptoalkyl anchor
chain. When a C11 hydrocarbon chain was used the Pc
macrocycles assumed a densely packed and highly ordered
orientation with the Pc ring arranged in a near perpendicular
con®guration with respect to the gold surface. A C3 alkyl
anchor chain induced the formation of a less closely packed
monolayer in which the Pc macrocycles arranged in a parallel
orientation. Evanescent wave excited ¯uorescence emission
spectra could be obtained from the Pc SAMs on the metal
surface, the intensity of the emission was again related to the
length of the mercaptoalkyl chain length. Importantly, the
SAM of Pc 1 was shown to be stable over a period of 24 months
which suggests that macrocyclic SAMs possess signi®cant
advantages over other SAM systems such as straight chain
alkane thiols.
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