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Substrate-dependent energy transfer and aggregation in Langmuir-Blodgett (LB) films of 5-(4-N-
octadecylpyridyl)-10,15,20-tri-p-tolylporphyrin (porphyrin 338a) have been investigated by ultraviolet-
visible (UV-vis) and fluorescence spectroscopies. It has been found that the porphyrin molecules form
different kinds of aggregates in the LB films on the glass and gold-evaporated glass substrates, evidenced
by red shifts of about 10 and 25 nm, respectively, of the Soret bands compared to that of monomeric species
in the chloroform solution. The two kinds of aggregates show different fluorescence characteristics. An
additional feature of absorption around 480 nm of the LB films on the gold-evaporated glass substrate and
markedquenching of fluorescenceby the excitationat thiswavelength suggest the formation of twodifferent
kinds of head-to-tail type J-aggregates in the LB films. Drastic quenching of fluorescence of the porphyrin
LB films on gold-evaporated glass substrate and enhanced luminescencewith increasing distance between
the porphyrin and the gold-evaporated glass substrate by imposing arachidic acid LB films of known
thicknessmaybe explaineddue by efficient radiationless energy transfer fromexcited porphyrinmolecules
to the metal surface. An interlayer energy transfer has been observed for the multilayer LB films on both
glass and gold-evaporated glass substrates.

Introduction

In the preceding paper,1 we reported the molecular
orientation and aggregation in Langmuir-Blodgett (LB)
films of 5-(4-N-octadecylpyridyl)-10,15,20-tri-p-tolylpor-
phyrin (abbreviated as porphyrin 338a), studied by
ultraviolet-visible (UV-vis) and infrared (IR) spec-
troscopies. The following two conclusions were drawn:
(1) The chromophoric part of the porphyrin molecules in
the LB films deposited on the CaF2 and glass plates
assumes nearly flat orientation to the substrate surface.
The hydrocarbon chain attached to the macrocycle has
conformational disorder, including some gauche confor-
mations. (2) The porphyrinmolecules formaggregates in
the LB films on CaF2 plates characterized by a red shift
of the Soret bands compared to that in the chloroform
solution. Apart from the structural aspects of adsorbates
on substrates, deep understanding of the interaction of
theelectronic andvibrational states of theadsorbateswith
the substrate surface is important for microscopic de-
scription of the surface dynamical processes. The excited
states of molecular species in the proximity of the surface
take part in many dynamical processes such as chemical
reactions,2 photochemicalprocesses,3 photoluminescence,4
and nonlinear optical effects,5 and therefore their nature

and mode of radiative and nonradiative relaxations are
subjects of current keen interest.6-9

To gain a new insight into the interaction between
porphyrin and substrates, we have undertaken detailed
studies onsubstrate- and layer-dependent energy transfer
and aggregation in the LB films of porphyrin 338a
deposited on glass and gold-evaporated glass plates by
using UV-vis and fluorescence spectroscopies. In order
to differentiate the effects of interlayer energy transfer in
the multilayer LB films from those of the energy transfer
of the porphyrin to the metal surface, we have studied
one-monolayer LB films of porphyrin 338a separated by
1-, 3-, 5- and 9-monolayer LB films of arachidic acid from
the gold-evaporated glass substrate. On the basis of such
studies, we have clarified various channels for nonra-
diative energy transfer and interactions between the
porphyrinmolecules and the substrates, in particular the
metal substrates. Thiskindof investigation isparticularly
important for thedevelopmentof the conductingporphyrin
LB films because they are normally fabricated ontometal
substrates.10,11 The present studies may also provide a
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new insight into various processes of energy transduction
by porphyrins in the photochemical reaction center.12

Experimental Section
The porphyrin sample used is the same as that in previous

paper.1 Arachidic acid was purchased from Aldrich Chemical
Co. and used without further purification.
The gold- or silver-evaporated glass plates were prepared as

follows: After chromium of 150 nm film thickness had been
evaporated onto each glass plate, a gold or silver film having a
thickness of 300 nmwas evaporated onto it. Figure 1 shows the
atomic force microscopy (AFM) image and its cross section of a
gold-evaporated glass substrate. From the cross section, the
average surface roughness was estimated to be about 2 nm.
The instrumentation and techniques for the fabrication of the

LB films on glass, quartz, CaF2 plates, and gold- and silver-
evaporated glass substrates were the same as described else-
where.1 The UV-vis transmission spectra of the LB films on
the glass, CaF2, and quartz plates were performed with a
Shimadzu UV-3101PC spectrophotometer, while the UV-vis
reflection-absorption spectra of the LB films on the gold- and
silver-evaporated glass substrates were measured by use of the
above spectrophotometer with a reflection attachment. The
fluorescence spectra were measured by using a Hitachi 4
spectrofluorometer with a cell holder in the front-face configu-
ration.
AFM imaging of a gold-evaporated glass substrate was

performed with a Shimadzu SPM-9500 atomic force microscope
under ambient conditions using a 15 µm × 15 µm scanner and
a silicon nitride tip on a cantilever with spring constant 0.16
N/m in contact mode.

Results

UV-vis Spectra. Spectra a-d of Figure 2 showUV-
vis spectra of one-, three-, five-, and nine-monolayer LB

films of porphyrin 338a on glass plates, respectively. The
UV-vis spectra of the corresponding one-, three-, five-,
and nine-monolayer LB films on gold-evaporated glass
plates are displayed in spectra e-h of Figure 2, respec-
tively; for comparison, a UV-vis spectrum of porphyrin
338a in a chloroform solution is also plotted (Figure 2i).
The strong bands appearing in the 400-500 nm region
are assigned as Soret or B bands.12 The Soret bands of
the mono- and multilayer LB films on the glass plates
show a red shift by about 10 nm, compared with that in
thechloroformsolution,while for themono-andmultilayer
LB films on the gold-evaporated glass substrate a red
shift of about 25 nm is observed. Of particular note for
the Soret bands of porphyrin LB films on the gold-
evaporatedglasssubstrates is thepresenceofanadditional
broad shoulder centered around 480 nm and sharp band
shape on the high energy side.

(10) Bardwell, J. A.; Bolton, J. R. Photochem. Photobiol. 1984, 40,
319.

(11) Yoneyama, M.; Fujii, A.; Maeda, S.; Murayama, T. Appl. Phys.
Lett. 1991, 58, 2381.

(12) (a)Gouterman,M. InThePorphyrins;Dolphin,D.,Ed.;Academic
Press: New York, 1979. (b) Smith, K. M. Porphyrins and Metallopor-
phyrins; Elsevier: Amsterdam, 1976; p 3.

Figure 1. Atomic force microscopy (AFM) image (A) and its cross section (B) of a gold-evaporated glass substrate.

Figure 2. UV-vis spectra of (a) one-, (b) three-, (c) five-, and
(d) nine-monolayer LB films of porphyrin 338a deposited on
glass plates and corresponding spectra of the (e) one-, (f) three-,
(g) five-, and (h) nine-monolayer LB films on gold-evaporated
glass plates, respectively. For comparison, aUV-vis spectrum
of porphyrin 338a in a chloroform solution is also plotted as (i).
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Comparison of spectroscopic properties between theLB
films on the glass and gold-evaporated glass plates
provides important information about the nature of the
interaction between the porphyrin molecules and sub-
strates. The larger red shift of the Soret band and an
additional band around 480 nm for the LB films on the
gold-evaporated glass substrate indicate that the gold
surface imposesmuch stronger influence on themolecular
arrangement in the LB films. To investigate this effect,
we prepared one-monolayer LB films of porphyrin 338a
onthegold-evaporatedglassplatesontowhichone-, three-,
five-, and nine-monolayer LB films of arachidic acid had
been deposited in advance. The UV-vis spectra of these
LB films are presented in Figure 3. The spectra of the
one- and three-monolayer LB films of porphyrin 338a
deposited directly onto the gold-evaporated glass plate
are also included for comparison (spectra e and f of Figure
3). It can be seen from Figure 3 that the band positions
of theSoret bands of one-monolayerLB films of porphyrin
338a on the gold-evaporated glass plates blue-shifted to
different extents upon the separating of the porphyrinLB
films from the substrate, while the shoulder around 480
nm become weaker with the increase in the distance
between the LB film of porphyrin 338a and the gold
surface. It also is noticed that with the increase in the
fatty acid monolayers, the absorbance the Soret bands of
one-monolayer LB films of porphyrin 338a become stron-
ger. This may arise from alteration of molecular orienta-
tion and aggregation, and interaction between porphyrin
and gold surface, caused by insertion of fatty acid spacer
between porphyrin LB film and gold surface. Further
work to clarify this phenomenon is under progress now.
Fluorescence Spectra. Figures 4 and 5 present

fluorescence spectra of one-, three-, five-, and nine-
monolayer LB films of porphyrin 338a on glass and gold-
evaporated glass plates, respectively. Twobands at∼660
and 720 nm correspond to Q(0,0) and Q(0,1) transition of
the porphyrins, respectively.12-14 Note that the one-
monolayerLB filmdeposited on the gold-evaporated glass
plate shows very weak fluorescence emission, while the

one-monolayer LB film on the glass plate gives strong
emission. For the LB films on the gold-evaporated glass
substrates, the fluorescence intensity increases with the
number of monolayers. In contrast, no such relationship
is observed for the LB films on the glass slides.
Spectra a-d of Figure 6 depict fluorescence spectra of

one-monolayerLBfilmsofporphyrin338ahaving theone-,
three-, five-, andnine-monolayerLB filmof arachidic acid
as a spacer on the gold-evaporated glass substrates. The
fluorescence spectra of one- and nine-monolayer LB films
of porphyrin 338a fabricated directly on the gold-
evaporated glass substrates are also shown in spectra e
and f of Figure 6. It is clear from Figure 6 that with the
increase in the distance between porphyrin LB film and
gold surface, the fluorescence intensity of the one-
monolayer porphyrin LB film increases. It is noteworthy
that compared to the Q(0,0) band of the nine-monolayer
LB film directly deposited on the gold-evaporated glass
plate, the correspondingbands in the fatty acid-separated
LB films of porphyrin 338a show a red shift by about 6
nm. It is observed that the one-monolayer LB film of
porphyrin 338a on gold separated by either three-, five-,
or nine-monolayer LB films of arachidic acid has fluo-
rescence intensity stronger thananine-monolayerLB film
of porphyrin 338a directly deposited onto gold surface.
These results demonstrate that the gold-evaporated glass
substrate indeed imposes marked influence on the elec-
tronic state of porphyrin 338a in the LB films. In other

(13) Shen,Y.;Myslinski, P.; Treszczanowicz, T.; Liu,Y.;Koningstein,
J. A. J. Phys. Chem. 1992, 96, 7782.

(14) Kano, K.; Takei, M.; Hashimoto, S. J. Phys. Chem. 1990, 94,
2181.

Figure 3. UV-vis spectra of the one-monolayer LB films of
porphyrin 338a on a gold-evaporated glass plate separated by
(a) one-, (b) three-, (c) five-, and (d) nine-monolayer LB films
of arachidic acid from the substrates, respectively. The spectra
of (e) one- and (f) three-monolayer LB films of porphyrin 338a
deposited directly on the gold-evaporated glass substrates are
included for comparison. Note that curve f is normalized to
curve d.

Figure 4. Fluorescence spectra of (a) one-, (b) three-, (c) five-,
and (d) nine-monolayer LB films of porphyrin 338a on glass
plates, respectively. The samples are excited at 425 nm.

Figure 5. Fluorescence spectra of (a) one-, (b) three-, (c) five-,
and (d) nine-monolayer LB films of porphyrin 338a on gold-
evaporated glass plates, respectively. The samples are excited
at 450 nm.
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words, the separation of the porphyrin LB film from the
gold-evaporatedglass substratealters both theabsorption
and emission characteristics.
Spectra a-d of Figure 7 illustrate the emission profiles

of the nine-monolayer LB film of porphyrin 338a on gold-
evaporated glass plates excited at 480, 375, 450, and 420
nm, respectively. It can be seen that the contours of these
spectradonot change significantly, though the intensities
alter largely. It is noted that the species with the
absorption maximum at about 480 nm is light absorbing,
but nonfluorescent, as is evidenced from Figures 3 and 7.

Discussion
Substrate-Dependent Aggregation Behavior of

PorphyrinMolecules inLBFilms. It canbe seen from
Figure 2 that the Soret band in the UV-vis spectra of
one-monolayer LB films of different solid supports shows
a red shift to different extents, compared with that of the
spreading solution. The red shift of the Soret band is due
to the formation of aggregates in the LB films,15,16 as
discussed in the preceding paper.1 On comparison of the

UV-vis spectra among the LB films of porphyrin 338a on
CaF2 (see Figure 3 in the preceding paper1), glass, gold,
quartz, and silver (data not shown) plates, it may be
concluded that the aggregates formed in the LB films on
the surface of nonmetal substrates such as CaF2, glass,
and quartz have similar structure, while those formed in
the LB films on themetal-coated substrates like the gold-
evaporated glass substratehavequite different structure.
The resemblance of theUV-vis spectrumof theporphyrin
LB film on the silver-evaporated glass plate to those of
the LB films on the nonmetal substrates may be ascribed
to the formation of an oxide layer on the silver surface,
as silver is highly prone to oxidation.17 The influence of
substrates on molecular arrangement has also been
reported for LB films,18-20 self-assembled films,17 and
evaporated films21 by other researchers in the past.
It is veryunlikely that thedeformation in theporphyrin

core or the formation of dicationH2P2+ (P, porphyrin338a)
is responsible for the red shift of the Soret bands of the
LB films on the gold-evaporated glass substrates, because
a LB film of the relatively rigid indium complex of
porphyrin 338a also shows a similar red shift of the Soret
band, and the LB films of porphyrin 338a give four Q
bands characteristic of free base porphyrin. Blue and red
shifts of absorption bands are very common for dyes
forming aggregates due to excitonic interaction.22 As per
the excitonic model of chromophores in solution or
organizedassembles, thedipole-dipole interactionenergy
Edd is given by22

where µ is the transition moment and a is the center to
center distance between the dipoles. The part in paren-
theses is the geometric factor related to the mutual
orientation of the dipoles. The spectral shift of the
absorption band for linear aggregates as a function of
aggregate size N is given by23

where ∆νN and ∆ν∞ are the spectral shifts for aggregates
having N and ∞ number of units, with respect to the
monomer, respectively. The absorption band width ∆ν1/2
(A) of the aggregates is related to N as24

where ∆ν1/2(M) is the absorption bandwidth of the
monomer.
The larger red shift of the Soret band for the porphyrin

LB films on the gold-evaporated plates compared to that
on the glass substrates indicates that the separation of
porphyrin units in the head-to-tail (J-aggregate) arrange-
ment is smaller and/or that thenumber ofmolecular units
is larger in the LB films on the gold-evaporated glass
plates. Theadditional featureat 480nmin theabsorption
spectra of porphyrinLB filmson thegold-evaporatedglass

(15) Bergeron, J. A.; Gaines, G. R., Jr.; Bellamy, W. D. J. Colloid
Interface Sci. 1967, 25, 97.

(16) Desormeaux,A.; Ringuet,M.; Leblanc,R.M.J.Colloid Interface
Sci. 1991, 147, 57.

(17) Tao Yu-Tai. J. Am. Chem. Soc. 1993, 115, 4350.
(18) Dote, J. L.; Mowery, R. L. J. Phys. Chem. 1988, 92, 1571.
(19) Ahn, D. J.; Fransese, E. I. J. Phys. Chem. 1992, 96, 9952.
(20) (a) Umemura, J.; Kamata, T.; Kawai, T.; Takenaka, T. J. Phys.

Chem. 1990, 94, 62. (b) Fujimoto, Y.; Ozaki, Y.; Kato, T.; Matsumoto,
N.; Iriyama, K. Chem. Phys. Lett. 1992, 196, 347.

(21) Nakagoshi, A.; Terashita, S.; Ozaki, Y.; Iriyama, K. Langmuir
1994, 10, 779.

(22) Kasha, M.; Rawls, H. R.; El-Bayoumi, M. A. Pure Appl. Chem.
1965, 37, 37.

(23) Iuckerman, B.; Mingace, H. J. Chem. Phys. 1969, 50, 3432.
(24) Knapp, E. W. Chem. Phys. 1984, 85, 73.

Figure 6. Fluorescence spectra of one-monolayer porphyrin
LB films on gold-evaporated glass substrates onto which (a)
one-, (b) three-, (c) five-, and (d) nine-monolayer arachidic acid
LB films had been deposited in advance, respectively. Fluo-
rescence spectra of (e) one- and (f) nine-monolayer porphyrin
LB films fabricated directly on gold-evaporated glass plates
are also included for comparison. All the samples are excited
at 450 nm.

Figure 7. Fluorescence spectra of the nine-monolayer por-
phyrin LB film on a gold-evaporated glass plates excited at (a)
480, (b) 375, (c) 450, and (d) 420 nm, respectively.

Edd ) -µ2(1 - 3 cos2 θ)/a3 (1)

cos[π/(N + 1)] ) ∆νN/∆ν∞ (2)

∆ν1/2(M)/∆ν1/2(A) ) N1/2 (3)
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substratesmay arise from the Soret band of another kind
of J-aggregates (hereafter we refer them as J′-aggregates
to differentiate them fromtheJ-aggregateswith theSoret
band at 450 nm) having even larger number of units and
a variety of interplanar porphyrin-porphyrin core ge-
ometries. TheJ′-aggregates donot showany fluorescence
with the excitation at 480 nm (Figure 7a). The exciton
model also predicts sharpening of absorption bands on
the formationof J-typeaggregates,25which isnot observed
in our case. The probable reasons for this are the loose
packingofhydrocarbonchainsandavariety of interplanar
porphyrin-porphyrin core geometries.
Although the UV-vis spectra of porphyrin LB films on

the glass and gold-evaporated glass substrates differ
significantly, their emission profiles are very similar
(Figures 2, 4, and 5). The absence of red-shifted fluo-
rescence from any J-type of aggregates of porphyrin 338a
on the glass and gold-evaporated glass substrates is
understandable from the fact that the Soret transition
occurs to the second single excited state S2 which shows
larger splitting, while the emission takes place from the
first excited single state S1 which does not show large
splitting as the transition dipole moment is smaller for
the transitions leading to Q bands.
In order to explore the nature of the emitting species

in the LB films of porphyrin 338a on the glass and gold-
evaporated glass substrates, we measured fluorescence
excitation spectra of the porphyrin LB films on these
substrates bymonitoring the fluorescence at 660 and 720
nm. The excitation spectra show intense peaks centered
around 437 nm for the LB films on both substrates,
indicating that the emitting species in both cases is of
similar type. This peak in the excitation spectra coincides
with the Soret band of the LB films on the glass substrate
(∼436 nm). Probably, loose head-to-tail types of ag-
gregates are formed in the LB films on both substrates.
It is likely that these loose aggregates act as traps for the
excitationenergyofmonomers. Inotherwords, theexcited
monomers transfer theexcitationenergy to theaggregates
absorbing at around 436 nm, which emit fluorescence.
This interesting phenomenon remains to be fully under-
stood.
Energy Transfer between Substrate and Porphy-

rinMolecules inLBFilms. Energy transfer inLB films
has been studied by several research groups.26-34 The
classic model proposed by Chance et al.7 has been quite
successful in predicting the rates of energy transfer from
molecules to the metal surfaces. Chang has applied
transition monopole theory of electronic excitation inter-
action to study energy transfer of chlorophyllmolecules.35
We have been interested in the effects of substrate and
intermonolayer interaction on the energy transfer in the
LB films of porphyrin molecules. The emission spectra
of the porphyrin LB films deposited directly on the gold
surface (Figures 5 and 8) and those of the one-monolayer

porphyrin LB films on gold-evaporated glass substrates
separated by fatty acid LB films (Figures 6 and 9)
demonstrate distance dependence of effective energy
transfer from theporphyrinmolecules to the gold surface,
as observed by Kuhn.30
Besides the efficient energy transfer from porphyrin

molecules to the gold surface in the LB films of porphyrin
338a, theenergy transferbetweenneighboringmonolayers
(inter-monolayer energy transfer) in the multilayer LB
films is also considerably effective. This canbe confirmed
if we compare the fluorescence spectra of nine-monolayer
LB films of porphyrin 338a directly deposited on the gold-
evaporated glass substrates with those of one-monolayer
LB films of porphyrin 338a separated by different mono-
layer LB films of arachidic acid on the gold-evaporated
glass substrates (Figure 6). The fluorescence intensity of
the nine-monolayer LB film is lower than that of the one-
monolayer LB films of porphyrin 338a separated by the
three-, five-, and nine-monolayer fatty acid LB films.
Therefore, there exists competition between energy trans-
fer from porphyrinmolecules to the gold surface and that
of intermonolayer interactions.
In contrast to theLB films on the gold-evaporated glass

substrates, there seemstobenosignificantenergy transfer
from the porphyrin molecules to glass plates because the
strong fluorescence is observed for the one-monolayer LB
film of porphyrin 338a on the glass plate. To delineate
the effects of the number of monolayers on the energy
transfer in the LB films on the glass and gold-evaporated
glass plates, plots of fluorescence intensity divided by the
number of monolayers as a function of the number of
monolayers are given in Figure 8. For the LB films of
porphyrin 338a on the gold-evaporated glass plates, the
increase in thenumber ofmonolayers reduces the effective
energy transfer from the porphyrin to the gold surface
due to the increased separation of highermonolayers from
the gold surface. As a result, the fluorescence intensity
increases. However, for the LB films on the glass plates,
because of the lack of effective energy transfer from the
porphyrin molecules to glass substrate, the fluorescence
emission is fairly strong. With the increase in thenumber
of monolayers, the fluorescence intensity per monolayer
decreases sharply up to the three-monolayer film, and
above it the intensity becomesalmost constant (seeFigure
8). The quenching of fluorescence in themultimonolayer
LB films on the glass plates may be due to interlayer
energy transfer.
According to themodel for energy transfer from excited

dipoles to the metal surface proposed by Chance et al.,7

(25) Barber, D. C.; Freitag-Beeston, R. A.; Whitten, D. G. J. Phys.
Chem. 1991, 95, 4074.

(26) (a) Roberts, G. G. Langmuir-Blodgett Films; Plenum Press:
New York and London, 1990. (b) Kuhn, H.; Mobius, D.; Bucher, H.
PhysicalMethods of Chemistry;Weissberger, A., Rossiter, B., Ed.; John
Wiley: New York, 1972; Vol. 1.

(27) Pockrand, I.; Brillante, A.; Mobius, D. J. Chem. Phys. 1982, 77,
6289.

(28) Penner, T. L. Thin Solid Films 1988, 159, 241.
(29) Florsheimer,M.;Mohwald, H.Thin Solid Films 1988, 159, 115.
(30) Kuhn, H. J. Chem. Phys. 1970, 53, 101.
(31) Weber, W. H.; Eagen, C. F. Opt. Lett. 1979, 4, 236.
(32) Chance, R. R.; Prock, A. Phys. Status Solidi B 1973, 57, 597.
(33) Alivisatos, A. P.; Waldeck, D. H.; Harris, C. B. J. Chem. Phys.
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Figure 8. Plots of the normalized fluorescence intensity per
monolayer versus the number of monolayers for the LB films
of porphyrin 338a on glass (b) and gold-evaporated glass
substrates (9).

5730 Langmuir, Vol. 13, No. 21, 1997 Zhang et al.

D
ow

nl
oa

de
d 

by
 B

A
N

A
R

A
S 

H
IN

D
U

 U
N

IV
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
5,

 1
99

7 
| d

oi
: 1

0.
10

21
/la

97
02

85
2



at distances greater than ∼100 Å, the radiative rate of
themolecules ismodified, leading to oscillations in lifetime
and intensity due to interference between the radiative
oscillating dipole moment of the electronically excited
molecules and the reflected field from the metal surface.
On the other hand, at distances below about 100 Å, the
lifetimesharply reducesmainly in the formofnonradiative
energy transfer from the near dipolar field to the metal
surfacevia coupling throughnonradiativesurfaceplasmon
modes of the gold. In that case, the lifetime decreases as
reciprocal cubic distance (d-3) for thick metal films (the
thickness of metal is much larger than the distance of
dipoles to the metal surface). On the other hand, for a
thinmetal surface (thickness ofmetal is smaller than the
distance of dipoles from the metal surface) the lifetime is
expected to showd-4 dependence.7 The fluorescence yield
is expected to behave similarly, if this is the only major
channel for energy transfer.
In the case of themultilayer LB films of porphyrin 338a

on the gold-evaporated glass substrates, there are at least
three channels for nonradiative energy transfer: intra-
layer, interlayer, and layer-to-substrate energymigration.
In order to eliminate the effect of interlayer energy
transfer, we carried out the experiments on the single
monolayerLB films of porphyrin 338a separated from the
gold surface by the one-, three-, five-, and nine-monolayer
LB film of arachidic acid of known thickness of about 26.4
Å for each layer. We find nearly linear increase in the
fluorescence intensity as a function of the distance (d)
between the porphyrin LB film and gold surface (Figure
9), rather than a cubic distance (d3) dependence for thick
gold films reported by Chance et al.7 This may be due to
combined effects of intermolecular and surface specific
nonradiativedecay channels, aswell as other energy traps
due to impuritiesanddefect sites. Anotherpossible reason
for this deviation is the effect of surface roughness of the
gold-evaporated glass slides on the energy transfer from
excited porphyrinmolecules to the gold surface. Such an
effect becomesmore pronouncedwhen the distance of the
exciteddipoles fromthemetal surfacebecomescomparable
with the surface roughness, as pointed out by Alivisatos

et al.,33 Garoff et al.,36 and Arias et al.37 We expect that
the lifetimemeasurementwouldprovidemoreprecise and
reliable information for energy transfer rate as a function
of distance of porphyrin from gold surface. The investi-
gation on the dynamics of energy transfer in the LB films
of porphyrin by employing time-resolved fluorescence
techniques will be reported soon.

Conclusion
The substrate- and monolayer-dependent energy trans-

fer and aggregation of LB films of porphyrin 338a have
been investigated. TheUV-vis and fluorescence spectra
of porphyrin LB films change substantially between
nonmetal substrates such as the glass plate and metal-
coated substrates like the gold-evaporated glass plate,
indicating different forms of aggregates and energy
transfer efficiency between the porphyrin molecules and
substrates. In the LB films on the gold-evaporated glass
plates, effective energy transfer from the porphyrin
molecules to the gold surface takes place, evidenced by
very weak fluorescence emission. The fluorescence in-
tensity per unitmonolayer increases nearly linearly with
the number of monolayers for LB films of porphyrin 338a
deposited directly on gold-evaporated glass substrates.
The separation of the LB film of porphyrin 338a from the
gold-evaporated glass substrate by the fatty acidLB films
reduces, to a large extent, the energy transfer from the
porphyrin LB film to the gold surface. In this case, the
fluorescence intensity increases nearly linearly with the
number of monolayers of fatty acid LB films for a one-
monolayer LB film of porphyrin 338a separated by a LB
film of fatty acid, due to decay of energy via other
nonradiative channels. In contrast to the LB films on the
gold-evaporated glass plates, no appreciable energy
transfer occurs between the porphyrinmolecules and the
substrate surface for theLB films on the glass substrates.
Instead, the energy transfer takes place between the
porphyrin molecules through intra- and interlayer inter-
action. In summary, the present study on the energy
transfer and aggregation in the LB films of porphyrin
338a by means of UV-visible and fluorescence spec-
troscopieshasaffordedmuch informationabout thenature
of porphyrin-porphyrin and porphyrin-substrate inter-
actions in the films.
In order to obtain deeper understanding of the energy

transfer and the related phenomenon, a time-resolved
fluorescence study on the dynamics of the energy transfer
fromporphyrin to the gold surface by use of porphyrin LB
films with spacers of different thicknesses is now in
progress and will be reported later. To our knowledge,
this is the first report on the energy transfer from
porphyrin tometal surface and interlayer energy transfer
in LB films of porphyrin derivatives.

Acknowledgment. The authors are grateful to Pro-
fessor N. Tamai for stimulating discussions.

LA9702852

(36) Garoff, S.; Weitz, D. A.; Alvarez, M. S.; Gersten, J. I. J. Chem.
Phys. 1984, 81, 5189.

(37) Arias, J.; Avarind, P. K.; Metiu, H. Chem. Phys. Lett. 1982, 85,
404.

Figure 9. Plot of fluorescent intensity as a function of the
number of monolayers of arachidic acid LB films as a spacer
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