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Thin functional organic films on a gold substrate were fabricated by adsorbing tetrakis(carboxyphenyl)porphyrin
(TCPP) on a spacer layer, which was prepared by the layer-by-layer adsorption of a dendrimer and a linear polymer.
The thickness and photoluminescence of the films were investigated by surface plasmon resonance and surface
plasmon fluorescence techniques, respectively. TCPP adsorbed on the spacer layer in aqueous solutions of different
ionic strengths resulted in a thick TCPP adlayer at high ionic strength and a shrunk spacer layer at low ionic strength.
The fluorescence was quenched at high ionic strength but could be observed at low ionic strength. The effects are
explained by the states of dye aggregation. This study shows the control of energy transfer from a metal surface to
a dye layer by changing the dye adlayer. It can contribute to the development of molecular devices involving energy-
transfer systems.

Introduction signal, it is necessary to keep an adequate distance between the
g y p q
Functional organic thin films have been the focus of the probe molecules and the metal surface. In previous reports, a

development of nanoscale devices, sensors, and so on. Energﬁ-JOIymerfl a Ia_yer of antibodie$ surfactant biIayc_eré,or a self-
transfer phenomena are particularly important for the design of aﬁzetr;:blﬁd ﬂr“OI mgtrmlra{_)er %SAKg)asnbegn ahppé'?d ?k? aspacerr,Vi
electronic and optical devices. Along these lines, energytransfera | et g’o gsci dp obe basd ee 3 acf eth 0 the Spacer via
between metal substrates or metallic nanoparticles and dyes sycfyovaient bonds, hydrogen bonds, and so forth.

; : : In this study, we have focused on layer-by-layer deposition
as macrocycles (porphyrin and phthalocyanine) has been studied : .
For the characterization of such films, surface plasmon phe- for the formation of the spacer because the spacer thickness can

nomenon on metals can be utilized. Because the surface plasmo e easily cont.rolled.by.this me'ghod. One Of. the building blocks
enhances the electromagnetic field of the evanescent wave nea or the layers is an ionic dendrimer. Dendrimers possess many

the surfaces, the energy of the incident light is effectively unction_al groups, gnd their spher_ical or spheroidal _shap_es are
transferred to the adsorbates on the metal surface. Hence, a surfac ell defined in solution. Such functional groups and this uniform
plasmon resonance (SPR) apparatus based on this phenomeno ape are advantageous because of the strong atte}chment onan
can be used as a sensor in the efficient detection ofsmallamount?ppOSItely charged surface and the retention of thickness as a

of analytes. In addition to the SPR phenomenon, the enhanceoSpace'.s' The other building block is a_Iinear polymer with an
£pp03|te charge to that of the dendrimer. The linear polymer

evanescent wave can excite a fluorescent probe on a metal inds electrostatically and extends onto the dendrimer surf
substrate, generating photoluminescence light (PL) observed as_. s electrostatically and extends onlo the de er surface.

a surface plasmon fluorescence (SPF) spectiaim that case, inally, the organic thin film allowing for energy transfer was

the probe on a thin metal film displays a significantly higher PL prepared on the multilayer spacer by adsorbing a water-soluble

signal than in the absence of a metal film. Thus, SPF spectroscop;,porphy”n.aS a PL. probg, and the effect of ionic strength on the
is a new and valid technique for the characterization of films PL intensity was investigated by means of SPF.

involving energy transfer, and the PL signal is a barometer of
the energy transfer where part of the incident energy transfers . ) . . )
to dye through evanescent wave and the energy migrates to Materlals. Fourth-gene.ratlon (G4) amlne-termlnated poly(amido
fluorescence from the dye. amine) (PAMAM) dendrimers, poly(vinylsulfonate) (PVS), and

. . NaH,PO/NaHPO, pellets including NaCl were purchased from
However, it must be noted that the SPF signal from afluorescentSigma_ Aldrich. Tetrakis(carboxyphenylporphyrin (TCPP) was

probe strongly depends on the distance between the probe an@ptained from Porphyrin Systems, Germany. These reagents were
the metal surface because of the effect of energy transfer fromysed without further purification. Ultrapure water (1&2m) was

the probe to the metal (i.e., quenching increases with decreasingused throughout the experiments.

the probe-metal distance?). Thus, to obtain a sufficient PL Preparation of Gold Substrates.High-index ff = 1.70) glass
plates were cleaned twice with a detergent and twice with ethanol
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of a thickness of 50 nm. The prepared gold substrates were kept ( A)

under an argon atmosphere until used. ——Au

Preparation of Spacer Films on Gold Substrates A gold _I_xjmpvs
substrate was immersedrfd h in thefirst step and for 15 min in Au 4$pv5_d,n
the second and following steps in an aqueous solution (0.1 wt %) Au-(den-PVS
of the G4 PAMAM dendrimer at pH 7.5 and then rinsed with Au-(den-PVSt-den
phosphate buffer (pH 7.5) including 0.15 M NaCl. Then the substrate Au-(den-PVS)
was immersed for 15 min in a phosphate buffer solution (0.25 wt A B Au_(d,n.pvs):.d.n

%) of PVS and rinsed with phosphate buffer (pH 7.5) including 0.15
M NaCl. These immersion procedures were repeated until 3.5
dendrimer/PVS bilayers topped by a dendrimer layer were formed.
Preparation of the Organic Thin Film on Spacer Films. The

spacer-deposited substrates were immersed for 15 min in an aqueou®
solution (pH 7.5) of 0.05 mM TCPP at two different ionic strengths
(i.e., (a) in phosphate bufferincluding a 0.15 M NaCl and (b) in pure
water without buffer and salt). Finally, the TCPP-coated substrates . /
were rinsed with phosphate buffer (pH 7.5) including 0.15 M NacCl. Py I —

ctivity

efle

Apparatus. The setup of an SPR sensor is described elsewhfere. 46 48 50 52 54 565 58 60 62 64 66 68 70
Briefly a p-polarized He/Ne laser (632 nm) was used as the inci- Angle / degree

dent light source. The cell part was set up by the Kratschmann
configuration. An LaSFN9 prism was index matched to a metal-
coated glass slide (LaSFN9), which was attached a Teflon cell of
1 cn? volume with the front glass window. The cell body was
equipped with liquid inlet and outlet for the fluid handling procedure. 20
The prism was well washed with ethanol before use. Matching oil
(n = 1.70) was used for optical contact between the sample glass
slide and the prism. The rotation of the sample stage was computer-
controlled ta9—26 with the detector. The reflected light was measured
by a detector equipped with a photodiode. For the SPF measurements
a photomultiplier was coupled to the SPR setup with an optical filter
(A > 670 nm)1-3The SPR and SPF measurements were carried out - )
at each step of the deposition of the 3.5 bilayers and the adsorption 5 | # S

of TCPP. A kinetics profile of SPF during the TCPP adsorption was e &

measured at a fixed angle, where the reflectivity drop is 30% less | "

than at the surface plasmon resonance angle of the spacer laye 00 ="

alone because the PL intensity variation that must be detected is o 1 2 3 a4 s e 7 s
large.

2.5

1.0+

angle shift / degree

immersion step

Results Figure 1. (A) SPR curves after each step of the layer preparation
according to Scheme 1. (B) SPR angular shift vs number ofimmersion
Fabrication of Dendrimer/PVS Multilayer Assemblies.SPR step. Zero angular shift indicates the SPR angle of the bare gold
curves at each step in the fabrication of the layers are shown insubstrate.
Figure 1A. The SPR band was clearly shifted step by step to
larger angles during the fabrication process. This indicates the constant £0.45"). This indicates that, except for the first layer,
increase in film thickness on the metal substrate originating from the dendrimer layer maintains a uniform thicknesg(/ nm) in
the adsorption of the molecules. At first, the Ntérminated the layer-by-layer deposition, although the dendrimers are still
PAMAM dendrimer was adsorbed directly onto the bare gold oblate. The observation that the earlier layers behave differently
surface (Scheme 1). At pH 7.5, the dendrimer is positively charged from later ones is often found in the layer-by-layer assembly
because thel, values of the primary and tertiary amines of the process and has been explained by the reduced charge com-
dendrimer are~9 and 6, respectively.Then, the negatively  pensation in the earlier steps due to the low charge density of
charged PVS polymer was adsorbed to the positively chargedthe substraté!
first dendrimer layer (Scheme 1). This electrostatic binding of ~ The SPR angle shifts upon binding the first PVS layer (i.e.,
dendrimers and PVS also happened during successive immersiotthe thickness of the first PVS layer was smaller than that of the
steps. dendrimer). Because the PVS is a linear, flexible polymer with
Figure 1B gives a plot of the SPR angle shift as a function a small cross-sectional diameter that is different from that of a
of the number of immersion (binding) steps. From the angle spherical dendrimer, itis reasonable to assume that PVS molecules
shift, the thickness of the G4 PAMAM dendrimer (as the first spread out on the dendrimer surface. A similar phenomenon was
layer) adsorbed on a gold substrate was evaluated on the basisbserved on successive layer-by-layer deposition of adendrimer/
of the Fresnel reflection theo®.It was~1.5 nm (assuming polyaniline systeni. The angle shift induced by the PVS
= 1.5), consistent with a previous rep8rthe thickness was  deposition increased with increasing number ofimmersion steps.
lower than the diametery{4.0 nm) of a spherical dendrimer in  The phenomenon is also explained by the low charge compensa-
solution because the shape of the dendrimer is changed to oblat¢ion for the small number of adsorption steps as described above.
on the substrat# However, the angular shifts upon dendrimer ~ The attachment of the dendrimers onto a solid substrate was
deposition of the second and successive layers were almosisometimes mediated by a binder layer such as a thielgR)
SAM for gold substrates or organosilane{Bi—(OCHg)3) layers

(9) (a) Kleinman, M. H.; Flory, J. H.; Tomalia, D. A.; Turro, N. J. Phys. —14 H
Chem. B200Q 104, 11472-11479. (b) Leisner D.; Imae, T. Phys. Chem. B for glass substrates: In the present WOI’k, no binder was
2004 108 1798-1804.

(10) Raether, HSurface Plasmons on Smooth and Rough Surface and on (11) Santos, J. P.; Welsh, E. R.; Gaber, B. P.; Singh,akagmuir2001, 17,
Gratings Springer-Verlag, Berlin, 1988. 5361-5367.
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Scheme 1. Schematic lllustration of the Fabrication of a Spacer Multilayer and an Organic Thin Film
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@ : dendrimer WA\ [ PVS < ! TCPP
required. The direct attachment of the amine-terminated den- I (A)
drimers on a gold substrate simplifies the procedure of the layer- 1 S i,

by-layer assembly. ey 7 AN

The whole thickness of the resulting multilayer was larger
than 10 nm. Because this thickness is large enough to reduce,, 06+
energy transfer from dye to substrate to a significant degree, as2 ] ey
indicated in the previous repofg film of 3.5 bilayers was used 0.4 (a) y
as a spacer in the following the experiments.

Adsorption of TCPP to Space Multilayers from Aqueous 0zl VNS
Solutions at Different lonic Strengths. The adsorption of ' VNS
TCPP onto a dendrimer/PVS multilayer film was carried out in ] \j\_/
an aqueous solution of high ionic strength (0.15 M NaCl) at pH R A A A A A N A A A
7.5, and the SPR and SPF curves before and after the adsorptiol Angle / degree
process were compared, as seen in Figure 2. A significant SPR
angle shift was observed, indicating the stable adsorption of 5500 (B)
TCPP onto the Au-(den-PV&Jlen spacer even after rinsing.
The value of the angular shiftf (~2.0°) corresponds to arn12
nm thickness (assuming a refractive indexief 1.5). Because
this thickness is larger than that of one TCPP molecslerfm),
the adlayer must be an aggregate of TCPP.

However, the PL intensity at high ionic strength increased £
upon the injection of the TCPP solution, reaching a maximum z' 20000
after 120 s, followed by a decrease to a constant plateau after
~500 s. However, upon rinsing, the PL intensity decreased back
to the original background level before injection. These results

Reflec

40000 - rinse start

30000

ntensity / count

10000

indicate that, in spite of the adsorption of TCPP onto the spacer adsorption start
layer, no PL was emitted from the film after the rinse and from °T 00 400 600 800 1000 1200 | 1400 . 1600
the spacer before the TCPP adsorption. Only during the injection Time / sec

is a time-dependent contribution of the TCPP molecules seen.

It should be noticed that the absence of PL is independent of theFigure 2. (A) SPR curves of (a) Au-(den-PV$jien and (b)
resonance angle shift. As seen in Figure 3, the PL intensity atAu-(den-PVS;-den-TCPP athigh ionic strength. (B) Kinetics profile
high ionic strength was almost constant at every angle betweenOf SPF during the TCPP adsorption at high ionic strength, followed

45 and 70, which covers the range of the SPR angle shift in by & rinsing step.
Figure 2A and is different from the case at low ionic strength
as described below. seems to be similar to that at high ionic strength (Figure 2B),
For comparison, the adsorption of TCPP was performed in an &lthough the emission during the injection at low ionic strength
aqueous solution at low ionic strength, which was prepared only iS 7 times stronger than that at high ionic strength, indicating the
by adjustment to pH 7.5. The SPR and SPF results are showncontribution from the TCPP solution. However, different from

in Figure 4. The SPF kinetic profile of the TCPP adsorption the case at high ionic strength, the PL intensity at low ionic
strength decreased sharplf0 s after the beginning of the rinsing
(12) Crespo-Biel, O.; Dordi, B.; Reinhoudt, D. N.; Huskens.JAm. Chem. step and slowed down after that. It did not reach the original
Soc.2005 127, 7594-7600. level (before the injection) even after 1500 s. This fact suggests

13) Mark, S. S.; Sandhyarani, N.; Zhu, C.; loC.;B i :
20543%0 %fsbgﬁéf;”d yarani, N.; Zhu, C.; Campagnolo C.; Batt, Cagmuir that TCPP molecules are adsorbed as a PL probe on the film and

(14) Liu, Z.; Amiridis, M. D. J. Phys. Chem. BR005 109, 16866-16872. emit PL.
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Figure 3. SPF curves vs angle of Au-(den-P\&len-TCPP at
high and low ionic strengths, followed by a rinsing step.
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This significant difference was also seen in the SPR behavior
at low ionic strength. The SPR curve of Au-(den-P¥8¢gn-
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of spacer components, and the other is the shrinkage of the spacer
by changing from high (during the preparation of the spacer) to
low ionic strength (during the adsorption of TCPP).

If the ionic strength decreases, then the electric double layer
increases as a result of the weakening of the electric shielding
by the coexisting salt ions. Then polyelectrolytes with opposite
charges interpenetrate between them. This results in a decrease
in spacer thickness rather than the desorption of spacer
components. At the same time, the adsorption of TCPP also may
be influenced by the varied electrostatic effect of the spacer
owing to the weakening effect of the electric shielding by salts.
Because the surface charge on the spacer decreased as a result
of the interpenetration of ions between the polyelectrolytes, the
adsorption of TCPP molecules could be suppressed on the less-
charged spacer surface. The SPR behavior in Figure 4A could
reflect both the shrinkage of the polyelectrolytes in the spacer
and the reduced adsorption of TCPP on the shrunken spacer.

Discussion

Upon the adsorption of TCPP molecules from a solution at
highionic strength, no PL was observed in spite of the substantial
amount of adsorbed TCPP on the spacer film after rinsing. For
the interpretation of this finding, various possibilities should be
considered: (1) The spacing between the dye and the substrate
may not be large enough to emit PL (i.e., the PL is quenched
by energy transfer from TCPP to the metal substrate). However,
because PL was observed on a thinner spacer at lower ionic
strength, the spacer thickness does not explain the observation.
(2) The PL could be quenched by charge transfer between acceptor
and donor molecules. However, there is no reportin the literature
that PAMAM dendrimers form a charge-transfer complex with
porphyrin in which they act as acceptor and donor molecules.
Although an aged dendrimer solution displays PL &t450 nm
(excitation: A = 250 and 390 nm}®it is unlikely that dendrimer
coupled electrostatically with TCPP (excitatioh:= 630 nm;
emission: 4 = 645 nm). (3) The NaCl concentration could act
as aquencher for the PL intensity. However, because the emission
of PL was observed during the injection of the TCPP solution,
it can be concluded that NaCl barely quenches the PL of TCPP,
although the salt concentration may affect the formation of
aggregates.

(4) The lack of PL emission may be due to the orientation of
TCPP. The dipole moment of a porphyrin ring is within the plane
of the molecule. Thus, if the porphyrin ring is flat on the film,
then it may not be excited by the p-polarized laser because the
evanescent electric field is normal to the substrate. In this case,
energy (light) is not supplied to the TCPP molecule, and no PL
is emitted from the film. (5) The SPR result (Figure 2A) indicated
the presence of highly aggregated TCPP molecules on the top
of the spacer layer at high ionic strength. The aggregation of
TCPP molecules might lead to the quenching of PL. The energy
is dissipated in the aggregates of TCPP moleculesnviar
stacking. Consequently, PL will not be observed. In a thick film
of TCPP aggregates, it is unlikely that the orientations of all
TCPP rings are parallel to the plane of the substrate. Therefore,
possibility 5 is the most plausible.

The decrease in ionic strength caused the shrinkage of the

TCPP was located between the signals obtained before and afte[)olymers in the spacer but led TCPP on the spacer to emit PL.

the formation of the outmost dendrimer layer (Figure 4A). This

At low ionic strength, the aggregation of TCPP on the spacer is

behavior indicates that the total film thickness decreases after,gqyced because the electric shielding effect in the solution is
the TCPP adsorption, although the thickness was larger than thatyeak  in addition to the reduced charge of the spacer layer surface.

ofthe Au-(den-PVSmultilayer. Because the adsorption of TCPP

Thus, the PL from TCPP in this case is less suppressed by self-

is confirmed by the SPF result, a decrease in spacer thiCk”eS%uenching.

must be considered to be the dominant origin of the overall

shrinkage. Two reasons are possible. One is the partial desorption (15) Wang, D.; Imae, TJ. Am. Chem. So@004 126, 13204-13205.
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The behavior of dyes in solution is different from that on a in a layer-by-layer architecture. The assembly of 3.5 bilayers
spacer film as far as the state of aggregation and orientation iswas evaluated to generate more than 10 nm in distance between
concerned. As seen in the kinetic profiles (Figures 2 and 4), the the metal substrate and the dye.

PL intensity is not quenched completely in solution. In this case,  The dye molecule (TCPP) was adsorbed onto this spacer in
although the absorbed incident light excites dye molecules, partyyg different salt solutions. At high ionic strength, PL was totally
of the excitation energy in the dyes is assumed to be dissipatedyyenched, although the TCPP did adsorb to the film. However,
without the emission of PL because energy transfer or dissipation gt |gwer ionic strength, the PL was not quenched completely.
occurs among dye mole_cules. This relaxation of excitationenergy The high ionic strength promoted the aggregation of dye molecules
should depend onthe size of the aggregate. In solution, aggregategy an electric shielding effect. However, for less electric shielding
are large at high ionic strength, and PL is strongly quenched. 5¢ |o\ jonic strength, cationic dendrimers and anionic PVS
Thus, although the PL is weaker at high ionic strength than at jerenetrated more, and the spacer layer surface became less
low ionic strength, it was not quenched completely even in a charged, giving rise to a reduction in spacer thickness and reduced
solution at high ionic strength, as seen in Figures 2B and 4B. 1cpp adsorption. Thus, self-quenching was promoted by energy
dissipation between neighboring dyes in aggregates, which was
more dominant at high ionic strength than at lower ionic strength.

Or%agig thir:jfiln:js. of TCPP ((jjebposited or(;to a spacer layer  rpis 514y shows that energy transfer from a metal surface to
were fabricated and investigated by SPR and SPF spectroscopyadye layer is controlled by changing the dye adlayer, contributing

providing information on t_he adsorptl_emlesorpt_lon behavior to the development of molecular devices involving energy-transfer
and energy-transfer behavior, respectively. In this study, a spacer,

layer was indispensable because otherwise all excited dyesystems.
molecules near the metal substrate (less than 10 nm in distance)
could largely be quenched. A multilayer assembly of PAMAM

dendrimers and PVS was prepared via layer-by-layer deposition.
Because the PAMAM dendrimer has a large surface charge
density and is arelatively large object, itis suitable as a componentLA703001Y

Conclusions
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