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We report on confocal microscopy imaging of hybrid nanostructures composed of silver nanowires and corroles.
Both nanomaterials were separated by a 30 nm thick SiO2 spacer in order to inhibit uorescence quenching. The
results show that for such a hybrid nanostructure the average enhancement of the uorescence intensity reached
2.5. Importantly, the coupling to plasmon excitations in metallic nanowires leaves no eect on the uorescence
spectrum of the organic molecules.
PACS: 33.50.−j, 78.67.Uh, 73.20.Mf, 81.07.Pr, 81.07.−b
ing of uorescence due to nonradiative energy transfer to

1. Introduction

Optical

uorescence

microscopy

[1]

is

a

universal

method for investigating among others photophysical
processes of molecules and their assemblies,

interac-

tions at the nanoscale such as energy transfer or plasmon enhanced phenomena, as well as cellular dynamics.
High-sensitivity detectors such as single photon counting avalanche photodiode modules or multiplying CCD
matrices combined with sub-wavelength spatial resolution allow for studying uorescence properties of individual nanostructures [2].

The spatial resolution of a

microscopy system can be improved by using liquidor solid-immersion techniques [1, 35] or via exploiting
evanescent eld excitation, like in the near-eld optical
microscopy [6] or total internal reection microscopy [1].
One of the physical processes widely studied using
uorescence spectroscopy and microscopy is plasmon-induced enhancement of the optical properties of uorophores placed in the vicinity of metallic surfaces/
nanoparticles [7].

It has been shown for many systems

that under properly designed geometry the emission and
absorption of a uorophore can be signicantly increased
due to local electromagnetic eld induced by plasmon
in a metallic nanoparticle [79].

In addition to simple

uorophores, recently also more complex structures such
as pigment protein complexes that participate in photosynthesis have been shown to improve their function

the metallic nanoparticle.
In this work we apply confocal uorescence microscopy
to investigate the interaction between plasmons localized
in silver nanowires and an organic molecule, a 5,10,15-tris(pentauorophenyl)corrole. The silver nanowires are
special in the family of metallic nanoparticles as they
are characterized with huge aspect ratio:

while diam-

eters of the nanowires are below 100 nm, their length
is in the range of tens of

µm.

Therefore, it is possi-

ble to image them using standard microscopy.

In or-

der to control the separation between the nanowires and
corroles we use a 30 nm thick SiO2 spacer. The corroles on the other hand belong to the tetrapyrrolic family
of organic molecules, resembling porphyrins and corrins.
Since developing ecient ways of synthesizing corroles
[14] these molecules have gained a lot of interest, mainly
from the point of view of photodynamic antitumor therapy, biosensing, and catalysis. The results of optical uorescence microscopy obtained for a hybrid nanostructure
consisting of a single silver nanowire and dye molecules
deposited at a xed distance show the enhancement of
emission intensity due to coupling to plasmon excitations. As corroles are becoming possible building block
of complex molecular dyads suitable for light-harvesting
[15] this observation can be important for devising novel
nanostructures for articial photosynthesis.

upon coupling with metallic nanoparticles [1013]. The
2. Materials and methods

impact of plasmon interactions on the optical properties
of a uorophore depends on several parameters, includ-

5,10,15-tris(pentauorophenyl)corrole

ing the spectral properties of the building blocks of a

is

one

of

the

hybrid nanostructure as well as the separation between

most studied corrols, it has been synthesized using pub-

them.

lished procedure [16].

For instance, when the separation is too small,

We synthesized silver nanowires using polyol process in

typically below 5 nm, the dominant process is a quench-

which the ethylene glycol served as the reducing and solvent reagent [17]. This method gives us an opportunity
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to carry out reaction in the soft condition with tempera◦
tures < 200 C and atmospheric pressure. Silver nitrate is

(333)
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reduced by ethylene glycol in the presence of poly (vinyl-

Fluorescence properties of the structure were studied

pyrrolidone) (PVP). PVP acts as a stabilizing agent 

using a home-built confocal uorescence microscope [5]

creates a protective coating onto the silver surface thus

based on a piezoelectric stage (E-501.00, Physik Instru-

preventing from aggregation of silver nanowires. In typi-

mente) that enabled precise movement of the sample.

cal synthesis, 40

µl

of CuCl2 solution (4 mM in EG) was
added to 5 mL of ethylene glycol in glass vial, heated
◦
at 150 C with stirring. After 15 min, 1.5 mL of PVP

The accuracy was better than 10 nm, and the range
was 100

µm

in both

X

and

Y

directions. By correlating

the movement of the piezoelectric stage with the readout

solution (114 mM in EG) and 1.5 mL AgNO3 solution
(94 mM in EG) was then simultaneously added dropwise

of the avalanche photodiode detector (SPCM-AQRH-14,

using a syringe pump. The reaction mixture was contin-

ple. The excitation was provided by two lasers: 532 nm,

ued with heating for one hour. The product was puried

at the wavelength which is very weakly absorbed by the

by centrifugation at 2000 rpm for 20 min and redispersed

corroles, and 405 nm, at the wavelength which is strongly

in pure water.

absorbed by the corroles. The rst laser enable us to ob-

Perkin Elmer) we obtain a uorescence map of the sam-

In order to characterize the molecule, we dissolve it in

tain a reection image when coupled with a narrow laser

HPLC grade acetone to the concentration of 0.05 mg/ml.

lter (532/2) on the detector. In order to isolate the emis-

The nanowires on the other hand were dissolved in wa-

sion of the corrole molecules and reduce any stray light we

ter with concentration adjusted to obtain OD equal to 1

use a bandpass lter (HQ 670/10, Chroma). The experi-

for the absorption maximum. Absorption spectra of the

ment was carried out in such a way that at rst we opti-

corrole and the nanowires were measured using Perkin

cally located a silver nanowire utilizing 532 nm laser and

Elmer Lambda 2 spectrometer. The solution was placed

monitoring its reection and then measuring the 670 nm

in a disposable quvette (Eppendorf ) and sealed on top

uorescence of the corrole excited with a 405 nm laser. In

to prevent evaporation during the measurement. Similar

addition to uorescence maps we have also a possibility

approach was used to measure uorescence spectra but

to collect uorescence spectra at a given location on the

the concentration used was 0.01 mg/ml. They were ob-

sample. The spectral dispersion is achieved using an Am-

tained using Fluorolog 3 spectrouorimeter (JobinYvon)

ici prism coupled with a thermoelectrically cooled back-

with a xenon lamp as an illumination source.

-thinned CCD detector (iDus, Andor).

A schematic drawing of our structure is shown in
Fig. 1. Hybrid nanostructures were obtained by depositing nanowires on a clean glass microscope slides, washed

and detection a

50×

For excitation

microscope objective with numeri-

cal aperture 0.5 was used which provided approximately
1.5

µm

spatial resolution of our confocal microscope.

in acetone and methanol, and coating them with a silica
layer.

50

µl

of nanowire solution was spin-coated on a

3. Experimental results

glass slide. The concentration of the nanowires was adjusted to the level that upon the spin coating resulted in

In Fig. 2 we show absorption (black curve) and emis-

a layer of well-separated nanowires. The density of the

sion (red curve) spectra measured for corrole diluted in

nanowires on a substrate was checked with a scanning

acetone.

electron microscope after coating the layer of nanowires

bands at 586 nm, 639 nm, and 437 nm which correspond

with a thin 2 nm gold layer.

to

The absorption features three well resolved

Such prepared

Qx , Qy and Soret band, respectively. The emission
excited at 439 nm shows a maximum at 654 nm and a

subtrates were next covered with a 30 nm thick layer of

weak phonon replica at 717 nm. These results are similar

silica using e-beam evaporation technique.

to previously published [18] but exhibit some small vari-

An example of the SEM

image is shown in the inset to Fig. 1.

In the nal

step corroles were deposited in a PMMA matrix.

Fig. 1. The schematics of the fabricated hybrid nanostructure. Scale between nanowires diameter and thickness of the dielectric spacer is preserved, the thickness of
the dielectric spacer is equal to 30 nm and the diameters
of the nanowires vary from 50 nm to 200 nm.

Fig. 2. Absorption (black) and emission (red) of
5,10,15-tris(pentauorophenyl)corrole dissolved in acetone in room temperature. The blue line represents absorption of the silver nanowires in water solution.
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ation, possibly due to change of the solvent from toluene

directly on top of the nanowire, while the intensity o

to acetone. The optical spectra of the corrole are com-

the nanowire is considerably lower. In order to demon-

pared in Fig. 2 with the absorption of the silver nanowires

strate that the corroles are distributed all over the sam-

in water (blue curve). The maximum absorption in this

ple we measured uroescence spectra both on and o

case is located at 390 nm with a shoulder at 350 nm. It

the nanowire.

is important to note that although the absorption peak

both areas the uorescence spectrum is virtually iden-

is very broad, its maximum corresponds well to the Soret

tical indicating that, on the one hand, the corroles are

band absorption of the corrole molecules (for 437 nm the
nanowires exhibit 85% of maximum absorption). For the

indeed spread out on the SiO2 spacer layer, and, on the
other hand, that interaction with plasmon excitations in

excitation wavelength used in the experiment (405 nm)

metallic nanowire induced no changes in the shape of the

the absorption of the corroles and nanowires equals to

emission.

The result is displayed in Fig. 4.

For

41% and 94% of their maxima, respectively. At the same
time, the corroles absorb almost no light at the wavelength of 532 nm.

Fig. 3. Maps obtained for the corrole sample with
30 nm SiO2 spacer. On the left: reection image obtained by reecting 532 nm laser, on the right: uorescence map of the same region, measured using 405 nm
laser for excitation and monitoring the 670 ± 5 nm uorescence emission.

Fig. 4. Fluorescence emission spectra of corroles measured on top of the silver nanowire (gray circles) and o
the nanowire (black solid line). The spectra are normalized for better comparison.

Fig. 5. Cross-section of the uorescence map in the direction perpendicular to the silver nanowire. In the inset
the actual geometry is presented.

Fig. 6. Histogram of enhancement factors calculated
for 12 cross-sections made for the same silver nanowire.
The enhancement factor of the corrole uorescence for
this hybrid nanostructure was estimated by calculating
12 cross-sections of the uorescence intensity in the di-

The result of microscope imaging of both the nanowires

rection perpendicular to the nanowire axis. An example

and the corrole uorescence is shown in Fig. 3. The re-

of such a cross-section is shown in Fig. 5. While the u-

ection image of the sample (Fig. 3a) measured for the

orescence intensity o the nanowire is around 1200 cps,

532 nm excitation laser shows clearly the position of a

it goes over 3600 cps in the middle of the nanowire. We

silver nanowire.

Subsequent acquisition of the uores-

calculate the enhancement factor by dividing the inten-

cence image (Fig. 3b) of corroles allows to correlate both

sity of the uorescence on the nanowire by the average

images in a straightforward way. The uorescence image

intensity of the uorescence o the silver nanowire. The

features strong emission for corrole molecules deposited

latter is typically equal to 1400 cps. For the cross-section
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displayed in Fig. 5 the enhancement factor is 2.54. Statis-

This work was funded by the Foundation for Polish Sci-

tical analysis of the enhancement factors for all 12 cross-

ence (TEAM-2009-4/3).

-sections is shown in Fig. 6. The average enhancement

tion measurements was carried out at the facilities of

factor for corrole uorescence in the investigated sam-

National Laboratory FAMO in the Institute of Physics,

ple was calculated at

NCU in Toru«.

2.4 ± 0.1.

We note that such a

Part of sample characteriza-

method of estimating the value of uorescence enhancement neglects the eect of a dark count rate of the detector.

However, for the single photon detectors used

in the experiment the background was found to be less
than 100 cps in our experimental conguration. The resuls displayed in Fig. 6 show another interesting eect,
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