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Abstract

ŽWe report on the laser induced transfer of molecular dopants between thin polymer films. Pulsed UV laser radiation 355
.nm of moderate intensity, is directed through a transparent polymer film and absorbed by a photolabile triazeno-polymer

Ž .TP doped with pyrene at low concentration. The explosive photodecomposition of TP results in the transfer of intact
Ž . Ž . Žpyrene molecules to a tightly contacted neat polymer film of either poly ethyl methacrylate PEMA or poly butyl

. Ž .methacrylate PBMA . Fluorometry of the receiving polymer surface indicated that the pyrene emission intensity grows as
the laser pulse number increases but reduces with rising laser fluence. Surface examination suggests that most of the
transferred dopant is implanted beneath the receiving polymer surface and the efficiency of this process is enhanced with
lowering of its glass transition temperature T . A mechanism is discussed to explain the current experimental results. q 1998g

Elsevier Science B.V.

PACS: 81.60.Jw; 78.65.Hc; 66.30.Jt; 68.55.Ln

Keywords: Fluorescence; Triazene; Pyrene; Laser implantation; Laser ablation transfer

1. Introduction

Laser ablation studies of polymers sensitised with
w xaromatic molecules 1 have recently led to the report

of a new process called Laser Molecular Implanta-
Ž . w xtion LMI 2 . This involves the transfer of aromatic

Ž .molecules from a doped polymer film source to a
Ž .neat one target firmly in contact, using low inten-

sity pulsed UV laser radiation. Careful examination
of the target surface fails to show polymer ablation
traces if the number of laser pulses is kept low and
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since the transferred molecules show no apparent
evidence of decomposition, this process has attracted
some interest. Useful medical and technological ap-
plications could emerge by further developing LMI.
At present, the aim is to gain a more concrete
understanding of that process and to resolve the
mechanism behind it.

A thermally activated molecular diffusion mecha-
w xnism has been suggested 3 to support the experi-

mental evidence so far, distinguishing LMI in this
fashion from the already established laser ablation

Ž . w xtransfer LAT process 4 . The low intensity laser
radiation below ablation threshold, will be absorbed
only by the dopant molecules in the source film via a
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cyclic multiphotonic absorption scheme according to
w xthis mechanism 5 . This repetitive molecular excita-

tion and rapid relaxation via an internal conversion
process will efficiently convert most of the absorbed
photon energy during each pulse into heat and result
in the temperature rise of the surrounding polymer.
In this manner, the mobility of the dopant molecules
will suddenly increase and diffusion will be allowed
between the solid polymers at high rates resulting in
molecular implantation at shallow depths in the neat
polymer surface.

Here, we investigate laser induced transfer of
aromatic molecules under ablation conditions. A tri-

Ž . w xazeno-polymer Scheme 1 characterised 6 for its
explosive decomposition upon exposure to UV laser
wavelengths is doped at low concentration with
pyrene which shows negligible absorption at the
irradiating wavelength. The aim is to investigate the
influence of the laser induced exothermic triazeno-
polymer photodecomposition on the efficiency of
molecular transfer at the source–target polymer in-
terface. The choice of a fluorescent molecule as a
dopant was mainly for the convenience of visualisa-
tion during the detection phase. It is shown for the
first time that intact molecular transfer between solid
polymer films is possible under laser ablation condi-
tions maintaining the smooth surface character of the
receiving polymer without signs of particle contami-
nation and becomes more efficient as the laser pulse
number increases while keeping the intensity at a
low level.

2. Experimental

Thin polymer films of average thickness in the
order of 1–2 mm were obtained by spincoating on
fused silica substrates. A triazeno-polymer solution
was prepared in chlorobenzene containing pyrene at
5 wt% concentration and was used as source poly-

Ž Ž .mer absorption coefficient at 355 nm, a source s

Scheme 1. The structural unit of the triazeno-polymer.

Fig. 1. The schematic diagram of the laser induced molecular
transfer process.

4 y1. Ž4=10 cm . The target polymers, poly butyl
. Ž . Žmethacrylate PBMA, T s293 K and poly ethylg
. Ž .methacrylate PEMA, T s338 K were used asg

received and were totally transparent at the laser
wavelength. The target films were cured for 1 h in a
vacuum oven at 458C to remove most of the solvent.
The source and target films were carefully overlaid,
using an interferometric alignment tool to ensure
parallel configuration and to minimise poor contact
irregularities. Laser output at 355 nm was obtained
from a frequency tripled Nd:YAG laser producing

Ž .maximum energy of 200 mJ in a 3-ns FWHM
pulse and the repetition rate was kept low at 1–2 Hz.
The beam was directed from the rear of the target
film as shown in Fig. 1. The laser fluence was
estimated by averaging the total energy of the inci-
dent beam over the irradiated area. The target films
were characterised with a fluorescence microscope
and a conventional spectrofluorometer.

3. Results and discussion

Ž .Fig. 2 shows a sequence of fluorescent a and b
Ž .and optical microscopic images c and d comparing

laser molecular transfer into PBMA or PEMA target
polymers. Five laser pulses of fluence 200 mJ cmy2

were used to ablate the pyrene containing triazeno-
polymer, almost 10 times greater compared to the

Ž y2 .ablation threshold value 20–25 mJ cm . The laser
spot size was restricted to a circle of 200 mm
diameter. Blue emission was observed in both cases
from a circular pattern of similar dimensions at the
centre of the fluorescent images and specifically, in
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Ž . Ž . ŽFig. 2. Comparison of fluorescence and optical microscopic images of poly butyl methacrylate PBMA a and c and poly ethyl
. Ž . Ž .methacrylate PEMA b and d target polymer surface following laser 355 nm induced molecular transfer of pyrene contained in a

triazeno-polymer. Irradiation dose: 5 pulses, 200 mJ cmy2 . The bar denotes 100 mm in each case.

the PEMA case, some additional yellowish emission
was also visible. Presumably the emission emanated
from the transferred molecules excited with probe
light from a continuous UV source between 330–380
nm and was observed beyond 420 nm. It is interest-
ing that the fluorescing region of the PBMA surface

Ž .looks in a conventional micrograph Fig. 2c smooth
and uncontaminated without any material deposition
implying that most of the transferred molecules are
fully embedded beneath the surface layer. In con-
trast, scattered aggregate-like structures are clearly
visible in both optical and fluorescent images of the
PEMA surface around and inside the irradiated area.
These could presumably relate to condensed partially
decomposed triazeno-polymer ablation products.

The exact origin of the observed emission is
clarified by the pyrene fluorescence spectra shown in
Fig. 3. They were recorded from the centre of the

emitting spot for both PBMA or PEMA target poly-
mers using light excitation at 335 nm and were
corrected for scattering. Ten laser pulses of fluence
100 mJ cmy2 were used to ablate the pyrene con-
taining source film. For the PBMA case, the fluores-
cence emission clearly originated from implanted
pyrene existing in monomer form. This was also
verified by UV absorption spectroscopy of the im-
planted surface exhibiting a strong absorption band
around 300–340 nm in good agreement with the
S –S absorption band of pyrene. Additionally gas2 0

Žchromatograph–mass spectrometric analysis GC–
.MS of a methanol extract produced by rinsing the

implanted surface exhibited only one peak in the
chromatogram related to the pyrene molecule. These
results clearly indicated that intact pyrene molecules
were transferred by laser irradiation. In comparison,
the fluorescence spectrum recorded from the pyrene
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Fig. 3. The fluorescence spectra from the target polymer surface
Ž . Ž . Ž . Ž . Žof a poly ethyl methacrylate PEMA and b poly butyl

. Ž . Ž .methacrylate PBMA , following laser 355 nm induced pyrene
transfer using ablation of a triazeno-polymer. Irradiation dose: 10
pulses, 100 mJ cmy2 .

implanted PEMA surface exhibits a wide tail to-
Ž .wards longer wavelengths 430–600 nm which is a

characteristic of excimer-like structures suggesting
that pyrene aggregates may be formed on the higher
T polymer surface and justifies the yellow emissiong

observed. Similar tendency is observed with PEMA
irradiation at higher fluence.

In order to avoid the complexities of pyrene
aggregation in our qualitative analysis, we used only
PBMA to study the effect of laser intensity and pulse
number on the efficiency of laser molecular transfer.

Ž .It was observed Fig. 4 that by increasing the laser
pulse number, taking care to avoid a complete etch
through of the thin TP film, the fluorescence inten-
sity emitted from the target film was enhanced. The

Žvibrational peak of pyrene emission at 393 nm peak
.V was used as probe being less dependent on

w xdielectric properties of the medium 7 and would be
safer related in comparative fashion to the amount of
pyrene molecules transferred. This effect is in obvi-
ous agreement with expectations since more pyrene
molecules become available for transfer with repeti-
tive etching of the source film.

Ž .In contrast, Fig. 5 shows a slow decline in the V
peak fluorescence intensity accompanying the growth
of laser fluence. This effect was confirmed regard-

Žless of the laser spot size varied between 200-mm
.and 1-cm diameter and was partly attributed to a

uniform spreading of pyrene around the irradiated
area on the target surface. This is illustrated in Fig. 5
by plotting the ratio of the pyrene spread radius R to

Fig. 4. The fluorescence spectra of a pyrene implanted PBMA
surface as a function of laser pulse number. Pyrene was trans-
ferred using ablation of a triazeno-polymer. Laser fluence: 100 mJ

y2 Ž . Ž . Ž . Ž .cm , a 5 pulses, b 10 pulses, c 15 pulses, d 20 pulses. The
Ž . Ž .vibrational pyrene emission peaks are denoted I–V . inlet Nor-

malised fluorescence intensity of the V pyrene peak at 393 nm vs.
laser pulse number. Data are taken from the spectra in the main
figure.

the laser spot radius R as a function of laser0

fluence. For the higher fluence range pyrene was
found to stretch nearly as far as three times the
irradiated spot size suggesting that the hydrodynamic
expansion of the TP decomposed products between
the two films plays a key role in this process.

Ž .Nevertheless a measure of the IrV peak fluores-
cence intensity ratio showed a slight decline with
increasing laser fluence suggesting that the polarity

w xof the receiving polymer decreased 7 . This could be
the result of either an increase in density of the
embedded pyrene in the target polymer or a contribu-

Fig. 5. The normalised fluorescence intensity of the V pyrene
Ž .peak 393 nm from an implanted PBMA surface and ratio of

pyrene spread radius R to laser spot size radius R as a function0

of laser fluence. Number of laser pulses: 10.
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tion from TP photoproducts on the target surface
increasing with laser fluence.

The possibility of a fluorescence quenching mech-
anism due to TP ablation products embedded to-
gether with pyrene in the target film could be in-
volved in the observed decline of fluorescence inten-
sity in Fig. 5. Although laser ablation of neat TP in
air results in efficient decomposition to low molecu-

w xlar weight products 8 it was found in the current
study to produce minimal amounts of biphenyl
derivatives condensed at the target surface, presum-
ably produced by partial TP photodecomposition.
These products exhibit a broad absorption band

Žpeaking at quite shorter wavelengths ;260–270
.nm comparing with the pyrene fluorescence emis-

Ž .sion peak ;400 nm and therefore assuming their
production also during the ablation of pyrene con-
taining triazeno-polymer they are not expected to
quench the pyrene fluorescence by energy transfer.
Nevertheless a charge transfer mechanism between
these molecules and implanted pyrene can not be
totally excluded from contributing to a fluorescence

w xquenching process 9 .
The low molecular weight photoproducts, such as

w xnitrogen 8 obtained from the TP explosive photode-
composition will expand their volume rapidly away
from the irradiated area due to a high local pressure.
Since the process follows a photochemical decompo-

w xsition route 10 , the surface temperature is not ex-
pected to rise at high levels. Assuming a condition at
the very early stage of decomposition where the
polymer properties still hold and energy is released

Žonly by the ablated products i.e., hot gases, small
.fragments, etc. , an estimate for the lowest limit of

their temperature rise can be made from the mea-
Žsured specific enthalpy of decomposition D Hs

. w xy255.1 kJrmol 8 and is found to vary between
400–500 K for the average fluence range of this
experiment. Although this temperature is not consid-
ered high enough to cause significant pyrene thermal

w xdecomposition 11 , it can affect the surface proper-
ties of the target polymers in contact. These poly-
mers exhibit relatively low T values and it is rea-g

sonable to assume that pyrene molecules will be
allowed to diffuse into inner layers below their sur-
face if the temperature rise maintains a free volume
expansion for a sufficient time. This process com-
petes with the supersonic propagation of the ablated

w xproducts 10 . The high pressure exerted from their
fast travelling leading front will violently repel the
target polymer, transiently creating a thin channel
between them and suspending the film contact around
the irradiated area. The subsequent gas expansion in
the generated free space would result in the multiple
reflection between the two polymer films, thereby
reducing the temperature of the ablation products at
the same time. In this manner, the pyrene molecules
contained in the expanding cloud will be horizontally
propagated along the surface of the target polymer
spreading uniformly to a wider range as compared to
the laser spot size. This effect will be enhanced as
laser fluence increases. As the higher T target poly-g

mer shows a limited elastic behaviour to the pres-
surised gas propagation, pyrene molecules will be
hampered from penetrating inside and will eventu-
ally accumulate on the surface. For PEMA, this
effect could be manifested by the observation of
pyrene excimer formation due to the high local
concentration on its surface. Hence, it is expected
that pyrene locates both beneath and above the target
surface but the low T polymer will permit easier theg

dopant diffusion and therefore increase the implanta-
tion efficiency at the same irradiation conditions.
Although a measure of the implanted depth is not
given here, it is typically expected to be in the range

w xof a few tens of nm 2 .
Significant dopant photodecomposition is not be-

lieved to take place in either source or implanted
target polymer during the laser molecular transfer
since pyrene shows negligible absorption at the irra-

Ž Ž . y1 .diating wavelength a pyrene s109 cm . In gen-
eral it is considered that condensed aromatic
molecules are more stable at high temperatures in

w xcomparison with other structures 11 and so it can
be assumed that only a minimum amount of the
dopant might be thermally decomposed that would
not affect seriously the main character of the process.
The lack of pyrene derivatives in the target polymer
is surprising though, since they would be expected to
form by reactions with radicals produced by the
exothermic TP photodecomposition.

In conclusion, it is found that intact pyrene
molecular transfer between solid polymers in contact
can also be possible by using laser ablation of an
explosively decomposed triazeno polymer. The effi-
ciency of the process is enhanced by increasing the
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laser pulse number and reducing the glass transition
temperature of the receiving film. The spatial resolu-
tion of the transferred image becomes poorer though
with increasing laser fluence due to a horizontal
molecular spreading.
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