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Abstract

This paper reports the static and dynamic fluorescence emission of pyrene sorbed onto the surface of 6 different polyamides classified in two
categories: AB (polyamide-6 and -11) or AABB (polyamide-6,6, -6,9, -6,10 and -6,12). Pyrene is a well known fluorescent probe for the polarity
evaluation of different media for which the ratio of intensities of the vibronic bands (/,/I3) decreases in less polar medium and the fluorescence
decay from the singlet electronic excited state increases with decreasing polarity. The steady-state vibronic ratio /,//5 of the pyrene fluorescence
emission decreases with decreasing polarity for polyamides AB but for polyamides AABB, this ratio undergoes a significant decrease for poly-
amides-6,9 compared with -6,6 but remains almost constant for polyamides-6,10 and -6,12. This shows that the steady-state fluorescence of
pyrene is only sensitive to the polarity of sorption sites whose dimensions are similar to the van der Waals radius of the molecule. In contrast,
fluorescence decays decrease with decreasing polarity of the polyamide from 7 = 250 ns for polyamide-6,6 to 7 = 310 ns for polyamide-6,12
and thus this parameter is always sensitive to the polarity of the medium. We also discuss the advantages of these spectroscopic methodologies
that include their applicability to samples without any further sample manipulation and which is independent of their form, powder, pellet or

film, and of their thicknesses and sizes.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The evaluation of surface properties is of fundamental in-
terest for several different academic and technological aspects,
such as phenomena related with adhesion [1,2], dyeing [3—5],
painting, corrosion protection and several others [1,6]. Several
techniques can be employed to determine surface properties,
including spectroscopic methodologies using specular reflec-
tance [7], measurements of interfacial tension and surface en-
ergy [1,6,8—10], atomic force microscopy [11,12], confocal
laser scanning microscopy [13], near field microscopy [14],
electron spin resonance [15] and measurements of zeta-poten-
tial [8—12]. The interaction strength between molecules and
the surface is one of the properties that plays an important
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role in these studies. The interaction strength is, in general,
dependent on the nature of specific forces such as dipolar
interactions, hydrophobic interactions, hydrogen bonding,
electrostatic forces and in some other cases on the chemical
bond generated between the surface and other chemical spe-
cies [1,3,6,8—16].

For every goal, the development of methodologies able to
determine the polarity of the surface is relevant. Although
measurements of contact angle are well developed, this tech-
nique is complicated when the surface is not flat; one alterna-
tive methodology to measure surface polarity that overcomes
this problem is fluorescence spectroscopy using fluorophores
whose emission is sensitive to the polarity of the medium
[17—21]. For this particular approach, samples can be utilised
in the form of solutions or as powders, films, pellets, blocks of
distinct sizes, etc. Nevertheless, the required condition is that
the sample must be intrinsically luminescent or must contain
an extrinsic fluorophore, which can be introduced by sorption
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or by chemical attachment [19,21—25]. For a non-intrinsically
luminescent material the simplest way to extrinsically intro-
duce the lumophore is through the sorption process, which
can be done by techniques including: swelling by a non-sol-
vent for the polymer [19,20,25], deposition by casting
[19,20,25], spin-coating or dip-coating [26], self-assembly
[27] or by vapor deposition when solvents should be avoided
[19,28].

One interesting fluorophore is pyrene (Fig. 1), a strongly
fluorescent molecule whose emission spectral profile and de-
cay both depend on the polarity of the medium for solutions,
microheterogeneous media or several types of surfaces [17—
23,29,30]. For example, in a previous paper we showed that
the ratio of vibronic fluorescence intensities and the emission
decay of pyrene dissolved in several ethylene-co-vinyl acetate
copolymers (EVA), either in the bulk or on the film surface,
are linearly dependent on the vinyl acetate content in the co-
polymer [19]. EVA are copolymers whose ethylene and vinyl
acetate segments are randomly distributed along the main
chain and, consequently, the lengths of both segments have
a broad size distribution. Thus, when sorbed onto the surface
or dissolved in the bulk, pyrene is sensing an average polarity,
without any correlation with the geometric distribution of the
component blocks.

Different from EVA, polyamides are linear polymers or co-
polymers with a very well defined length of each block while
the sequences of the blocks are also well defined (Scheme 1)
[31,32]. They are produced by condensation reactions of di-
amines with dicarboxylic acids or by opening of ring lactams.
Independent of the initial system, the sequence of the chain
segments is very well defined in terms of their sequences
and sizes. Depending on the processes, two types of polyam-
ides can be produced: the polyamides AB, represented by
number indices that describe the number of carbon atoms pres-
ent in the aminocarboxylic acid (6 in the case of polyamide-6
and 11 in the case of polyamide-11); and polyamides AABB
produced by polycondensation of diamines with dicarboxylic
acids and described by number indices x,y (where x represents
the number of carbon atoms present in the diamine and y the
total number of carbon atoms present in the dicarboxylic
block) [33]. For example, on going from polyamides-6,6
to -6,12 we increase the length of the dicarboxylic block
from 6 to 12 carbons, maintaining 6 CH, units between the
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Fig. 1. Pyrene molecule. Linear length was estimated by semi-empirical quan-
tum mechanical calculation with the AM1 Hamiltonian method with molecu-
lar dynamics optimization using the software HyperChem™ 6.03.

diamine groups (Scheme 1). Because the size of the aliphatic
chain between the polar groups increases with the increase of
the index, we should expect that polymers with longer chains
should be less polar.

The surface properties of polyamides have been studied by
several techniques as an attempt to understand the dyeing pro-
cess [3,8—10,13—16,32,34]. These studies have shown that not
only dipolar and electrostatic forces play important role on the
dye/sorption processes but that of dispersive forces are also
important. Each one of these components must be determined
in order to describe the total adhesion energy. Experiments of
wettability using different liquids can be used to determine
each of the interaction components [9]. Although this proce-
dure allows a complete description of the interactions, it is
time-consuming and, in several cases, the components are
not completely independent.

This study is an attempt to describe the surface polarity of
polyamide films with different structure using a simpler proce-
dure that is based on measurements of both fluorescence spec-
tra and fluorescence decay of electronically excited pyrene.
Because the polyamide chains are linear we will correlate
the measurements of the pyrene polarity parameters with the
linear length of the polymer back-bone, which will be esti-
mated by semi-empirical quantum mechanical calculations us-
ing the AM1 Hamiltonian method with molecular dynamics
optimization using the software HyperChem™ 6.03 [35]
(Scheme 1). This length was compared with the dimensions
of the pyrene molecule, also estimated using the same method-
ology (Fig. 1).

2. Experimental

Pellets of polyamide-6, -11-, 6,6, -6,9, -6,10, -6,12 and poly-
caprolactone were purchased from Sigma—Aldrich and used as
received. Formic acid (Merck, PA) was used. Pyrene (Sigma—
Aldrich) was recrystallized twice from ethanol before use.

Polymer pellets were dissolved in formic acid and a powder
was obtained by solvent evaporation. Then, samples were
heated to near the melting point in an oven under a dynamic
vacuum to erase the thermal history and to remove the residual
solvent. After, they were pressed at room temperature using
a load of 4ton for 5min at room temperature, forming
a disc with about 1 cm of diameter, 1 mm thick. Onto the sur-
face of every disc 10 drops of a pyrene in chloroform solution
(10"*mol L") were successively added. The pyrene was
sorbed onto the sample surface after solvent evaporation.
The amount of pyrene sorbed was followed by fluorescence
spectroscopy and was considered adequate when the emission
spectrum had sufficient intensity. The excitation spectrum was
still sharp and a complete lack of excimer emission was ob-
served [19,36]. The requirement of low concentration can be
justified to avoid the inner-filter effect, self-absorption and
re-emission, and several other possible types of intermolecular
photophysical processes that may disturb the spectral profile as
well as the fluorescence lifetimes. A very simple way to verify
if this condition has been observed is by recording the
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Scheme 1. Molecular structures of some polyamides. Linear length was estimated by semi-empirical quantum mechanical calculation with the AM1 Hamiltonian
method with molecular dynamics optimization using the software HyperChem™ 6.03.

excitation and emission spectra which must be composed of
sharp bands [19].

Samples were characterized by dynamic scanning calorim-
etry (DSC) using a DSC 2910 TA Instruments calibrated with
indium as standard. Samples initially at room temperature
were cooled to 150 K using a rate of 20 Kmin~' and then
were heated at a rate of 10 K min ' to above the melting point,
cooled to 150 K and then a second heat cycle was run to above
the melting point. The melting temperatures and enthalpies
were determined using the data from the second heating cycle.

X-ray diffractograms were recorded on a Shimadzu-3A
X-ray diffractrometer, with a Cu Ka source, current of 20 mA
and voltage of 30kV, in the range of 2° <26 < 50°. All the
measurements were performed with part of the same sample
used for the DSC measurements. Using the X-ray data we
estimated the degree of crystallinity, which was determined
by deconvolution of the diffraction peaks measured relative to
the scattering band that defines the yrx value. The area of
the crystalline peaks was estimated by deconvolution with the
software Origin 6.0. The crystallinity degrees from DSC and
X-ray data were compared.

Steady-state fluorescence spectra were recorded using an
ISS model PC1 spectrofluorimeter with a 300 W xenon

lamp. The excitation wavelength was Ae. =337 nm and
emission was recorded between 350 and 480 nm. Slits
were selected for a spectral resolution of +0.5 nm. Spectra
were recorded using front-face excitation and emission con-
figurations with the sample held in a solid-state sample
holder.

Fluorescence decays were recorded with the samples in
a sealed quartz capillary under vacuum (10~ torr) using the
time-correlated single photon counting (TCSPC) technique
in an Edinburgh Analytical Instruments nF900, operating
with a pulsed H, lamp with a repetition frequency rate of
40 kHz, A =337nm and A., =393 nm. Emission decay
was recorded using front-face excitation and emission config-
urations with the sample held in a solid-state sample holder.
The fluorescence decays F(t) were analyzed by deconvolution
of the lamp pulse recorded using a solution of LUDOX™ (Du-
Pont) with the impulse response of the sample. The fluores-
cence decays, F(t), were analyzed by the exponential series
method (ESM) fitting the experimental curves with two-expo-
nential functions. Freely adjustable positive B; values represent
the weight fraction for each exponential decay. The search for
the best fit uses the Marquardt algorithm to minimize the re-
duced x? (goodness of fit). Fits are considered acceptable
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when x? < 1.2 and the distributions in the residual plots were
randomly distributed.

Sorption of pyrene on the sample surface is demonstrated
by epifluorescence microscopy (EFM) performed using an in-
verted Leica DM IRB microscope employing a mercury arc
lamp (HBO-100 W) for UV—vis excitation in the wavelength
range of 330—380 nm selected by optical filters [23,37]. The
emission image was selected from the excitation beam by a di-
chroic mirror (Aex. > 410 nm). Objective magnifications of
50x were used and the images were taken with a Samsung
SDC-311 digital camera and processed by Linksys v. 2.38
software.

To provide a sorption model for the experimental results
a theoretical study was undertaken using quantum mechanical
calculations with AM1 Hamiltonian for the optimization of the
geometry of one monomer unit of every polyamide structure.
We also simulated the geometry of two linear monomer units
and thus we searched for bimolecular aggregates with the
framework of classical molecular mechanics (MM). This
was carried out with the molecular dynamics optimization of
the software HyperChem™ 6.03.

3. Results and discussion
3.1. Polymer characterization

Polymer samples were physically characterized by both
DSC and X-ray diffraction [38,39]. From the DSC data we de-
termined the melting temperature using the value of the endo-
thermic peak and these were similar to those reported in the
literature [31,32]. Measurements with and without pyrene
sorbed onto the surface did not modify the melting
temperature.

Diffraction patterns also showed that the samples are crys-
tallized in the most thermally stable unit cell and they were not
deformed or modified by pyrene deposition on the sample sur-
face. The degree of crystallinity of every polyamide sample
was determined by X-ray diffraction patterns using the ratio
between the areas of the crystalline peaks divided by the total
area. Our values are also very similar to those reported in the
literature [31] and are in the range from 59 to 61%.

Sorption of pyrene on the polymer samples was demon-
strated by epifluorescence optical microscopy. For example,
a sample of pyrene sorbed onto the polyamide-6,10 surface
shows an image colored by blue when ultraviolet is used for
excitation due to the fluorescence of pyrene (Fig. 2). Similar
behavior was observed for other the samples and figures
have been omitted. Samples without pyrene are non-fluores-
cent when employing UV excitation irradiation.

We noted that the residual emission of the polyamides un-
der our experimental conditions (Aexc =350 nm emitted by
a conventional lamp and spectra recorded using front-face ex-
citation) is very week for samples without pyrene. Therefore,
our data can be considered as being originated only from the
pyrene molecules.

Fig. 2. Epifluorescence optical microscopy of a polyamide-6,10 sample with
pyrene on its surface. Aexe > 350 nm.

3.2. Steady-state fluorescence emission

Steady-state fluorescence spectra of pyrene sorbed onto the
surface of polyamides using an excitation wavelength of
Aexc = 337 nm are in Fig. 3. In general, these spectra are com-
posed of a vibronically structured band characteristic of the
isolated pyrene molecules [17—22,29]. No excimer emission
was detected.

The I,/I5 vibronic intensity ratios were determined from the
fluorescence spectra where the intensities /, and /3 correspond
to the vibronic bands at A.,, =370—374 nm and A.,, = 380—
384 nm, respectively. The values given in Table 1 were deter-
mined as an average of two sets of emission spectra, each set
was recorded using two different parts of two samples. The av-
erage ratio of one sample was averaged with the average ratio
of the second sample. According to the pyrene polarity scale
(py-scale), a greater I,/I3 intensity ratio can be attributed to
a more polar medium and vica-versa [17,18,21]. Therefore,
as we can see from Table 1, for AB-type polyamides such
as polyamide-6 and polyamide-11, this ratio changes from
1.41 to 1.27, demonstrating that, for the shorter aliphatic
chain, pyrene senses a more polar medium, as expected. Com-
paring this with solvents, the value of the vibronic ratio for
polyamide-6 is similar to that of solvents such as 2-methylcy-
clohexanone, 2-heptanone, n-heptanone and 1,2-butanediol,
whose values are in the range 1.41—1.45, while the polarity
of polyamide-11 is similar to 3-octanone and 2-methyl-1,4-
pentanediol, whose ratio is in the range 1.26—1.31 [17,18].

In the same way, for the polyamides of the AABB type
(polyamide-6,6, -6,9, -6,10 and -6,12), the greatest polarity
was observed for the polyamide containing the smaller ali-
phatic segment from the carboxylic acid block (polyamide-6,6)
(Table 1). For the aliphatic segments from polyamide-6,6
to polyamide-6,12, we observe that the /,/I3 ratio decreases
from polyamide-6,6 (1.44) to polyamide-6,9 (1.31) but then
remains constant for the other polyamides (1.29—1.31). This
result suggests that there is a critical relative distance between
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Fig. 3. Normalized steady-state fluorescence spectra of pyrene sorbed onto the surface of: (a) polyamide-6,6 and (b) polyamide-6,12. Intensity has been normalized

for the band at 371—374 nm. A¢,. = 337 nm.

the polar groups and the position of the pyrene molecules,
above which the vibronic ratio is not an adequate parameter
for the py-scale. Comparing with solvents, these values of vi-
bronic ratio indicates that polyamide-6,6 has a polarity similar
to 2-methylcyclohexanone, 2-heptanone and 1,4-butanediol
while polyamide-6,9, and polyamide-6,10 are similar to 3-oc-
tanone and 2-methyl-1,4-pentanediol [17,18]. It is worth not-
ing that above a certain length of the aliphatic chain,
somewhere between 6 and 9 CH, groups, the vibronic ratio be-
comes almost constant and independent of the number of CH,
of the aliphatic group. In other words, the vibronic ratio of the
pyrene fluorescence is unable to distinguish differences of po-
larity for polyamide-6,9, -6,10 and 6,12. This behavior is dif-
ferent from that observed for EVA and copolymers with small
amounts of ethyl acetate show differences in the vibronic
ratio [19].

The fluorescence lifetimes of pyrene sorbed onto the poly-
amide samples were determined by deconvolution of the lamp
pulse signal (fast pulse). A typical example of these signals is
shown in Fig. 4 for pyrene sorbed onto polyamide-6 (others’
spectra have been omitted). The lifetime of the pyrene fluores-
cence was determined by deconvolution of the pulse of the
lamp (fast pulse) and curve of the sample (slower decay). Af-
ter deconvolution the decay was fitted using exponential func-
tions. In general, good fits can be obtained for pyrene sorbed
onto the polyamide surfaces using a monoexponential function
and the lifetimes are shown in Table 1.

The decay of pyrene fluorescence is always faster for the
more polar medium as expected [17—20,21,23]. What we

Table 1
Vibronic ratio /,/I5 and lifetime 7 (ns) of the fluorescence emission of pyrene
sorbed onto the surface of several polyamides

Polyamide Vibronic ratio 1,/I5 Tr (ns)

-6 1.41£0.04 260 £ 1
-11 1.27£0.03 276 +3
-6,6 1.44 £0.02 25043
-6,9 1.31£0.03 276 +2
-6,10 1.30 £0.04 296+ 3
-6,12 1.29£0.03 310£3
Polycaprolactone 1.15£0.02 265+5

observe here is that for each specific set of polyamide (AB
or AABB), the lifetime decreases for polymers with shorter al-
iphatic chains, as expected for more polar media. It is notewor-
thy that, while the vibronic ratio cannot make a distinction for
the polarity of polyamides-6,9, -6,10 and -6,12, the decays are
different and follow the expected decrease as the length of the
aliphatic chain decreases.

In an attempt to explain the sensitivity of pyrene to the po-
larity of the polyamide samples, we are using a very simple
approach assuming two neighborhood chains are maintained
together by hydrogen bonding. Once together, they form a cav-
ity which may be occupied by pyrene molecules (Fig. 5). It is
well known that pyrene has a hydrophobic character and
shows a tendency to occupy more apolar cavities [17—21].
Consequently, the preferential sorption sites should be those
near the aliphatic chains and this is the reason for the similar-
ity among the values for the py-polarity observed and the
values for molecules with relatively lower polarity observed
with our data.

If our model can represent the sites of the sorption for pyr-
ene on polyamide sample surfaces, we should expect that the
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Fig. 4. Fluorescence lifetime spectrum of pyrene sorbed onto the surface of
polyamide-6.
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dimensions of the cavities would be similar or larger than the
pyrene dimensions (Fig. 1). Therefore, we estimated the linear
lengths of the polyamide chains using a semi-empirical meth-
odology of molecular orbital calculations with the Hamilto-
nian AMI1 to optimize the special geometry [35] (Scheme 1).
In addition, we estimated using molecular mechanics that the
interchain distance is around 6.86 A between dicarboxylic
groups and 6.90 A between diamine groups, which are approx-
imately the same as the shorter axis distance of the pyrene
molecule (Fig. 1).

For pyrene, we determined that the dimension of its longer
molecular axis (distance between the atoms 17 and 25) is
9.14 A, which is longer than the longer linear axis of polyam-
ide-6 (7.49 A) and shorter than that of polyamide-11 (12.24 A)
(Scheme 1). Therefore, we should expect that pyrene will
sense a less polar environment when sorbed onto the polyam-
ide-11 surface than onto polyamide-6. When comparing poly-
amide-6 with polycaprolactone, which has almost the same
linear dimensions, our photophysical data suggest that photo-
luminescence is less polar since the vibronic /,/I5 is lower and
the lifetime is longer (Table 1).

From the spectroscopic point of view, polyamide-6 and poly-
caprolactone can be considered Shpol’skii matrices for pyrene,
that is, matrices presenting cavities with similar dimensions to
the molecular luminescent probes resulting in a fluorescence
spectrum with maximum vibronic resolution [28,36]. In other
words, there is good correspondence between the size and
the form of the “‘solvent cage’ and the molecular dimensions
of the molecule-guest. The polar groups of the matrix are the
nearest possible to the pyrene molecules. In the case of poly-
amide, whose monomer has a larger linear length than that
of the molecule-guest (pyrene), the polar groups are more dis-
tant and the medium in which molecule-guest situated is less
polar. These phenomena reflect on the values of the relationship
of vibronic intensities and on the fluorescence lifetime of
pyrene.

In the case of polyamides AABB, the analysis is similar.
For example, the carboxylic chains of polyamide-6,6 form ca-
ges with dimensions of 7.72 A for the diamine segments and
6.10 A for the carboxylic acid segments with an interchain

distance of 6.86 A. In both cavities pyrene molecules can be
accommodated. Because these cavities have dimensions simi-
lar to those for polyamide-6, the polarity measured by the py-
scale was almost the same.

When we move from polyamide-6,6 to polyamide-6,9,
there is a larger increase of the length of the dicarboxylic seg-
ments, whose linear length changes from 6.10 A for polyam-
ide-6,6 to 10.12 A for polyamide-6,9. The increase is due to
the increase of the length of the apolar aliphatic chain and
the consequence is that pyrene is located in a less polar envi-
ronment that then explains the observed photophysical
changes. Compared with the dimensions of the pyrene mole-
cule, the cavity of the polyamide-6,9 is larger than that re-
quired for a quasi-linear emission spectrum. The increase of
the aliphatic chain for polyamide-6,10 and for polyamide-
6,12 occurs only for the dicarboxylic chain, since the amide
component is the same (Scheme 1). Although the size in-
creases, the vibronic ratio for the pyrene emission in these
polyamides is almost constant.

From the analysis of the dimensions of the cavities there are
two possible explanations for the photophysical behavior of
pyrene sorbed onto the polyamide surfaces. One is that the
cavity where these molecules are located is the amide domain
that has almost the same dimensions for polyamide-6,9, -6,10
and 6-12. Considering that pyrene is sensing domains of the
same polarity, both vibronic ratios and fluorescence lifetimes
must be the same, for all polymers which has not been ob-
served. Actually, we observed that the vibronic ratio is almost
constant but the lifetimes increase with the decrease of the po-
larity. Therefore, we must consider an additional hypothesis,
which is that the pyrene molecules, in addition to sensing
the polarity of the amide domains, is also sensing the dicar-
boxylic regions which are changing along the polyamide se-
ries. We suspect that the reason for the constant value of the
vibronic ratio that parameter has a shorter-distance depen-
dence because it results from electron—phonon coupling
[40—43] with the matrix while the lifetime is a dynamic pa-
rameter dependent on the coupling between the simultaneous
dipolar relaxation of the matrix and of the probe. Therefore,
because the static photophysical parameter depends on the rel-
ative dimension of the cavity and the probe, the fluorescent
molecule can only sense cavities whose dimensions are similar
to its van der Waals radius. As a consequence, the lifetime is
a more useful tool for sensing polarity in the case of pyrene
molecules.

4. Conclusion

We showed here that pyrene is a sensor for polarity of poly-
amides belonging to either the AB or the AABB types. This
molecular sensor in the excited singlet state undergoes photo-
physical processes whose steady state and dynamic properties
respond to the environmental characteristics both in solution
and in the solid state. However, we observed that the ratio
of the vibronic intensities /;/I; of the fluorescence band is
a good parameter for sorption cages of similar dimensions
as the molecular van der Waals radius while the lifetime has
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more universal polarity dependence. Smaller lifetimes were
obtained for the most polar polyamides of the two families.
Because of the relationship between the size of the pyrene
molecule and the size of the polyamide cavity we could con-
clude that the steady-state emission vibronic ratio of pyrene is
a short-range parameter, in other words, above a certain dis-
tance it does not respond to its environment. Nevertheless,
the fluorescence lifetimes still respond to the distinct polarity
of the polyamides.

An additional advantage of the fluorescence decay com-
pared with steady-state emission is related to the presence of
some residual emission of the polymer. In particular, for poly-
amide-6 an emission centered at 415 nm was reported for
Aexe = 345 nm. If some residual emission (not observed under
our experimental conditions) is present, it might disturb the
band at ~390 nm, increasing its relative intensity. Therefore,
the observed vibronic ratio should be smaller than that effec-
tively expected. On the other hand, because the pyrene lifetime
is much longer than that for other aromatic compounds, its de-
cay should not be disturbed by other eventual faster emission
signals [18—20,36].

In a previous work we showed that fluorescence spectros-
copy may be used to determine polarity using the concept of
the py-scale for polymer films of distinct copolymers [19].
Here we showed that this methodology can also be employed
for polymers in powder form, indicating that the methodology
has no apparent geometric restrictions, being applied for ma-
terials with higher light scattering properties, such as powders.
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