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Abstract

Fluorescent perylene derivatives for the invisible digital coding of polymers were reported where a binary
combination of fluorescent doping allows the unambiguous identification of the polymers for sorting. The mono-
material recovery of the polymeric materials is an important prerequisite for the high-performance application of
recycled material and was enabled by the application of optical methods. Copyright © IJESTR, all rights
reserved.
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Introduction

The recycling of organic macromolecular materials is an important problem both for economy and the protection of
the environment. A circulation of matter is to be targeted for synthetic polymers as it is already reality for noble
metals. Thermoplastic materials are of special interest for efficient recycling because of simple processing by
melting and remolding. However, the common immiscibility of polymers is the main obstacle for such a technology
because the performance of the recycled material decreases rapidly with the increasing content of polymeric
contaminant. More than 5 % contaminant is not tolerable because of limitations of application; a purity of more than
99 % is targeted for high-performance applications. As a consequence, an efficient sorting of the material is a
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prerequisite for such applications. Physical methods are described [1] for the detection and sorting of polymers such
as using the density or electrostatic properties; on the other hand, a labeling of the polymers and the detection of the
labeled material is attractive because a maximum of reliability can be expected.

A labeling of polymers for secure recognition for recycling is preferentially introduced for optical methods because
of far developed and efficient technology. A simple coloration is less useful for labeling because of interference with
other coloration. A fluorescence labeling [2] would be an attractive alternative where the concentration of doping
material for labeling should be so low that no coloration is visually detected. A variety of fluorescence labels may be
applied where we prefer purely organic fluorescent dyes because of degradability. Inorganic fluorophores for
labeling such as rare earth elements-containing ceramics proved to be persistent and thus, would even increase the
persistent man-made waste.

Materials and Method

Spectroscopy: UV/Vis absorption spectra: Varian Cary 4000; fluorescence spectra: Varian Eclipse; IR spectra:
Perkin ElImer BX Il FT-IR with an ATR unit; NMR spectra: Bruker, AMX 600; mass spectra: Finnigan MAT 95Q,
JEOL JMS-700, Bruker Daltonics autoflex I1.

Materials: The fluorescence labels 2 (TAS061) [3],3 (S-13) [4], 4 TAS063) [5], 5 (TAS063.2) [5], 7 (AH-57) [6],
and 8 (AH-151) [7] were prepared according to the literature. Technical POM pellets (polyoxymethylene) from
DuPont were applied and melt and co-extruded with the fluorescent labels. Spectroscopic grade solvents were
applied.

Imidazoloterrylene 6 (AH-198): Terrylene-3,4:11,12-tetracarboxylic-3,4:11,12-bis(1-hexylheptylimid)e [6] (7,
100 mg, 0.114 mmol) and freshly pulverized sodium amide (99 %. in crystalline platelets, 86.0 mg, 2.20 mmol)
were disperged in benzonitrile (11 mL), heated at 165 °C for 3 h, allowed to cool, shaken with a mixture of 2 N
aqueous HCI and chloroform (1:1, 15 mL), collected with the organic phase, dried with magnesium sulphate,
evaporated until dry (15 mBar and then medium vacuum to remove the excess of benzonitrile), dissolved in
chloroform, filtrated and purified by column separation (silica gel, chloroform/iso-Hexane 3:1). Yield 78 mg (69 %)
green solid, m.p. >250 °C. R (silica gel, chloroform) = 0.89. IR (ATR): ¥ = 3409.5 (w), 2951.5 (w), 2919.5 (m),

2851.9 (m), 1680.6 (m), 1652.6 (m), 1636.3 (s), 1617.0 (s), 1576.3 (s), 1531.8 (m), 1516.2 (w), 1483.8 (m), 1462.7
(m), 1452.7 (m), 1419.9 (m), 1384.1 (w), 1336.8 (vs), 1311.3 (s), 1296.7 (s), 1252.5 (m), 1206.3 (m), 1168.1 (m),
1052.6 (m), 1023.6 (m), 952.8 (m), 911.6 (m), 875.0 (m), 838.7 (m), 806.0 (s), 774.3 (m), 764.9(m) 750.2 (m), 722.6
(m), 694.6 (m), 682.0 (s), 657.6 cm™ (m). *H NMR (600 MHz, CDCl3, 25 °C): § = 0.88-0.99 (m, 12 H, CHj), 1.30—
1.55 (m, 32 H, CH,), 1.95-2.13 (m, 4 H, f-CH,), 2.25-2.41 (m, 4 H, f-CH,), 5.15-5.32 (m, 2 H, NCH), 6.96-7.21
(m, 3H, CHay), 7.30-7.40 (m, 2 H, CHgy), 7.51-8.747 (M, 9 H, CHperyiene), 9.71-9.87 (M, 1 H, CHperyiene),
10.42 ppm (s, 1 H, NH). *C NMR (150 MHz, CDCl3, 25 °C): 6 = 14.2, 22.7, 27.2, 27.4,29.4, 29.5, 29.7, 31.9, 32.5,
54.4, 1185, 120.4, 120.8, 121.8, 122.3, 126.1, 128.3, 129.2, 129.9, 134.8, 141.3, 154.1, 163.6 ppm. UV/Vis
(CHCI5): Amax (1) = 258.6 (50700), 320.8 (11700), 444.8 (6720), 481.6 (3960), 595.8 (11500), 645.8 (37970), 709.0
nm (82600). Fluoreszenz (CHClIs, Aexcit = 525.0 nm): Amax (lre) = 725.1 (1.00), 800.0 nm (0.40). Fluorescence
quantum vyield (CHCI;, [l¢ = 645.2 nm, Egss0 nmiz em = 0.0101, reference S-13 (3) with 1.00): >0.17. MS
(DEI*/70 eV): m/z (%): 995.5 [M™ + H] (42), 995.5 [M™] (16), 746.2 (12), 631.1 (20), 630.1 (33), 182.2 (29), 111.1
(13), 98.1 (16), 97.1 (36), 91.1 (20), 84.1 (29), 83.1 (53), 71.1 (17), 70.1 (56), 69.1 (94), 68.1 (12), 67.1 (21), 57.1
(43), 56.1 (61), 55.1 (100), 54.1 (25), 53.1 (11), 42.9 (51), 41.9 (24), 40.8 (58). HRMS (CgH7N40O,): Calcd.
994.5397, found 994.5387, 4 =-0.0010. Cg;H,(N4O4 (994.5): Calcd. C 80.85, H 7.09, N 5.63; found C 79.97,
H 6.87, N 5.84.
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Results and Discussion

The labeling of polymers in the optical spectral region is limited to a window of about 400 until about 1500 nm. The
UV-light absorption of technical polymers below 400 nm interferes with the optical excitation of the fluorescence
label and sets the hypsochromic limit of the applicable spectral window. On the other hand, light detection becomes
more and more difficult with increasing wavelengths in the near infrared and thus, sets the bathochromic limit. An
individual labeling of each type of polymer with a fluorophor emitting in a certain region of wavelengths would
limit the method to a comparably small number of realizations because of the comparably high bandwidth of the
fluorescence spectra of organic fluorophores; the independent detection of about maximal 12 individual labels seems
to be realistic. A much higher manifold of possibilities is given by a binary combination of labels so that either the
first one or the second or both chromophores are present and so on. As a consequence, 2™ realizations result for n
chromophores (the lack of label has to be reserved for the detection of external material).

The selection of fluorescent doping dyes means a compromise between long-term stability and degradability.
Organic fluorescent dyes consisting of first and second period elements are attractive for such purposes because of
unproblematic degradability; the peri-arylenes [8] such as the perylene dyes 1 [9] certify by their high fluorescent
quantum yields and light-fastness being a good prerequisite for labeling applications. An alteration of the aromatic
core and the carboxylic imide structures controls the position of the absorption and fluorescence maxima and allows
an adaption to the special requirements for labeling. The hypsochromic visible region between 400 and 430 nm
proved to be less suitable for the fluorescence of labels because of interference by genuine fluorescence of technical
polymeric materials.

As a consequence, we applied the perylene ester 2 with a fluorescence maximum at 490 nm as the most
hypsochromic label. The homologue tetramethyl-ester of perylene tetracarboxylic acid was reported as a
fluorescence standard with a fluorescence quantum yield of close to unity [10]. However, the solubility is limited in
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polymeric materials so that we applied the better soluble more branched tetra-isobutyl ester 2 as an alternative. The
absence of stereogenic centers in the isobutyl group is important because otherwise difficult separable mixtures of
diastereomers would be formed. The perylene-3,4:9:10-tetracarboxylic bisimides with fluorescence maxima at 535
nm cover the next spectral region. The sec-alkyl groups (swallow-tail substituents) in 3 are important for
solubilizing. A bathochromic spectral shift of the basic chromophore can be introduced by the lateral condensation
of heterocyclic groups; the imidazolo structure in 4 shifts the fluorescence to 598 nm, where a shift to 671 nm is
obtained with the second heterocyclic ring in 5. An axial extension of 4 means the terrylene derivative 6 with an
even more bathochromic fluorescence at 727 nm. Figure 1 gives an impression of spectral region of the absorption
and fluorescence of the labels.

The label 4 may be replaced by the terrylene derivative 7 with a similar fluorescence spectrum and quantum yield
nearby unity; a novel synthetic procedure [6] makes the biscaboximide 7 easily accessible. The number of labels can
be further extended using the next bathochromic spectral region. For example, by the application of the quaterrylene
derivative 8 where the absorption is as bathochromic as 761 nm and the strong fluorescence extends far into the
NIR; on the other hand, the detection of such bathochromic light becomes more and more difficult. As a
consequence, an extension of the fluorescence is recommended to long wavelengths until the fluorescence of 5 for
routine applications and the further bathochromic region may be used for special requirements.

The fluorescence spectrum for the most unfavorable case of coding is reported in Figure 2 where all four fluorescent
substances are added and are all fluorescent; this corresponds to a logical 1111. The individual fluorescence spectra
of 2 ... 5 are also shown in Figure 2 for comparison. There is some overlap of the fluorescent spectra because of
vibronic structures, however, the maxima can be still unambiguously and clearly detected even in this worst case.
An unambiguous detection was possible at a concentration below 0.1 ppm; an internal calibration with the Raman
emission of matrix [11] may be helpful.

The detection of the labels can be further improved by the application of derivative spectra. The second derivative
proved to give the most suitable results. However, the signal to noise ratio declines by the formation of each
derivative becoming even more important for the second derivative. A moving average was formed in order to
overcome this problem. The upper curve in Figure 2 was calculated as the sliding average of 50 measurements
within 10 nm. The resulting sharpening of lines of the individual fluorescence by the second derivative simplifies
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the application of a threshold so that a discrimination becomes more simple and efficient; see the upper dashed line
in Figure 2.
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Figure 1: Absorption (left) and fluorescence (right) spectra of the fluorescence labels in chloroform of 2 (dotted), 3
(solid), 4 (dashed), 5 (dotted dashed), and 6 (double dotted dashed).
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Figure 2: Fluorescence spectra of labels in chloroform (left scale). 2 (dotted), 3 (dashed), 4 (dotted dashed), and 5
(double dotted dashed). Solid line: added spectra. Right scale and upper solid line: Second deviation of the added
spectra.
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The formation of the fourth derivative would further sharpen the lines, however, the signal to noise ratio declines
appreciably. As a consequence, the use of the second derivative seems to be the best compromise for practical
application. The derivatives can be easily calculated by the consecutive formation of differences and a power of two
is preferably applied for the sliding average for simplifying calculations. The application of integer arithmetic is
fully sufficient for signal processing. Thus, the process of calculation becones essentially reduced to integer
additions; comparably simple and efficiently operating electronic chips are therefore suitable and available.

One can further expand the combinations for detection by the application of an additional chromophore with a more
bathochromic fluorescence outside the window for the detection of 2 ... 5. ; the possibilities are restricted because
both bathochromic fluorescence and high photostability are required. The terrylene derivative 6 proved to be
suitable for such an application (absorption 707 nm, fluorescence 726 nm), However, the fluorescence at
comparably long wavelengths increases the demands concerning the detector. This additional marker may be applied
for the expansion of combinations to 31 materials. On the other hand, an application for the introduction of
redundancy would increase the reliability of sorting the polymers or its application for internal calibration of
fluorescence.
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Figure 3: Labeling of polyoxomethylen (POM). Fluorescence of the dyes 2 ... 5 (from left to right).

Thus, the prerequisites for a practical application of the fluorescence labeling is given. Figure 3 indicates the
labeling of polyoxymethylen (POM) with the dyes 2 ... 5 under unfavorable conditions. The spectra are similar to
Figure 2; there is only a very weak medium effect on the fluorescence. The concentration of the applied labels is
important and should be below 0.1 ppm in order to avoid re-absorption and visible coloration of the polymeric
material. The influence of beginning re-Absorption can be seen in the spectrum of 2 where the first vibronic band is
weakened; the detector may be adapted in such cases. Genuine, non-colored technical POM was used for the test in
Figure 3. It may be necessary to increase the amount of doping material for strongly colored polymers such as
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purely black polymers where a concentration of 20 ppm is still sufficient for detection. Standard mixing and
extruding is appropriate for routine coloration of polymers whereas special care is necessary for polymeric materials
darkly colored with carbon black. The latter may act such as charcoal and partially adsorb the dyes for labeling
where we recommend the extruding of a small amount of the uncolored polymer with the whole amount of dyes for
labeling and then a further co-extruding with all the polymer to be labeled. Alternatively, good results with black
POM were obtained with a mixing at high temperature (more than 480 °C) and a short time for mixing with the
dyes.
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Figure 4: Fluorescence spectra of 2 in solid POM (polyoxymethylene) at various concentrations (1 ppm solid, 2
ppm dotted, 3 ppm dashed, 5 ppm dotted dashed, 10 ppm double dotted dashed line). Insert: Ratio of the second
vibronic band (l,) to the first one (1) as a function of the concentration ¢ of 3 in ppm. 1,/l; =-0.103 - ¢/ppm + 1.36;
correlation number -0.98 for 5 points; standard deviation of the slope 0.01; standard deviation of the intercept 0.07.

The addition of higher concentrations of fluorescence labels changes the spectra by re-absorption of the fluorescent
light; see Figure 4. On the other hand, this effect may be applied for further coding if a slight visible coloration of
the polymer can be tolerated and dyes with pronounced vibronic structure in the fluorescence are applied such as 2
... 7. The ratio of the intensity of the most hypsochromic band (l,) over the next vibronic band (l,) is dependent on
the concentration ¢ of the applied dye and may be even linearized; see the insert in Figure 3. The discrimination of
four different concentrations seems to be realistic. Thus, the combinations for labeling were amplified by a factor of
16 to obtain 240 possibilities.
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Conclusion

Perylene derivatives are principally suitable for binary coded fluorescence labeling of materials. This class of dyes is
a good compromise between (1) sufficiently high photostability for long-lasting marking for recovery and (2)
avoiding the introduction of additional persistent material where (3) the toxicity seems to be extraordinarily low
[12]. Four dyes are presented with fluorescence in the visible enabling the coding of 15 materials. At higher
concentrations of the labels alterations in the spectra by re-absorption of fluorescent light allows a further
discrimination so that 240 different realizations become possible. An additional fluorescent dye with a more
bathochromic fluorescence can be applied for the extension of coding, the increase of reliability by redundance, or
internal calibration.
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