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Synthesis of a fluorescent conjugated polymer in the undergraduate organic teaching
laboratory
Teresa Mako and Mindy Levine*
Department of Chemistry, University of Rhode Island, 51 Lower College Road, Kingston, RI
02881
*mlevine@chm.uri.edu
ABSTRACT

Fluorescent organic polymers are used in a wide range of applications, including
explosive sensing, clean energy technologies, and biological detection schemes. However, such
polymers are rarely synthesized in an undergraduate organic teaching laboratory, due to their air
and moisture sensitivity. The synthesis of a fluorescent organic polymer, poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), is described for the upper-division
undergraduate organic laboratory. This polymerization is accomplished using straightforward
procedures to exclude air and moisture, without requiring the use of a glovebox or strict inert-
atmosphere conditions. Once synthesized, the polymer is used for two applications, the
fabrication of fluorescent thin films and the formation of organic conjugated nanoparticles, and
leads to a number of pedagogical opportunities about polymerization, organic fluorescence,
solid-state properties, and hydrophobic nanoparticle formation.
KEYWORDS
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nanotechnology



Synthesis of a Fluorescent Conjugated Polymer in the Undergraduate Teaching
Laboratory
Teresa Mako and Mindy Levine*
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BODY TEXT
Organic fluorescent polymers have been extensively studied in the research laboratory for
several years.! These polymers can be viewed as “molecular wires,” due to the free exciton
migration throughout the conjugated polymer backbone.?® They have been used for the detection
of a number of analytes, including explosives,*> and biological analytes.® Conjugated polymers
have been used in the fabrication of organic light-emitting diodes (OLEDs)’ and in the field of
organic photovoltaics (OPVs),® and they have been used broadly in the development of clean
energy technologies.® Moreover, the doping of conjugated polymers with both metals and non-
metal dopants has led to the development of highly conductive organic polymer-based devices.*
Synthesis of conjugated polymers generally proceeds via a metal-catalyzed
polymerization reaction.’* These reactions require strictly inert atmosphere conditions®? to
prevent premature termination of the polymer chain. As a result of the strict requirement for inert
atmosphere conditions, conjugated polymers have been synthesized only rarely at the
undergraduate level. Some isolated examples of conjugated polymer synthesis at the
undergraduate level include the synthesis of poly(3-hexylthiophene) via Grignard metathesis
polymerization (GRIM)*® and the synthesis of polyacetylene via ring-opening metathesis

polymerization (ROMP).**



Reported herein is the synthesis of a conjugated polymer, MEH-PPV (poly[2-methoxy-5-
(2-ethylhexyloxy)-p-phenylenevinylene]), in an advanced undergraduate laboratory.®> This
procedure used Gilch polymerization conditions (mechanism discussed in the Supporting
Information),'® and required moderate precautions to limit the reaction’s exposure to air and
moisture. Once the polymer was synthesized, it was utilized for two applications: (a) synthesis of
fluorescent organic nanoparticles;*’ and (b) fabrication of fluorescent thin films.'® Nanoparticles
of MEH-PPV have been synthesized extensively in the literature, and used for applications
including selective drug delivery to knee joints,"® detection of hydroxyl radicals,”® and
intraparticle energy transfer.?

Key advantages to the polymer synthesis reported herein include (1) the elimination of
the need for a glovebox or glovebag for the polymer synthesis; and (2) the use of the newly-
synthesized polymer for multiple applications, which combined to create a truly interdisciplinary
laboratory experience.

Pedagogic Value

Synthesis of fluorescent conjugated polymers provided a myriad of pedagogical
opportunities. Although most of the students had learned about polymers in their organic lecture
classes, those discussions had not mentioned fluorescent organic polymers. In this experiment,
students were introduced to the concepts of polymer synthesis as well as air- and moisture-
sensitive synthetic procedures. They also learned about organic polymer fluorescence, as well as
the mechanism of a Gilch polymerization reaction (discussed in detail in the Supporting
Information). Finally, students learned about the hydrophobic effect?? in the context of
nanoparticle fabrication,? and how the photophysical properties of the polymer changed in the

thin films compared to its properties in the organic solvent.



Skills taught in this experiment (polymerization, thin film fabrication, nanoparticle
fabrication) were valuable to organic chemistry students, while engineering and pre-health
students also gained exposure to materials science and analytical chemistry techniques. Thus,
skills covered in the lab have real-world applicability for students of all interests.

Experimental Organization: Specific goals of this experiment were for students to (1)
synthesize a fluorescent organic polymer via a Gilch polymerization reaction; (2) characterize
the fluorescent polymer by *H NMR, UV-Visible, and fluorescence spectroscopy; and (3) utilize
the polymer to fabricate fluorescent organic nanoparticles and fluorescent thin films.

This project was performed in three laboratory periods in an upper-division
undergraduate organic laboratory course. Students synthesized the polymer in one three-hour
session, analyzed its photophysical properties in the second laboratory session, and formed
polymer-derived nanoparticles and thin films in the third laboratory period. The experiment
reported herein was performed by 14 students.

Experimental Overview (for details, see the Supporting Information)
Required equipment:

This experiment required access to *H NMR, UV-Vis, and fluorescence spectrometers, as
well as a spin coater and a sonicator for thin films and particles. This experiment can be run
without forming nanoparticles or thin films, and would still provide ample pedagogical
opportunities, focused on polymer synthesis and solution-state polymer fluorescence.

Synthesis of MEH-PPV:
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Scheme 1: Synthesis of MEH-PPV 2

2,5-Bis(bromomethyl)-1-methoxy-4-(2-ethylhexyloxy)benzene 1 (1.0 equivalent) was dissolved
in oxygen- and moisture-free tetrahydrofuran (THF), and cooled to 0 °C. Potassium tert-butoxide
(4.0 equivalents) was dissolved in THF and added via syringe to the solution of 1 in THF. After
2 hours of vigorous stirring at 0 °C, the reaction mixture was quenched via the addition of excess
methanol, and polymer 2 was isolated by vacuum filtration. Yields for this reaction ranged from
32-95%. The resulting solid was characterized by H NMR spectroscopy (in deuterated
chloroform), and UV-Visible and fluorescence spectroscopy (as a chloroform solution).

Nanoparticle fabrication:**

A dilute solution of the polymer in THF was added quickly to a flask containing water, while the
water was continuously sonicated. THF was removed to yield an aqueous solution of

nanoparticles, which was characterized by UV-Visible and fluorescence spectroscopy.
Thin film formation:

A solution of the polymer in dichloromethane was added to a glass cover slip taped to a
microscope slide. The resulting solution was evaporated on a spin processor to yield an orange,
fluorescent thin film. The fluorescence of the thin film was measured using a solid-state
attachment on a fluorimeter. In the absence of a spin processor, thin films can also be fabricated

using a simple cooling fan, following a literature-reported procedure.?



Hazards

Potassium tert-butoxide [CAS: 865-47-4] is a flammable solid. 2,5-Bis(bromomethyl)-1-
methoxy-4-(2-ethylhexyloxy)benzene [CAS: 209625-37-6] is harmful if inhaled or swallowed.
Methanol [CAS: 67-56-1] is a highly flammable and toxic liquid and vapor. Tetrahydrofuran
[CAS: 109-99-9] is a highly flammable liquid that is harmful if swallowed or inhaled. Acetone
[CAS: 67-64-1] is a highly flammable liquid. Dichloromethane [CAS: 75-09-2] is a highly
volatile liquid and skin irritant. Chloroform [CAS: 67-66-3] and deuterated chloroform [CAS:
865-49-6] are highly toxic and suspected carcinogens. Appropriate personal protective
equipment should be used at all times, and the reagents should only be handled in a well-
ventilated fume hood. The polymer product, MEH-PPV [CAS: 138184-36-8] may be harmful if
inhaled. MSDS sheets are freely available from the vendor at http://www.sigmaaldrich.com.
Results and Discussion:

In the first step of this experiment, students synthesized the fluorescent conjugated
polymer, MEH-PPV, in yields ranging from 32-95%. A representative student sample was
subjected to gel permeation chromatography (GPC) analysis (performed by Dr. Jens Ravnsbak
of MIT), and the results confirmed polymer formation (albeit with a relatively high
polydispersity index (PDI)): M, = 1.40 x 10° g/mol; M, = 5.69 x 10° g/mol; PDI = 4.07.

Students needed to take reasonable precautions to limit the exposure of their reaction to
air and moisture. For most of the students, this synthesis was their first experience conducting
air- and moisture-sensitive chemistry, and led to discussions about how to best conduct such
reactions, especially in the absence of a glovebox or a Schlenk line. During the two hour
reaction, the mixture quickly turned from a colorless solution to a bright orange solution,
followed by the formation of a bright red product (upon methanol addition), which was very
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exciting for students to watch. This color change also provided visual confirmation that the
polymerization was occurring.

The second step was the characterization of the polymer via spectroscopy. ‘H NMR
spectra were obtained in deuterated chloroform. Good quality *H NMR spectra were obtained by
most students, and compared to the literature-reported spectra for MEH-PPV. A dilute
chloroform solution of the polymer yielded excellent UV-visible and fluorescence spectra
(Figure 1). This solution had a Amax absorbance at approximately 500 nm and a Amax €mission at

approximately 557 nm.

Normalized absorbance
Normalized emission

0.0 L L 4 0.0
300 400 500 600 700 800
Wavelength (nm)

Figure 1: Absorbance and emission of a dilute solution of polymer 2 in chloroform

In the third part of this experiment, students fabricated fluorescent nanoparticles and
fluorescent thin films, and measured the photophysical properties of the polymer under these
conditions. For the nanoparticles, they found that the emission maximum was shifted to 582 nm
(a 25 nm shift compared to the solution emission maximum), which provided an opportunity to
discuss polymer aggregation and bathochromic (red) shifts. Similarly, the thin film fluorescence
spectra showed an emission maximum of 577 nm (a 20 nm shift compared to the Amax emission
of the solution), which again can be attributed to polymer aggregation. Figure 2 highlights the
differences in the fluorescence spectra of the polymer under these three conditions, and Figure 3

shows photographs of the polymer in various media.



Of the 14 students, 13 successfully synthesized the conjugated polymer in the first
laboratory period (Goal 1), in yields ranging from 32-95%. All of the students who synthesized
the polymer were able to characterize it using a variety of spectroscopic techniques (Goal 2). The
student who was not able to synthesize the polymer was instructed to use another student’s
polymer for the nanoparticle and thin film formation. Of the 14 students, all of them were able to
successfully form fluorescent nanoparticles and fluorescent thin films (Goal 3).

Instructors should be aware of the following problems: (1) Gel formation sometimes
occurred during the polymerization reaction. Using a large stirbar and stirring the reaction
mixture at a high rate minimized the likelihood of gel formation. If gel formation did occur,
students added small amounts of THF as necessary to break up the gel formation. (2) It was
somewhat difficult for students to measure a precise mass of the polymer for spectroscopic
analyses (i.e. precisely 3 mg). Students were instructed to add a small amount of polymer to a
vial, determine the mass of the polymer, and then calculate how much chloroform to add.

Representative student data can be seen in the accompanying Supporting Information.
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Figure 2: Comparison of the fluorescence of polymer 2 under various conditions



(b)

Figure 3: Photos of student-made polymer taken with a hand-held UV-Vis lamp using long wave (365 nm)
excitation: (a) in THF solution as the reaction proceeds, (b) as an aqueous nanoparticle solution, and (c) in
fluorescent thin films.

Conclusion

A fluorescent conjugated polymer was synthesized in an upper-division undergraduate
teaching laboratory with minimal precautions to minimize air and moisture exposure. The
polymerization was robust and high-yielding, and provided students with ample pedagogical
opportunities in conjugated polymer chemistry, polymer photophysics, polymeric materials, and
nanoparticle chemistry.
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