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Abstract 

 

Synthesis and Characterization of Functionalized Norbornene 

Monomers and Their Resulting Ring-Opening Metathesis Polymers and 

Copolymers 

 

Joshua David Biberdorf, M.A. 

The University of Texas at Austin, 2011 

 

Supervisor:  Bradley J. Holliday 

 

The work reported herein describes efforts to create ring-opening metathesis 

block copolymers and homopolymers.  The block copolymers were studied to gain 

insight into the local nanoscale environment of a block copolymer thin film.  

Additionally, perylene containing homopolymers were characterized in light of their 

possible use as an n-type material. 

In the first section of the thesis, the synthesis of diblock copolymers consisting of 

two blocks with very different dynamics is described.  The covalent attachment of a 

molecular rotor which is sensitive to its local environment allowed the study of the 

dynamics of the polymers in thin films.  The emissive intensity as a function of 

temperature allowed us to see discontinuity in the rates of change, indicating a change in 

the local environment corresponding to the transition of the polymer from a glassy to 

rubbery state.  The corresponding temperature, to this event, is known as the glass 

transition temperature, Tg. 



 vii 

Additionally, a polymer featuring a covalently bound n-type molecule, perylene 

diimide, was synthesized.  The photophysical properties, including aggregation in dilute 

solution, are described.  The material is expected to demonstrate the ability to efficiently 

transport negative charge, acting as n-type material in organic electronics. 
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Chapter 1:  Introduction and Background 

1.1 FUNCTIONAL POLYMERS 

A functional polymer is defined in the IUPAC Compendium of Chemical 

Terminology as a polymer that bears specified chemical groups or, that has specified 

physical, chemical, biological, pharmacological or other uses which depend on specific 

chemical groups.
1
  Many small molecules possess characteristics that would be 

advantageous in polymeric form.  By introducing the functionalities contained in the 

small molecule into polymeric materials, one is able to, at least conceptually, blend the 

important attributes of the polymer with the activity of the small molecule.   

Typically, polymers are low cost, light weight, high strength, and flexible.
2
 They 

are chemically resistant and may possess unique electrical properties.  Depending on the 

structure of the polymers, they may be produced in a wide variety of forms including, 

amongst others, flexible rubber-like materials, soft foams, transparent sheets, strong solid 

forms, and fine fibers.
3
  Even more importantly in the context of this work, they can be 

highly soluble in a wide variety of solvents and solution processable into films on various 

substrates.  

Thus, functional polymers are exciting materials in a wide variety of fields, 

allowing the design of products that had previously been limited by the physical 

properties of small molecules.  Unfortunately, the design, synthesis, and control of 

functional polymers is most frequently complex, involving many steps.  One of the 

primary goals of the work in this report is to contribute to the knowledge base concerning 

the control of functional polymer morphology when cast into thin films. 
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1.2 RING-OPENING METATHESIS POLYMERIZATION 

Ring-opening metathesis polymerization (ROMP) is a type of chain growth 

polymerization in which a cyclic olefin is converted into a polymer through interactions 

with a metal based catalyst.
4
  It proceeds through olefin metathesis at the metal center 

which allows the double bond present in the monomer to remain in the resulting 

structures.  The general form of the polymerization can be seen in Figure 1.1.  In short, 

initiation of the polymerization begins with the coordination of a cyclic olefin to a 

transition metal carbene complex.  From there, a [2+2]-cycloaddition forms a four 

membered ring intermediate.  This intermediate then reverses the cycloaddition, creating 

a new metal carbene complex which has incorporated the monomer.  These steps are then 

Figure 1.2 – ROMP Reaction With a Substituted Norbornene 

Figure 1.1 – General Example of ROMP 
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repeated until the polymerization ceases.
5
  In the case of living ROMP reactions, a 

quencher is added to deliberately remove the metal complex from the end of the polymer 

chain as well as deactivate it.  One of the primary driving forces of the reaction is the 

release of ring strain present in the cyclic olefin monomers.
6,7

  This work will focus on 

norbornene based monomers, which are highly active to this type of polymerization due 

to their strained bicyclic structure.  Their polymerization proceeds according to Figure 

1.2.
8,9

  

One of the attractive qualities of ROMP, is the ability to conduct the reactions 

with a “living” type polymerization mechanism when conducted with certain 

catalysts.
10,11

  A living polymerization is roughly defined as one that proceeds without 

significant contribution from chain transfer or termination steps.
12,13

  In order to be 

considered living and controlled, it is generally accepted that the following characteristics 

must be exhibited during a ROMP reaction: 1) fast and complete initiation, 2) a linear 

relationship between the number-average molecular weight of the polymer, Mn, and 

monomer consumption, and 3) a polydispersity index (PDI, PDI = Mw / Mn) below 1.5.
14

  

A ROMP reaction which satisfies these conditions can be used to create well-defined 

block copolymers, simply by sequential addition of monomeric species.   

This work will utilize the commercially available catalyst Cl2Ru(PCy3)2=CHPh, 

otherwise known as 1
st
 generation Grubbs’ catalyst.  It was chosen due to its relatively 

high tolerance to water, oxygen, and various functional groups.
5,10,15

  This high tolerance 

towards varied functional groups enables a wide variety of monomer functionalities to be 

included in the synthesis of functional polymers. 
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Chapter 2: Exploring the Dynamics of Block Copolymer Films 

2.1  INTRODUCTION 

Block copolymer systems are becoming a widely utilized method of incorporating 

multiple functionalities into one macromolecule.  The wide variety of applications for 

block copolymers includes drug delivery,
 16-19

 microfluidic devices,
20

 electronic energy 

materials,
21,22

 and photonic systems.
23

  Each of the investigators using block copolymers 

has been able to tailor the copolymers to their specific needs.  Depending on the 

application, this meant controlling the morphology and dynamic properties of the block 

copolymer.  In order to formulate the best strategy for producing copolymers with the 

appropriate behaviors, many factors must be taken into account.  One of the most 

important of these is the glass transition temperature (Tg) of the macromolecule.  The 

glass transition temperature is the temperature at which an amorphous polymer changes 

from a glassy solid to a rubbery solid.
20

  As an amorphous polymer in a glassy state is 

heated, mobility of the polymer chains is increased and it becomes rubbery.  Being able 

to make accurate measurements of this characteristic of block copolymers is essential.  

Measuring the Tg of bulk polymer materials is done relatively simply using differential 

scanning calorimetry (DSC).  During a DSC experiment, a small sample of polymer is 

heated at a preprogrammed rate alongside a reference sample.  The differential heat flow 

rate is measured as a function of temperature.  The Tg is seen as a small slope in the graph 

of heat flow. 

Confining materials, specifically semi-crystalline polymers on the order of the 

nanoscale, results in large perturbations of their physical properties and dynamics.
24-26

  

Glass transition temperatures of confined polymers have been heavily characterized in 

light of the sensitivity of this attribute to a polymer’s local environment.  Confinement, 

surfaces exposed to air, and substrate interfaces have all been shown to cause large 
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deviations from the respective polymers bulk Tg.
27,28

  This deviation from the bulk can 

range from very small, less than 1 K, to greater than 50 K.   

This change in the physical properties of the polymer can have large effects on 

applications which utilize polymer films such as microelectronics. Without a thorough 

understanding of the behavior of polymers present as nanoscale thin films, intelligent 

predictions of polymer behavior and thus device functionality become extremely difficult 

to accurately make.  This challenge is accentuated further when block copolymers are 

studied due to the additional interface, where one polymer block meets another.  In order 

to design copolymers which self-assemble into particular morphologies, close attention 

must be paid to, among other factors, each block’s expected Tg. 

Linear diblock copolymers of the type AB have been shown to form a litany of 

equilibrium microphase morphologies.
20

  These morphologies are highly dependent on 

the ratio of A and B as well as the energetic interactions between the blocks.  Still, 

predicting the interactions between polymer blocks and thus their expected morphology, 

is difficult. Tight control over phase separation is truly a prerequisite to designing and 

creating effective devices based on multiblock polymers. 

Initially, Keddie et al. was able to demonstrate deviations in the Tg of polystyrene 

films.
29  

Ellipsometry was used to measure film thickness as a function of temperature, 

allowing a characterization of the Tg of films supported by silica.  This work was 

advanced and supported by Ellison and Torkelson, when they were able to show that the 

deviation in Tg is seen as a function of the distance from the free surface as well as the 

substrate.  Using a fluorescent method, they were able to dope and or label polystyrene 

and detect changes in the emissive intensity.
27

  Other methods of Tg measurement that 

have been attempted include: Brillouin scattering, X-ray reflectivity, dielectric 
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spectroscopy, differential scanning calorimetry (DSC), and solid state nuclear magnetic 

resonance.
30-34 

Our approach to measuring this phenomenon involves a particular type of 

fluorophore known as a molecular rotor.  By monitoring the quantum yield (or the 

absolute intensity) of the emission of this rotor, it is possible to make inferences about 

changes in the physical properties of its environment.  It is particularly sensitive to 

changes in the internal free volume immediately surrounding it.  This sensitivity can be 

attributed to a photophysical behavior known as twisted intramolecular charge transfer 

(TICT).
35-38

   

Briefly, as illustrated in Figure 2.1, upon photoexcitation, these type of molecules 

are able to relax from the high energy excited state through competing pathways.  The 

first method involves charge transfer and a molecular rotation resulting in a non-emissive 

relaxation.  This path is favored in low viscosity, high free volume, environments were 

rotation is not limited.  The second path is a radiative emission that occurs if the 

aforementioned rotation is restricted, in this case by being present in a high viscosity, low 

Figure 2.2 – Synthetic Handle of the 

Molecular Rotor 

Figure 2.1 – Viscosity Sensitive Behavior 

of TICT Molecule 
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free volume, environment.  By monitoring the quantum yield of the reporter as a function 

of temperature, information about the local polymer dynamics can be extracted.   

We have prepared this molecular rotor as a monomer containing a strained 

bicyclic norbornene moiety for polymerization using ring-opening metathesis 

polymerization at the position indicated in Figure 2.2.  By polymerizing the reporter into 

diblock copolymers at controlled positions along the backbone as seen in Figure 2.3, 

information about the individual blocks of the polymer is obtained.  This precise control 

over the placement of the emissive reporter allows this work to make more exacting 

determinations of the local dynamics and perturbations from the bulk polymer 

characteristics.  

2.2  SYNTHESIS 

Figure 2.4 demonstrates the synthetic scheme used to achieve the primary 

monomers in this study.  The basis for each monomer in this work is exo-5-norbornene-2-

Figure 2.3 – Precise Positioning of Reporter in Polymer Chain 

Figure 2.4 – Synthesis of Monomers 3 and 4 
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ol (2).  This molecule is synthesized from commercially available 2,5-norbornadiene.   

Initially, 2,5-norbornadiene is heated with acetic acid in a pressure vessel. The resulting 

exo-5-norbornene-2-yl acetate (1) is then hydrolyzed to yield 2.  In order to synthesize 

the monomers  that will make up the large blocks of the copolymer, 2 is then depronated 

using sodium metal and combined with an alkyl halide to generate monomers 3 and 4 in a  

pseudo SN2 type reaction.
39

   

Figure 2.6 – TICT Containing Homopolymers.  Left: Poly(BTB) Right: Poly(OTO). x≈y>>1 

 

7 

5 

6 

Figure 2.5 – Synthesis of TICT Containing Monomer 7 
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In order to covalently include a molecular rotor into the copolymer backbone the 

strategy illustrated in Figure 2.5 is followed. First, 2 is esterified, using 

dicyclohexylcarbodiimide (DCC) through combination with cyanoacetic acid forming 5.  

Then 5 is combined with a formylated julolidine, 6, in a Knoevenagel condensation 

reaction, leading to the TICT containing monomer 7.   

Once all three monomers were obtained, the two homopolymers in Figure 2.6 

were synthesized through ring-opening metathesis polymerizations using 1
st
 generation 

Grubbs’ catalyst.  

Figure 2.7 – TICT Containing Block Copolymers.  Upper Left: Poly(BTBO); Upper Right: 

Poly(BTO); Lower: Poly(OTOB).  x>>1 
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Following that, a series of polynorbornene based block copolymers were 

synthesized containing two roughly equal sized polymer blocks with different glass 

transition temperatures.   One block  (B) has a benzyl pendant group and exhibits a higher 

Tg while the other block (O) has octyl pendant chains. Three different block copolymers 

were synthesized which have the TICT probe covalently polymerized into different 

locations along the polymer chain. As can be seen in Figure 2.7, the dye (T) is either 

within the benzyl block poly(BTBO), within the octyl block poly(BOTO), or directly at 

the interface of the two blocks poly(BTO). 

Figure 2.8– Viscosity Dependence of TICT Monomer 

Fluorescence Emission 
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2.3  RESULTS AND DISCUSSION 

Initially, the viscosity dependence of the TICT containing monomer 7 was tested, 

to ensure that the attachment of the norbornene moiety to the known molecular rotor 

would not affect the sensitivity to local environment.  Small aliquots of 7 in CH2Cl2 were 

added to mixtures containing the various ratios of glycerol:ethylene glycol seen in Figure 

2.8.  There is a noted decrease in fluorescence as the viscosity decreases, indicating that 

the rotor is able to non-emissively relax from the photo induced excited state.  

Additionally, 7 was also dissolved in thin film matrices of polymers with known glass 

transition temperatures.  Figure 2.9 shows that a significant deviation in the rate of 

change in emission occurs near the Tg (+/- 3 °C) of both polymers tested, poly(ethyl 

acrylate) and poly(octyl methacrylate).   

Figure 2.9 – TICT Monomer in Common Polymer Matrices.  Left: Poly(ethyl acrylate) Lit. Tg = -

21 °C; Right: Poly(octyl methacrylate) Lit. Tg = 16 °C.  TICT monomer was dissolved in thin film of each 

polymer.   
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The fluorescence of thin films of each of the synthesized polymers was then 

studied as a function of temperature.  Figure 2.10 shows the temperature dependence of 

the fluorescence intensity as the temperature is raised for the two homopolymers.  

Poly(BTB) demonstrated a spectroscopic transition at 15 °C, as compared to a bulk DSC 

value of 21 °C.  Poly(OTO) exhibited the spectral transition at -10 °C, whereas no 

appreciable Tg value was seen in the bulk DSC measurement.  

In Figure 2.11, the temperature dependence of the fluorescence intensity for each 

of the block copolymer thin films is shown.  Each has an appreciable discontinuity in the 

rate of change of emissive intensity.  This type of discontinuity has been shown to 

correlate with the Tg.
40

 It is a result of the thermal expansion coefficient of the glassy 

Figure 2.10 – Temperature Dependent Emission of Homopolymers.  Left: Poly(BTB); Right: 

Poly(OTO).   
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state being different from that of the rubbery state.  Table 2.1 contains a summary the 

data collected by spectroscopy of thin films and through DSC of bulk material.  In 

poly(BTBO), there is a lack of a transition corresponding to the octyl block indicating 

that the dye is not influenced by the softer block and thus the film is well segregated.  In 

order to accurately determine the temperature at which the slope changes, a finite 

difference method was used in which a running average and standard deviation were 

calculated for the slope, originating from the high and low temperature ends of the data. 

Sequential points were compared with this data set, and when the next data point did not 

fall within the standard deviation of the previous data, it was deemed to be the start of a 

transition. Through application of the method to both high and low temperature sides of 

the data, the transition temperature range was determined. This 

Figure 2.11 – Temperature Dependent Emission of  Block Copolymers.  From left to 

right: Poly(BTBO), Poly(BOTO), Poly(BTO).   
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Table 2.1 – Summary of Glass Transition Data 

defines the temperature range at which the probe molecule is experiencing significantly 

changing environments.  Poly(BTBO) and poly(BOTO) exhibit distinct Tg from each 

other using this method. This is a clear indication of self-assembly into ordered, phase 

segregated domains in the block copolymer films, since in neither film are the dye 

dynamics affected by the opposite block. For this to occur ordered regions within the 

films are required. If the film was not sufficiently ordered, both the poly(BOTO) and the 

poly(BTBO) samples should show similar dynamics as the reporter would be present in a 

mixed environment. 

Poly(BTO) is able to provide a distinct insight into the dynamics at a molecular 

level.  The reporter is bound at the interface of the two polymer blocks.  This copolymer 

demonstrates two distinct transitions, which correspond to the Tg of the hard and soft 

blocks.  This indicates that the dynamics at the interface are different than within the 

homogenous blocks of hard and soft.  The reporter is clearly in an area of the thin film 

Polymer 
Spec Tg 1 

(°C) 

Spec Tg 2 

(°C) 

DSC Tg 2 

(°C) 

ΔTg 2 

(°C) 

Poly(B) - - 15.4 - 

Poly(O) - - - - 

Poly(BOTO) -10 - 21.0 - 

Poly(OTO) -11.5 - - - 

Poly(BTO) -21.5 10 28.1 -18.1 

Poly(BTB) - 15.0 22.3 -7.3 

Poly(BTBO) - 32.5 18.2 +14.3 

Table 2.1 – Summary of Glass Transition Data 
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where the segregation is not complete and is being influenced by changes from each 

block. 

In conclusion, this work has demonstrated the ability of a molecular rotor, 

covalently included in a polymer chain, to report on the internal dynamics of a copolymer 

as it is heated. The changes are monitored by the emission intensity of the reporter, which 

varies depending on the local environment.  Future directions will require a more careful 

analysis of the reporter’s position in the block copolymers.  By carefully varying the 

distance the reporter is from the interface of the two blocks, one should be able to 

determine the relative distance at which the interface can cause perturbations in the 

polymer dynamics.  This will provide insights into the phase segregation of the 

copolymer thin film, as well as add to the base of knowledge regarding the dynamics of 

block copolymer thin films. 

 

2.4  SUPPORTING INFORMATION 

2.4.1 - General Methods 

Air- and moisture-sensitive reactions were carried out in oven-dried glassware 

using standard Schlenk techniques under an inert atmosphere of dry argon.  Solvents 

were dried using a double-column anhydrous solvent system (Innovative Technologies, 

Newburyport, MA) and further degassed via nitrogen purge prior to use.  Chemicals were 

purchased from commercial suppliers and were used as received.  Column 

chromatography was carried out on Silicyle
®
 SiliaFlash

®
 F60, 40-63 m 60Å.  

Visualization of TLCs involving non-fluorescent/non-quenching molecules was 

performed in an I2 chamber or through a potassium permanganate dip.  
1
H and 

13
C NMR 

spectra were obtained on a Varian Unity+ 300 and were referenced to the residual solvent 
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peaks.  Low- and high-resoslution mass spectrometry were recorded on a Thermo 

Finngan TSQ 700 and Waters Autospec Ultima, respectively.  UV/vis spectra were 

recorded on a Varian Cary 6000i spectrophotometer.  A modified SPEX Flourolog 1 from 

Horiba Jobin Yevon set to front face mode was used for all temperature dependent 

measurements. The instrumentation was controlled via a home written labview program.  

The sample was placed in a Janis ST-100 optical cryostat and Lakeshore temperature 

controller to obtain specific temperature. Once the sample had reached the desired 

temperature, it was allowed to equilibrate for 10 minutes before optical measurements 

were taken. Topography measurements were taken with a Digital Instruments mulitmode 

AFM in tapping mode.  Films were made by dropcasting from a 20 mg/mL o-DCB 

solution onto glass substrates (cleaned by sonication in acetone). They were then solvent-

annealed under o-DCB vapor, to allow phase segregation.  Finally, the said films were 

desiccated under high vacuum for 5h. 

 

2.4.2 - Synthetic Details and Characterization 

2.4.2.1 - exo-5-norbornene-2-yl acetate (1) 

Norbornadiene (53.42 g, 580 mmol) and glacial acetic acid (46.02 g) were added 

to a heavy walled glass pressure vessel (Chemglass item# CG-1880-41) and heated, 

closed for 24 h at 190 °C.  The reaction mixture was then concentrated under vacuum, 

extracted with ether (3x), washed with bicarbonate (3x) and dried over magnesium 

sulfate.  Vacuum distillation at circa 60 °C (depending on strength of vacuum) was used 

to purify, resulting in a clear oil (yield = 68.21 g, 77%). 
1
H NMR δ (CDCl3) 6.20 (1H, dd, 

J = 5.8, 2.9 Hz), 5.97 ((1H, dd, J = 5.7, 3.0 Hz), 4.62 (1H, d, J = 7.0 Hz), 2.81 (2H, d, J = 
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8.3 Hz ), 1.98 (3H, s), 1.60 (3H, m), 1.37 (1H dt, J = 12.2, 2.8 Hz). 
13

C NMR δ (CDCl3) 

171.23, 140.99, 132.52, 75.21, 47.17, 46.13, 40.52, 34.49, 21.32.   

2.4.2.2 - exo-5-norbornene-2-ol (2) 

Exo-5-norbornene-2-yl acetate (3.015 g, 19.8 mmol) was added to a solution 

containing MeOH (20 mL), water (7 mL) and KOH (6 g).  The mixture was stirred at 

reflux for 30 minutes.  Disappearance of starting material was monitored by thin layer 

chromatography (3:1 CH2Cl2:Hexanes). After cooling the reaction was then was acidified 

with 25% H2SO4, added slowly to the reaction flask.  The solution was then extracted 

into DCM (4x, ~400 mL total volume).  The organic layer was dried over magnesium (or 

sodium) sulfate and concentrated under vacuum.  To purify crude product, it was 

sublimed under high vacuum at 40 °C onto a cold finger.  If impurities persisted, 

chromatography (silica gel, gradient of 60% CH2Cl2 in hexanes, to pure CH2Cl2) gave 

fluffy white crystals (yield = 0.918 g, 42%).  
1
H NMR δ (CDCl3) 6.19 (1H, dd, J = 5.7, 

2.9 Hz), 5.95 (1H, dd, J = 5.7, 3.1 Hz), 3.85 (1H, d, J = 6.9 Hz), 2.79 (1H, s), 2.68 (1H, 

s), 1.82 (1H, s) 1.78-1.55 (3H, m) 1.24 (1H, dt, J = 12.5, 2.9 Hz). 
13

C NMR δ (CDCl3) 

140.21, 133.30, 72.50, 50.13, 45.47, 40.65, 37.10.  LRMS (CI
+
 m/z) (%): Calc. 110,  

Found 111 (110 + H
+
). 

2.4.2.3 - General Procedure for Monomer Synthesis 

Using Na metal: Under positive pressure, exo-5-norbornene-2-ol (1.0 g, 9.0 

mmol) was weighed into a dry 100 mL schlenk flask.  Dry THF (~75 mL) was added by 

cannula, and the solution was stirred while under positive pressure of inert gas, oil-free 

Na metal (400 mg, 17 mmol) was added.  The reaction was then refluxed under inert 

atmosphere for 12 hours and allowed to cool to room temperature.  In a separate, dry, 100 

mL schlenk flask, the appropriate alkyl halide (~ .95 mmol) was dissolved in dry THF.  
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The cooled solution of depronated 2 was then cannula transferred to the alkyl halide 

solution, with stirring.  The new mixture was then refluxed for an additional 12 hours.  

Upon cooling, the mixture was poured into ether and washed with H2O (2x), 0.1 M 

NaOH, 1.0 M HCl, and brine.  The organic layer was then dried over magnesium or 

sodium sulfate, filtered, and concentrated under vacuum. 

Using NaH (60% in paraffin oil):  NaH (1 g, 24 mmol) was added to dry a schlenk 

flask.  The NaH was then rinsed with dry pentane or THF three times to remove residual 

oil.  The supernatant should be carefully quenched with IPA due to the presence of NaH 

in filtrate.  Following rinsing, dry THF (100 mL) was then added by cannula. Then a dry 

THF solution containing 1.52 g of exo-5-norbornene-2-ol (13.8 mmol) was added via 

cannula, with stirring at 0 °C.  The solution was then stirred at 50 °C for 3h.  After 

cooling, a dry THF solution of alkyl halide (~13 mmol) was added via cannula with 

stirring.  The solution was then left to stir for an additional 12 hours at room temperature.  

The reaction was then quenched with an addition of saturated NH4Cl aqueous solution 

(20 mL). The reaction volume was then decreased under vacuum before being extracted 

into dichloromethane (3x, ~150 mL total volume).  Organic fractions were washed with 

water and brine before being dried with magnesium or sodium sulfate.  

2.4.2.4 - exo-5-(benzyloxy)norbornene (3) 

Chromatography (silica gel, 20% CH2Cl2 in hexanes) gave a colorless oil. 
1
H 

NMR δ (CDCl3) 7.43-7.28 (5H, m), 6.25 (1H, dd, J = 5.7, 2.8 Hz), 5.97 (1H, dd, J = 5.8, 

3.2 Hz), 4.59 (2H, q, J = 11.9 Hz), 3.65 (1H, d, J = 5.9 Hz), 3.00 (1H, br s), 2.87 (1H, br 

s), 1.83 (1H, d, J = 8.0 Hz), 1.64 (2H, m), 1.49 (1H, m).  
13

C NMR δ (CDCl3) 140.67, 

138.91, 133.14, 128.98, 128.75, 128.29, 127.52, 127.34, 80.00, 71.12, 46.45, 46.01, 

40.39, 34.45.  
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2.4.2.5 - exo-5-(octyloxy)norbornene (4) 

Chromatography (silica gel, 10% CH2Cl2 in hexanes) gave a colorless oil. 
1
H 

NMR δ (CDCl3) 6.19 (1H, dd, J = 5.8, 2.9 Hz), 5.91 (1H, dd, J = 5.8, 3.1 Hz), 3.4 (3H, 

m), 2.82 (1H, br s), 2.76 (1H, br s), 1.63 (1H, d, J = 7.4 Hz), 1.54 (5H, m), 1.28 (10H, m) 

0.85 (3H, t, J = 9.2 Hz).  
13

C NMR δ (CDCl3) 140.51, 133.25, 80.15, 69.29, 46.38, 45.91, 

40.33, 34.40, 31.82, 30.07, 29.44, 29.26, 26.29, 22.63, 14.06. 

2.4.2.6 - bicyclo[2.2.1]hept-5-en-2-yl 2-cyanoacetate (5) 

Exo-5-norbornene-2-ol  (1.143 g, 10.3 mmol), cyanoacetic acid (1.168 g, 13.7 

mmol), and a few crystals of DMAP were dissolved in dry CH2Cl2 (10 mL).  To the 

mixture was added dicyclohexylcarbodiimide, DCC, (3.803 g, 18.4 mmol) with stirring.  

After 12 h with stirring at room temperature, the solvent was removed under reduced 

pressure and the residue was taken up in ethyl acetate.  The mixture was filtered under 

gravity to remove the reaction byproduct dicyclohexylurea, an orange precipitate.  

Purification was done through column chromatography on silica gel (30% CH2Cl2 in 

hexanes). 
1
H NMR δ (CDCl3) 6.21 (1H, dd, J = 5.7, 2.8 Hz), 5.91 (1H, dd, J = 5.9, 3.0 

Hz), 4.68 (1H, d, J = 6.8 Hz), 3.42 (2H, s), 2.87 (1H, br s), 2.79 (1H, br s), 1.75-1.39 (4H, 

m).  
13

C NMR δ (CDCl3) 162.80, 141.46, 131.91, 113.08, 77.98, 55.54, 47.04, 46.05, 

40.39, 34.31, 25.9. 

2.4.2.7 - 9-Formyl-2,3,6,7-tetrahydro-1H,5H-benzo[i,j]quuinolizine (6) 

Julolidine (1.001 g, 5.78 mmol) was dissolved in CH2Cl2.  DMF (0.541 mL) was 

added with stirring.  With stirring in a water bath, POCl3 (0.982 g, 6.46 mmol) was then 

added dropwise.  After 8 h at room temperature, the mixture was cooled to 0 °C and 2M 

NaOH (10 mL) was added with stirring.  The mixture continued to stir for another 4 h at 

low temperature.  The organic layer was extracted with ethyl ether (3x) collected, dried, 
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and concentrated under reduced pressure.  The residue was then crystallized from 

CH2Cl2/Hexanes (1:10). 
1
H NMR δ (CDCl3) 9.59 (1H, s), 7.29 (2H, s), 3.27 (4H, t, J = 

5.9 Hz), 2.78 (4H, t, J = 6.2 Hz), 1.98 (4H, p, J = 10.8 Hz).  
13

C NMR δ (CDCl3) 190.1, 

148.2, 129.5, 123.4, 120.3, 50.0, 27.7, 281.2. 

2.4.2.8 - TICT containing monomer (7) 

5 (380 mg, 1.89 mmol) and 6 (420 mg, 2.37 mmol) were placed in a Schlenk flask 

with THF (15 mL).  To this mixture, triethylamine was added (0.55 mL) and the contents 

were heated with stirring at 50 °C overnight.  Upon cooling the solvent was removed 

under reduced pressure to leave crude product.  Chromatography (silica gel, 60% CH2Cl2 

in hexanes) gave colorless, oily solid 7. 
1
H NMR δ (CDCl3) 7.85 (1H, s), 7.45 (2H, s), 

6.25 (1H, dd, J = 5.8, 2.9 Hz), 5.97 (1H, dd, J = 5.6, 3.2 Hz), 4.78 (1H, d, J = 6.8 Hz), 

3.28 (4H, t, J = 5.8 Hz), 2.98 (1H, br s), 2.85 (1H, br s), 2.69 (4H, t, J = 6.2 Hz), 1.89 

(4H, m), 1.73 (2H, m), 1.57 (2H, m).  
13

C NMR δ (CDCl3) 164.67, 153.97, 147.49, 

141.30, 132.41, 131.50, 120.66, 118.30, 117.87, 91.96, 76.40, 50.04, 47.34, 46.29, 40.54, 

34.53, 27.47, 21.00.  LRMS (CI
+
 m/z): Calc. 361,  Found. 361.   

2.4.2.9 - Typical Polymerization Procedure 

For poly(BTBO), equimolar stock solutions, 0.25 M, of exo-5-

(benzyloxy)norbornene and exo-5-(octyloxy)norbornene were made in dry CHCl3.  

Additionally, stock solutions of the TICT monomer (0.023 M) and 1
st
 generation Grubbs’ 

catalyst (0.012 M) were made in dry CHCl3.  A 20 mL vial was charged with a stir bar 

and 3 mL of CHCl3. To this was added 500 µL of exo-5-(benzyloxy)norbornene stock 

solution.  Next, with stirring, a 40 µL injection of catalyst solution was made.  After 3 

hours of stirring, and disappearance of monomer by TLC, 20 µL of TICT stock solution 

was added.  After another 30 minutes of stirring, 500 µL of the benzyl stock solution was 
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added.  After 3 hours, a 1.00 mL of injection of the exo-5-(octyloxy)norbornene solution 

was added.  The reaction was quenched after another 3 hours with ethyl vinyl ether.  

After an additional 30 minutes of stirring, the polymer was precipitated into excess 

MeOH, filtered, and thoroughly rinsed with additional MeOH. 

 



  22

  

Chapter 3: Perylene Containing n-Type Polymers 

3.1 INTRODUCTION 

A monomer containing two functionalities, a bicyclic group known to be active 

towards living polymerization and a perylene diimide, has been synthesized.  Upon ring-

opening metathesis polymerization a homopolymer exhibiting π-π aggregation in both the 

ground and excited electronic states was formed.  This homopolymer has been 

characterized in light of its potential use as an n-type material in organic electronics. 

Perylene tetracarboxylic acid diimide (PDI), more commonly referred to as 

simply perylene diimide, has been extensively studied as an industrial dye due to its vivid 

red color and general robustness.
41

 The photophysical and electronic properties of PDI 

based molecules have since garnered it much attention as an electron conducting 

material.  Much work has been done attempting to harness the n-type semiconductor 

behavior of these types of molecules, specifically in organic field-effect transistors 

(OFETs),
42

 light-emitting diodes (LEDs),
43

 and organic photovoltaics (OPVs).
44

 PDIs are 

attractive components in these devices because of the high electron mobilities, up to 2.1 

cm
2
/V s, demonstrated in small molecule studies.

45
  

Without air-stable, n-type materials, the advancement of organic electronics is 

clearly limited.  As opposed to hole conducting materials (p-type), n-type materials are 

exceedingly underrepresented. Of those few materials displaying desirable electron 

transport properties, even less meet the requirements of being highly soluble and 

solution-processable. 

Polymeric materials with PDI groups directly incorporated into the polymer 

backbone have been prepared and studied as possible device materials.
22

  In addition, 

Thelakkat et al. has prepared a polymer through nitroxide mediated radical 
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polymerization (NMRP) containing a perylene diimide as a pendant group.
46,47

  By using 

the PDI as a pendant group, as opposed to a part of the polymer backbone, one can expect 

to see strong π-π interactions due to the forced proximity of each perylene unit as well as 

increased flexibility of each unit, when compared to a rigid conjugated polymer 

backbone.  Ideally this should facilitate organization among individual pendant groups, 

augmenting the photophysical and electronic properties of corresponding small molecule 

PDIs.   

Through design, this synthetic route can be easily varied to accommodate any 

number of different pendant groups, with various complimentary properties.  By using 

the highly strained norbornene ring system, these monomers are reactive to ROMP 

catalyzed by 1
st
 generation Grubbs’ catalyst.  When the living nature of ROMP is 

combined with the high functional group tolerance of this catalyst, this scheme allows for 

a simple route to monomers containing attractive functionalities for use in block 

copolymers containing numerous types of pendant groups.    

By creating polymeric materials that incorporate PDI functionalities, the desirable 

properties of polymers such as mechanical strength and film-forming properties can be 

Figure 3.1 – Synthesis of 9 
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combined with the electronic and photophysical properties inherent to the PDI small 

molecules. Amongst other advantages, these types of polymeric materials will increase 

the ability to control morphology of devices on a much more rigorous basis enabling 

easier refinement in an effort to obtain optimal electronic and material performance. 

3.2  SYNTHESIS 

Figure 3.1 illustrates the synthetic steps starting with commercially available 

norbornadiene.  The diene is mixed with glacial acetic acid and heated, in a closed vessel, 

to yield the exo-5-norbornene-2-yl acetate intermediate, 1.  The hydrolysis of the acetate 

group using base in methanol yields the exo-5-norbornene-2-ol 2.   The deprotonation of 

this material allows its use as a powerful nucleophile for substitution type reactions. In 

this case, after deprotonation, the anion is exposed to 6-chloro-1-hexyl p-

toluenesulfonate.  The resulting substitution reaction yields an alkyl halide norbornene 

Figure 3.2 – Synthesis of 12 
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monomer (8).  The Gabriel amine synthesis is then utilized to result in, 6-amino-1-(exo-5-

norbornene-2-oxy)hexane (9). 

When beginning with 3,4,9,10-Perylenetetracarboxylic acid dianhydride, the 

addition of alkyl groups to provide solubility is a required first step (Figure 3.2).  

Through a reaction in molten imidazole, with a simple secondary amine, the N,N’-Bis(1-

nonyloctyl)-perylene-3,4,9,10-tetracarboxylic diimide  (10) is obtained and easily 

purified.  Then through hydrolysis of one end of the molecule, it is possible to obtain N-

(1-nonyloctyl)perylene-3,4,9,10-tetracarboxy-3,4-anhydride-9-10-imide (11).  Finally, 8 

is condensed with 11 through a short reflux in toluene resulting in the final PDI 

containing monomer (12).
 

Polymerization of 12 using 1st generation Grubbs’ catalyst in CHCl3 resulted in a 

ring-opened metathesis polymer (Poly-12) (Figure 3.3). 

Figure 3.3 – ROMP reaction of 12 
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3.3  RESULTS AND DISCUSSION 

By varying the initial mole % catalyst in five separate polymerizations, a linear 

relationship was found between the initial monomer to catalyst ratio and molecular 

weight demonstrating the “living” nature of this polymerization.  This is essential for the 

use of this monomer as a building block in more complex architectures involving multi-

block polymers.  Differential scanning calorimetry (DSC) and thermogravimetric analysis 

were performed on samples of Poly-12.  Between -50 and 275 °C a weak glass transition 

was observed with an onset of 117 °C.  The polymer is highly thermally stable; 

decomposition of the polymer reached 1 wt% at 357 °C. 

The renowned photophysical attributes of molecules containing the general 

perylene structure are, for simple alkyl groups, generally unaffected upon substitution.
48  

In Figure 3.4, the UV-Vis spectra for 10 is a typical spectrum for alkyl substituted 

perylene dyes with absorption maxima at 457, 488, and 526 nm and molar absorptivities 

of 1.80 x 10
4
, 5.02 x 10

4
, and 8.46 x 10

4
 L•mol

-1
•cm

-1
 at each wavelength respectively.  

The absorption spectra of poly-12, shows a similar band structure to that of the monomer, 

with the absorptivity being about half of the monomer, in terms of moles of chromophore 

present in solution.  The primary spectral difference between spectra being an increase in 

oscillator strength of the 0-1 and 0-2 vibronic transitions relative to the 0-0 band and a 

decrease in the absorptivity.  

The changes observed in the polymer absorption spectra, namely the decrease in 

the intensity of the 0-0/0-1 ratio, are indicative of weak exciton coupling interactions seen 

between face to face PDIs in H-type aggregates. The fluorescence spectrum of 12 

exhibited the expected well-resolved vibronic structure seen from alkyl substituted PDIs. 

Quantum yield when calculated versus 10, a known standard, is near unity.
49

  When 

compared to the monomer, the emission of poly-12 contains a large featureless, red 
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shifted peak centered at 633 nm. This type of emission is typical of molecules which 

form excited state dimers, indicating the interaction of the perylene pendant groups with 

one another in the excited state.
41

  However, unlike typical excimer forming systems, this 

polymer exhibits π-π aggregation in the ground state as evidenced by the absorption 

spectra.   

Thin films of 12 and poly-12 were formed from a CHCl3 solution by dropcasting 

onto quartz slides.  The solid state absorption spectra show the expected effects of 

increased perylene aggregation, namely, a continued increase of the intensity of the 0-1 

transition as well as the growth of a lower energy shoulder around 600 nm.  The solid 

state emission also indicates further pendent group interaction with an increased red shift 

when compared to the solution spectra. 

Cyclic voltammetry (CV) was used to evaluate the electrochemical behavior and 

determine the relative HOMO and LUMO energy levels as well as the band gap of 12 and 

poly-12.  To calculate absolute energies of the HOMO and LUMO levels, all 

electrochemical redox data were standardized with the ferrocene-ferricenium couple, 

Figure 3.4 – Photophysics of 12 and poly-12. (A) Aborption and normalized 

fluorescence emission of 12 recorded in CHCl3 at room temperature.  (B) Normalized absorption and 

normalized fluorescence emission of Poly-12 in CHCl3 at room temperature.  Both were measured at 

dilute concentrations of about 1 µM. 
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which has an absolute energy of -4.8 eV.  The LUMO energies of both 12 and poly-12 

were found by using the onset of the first reduction.  Oxidation potentials were not 

observed in CV for these materials within the available solvent window.  HOMO energy 

levels were estimated by the addition of the optical band gap to the LUMO value.  

Optical band gaps were determined from the low energy edge of the solid-state 

absorption spectra of these materials as thin films on quartz.  The resulting values for 

reduction potentials, band gap, and estimated HOMO and LUMO levels for 12 and poly-

12 as well as literature values for PDI-C9, a simple symmetrical perylene diimide similar 

to 10, can be seen in Table 3.1.
50  

 

By combining the desirable properties of both small molecules and polymers, 

materials with optimal physical and molecular characteristics can be obtained.  In 

addition, by using ROMP, interesting block copolymers may be easily synthesized.  This 

work will progress towards showing the advantages of pendant PDI groups as 

functionalities in multi-block polymers and their subsequent increase in effectiveness as 

materials in electronic devices. Additionally, the H-aggregation behavior seen in poly-12 

will be more rigorously investigated in order to better elucidate the ground and excited 

state structures of the polymer. 

Compounds 

E1/2
-2 

(eV) 

E1/2
-2 

(eV) 

Optical band 

gap (eV) 

HOMO 

(eV) 

LUMO 

(eV) 

12 

Poly-12 

PDI-C9
 

-1.12 

-1.17 

-1.11 

-1.35 

-1.32 

-1.37 

2.07 

2.06 

2.13 

5.75 

5.69 

5.82 

3.68 

3.63 

3.69 

 
Table 3.1 – Electrochemical Data and Estimated MO Energies  
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3.4 SUPPORTING INFORMATION 

3.4.1 - General Methods 

Air- and moisture-sensitive reactions were carried out in oven-dried glassware 

using standard Schlenk techniques under an inert atmosphere of dry argon.  Solvents 

were dried using a double-column anhydrous solvent system (Innovative Technologies, 

Newburyport, MA) and further degassed via nitrogen purge prior to use.  The compounds 

9-aminoheptadecane
50,51

 and 6-chloro-1-hexyl p-toluenesulfonate
52

 were prepared 

according to literature procedures. All other chemicals were purchased from commercial 

suppliers and were used as received.  Column chromatography was carried out on 

Silicyle
®
 SiliaFlash

®
 F60, 40-63 m 60Å.  Visualization of TLCs involving non-

fluorescent/non-quenching molecules was done in an I2 chamber or through a potassium 

permanganate dip.  
1
H and 

13
C NMR spectra were obtained on a Varian Unity+ 300 and 

were referenced to the residual solvent peaks.  Low- and high-resolution Mass 

spectrometry were carried out by Thermo Finngan TSQ 700 and Waters Autospec 

Ultima, respectively.  UV/vis spectra were recorded on a Varian Cary 6000i 

spectrophotometer.  Electrochemical syntheses and studies were performed in a dry-box 

under a nitrogen atmosphere using a GPES system from Eco. Chemie B. V..  All the 

electrochemical experiments were carried out in a three-electrode cell with a Ag/AgNO3 

reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M 

Bu4NPF6 in CH3CN), a Pt button working electrode, and a Pt wire coil counter electrode.  

Potentials were relative to this 0.01 M Ag/AgNO3 reference electrode.  All potentials are 

reported versus the Fc/Fc
+
 couple as an external reference and were obtained at a scan 

rate of 0.100 V/s.   The supporting electrolyte was 0.1 M [(n-Bu)4N][PF6] (TBAPF6) that 

was purified by recrystallization three times from hot ethanol before being dried for 3 

days at 100-150 °C under active vacuum.    
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3.4.2 - Synthetic Details and Characterization 

3.4.2.1 - 6-chloro-1-(exo-5-norbornene-2-oxy)hexane (8) 

Follows “General Procedure for Monomer Synthesis” NaH method described in 

section 2.4.2.3 of this thesis.    Reaction scale: 1.105 g NaH (60% in paraffin oil, 28 

mmol), 1.520 g of exo-5-norbornene-2-ol (13.8 mmol), 4.360 g 6-chloro-1-hexyl p-

toluenesulfonate (15.0 mmol).  Chromatography (silica gel, 40% CH2Cl2 in hexanes) 

gave clear oil (yield = 2.494 g, 79%). 
1
H NMR δ (CDCl3) 6.15 (1H, dd, J = 5.7, 2.8 Hz), 

5.94 (1H, dd, J = 5.8, 3.2 Hz), 3.51 (2H, t, J = 6.7 Hz), 3.47-3.31 (3H, m), 2.84 (1H, br 

s), 2.76 (1H, br s), 1.77 (2H, p, J = 6.8 Hz), 1.68-1.22 (10H, m).  
13

C NMR δ (CDCl3) 

140.50, 133.18, 80.15, 68.93, 46.33, 45.87, 44.98, 40.29, 34.37, 32.51, 29.83, 26.65, 

25.59. LRMS (CI
+
 m/z) (%): Calc. 228,  Found 229 (228 + H

+
). 

 

3.4.2.2 - 6-amino-1-(exo-5-norbornene-2-oxy)hexane (9) 

8 (0.672 g, 2.95 mmol) and potassium phthalimide (0.602 g, 3.25 mmol) were 

added to a schlenk flask.  The flask was placed under an inert atmosphere and dry, 

degassed DMF (40 mL) was added by cannula.  The flask was equipped with a condenser 

and the reaction was heated at 100 °C for 24 hours.  Upon cooling, the mixture was 

poured into water (~100 mL) and extracted with ether (4x, ~400 mL total volume).  The 

organic fractions were collected, washed with water (4x, ~400 mL each wash) and brine 

(~200 mL), dried over magnesium (or sodium) sulfate and filtered.  The solvent was 

removed under vacuum.  Chromatography (if necessary) (silica gel, 30% CH2Cl2 in 

hexanes) to give a clear liquid, 2-[6-bicyclo[2.21]hept-5-en-2-exo-yloxy)hexyl]-1H-

isoindole-1,3(2H)-dione as the isolatable intermediate 9a (yield = 0.912 g, 91%).  
1
H 

NMR δ (CDCl3) 7.80 (2H, m), 7.65 (2H, m) 6.12 (1H, dd, J = 5.8, 2.8 Hz), 5.86 (1H, dd, 
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J = 5.8, 3.1 Hz), 3.62 (2H, t, J = 6.6 Hz), 3.49-3.27 (3H, m), 2.81 (1H, br s), 2.76 (1H, br 

s), 1.78-1.19 (12H, m).  
13

C NMR δ (CDCl3) 168.11, 140.27, 133.60, 133.00, 132.89, 

122.87, 79.91, 68.78, 46.14, 45.68, 40.09, 37.71, 34.17, 29.64, 28.32, 26.46, 25.69. 

LRMS (ESI
+
 m/z) (%): Calc. 339,  Found 362 (339 + Na

+
). 

 

9a (905 mg) was added into a schlenk flask.  EtOH (40 mL) was added and 

sparged with inert gas.  Following sparging, hydrazine monohydrate (1.0 mL) was 

injected.  After equipping with a reflux condenser the mixture was heated at 60 °C for 8 h 

under inert atmosphere.  Upon cooling, the mixture was poured into water and the ethanol 

removed through vacuum.  Concentrated HCl (5 mL) was added to the solution and it 

was cooled in an ice bath.  The resulting white precipitate was removed and the filtrate 

was extracted with diethyl ether (3x, ~200 mL total volume).  The organic fractions were 

collected and washed with water and brine (both were ~200 mL), then dried over 

magnesium sulfate and filtered.  The solvent was removed under vacuum to give 9 as a 

clear liquid (yield : 0.491 g, 54.2%).  
1
H NMR δ (CDCl3)  6.19 (1H, dd, J = 6.0, 2.9 Hz), 

5.65 (1H, dd, J = 5.9, 3.1 Hz), 3.42-3.27 (3H, m), 2.81 (1H, br s), 2.72 (1H, br s), 2.61 

(2H, t, J = 6.8 Hz), 1.62-1.18 (14H, m).  
13

C NMR δ (CDCl3) 140.32, 133.04, 79.967, 

68.95, 46.18, 45.71, 41.93, 40.12, 34.21, 33.53, 29.84, 26.54, 25.99. LRMS (CI
+
 m/z) 

(%): Calc. 209,  Found 210 (209+H
+
). 

 

3.4.2.3 - N,N’-Bis(1-nonyloctyl)-perylene-3,4,9,10-tetracarboxylic diimide (10) 

A mixture of 3,4,9,10-Perylenetetracarboxylic acid dianhydride (9.012 g, 22.9 

mmol), 9-aminoheptadecane (13.115 g, 50.9 mmol), and imidazole (45 g) was heated 

with stirring for 2 h at 180 °C under inert atmosphere.  Upon cooling, sufficient ethanol 
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was added to dissolve the red solid.  This solution was then poured into an excess of 2N 

HCl.  The resulting precipitate was filtered and combined with the residue remaining 

after removing the hexanes under vacuum.  Chromatography (silica gel, CHCl3) gave the 

lead fraction as a red solid (yield = 15.230 g, 76%).  
1
H NMR δ (CDCl3) 8.68-8.45 (8H, 

br m), 5.16 (2H, m), 2.24 (4H, m), 1.83 (4H, m), 1.39-1.17 (48H, m), 0.79 (12H, t, J = 

6.6 Hz). 
13

C NMR δ (CDCl3) 164.51, 163.41, 134.30, 131.70, 130.96, 129.46, 126.27, 

123.89, 122.85, 54.74, 32.34, 31.79, 29.49, 29.22, 26.97, 22.59, 14.04.  LRMS (CI
+
 m/z) 

(%): Calc. 866,  Found 866. 

 

3.4.2.4 -  N-(1-nonyloctyl)perylene-3,4,9,10-tetracarboxy-3,4-anhydride-9-10-imide 

(11) 

10 (5.109 g, 5.90 mmol) and KOH (.410 g, 7.32 mmol) were added to t-BuOH 

(60 mL).  The mixture was refluxed for 30 min.  If at 30 min starting material was visible 

through TLC analysis, small amount of additional KOH was added.  Upon disappearance 

of starting material, the reaction was allowed to cool and poured into 2M HCl (50 mL) 

with 50 mL AcOH and stirring.  The resulting precipitate was filtered and rinsed with 

water until neutral.  Chromatography (silica gel, CHCl3) to give a reddish-brown powder 

(yield = 1.536 g, 41%). 
1
H NMR δ (CDCl3) 8.65 (8H, m), 5.20 (1H, m), 2.25 (2H, m), 

1.88 (2H, m), 1.33-1.22 (24H, m), 0.85 (6H, t, J = 6.6 Hz).  
13

C NMR δ (CDCl3) 164.42, 

163.31, 135.31, 133.77, 131.92, 129.56, 126.52, 126.32, 124.28, 123.91, 123.01, 55.03, 

32.51, 32.08, 29.67, 29.36, 27.05, 22.78, 14.14. LRMS (CI
+
 m/z) (%): Calc. 629,  Found 

630 (629 + H
+
). 
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3.4.2.5 - Perylene containing monomer (12) 

11 (259 mg, 0.411 mmol) and 2 (322 mg, 1.54 mmol) were placed into a round-

bottom flask with toluene (50 mL).  The reaction was brought to reflux for 2 h, or until 

TLC showed the disappearance of starting material 11 and appearance of new red spot at  

approximately 50% of the Rf of the starting material.  Upon cooling the solvent was 

evaporated to leave crude product.  Chromatography (silica gel, 75% CHCl3 in hexanes) 

gave red crystals (yield = 0.161 g, 48%). 
1
H NMR δ (CDCl3) 8.62-8.21 (8H, br m), 6.12 

(1H, dd, J = 5.6, 2.9 Hz), 5.88 (1H, dd, J = 5.7, 3.2 Hz), 5.16 (1H, m), 4.15 (2H, t, J = 7.5 

Hz), 3.41 (3H, m), 2.84 (1H, br s), 2.74 (1H, br s), 2.25 (2H, m), 1.89 (2H, m), 1.78-1.12 

(36H, m) 0.82 (6H, t, J = 6.7 Hz).  
13

C NMR δ (CDCl3) 162.95, 140.51, 134.12, 133.24, 

130.92, 80.14, 69.11, 54.82, 46.37, 45.90, 40.31, 34.38, 32.34, 31.81, 29.95, 29.57, 29.25, 

28.03, 27.00, 26.06, 22.61, 14.05.  UV-Vis (CHCl3) max (525 nm(84,600±500 M
-1

 

cm
-1

) F 487nm (CHCl3): 0.99±0.04 vs. N,N’-Di(9-octylnonyl)perylene-3,4,9,10-

bis(dicarboximide).  LRMS (CI
+
 m/z) (%): Calc. 822,  Found 822.  HRMS (CI

+
 CH4) 

calcd. (821.4893). Found 821.4894.  

 

3.4.2.6 - Perylene containing polymer (poly-12) 

 Cl2Ru(PCy3)2=CHPh, 1
st
 generation Grubbs’ catalyst, (13.2 mg, 0.016 mmol) 

was dissolved in CHCl3 (2.0 mL) in an inert atmosphere glove box.  A 250 µL injection 

of this catalyst solution was added to a CHCl3 solution (4 mL) of 12 (161 mg, 0.196 

mmol) with stirring.  After 3 h, TLC showed disappearance of 12, the reaction was then 

quenched with an addition of ethyl vinyl ether (1 mL) and allowed to stir for an 

additional 30 minutes.  The solution was then poured into excess MeOH to precipitate the 

red polymer.  The polymer was washed successively with MeOH (3x) and hexanes until 
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washings were colorless to yield Poly-12 (yield = 0.146 g, 91%).  TLC showed no 12 

remaining in solution after precipitation and washing. 
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