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ABSTRACT 

 Phthalocyanines (Pcs) are highly conjugated, 18 π-electron cyclic molecules 

composed of four isoindoline units that exhibit unique optical, electrical and chemical 

properties.  While originally used as dyes and pigments, the use of Pcs in modern 

technology has increased dramatically due to improved understanding and processing 

capabilities.  Work in this dissertation outlines a number of methods to prepare Pc-

containing materials for use in various applications. 

Chapter 1 provides a brief review of methods used to prepare Pc-containing 

polymeric materials from both symmetric and asymmetric macrocycles.  Discussion will 

focus on methods that incorporate symmetric Pcs as the focal point, with particular 

attention being paid to the influence of the peripheral substitution of the Pc on 

macromolecular structure and properties.  Further discussion will focus on the utilization 

of asymmetric Pcs as auxiliary functionalities, such as at the terminus or as pendant 

groups, of larger macromolecular materials.   

Chapter 2 describes the preparation of linear Pc-containing polymers through 

ring-opening metathesis polymerization of a Pc monomer.  Through proper selection of 

catalyst, well-defined polymers with Pcs as pendant groups were prepared.  Due to the 

controlled nature of ROMP, polymers of varying architectures, composition, and size 

were synthesized.  The effect of Pc metallation, polymer composition and architecture on 

the site-isolation of the chromophore was investigated in both solution and condensed-

phase thin films.  
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Chapter 3 reports on efforts to prepare linear polymers with companion 

functionalities for post-polymerization coupling of asymmetric Pcs.  Polymers with 

pendant furan groups were prepared for coupling with asymmetric Pcs through Diels-

Alder cycloaddition.  Investigation indicated that while coupling was achievable, the 

presence of the Pc in the resultant polymer promoted undesired crosslinking when stored 

at ambient conditions in light.  Attempts to mitigate this problem through alternation of 

functionality locations were conducted by placing the furan functionality on the Pc, but 

degradation of the furan occurred too quickly to perform coupling sufficiently.    

Chapter 4 discusses the preparation of Pc-containing networks through Diels-

Alder cycloaddition of furan and maleimide containing tetrasubstituted Pcs.  Following 

preparation of the various Pcs, network formation in various states was conducted 

including solution, molded thick films, and patterned assemblies.   

Chapter 5 summarizes the results presented in Chapters 2-4 and provides an 

outlook for some future directions based upon the work herein.  In addition, some 

preliminary results of some of these directions will also be presented.         
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1. INTRODUCTION 

1.1 Introduction to Phthalocyanines 

Phthalocyanines (Pcs) are 18 π-electron macrocycles comprised of four 

isoindoline units linked through nitrogen atoms.1  Pcs, a synthetic analogue to porphyrins, 

exhibit robust thermal and chemical stability and when coupled with their unique optical 

and electronic properties have shown great promise in a variety of organic materials and 

constructs.  From early uses as dyes and pigments2 to the active components in recent 

optoelectronic technologies including OPVs,3-8 OLEDs,9-15 and optical limiting 

materials16-20 as well as chemically as adsorbents,21-24 and catalysts25,26 for a variety of 

processes, Pcs continue to be a vital component of numerous technologies.  While the 

base properties of Pcs make them inherently useful, further utility arises from the 

tailorable nature of the molecule (Figure 1.1).   

 

Figure 1.1 Structure and UV-Vis absorbance of non-metallated (H2Pc) and metallated (MtPc) 
phthalocyanines ([Pc] = ca. 5 x 10-6 M in DCM).  Peripheral (R1) and non-peripheral (R2) substitution is 
also shown 
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With 16 possible sites of modification, at the peripheral (R1) and non-peripheral 

(R2) locations, as well as the ability of the core to intercalate over 70 metal atoms (Mt), 

17 sites of alteration are readily accessible.1  Furthermore, depending upon the metal 

incorporated at the Pc core, additional modification can be performed through axially 

substitution of said metal.17  This high level of flexibility afforded to Pcs allows for the 

synthetic preparation of a vast array of Pc molecules allowing for specific needs of the 

target application to be addressed.   

While proper matching of the Pc properties (e.g. optical, electronic, thermal, and 

chemical) is crucial in order to be used as successful components for today’s applications, 

of equal importance is the ability to process the macrocycle in such ways as to allow for 

exploitation of said property.  Due to the flat, planar nature of the Pc and the strong π-π 

interactions that arise due to the extended conjugation of the macrocycle, Pcs have an 

affinity towards aggregation.1  Therefore, care is required in the design of the 

chromophore, to ensure sufficient suppression of this tendency if necessary.  

Furthermore, one aspect to ensuring that Pc-containing materials become competitive 

with non-organic based technologies, simple and cost-effective wet chemical processing 

techniques including spin-casting,27 ink jet printing,28 and roll-to-roll coating29 must 

remain viable methods to incorporate Pcs into the device fabrication process.  To provide 

the solubility for such wet processing techniques, the peripheral nature and connectivity 

of Pc-containing materials must be kept at the fore-front of synthetic design. 
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This chapter aims at providing a brief overview of some Pc-containing materials 

reported over the previous decade or so, with particular focus on preparation, particularly 

the preparation of polymeric materials and how the connection of the Pc to the larger 

macromolecule impacts the various properties of the macrocycle.  Discussion will include 

examples of symmetric or asymmetric Pcs used in conjunction with various polymers 

and/or polymer architectures and the influence the global properties of the resultant Pc-

containing material.  Through modification of the macrocycle periphery a number of 

unique materials can be prepared that show promise in various technologies including 

optoelectronic materials, such as OPVs, OLEDs, high dielectric and optical limiting 

materials as well as more chemically focused applications including adsorbents and 

catalytic agents.     

 

1.2 Polymeric materials composed of symmetric phthalocyanines.   

Symmetric Pcs, where all quadrants are comprised of the same isoindoline unit, 

can be prepared from the condensation of a single phthalonitrile (Pn) and can be more 

easily purified due to the reduced number of resultant isomers.1  This type of Pc has been 

used as the core for a large variety of polymeric materials in which the end properties of 

the Pc can be tuned, through careful selection of the phthalonitrile chemistries, to address 

a variety of applications.1,19,20  Through cyclization of bis-phthalonitriles, network 

polymers comprised of a phthalocyanine at the core of the repeat unit can be prepared.  

Modification of the rigidity and substitution of the bis-phthalonitrile, can yield 
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dramatically different packing and macrocycle orientation of the resultant materials.  For 

instance, incorporation a rigid bis-phthalonitrile with a spatial twist can result in a 

frustrated network, yielding one variation of materials known as polymers of intrinsic 

microporosity (PIMs).30-32  Conversely, utilizing a compact bis-phthalonitrile can result in 

a hyperbranched material with a high dielectric and conductive properties.33-35  Network 

polymers can also be prepared via polymerization through the incorporation of a 

monomer functionality at the Pc periphery.36 

 Inclusion of dendritic or polymeric moieties as the Pn substituent can yield Pcs 

where solubility and processing capabilities can be easily tailored.  Through control of 

the steric bulk of the periphery, Pcs that remain site-isolated when cast as condensed-

phase thin films have been reported, which is useful when looking to prepare optical 

limiting or non-linear optical materials.37-44  Furthermore, inclusion of an initiator at the 

periphery of the Pc can allow for further tuning of the macrocycle properties through 

post-cyclization polymerization allowing for incorporation of functionality that may have 

otherwise been inaccessible due to the cyclization process.45   

 

1.2.1 Network Pc-containing materials prepared through cyclization 

 The most synthetically accessible Pc-containing polymeric materials are network 

and hyperbranched polymers, due in large part to their preparation from either bis-

phthalonitriles or symmetric Pcs monomers.  The type of material prepared as well as the 

resultant properties are greatly impacted by the peripheral substitution and can be tailored 
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at various stages in the preparation.  While network and hyperbranched polymers have 

been prepared for decades,46-48 recent reports have yielded Pc-containing materials that 

address needs in catalysis, sensing, and high dielectric applications. 

 To utilize the unique properties of Pcs for applications such as catalysis, gas 

sensing, and adsorbents, the ability to prepare materials with high surface areas and 

frustrated macrocyclic packing is necessary.  One particular example of this type of 

material has come from McKeown and coworkers, where they report the preparation of a 

variety of Pc-containing polymers of intrinsic microporosity (PIMs)49,50 prepared through 

the cyclization of a variety of bis-phthalonitriles.30-32  Early work focused on the use of a 

rigid spirocyclic group linking to phthalonitrile moieties to prepare symmetric Pc-

containing networks (Scheme 1.1).30   

 

Scheme 1.1 Preparation of Pc network with spirocentered linker 30  

It was found that Pc materials from these bis-phthalonitriles resulted in free 

flowing solids composed of particles of varying sizes between 10-50 µm.  The rigidity 

and contortion of the spirocentered bis-phthalonitrile was expected to yield amorphous 
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polymeric networks with frustrated macrocyclic interactions and packing.  This finding 

was confirmed by UV-Vis analysis of a suspension of the resultant material, where the 

non-metallated Pc exhibited at a split Q-band with little to no exciton coupling.  In 

addition, EPR studies of CuPc-containing materials exhibited hyperfine splitting between 

the metal center and the eight nitrogens of the macrocycle core.30  This result further 

supported the isolated macrocycle picture as cofacial interaction of the metal ion, 

normally seen in Pc-containing materials, would prevent hyperfine splitting due to the 

strong electronic coupling of the metal centers.51  These materials were observed to have 

apparent surfaces areas, based upon the Brunauer-Emmett-Teller (BET) method, of 450-

950 m2 g-1. 

 Further studies of this material framework were conducted using CoPcs prepared 

from spirocentered bis-phthalonitrile (Scheme 1.1, Mt = Co).31,32  Particular interest with 

these Pc-PIMs was comparison of the adsorptive properties with an activated carbon 

material of comparable surface area.  The CoPc PIMs prepared were reported to have an 

approximate surface area of 610 m2 g-1 with pore sizes in the low nanometer regime, with 

a high concentration in the ultramicroporous regime (0.6 - 0.7 nm).  Pores on the 

ultramicroporous length scale hold particular significance for applications such as gas 

storage.52  Nitrogen adsorption/desorption studies indicated that both materials exhibited 

high uptake at low relative pressures, a finding that is expected of microporous materials.  

However, analysis at higher pressures indicated a difference between the carbon and 

CoPc material.  It was found that while the activated carbon demonstrated mesoporous 

behavior at high relative pressures, the CoPc network continued to exhibit microporosity.  
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This finding indicated that regardless of the pressure, the CoPc network demonstrated 

microporosity while the activated carbon exhibited both mesoporosity and microporosity, 

which was in agreement with the determined pore values.   

The difference in the pore size was further demonstrated in the adsorptive 

properties of the materials.  While both materials adsorbed smaller molecules in a similar 

fashion, it was observed that a larger molecule, napthol green B, was rejected by the 

CoPc-PIM while taken up by the activated carbon.31  This finding further supported the 

assertion that the CoPc-PIM was comprised of a narrower distribution of smaller pore 

sizes compared to the activated carbon.  The size selective nature observed coupled with 

the controllable chemical composition demonstrated the utility of the Pc-PIM in 

adsorptive and sensing applications. The porous nature on catalytic behavior was also 

investigated in regards to a heterogeneous environment.  It was shown that the CoPc-PIM 

exhibited enhanced catalytic activity compared to its lower mass analogue (single CoPc) 

with respect to H2O2 decomposition, cyclohexane oxidation, and hydroquinone 

oxidation.32  

 One drawback in the preparation of the aforementioned Pc-PIM materials is that 

networks synthesized through cyclization can be difficult to consistently reproduce across 

various metal centers and phthalonitriles.  One way to mediate this problem is to prepare 

the phthalocyanine first followed by reaction of the periphery to give the desired 

polymeric material.  A major limitation of this approach lies in the solubility and 

aggregation tendency of the Pc core during the polymerization process.  This shortfall 
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was demonstrated by McKeown when preparing the previously mentioned CoPc-

PIMs.31,32  While the cyclization approach with the rigid, contorted bis-phthalonitriles 

gave apparent BET surface areas of approx. 600 m2 g-1, networks of similar structures 

prepared from the preformed Pc resulted in a four-fold reduction of surface area.  To 

address the concern of Pc solubility, a Pc with a sterically hindered, reactive periphery 

was prepared from a triptycene phthalonitrile (Scheme 1.2).53   

 

Scheme 1.2 Preparation of Pc network with triptycene linker 53 

Post-cyclization modification of the periphery followed by polymerization with a 

tetrafluorophthalonitrile resulted in a ZnPc-PIM with an apparent surface area of 806 m2 

g-1, on par with a crystalline microporous material such as zeolite.53  A difference in 

nitrogen isotherms between the CoPc-PIM, composed of spirocentered linkers, and the 

ZnPc-PIM, made up of the triptycene, was attributed to the difference in rigidity between 

the two linking moieties.  The success of preparing a Pc-PIM from a preformed Pc with 

similar apparent surface areas to analogous materials prepared through cyclization 
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indicates the great importance of preventing aggregation during the polymerization 

process.  Understanding the steric nature of the periphery when preparing microporous 

Pc-containing network polymers will undoubtedly allow for greater control of structure 

and resultant properties. 

 

1.2.2 Hyperbranched Pcs prepared through cyclization 

While isolation of the Pc macrocycle in network polymers is important to 

applications such as catalysis and adsorbents, their interaction plays an equally vital role 

in applications focusing on high dielectric and conductive materials.  One Pc-containing 

polymer that exhibited this concept is the hyperbranched CuPc system developed by 

Goodson and coworkers.33-35  Through the cyclization of a bis-phthalonitrile linked 

through the ortho positions of a benzene ring a compact Pc material was prepared 

(Scheme 1.3).33   

 

Scheme 1.3 Preparation of Pc-containing hyperbranched material, Mt = CuII 33 
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Unlike the previously mentioned network polymers, the materials prepared here 

lack distortion upon cyclization and have close macrocycle proximity due to the small 

linking unit of the Pn.  The close proximity may attribute to the high dielectric values as 

analysis of the pellets prepared from the pristine hyperbranched materials indicated a 

dielectric value of ~46 at 1MHz, almost an order of magnitude greater compared to 

materials prepared from a model CuPc at 50 kHz.  Furthermore, the hyperbranched 

material exhibited a very low dielectric dispersion over a wide range of frequencies, 

showing a loss of only 0.01 at 1 MHz.  The high dielectric value and low loss was 

attributed to a long-range polaron hopping mechanism coupled with strong 

intramolecular (Pc to Pc in the same macromolecule) interactions in the branched 

systems. 

Support for the polaron hopping and tunneling mechanism between macrocycle 

cores came from AC conductance analysis as well as time of flight measurements of 

electron mobility.34  While the values of the materials differed depending upon 

fabrication, compressed pellet versus condensed-phase thin films, analyses supported the 

hypothesis of polaron hopping between Pcs in the macromolecule.  Furthermore, it was 

found that there was no apparent dependence on film thickness on AC conductance 

values.  A dependence upon temperature was observed attributing increases in polaron 

hopping and tunneling pathways to the self-organization of the CuPc cores as temperature 

was decreased.34   Time-of-flight measurements exhibited fast movement of carriers in 

the system with significant mobility (~ 10-4 cm2 V-1 s-1) which may account for the 

dielectric response observed in the hyperbranched systems. 
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Efforts to improve the solubility of the CuPc hyperbranched systems were carried 

out by incorporating an additional linker component, a triphenylamine (TPA), to the bis-

phthalonitrile (Scheme 1.4).35    

 

Scheme 1.4 Preparation hyperbranched Pc with TPA linker 35 

The incorporation of the TPA linker between the macrocycle cores was used in 

hopes of extending the conjugation of the system resulting in an improvement of the 

dielectric property.  While improvements in solubility and processing were achieved, the 

dielectric of the CuPc-TPA polymer showed significantly lower dielectric properties 

compared to the original CuPc hyperbranched system.33  The decrease in dielectric 

response was attributed to a number of factors, particularly the decrease in the face-to-

face packing of the CuPc cores and a new charge transfer (CT) pathway between the TPA 

and CuPc core, previously not observed.35  While the overall dielectric of the CuPc-TPA 

hyperbranched polymer decreased, it exhibited similar dielectric loss behavior as the 

original CuPc polymer.   While the introduction of the TPA linker did not afford the 
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improved dielectric properties being sought, the changes observed between the two 

hyperbranched CuPc systems provided additional insight into structure-property 

relationships occurring.  These observations may be important when pursuing future 

complex Pc materials for high dielectric and other energy applications.   

 

1.2.3 Pc networks through polymerization of symmetric monomers 

While the previous two examples of network/hyperbranched polymer systems 

originated from either bis-phthalonitrile cyclization or coupling between Pc cores, a third 

means of preparing these materials lies in the polymerization of peripheral moieties.    

One such example was reported by Kimura and coworkers, who prepared a number of 

metallated and non-metallated monomers for use in metathesis polymerization.36  

Condensation of a bis-substituted phthalonitrile with terminal olefins yielded the 

symmetric Pcs in varying yields (Scheme 1.5).     

 

 

Scheme 1.5 Preparation of Pc network via polymerization of symmetric Pc monomer 36 
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Following isolation, polymerization using the Grubb’s generation 1 catalyst 

yielded network polymers with limited solubility.  Comparison of the monomer and 

resultant polymer showed marked differences when analyzed by DSC and XRD.36  While 

the monomer of the symmetric Pc exhibited liquid crystalline transitions, the Pc network 

exhibited only a glass transition.  Furthermore, XRD on a thin film prepared of the 

monomer showed three Bragg reflections, attributed to the presence of a hexagonal lattice 

of columnar stacks with an intercolumnar distance of 3.4 nm.  By comparison, XRD of a 

film of the Pc network showed no indication of a regular lattice structure.  UV-Vis 

comparison of the monomer and network of the symmetric Pc further supported that 

polymerization resulted in an amorphous material as the sharp Q-band that was observed 

in the monomer solution was blue-shifted in the polymer indicating large scale 

aggregation of the macrocycle core.  These differences observed between materials were 

attributed to the difference between the mobility and interaction tendencies of the 

monomer compared to the restricted, fixed nature of the network. 

 

1.2.4 Preparation of dendritic Pcs 

 While the robustness and continuity of a network structure can be very beneficial 

when exploiting the catalytic or electronic properties of Pcs, these same properties can 

become detrimental when trying to utilize the optical properties of Pcs in both solution 

and the condensed-phase.  One approach to ensuring site-isolation of the Pc core is 
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through the introduction of dendrons on the periphery, creating a dendrimer with the 

macrocycle at the core.54   The preparation of Pcs with a dendritic periphery can be 

carried out in one of two ways, either through the cyclization of a phthalonitrile 

containing a dendron or through post-cyclization modification of the Pc core.  The nature 

of the dendron as well as the chemistry utilized often dictates the synthetic approach 

used.   

 Work to prepare dendritic Pcs through cyclization has been reported by a number 

of individuals,37-39 including our group.40-42  Through the preparation of a bis-substituted 

phthalonitrile, cyclization provided Pcs with varying generations of benzyl aryl ether 

dendrons of varying functionality (Scheme 1.6).40   

 

Scheme 1.6 Preparation of dendritic Pcs from cyclization of dendron containing Pns 40 

Investigation into the solution properties showed clear aggregation tendencies 

based upon solvent, dendron generation, and whether the Pc was metallated.  

Furthermore, it was noted that the functionality at the dendron terminus also showed an 
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impact on the aggregation properties.41  While the site-isolation of the macrocycle core in 

solution is of importance for wet-processing techniques, of greater importance in the 

study of dendritic Pcs was the suppression afforded by the periphery in the condensed-

phase.   

As indicated earlier, for applications such as optical limiting, the Pc core is best 

exploited when in a non-aggregated state.  By extending the dendron generation of the 

phthalonitrile, it was observed that site-isolation in the condensed-phase could be 

obtained.  Furthermore, the impact of having a mono- or bis-substituted phthalonitrile 

was also briefly explored, showing that tetrasubstitution provided less suppression of 

aggregation compared to the corresponding octasubstituted Pc.41  The utility of using 

dendritic phthalonitriles for the preparation of site-isolated macrocycles was further 

demonstrated when naphthalocyanines of similar architecture exhibited similar 

aggregation suppression tendencies.42  Recent reports by Torres have also described the 

preparation of dendritic Pcs through the preparation of hydrophilic phthalonitriles 

through click chemistry.43  These findings highlight the importance of tailoring the steric 

hindrance and functionality surrounding the Pc core in order to prevent aggregation in 

both solution and the condensed-phase.    

 While the preparation of Pns housing a dendron substituent are likely 

synthetically more accessible, post-cyclization modification can also provide means to 

preparing dendritic materials from  a single starting precursor Pc.  Through the 

incorporation of reactive functionalities on the periphery, sometimes in a protected state, 



39 

dendrons can be added, either by successive reactions or by coupling with a preformed 

dendron.  Work by Kimura and coworkers prepared a Pc with a reactive periphery 

through the cyclization of an ester containing Pn followed by saponification to yield a 

tetrasubstituted Pc with carboxylic acids (Scheme 1.7).44 

 

Scheme 1.7 Preparation of dendritic Pcs by post-cyclization modification 44 

This precursor Pc could then be reacted with a variety of amine focal point 

dendrons to give dendrimers comprised of a Pc core.  The tailorability of this approach 

was demonstrated by being able to modify the dendron generation either before or after 

addition to the Pc.   Similar to the work in our group, a distinct difference in solubility 

and site-isolation was observed based upon the generation of dendrons coupled.  

Furthermore, the dendron coupled provided solubility in polar solvents, such as MeOH, 

that the base Pc did not exhibit.  In addition, the approach of using a base Pc allowed for 

incorporation of dendritic arms that may not have survived the cyclization reaction.  As 

was reported, following the cyclization the original ester incorporated had trans-esterified 

with the 1-pentanol used as the reaction media.  The presence of this unintended side 
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reaction provides just one example of how careful consideration is required when 

planning the preparation of Pcs as well as their precursor phthalonitriles.   

 

1.2.5 Preparation of star polymers with Pc at core  

The incorporation of polymers to the periphery of the Pc can provide various 

types of star polymers, which can yield similar properties as Pc-dendrimers while 

providing a wider range of functionalities and tailorability.  One substantial advantage of 

incorporating polymers into the Pc periphery, either through the Pn or by polymerizing 

from the Pc following cyclization is that a wide array of commercial precursors are 

available.  Furthermore, the control afforded by many current polymerization techniques 

can allow for precise control of molecular weight and architecture, providing well-

defined materials where structure-property relationships can be observed.   

The simplest way to prepare star polymers housing a Pc core is through the 

cyclization of a polymer-containing phthalonitrile.  While conceptually this approach can 

provide a wide range of Pns for cyclization to yield star polymers, reaction conditions to 

form the macrocycle can sometimes limit its utility.  When considering the type of 

polymer that can be incorporated, the cyclization process impacts the choice not only in 

regards to solubility of the Pn during the reaction but also the stability of the polymer.  

One example where this approach was successfully used was by McKeown and 

coworkers where phthalonitriles with varying lengths of poly(ethylene glycol) were 

prepared (Scheme 1.8).55   
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Scheme 1.8 Preparation of star polymer with Pc core from polymer-functionalized phthalonitrile 55  

The polarity of the polymer provided the necessary solubility to cyclize under 

standard conditions with no detrimental effect to the polymer.  Of note was that the type 

of Pn utilized, either mono- or bis-substituted, had an effect on the resultant Pc 

properties.55  It was observed that the octasubstituted Pc, formed from the bis-substituted 

phthalonitrile, exhibited clear thermal transitions based upon the polymer length.  When 

compared to the tetrasubstituted Pc, no clear transitions were observed, attributed to the 

multiple Pc isomers that can form during cyclization.   

In addition to the difference observed between the peripheral substitution of the 

star polymer, a difference was also observed based upon the uniformity of the polymer 

sidechain.  One inherent drawback of utilizing polymers as peripheral substituents 

compared to dendrons described previously is the distribution of MW.  Whereas a 

dendron is a monodisperse molecule, depending upon the method of preparation, 

polymers can display polydispersities anywhere from 1.05 to greater than 2.   When 

comparing the Pc-star polymer comprised of four PEG side chains with a Pc containing 

well defined ethylene glycol oligomers, a difference in the thermal properties and 
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ordering was observed which was attributed to the non-uniformity of the polymer 

periphery.55,56  These findings indicate the importance of both functionality and MW 

distribution of the polymer incorporated when looking to influence the properties of the 

macromolecular material.   

An alternate way to introduce a polymer substituent to the periphery of a Pc is 

through post-cyclization polymerization from a Pc initiator.  While this approach requires 

more synthetic work to prepare a star polymer, the ability to tailor the Pc following 

cyclization for both functionality and size can overshadow the drawbacks.  The additional 

synthetic effort to introduce the initiator is highly dependent upon the type of 

polymerization to be performed, but can usually be installed with relative ease.  One 

common approach involves the addition of an alpha-halo ester to the Pc periphery for 

polymerization via Atom Transfer Radical Polymerization (ATRP).  Duan and coworkers 

demonstrated this approach by incorporating an ATRP initiator to a tetrasubstituted ZnPc 

followed by the controlled polymerization of NIPAM (Scheme 1.9).45   

 

Scheme 1.9 Preparation of star polymer from Pc via post-cyclization modification and polymerization 45 
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The resultant well-defined star polymers showed a mono-modal distribution with 

narrow polydispersities, allowing for structure-property correlations of LCST based on 

MW to be discussed.  Investigation into the catalytic property of this thermal responsive, 

water soluble material was verified by the oxidative degradation of Rhodamine B in 

aqueous media.  By tailoring the star polymer properties, the macromolecule could be 

easily separated from solution by exploiting its thermal responsive nature.  The ability to 

control the Pc periphery through polymer incorporation highlights the utility of using 

tailorable macromolecules for the preparation of Pc materials.  

 

1.3 Polymeric materials utilizing asymmetric phthalocyanines. 

While synthetically less straightforward to prepare, the structural diversity of 

asymmetric phthalocyanines, particularly AB3 Pcs, can provide access to unique 

polymeric materials when compared to symmetric phthalocyanines.  One of the greatest 

advantages of AB3 asymmetric phthalocyanines is that the odd quadrant can be prepared 

with orthogonal functionality to the remainder of the macrocycle core, allowing for 

further modification.  While purification of the AB3 isomer from the remaining reaction 

mixture can be more difficult than the isolation of the symmetric Pc, the odd quadrant can 

often be used to provide the means for later functionalization as well as sufficient polarity 

difference to ease purification concerns.  One critical advantage of using the odd quadrant 

of an AB3 Pc to house the monomer functionality when preparing Pc-containing polymers 

is that the concern of crosslinking into larger macromolecules and ultimately intractable 
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materials is negated.  This is in stark contrast with symmetric Pcs, where careful control 

of reaction conditions may be required to provide soluble materials.   

There are two ways that asymmetric Pcs can be incorporated into polymeric 

materials, the first being through a post-polymerization process (Figure 1.2, left 

pathway).   

 

Figure 1.2 Preparation of linear polymers containing Pcs as pendant functionalities. X and Y represent 

companion functionalities while Z is a polymerizable moiety 

Through this method, Pcs can be attached as a pendant group to a linear polymer, 

allowing for tailoring of the polymer without concern of the Pc interfering in the 

macromolecule preparation.  While synthetically more approachable, the coupling 

process can require significant optimization to yield reproducible materials.  An 

alternative way to prepare linear polymers containing Pcs as a pendant group is to 

incorporate the polymerizable moiety onto the odd quadrant (Figure 1.2, right pathway).  

While this can be synthetically more demanding, a greater fidelity of Pc monomer to 

polymer incorporation can be obtained.  Regardless of the method used, the Pc is 
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incorporated into the polymer chain as a pendant group, which can have unique influence 

over the resultant material properties.  Alternatively, by either cyclization of polymer 

containing phthalonitriles or post-cyclization modification with a polymer initiator, 

unique materials that have the Pc as a terminus can be prepared.  These materials can 

exhibit unique interactions and properties not seen when Pcs are incorporated as pendant 

functionalities. 

 

1.3.1 Post-polymerization coupling of asymmetric Pcs 

 One of the most accessible ways to incorporate Pcs into polymeric materials is 

through direct coupling of the macrocycle to the macromolecule.  This process holds 

importance for numerous industrial applications but none as aesthetically important as the 

coloration of cotton through coupling of a reactive asymmetric Pc, Reactive Blue 15.57  

Coloration of textiles has been around for decades, but more recent uses of this 

methodology include the modification of materials for uses in organic electronics, 

adsorbents, and catalysis. 

 One approach to improving the efficiency of OPVs is through the broadening of 

the absorbance range of the material to better match the solar spectrum.  Work by Torres 

and coworkers have used the technique of coupling Pcs to conductive polymers to expand 

the absorbance properties of the donor layer in bulk heterojunction (BHJ) 

polymer:fullerene solar cells (Scheme 1.10).58   
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Scheme 1.10 Coupling of asymmetric Pc to conducting polymers via CuAAC 58
 

Coupling sites were prepared through the synthesis of a conductive copolymer, 

either a poly(p-phenylenevinylene) (PPV) or poly(alkylthiophene) (PT), which contained 

a number functional sites that were ultimately modified to a free alkyne.  Separately an 

asymmetric ZnPc with an azide in the odd quadrant was synthesized and copper mediated 

azide-alkyne cycloaddition (CuAAC) “click” reactions were then conducted to couple the 

Pc to the conjugated polymer.  The addition of the Pc to the conjugated polymer was 

found to expand the absorption profile of the polymer-Pc composite material.  However, 

when incorporated into a BHJ polymer:fullerene solar cell, efficiency increases were not 

observed when compared to some standard OPV constructs, possibly due to the 

decreased processing capabilities following coupling.  Alternatively, DCC coupling of an 

asymmetric Pc with a hydroxyl functionality in the odd quadrant has also been reported 

as a means to incorporating Pcs onto high molecular weight PPV.59 

 Polyimides are another class of conjugated polymers that can benefit from the 

incorporation of metallated-Pcs in applications such as solid state batteries and solar 
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cells, but also as separation membranes.  Some early work demonstrated the ability to 

incorporate metallated Pcs through axially modification of tri-valent metal Pcs such as 

aluminum chloride.60  However, coupling through the axial position of the central metal 

limits the number of applicable Pcs.  A more recent report showed that modification of an 

asymmetric CoPc could be coupled to a polyimide copolymer that contained carboxylic 

acid pendant groups (Scheme 1.11).61   

 

Scheme 1.11 Coupling of asymmetric Pc to polyimide, Mt = Co 61 

Similar to the incorporation of Pcs to PPV through DCC coupling, asymmetric 

CoPc prepared were comprised of three quadrants containing tert-butyl groups and an 

odd quadrant with a hydroxymethyl functionality.  Affixation of the CoPc to the 

polyimide was carried out by DCC coupling to give polymers containing varying 

amounts of CoPcs, up to ca. 25%.  It was determined that the incorporation of the CoPc 

onto the polyimide did have an impact, albeit moderate, upon thermal transitions and 

degradations.  The incorporation of CoPc decreased the Tg of the material, attributed to 
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both the reduction of free polar groups in the copolymer and the possible increase in 

chain separation due to the bulkiness of the macrocycle.  Furthermore, a decrease in the 

degradation onset temperature was observed in the newly coupled CoPc copolymers 

attributed to not only the increased presence of benzylic radicals that could be formed as 

a result of the fragmentation of the coupled CoPc but also due to the disruption of 

hydrogen bonding between the remaining carboxylic acids.  Regardless of the 

incorporation method, proper design of both the polymer and Pc is required to yield 

composite materials that retain the desired properties in the new material.    

 

1.3.2 Polymerization of Pc monomers 

 While the post-polymerization coupling of Pcs can be synthetically more facile, 

the possibility for inefficient or incomplete incorporation can persist, a problem that can 

be avoided by preparing and subsequently polymerizing a Pc-containing monomer.  A 

variety of Pc monomers have been prepared to provide access to a myriad of techniques 

including radical, ring opening metathesis, condensation, and redox polymerizations.  

Depending upon the macromolecular target, the choice of polymerization technique and 

therefore monomer scaffold is critical to preparing useful Pc-containing materials.  

 Installation of a vinyl bond on the periphery of the Pc allows access to radical 

polymerization, one of the most common techniques.  Not only is radical polymerization 

one of the most accessible techniques, allowing for polymerization from a variety of 

initiating species, it also boasts one of the largest monomer pools including 
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(meth)acrylates, (meth)acrylamides, and styrenics.  While conventional radical 

polymerization typically exhibits little control, methodologies including Atom Transfer 

Radical Polymerization (ATRP),62 Reversible Addition-Fragmentation Chain-Transfer 

(RAFT),63 and Nitroxide-Mediated Polymerization (NMP)65 have all demonstrated high 

degrees of control, allowing for the preparation of well-defined polymers in composition, 

architecture, and MW.  The following discussion will focus on the preparation of Pc-

containing polymers via radical, coupling, and redox polymerizations.  Discussion of the 

ROMP of Pc monomers will be conducted in chapter 2.   

 Early reports of incorporating vinyl functionalities on the periphery of Pcs where 

able to prepare soluble Pc-containing polymers but lacked the control of current 

polymeric techniques to be able to make complex materials.65-67  While still not utilizing a 

controlled polymerization method, one recent application for the use of a vinyl Pc-

containing monomer was demonstrated in the use of CuPc for the development of 

materials for ophthalomsurgery.68  Commonly used polymers in ophthalomsurgery are 

based upon polymethacrylates, due to low toxicity as well as good optical clarity, but 

their utilization can be troublesome due to a lack of color in the material.  Work by 

Wöhrle and coworkers developed a short carbon linker methacrylate based Pc that could 

be used in the copolymerization of a dimethacrylate to prepare crosslinked polymers with 

pendant Pc groups (Scheme 1.12).   
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Scheme 1.12 Preparation and polymerization of methacrylate-containing Pc 68 

The Pcs were photopolymerized with the dimethacrylate monomer into films based upon 

an industrial process.  While the films resulted in the aggregation of the macrocycle, the 

Pc monomer developed as well as the approach employed could help mitigate some 

problems when applied to the field of ophthalomsurgery.  Even though, the 

polymerization technique used did not provide any significant amount of control, 

modification of the polymerization process using this monomer could yield well-defined 

materials for alternative applications. 

 The use of radical polymerization often results in a fully saturated polymer 

backbone, a possible limitation for using Pc-containing polymers in organic electronic 

applications.  This shortcoming can be avoided by the incorporation of a monomer 

functionality to the Pc that yields a conductive backbone.  One example of this was 

reported by Torres and coworkers where oligomers of PPV were prepared from a 

diformyl containing Pc-monomer through either a Knoevenagel condensation with a bis-
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nitrile monomer or through a Wadsworth-Horner-Emmons reaction with a bis-

diethylphosphonate monomer (Scheme 1.13).69     

 

Scheme 1.13 Preparation of asymmetric Pc and incorporation into conductive oligomers 69 

In either case, the PPV oligomers with the pendant ZnPc group were successfully 

prepared with a high loading of macrocycle per macromolecule.  Analysis of the 

oligomers showed that the incorporation of the ZnPc as a pendant group did result in a 

slight decrease in some photophysical properties, but in general all of the base 

characteristics determined from a reference ZnPc persisted in the ZnPc-containing 

oligomers.  Based upon the analysis, the preparation of a diformyl-containing Pc 

monomer was viewed as a viable route to preparing what was termed ambipolar 

conducting “double-cable” polymers or polymers that exhibit both p- and n-type 

character.  

 An alternative functionality that can be incorporated into a Pc-containing 

monomer to provide a conjugated backbone upon polymerization is thiophene.  
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Utilization of this conducting polymer was demonstrated by preparing an asymmetric 

NiPc with a thiophene functionality in the odd quadrant (Scheme 1.14).70   

 

Scheme 1.14 Preparation of asymmetric Pc with thiophene moiety and subsequent oxidative 

polymerization with decyl thiophene 70 

Subsequent oxidative coupling via FeCl with decyl thiophene as a comonomer resulted in 

a copolymer comprised of a polythiophene backbone with pendant alkyl and NiPc 

groups. While processable, the synthesized polymers exhibited a broad MW distribution, 

which was expected based upon the polymerization technique employed.  In addition, it 

was observed that the NiPc retained much of its absorbance profile following 

polymerization, with a hypsochromic shift attributed to macrocycle aggregation as well 

as proximity to the polythiophene backbone.  Of greater interest were the charge-transfer 

properties of the resultant copolymers.70  FTIR photo-induced absorption spectroscopy 

indicated that charge transfer could occur from either the polymer backbone to the NiPc 

or vice versa.  Of particular note was that when the copolymer was excited at shorter 

wavelengths, to originate charges on the polymer, a modest enhancement of the photo-

induced absorption signal was observed, ca. 5 to 10 times greater than a control polymer.  

However, when the excitation wavelength was shifted to longer wavelengths, resulting in 

generation of charges on the NiPc, a signal enhancement of up to 50 times greater was 
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observed.  This finding suggested that photo-induced charge generation was significantly 

more efficient at wavelengths where the photons being absorbed were exciting the NiPc 

units.  Combining the results of the PA spectroscopy indicates two important functions of 

the NiPc when incorporated as pendant groups on the polythiophene polymer.  First, the 

NiPc sensitized the polythiophene to charge generation while also harvesting light in the 

longer wavelength region of the visible spectrum.  The approach of polymerizing a Pc 

into a large macromolecule can have significant impacts on the resultant material 

properties necessitating careful consideration of the polymerization technique, monomer 

and Pc design. 

 

1.3.3 Asymmetric Pc containing a polymer sidechain  

 Similar to the discussion in section 1.2.5, the use of a polymer-containing 

phthalonitrile in a statistical condensation can yield an asymmetric Pc with a polymer in 

the odd quadrant.  As was seen with star polymers prepared from symmetric Pcs, 

asymmetric Pcs with linear polymers are again influenced by the cyclization process.  To 

circumvent the issues of cyclization, the introduction of an initiator in the odd quadrant 

can provide better control of the resultant Pc-containing polymer in composition, 

architecture and functionality.   

 Early work on the preparation of linear polymers with a Pc at the terminus was 

prepared through the statistical condensation of a solubilizing phthalonitrile and a mono-

substituted phthalonitrile containing varying lengths of poly(ethylene glycol).  Work by 
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McKeown and coworkers had interest in investigating the effect of incorporating a 

polymer side chain into an otherwise alkyloxy-containing Pc to determine if the nature of 

the columnar mesophase could be tailored when compared to symmetric Pcs (Scheme 

1.15).71   

 

Scheme 1.15 Preparation of asymmetric Pc containing one PEG sidechain of varying lengths via 

cyclization 71 

Focus was placed on modifying the number of repeat units of the PEG side chain, 

from an oligomer of 3 to a polymer with an average repeat unit of 50.  Analysis of the 

resulting mesophases indicated that as the length of the side chain increased, a decrease 

in the clearing point occurred, bringing the transition temperature down below the 

decomposition point that typically was reached with octaalkoxy Pcs.71  This finding 

indicated that the PEG chain was disrupting the packing of the mesophase.  Furthermore, 

Pcs that contained PEG substituents comprised of oligomer to short chain lengths, less 

than 15 repeat units, retained the desired Dho mesophase.  The materials containing the 

longest PEG chain length exhibited a columnar nematic (Nc) phase, indicating disruption 

of the hexagonal columnar mesophase.  These findings were apparent in optical 
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microscopy as well as XRD analysis.  DSC analysis also showed that the alkyloxy and 

PEG quadrants were resulting in separate domains as a clear melting transition of 

crystallized PEG was observed.  The influence of the PEG side chain and length on the 

ordering of the Pcs provided insight into how modification of the periphery can be used 

to influence larger global properties. 

 The controllable modification of asymmetric Pcs was further demonstrated by 

incorporating an initiator into the odd quadrant followed by the preparation of a well-

defined polymer through ATRP.  Kimura and coworkers investigated the effect of 

introducing a polar polymer side chain in a similar vein to the incorporation of the PEG 

side chain work by McKeown.71,72  By modifying an asymmetric ZnPc with an alpha-

halo ester, ATRP of a methyl-TEG acrylate was conducted, resulting in a material that 

contained a disc-coil morphology (Scheme 1.16).   

 

Scheme 1.16 Preparation of asymmetric Pcs exhibiting a disc-coil morphology from post-cyclization 

polymerization 72 

Analysis of the polymerization showed controlled growth based upon the 

conditions employed, with polymer populations exhibiting mono-modal distributions 

with narrow polydispersities.  Of greater interest was the self-assembly nature of these 
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disc-coil materials when introduced to exceedingly polar environments.  When 

monitoring the absorbance of the macrocycle in dilute non-polar solutions, the ZnPc was 

observed to be in a non-aggregated state.  However, as increasing amounts of MeOH 

were added, the once sharp Q-band at 678 nm broadened and blue shifted as would be 

expected of macrocycle aggregation.72  Exploitation of these aggregation tendencies was 

demonstrated when the ZnPc-polymer was dissolved in hot MeOH and allowed to cool, 

resulting in a physical gel.  This gel was found to be reversible with a transition point at 

ca. 48 °C, the approximate melting point of the alkyloxy substituents of the ZnPc 

determined by DSC.  Based upon the morphology of the Pc-polymer material, the 

gelation effect was attributed to the aggregation of the ZnPc cores through π-π 

interactions followed by van der Waals interaction of the alkyloxy chains to “lock” in the 

aggregates.  The control of this self-assembly phenomena provides another example of 

the importance in understanding and controlling the Pc periphery to prepare materials that 

exhibited unique and useful properties.   

A number of other researchers have also utilized asymmetric Pcs as macrocylic 

initiators.   Work by Duan and coworkers prepared Pc-initiator followed by ATRP to 

incorporate a polyNIPAM chain for investigation into the effect on LCST and 

photocatalytic activity.72  Furthermore, Torres and coworkers have also followed this 

approach by preparing asymmetric ZnPc initiators for the controlled polymerization of 

styrene to investigate the self-assembly behavior of the composite materials.74  When 

imaged by TEM, the length of the polystyrene chain was seen to effect the size of the 

aggregate form, with diameters of the ZnPc composites controllably varied from sub-100 
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nm to 1µm.     The incorporation of polymeric side chains to asymmetric Pcs provides an 

additional method for preparation of unique Pc-containing materials with near limitless 

possibilities to fine-tune the resultant properties through proper monomer selection.   

 

1.4 Aim and scope of dissertation 

The work described in this dissertation will focus on the incorporation of Pcs into 

polymeric materials.  Through the preparation of an asymmetric Pc with a phenolic 

residue in the odd quadrant, macrocycles that could be modified to either be polymerized 

or coupled was carried out.  First, Pc monomers with a ROMP moiety provided the 

means to prepare linear polymers in solution.  Control of the polymerization conditions 

allowed for a large degree of tailorability in both the polymer architecture and 

composition while still providing well-defined materials.  Alternatively, incorporation of 

functional monomers into ATRP polymers yielded materials that could subsequently be 

coupled with companion Pcs through Diels-Alder cycloaddition.  This method of Pc 

incorporation minimized polymer purification work as standard techniques and methods 

could be employed which were not as accessible when working with Pc monomers 

directly.   Finally, incorporation of furan or maleimide functionalities at the periphery of 

symmetric Pcs allowed for the preparation of network materials.  By tailoring conditions 

and components, gels and free standing networks could be prepared.  Through a process 

of evaporation, patterning of these networks was also demonstrated on varying length 

scales.   
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2. PHTHALOCYANINE-CONTAINING LINEAR POLYMERS VIA ROMP 

 

2.1 Introduction 

 While demonstrating numerous advantages, the planar, aromatic nature of Pcs 

tends to lead to aggregation, often resulting in difficulties in purification and processing.  

To date, work has been reported on the modification of the Pc periphery to improve 

solubility while maintaining the advantageous properties of the Pc molecule.1-3  While 

modification of the periphery can provide Pcs with the desired properties to incorporate 

into various technologies, the limitation of needing to make individual, specific Pcs in a 

sequential manner can remain.  One possible approach to mitigate the necessity of 

synthesizing specific Pcs is to incorporate a polymerizable moiety onto the macrocycle 

periphery and prepare various copolymers.  Through this polymeric approach to 

preparing Pc-containing materials, the comonomer can bear the responsibility of 

chemical functionality for the macromolecule, allowing for a single Pc monomer to be 

prepared.  By utilizing a controlled polymerization processes, the composition and 

architecture of the polymer can be incorporated into the design of the targeted material, 

providing an additional means to modify the resultant material without altering the 

macrocycle itself.  One such methodology that has been shown to be highly tolerant of 

functionality and conditions while providing controlled growth is ring-opening 

metathesis polymerization (ROMP). 
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2.1.1 Overview of ROMP 

 Ring-opening metathesis polymerization is a technique that provides well-defined 

materials with the ability to control composition, architecture and MW.  Tracing its 

origins to the mid-1950s and olefin metathesis reactions,4-6 ROMP has enjoyed a 

transformation over the past few decades as advances in transition metal catalysts have 

allowed successful polymerization of a variety of monomers in the presence of numerous 

functionalities.7-9  Based upon olefin metathesis, where a carbon-carbon double bond 

exchange process mediated by a transition metal occurs, ROMP is a chain growth 

polymerization where monomers containing a cyclic olefin are converted to a polymer.  

One unique aspect of this process is that the polymerization process retains the double 

bond in the polymer backbone, a clear difference when comparing to other olefin 

polymerization processes.7 

 The process of any polymerization involves the distinct stages of initiation, 

propagation, chain transfer and termination.  For the sake of brevity, discussion of chain 

transfer will be omitted in the following discussion of ROMP (Scheme 2.1).   
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Scheme 2.1 Stages of ring-opening metathesis polymerization 7 

In the ROMP process, the initiation stage involves the coordination of the 

transition metal alkylidene complex with a monomer containing a cyclic olefin.  A four 

membered ring is formed between the monomer and the transition metal following a 

[2+2] cycloaddition, effectively beginning the polymer chain.    As a result, the degree of 

polymerization is controlled by the catalyst loading, resulting in simplified 

polymerization conditions.  Following the formation of the four membered ring, a 

cycloreversion occurs to give a new alkylidene and a vacant site.  While the size of the 

alkylidene has increased, due to the monomer incorporation, the activity of the transition 

metal, via the vacant site, does not differ dramatically from the original initiating 

species.7  This is one area of difference compared to other controlled polymerizations in 

that the agent that acts as the initiating species is also the propagating agent. The process 

of propagation continues until the polymerization ceases, as a result of complete 

consumption of monomer, a termination event occurring or a chemical equilibrium being 

reached.  In most polymerizations, the chemical equilibrium is driven from monomer to 
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polymer due to the alleviation of ring strain of the monomer, but it is of note that the 

ring-opening metathesis process can be reversible given proper conditions.7 

 The most typical termination event occurs due to the purposeful addition of a 

terminal alkene containing agent.  This terminating agent plays two important roles: first, 

to selectively remove and deactivate the transition metal from the polymer chain, and 

second, to install a known functionality at the chain end.7  Numerous reports have 

focused on how modification of this terminating agent can install particular functionality 

at the chain end, providing an additional handle for polymer modification.1,10-12  In many 

cases if a particular functionality is not desired, some type of vinyl ether is often 

employed.7 

 As indicated previously, ROMP is a highly tolerant process to not only the 

reaction media but also the monomer employed.  One critical aspect of ROMP is proper 

selection of the catalyst based upon the media and functionality of the polymerization.  

Similar to olefin metathesis reactions, the transition metal employed will result in 

substantially different tolerances.7  While specialized transition metal catalysts are 

necessary for the polymerization of highly polar monomers or in aqueous environments,14 

the commercially available Grubb’s generation 1 catalyst, a ruthenium based catalyst, has 

demonstrated good control over a variety of monomers in common organic solvents, such 

as DCM and toluene.  For a more complete review on the development of catalysts as 

well as recent advances in ROMP, the reader is directed to a number of recent reviews 

that provide more complete discussion.7-9  While a powerful polymerization method, Pc 

incorporation into polymers via ROMP has remained largely underdeveloped. 
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2.1.2 Incorporation of Pcs into polymers via ROMP 

 While the incorporation of Pcs as pendant groups into polymers has been 

described for a variety of materials, over the past decade only a handful of reports utilize 

ROMP.  An early report features ROMP of norbornene-based monomers to prepare 

amphiphilic block copolymers that were investigated for aggregation and ordering 

behavior.14  Later, the preparation of copolymers containing both donor and acceptor 

functionalities, i.e. ZnPc and fullerene C60, were conducted to investigate the ability to 

prepare a covalently bound donor-acceptor macromolecule for use in optoelectronic 

devices.15  Most recently, work done in our group utilized ROMP to prepare crosslinked 

networks of Pc-containing polymers, that when treated with acid released the macrocycle 

from the network with a reactive functionality in the odd quadrant significantly 

simplifying purification requirements.16  In each case, the ROMP process was utilized to 

prepare a Pc-containing polymer that targeted a specific material property.   

 In work performed by Kimura and coworkers, the controlled nature of ROMP 

allowed for the preparation of Pc-containing amphiphilic block copolymers for studying 

aggregation at the air-water interface.14  Polymers were prepared from a tetrasubstituted 

CuPc with a norbornyl group in the odd quadrant (Scheme 2.2). 
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Scheme 2.2 Preparation of amphiphilic block copolymer containing asymmetric Pc 14 

Copolymerization with a norbornyl monomer prepared from Behera’s amine yielded 

amphiphilic block copolymers.  While the catalyst used in the polymerization was the 

Grubb’s generation 1, Mw/Mn values around 2 were observed.  This poor control may be 

attributed to poor solubility of the monomer in the media, dry toluene.14  Following 

isolation and conversion to the carboxylic acid, investigation into the aggregation 

behavior of the various copolymers was carried out on Langmuir-Blodgett (LB) films 

prepared in water.  It was determined that copolymers formed organized films at the air-

water interface when water was used as the subphase, with ordering of the CuPc found to 

be parallel to the interface.  Furthermore, when dissolved in an alkaline media (water pH 

> 10), the copolymer was observed to form spherical micelles based upon TEM and AFM 

analysis.  The synthesis of amphiphilic block copolymers containing CuPc demonstrated 

the versatility and utility in preparing unique polymeric materials via ROMP.   

 Interest in Pcs as a donor material in optoelectronics and OPVs specifically lead 

to the investigation of preparing a donor-acceptor hybrid through ROMP.  In a report by 

Grubbs and coworkers, the preparation of a number of random copolymers containing 
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ZnPc and fullerene C60 was conducted.15  The copolymerization of a ZnPc monomer, 

prepared from the statistical condensation of a monosubstituted tert-butyl and norbornyl 

containing phthalonitriles, with a fullerene C60, modified with norbornyl aldehyde, was 

conducted (Scheme 2.3).   
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Scheme 2.3 Preparation of donor-acceptor polymer of Pc and C60 via ROMP 14 

Copolymerization was carried out in dry toluene using Grubb’s  generation 2 

catalyst.  The choice of using Grubb’s generation 2 catalyst is interesting, as it has been 

reported that this catalyst does not tend to provide control when polymerizing 

norbornene, giving a possible explanation for the high polydispersities observed with the 

ZnPc-C60 copolymer.7,15  Following polymerization, the resulting copolymers showed 

little solubility in most solvents save THF.  This finding also suggests that there may be 

an internal size selection occurring as the polymer exceeds the solubility of the 

polymerization media of toluene also effecting control.  Following purification, the 

typical analysis of the copolymers was conducted.  Standard UV-Vis characterization 

displayed the expected strong Q-band absorbance of the ZnPc that was broadened and 
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blue shifted, attributed to aggregation of the macrocycle.  From the UV-Vis, the 

approximate incorporation and ratio of ZnPc to C60 was also determined.  Of greater 

interest in the ZnPc-C60 copolymer were the photophysical properties which would 

provide an indication of the interaction between the donor-acceptor pendant groups.  

Fluorescence measurements of the ZnPc homopolymer indicated a fluorescence 

quenching of between 10 and 50 times that of the symmetric tetra-tert-butyl ZnPc, 

depending on the solvent.15  These differences were attributed to the increased proximity 

of the macrocycle cores as well as the tendency of ZnPc to aggregate due to strong π-π 

interactions.  However, when the fluorescence of the copolymers of ZnPc and C60 were 

analyzed, increased quenching was observed.  Furthermore, the quenching increased as 

the ratio of ZnPc to C60 approached a 1:1 ratio.   

In addition to the quenching rate being influenced by the chromophore ratio, rate 

of the copolymers was observed to be different than the ZnPc homopolymer and model, 

exhibiting a double-exponential decay behavior.15  One of the decays observed matched 

well with that observed for a ZnPc system with a longer lifetime of 2.6 ns.  The 

additional decay, which was over an order of magnitude faster, 0.1 ns, was attributed to 

the electron transfer process between pendant groups and the proportion of this decay 

was observed to increase as the molar amount of C60 approached that of ZnPc.  Transient 

absorption measurements were also conducted and showed a lifetime for the charge-

separated state to be 12.6 µs.  At the time, this was the longest observed lifetime in a fully 

covalent system, suggesting that the polymer framework which housed the ensemble 

aided in charge-separation.  Attempts to prepare solar cells yielded low power-conversion 
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efficiencies, ca. 0.07% while photo-induced absorption analysis of thin films showed 

long-lived radical ion pairs, 0.4 ms.  The long-lived radical ion pairs indicate that while 

device architecture was not optimal, there remains the ability to create charge carriers 

from absorbed photons, suggesting that these covalently bound donor-acceptor materials 

could yet hold potential as a photoactive layer in OPVs. 

 The final example of preparing Pc-containing polymers comes from our group in 

efforts to prepare reactive asymmetric Pcs through a process termed ROMP-capture-

release.16  The concept involved the incorporation of an asymmetric Pc into a polymer 

network followed by cleavage to yield a reactive asymmetric Pc without need to go 

through numerous column purification processes (Scheme 2.4).   

 

Scheme 2.4 Preparation of asymmetric Pc-OH through ROMP-Capture-Release strategy 16 

Preparation of the Pc monomer was carried out by coupling a norbornyl 

functionality to phthalonitrile through an acid cleavable linker.  Statistical condensation 

was carried out in a ratio that was found to give only the symmetric and AB3 asymmetric 

Pcs.  The Pc reaction mixture was then subjected to ROMP conditions with Grubbs 

generation 2 catalyst along with a bis-functional norbornene monomer to prepare 

crosslinked networks with pendant Pc groups that would precipitate from the reaction 
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media.  It should be noted at this point that the choice of catalyst is of little consequence 

in the polymerization employed.  The typical concern of the Grubb’s generation 2 

catalyst is that it provides little control in the polymerization of norbornyl monomers.7  

However, when a crosslinked network is being prepared, control of the polymerization 

has little influence on network formation as long as the polymerization is run to high 

conversion, making the catalyst choice one more of availability than design.   

Following network formation, isolation of a reactive asymmetric Pc could be 

carried out in a few steps with minimal effort.  Facile removal of the symmetric Pc was 

accomplished through a series of washes to leave only the polymer network.  With only 

the desired Pcs remaining attached to the network, acid treatment cleaved the asymmetric 

Pc from the polymer.  With free Pc in the cleavage media, washing of the network and 

concentration of the solutions resulted in recovery of the asymmetric Pc.  The reactivity 

of the phenolic residue was demonstrated through acylation with sebacoyl chloride, 

showing the utility of the process to provide an asymmetric Pc with a nucleophilic 

functionality allowing for the preparation of more complex Pc-containing materials.16  

While the preparation of a linear polymer was not conducted, the utilization of ROMP to 

address the specific needs of the material again showed the versatility of the process. 

 

2.1.3 Research goals 

As discussed previously, the incorporation of Pcs into polymers as pendant groups 

has been widely reported over the past few decades.  However, reports utilizing ROMP to 

prepare well-defined Pc-containing polymers remains relatively scarce.  To this end, an 
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asymmetric Pc with a polymerizable moiety was targeted for the preparation of Pc-

containing polymers.   Copolymerization with an alternate monomer was investigated to 

afford Pc-containing linear copolymers of varying composition, architectures, and MW.  

It was anticipated that a variety of characterization techniques, including NMR and UV-

Vis, could provide understanding into the nature of aggregation of the macrocycle in both 

semi-dilute and dilute solutions.  Furthermore, UV-Vis of condensed-phase thin films 

could provide additional insight into the ability of the polymer to prevent macrocycle 

aggregation. 

     

2.2 Preparation of Pc-containing polymers through ROMP 

2.2.1 Preparation of asymmetric Pcs with a polymerizable moiety 

While the direct preparation of asymmetric phthalonitriles bearing a single 

polymerizable moiety via statistical condensation was feasible, difficulties in purification 

necessitated the use of an alternative method to obtaining the desired macrocyclic 

monomers.  Previous work in our group utilized a process known as ROMP-capture-

release to yield asymmetric Pcs with a reactive peripheral alcohol group in high purity.16  

However, obtaining the necessary amount of the targeted macrocycle through this method 

was not economical.  More recently, 4-methoxybenzyl (PMB) has been used as a 

protecting group to yield a monofunctional phthalonitrile that can be cyclized under 

standard conditions to yield Pcs carrying a protected alcohol that can be deprotected in 

acid.17  The protecting group was critical as cyclization of a phenolic phthalonitrile to 

yield a reactive asymmetric Pc was not possible.  To this end, PMB-containing 
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phthalonitrile 2.1 was prepared and cyclized with phthalonitrile 2.2, providing the 

targeted masked asymmetric phthalocyanine among other isomers (Scheme 2.5).   

 

Scheme 2.5 Synthesis of asymmetric Pc with polymerizable moiety  

Deprotection of the PMB group under acidic conditions resulted in the desired Pc 

with a phenolic moiety in the odd quadrant.  The utility of using PMB was further 

demonstrated when trying to isolate the targeted asymmetric Pc via chromatography, as 

the deprotection resulted in a significant difference in polarity to allow for separation of 

the desired isomer from the reaction mixture by column purification to give AB3 

asymmetric Pc 2.3a or 2.3b in moderate yields.  The choice of metal salt utilized during 

the cyclization process provided means to either the non-metallated (LiBr) or metallated 

(Zn(OAc)2) asymmetric Pcs.  Alkylation under basic conditions with furan-protected 

maleimide 2.4 resulted in Pc ROMP monomers 2.5a or 2.5b in good yields.     

 

2.2.2 Preparation of Pc-containing linear polymers via ROMP 

With the Pc monomer in hand, polymerizations were carried out using Grubbs 1st 

generation catalyst, due to the control afforded without need for further modification.   

Brief investigation into the polymerization nature of Grubbs 2nd generation catalyst was 
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conducted, but quickly abandoned as GPC characterization supported literature reports of 

poor control over MW and polydispersity (Mw/Mn).
7 While homopolymerization of 

asymmetric Pcs 2.5a and 2.5b was successful, with only 2.5a showing controlled growth, 

non-functional monomer 2.6 was incorporated into copolymers to provide materials with 

varying composition (Scheme 2.6).   

 

Scheme 2.6 Preparation of Pc-containing linear polymers via ROMP 

Polymerizations were conducted in dry DCM at RT for varying times based upon 

the type of polymerization being targeted (random or block).  It was found that in most 

cases, a monomer molar concentration of 0.1 M provided good control while allowing for 

sufficient solvation of the Pc monomers.  On occasion, the molar concentration was 

altered to address specific needs of the polymerization, most notably the need to decrease 

the concentration when preparing polymers of high Pc composition, greater than 50%, 

and the preparation of ZnPc polymers.  Following a determined polymerization time, 
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reaction quenching was achieved by adding isobutyl vinyl ether (IBVE) to the mixture 

followed by an additional period of stirring.  Polymers were isolated through a process of 

precipitation into a mixed solvent of MeOH and DCM (16:1) with the dropwise addition 

of brine to induce precipitation.  The mixture was then centrifuged to isolate the polymer.  

The process was repeated 3 times in total followed by drying of the polymer in vacuo to a 

constant mass.  Polymers 2.7a-2.7j were prepared with non-metallated Pc monomer 2.5a 

and varied in 2.5a:2.6 feed ratio and catalyst loading.  To provide a metallated random 

copolymer, ZnPc containing polymers 2.8a-2.8e were synthesized from monomer 2.5b 

with similar variations of feed ratio.  Finally, to provide understanding into the effect of 

morphology on properties, polymers 2.9a-2.9f were prepared with the same monomer 

feed ratio and catalyst loading as polymers 2.7a-2.7f but as block copolymers.  

Composition and MW data for the various copolymers can be found in Table 2.1.   
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Table 2.1 Polymerization values for various Pc feeds and catalyst amounts via ROMP 

Polymer Metal 
Catalyst 

(mol %) 

Pc feed ratio 

(mol %) 

Pc Comp 

(mol %)a 
Mn 

(g/mole)c 

Mp 

(g/mole)b 
Mw/Mn

b Mn 

(Theo)c 

2.7a H2 2.5 2.5 3.0 14000 15300 1.06 15000 
2.7b H2 2.5 5.0 5.9 15800 17200 1.08 16700 
2.7c H2 2.5 10 9.6 19200 23300 1.19 20100 
2.7d H2 2.5 25 22.4 21400 27400 1.20 30100 
2.7e H2 2.5 50 49.0 26400 35100 1.17 46700 

2.7f d H2 2.5 50 46.0 19000 24000 1.19 46700 
2.7g d H2 2.5 100 100 23100 29000 1.13 80120 
2.7h H2 1.25 2.5 3.2 25300 26700 1.05 31700 
2.7i H2 0.5 2.5 2.7 48900 55900 1.09 75000 
2.7j H2 0.1 2.5 3.8 148600 197400 1.20 397000 
2.8a Zn 2.5 2.5 3.1 14100 21900 1.39 15100 
2.8b Zn 2.5 5.0 3.3 15600 21900 1.28 15100 
2.8c Zn 2.5 10 8.7 17100 23900 1.27 20300 
2.8d Zn 2.5 25 17 20200 29400 1.26 30700 
2.8ed Zn 2.5 2.5 4.3 13800 17400 1.19 15100 
2.8fd Zn 2.5 5.0 6.4 14800 19000 1.21 16800 
2.8gd Zn 2.5 10 9.7 16600 21300 1.22 20300 
2.8hd Zn 2.5 25 23.5 19800 26200 1.18 28900 
2.8ie Zn 2.5 50 37 26000 41500 1.40 39300 

2.9Pre -- 2.5 -- -- 12200 14500 1.16 13300 
2.9a H2 2.5 2.5 2.9 15000 16300 1.11 15000 
2.9b H2 2.5 5.0 8.1 15900 17500 1.10 18400 
2.9c H2 2.5 10 10.1 16200 17900 1.09 20000 
2.9d H2 2.5 25 30.4 18900 20900 1.06 33400 
2.9ed H2 2.5 50 44.0 24300 29000 1.10 43400 

a Determined by NMR. b Determined by GPC in THF relative to monodisperse polystyrene standards. c Mn 
(Theo) = (([M]o/[I]o x (mol%C12) x MWC12) + ([M]o/[I]o x (mol%Pc) x MWPc).  

d Polymerization run at 
0.05 M concentration of monomers.  e Polymerization run at 0.03 M concentration of monomers. 
 

2.3 Characterization of Pc ROMP and resultant polymers 

2.3.1 GPC analysis of monomer consumption 

Prior to preparing polymers of varying composition, a brief qualitative 

investigation into monomer consumption was conducted.  To determine how monomers 

were consumed, a polymerization of Pc 2.5a at a feed ratio of 5 mol% was conducted and 

monitored by removing aliquots periodically over 60 minutes followed by 

characterization via GPC (Figure 2.1). 
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Figure 2.1 GPC traces of ROMP with Pc feed (5%) at varying times.  Traces normalized to highest 

response peak, Pc (0, 1 min) and polymer (5 – 60 min) 

Following the polymerization progress via GPC (monitoring by refractive index 

detection) indicated simultaneous consumption of both monomers over time, with the 

FPMC12 being consumed at a slightly quicker rate.  Analysis indicated near complete 

consumption of both monomers within 30 minutes of catalyst introduction.  Due to the 

simultaneous nature of consumption, it was believed that the polymerization resulted in a 

copolymer with a random architecture.  Also of note was that after 45 minutes, a higher 

MW shoulder began to appear which may be attributed to cross-coupling events 

occurring due to the reduced monomer concentration.7  This brief study provided a target 

polymerization time of approximately 30 minutes at RT.  
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2.3.2 GPC characterization of non-metallated Pc-containing polymers. 

Following investigation into monomer consumption under standard conditions, 

the three distinct series of polymers prepared from the copolymerization of monomers 

2.5a or 2.5b with 2.6 were characterized by GPC.  It was observed that all polymers 

prepared from non-metallated Pc-monomer 2.5a exhibited monomodal distributions with 

relatively narrow polydispersities (Mw/Mn values ranging from 1.05-1.2) (Figure 2.2). 

 

Figure 2.2 GPC traces of non-metallated Pc-containing copolymers (2.7a-2.7j) of varying Pc composition 

and catalyst loading normalized to polymer response 

Demonstration of polymer compositional control was achieved through 

polymerization at varying monomer feed ratios at a catalyst loading of 2.5 mol% with 

increases in MW occurring concomitantly with increasing Pc incorporation (2.7a - 2.7e).  

Initially, a loss of control at higher compositions of Pc-monomer (i.e. 50%, 100%) was 

observed as evidenced in a broadened peak and increase in Mw/Mn.   To retain control at 

higher Pc-monomer compositions, the molar concentration of the monomer was reduced 
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to 0.05M with an increase in polymerization time (2.7f and 2.7g).  It is believed that 

control was compromised in the higher composition polymerizations due to the solubility 

of the monomer, where dilution provided sufficient solvation while not dramatically 

hindering the ROMP process.  This concept could also explain the lack of control 

observed in the preparation of amphiphilic copolymers described previously performed in 

toluene.14  

Alternatively, higher MW polymers with narrow polydispersities were also 

obtained through polymerizations with a constant feed ratio of 2.5 mol% Pc monomer 

while altering catalyst loading, from 2.5 to 0.1 mol% (2.7h - 2.7j).  The variation of 

catalyst at 2.5, 1.25, 0.5, and 0.1 mol% provided theoretical DPs of 40, 80, 200, and 1000 

respectively (2.7a, 2.7h-2.7j) (Figure 2.2, top).  Polymers were found to follow 

theoretical MW predictions for low Pc incorporation or higher catalysts loading (2.7a-

2.7c, 2.7h), while polymers with Pc compositions greater than 10% or low catalyst 

loading showed deviation (2.7d-2.7g, 2.7i, 2.7j), likely due to the differences in the 

repeat unit structure and size between Pc-containing polymers and linear polystyrene 

standards used for calibration and the molecular weight correlated to those hydrodynamic 

volumes. 

The ability to prepare Pc-containing polymers of varying architecture was 

confirmed by GPC characterization of block copolymers 2.9a – 2.9e.  Preparation of the 

block copolymers started by the polymerization of monomer 2.6, selected due to the 

ability to polymerize fully at the target concentration of 0.1 M.  Prior to block extension, 

a small aliquot of the active polymer, 2.9Pre, was removed and quenched with IBVE 
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followed by characterization to provide insight into the non-Pc block.  The non-Pc block 

was well-defined, with a monomodal distribution and a narrow polydispersity providing a 

good comparison point for subsequent Pc-block extension.  The Pc-monomer was then 

introduced to the polymer solution and allowed to polymerize.  Following isolation and 

purification, GPC characterization was conducted and compared to the random 

copolymers (2.7a-2.7g) of similar composition (Figure 2.3).  The block copolymers 

prepared exhibited similar control to the random copolymer analogs (2.9a-2.9g) with 

monomodal distributions and narrow polydispersities across all feed ratios.   

 

Figure 2.3 GPC traces of non-metallated Pc-containing copolymers in random (2.7a-2.7g) and block (2.9a-

2.9e) morphologies normalized to polymer response 

 

2.3.3 GPC characterization of ZnPc-containing copolymers    

The polymerization of ZnPc-monomer 2.5b was anticipated to behave in a similar 

fashion to the non-metallated Pc-monomer 2.5a, as the incorporation of zinc in the 
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macrocycle center was not believed to dramatically influence aggregation.1  However, 

upon analysis of the ZnPc random copolymer, there was a difference in the GPC peak 

shape and polydispersity of the macromolecules (Figure 2.4).   

 

Figure 2.4 GPC traces of ZnPc-containing random copolymers (2.8a-2.8i) of varying monomer 

compositions normalized to polymer response 

When compared to the preparation of non-metallated Pc polymers, there was a 

significant broadening of the peak shape and MW distribution when ROMP was 

performed at similar monomer concentrations of non-metallated random copolymers 

2.7a-2.7d (ca. 0.1 M).  It was observed that decreasing the concentration of the Pc-

monomer in high composition non-metallated copolymers 2.7f and 2.7g provide 

improved control, so polymerizations with a reduction in the monomer concentration of 

ZnPc monomers to 0.05-0.03 M were conducted.  Even at the reduced concentrations, 

there remained significant tailing at lower molecular weights as well as a higher 

molecular weight shoulder preceding the major polymer population.  While providing 
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some improvement to control, at the highest ZnPc monomer composition investigated, 

50% (2.8i), broadening of the MW distribution returned to similar extents as at standard 

conditions (2.8a-2.8d).  Attempts to run the ROMP at concentrations lower than 0.03 M, 

in hopes to regain control, were unsuccessful.  Modifications to the polymerization 

conditions with ZnPc monomers to provide the control observed with the non-metallated 

Pc monomers continues to be investigated. 

 

2.3.4 NMR characterization of non-metallated Pc-containing polymers 

 Following GPC characterization of the various non-metallated Pc-containing 

polymers, NMR characterization was performed to provide insight into the nature of the 

polymer backbone as well as the influence of Pc composition and polymer architecture 

on the aggregation of the chromophore.  Analysis of the polymer backbone, indicated that 

the trans orientation of alkene in the repeat unit was favored over the cis in an 

approximately 2:1 ratio.  The signal between 6.2 - 6.0 ppm and 5.9 - 5.7 ppm are 

attributed to the alkene protons, in the trans and cis orientation respectively, of the 

polymer backbone (Chart 2.1).   
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Chart 2.1 Representation of proton signals in polymer main chain via ROMP of an oxanorbornene 

monomer; NMR shifts attributed to trans alkene (6.2 - 6.0 ppm, green), cis alkene (5.9 - 5.7 ppm, black), 

trans adjacent (4.6 - 4.4 ppm, red), and cis adjacent (5.0 - 5.2 ppm, blue)  

Similarly, the peaks observed at 5.2 - 5.0 ppm and 4.6 - 4.4 ppm represent the proton 

adjacent to the double bond.  However, the adjacent proton follows the opposite order 

with the cis orientation exhibiting greater de-shielding than the trans form.   

 Of greater interest in the NMR spectra was following the signals attributed to the 

macrocyclic core of the pendant Pc groups.  Based upon analysis of the monomer, the 

non-metallated Pc was anticipated to exist in a non-aggregating form at NMR 

concentrations as indicated by the sharpness of the signals of the macrocycle protons.  

Therefore, it was anticipated that broadening of these signals could be attributed to 

aggregation of the chromophore, a direct result of being bound to the polymer, raising 

both the local Pc concentration as well as restricting chromophore mobility.  Comparison  

of the various Pc-containing random copolymers over the range of the macrocycle 

protons showed a trend of increasing aggregation as the composition become more Pc 

rich (Figure 2.5). 
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Figure 2.5 Expanded NMR spectra of Pc monomer 2.5a and Pc-containing random copolymers 2.7a-2.7d, 

2.7f, and 2.7g, 500 MHz, 128 scans 

 With demonstration of Pc composition influencing the degree of chromophore 

aggregation, analysis of the block copolymers was conducted.  It was anticipated that 

aggregation would be observable at lower Pc concentrations compared to the random 

copolymer due to the increased local concentration of the macrocycle as well as the lack 

of steric influence from the surrounding comonomer.  The spatial effect on aggregation in 

the copolymer was borne out as aggregation was observed at lower concentrations of Pc 

in the block architecture when compared to the random copolymer (Figure 2.6).    

 

 



81 

 

Figure 2.6 Expanded NMR spectra of Pc-containing copolymers of either random (2.7a, 2.7c, 2.7f) or 

block (2.9a, 2.9c, 2.9e) architectures, 500 MHz, 128 scans 

 

2.3.5 NMR characterization of ZnPc-containing copolymers 

 Following observation that composition influenced the aggregation of the non-

metallated Pc-containing copolymers, comparison of the ZnPc analogues was conducted.  

It was observed in the ZnPc monomer, 2.5b, that the addition of a drop of dueterated 

pyridine to the NMR solution was necessary to prevent aggregation during the course of 

the experiment, so this process was continued with the copolymers as well (Figure 2.7).  
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Figure 2.7 Expanded NMR spectra of ZnPc monomer 2.5b ZnPc-containing random copolymers 2.8e-2.8i, 

500 MHz, 128 scans 

Comparison of the macrocyclic protons between non-metallated (2.7a-2.7f) and 

ZnPc polymers (2.8a-2.8e) suggest that the metallated copolymers exhibit less 

aggregation as Pc composition increases.  When looking at the ZnPc spectra, there is only 

moderate broadening of the core protons up to a ZnPc composition of 50%, with 

observation of the most downfield proton still discernible.  While this suppression of 

aggregation matches the anticipated tendencies,1 the influence of pyridine in the NMR 

solution on the metal center must also be acknowledged.  It is interesting to note that 

even in the presence of pyridine, at Pc compositions greater than 10% (2.8c-2.8e) there is 

a noticeable increase in broadening, suggesting that the local concentration of the ZnPc 

due to being tethered to the polymer is mitigating the screening ability of the pyridine in 

the NMR solution.   
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2.3.6 UV-Vis characterization of Pc-containing polymers in solution 

Investigation into the dilute solution properties of the various copolymers (2.7a-

2.7g, 2.8e-2.8i, and 2.9a-2.9e) was performed to determine the influence Pc periphery 

and surrounding polymer on site-isolation of the macrocycle.  Previous reports of Pc-

containing polymers utilizing other polymer scaffolds indicated macrocycle aggregation 

even in dilute solutions.18,19  For the non-metallated Pc in polymers 2.7a-2.7d, 2.7f and 

2.7g the split shape of the Q-band provides an excellent metric for assaying aggregation.  

UV-Vis solution characterization of the 2.7 copolymer series ranging from 0.01 to 0.1 

mg/mL (ca. 10-6 M) was carried out in DCM (Figure 2.8).   

 

Figure 2.8 UV-Vis spectra of Pc-containing random copolymers 2.7a (2.5% Pc feed ratio (FR)), 2.7b (5% 

FR), 2.7c (10% FR), 2.7d (25% FR), 2.7f (50% FR) and 2.7g (100% FR) in DCM ([Polymer] = ca. 10-6 M) 

with normalization to peak at 705 nm 

Unlike previous reports of Pc-containing polymers, little to no aggregation was 

observed across the 2.7 copolymer series based upon comparison of the Q-bands.  UV-

Vis of both the 2.7 copolymer series and Pc monomer 2.5a at dilute concentrations show 
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a split Q-band with a maxima at 705 nm with near identical profiles.  This difference in 

isolation between previous reports and the current is likely due in part to the polymer 

backbone being less flexible compared to other reports, resulting in less mobility of the 

macrocycle in solution.  Isolation can also be attributed to the three odd quadrants of the 

Pc monomers, as the di(tert-butyl)phenyl group has been reported to provide Pcs of high 

solubility with good macrocycle isolation.20,21   

Pc-containing copolymers utilizing block copolymer morphology, 2.9a-2.9e were 

also characterized following the same UV-Vis protocol as the random analogues and 

exhibited similar degrees of non-aggregation in solution based upon comparison of the Q-

band (Figure 2.9).   

 

Figure 2.9 UV-Vis spectra of Pc-containing block copolymers 2.9a (2.5% Pc feed ratio (FR)), 2.9b (5% 

FR), 2.9c (10% FR), 2.9d (25% FR), 2.9e (50% FR) in DCM ([Polymer] = ca. 10-6 M) with normalization 

to peak at 705 nm 

While inspection of the Q-band indicated little evidence of Pc aggregation in 

solution based on copolymer morphology or composition, comparison of the B-band 
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intensity does show trends across composition and architecture.  Comparison of the B-

band intensity of spectra normalized at 705 nm for the Pc-monomer 2.5a, random 

copolymers 2.9a and 2.9g, and block copolymers 2.9a and 2.9e shows an increase as a 

function of both Pc composition and copolymer architecture (Figure 2.10).   

 

Figure 2.10 UV-Vis spectra of non-metallated Pc materials of varying architecture in DCM: monomer 

(2.5a), random copolymer (2.7a, 2.7g) and block copolymer (2.9a, 2.9e) ([Pc] = ca. 5 x 10-6 M, [Poly] = ca. 

10-6 M) with normalization to peak at 705 nm 

Comparison of the intensity of the B-band showed an increase based upon Pc 

composition for both the random (2.7a and 2.7g) and the block (2.9a and 2.9e) 

copolymers at the lowest and highest amount of Pc incorporated respectively.  In 

addition, the architecture of the polymer also appeared to play a role with the block 

copolymer morphology (2.9a, 2.9e) exhibiting a greater increases in the B-band intensity 

compared to the random analogues (2.7a, 2.7g).  It is anticipated that the increase of the 

B-band is likely an effect of comparing the normalized Q-band of the various Pc-

containing materials.  As Pc aggregation occurs, the Q-band often exhibits fluctuations to 
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the split shape including intensity changes (and sometimes reversals) as well as peak 

broadening.22,23  While difficult to see through direct comparison of the Q-band, 

normalization can magnify these slight changes in intensity which are more prominently 

shown through B-band analysis. 

 Comparison of the non-metallated with metallated ZnPc-containing polymers was 

conducted to determine the effect on solution aggregation that metallation of the 

macrocycle imparts.  Following similar trends as has been reported in literature, the 

incorporation of Zn in the Pc core resulted in decreased aggregation (Figure 2.11). 

 

Figure 2.11 UV-Vis spectra of ZnPc materials in DCM: ZnPc monomer (2.5b) and random copolymers 

(2.8e – 2.8i) in DCM ([Pc] = ca. 5 x 10-6 M, [Polymer] = ca. 10-6 M) with normalization to peak at 685 nm 

Similar to the non-metallated Pc-containing polymers, comparison of the Q-band 

showed little difference between the monomer 2.5b and random copolymers 2.8e-2.8i.  

However, comparison of the B-band over a similar Pc composition range showed modest 

increases based upon ZnPc composition.  Further comparison of the increase in the B-
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band of the ZnPc copolymers 2.8e-2.8i with non-metallated copolymers 2.7a-2.7g 

indicated lesser increases in intensity across similar Pc compositions, suggesting 

decreased interactions for the ZnPc materials.  This was counter to the findings observed 

from NMR analysis where aggregation was discernible in all ZnPc-containing materials 

without the addition of pyridine.  This difference suggests that there may exist a possible 

concentration effect on aggregation with the ZnPc monomer and copolymers, with an 

onset occurring somewhere between the NMR concentration (ca. 10-3 M) and the diluted 

solutions of UV-Vis analysis (ca. 10-6 M).     

 

2.3.7 UV-Vis characterization of non-metallated Pc-containing polymer condensed-phase 

thin films 

Following solution studies, condensed phase thin-films were prepared by static 

spin casting (1000 rpm) semi-concentrated polymer solutions (10 mg/mL) from 

dichloroethane (DCE) onto quartz slides.  Thin films were also prepared from dynamic 

spin casting (2000 rpm) with the same solvent and concentration but were shown to have 

no noticeable difference in the UV spectrum while providing significantly less uniform 

films (Figure 2.12).  Regardless of the polymer composition, it was observed that the 

thin-films of the polymers gave fuller coverage and uniformity compared to spin coating 

of the Pc monomer alone which yielded aggregated islands.  
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Figure 2.12 Digital image of spin cast materials: a Monomer static cast, b Pc polymer dynamic cast, and c 

Pc polymer static cast 

Following preparation of thin films, UV spectra were obtained to determine the 

extent of Pc aggregation.  Through comparison to the solution spectra, it was determined 

that the non-metallated thin films began to exhibit noticeable aggregation visually at a Pc 

loading of greater than 5%, between 2.7b and 2.7c (Figure 2.13).   

 

Figure 2.13 UV-Vis spectra of condensed-phase thin films of non-metallated Pc-containing copolymers 

2.7a (2.5% FR), 2.7b (5% FR), 2.7c (10% FR), 2.7d (25% FR), 2.7e (50% FR), and 2.7g (100% FR) 

Aggregation was exhibited through a change in the split Q-band profile, with 

reversal of the band intensities as well as a general decrease in peak definition occurring 

as Pc composition increased.  The change observed in the Q-band can be explained in 

part by exciton coupling, an interaction in the condensed phase resulting in the collapse 
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of the split Q-band into a single broad peak with multiple features due to the changes in 

symmetry of the macrocycle.22,23  While visually, the onset of aggregation appears to 

begin at a Pc composition above 5%, comparison of the B band (ca. 340 nm) to the Q 

band (ca. 705 nm) for the monomer 2.5a and the non-metallated copolymer series 2.7 

suggest that macrocycle interaction has begun at the lowest Pc composition polymer.  By 

comparison of dilute solutions of Pc monomer 2.5a over a number of concentrations 

(5x10-7 
- 5x10-5 M), an average B- to Q-band ratio of 0.46 was observed.  When 

comparing the B- to Q-band intensity of the condensed-phase thin films of the 2.7 

random copolymer series, the lowest Pc composition material, 2.7a, has a value of 0.6.  

These values were seen to increase concurrently with Pc composition but plateaued at Pc 

compositions of ~30% and greater, where minimal difference was observed between the 

copolymer (2.7d-2.7g) and monomer thin films (2.5a) (Figure 2.14).  This finding 

suggests that while incorporation of the Pc into the copolymer as a pendant group 

provides improved processing capabilities in this study, it does little in regards to 

providing site-isolation of the macrocycle. 
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Figure 2.14 UV-Vis spectra of Pc monomer 2.5a (in DCM and static cast) and condensed-phase thin film 

of Pc copolymer 2.7a and 2.7g ([Pc] = ca. 5 x 10-6 M) with normalization to peak at 705 nm 

To provide insight into the effect of copolymer architecture, thin films of non-

metallated Pc-containing block copolymers (2.9a-2.9e) were prepared following the same 

protocols as those for the 2.7 random copolymer series.  Similar to the random 

copolymers, the block copolymers 2.9a-2.9e also exhibited an increase in aggregation as 

evidenced by the change in both the Q-band, through broadening and intensity switching, 

and an intensity increase of the B-band (Figure 2.15).  Unlike the random analogues, the 

changes in the polymer absorbance were more dramatic, with the lowest block copolymer 

2.9a exhibiting a large loss of definition in the Q-band with near equal peak intensities.   
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Figure 2.15 UV-Vis spectra of Pc monomer 2.5a (in DCM and static cast) and condensed-phase thin films 

of Pc block copolymers 2.9a and 2.9e ([Pc] = ca. 5 x 10-6 M) with normalization to peak at 705 nm 

Furthermore, the increase in B-band absorbance was much more substantial at the lowest 

composition (2.9a), showing a B-band intensity similar to random copolymer 2.7e with a 

composition of 50% Pc.  The comparison of the random versus block copolymer 

morphology provides evidence that the polymer morphology exerts influence not only in 

solution but also the condensed phase thin-film.     

 

2.3.8 UV-Vis characterization of ZnPc-containing polymer condensed-phase thin films 

Similar studies of condensed-phase thin films of ZnPc-containing polymers were 

conducted to determine if metallation provided similar aggregation suppression 

tendencies as observed in solution.  Films were prepared as previously described for non-

metallated Pc-containing polymers.  Similar to results of non-metallated Pc-containing 

polymers, thin films prepared from ZnPc macromolecules also exhibited a trend of 
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increasing aggregation concurrent with ZnPc composition.  As the composition was 

increased, the definition of the Q-band decreased as demonstrated by the appearance of a 

shorter wavelength shoulder appearing with general peak broadening (Figure 2.16). 

 

Figure 2.16 UV-Vis spectra of condensed-phase thin film of ZnPc-containing polymers 2.8a-2.8d and 2.8i 

 When comparing the intensities of the B-band (358 nm) to the Q-band (685 nm) 

of the ZnPc random copolymer series (2.8) a similar trend to the non-metallated Pc 

copolymers 2.7 was observed, where an increase in the B- to Q-band ratio was seen as Pc 

composition increased.  However, unlike the non-metallated polymers, the B- to Q-band 

ratio increased at a slower rate, with an increase of ca. 0.1 over a ZnPc composition 

increase of about 15% (2.8a-2.8c), half the amount compared to the non-metallated 

analogs (2.7a-2.7c) (Figure 2.17).   
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Figure 2.17 UV-Vis spectra of ZnPc monomer 2.5b (in DCM and static cast) and ZnPc polymer 2.8a and 

2.8i (static cast) ([Pc] = ca. 5 x 10-6 M) with normalization to peak at 685 nm 

Similar to the non-metallated, the ZnPc polymers in the condensed-phase also exhibited 

an increase in the ratio at the lowest composition 2.8a compared to monomer solutions 

2.5b.  Comparison of the ZnPc copolymer condensed-phase thin films against monomer 

2.5b showed less aggregation compared to non-metallated random copolymer 2.7a as 

evidenced by both the retained definition of Q-band as well as a decrease in the B-band 

absorbance.  These findings support the expected trend that Zn metallation of the Pc core 

reduces the interaction tendencies of the macrocycle both in solution and thin film under 

appropriate conditions.1        

 

2.4 Conclusions 

 The synthesis, characterization, and ROMP of an asymmetric Pc has been 

described.  Asymmetric Pcs with a FPM in the odd quadrant were prepared by using a 
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deprotection/addition scheme, starting with the statistical condensation of a masked 

phthalonitrile followed by acid cleavage to yield an asymmetric Pc with a phenolic 

functionality in the odd quadrant.  Following acid cleavage, alkylation provided the final  

Pc monomer with an oxanorbornene functionality.  The Pc monomer was then 

copolymerized via ROMP resulting in polymers of varying Pc composition, with 

controlled molecular weights and narrow polydispersities.  Studies of aggregation in both 

solution and condensed-phase thin films were conducted.  Following the macrocycle 

proton signal via NMR indicated a gradual onset of aggregation in both the metallated 

and non-metallated Pc-containing polymers with aggregation in the ZnPc polymers being 

mitigated through the addition of dueterated pyridine.  Furthermore, the architecture of 

the polymer was also observed to influence the onset of aggregation with the block 

architecture showing an earlier onset and greater degrees of aggregation.  Following 

aggregation through UV-Vis spectroscopy showed similar trends to findings through 

NMR albeit with suppressed onset, likely due to the dilute conditions employed.  While 

little to no aggregation was observed in solution UV when comparing Q-band shape or 

intensity, following the B-band absorption showed a distinct trend across composition 

and morphology.   Condensed-phase thin films showed similar behavior as observed in 

solution, with the higher Pc compositions exhibiting greater degrees of aggregation.  

Metallated Pc-containing polymers mirrored tendencies observed with non-metallated Pc-

containing polymers but showed reduced aggregation in both dilute solution and thin 

films.  The ability to control the composition and morphology of Pc-containing polymers, 
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and as a result their properties, will provide an additional method for tailoring materials 

to address the needs of future applications.   

 

2.5 Experimental procedures 

Materials and Methods. 

All chemicals were purchased from commercial vendors and used as received unless 

otherwise stated.  Dichloromethane (DCM) was dried by distilling over CaH followed by 

storage over 4Å molecular sieves.  4-Paramethoxy phthalonitrile (2.1),17 4,5-bis(di-2,4-

tertbutylphenoxy) phthalonitrile (2.2),20,21 N-(6-bromohexyl)-7-oxabicyclo[2.2.1]hept-5-

ene-2,3-dicarboximide (2.4),24 and N-(dodecyl)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-

dicarboximide (2.6)25  were prepared as previously reported.  GPC characterization was 

performed using a Waters 1515 separations module running three 5 µm PLgel columns 

(Polymer Labs, pore sizes 104, 103, 102Å) running a mobile phase of THF at an elution 

rate of 1mL/minute.  Data was obtained using a Waters 2414 differential refractometer 

and Waters 2487 dual wavelength UV-Vis spectrometer.  Molecular weights were 

determined using Empower software (Waters) compared against low polydispersity linear 

polystyrene standards.  NMR spectra were obtained on a Bruker 500 MHz instrument and 

processed using MestReNova (MestReLabs) software.  Chemical shifts were referenced 

to CDCl3 with a value of 7.26 ppm (1H) and 77.0 ppm (13C).  Mass spectra were obtained 

from the Mass Spectrometry Facility, Department of Chemistry and Biochemistry, 

University of Arizona.   
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2,3,9,10,16,17-Hexa(di-2,4-tertbutylphenoxy)-23-(hydroxy)phthalocyanine (2.3a)  

[bdk_5_041]. A procedure was adapted from the literature17 as follows: a mixture of 

phthalonitriles 2.1 (0.246 g, 0.931 mmol) and 2.2 (1.00 g, 1.86 mmol), DBU (0.213 g, 

1.40 mmol), LiBr (0.122 g, 1.40 mmol) and C5H12OH (12 mL) was maintained at reflux 

under Ar for 14 h, during which time the reaction changed from a yellow dispersion to an 

opaque dark green solution.  The reaction was allowed to cool to room temperature 

followed by removal of C5H12OH by rotary evaporation (75 ºC, 10 torr) yielding a dark 

green solid.  The crude solid was dissolved in dry DCM (30 mL) followed by addition of 

TFA (3 mL), during which time the solution turned from green to brown.  The solution 

was allowed to stir for 1 h followed by removal of solvent by rotary evaporator.  A 

process of dissolving the solid in DCE (25 mL) and concentrating to dryness was carried 

out until the odor of TFA was no longer detected resulting in a color change from brown 

to green.  The crude green solid was purified via flash chromatography (SiO2, DCM/Hex 

(3:2)) to yield 2.3a (0.38 g, 24%) as a dark green solid: 1H NMR (500 MHz, CDCl3) δ 

9.24 (d, J = 8.2 Hz, 1H), 9.06 - 8.97 (m, 6H), 8.76 (d, J = 1.5 Hz, 1H), 7.62 (dd, J = 8.2, 

2.2 Hz, 1H), 7.56 - 7.54 (m, 2H), 7.50 - 7.47 (m, 4H), 7.30 - 7.27 (m, 2H), 7.21 - 7.17 (m, 

4H), 7.11 - 7.08 (m, 2H), 6.99 - 6.96 (m, 4H), 5.65 (b, 1H), 1.55 - 1.49 (m, 18H), 1.49 - 

1.45 (m, 36H), 1.43 - 1.40 (m, 18H), 1.36 - 1.34 (m, 36H);  MS: (MALDI) m/z: 1757.0 

(M+H).  
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(2,3,9,10,16,17-Hexa(di-2,4-tertbutylphenoxy)-23-

(hydroxy)phthalocyanine)zinc(II)(2.3b) [bdk_5_045] A procedure was adapted from 

the literature17 as follows: a mixture of phthalonitriles 2.1 (0.246 g, 0.931 mmol) and 2.2 

(1.00 g, 1.86 mmol), DBN (0.173 g, 1.40 mmol), Zn(OAc)2 (0.257 g, 1.40 mmol) and 

C5H12OH (12 mL) was maintained at reflux under Ar for 18 h, during which time the 

reaction changed from a yellow dispersion to an opaque dark green solution.  The 

reaction was allowed to cool to room temperature followed by removal of C5H12OH by 

rotary evaporation (75 ºC, 10 torr) yielding a dark green solid.  The crude solid was 

dissolved in dry DCM (30 mL) followed by addition of TFA (3 mL), during which time 

the solution turned from green to brown.  The solution was allowed to stir for 2 h 

followed by removal of solvent by rotary evaporator.  A process of dissolving the solid in 

DCE (25 mL) and concentrating to dryness was carried out until the odor of TFA was no 

longer detected resulting in a color change from brown to green.  The crude green solid 

was purified via flash chromatography (SiO2, DCM/MeOH (98:2)) to yield 2.3b (0.35 g, 

31%) as a dark green solid: 1H NMR (500 MHz, CDCl3/d-5 pyridine (0.1%) ) δ 9.18 (d, J 

= 8.2 Hz, 1H), 9.00 - 8.94 (m, 4H), 8.93 (s, 1H), 8.85 (s, 1H), 8.76 (d, J = 2.2 Hz, 1H), 

7.64 (dd, J = 8.2, 2.3 Hz, 1H), 7.52 (dd, J = 2.5 Hz, 2H), 7.49 - 7.45 (m, 2H), 7.43 (d, J = 

2.4 Hz, 2H), 7.24 - 7.14 (m, 6H), 7.10 - 7.01 (m, 2H), 7.00 - 6.95 (m, 2H), 6.82 (d, J = 

8.4 Hz, 2H), 1.56 - 1.44 (m, 36H), 1.43 - 1.30 (m, 72H); MS: (MALDI) m/z: 1819.8 

(M+H).  
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2,3,9,10,16,17-Hexa(di-2,4-tertbutylphenoxy)-23-(N-(hexyloxy)-7-

oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide)phthalocyanine (2.5a)  [bdk_4_155].  

A mixture of phthalocyanine 2.3a (0.200 g, 0.114 mmol), furan-protected maleimide 2.4 

(0.056 g, 0.171 mmol), K2CO3 (0.024 g, 0.171 mmol), KI (0.010 g, 0.057 mmol) and 

DMF (5 mL) were heated at 75 ºC under Ar for 4 h.  The reaction was allowed to cool to 

room temperature followed by dilution with MeOH (30 mL) and H2O (10 mL) to give a 

fine green precipitate that was separated by centrifugation.  The crude green solid was 

purified via flash chromatography (SiO2, DCM/Hex (3:1-4:1)) to yield 2.5a (0.184 g, 

81%) as a dark green solid: 1H NMR (500 MHz, CDCl3) δ 9.28 (d, J = 8.5 Hz, 1H), 9.02 

- 8.95 (m, 6H), 8.81 (d, J = 1.5 Hz, 1H), 7.71 (dd, J = 8.2, 2.2 Hz, 1H), 7.55 - 7.54 (m, 

2H), 7.50 - 7.47 (m, 4H), 7.30 - 7.27 (m, 2H), 7.21 - 7.17 (m, 4H), 7.12 - 7.08 (m, 2H), 

7.00 - 6.96 (m, 4H), 6.47 - 6.45 (m, 2H), 5.27 - 5.25 (m, 2H), 4.46 (t, J = 6.2 Hz, 2H), 

3.57 - 3.52 (m, 2H), 2.82 (s, 2H), 2.04 - 1.97 (m, 2H), 1.73 - 1.62 (m, 4H), 1.55 - 1.45 (m, 

56H), 1.43 - 1.38 (m, 18H), 1.37 - 1.32 (m, 36H); UV-Vis: λ 344nm (ε = 8.70 x 104 M-1 

cm-1), 705 nm (ε = 2.16 x 105 M-1 cm-1); MS: (MALDI) m/z: 1936.2 (M+H, -C4H4O). 

 

(2,3,9,10,16,17-Hexa(di-2,4-tertbutylphenoxy)-23-(N-(hexyloxy)-7-

oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide)phthalocyanine)zinc(II) (2.5b)  

[bdk_5_039]. A mixture of phthalocyanine 2.3b (0.200 g, 0.110 mmol), furan-protected 

maleimide 2.4 (0.075 g, 0.229 mmol), K2CO3 (0.032 g, 0.232 mmol), KI (0.017 g, 0.102 

mmol) and DMF (5 mL) were heated at 75 ºC under Ar for 17 h.  The reaction was 

allowed to cool to room temperature followed by dilution with MeOH (30 mL) and H2O 
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(10 mL) to give a fine green precipitate that was separated by centrifugation.  The crude 

green solid was purified via flash chromatography (SiO2, DCM/MeOH ((98:2)) to yield 

2.5b (0.134 g, 59%) as a dark green solid: 1H NMR (500 MHz, CDCl3) δ 9.23 (d, J = 8.3 

Hz, 1H), 9.05 (s, 1H), 9.02-8.95 (m, 4H) 8.81 (d, J = 2.3 Hz, 1H), 7.65 (dd, J = 8.2, 2.2 

Hz, 1H), 7.56 - 7.52 (m, 3H), 7.51 - 7.46 (m, 4H), 7.30 - 7.27 (m, 2H), 7.21 - 7.17 (m, 

4H), 7.12 - 7.08 (m, 2H), 7.00 - 6.96 (m, 4H), 6.48 - 6.45 (m, 2H), 5.29 - 5.26 (m, 2H), 

4.45 (t, J = 6.2 Hz, 2H), 3.55 (t, J = 7.3Hz, 2H), 2.84 (s, 2H), 2.05 - 1.95 (m, 2H), 1.75 - 

1.63 (m, 4H), 1.60 - 1.2 (m, 110 H); UV-Vis: λ 350 nm (ε = 1.16 x 105 M-1 cm-1), 685 nm 

(ε = 3.32 x 105 M-1 cm-1); MS: (MALDI) m/z: 1998.0 (M+H, -C4H4O). 

 

Procedure for ROMP with non-metallated Pc monomer [bdk_4_169]: A mixture of 

phthalocyanine 2.5a, FPMC12 2.6, and dry DCM (volume to give [M]o = 0.1 – 0.05 M 

when combined with catalyst solution) were stirred at RT for 5 minutes.  Separately, a 

mixture of an appropriate amount of Grubb's generation 1 catalyst (to give targeted DP) 

and dry DCM (volume to give [M]o = 0.1 – 0.05 M when combined with monomer 

solution) was sonicated for 1 minute at RT.  The dissolved catalyst was added to the 

monomer solution and stirred at RT for 30 minutes followed by quenching with isobutyl 

vinyl ether (10 drops) with stirring for an additional 30 minutes.  The crude reaction 

mixture was diluted into a solution of MeOH:DCM (40 mL:2.5 mL) followed by drop 

wise addition of brine until precipitation of a green solid that was isolated by 

centrifugation.  This process of precipitation was performed three times followed by 

drying in vacuo to a constant mass: 1H NMR (500 MHz, CDCl3,  (signals vary in 



100 

broadness depending upon polymer composition) δ 9.32 - 9.30 (br), 9.05 - 8.95 (br), 8.85 

- 8.81 (br), 7.76 - 7.71 (br), 7.58 - 7.54 (br), 7.51 - 7.48 (br), 7.44 - 7.38 (br), 7.34 - 7.16 

(br), 7.13 - 7.07 (br), 7.02 - 6.94 (br), 6.14 - 6.02 (br), 5.86 - 5.72 (br), 5.15 - 4.90 (br), 

4.60 - 4.35 (br), 3.65 - 3.20 (br), 2.10 - 1.96 (br), 1.85 - 1.05 (br), 0.95 - 0.75 (br). 

 

Pc-containing random copolymer, 2.5 % feed ratio, 2.5 % catalyst (2.7a) 

[bdk_5_109a]. A mixture of 2.5a (7.7 mg, 3.85 µmol), 2.6 (0.050 g, 0.150 mmol), and G1 

catalyst (3.2 mg, 3.85 µmol) in DCM (1.5 mL) was used to yield 2.7a (0.037 g (61 %) as 

a green solid: GPC (THF) Mn: 14000 g/mol Mw/Mn: 1.06; UV-Vis: λ 344 nm (ε = 9.39 x 

104 M-1 cm-1), 705 nm (ε = 1.97 x 105 M-1 cm-1).   

 

Pc-containing random copolymer, 5 % feed ratio, 2.5 % catalyst (2.7b) 

[bdk_4_179a]. A mixture of 2.5a (0.015 g, 7.50 µmol), 2.6 (0.050 g, 0.150 mmol), and 

G1 catalyst (3.3 mg, 3.95 µmol) in DCM (1 mL) was used to yield 2.7b (0.043 g, 66 %) 

as a green solid: GPC (THF) Mn: 15800 g/mol Mw/Mn: 1.08; UV-Vis: λ 344 nm (ε = 6.16 

x 104 M-1 cm-1), 705 nm (ε = 1.29 x 105 M-1 cm-1).   

 

Pc-containing random copolymer, 10 % feed ratio, 2.5 % catalyst (2.7c) 

[bdk_4_179b].  A mixture of 2.5a (0.030 g, 15.0 µmol), 2.6 (0.050 g, 0.150 mmol), and 

G1 catalyst (3.4 mg, 4.13 µmol) in DCM (1 mL) was used to yield 2.7c (0.041 g, 51 %) 

as a green solid: GPC (THF) Mn: 19200 g/mol Mw/Mn: 1.19; UV-Vis: λ 344 nm (ε = 1.34 

x 105 M-1 cm-1), 705 nm (ε = 2.80 x 105 M-1 cm-1). 
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Pc-containing random copolymer, 25 % feed ratio, 2.5 % catalyst (2.7d) 

[bdk_5_047a].  A mixture of 2.5a (0.025 g, 12.5 µmol), 2.6 (0.013 g, 37.5 µmol), and G1 

catalyst (1.0 mg, 1.25 µmol) in DCM (0.5 mL) was used to yield 2.7d (0.018 g, 48 %) as 

a green solid: GPC (THF) Mn: 21400 g/mol Mw/Mn: 1.20; UV-Vis: λ 344 nm (ε = 2.20 x 

105 M-1 cm-1), 705 nm (ε = 4.59 x 105 M-1 cm-1). 

 

Pc-containing random copolymer, 50 % feed ratio, 2.5 % catalyst (2.7e) 

[bdk_5_047b].  A mixture of 2.5a (0.025 g, 12.5 µmol), 2.6 (4.0 mg, 12.5 µmol), and G1 

catalyst (0.5 mg, 0.625 µmol) in DCM (0.25 mL) was used to yield 2.7e (0.020 g, 61 %) 

as a green solid: GPC (THF) Mn: 26400 g/mol Mw/Mn: 1.17; UV-Vis: λ 344 nm (ε = 3.49 

x 105 M-1 cm-1), 705 nm (ε = 6.76 x 105 M-1 cm-1). 

 

Pc-containing random copolymer, 50 % feed ratio, 2.5 % catalyst, diluted (2.7f) 

[bdk_5_117a].  A mixture of 2.5a (0.025 g, 12.5 µmol), 2.6 (4.0 mg, 12.5 µmol), and G1 

catalyst (0.5 mg, 0.625 µmol) in DCM (0.50 mL) was used to yield 2.7f (0.020 g, 69 %) 

as a green solid: GPC (THF) Mn: 19000 g/mol Mw/Mn: 1.19; UV-Vis: λ 344 nm (ε = 8.13 

x 105 M-1 cm-1), 705 nm (ε = 1.48 x 106 M-1 cm-1). 

 

Pc-containing random copolymer, 100 % feed ratio, 2.5 % catalyst, diluted (2.7g) 

[bdk_5_117b].  A mixture of 2.5a (0.025 g, 12.5 µmol) and G1 catalyst (0.25 mg, 0.363 

µmol) in DCM (0.25 mL) was used to yield 2.7g (0.019 g, 78 %) as a green solid: GPC 
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(THF) Mn: 23100 g/mol Mw/Mn: 1.13; UV-Vis: λ 344 nm (ε = 1.50 x 106 M-1 cm-1), 705 

nm (ε = 2.63 x 106 M-1 cm-1). 

 

Pc-containing random copolymer, 2.5 % feed ratio, 1.25 % catalyst (2.7h) 

[bdk_5_109b].  A mixture of 2.5a (7.7 mg, 3.85 µmol), 2.6 (0.050 g, 0.150 mmol), and 

G1 catalyst (1.6 mg, 1.93 µmol) in DCM (1.5 mL) was used to yield 2.7h (0.048 g, 80 %) 

as a green solid: GPC (THF) Mn: 25300 g/mol Mw/Mn: 1.05; UV-Vis: λ 344 nm (ε = 1.26 

x 105 M-1 cm-1), 705 nm (ε = 2.68 x 105 M-1 cm-1).   

 

Pc-containing random copolymer, 2.5 % feed ratio, 0.5 % catalyst (2.7i) 

[bdk_5_109c].  A mixture of 2.5a (7.7 mg, 3.85 µmol), 2.6 (0.050 g, 0.150 mmol), and 

G1 catalyst (0.8 mg, 0.77 µmol) in DCM (1.5 mL) was used to yield 2.7i (0.048 g, 79 %) 

as a green solid: GPC (THF) Mn: 48900 g/mol Mw/Mn: 1.09; UV-Vis: λ 344 nm (ε = 2.37 

x 105 M-1 cm-1), 705 nm (ε = 5.07 x 105 M-1 cm-1).   

 

Pc-containing random copolymer, 2.5 % feed ratio, 0.1 % catalyst (2.7j) 

[bdk_5_109d].  A mixture of 2.5a (7.7 mg, 3.85 µmol), 2.6 (0.050 g, 0.150 mmol), and 

G1 catalyst (0.13 mg, 0.15 µmol) in DCM (1.5 mL) was used to yield 2.7j (0.041 g, 69 

%) as a green solid: GPC (THF) Mn: 148600 g/mol Mw/Mn: 1.20; UV-Vis: λ 344 nm (ε = 

5.15 x 105 M-1 cm-1), 705 nm (ε = 1.11 x 106 M-1 cm-1).   
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Procedure for ROMP with ZnPc monomer [bdk_4_169]: A mixture of phthalocyanine 

2.5b, FPMC12 2.6, and dry DCM (volume to give [M]o = 0.05 – 0.03 M when combined 

with catalyst solution) were stirred at RT for 5 minutes.  Separately, a mixture of an 

appropriate amount of Grubb's generation 1 catalyst (to give targeted DP) and dry DCM 

(volume to give [M]o = 0.05 – 0.03 M when combined with monomer solution) was 

sonicated for 1 minute at RT.  The dissolved catalyst was added to the monomer solution 

and stirred at RT for 45 minutes followed by quenching with isobutyl vinyl ether (10 

drops) with stirring for an additional 30 minutes.  The crude reaction mixture was diluted 

into a solution of MeOH:DCM (40 mL:2.5 mL) followed by drop wise addition of brine 

until precipitation to yield a green solid that was isolated by centrifugation.  This process 

of precipitation was performed three times followed by drying in vacuo to a constant 

mass: 1H NMR (500 MHz, CDCl3/d-5 pyridine (0.5%)),  (signals vary in broadness 

depending upon polymer composition) δ 9.26 - 9.22 (br), 9.06 - 8.98 (br), 8.83 - 8.78 (br), 

7.56 - 7.52 (br), 7.51 - 7.46 (br), 7.45 - 7.36 (br), 7.34 - 7.22 (br), 7.20 - 7.13 (br), 7.12 - 

7.05 (br), 7.03 - 6.94 (br), 6.14 - 6.03 (br), 5.86 - 5.72 (br), 5.15 - 4.93 (br), 4.60 - 4.35 

(br), 3.63 - 3.10 (br), 2.10 - 1.96 (br), 1.90 - 1.05 (br), 0.94 - 0.80 (br) 

 

ZnPc-containing polymer, 2.5 % feed ratio, 2.5 % catalyst (2.8a) [bdk_5_061a].  A 

mixture of 2.5b (8.0 mg, 3.85 µmol), 2.6 (0.050 g, 0.150 mmol), and G1 catalyst (3.2 mg, 

3.85 µmol) in DCM (1.5 mL) was used to yield 2.8a (0.045 g, 77 %) as a green solid: 

GPC (THF) Mn: 14100 g/mol Mw/Mn: 1.39; UV-Vis: λ 350 nm (ε = 4.05 x 104 M-1 cm-1), 

685 nm (ε = 9.82 x 104 M-1 cm-1). 
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ZnPc-containing polymer, 5.0 % feed ratio, 2.5 % catalyst (2.8b) [bdk_5_061b].  A 

mixture of 2.5b (0.016 g, 7.89 µmol), 2.6 (0.050 g, 0.150 mmol), and G1 catalyst (3.2 

mg, 3.85 µmol) in DCM (1.6 mL) was used to yield 2.8b (0.056 g, 84 %) as a green 

solid: GPC (THF) Mn: 15600 g/mol Mw/Mn: 1.28; UV-Vis: λ 350 nm (ε = 9.01 x 104 M-1 

cm-1), 685 nm (ε = 2.06 x 105 M-1 cm-1). 

 

ZnPc-containing polymer, 10 % feed ratio, 2.5 % catalyst (2.8c) [bdk_5_061c].  A 

mixture of 2.5b (0.034 g, 16.7 µmol), 2.6 (0.050 g, 0.150 mmol), and G1 catalyst (3.4 

mg, 4.18 µmol) in DCM (1.7 mL) was used to yield 2.8c (0.070 g, 83 %) as a green solid: 

GPC (THF) Mn: 17100 g/mol Mw/Mn: 1.27; UV-Vis: λ 350 nm (ε = 1.54 x 105 M-1 cm-1), 

685 nm (ε = 3.56 x 105 M-1 cm-1). 

 

ZnPc-containing polymer, 25 % feed ratio, 2.5 % catalyst (2.8d) [bdk_5_061d].  A 

mixture of 2.5b (0.052 g, 0.025 mmol), 2.6 (0.025 g, 0.075 mmol), and G1 catalyst (2.1 

mg, 2.5 µmol) in DCM (1.0 mL) was used to yield 2.8d (0.052 g, 68 %) as a green solid: 

GPC (THF) Mn: 20200 g/mol Mw/Mn: 1.26; UV-Vis: λ 350 nm (ε = 3.91 x 105 M-1 cm-1), 

685 nm (ε = 8.40 x 105 M-1 cm-1). 

 

ZnPc-containing polymer, 2.5 % feed ratio, 2.5 % catalyst, diluted (2.8e) 

[bdk_5_135a].  A mixture of 2.5b (4.0 mg, 1.92 µmol), 2.6 (0.025 g, 0.075 mmol), and 

G1 catalyst (1.6 mg, 1.92 µmol) in DCM (1.5 mL) was used to yield 2.8e (0.020 g, 69 %) 
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as a green solid: GPC (THF) Mn: 13800 g/mol Mw/Mn: 1.19; UV-Vis: λ 350 nm (ε = 9.95 

x 104 M-1 cm-1), 685 nm (ε = 2.62 x 105 M-1 cm-1). 

 

ZnPc-containing polymer, 5 % feed ratio, 2.5 % catalyst, diluted (2.8f) 

[bdk_5_135b].  A mixture of 2.5b (8.0 mg, 3.95 µmol), 2.6 (0.025 g, 0.075 mmol), and 

G1 catalyst (1.6 mg, 1.92 µmol) in DCM (1.6 mL) was used to yield 2.8f (0.022 g, 67 %) 

as a green solid: GPC (THF) Mn: 14800 g/mol Mw/Mn: 1.21; UV-Vis: λ 350 nm (ε = 1.89 

x 105 M-1 cm-1), 685 nm (ε = 5.06 x 105 M-1 cm-1). 

 

ZnPc-containing polymer, 10 % feed ratio, 2.5 % catalyst, diluted (2.8g) 

[bdk_5_135c].  A mixture of 2.5b (0.017 g, 8.33 µmol), 2.6 (0.025 g, 0.075 mmol), and 

G1 catalyst (1.7 mg, 2.08 µmol) in DCM (1.7 mL) was used to yield 2.8g (0.035 g, 83 %) 

as a green solid: GPC (THF) Mn: 16600 g/mol Mw/Mn: 1.22; UV-Vis: λ 350 nm (ε = 3.87 

x 105 M-1 cm-1), 685 nm (ε = 9.96 x 105 M-1 cm-1). 

 

ZnPc-containing polymer, 25 % feed ratio, 2.5 % catalyst, diluted (2.8h) 

[bdk_5_135d].  A mixture of 2.5b (0.026 g, 12.5 µmol), 2.6 (0.013g, 0.038 mmol), and 

G1 catalyst (1.0 mg, 1.25 µmol) in DCM (1.0 mL) was used to yield 2.8h (0.030 g, 75 %) 

as a green solid: GPC (THF) Mn: 19800 g/mol Mw/Mn: 1.18; UV-Vis: λ 350 nm (ε = 7.33 

x 105 M-1 cm-1), 685 nm (ε = 1.67 x 106 M-1 cm-1). 
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ZnPc-containing polymer, 50 % feed ratio, 2.5 % catalyst, diluted (2.8i) 

[bdk_5_135g].  A mixture of 2.5b (0.025 g, 12.1 µmol), 2.6 (4.0 mg, 12.1 µmol), and G1 

catalyst (0.5 mg, 0.61 µmol) in DCM (0.5 mL) was used to yield 2.8i (0.021 g, 73 %) as a 

green solid: GPC (THF) Mn: 26000 g/mol Mw/Mn: 1.40; UV-Vis: λ 350 nm (ε = 1.78 x 

106 M-1 cm-1), 685 nm (ε = 4.12 x 106 M-1 cm-1). 

 

Procedure for block copolymers via ROMP with 2.5 % catalyst.  A mixture of 

FPMC12 2.6 and dry DCM (volume to give [M]o = 0.15 – 0.08 M when combined with 

catalyst solution) were stirred at RT for 5 minutes.  Separately, a mixture of an 

appropriate amount of Grubb's generation 1 catalyst (to give targeted DP) and dry DCM 

(volume to give [M]o = 0.15 – 0.08 M when combined with monomer solution) was 

sonicated for 1 minute at RT.  The dissolved catalyst was added to the monomer solution 

and stirred at RT for 45 minutes.  Separately, a mixture of phthalocyanine monomer 2.5a 

and dry DCM (volume to give a [Mo] = 0.08 – 0.03 M for all monomer) was stirred for 5 

minutes at RT prior to being added to the polymerization solution.  The reaction mixture 

was stirred for an additional 45 minutes followed by quenching with isobutyl vinyl ether 

(10 drops) with stirring for an additional 30 minutes.  Polymers were isolated as 

described previously.   

 

Pc-containing polymer, 2.5 % feed ratio, 2.5 % catalyst, block (2.9a) [bdk_5_079a].  

A mixture of 2.5a (7.7 mg, 3.85 µmol), 2.6 (0.050 g, 0.150 mmol), and G1 catalyst (0.13 

mg, 0.15 µmol) in DCM (1.5 mL) was used to yield 2.9a (0.047 g, 81 %) as a green solid: 
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GPC (THF) Mn: 15000 g/mol Mw/Mn: 1.11; UV-Vis: λ 344 nm (ε = 5.66 x 104 M-1 cm-1), 

705 nm (ε = 1.17 x 105 M-1 cm-1). 

 

Pc-containing polymer, 5 % feed ratio, 2.5 % catalyst, block (2.9b) [bdk_5_111a].  A 

mixture of 2.5a (7.7 mg, 3.85 µmol), 2.6 (0.025 g, 0.073 mmol), and G1 catalyst (1.6 mg, 

1.9 µmol) in DCM (0.8 mL) was used to yield 2.9b (0.024 g, 74 %) as a green solid: GPC 

(THF) Mn: 15000 g/mol Mw/Mn: 1.10; UV-Vis: λ 344 nm (ε = 1.81 x 105 M-1 cm-1), 705 

nm (ε = 3.60 x 105 M-1 cm-1). 

 

Pc-containing polymer, 10 % feed ratio, 2.5 % catalyst, block (2.9c) [bdk_5_079b].  

A mixture of 2.5a (0.033 g, 16.7 µmol), 2.6 (0.050 g, 0.150 mmol), and G1 catalyst (3.4 

mg, 4.17 µmol) in DCM (1.7 mL) was used to yield 2.9c (0.049 g, 59 %) as a green solid: 

GPC (THF) Mn: 16100 g/mol Mw/Mn: 1.09; UV-Vis: λ 344 nm (ε = 2.65 x 105 M-1 cm-1), 

705 nm (ε = 4.47 x 105 M-1 cm-1). 

 

Pc-containing polymer, 25 % feed ratio, 2.5 % catalyst, block (2.9d) [bdk_5_0111b].  

A mixture of 2.5a (0.025 g, 12.5 µmol), 2.6 (0.013 g, 0.038 mmol), and G1 catalyst (1.0 

mg, 1.25 µmol) in DCM (0.5 mL) was used to yield 2.9d (0.031 g, 77 %) as a green 

solid: GPC (THF) Mn: 18900 g/mol Mw/Mn: 1.06; UV-Vis: λ 344 nm (ε = 8.08 x 105 M-1 

cm-1), 705 nm (ε = 1.47 x 106 M-1 cm-1). 
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Pc-containing polymer, 50 % feed ratio, 2.5 % catalyst, block, diluted (2.9e) 

[bdk_5_111c].  A mixture of 2.5a (0.025 g, 12.5 µmol), 2.6 (4.0 mg, 12.5 µmol), and G1 

catalyst (0.5 mg, 0.63 µmol) in DCM (0.5 mL) was used to yield 2.9e (0.023 g, 78 %) as 

a green solid: GPC (THF) Mn: 24300 g/mol Mw/Mn: 1.10; UV-Vis: λ 344 nm (ε = 1.09 x 

106 M-1 cm-1), 705 nm (ε = 1.98 x 106 M-1 cm-1). 

 

Preparation of condensed-phase thin films.  A mixture of Pc-containing polymer and 

DCE (volume to give 10 mg/mL) were sonicated for five minutes to ensure solvation.  

Thin films were prepared adding the polymer solution onto a cleaned but otherwise 

untreated quartz slide (1"x1") followed by rotation at 1000 rpm for 1 minute followed by 

an increase to 2000 rpm for 30 seconds.  



109 

3. PHTHALOCYANINE INCORPORATION INTO LINEAR POLYMERS VIA 

DIELS-ALDER CYCLOADDITION 

 

3.1 Introduction 

 As described previously, incorporation of Pcs covalently into polymers can 

address some of the concerns in processing Pc-containing materials.  In chapter 2, work 

that prepared a polymerizable Pc was described, showing how design of the polymer 

could influence the observed properties of the macrocycle.  While this method proved to 

prepare well-defined polymers, modifications in polymerization and purification of the 

polymer were necessary due to macrocycle incorporation.  However, by incorporating a 

functionality that can be reacted with a pendant polymer group, Pcs can be introduced 

into macromolecules through post-polymerization modification, exploiting both the 

intrinsic Pc properties as well as the modifiable nature of the polymer without the same 

preparation and processing concerns as polymerization of a Pc monomer.  In this manner, 

effort can be placed on the polymer design, architecture, and composition, in a manner 

independent of the Pc.  Incorporation of the Pc can then yield a tailored Pc material 

without need for modification of the macrocycle itself.  In order to synthesize Pc-

containing polymers where structure-property correlations can be determined, the 

preparation of well-defined polymers with reactive functional groups is paramount.  One 

polymerization strategy to prepare such a material is through the use of a controlled 

radical polymerization such as Atom Transfer Radical Polymerization (ATRP).   
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3.1.1 Preparation of well-defined polymers through ATRP 

 Arguably the largest pool of precursors to prepare macromolecules comes from 

the vinyl monomers.  The vinyl functionality is the main polymerizable moiety in a 

variety of molecules including (meth)acrylates, (meth)acrylamides, and styrenic 

molecules.  Polymerization of the vinyl bond can occur through a cationic, anionic, or 

radical pathway, with the radical pathway being the most accessible but typically the least 

controlled mechanism.1,2  From a very simplistic view, the stages of polymerization 

through the radical pathway include initiation, propagation, chain transfer, and 

termination.  For more specific discussion of the processes involved in radical 

polymerization and the alternative side reactions that can occur, the reader is directed to 

more in-depth treatments on the subject.1,2 

 In order to prepare well-defined materials, the radical polymerization process 

must be modified in order to control or minimize the chain transfer and termination 

processes.  If performed in a conventional manner, radical polymerizations will tend 

toward moderate to high polydispersities with little control over MW.  This is mostly 

attributed to the slow initiation but fast propagation of vinyl monomers in radical systems 

and that termination of carbon-centered radicals is a diffusion controlled processes.1,2  

One strategy that has been developed to control the chain breaking reactions is Atom 

Transfer Radical Polymerization (ATRP) and its many variations thereof.3,4  Developed 

by Matyjaszewski, ATRP is a reversible-deactivation radical polymerization that forms a 

dynamic equilibrium between the active propagating radical species and a deactivated 

dormant state (Scheme 3.1).   
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Scheme 3.1 Stages of ATRP 3 

Through control of this equilibrium, the resultant polymer architecture including 

topology (stars, brushes, etc.), composition (random, block, gradient copolymers, etc.) 

and functionality can be selectively tailored.  ATRP gains its control through the 

formation of a dynamic equilibrium by between the propagating radical species and a 

dormant alkyl halide.4  The controlling agent of the equilibrium is a transition metal 

complex which can cycle between a higher and lower one electron oxidation state, with 

the most commonly used system being a CuI/CuII complex.  Polymerization occurs 

through activation of the alkyl halide through homolytic dissociation of the halide and 

association to the transition metal complex, raising the oxidation number.  The newly 

formed carbon-centered radical can than propagate across the vinyl bond of monomers in 

the polymerization media.  The growth process continues until the propagating species is 

deactivated, again through homolytic cleavage of the halide from a higher oxidation state 

transition metal complex, to give a halide terminated polymer chain with the transition 

metal complex in its reactive, lower oxidation state to start the process over.  In the 

ATRP process the equilibrium between the activation and deactivation rates favors 

deactivation, with a majority of chains existing in the capped state.3,4  The most common 

way for termination to occur in ATRP is either through chain end coupling or beta-
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hydride elimination.  However, with proper control of the polymerization conditions, 

polymers can be isolated with an active halide at the chain end, allowing for preparation 

of more complex macromolecules including block copolymers or functionalized chain 

ends through post-polymerization modification.4   

While numerous advances have occurred in ATRP to allow for greater tolerances 

of oxygen and functionality, the general process of initiation, propagation and 

termination hold true.  The described process has been extremely simplified, as the 

polymerization media and transition metal complex structure, as well as monomer and 

initiator structure can all influence the established dynamic equilibrium of the reaction 

process.  For a more complete overview of the ATRP process as well as its history, the 

reader is directed to recent reviews from Matyjaszewski and Ayres.3-5 

  

3.1.2 Preparation of complex macromolecules through post-polymerization modification 

via Diels-Alder and Thiol-Ene chemistries 

 As the coupling of Pcs to various polymers has been previously described in 

chapter 1, focus will be placed on the preparation of polymers that can be used in post-

polymerization modification reactions through Diels-Alder cycloaddition.  One of the 

most commonly used dieneophiles used in polymeric materials is maleimide.  While free 

maleimide cannot be used directly in polymerizations if it is desired as the dienophile, as 

it can radically polymerize,6 protection through the cycloaddition reaction with furan 

results in a masked maleimide that is inert to radical propagation.  Following 

polymerization, a simple thermal treatment can release the furan, resulting in the active 
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maleimide that can be used for further polymer modification.  This means of installing 

the Diels-Alder functionality has been reported to allow for the preparation of a number 

of more complex macromolecules through post-polymerization modification.7-10  In 

addition, the presence of maleimide also allows for the highly efficient thiol-ene reaction 

when the maleimide polymer is reacted with thiol containing molecules.  Alternatively, 

the incorporation of a diene, either furan or anthracene, into the polymer as a pendant 

group has also shown promise in preparing Diels-Alder coupled macromolecules.  The 

reader is directed to a number of reviews that have been published over the past few years 

that focus upon the various aspects of Diels-Alder chemistry in respect to making more 

complex polymeric materials for more in-depth discussion of the topic.7-10   

 

3.1.2.1 Preparation of end functional polymers and post-polymerization modification 

 The preparation of an end functional polymer can be achieved by either the 

functionalization of an initiating species or post-polymerization modification of the chain 

end.  If a maleimide chain end is desired, the easiest way to ensure incorporation is to 

install the functionality on the initiating species.  In most cases, the maleimide is carried 

through the polymerization as the FPM as it allows for a wider range of polymerization 

techniques to be employed.  One example of using a FPM initiator focused on the 

preparation of polylactides (PLAs) by using a FPM initiator with a free hydroxyl (Scheme 

3.2).11-13   
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Scheme 3.2 Preparation of mono- and telechelic PLAs with maleimides as chain ends 11,13 

A variety of PLAs were prepared starting from the functional FPM and following 

subsequent deprotection could be reacted with various thiols to provide telechelic and star 

polymers.11,12  Furthermore, if quenching of the lactide polymerization is done with an 

acyl halide containing FPM, a PLA polymer with maleimides at both termini can be 

obtained after thermal deprotection.  These telechelic PLAs can then be coupled together 

through the use of 1,2-dithiolethane to give cyclic PLAs.13      

 Incorporation of the FPM in a radical initiating species has allowed for the 

preparation of well-defined polymers from vinyl monomers for use in the preparation of 

block and graft copolymers as well as being sites for post-polymerization modification.  

Using a similar molecule as described in the preparation of PLAs, a hydroxyl terminated 

FPM can be coupled with alpha-halo acyl halides to give ATRP initiators (Scheme 3.3).14   
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Scheme 3.3 Preparation of FPM ATRP initiator and subsequent preparation of block copolymer via 

maleimide-anthracene cycloaddition 14 

From these initiators, monotelechelic polymers were prepared that could then be 

reacted with a diene, such as anthracene, terminated polymer to give well-defined block 

copolymers.14  The preparation of even more complex materials including star 

copolymers of three15 and four different blocks16 can be achieved through the use of 

orthogonal reactions and polymerizations.  Alternatively, the preparation of water soluble 

polymers containing pendant groups of PEG or glycerol were prepared from a FPM 

containing initiator that after thermal deprotection were coupled with various biological 

models including a reduced glutathione and bovine serum albumin.17   The inclusion of 

the FPM functionality at the polymer terminus can be a very powerful agent for post-

polymerization modification, allowing for unique and useful macromolecules.   

  

3.1.2.2 Preparation of polymers containing pendant groups and post-polymerization 

modification   

While the utilization of monotelechelic polymers can give rise to unique block 

and star copolymers, the inclusion of multiple reactive sites as pendant groups along the 
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polymer backbone can allow for modification by “grafting to” as well as the preparation 

of robust but reversible networks.  Examples of the “grafting to” approach have often 

utilized the inclusion of anthracene as the pendant groups in various copolymers to give 

reactive sites for maleimide functionalized materials.  In one such example, bottle-brush 

copolymers were prepared through the post-polymerization modification of a 

poly(styrene-co-vinyl benzyl chloride) with anthracene followed by grafting of PEG or 

PMMA polymers with a FPM terminus (Scheme 3.4).18   

 

Scheme 3.4 Preparation of bottle-brush copolymer via maleimide-anthracene cycloaddition 18 

The Diels-Alder cycloaddition was carried out by heating the FPM-containing 

polymer with the anthracene copolymer in toluene, to not only deprotect the FPM but to 

also push the cycloaddition.  This method of coupling has also shown utility through the 

coupling of dendrons with a maleimide focal point.  Similar to the work conducted with 

the FPM-containing polymer, varying generations of a polyester dendron with a FPM 

were prepared and subsequently coupled to an anthracene containing copolymer.19  It was 

observed that when the maleimide was produced in-situ by the thermal removal of the 

furan, there was little influence on rate of addition between the various generations.  

However, cycloaddition of previously prepared maleimide-dendrons showed a marked 
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slowing in addition as generation increased, indicating that the rate determining step of 

coupling was the in-situ preparation of the maleimide.   

 While use of the anthracene functionality has resulted in a number of unique 

complex architectures, the high retro Diels-Alder temperature limits its use in reversible 

or mendable materials.  For materials that respond thermally, the use of the furan 

functionality has found widespread use.  Compared to the anthracene-maleimide system, 

which can undergo retro Diels-Alder cycloaddition at ca. 200 °C, retro Diels-Alder of the 

furan-maleimide happens readily at temperatures around 100 °C.  To incorporate the 

furan functionality as a pendant group, polymerization of a furan monomer or post-

polymerization modification can be used.20  A commonly used monomer for the 

preparation of furan containing copolymers is furfuryl methacrylate.  Copolymerization 

with styrene using conventional radical polymerization yielded materials of varying furan 

pendant groups (Scheme 3.5).21   

 

Scheme 3.5 Preparation of crosslinked copolymer networks via furan-maleimide cycloaddition 21 

Crosslinked networks were prepared using commercially available 1,1’-

(methylenedi-1,4-phenylene) bismaleimide.  A variety of properties were investigated 

including swelling, thermal stability and determination of crosslink density.  Through 

proper design of the precursor polymer, alternatives to highly rigid networks can also be 
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prepared.  One example involves the development of reversible elastomeric networks, 

prepared from crosslinking various acrylate or siloxane linear polymers containing furan 

functionalities with modified bismaleimides.22  The prepared maleimides used contained 

a linker designed to minimally impact the network compared to the linear polymer.  It 

was found that robust networks could be prepared from both linear polymer bases, in 

some case with as little as 3 mol% of the pendant furan.  The networks prepared were 

intractable, rubbery solids often exhibiting an increase in Tg of only 10 – 20 °C compared 

to the linear, liquid polymers.      

 While many examples of preparing crosslinked networks through Diels-Alder 

cycloaddition involve the polymerization of at least one functional group, post-

polymerization modification can also yield reversible networks.  One example of this 

approach utilized the post-polymerization modification of a poly(ethylene-co-glycidyl 

methacrylate) with a FPM containing carboxylic acids on each component respectively 

(Scheme 3.6).23   

 

Scheme 3.6 Post-polymerization modification with functional FPM to give reversible crosslinked material23 
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Following coupling, a crosslinked network was prepared that could subsequently 

be cycled between the intractable network and soluble linear polymers.  The process of 

coupling a FPM also avoided the possible undesired side reactions that can occur between 

free maleimides and epoxides.24  It was also observed that while the Diels-Alder 

crosslinking reaction proceeded well above the melting point of the polymer, ca. 77 °C, 

the cycloaddition did continue at temperatures below this transition, suggesting that while 

the polymer had crystallized, there was still sufficient mobility for the furan-maleimide 

coupling to occur.  

An alternate example of post-polymerization modification to yield a furan 

containing copolymer is accessible through the Paal-Knorr reaction of furfuryl amine 

with polyketones (Scheme 3.7).25   

 

Scheme 3.7 Recycling polyketones through furan-maleimide reversible networks 25 

After installation of the furan pendant group, bismaleimide could be used to 

create a thermoset material.  Furthermore, these thermoset materials could be recycled, 

i.e. physically destroyed and remolded by heating above the retro Diels-Alder 

temperature and cooling via mold to reshape.  The ability to recycle polyketones is just 
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another example of the utility of the Diels-Alder cycloaddition reaction and how through 

proper material design, a variety of applications can be addressed. 

A biological application where furan containing polymers have found utility lies 

in the conjugation of maleimide-modified materials.  Work by Shoichet and coworkers 

have reported the preparation of furan-fuctionalized copolymers through post-

polymerization modification (Scheme 3.8).26,27 

 

 

Scheme 3.8 Preparation of furan copolymer for maleimide conjugation for biological applications 26,27 

Following coupling of the furan functionality, self-assembly of the polymers into 

nanoparticles was carried out with the size of the particle being controllable based upon 

conditions.  These particles were then used to either house antibodies or encapsulate a 

drug molecule.  The degree of encapsulation was observed to increase concomitantly 

with larger particle sizes.   

 

3.1.3 Research goals 

The use of Diels-Alder cycloaddition has shown tremendous versatility in the 

preparation of complex macromolecules.  While many reports focus upon the preparation 

of thermally responsive and mendable materials, the use of the cycloaddition reaction as a 
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coupling method has shown utility in the preparation of brush copolymers and other post-

polymerization modifications.  The asymmetric Pc previously described as a ROMP 

monomer was investigated as one component of a furan-maleimide coupling system.  

Through thermal deprotection of the furan-protected maleimide Pc, a macrocycle with a 

free maleimide is accessible.  The use of a controlled radical polymerization process, 

ATRP, allowed for the preparation of well-defined polymers that contained the 

compliment furan functionality as a pendant group.  Furthermore, the location of the 

functionality could be switched, with the polymer retaining the maleimide and the Pc 

containing the necessary diene.  It was anticipated that through control of the polymer 

composition a variety of copolymers with targeted properties could be synthesized and 

subsequently coupled with Pc.  In addition, analysis of the Pc-containing copolymers via 

GPC could provide insight into the effectiveness of coupling as well as the influence of 

the macrocycle incorporation on the polymer distribution.  UV-Vis characterization in 

both solution and condensed-phase thin films would indicate the effect of the surrounding 

polymer on the site-isolation of the Pc chromophore.   

 

3.2 Preparation of Pc-containing polymers through Diels-Alder coupling 

3.2.1 Preparation of asymmetric Pcs with maleimide functionality 

Following successful preparation of an asymmetric Pc containing the furan-

protected maleimide functionality, work to thermally remove the furan to yield the 

maleimide was conducted.  Through a facile thermal deprotection in solution, asymmetric 
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Pc 3.1 (2.5a) was converted to the maleimide containing Pc 3.2 in good yields (Scheme 

3.9).   
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Scheme 3.9 Thermal deprotection of furan-protected maleimide asymmetric Pc 3.1 

The use of non-polar moderate boiling solvents, such as toluene or 

tetrachloroethane, afforded the necessary solubility and temperature range to push the 

retro Diels-alder reaction that occurs readily above 90 °C.7-9  Following thermal 

deprotection, the asymmetric Pc could be recovered by the removal of solvent and stored 

without further purification.  When stored at ambient conditions, the maleimide 

containing Pc was observed to be stable, retaining the ability to dissolve in common 

organic solvents (THF, DCM, CHCl3) after extended periods of time.   

 

3.2.2 Preparation of furan-containing polymers via ATRP 

 With the asymmetric Pc containing the maleimide functionality in hand, work to 

prepare a furan-containing polymer was conducted.  Furfuryl methacrylate was chosen as 

the monomer for use in polymerization due to commercial availability as well as the 

resultant polymer properties.  Furthermore, methacrylate based polymers have a higher 

glass transition (Tg), due to the additional pendant methyl group in the main chain, 
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compared to their acrylate analogues, a property that was hoped to be of help in 

purification and isolation of the furan containing copolymers.  Polymers composed of 

furan and a comonomer methyl methacrylate were prepared using both standard ATRP3 

and modified ARGET ATRP28 conditions, targeting a furan composition of 

approximately 25% to give polymers 3.3a and 3.3b respectively (Scheme 3.10).  

 

Scheme 3.10 Preparation of furan-containing polymers via conventional ATRP (3.3a) and ARGET ATRP 

(3.3b) 

While ARGET ATRP provided a well-defined material with a narrow 

polydispersity for the methyl / furfuryl methacrylate polymer, difficulties in reproducing 

the polymerization across multiple monomers limited the utility of this process.  The use 

of ARGET should be revisited in the future due to the ability to polymerize at low Cu 

amounts, however, due to lacking the appropriate ligand system at the present time, 

standard ATRP conditions can also be used as it provides adequate polymers for 

demonstration of the coupling concept.      

 

 

 



124 

3.2.3 Coupling of maleimide-containing Pcs to furan-containing copolymers 

With the materials containing the furan and maleimide functionalities, preparation 

of Pc-containing polymers through Diels-Alder cycloaddition was undertaken.  The 

coupling process was carried out by an open-air evaporation technique where the two 

components were dissolved in a good solvent for both, THF or CHCl3, and allowed to 

evaporate to dryness with moderate heat, ca. 55 °C (Scheme 3.11). 
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Scheme 3.11 Process of coupling Pc 3.2 with furan-containing polymer 3.3b through process of 

evaporative Diels-Alder cycloaddition 

This process of evaporative coupling was carried out due to the temperature 

restrictions observed with the furan-maleimide system employed, the retro Diels-Alder 

process was found to begin at temperatures as low as 70 °C as well as the difficulty in 

finding a concentration balance with the materials.29  Initial coupling work was 

conducting using a lesser amount of Pc compared to the available furan units in efforts to 

prepare materials that retained functionality for further modification.  Typically, the 
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evaporative process was conducted 3 times followed by isolation through precipitation to 

give polymer 3.4.  It was observed that the precipitation process used previously to 

isolate polymers prepared by ROMP was less successful with the coupling polymers, 

possibly due to solubility differences in the materials used.  Following isolation, 

polymers were stored at ambient conditions, often in the presence of light.  It was found 

that the stability of the Pc-coupled polymers, when stored as indicated above, was 

lacking.  After a short period of time (less than a month), the prepared materials exhibited 

significantly decreased solubility in common organic solvents (THF, DCM, CHCl3).   

Of the materials that were sparingly soluble, analysis suggested significant side 

reactions had taken place between the time of isolation and secondary analysis.  Upon 

literature investigation, it was found that the furan moiety can undergo interaction with 

singlet oxygen, which can often generated by photosensitizers.30,31  Furthermore, it has 

been reported that polymers with furan pendant groups have been used a precursor 

material to the preparation of crosslinked polymeric materials through UV curing with 

photosensitizers through interaction with singlet oxygen followed by condensation.32-34  

While it was known that Pcs can act as a photosensitizer with the capability to generate 

singlet oxygen,35,36  it was not anticipated that the production and the subsequent 

crosslinking effect of singlet oxygen on the furan moiety would occur so quickly without 

intentional exposure to lower wavelength UV light.  Of additional note is that the base 

polymer used, 3.3a or 3.3b, does not show any significant signs of degradation over a 

period of months as evidenced by GPC when in the absence of Pc.   
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Attempts to circumvent the problem of unintentional crosslinking were carried out 

by performing the coupling process in the presence of an excess of Pc.  It was hoped that 

by completely reacting every pendant furan group, that the crosslinking effect being 

observed could be suppressed (Scheme 3.12). 
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Scheme 3.12 Diels-Alder coupling of furan-containing polymer 3.3b in the presence of excess maleimide-

containing  Pc 3.2  

 Following a small scale coupling reaction using a 1.5 times molar excess of 

maleimide-containing Pc 3.2 with furan-containing copolymer 3.3b, it was observed that 

the long term stability of the resultant Pc-containing polymer increased substantially.  

Whereas, the initial Pc-containing polymers showed little to no solubility after a matter of 

weeks, when the coupling was carried out with an excess of Pc, the resultant polymer 

could be dissolved with minimal agitation after a period of months.  This finding suggests 

that when in the furan-protected maleimide state, there is little danger of a secondary 

crosslinking reaction occurring.  This finding is also supported by the stability observed 
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with the ROMP monomer, where storage at ambient conditions does not appear to be 

detrimental.   

 

3.2.4 Preparation of maleimide-containing polymers via ATRP 

 During the process of ascertaining the origin of the problem involving coupling of 

Pcs with furan-containing polymers, work was also being conducted to switch the 

location of the coupling moieties.  Through the copolymerization of a FPM monomer 

with methyl methacrylate followed by thermal deprotection similar to that used with the 

maleimide Pc, a reactive polymer with pendant maleimide groups was prepared (Scheme 

3.13). 

 

Scheme 3.13 Preparation of maleimide containing copolymer 3.8b from FPM monomer 3.7 with 

subsequent thermal deprotection of 3.8a 

Through the addition of a reactive furan-protected maleimide, N-(ethylhydroxy) 

furan-protected maleimide 3.6, to methacryoyl chloride, a monomer containing the 

protected maleimide, 3.7, was prepared.  Purification by column using a co-eluent of 

hexanes:ethyl acetate afforded the FPM monomer in good yields.  Initial attempts to use 

DCM during the column purification process, as it afforded improved separation, resulted 

in a crosslinked material upon concentration, a result that is still under investigation.  
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Following isolation, the FPM monomer was copolymerized with methyl methacrylate 

(25% FPM monomer) under standard ATRP conditions to afford a polymer, 3.8a, with 

pendant protected maleimides which was converted to the free maleimide-containing 

polymer, 3.8b, through a solution based thermal deprotection. 

 

3.2.5 Preparation of a diene-containing Pc and subsequent coupling 

 With a maleimide-containing copolymer, efforts to prepare a Pc containing the 

necessary diene companion were conducted.  Initial work attempted to prepare a furan-

containing Pc.  While it was anticipated that the furan functionality would degrade over 

an extended period of time in the presence of Pc, it was hoped furan incorporation and 

isolation could be performed quickly enough to be able to suppress the undesired side 

reactions.  Coupling with asymmetric Pc 3.9 (2.3a) was attempted in a similar fashion as 

described previously in chapter 2 with the furan-protected maleimide being substituted 

for bromide terminated furfuryl hexane, 3.10, to give asymmetric Pc 3.11 (Scheme 3.14).   

 

Scheme 3.14 Preparation of furan-containing Pc 3.11 

Following isolation and purification, initial NMR characterization suggested the 

retention of the furan functionality.  Coupling with the maleimide containing polymer, 
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3.8b, was conducted in a similar evaporative fashion as the earlier systems to give Pc-

containing polymer 3.12 (Scheme 3.15).   

6

6

 

Scheme 3.15 Diels-Alder coupling of maleimide containing polymer 3.8b with furan-containing Pc 3.11 

It was observed that coupling after the initial cycle did not increase, suggesting 

degradation of the furan component.  The rapid degradation of the furan group in the 

asymmetric Pc was further confirmed when followed by TLC, where the furan group was 

observed to be lost within 1 day in solution.    While coupling was possible using the 

furan-based Pc system, the restrictive nature of the functionality prevents these directions 

from being facile to utilize.  However, the ability to use a maleimide based polymer was 

demonstrated, allowing for the utilization of alternative functionalities in this process 

such as anthracene through a Diels-Alder cycloaddition or a thiol through thiol-ene 

reactions.   
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3.3 Characterization of Diels-Alder coupling to prepare Pc-containing linear 

polymers 

3.3.1 GPC analysis of coupling between maleimide-containing Pcs and furan-based 

polymers 

 To provide insight into rate and efficiency of the Diels-Alder cycloaddition 

process, GPC characterization at varying cycle times was conducted.  Due to the lack of 

response from the furan-based polymers at 254 nm, UV detection could be used to 

provide information on incorporation of the Pc into the linear polymer.  Initial 

investigation focused on determination of optimal conditions for coupling in the furan-

maleimide system.  By following the Diels-Alder cycloaddition process over a number of 

cycles, it was determined that the evaporation process was near optimal at 55 °C (Figure 

3.1).   

 

Figure 3.1 GPC traces of Diels-Alder coupling between maleimide-Pc 3.2 and furan-based polymer 3.3b, 

peaks normalized to polymer response, CHCl3 mobile phase 
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 Furthermore, it was observed that cycles performed at an elevated temperature, 

75 °C, in a mixture of CHCl3 and Dichloroethane, exhibited an increase in the Pc 

concentration between the 1st and 3rd cycles, suggesting that at the given temperature a 

percentage of the coupled functional sites were undergoing the retro Diels-Alder reaction.  

When the same coupling reaction was then reduced to 55 °C solely in CHCl3, the 

percentage of Pc in the system after two cycles had decreased.  While GPC results 

indicate improved coupling, exo/endo ratios were not obtained.  The increase in the Pc at 

higher temperatures may be a result of the endo isomer reversing.  Increasing the 

temperature higher may improve coupling by driving the DA product to the exo isomer, 

the more stable of the two FPM isomers.29,37 

Following determination of the appropriate conditions, coupling at varying Pc 

amounts was conducted and analyzed to determine the utility of introducing Pc to the 

polymer through the Diels-Alder reaction.  It was anticipated that as the amount of Pc 

used in the coupling was increased, a decrease in the retention volumes from the base 

polymer 3.3b would occur.  This belief was borne out in the initial GPC results as 

coupling reactions with greater feeds of Pc resulted in an increase in MW (Figure 3.2). 
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Figure 3.2 GPC characterization of maleimide-Pc 3.2 coupled to furan-based polymer 3.3b at varying 

loadings of Pc normalized to polymer response, CHCl3 mobile phase 

However, an unanticipated shouldering was observed in all samples, suggesting 

that a secondary reaction was taking place during the cycloaddition reaction.  The 

appearance of a higher MW shoulder suggested that an additional coupling or 

crosslinking was occurring during the Diels-Alder process or during the time that the 

polymer was in the dry state.  This increase in MW followed with the number of cycles 

performed.  Pc coupling conducted at 25% Pc to furan repeat units, polymer 3.5f, showed 

a broadening in distribution from 3 to 6 cycles.  Further inspection of this polymer after a 

period of weeks showed an increase in higher MW species accompanied with a 

significant decrease in solubility of the Pc-containing polymer, further supporting this 

hypothesis (Figure 3.3). 
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Figure 3.3 GPC trace of maleimide-Pc 3.2 coupling with furan-based polymer 3.3b at loading of 25 mol% 

Pc to FMA normalized to polymer response with characterization at varying cycles and storage for 8 

weeks, CHCl3 mobile phase 

 

3.3.2 GPC analysis of furan-containing Pcs and maleimide-based polymers 

 Following observation that the furan-based polymer system was unstable after 

coupling with the maleimide-containing Pc, work to follow the coupling of the 

functionality switched system was conducted.  Monitoring of the cycloaddition reaction 

between furan-containing Pc 3.11 and maleimide based copolymer 3.8b was conducted in 

the same fashion as the original Diels-Alder system (Figure 3.4).    
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Figure 3.4 GPC traces of furan-Pc 3.11 coupling to maleimide-based polymer 3.8b normalized to polymer 

response, THF mobile phase 

Following the initial evaporative cycle, no change in the polymer distribution or 

ratio of the Pc to polymer peaks was observed.  As discussed previously, the cessation of 

addition on following cycles was attributed to the degradation of the furan functionality 

in the presence of the Pc.  It is of particular note that the MW distribution was effected 

very little when coupling to the maleimide polymer was conducted compared to the 

furan-based polymer system.  This finding further supports the belief that following 

coupling with a Pc, the furan-based copolymer was undergoing a secondary reaction.  

Also of note is that the Pc feed amount did impact the amount of Pc incorporated into the 

polymer as previously observed.  Comparison of polymer 3.12a, with a feed of 25% to 

maleimide repeat units showed a lower MW but similar polydispersity to polymer 3.12b 

with a feed ratio of 50%.   

    



135 

 

3.3.3 NMR characterization of Pc-containing polymers following Diels-Alder coupling 

 Due to issues of solubility, NMR characterization was only performed on the 

maleimide-based polymer system.  Based upon the GPC indication that coupling was no 

longer occurring after 3 cycles in the reaction between the furan-containing Pc and the 

maleimide copolymer, the Pc-containing polymer was isolated and characterized by 

NMR.  Of particular interest was following the change in the signals associated with the 

free maleimide and the newly formed furan-protected maleimide (Figure 3.5).       

 

Figure 3.5 Expanded NMR spectra of furan-containing Pc 3.11 coupling with maleimide-based polymer 

3.8b, 500 MHz, 128 scans 

 Starting from the isolated polymer prepared via ATRP, the FPM signals can be 

seen at 6.6 - 6.5, 5.3 - 5.25 (obscured by DCM), and 3.0 - 2.9 ppm.  Based upon the ratio 

of these protons to the protons associated with the pendant methyl group of MMA, the 

amount of FPM incorporated during the polymerization was found to be ca. 23%.  

Following thermal treatment by heating above 100 °C in a high boiling solvent, the 

proton signals for the oxo-bridge (5.3 ppm) and the bridge head (3.0 ppm) disappear and 
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the protons attributed to the alkene shift from 6.6 to 6.8 ppm.  Following reaction with 

the furan-containing Pc 3.11, the extent of coupling via Diels-Alder cycloaddition can be 

quantified by comparing the reappearance of the FPM attributed signals to the remaining 

alkene of the maleimide.  In polymer 3.12a, it was determined that the amount of Pc 

incorporated was determined to be 2.5% of the polymer or 10% of the available pendant 

maleimides.  Analysis of polymer 3.12b indicates a coupling extent of ca. 5 % of the total 

polymer or 20 % of the free maleimide groups.  In both cases degradation of the Pc was 

believed to account for the reduced amount of coupling.  Based upon completeness, it is 

anticipated that the furan functionality degraded by as much as 50% during the coupling 

attempts.  Also of note was that the coupling resulted in a mixture of exo/endo isomers as 

evidenced by NMR with the appearance of two peaks located near 3.0 ppm.  This finding 

provides additional evidence that the evaporation process using 55 °C may not be as 

optimal as originally believed.     

 

3.3.4 UV-Vis characterization of Pc-containing polymers following Diels-Alder coupling    

 As indicated with the NMR characterization of the Diels-Alder systems, UV 

characterization was only performed on the maleimide-containing polymer system.  

Following isolation, the Pc-containing polymer was characterized by UV-Vis as both a 

dilute solution and condensed-phase thin film.  The ability of the surrounding polymer to 

prevent aggregation of the macrocycle core was of particular interest as the Pc-containing 

linear polymers prepared via ROMP in chapter 2 provided a comparison point between 

polymers of different main chain connectivity and pendant groups.  The comparison of 
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the dilute solution spectra showed very little to no deviation among the samples (Figure 

3.6). 

 

Figure 3.6 UV-Vis spectra of polymers 3.12a, 3.12b, 2.7a and 2.7c in DCM ([Polymer] = ca. 10-6 M) 

 Based upon the dilute solution spectra from the Pc-containing linear polymers 

prepared from ROMP (2.7a and 2.7b), it was not expected that at the Pc compositions of 

polymers 3.12a and 3.12b (ca. 2.5 and 5% respectively) that any major deviation from 

the monomeric Pc spectra would be observed.  However, comparison of the UV-Vis 

spectra of the ROMP (2.7a and 2.7b) versus coupling polymers in the condensed-phase 

thin film (3.12a and 3.12b) did show a significant difference in spectra (Figure 3.7). 
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Figure 3.7 UV-Vis spectra of condensed-phase thin films of polymer 3.12a, 3.12b, 2.7a, and 2.7b with 

normalization to peak at 705 nm 

 Thin films of the Pc-coupled polymers were prepared in an analogous way to 

those described in chapter 2 with the Pc-containing polymer prepared via ROMP.  Based 

upon NMR analysis, Pc concentrations of coupled polymers contained between 2% and 

5% macrocycle by mole, making the Pc-containing polymers, 2.7a and 2.7b, materials of 

appropriate comparison.  While the Pc composition of the coupled polymers 3.12a and 

3.12b was similar 2.7a and 2.7b, the coupled polymers showed little to no site-isolation 

of the pendant Pc groups.   The comparison between the two series of polymers 

highlights the important role of the pendant groups of the comonomer, a long chain 

alkane (2.7) versus a methoxy group (3.12).  In order to utilize the comonomer as an 

effective agent to aid in site-isolation, proper choice that not only provides sufficient 

steric impedance but also film forming properties is required. 
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3.4 Conclusions 

 The synthesis, characterization, and coupling of asymmetric Pcs to companion 

polymers has been described.  Asymmetric Pcs with a FPM in the odd quadrant were 

prepared by using a deprotection/addition scheme, starting with the statistical 

condensation of a masked phthalonitrile followed by acid cleavage to yield an 

asymmetric Pc with a phenolic-like functionality in the odd quadrant.  Following acid 

cleavage, alkylation provided a Pc molecule with an oxanorbornene functionality.  

Through a process of thermal deprotection, the furan protection was removed leaving a 

free maleimide that could subsequently be used in the Diels-Alder cycloaddition with a 

furan-based copolymer.  While coupling was successful, it was observed that broadening 

of the MW distribution occurred which was attributed to a Pc promoted singlet oxygen 

interaction with free furan pendant groups.  It was found that long term stability of these 

materials was found to be poor, with only limited solubility observed following storage at 

ambient conditions and light after a few weeks.  Efforts to modify the approach to 

coupling of a furan-containing asymmetric Pc with a maleimide-based polymer were only 

moderately successful.  Again, the interaction of the furan functionality with the Pc 

occurred at too rapid a rate to utilize reproducibly.  GPC analysis was used to follow the 

progression of the coupling reactions, with increases in MW observed concomitantly with 

the Pc feed.  NMR and UV-Vis characterization was conducted on the maleimide 

polymer coupling system as these materials showed substantially improved stability.  

NMR analysis was able to provide an indication of the amount of successful coupling as 

well as an approximation of the furan degradation during the cycloaddition reaction.  In 
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dilute solutions, the Pc-containing polymers prepared through coupling exhibited similar 

absorbance profiles, nearly mimicking the monomeric form of the Pcs used.  However, 

when prepared as a condensed-phase thin film, the coupled polymers showed no site-

isolation of the macrocycles, even at the lowest Pc concentration.  These findings suggest 

the importance of finding the appropriate comonomer to provide sufficient steric 

hindrance when looking to prepare condensed-phase materials.  While the functionalities 

used for the coupling of Pcs to previously prepared polymers only provided moderate 

success, the concept shows promise based on the initial results of both of the furan-

maleimide systems.  Alteration of the functionalities used in the coupling process will 

likely provide means to continue and complete this project. 

     

3.5 Experimental procedures 

Materials and Methods 

All chemicals were purchased from commercial vendors and used as received unless 

otherwise stated.  Dichloromethane (DCM) was dried by distilling over CaH followed by 

storage over 4Å molecular sieves.  2,3,9,10,16,17-Hexa(di-2,4-tertbutylphenoxy)-23-(N-

(hexyloxy)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide)phthalocyanine (3.1),38 N-

ethoxy-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide (3.6),17 2,3,9,10,16,17-Hexa(di-

2,4-tertbutylphenoxy)-23-(hydroxyl)phthalocyanine (3.9),39 1-furfuryl-6-bromo hexane 

(3.10)40 were prepared according to literature.  GPC characterization was performed 

using one of two GPC systems.  The first system utilized a Waters Alliance 2695 

separations module running three DVB Columns (Jordi, pore sizes 104, 103, 102 Å) in 



141 

series with a mobile phase of CHCl3 at an elution rate of 1 mL/minute.  Data was 

obtained with a Waters 2996 PDA detector and Wyatt Optilab Interferometer.  Molecular 

weights were determined using Empower software (Waters) compared against linear 

polystyrene standards.  The second system was operated with a Waters 1515 separations 

module running three PLgel columns (Polymer Labs, pore sizes 104, 103, 102Å) in series 

running a mobile phase of THF at an elution rate of 1mL/minute.  Data was obtained 

using a Waters 2414 differential refractometer and Waters 2487 dual wavelength UV-Vis 

spectrometer.  Molecular weights were determined using Empower software (Waters) 

compared against low polydispersity linear polystyrene standards.  NMR spectra were 

obtained on a Bruker 500 MHz instrument and processed using MestReNova 

(MestReLabs) software.  Chemical shifts were referenced to CDCl3 with a value of 7.26 

ppm (1H) and 77.0 ppm (13C).  Mass spectra were obtained from the Mass Spectrometry 

Facility, Department of Chemistry and Biochemistry, University of Arizona.   

 

2,3,9,10,16,17-Hexa(di-2,4-tertbutylphenoxy)-23-(N-(hexyloxy)-maleimide 

phthalocyanine (3.2)  [bdk_4_159].  A mixture of phthalocyanine 3.1 (0.160 g, 0.075 

mmol) and TCE (15 mL) were heated at 110 ºC under Ar for 30 h.  The reaction was 

allowed to cool to room temperature followed by concentration by rotary evaporator to 

give a green solid.  The crude solid was purified by flash chromatography (SiO2, 

DCM/hexanes (2:1)) to yield 3.2 (0.130g, 90%) as a dark green solid: 1H NMR (500 

MHz, CDCl3) δ 9.30 (d, J = 8.5 Hz, 1H), 9.05 - 8.95 (m, 6H), 8.84 (d, J = 2.2 Hz, 1H), 

7.74 (dd, J = 8.2, 2.2 Hz, 1H), 7.55 - 7.54 (m, 2H), 7.50 - 7.47 (m, 4H), 7.30 - 7.27 (m, 
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2H), 7.21 - 7.17 (m, 4H), 7.12 - 7.08 (m, 2H), 7.00 - 6.96 (m, 4H), 6.70 (m, 2H), 4.49 (t, 

J = 6.1 Hz, 2H), 3.61 (t, J = 7.2 Hz 2H), 2.04 - 1.97 (m, 2H), 1.73 - 1.62 (m, 4H), 1.60 - 

1.32 (m, 110H); UV-Vis: λ 344 nm (ε = 8.70 x 104 M-1 cm-1), 705 nm (ε = 2.16 x 105 M-1 

cm-1).  

 

Poly(methyl methacrylate-random-furfuryl methacrylate) (3.3a) [bdk_1_183].  A 

mixture of MMA (2.5 g, 25 mmol), FMA (1.00 g, 30 mmol), and ethyl bromoisobutyryl 

bromide (EBIB) (0.109 g, 0.56 mmol) were deoxygenated by bubbling with Ar for 30 

min.  In a separate vial a mixture of MMA (2.5 g, 25 mmol), 

pentamethyldiethylenetriamine (PMDETA) (0.146g, 0.84mmol) and DMSO (2 mL) were 

deoxygenated following the above described procedure.  To a Schlenk flask with septum 

was added copper (I) chloride (0.079 g, 0.56 mmol) followed by degassing by vacuum 

followed by Ar backfill.  The monomer solution containing ligand was added to the 

degassed Cu(I)Cl and stirred at room temperature for 5 min during which time a green 

solution formed.  The remaining monomer solution containing initiator was added to the 

complex solution and heated at 75 ºC for 2.5 h.  The polymerization was quenched by 

opening to air and dilution in DCM, followed by filtering through neutral alumina.  The 

polymerization solution was then concentrated and precipitated into stirring MeOH to 

give 3.3a (1.989 g, 52 %) as a white solid: 1H NMR (500 MHz, CDCl3) δ 7.45 - 7.36 (b), 

6.5 - 6.2 (b), 5.05 - 4.80 (b), 3.70 - 3.45 (b), 2.0-0.5 (b); polymer conversion FMA 40%, 

MMA 68%, polymer composition 13:87 FMA:MMA; GPC (CHCl3) Mn: 17,300 g/mol 

Mw/Mn: 1.4. 
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Poly(methyl methacrylate-random-furfuryl methacrylate) (3.3b) [bdk_4_185].  A 

mixture of MMA (2.0 g, 20 mmol), FMA (1.11 g, 6.65 mmol), ethyl bromoisobutyryl 

bromide (EBIB) (0.052 g, 0.27 mmol) and pentamethyldiethylenetriamine (PMDETA) 

(0.230 g, 1.33 mmol) were deoxygenated by bubbling with Ar for 30 min.  Separately, to 

a Schlenk tube was added CuBr2 (0.059 g, 0.266 mmol) and degassed in vacuo for 30 

minutes followed by Ar backfilling.  The monomer solution was added to the Schlenk 

tube via syringe and the solution was heated at 55 ºC for 18 h.  The polymerization was 

quenched by opening to air and diluting with DCM, followed by filtering through neutral 

alumina.  The polymerization solution was then concentrated and precipitated into 

stirring MeOH to give 3.3b (1.06 g, 53 %) as a white solid: 1H NMR (500 MHz, CDCl3) 

δ 7.45 - 7.36 (b), 6.5 - 6.2 (b), 5.05 - 4.80 (b), 3.70 - 3.45 (b), 2.0-0.5 (b); polymer 

conversion FMA 70 %, MMA 62%, polymer composition 22:78 FMA:MMA; GPC 

(CHCl3) Mn: 11100 g/mol Mw/Mn: 1.21. 

 

Representative procedure for coupling maleimide-containing Pc with furan-based 

polymer (3.5) [bdk_4_189].  To a vial was added phthalocyanine 3.2, polymer 3.3b, and 

CHCl3 (1 mL) followed by heating at 55 ºC to dryness.  The process of dissolving in 

chloroform and evaporation over heat was repeated three times with GPC 

characterization taken at various points.  Following completion of the coupling reaction, 

the reaction mixture was dissolved with DCM (2.5 mL), transferred to a centrifugation 

tube followed by dilution with MeOH (42.5 mL).  Brine was added dropwise until a 
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precipitate was observed and the solid was separated by centrifugation.  The process of 

precipitation was repeated three times followed by drying the solid to a constant mass 

under vacuum.  Only GPC analysis of crude reactions was completed as stability of 

isolated material degraded prior to complete characterization.  NMR prediction based 

upon furan-Pc coupling to maleimide based polymer: 1H NMR (500 MHz, CDCl3) δ 9.32 

- 9.27 (b), 9.05 - 8.97 (b), 8.87 - 8.83 (b), 7.76 - 7.71 (b), 7.58 - 7.53 (b), 7.52 - 7.47 (b), 

7.32 - 7.27 (b), 7.23 - 7.17 (b), 7.14 - 7.08 (b), 7.03 - 6.97 (b), 6.63 - 6.52 (b), 6.36 - 6.31 

(b), 5.48 - 5.45 (b), 5.29 - 5.25 (b), 4.88 - 4.80 (b), 4.53 - 4.45 (b), 4.30 - 4.20 (b), 4.20 - 

3.92 (b), 3.91 - 3.70 (b), 3.70 - 3.47 (b), 3.14 - 3.04 (b), 3.02 - 2.92 (b), 2.10 - 1.63 (b), 

1.60 - 1.15 (b), 1.10 - 0.60 (b). 

 

Polymer from coupling with 10 % Pc to furan (3.5a) [bdk_5_055a].  A mixture of 3.2 

(4.0 mg, 2.07 µmol) and 3.3b (0.050 g, 4.50 µmol) in CHCl3 (1.0 mL) was used: GPC 

(THF) Mn: 14700 g/mol Mw/Mn: 8.06. 

 

Polymer from coupling with 25 % Pc to furan (3.5b) [bdk_5_055b].  A mixture of 3.2 

(0.01 g, 5.17 µmol) and 3.3b (0.050 g, 4.50 µmol) in CHCl3 (1.0 mL) was used: GPC 

(THF) Mn: 14600 g/mol Mw/Mn: 4.64. 

 

Polymer from coupling with 50 % Pc to furan (3.5c) [bdk_5_055c].  A mixture of 3.2 

(0.02 g, 0.001 mmol) and 3.3b (0.050 g, 4.50 µmol) in CHCl3 (1.0 mL) was used: GPC 

(THF) Mn: 15500 g/mol Mw/Mn: 3.96. 
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Polymer from coupling with 150 % Pc to furan (3.5d) [bdk_4_189b].  A mixture of 

3.2 (0.018 g, 9.31 µmol) and 3.3b (0.015 g, 1.35 µmol) in CHCl3 (1.0 mL) was used: 

GPC (THF) Mn: 21800 g/mol Mw/Mn: 1.40. 

 

Polymer from coupling with 25 % Pc to furan (3.5e) [bdk_4_189a].  A mixture of 3.2 

(0.02 g, 10.0 µmol) and 3.3b (0.100 g, 9.0 µmol) in CHCl3 (1.0 mL) was used: GPC 

(THF) Mn: 21400 g/mol Mw/Mn: 60.32. 

 

N-(ethylhydroxy)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide methacrylate 

(3.7) [bdk_5_125].  A mixture of furan-protected maleimide 3.6 (2.5 g, 0.012 mol), TEA 

(1.52 g, 0.015 mol), and DCM (50 mL) were cooled to 0 °C in ice for 30 minutes prior to 

the addition of methacryloyl chloride (1.38 g, 0.013 mol).  The mixture was stirred at 0 

°C for 2 hours and stirred at RT for additional 2 hours.  The reaction was quenched by 

dilution of the mixture with DCM (25 mL) and washing with NaHCO3 (2x, 50 mL), 

followed by drying over MgSO4 and concentration to orange oil.  The crude oil was 

purified by flash chromatography (SiO2, EtOAc/hexanes (3:2)) to yield 3.7 (2.85 g, 86 %) 

as a colorless oil that solidified to an off-white solid: mp: 62 - 64 °C; 1H NMR (500 

MHz, CDCl3) δ 6.52 - 6.49 (m, 2H), 6.08 - 6.04 (m, 1H), 5.57 - 5.52 (m, 1H), 5.27 - 5.22 

(m, 2H), 4.29 - 4.25 (m, 2H), 3.82 - 3.78 (m, 2H), 2.85 (s, 2H), 1.91 - 1.87 (m, 3H); 13C 

NMR (125 MHz, CDCl3) δ 175.9, 166.9, 136.5, 135.8, 126.0, 80.9, 60.9, 47.4, 37.8, 18.2. 
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Poly(methyl methacrylate-random-(furan-protected maleimide methacrylate)) 

(3.8a) [bdk_5_103].  A mixture of MMA (0.542 g, 5.41 mmol), FPMEMA (0.500 g, 1.80 

mmol), EBIB (0.014 g, 0.072 mmol), PMDETA (0.013 g, 0.072 mmol), and anisole (1 

mL) were added to a Schlenk flask followed by degassing with 3 freeze-pump-thaw 

cycles.  Following the third cycle, the mixture was kept frozen and CuBr (0.01 g, 0.072 

mmol) was added followed by degassing under vacuum for 15 minutes.  The mixture was 

allowed to warm to RT followed by heating at 55 °C under Ar for 6.5h.  The 

polymerization was quenched by opening to air and dilution in DCM, followed by 

filtering through neutral alumina.  The polymerization solution was then concentrated and 

precipitated into stirring MeOH to give 3.8a (0.63 g, 72 %) as a white solid: 1H NMR 

(500 MHz, CDCl3) δ 6.66 - 6.50 (b), 5.40 - 5.22 (b), 4.15 - 3.95 (b), 3.87 - 3.70 (b), 3.70 - 

3.45 (b), 3.06 - 2.88 (b), 2.2 - 0.6 (b); polymer conversion FPMEMA 85 %, MMA 82 %, 

polymer composition 25:75 FPMEMA:MMA; GPC (THF) Mn: 8100 g/mol Mw/Mn: 1.25. 

 

Poly(methyl methacrylate-random-maleimide methacrylate) (3.8b) [bdk_5_157].  A 

mixture of polymer 3.8a (0.25 g, 20.8 µmol) and toluene were maintained at 100 °C for 

24 h.  The reaction solution was concentrated followed by precipitation into stirring 

MeOH:H2O (3:1) to give 3.8b (0.101 g, 46 %) as a white solid: 1H NMR (500 MHz, 

CDCl3) δ 6.66 - 6.50 (b), 4.15 - 3.95 (b), 3.87 - 3.70 (b), 3.70 - 3.45 (b), 2.2 - 0.6 (b); 

GPC (THF) Mn: 8000 g/mol Mw/Mn: 1.19. 
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2,3,9,10,16,17-Hexa(di-2,4-tert-butylphenoxy)-23-(hexyloxy)furfuryl phthalocyanine 

(3.11)  [bdk_5_093].  A mixture of phthalocyanine 3.9 (0.150 g, 0.085 mmol), furan 3.10 

(0.045 g, 0.171 mmol), KI (0.014 g, 0.085 mmol), K2CO3 (0.024, 0.171 mmol), and DMF 

(5 mL) were heated at 60 ºC under Ar for 24 h.  The reaction was allowed to cool to room 

temperature followed by dilution with MeOH (40 mL) and subsequent dropwise addition 

of brine until precipitation was observed. The solid was separated by centrifugation and 

purified by column eluting DCM:hexanes (2:1) to yield 3.11 (0.04 g, 24 %) as a dark 

green solid: 1H NMR* (500 MHz, CDCl3) δ 9.34 - 9.25 (m, 1H), 9.02 - 8.95 (m, 6H), 

8.84 (d, J = 2.2 Hz, 1H), 7.74 (dd, J = 8.2, 2.2 Hz, 1H), 7.58 - 7.54 (m, 2H), 7.53 - 7.49 

(m, 4H), 7.43 - 7.41 (m, 1H), 7.32 - 7.28 (m, 2H), 7.23 - 7.18 (m, 4H), 7.14 - 7.09 (m, 

2H), 7.02 - 6.96 (m, 4H), 6.36 - 6.31 (m, 2H), 4.53 - 4.45(m, 4H), 3.76 (t, J = 6.5 Hz, 

2H), 2.10 – 2.00 (m, 2H), 1.81 - 1.63 (m, 4H),1.63 - 1.15 (m, 110 H). 

*NMR spectra shows small additional peaks, attributed to degradation of furan 

functionality, NMR reported for expected based on NMR obtained and comparison to 

alternate Pc molecules. 

 

Representative procedure for coupling furan-containing Pc with maleimide-based 

polymer (3.12) [bdk_4_189].  To a vial was added polymer 3.8b, Pc 3.11, and CHCl3 (1 

mL) followed by heating at 55 ºC to dryness.  The process of dissolving in chloroform 

and evaporation over heat was repeated three times with GPC characterization taken at 

various points.  Following completion of the coupling reaction, the reaction mixture was 

dissolved with DCM (2.5 mL) in a centrifugation tube followed by dilution with MeOH 
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(42.5 mL).  Brine was added dropwise until a precipitate was observed and the solid was 

separated by centrifugation.  The process of precipitation was repeated three times 

followed by drying the solid to a constant mass under vacuum: 1H NMR* (500 MHz, 

CDCl3, signals vary in broadness depending upon polymer) δ 9.32 - 9.27 (b), 9.05 - 8.97 

(b), 8.87 - 8.83 (b), 7.76 - 7.71 (b), 7.58 - 7.53 (b), 7.52 - 7.47 (b), 7.32 - 7.27, 7.23 - 7.17 

(b), 7.14 - 7.08 (b), 7.03 - 6.97 (b), 6.87 - 6.72 (b), 6.63 - 6.52 (b), 5.48 - 5.45 (b), 5.29 - 

5.25 (b), 4.88 - 4.80 (b), 4.53 - 4.45 (b), 4.30 - 4.20 (b), 4.20 - 3.92 (b), 3.91 - 3.70 (b), 

3.70 - 3.47 (b), 3.14 - 3.04 (b), 3.02 - 2.92 (b), 2.10 - 1.63 (b), 1.60 - 1.15 (b), 1.10 - 0.60 

(b).    

* NMR contains additional peaks attributed to degradation of the furan-containing Pc and 

are not recorded here. 

 

Polymer from coupling with 25 % Pc to maleimide (3.12a) [bdk_5_145a].  A mixture 

of 3.8b (0.025 g, 3.13 µmol) and 3.11 (6.5 mg, 3.75 µmol) in CHCl3 (1.0 mL) was used 

to give 3.12a (0.020 g, 61 %) as a light green solid: GPC (THF) Mn: 11000 g/mol 

Mw/Mn: 1.09; UV-Vis: λ 344 nm (ε = 9.67 x 104 M-1 cm-1), 705 nm (ε = 2.06 x 105 M-1 

cm-1).   

 

 Polymer from coupling with 50 % Pc to maleimide (3.12b) [bdk_5_145b].  A mixture 

of 3.8b (0.025 g, 3.13 µmol) and 3.11 (0.013 g, 6.56 µmol) in CHCl3 (1.0 mL) was used 

to give 3.12b (0.016 g 41 %) as a light green solid: GPC (THF) Mn: 11900 g/mol Mw/Mn: 

1.10; UV-Vis: λ 344 nm (ε = 2.00 x 104 M-1 cm-1), 705 nm (ε = 4.28 x 105 M-1 cm-1).   
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Preparation of condensed-phase thin films.  A mixture of Pc-containing polymer and 

DCE (volume to give 10 mg/mL) were sonicated for five minutes to ensure solvation.  

Thin films were prepared adding the polymer solution onto a cleaned but otherwise 

untreated quartz slide (1"x1") followed by rotation at 1000 rpm for 1 minute followed by 

an increase to 2000 rpm for 30 seconds.   
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4. CROSSLINKED PHTHALOCYANINE NETWORKS THROUGH DIELS-

ALDER CYCLOADDITION 

 

4.1 Introduction 

 As the length scale that technology operates on continues to decrease in size, 

increased control over the architecture and composition of materials on the nanoscale is 

becoming increasing important.  Areas such as organic electronic materials, including 

organic photovoltaics (OPVs), organic light emitting diodes (OLEDs) and organic 

capacitors as well as adsorbents and catalysis agents can all benefit from control of 

architecture over various length scales.1-3  Through control of the composition and 

ordering of covalent assemblies, new materials with altered properties from their single 

molecule counterparts can be developed.    

As discussed earlier, one molecule that has demonstrated promise as an active 

component in variety of organic networks are phthalocyanines (Pcs) and its derivatives.  

Robust thermal and chemical stability coupled with useful optical and electrical 

properties have lead Pcs to be highly utilized in a variety of systems including numerous 

organic electronic constructs as well as catalytic and adsorbent agents in various chemical 

processes.1-3  While there exist a number of reports on the manufacture of Pc networks, 

many focus on the preparation of the network through condensation as was discussed in 

chapter 1,4-10  with fewer reports of networks prepared from a modular approach of 

coupling components together following Pc cyclization.5,11  Furthermore, most reports of 

post-cyclization coupling involve the use of additional reagents in the reaction, which 
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may ultimately lead to additional work to remove contaminants from the network prior to 

further use.   

One approach in the preparation of organic materials and networks that does not 

require additional chemical agents to promote the reaction is the [4+2] Diels-Alder 

cycloaddition.  The utility of the cycloaddition arises from the ability to drive the reaction 

through only temperature and/or concentration.  This approach has been used to prepare a 

variety of materials including linear polymers and robust but mendable networks.  One of 

the most common Diels-Alder reactions is the cycloaddition of furan and maleimide.    

 

4.1.1 Preparation of linear polymers through Diels-Alder cycloaddition 

One area of interest in the preparation of materials through Diels-Alder 

cycloaddition is the preparation of linear polymers through a step growth process 

between bis-furan and bis-maleimide molecules (AA-BB system) or a single furan-

maleimide monomer (AB system) (Scheme 4.1).11,12   

 

Scheme 4.1 Preparation of linear polymers via AA-BB and A-B furan-maleimide cycloaddition 11 

Through tailoring of the molecules coupled, a variety of material properties could 

be introduced to the large macromolecule.  One example of this approach comes from 

work performed in our group, where copper mediated azide alkyne cycloaddition 
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(CuAAC) was used to prepare dendronized monomers for polymerization via furan-

maleimide cycloaddition (Chart 4.1).13,14 

 

Chart 4.1 Bis-furan and furan-maleimide dendronized monomers used to prepare linear polymers via 

Diels-Alder cycloaddition 13 

These linear polymers showed reproducible polymerization and depolymerization 

behavior with good solubility.  The ability to functionalize the monomer through the 

highly efficient and modular approach of click chemistry provides access to a variety of 

materials.  When coupled with the reversible nature of polymerization via Diels-Alder 

cycloaddition, the materials described can meet a variety of processing and application 

needs. 

   

4.1.2 Preparation of thermally reversible dendrimers through furan-maleimide 

cycloaddition 

Furthering the concept of preparing discrete macromolecules through the use of 

Diels-Alder reaction, a variety of reports have detailed the preparation of dendrimers 

utilizing cycloaddition.  Previous work in our group looked at the joining of benzyl aryl 

ether dendrons through furan-maleimide cycloaddition (Scheme 4.2).15   
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Scheme 4.2 Preparation of benzyl aryl ether dendrimers through Diels-Alder cycloaddition 15 

Coupling of first through fourth generation dendrons was shown to proceed 

efficiently at mild temperatures and were reversible in nature.  An extension of this 

methodology was demonstrated in the preparation of segmented block dendrimers 

(Scheme 4.3).16   

 

Scheme 4.3 Preparation of segmented block dendrimers via furan-maleimide Diels-Alder cycloaddition 16 
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Preparation of polyaryl ether or polyester dendrons of varying generations with 

either a furan or maleimide at the focal point was conducted.  Coupling between the two 

different dendrons was carried out to give a segmented block dendrimers with a thermally 

labile focal point.  Studies involving varying temperature showed the ability to influence 

the exo/endo product distribution with higher temperatures favoring the more stable exo 

product.  The thermal reversibility was demonstrated by performing the retro Diels-Alder 

reaction in the presence of anthracene to effectively quench the maleimide upon 

formation.  Through this process, complete disassembly of the segmented block 

dendrimer was achieved. 

 

4.1.3 Preparation of mendable polymer networks through Diels-Alder cycloaddition 

The ability to prepare robust but reversible polymer networks is an additional 

methodology that has been demonstrated through the use of Diels-Alder cycloaddition 

reactions.  Work by Wudl and coworkers reported the preparation of highly robust but 

thermally “re-mendable” network polymers through the use of multifunctional furan and 

maleimide molecules (Scheme 4.4).17,18 

 

Scheme 4.4 Preparation of thermally “re-mendable” network polymers through multifunctional furan-

maleimide monomers 17 

  Analysis of these materials suggested that they contained comparable strengths 

to commercial epoxy materials.17  Furthermore, it was observed that through a process of 
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heating and cooling, fractured portions of the network polymer could be restored.   

Continuation of this work focused on the preparation of polymeric networks in the 

absence of solvent.  This was achieved through modification of the maleimide monomer 

being used, with preparation of a bismaleimide with a bis(ethylene glycol) linker or a 

smaller chiral bismaleimide providing molecules with lower melting points, 92 °C and 82 

°C respectively, than maleimides previously used (Chart 4.2).18   
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Chart 4.2 Bis-maleimides used in the preparation of solvent-free mendable networks 18 

These lower melting points allowed for a melt processing of the monomers by 

heating ca. 20 °C above the melting point of the maleimide followed by cooling.  This 

methodology resulted in robust network polymers exhibiting glass transitions, Tg, of 30 - 

40 °C for networks containing ethylene glycol units and ca. 80 °C for those with the 

chiral bismaleimide.  The low Tg networks were shown to have good healing efficiency 

where cracks could be mended multiple times through a simple heating protocol.  The 

dramatic impact of the monomer structure on the resultant thermal properties of the 

network polymer indicates the important role that molecular design has upon the 

preparation of mendable materials.   

 

4.1.4 Research goals  

The incorporation of Pcs into robust, network materials has shown utility in a 

variety of applications including catalyst, adsorbents, and organic semi-conductors.  In 
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many cases, the preparation of networks, either through cyclization or post-cyclization 

reactions, can impact the ability to process the resultant networks into more useful or 

complex patterns and architectures.  To this end, it was envisioned that two distinct Pcs 

comprised of either furans or maleimides at the periphery could be prepared and used to 

synthesize networks that relied only on temperature and/or concentration to promote 

crosslinking through Diels-Alder cycloaddition.  It was anticipated that these Pcs could 

be used in a variety of ways to yield crosslinked networks in a variety of media and 

physical states.    

 

4.2 Preparation of tetrasubstituted Pcs for network formation 

4.2.1 Preparation of functional phthalonitriles containing either F
P
M or furan periphery 

The preparation of Pc networks through Diels-Alder cycloaddition started with 

the preparation of functional phthalonitriles.  Previous attempts at preparing Pcs had 

shown that a free maleimide could not be retained through the cyclization process leading 

to the use of the FPM functionality.  The preparation of a FPM containing phthalonitrile of 

varying linker lengths (FPMCxPn) was carried out in two steps (Scheme 4.5).   

 

Scheme 4.5 Preparation of furan-protected maleimide phthalonitriles 4.4a and 4.4b 
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First, coupling of FPM 4.1 with di-bromo alkanes to yield FPMs 4.2a and 4.2b, 

with linker lengths of six and ten carbons, respectively, was carried out under mild basic 

conditions.   Subsequent coupling, promoted by K2CO3, with 4-hydroxy phthalonitrile 4.3 

yielded the target FPM phthalonitriles 4.4a and 4.4b.  It was anticipated that linker length 

would have an impact upon the aggregation of the prepared Pc leading to the targeting of 

Pns with six and ten carbon spacers.   

To provide the necessary Pc counterpart, phthalonitriles containing the furan 

moiety at the terminus were also prepared.  Using a similar approach as was conducted 

for preparing FPMCxPns, furfuryl-containing phthalonitriles were prepared in two steps 

(Scheme 4.6).   

 

Scheme 4.6 Preparation of furfuryl phthalonitriles 4.6a and 4.6b 

Starting from commercially available materials, excess di-bromo alkanes were 

allowed to react with furfuryl alcohol in the presence of NaH to give furfuryls 4.5a and 

4.5b, with six and ten carbon linkers respectively.  Subsequently, 4-hydroxy 

phthalonitrile was then allowed to react under mild basic conditions to give mono-

substituted furfuryl phthalonitrile 4.6a or 4.6b (FCxPn) with varying linker lengths.  
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4.2.2 Statistical condensation for preparation of symmetric Pcs 

 With the necessary precursors on hand, symmetric Pcs were prepared containing 

the required functionalities to undergo Diels-Alder cycloaddition to yield Pc networks.  It 

was observed that the stability of the FPM under traditional cyclization conditions 

resulted in crosslinked and often intractable materials.  This is not unexpected as standard 

conditions would result in retro Diels-Alder yielding free maleimide during the 

cyclization process.  This functionality was found to be detrimental during the 

condensation process as attempts to cyclize a free maleimide phthalonitrile resulted in an 

intractable green material.  In order to retain the FPM moiety during the synthesis of the 

symmetric Pcs, a modified cyclization procedure was followed (Scheme 4.7).   

Scheme 4.7 Preparation of tetrasubstituted maleimide Pcs 4.8a and 4.8b 

By refluxing 4.4a and 4.4b in MeOH with LiBr and DBN, tetrasubstituted FPM 

Pc 4.7a and 4.7b were prepared after isolation from the reaction mixture through a 

process of precipitation and trituration.  The isolated FPM symmetric Pcs 4.7a and 4.7b 

were converted to the free maleimide containing Pcs 4.8a and 4.8b through heating at 

115 ºC in TCE for 24 hours followed by the same isolation procedure used following the 
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cyclization process.  The preparation of symmetric furan containing Pcs was conducted in 

similar fashion to the FPM tetrasubstituted Pcs (Scheme 4.8).   

n

n

 

Scheme 4.8 Preparation of tetrasubstituted furfuryl Pcs 4.9a and 4.9b  

Tetrasubstituted furan Pcs 4.9a and 4.9b were prepared by refluxing 4.6a and 

4.6b in MeOH in the presence of LiBr and DBN.  Following preparation, the symmetric 

Pcs were isolated using a process of precipitation and trituration.   Both tetrasubstituted 

Pc systems were used without further purification. 

 

4.2.3 Preparation of networks via Diels-Alder cycloaddition 

 With the furan- and maleimide-functionalized Pcs in hand, efforts to prepare 

various types of networks was conducted.  Initial work focused on the preparation of Pc 

networks in solution to determine whether or not the Pcs could be used as reversible 

organic gelators.  It was anticipated that by dissolving the two Pc components in the 

appropriate solvent and controlling the temperature of the system that the forward or 

reverse Diels-Alder reaction could be selected for, resulting in either a  solvent swelled 

gel or free flowing solution (Scheme 4.9).   
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Scheme 4.9 Preparation of Pc networks through Diels-Alder cycloaddition 

It was found that using an all Pc system did not result in a solvent swelled gel but 

rather gave Pc networks that precipitated out of solution.  The inability to form a solvent 

swelled network may be due to the large amount of flexibility in the linker, allowing for 

the macrocycle cores to aggregate and interact.  It was also observed that the moderate 

formation of Pc networks was observed at a Pc loading of 10% by weight to the solvent 

used.  Attempts at lower concentrations did not exhibit any noticeable network formation.   

When one Pc component, either the furan- or maleimide-containing Pc, was 

switched for a smaller molecule with multiple, bi- or tri- functionality, networks were 
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able to be obtained with moderate heating to promote the cycloaddition reaction (Chart 

4.3).   

 

Chart 4.3 Multi-functional furan and maleimide molecules used with Pcs in preparation of networks 

The degree of network formation was seen to vary depending upon the type of 

multi-functional component used. Similar to attempts to prepare all Pc networks, when 

the additive used was small or rigid, 4.11 or 4.12, networks that precipitated out of 

solution were observed (Figure 4.1, a, b).  This finding further suggests that the ability to 

solvate the network is a primary importance to the preparation of a gel.   However, when 

the crosslinking component was larger with more flexibility, solvent swelled gels through 

the formation of a partial Pc network were accessible (Figure 4.1, c, d).   
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Figure 4.1 Digital image of various Pc network attempts: a Gelation of Pc(C6M) (4.8a) with trisfuran 4.11, 

b Gelation of Pc(C10M) (4.8b) with trisfuran 4.11, 
c Gelation of Pc(C6M) (4.8a) with bis-furan 4.10b,            

d Reversion of Pc(C6M) (4.8a) with bis-furan 4.10b  

Furthermore, the ease of performing the retro Diels-Alder reaction was observed 

to be dependent upon the system employed.  Similar to the ability to prepare networks, 

the bis-furan systems (4.10 a(b)) were able to thermally reverse more quickly and 

completely.  Some attempts to reverse networks prepared from the tris-furan (4.11) were 

met with little success with some networks not fully reversing over a period of days.  

When reversibility was achieved, this capability was observed to be consistent over a 

number of heating cycles, suggesting minimal effect of the heating process on the 

stability of the molecules employed.  The tendencies observed when attempting to 

prepare solvent swelled gels suggest a need to re-evaluate the Pc structure and system, 

preparing a material that has sufficient rigidity but also separation of the cores.   

 Following demonstration that crosslinked networks could be prepared via 

cycloaddition, attempts to synthesize free standing materials were conducted.  It was 

believed that while a solvent swelled gel could not be prepared from a pure Pc system, if 
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these two components were reacted at high concentrations, a continuous network was 

accessible.  These networks were attempted by taking a moderately concentrated solution 

of the two Pc components, approximately 15-20 mg/mL, and allowing them to evaporate 

in an open mold, resulting in the formation of crosslinked Pc networks in the shape of a 

bowl.  Following ejection from the mold, the prepared networks were washed with DCM 

or CHCl3.  Regardless of the solvent, only a minimal amount of Pc was recovered from 

the washes, which was presumed to be free Pc either left on the surface of the network 

upon evaporation or loosely trapped in the network.  Networks prepared from both six 

(4.8a and 4.9a) and ten carbon spacers (4.8b and 4.9b) provided complete coverage over 

the mold dimensions giving what appeared to be uniform, thick free-standing films 

(Figure 4.2).   

 

Figure 4.2 Digital images of Pc networks after ejection from mold, a top view and b side view of networks 

comprised of 4.8a and 4.9a 

One thing of note observed when using the PTFE mold to prepare the thick film 

networks was that upon evaporation, the Pc networks dried down into a bowl shape as a 

result of "climbing" on the mold wall.  It is currently unknown as to why the bowl shape 

consistently resulted from evaporation casting, but is likely due to a combination of the 

rate of solvent evaporation and interaction with the mold walls as this phenomena was 

a b 
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lessened with higher boiling point solvents.  Theoretical calculations placed the 

percentage of Pc macrocycle that comprised the network to be between 30-40% by mass 

dependent upon the linker length employed in the Pc mixture. 

 It was believed that the preparation of a continuous Pc film, as was anticipated to 

be prepared by evaporation, would provide a material that would yield an increased 

dielectric response.  However, preliminary impedance measurements suggested that the 

materials prepared did not give a response greater than previously observed thin-films of 

Pc, a dielectric value of ca. 3 (Thanks to Bryan Zacher of the Armstrong lab for 

generously performing dielectric measurements) .  This effect may be for a variety of 

reasons including too little Pc per network mass, improper overlap of Pc cores, and 

incomplete network formation.  Indeed, comparison of the amount of Pc by mass for the 

prepared films compared to the hyperbranched Pc polymers of Goodson show a 

significantly lower amount in the evaporative films.7,8  Furthermore, the architecture 

allowed by the carbon linker may allow for aggregation that does not promote proper 

core-core interaction.  Goodson reported that the use of a small, rigid, bis-phthalonitrile 

was critical in preparing high dielectric Pc materials.   

 To determine the completeness of the network formation, extended swelling of 

the evaporative networks prepared from 4.8a and 4.9a was conducted.  It was anticipated 

that if the networks were continuous, placing the thick films into various organic solvents 

would only result in an increase in mass due to uptake of solution but would retain the 

shape and continuity of the film.  However, after swelling for approximately 24 hours, it 
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was observed that the films had separated at the base suggesting non-continuous or weak 

network formation (Figure 4.3). 

 

Figure 4.3 Digital image of Pc network comprised of 4.8a and 4.9a ejected from mold before (left) and 

after (right) swelling in CHCl3 for 24 hours 

While the walls appeared to remain intact, the base of the networks had separated 

and curled, indicating that where the impedance measurements were taken was likely the 

thinnest and most non-continuous part of the material.  It should be noted that while the 

networks did separate at the base, very little Pc was lost to the solvent as evidenced by 

the minimal increase of color in the swelling solvent.                

 

4.2.4 Preparation of patterned Pc networks by printing techniques 

 With the mild success of preparing crosslinked, robust networks in large molds, 

attempts to pattern the Pc networks on a smaller length scale was investigated.  The idea 

for Pc patterning was to utilize the negative space of the mold, where the Pc mixture 

would occupy the void space and upon concentrating, crosslink to give a patterned Pc 

network (Figure 4.4).19,20   
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Figure 4.4 Schematic representation for patterning of Pc networks through Diels-Alder cycloaddition 

To provide a uniform pattern, a linear grating pattern silicone mold with feature 

dimensions of 100 µM in both width and depth was used (Thanks to Gordon McDonald 

of the Armstrong lab for aid in preparing patterned materials).    On a freshly plasma 

cleaned Au on glass surface, a drop of the Pc mixture at 20 mg/mL was introduced 

followed by the application of the silicone stamp.  The stamp was allowed to dry 

overnight with light pressure followed by removal and imaging.  The pattern was visually 

inspected by optical microscopy to provide assessment of the stamping process and the 

pattern fidelity following removal (Figure 4.5).   
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Figure 4.5 Digital images of stamped Pc network comprised of 4.8a and 4.9a taken through microscope 

viewfinder.  Objective magnification at a 10x  and b 100x, feature size ca. 100 µM 

While some Pc was observed at the point of contact of the stamp and substrate, 

networks of greater density were observed in the negative portions of the stamp.  While 

the initial patterning attempt indicated the ability to utilize a negative space approach, 

cleanliness of the sample and substrate will require further investigation.  Furthermore, to 

be able to properly characterize the success of the patterning through AFM a smaller 

feature size pattern will be required.  The use of a smaller feature stamp will provide the 

ability to analyze the pattern fidelity over a number of periods, as the approximate limit 

of characterization is 100 µM, as well as get a more accurate indication of height due to 

the increased sampling.     

Following indication that utilizing the negative space of a stamp was viable to 

prepare patterned Pc networks, a collaboration to prepare networks on a shorter-length 

scale was conducted.  The nanoimprint by melt processing (NIMP) technique provides 

access to nanometer scale patterning of materials that have been heated to a melt 

transition allowing for mobility into void space of the mold (Thanks to Prof. Jayan 

Thomas at UCF for samples patterned via NIMP).20  Cooling results in hardening of the 
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material, and subsequent removal of the mold leaves the nanometer scale pattern.  The 

two component Pc system should be an ideal choice for the NIMP process as the 

cycloaddition reaction is controlled thermally.  Initial attempts to apply the NIMP process 

to the two component system showed promise, with a transfer of pattern that retained a 

good degree of feature fidelity (Figure 4.6).   

 

Figure 4.6 SEM images of NIMP patterning of all Pc networks comprised of 4.8a and 4.9a at 20k (left) 

and 40k (right) 

However, complete transfer of pattern was difficult due to the Pc component 

system not exhibiting adequate melt behavior in the temperature range desired.  To 

overcome this deficiency, attempts to utilize an additional solvent in the system was 

conducted, but issues with pattern fidelity remained.  Efforts to utilize either patterning 

approach will require more investigation, with focus on modification of the Pcs to meet 

solubility and temperature targets. 
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4.3 Characterization of functional Pcs 

4.3.1 NMR characterization of functional Pcs 

NMR characterization provided a means to monitor the completion of various 

reactions as well as the retention of the desired macrocyclic structure of the prepared Pcs.  

While the tetrasubstituted symmetric Pcs do not provide the same sharpness found in the 

asymmetric Pcs described in chapters 2 and 3, sufficient definition was available to 

confirm the presence of the desired functionalities.  The conversion of the FPM to the free 

maleimide could be followed by the disappearance of the chemical shifts at 5.25 and 2.80 

ppm, denoting the loss of the oxy-bridge and bridgehead protons of the FPM and the 

downfield shift of the alkene protons from 6.45 to 6.70 ppm.  Furthermore, preparation of 

the tetrasubstituted Pc with furans at the periphery could also be confirmed through the 

presence of the signals at 7.54 - 7.4, 6.45 - 6.30, and 4.6 - 4.3 ppm attributed to the 

protons in the furan ring at the two downfield positions and the CH2 of the furfuryl group.  

It was of note that the degradation that was described in chapter 3 was not as evident in 

the tetrasubstituted Pcs.  Further characterization and investigation of the furan peripheral 

symmetric Pc will be necessary to determine the stability of this molecule prior to further 

utilization in the Pc network project.     

 

4.3.2 UV-Vis Characterization of functional Pcs 

 UV-Vis characterization was conducted at low concentration to provide 

confirmation of the Pc core.  In all samples, the presence of the split Q-band at 676 and 

704 nm confirmed the non-metallated macrocyclic core.  While there was no major 
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shifting of the absorbance maxima in the sample, a degree of aggregation was observed 

in some samples (Figure 4.7).   

 

Figure 4.7 UV-Vis spectra of tetrasubstituted Pcs 4.8a, 4.8b, 4.9a and 4.9b in DCM ([Pc] = ca. 5 x 10-6 M) 

with normalization to peak at 705 nm 

The maleimide-containing symmetric Pc 4.8b showed a ratio between the Q and 

B bands closer to one, suggesting interaction at 10-6 M concentrations.  Further indication 

of aggregation observed in the Q-band profile of the 10 carbon linker was the slight 

increase in the absorbance of shorter wavelength transitions compared to the other 

tetrasubstituted Pcs.  However, the furan-containing symmetric Pcs did not appear to 

show the same aggregation effects.  Further investigation is needed to determine the 

origin of the effect between the two peripheral functionalities.   
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4.4 Conclusions 

 The synthesis and characterization of phthalocyanine networks prepared by the 

[4+2] Diels-Alder cycloaddition has been described.  Separate preparation of 

tetrasubstituted phthalocyanines containing either furans or maleimides on the periphery 

provided the necessary components for the DA reaction and could be readily 

characterized and stored.  Mixing of the furan and maleimide Pcs in concentrated 

solutions with an appropriate temperature range provided means to synthesize networks 

that exhibited moderate degrees of thermal reversibility.  However, the exchange of a 

multi-functional companion small molecule did allow for the preparation of thermally 

reversible gels with the appropriate Pc.  The combination of the Pc components in dilute 

solutions followed by concentration through evaporation of solvent resulted in 

crosslinked Pc networks that took on the dimensions of the mold employed.  While the 

network was robust, it was found that the prepared Pc material was not continuous, 

resulting in a loss of structure upon extended swelling.  Due to the component nature, 

preparation of patterned Pc networks was attempted through the use of various imprint 

lithography techniques.  It was found that crosslinked Pc materials could be prepared in 

an assortment of patterns and length scales with varying degrees of feature retention 

through a process of heating and/or evaporation.  Further work will be required to 

provide the proper Pc starting components to yield reproducible patterning capabilities.   
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4.5 Experimental procedures 

Materials and Methods 

All chemicals were purchased from commercial vendors and used as received unless 

otherwise stated.    N-(H)-7-oxabicyclo[2.2.1]heptane-5-ene-2,3-dicarboximide (4.1),21 

N-(6-bromohexyl)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide (4.2a),22 N-(10-

bromodecyl)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide (4.2b),23 4-hydroxy 

phthalonitrile (4.3),24  1-furfuryl-6-bromohexane (4.5a),25 1-furfuryl-10-bromodecane 

(4.5b),25   

Bisfurfuryl-4,4’-[(2,5-dibromo-1,4-phenylene)bisoxy]dibutanoate (4.10a),13
 Bisfurfuryl-

4,4’-[(2,5-dibromo-1,4-phenylene)bisoxy]dihexanoate (4.10b),13 and benzene-1,3,5-

trisfurfuroante (4.11)26 were prepared according to literature.  NMR spectra were 

obtained on a Bruker 500 MHz instrument and processed using MestReNova 

(MestReLabs) software.  Chemical shifts were referenced to CDCl3 with a value of 7.26 

ppm (1H) and 77.0 ppm (13C). Melting points were obtained on a Mel-Temp melting 

point apparatus using Pyrex capillary tubes, melting points are uncorrected. 

 

N-(6-(3,4-Dicyano)phenoxy)hexyl)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide 

(4.4a) [bdk_4_103].  A mixture of FPM 4.2a (2.0 g, 6.9 mmol), phthalonitrile 4.3 (1.01 g, 

7.62 mmol), K2CO3 (1.05 g, 7.62 mmol) and DMF (15 mL) was stirred at 60 ºC under Ar 

for 16 h.  The reaction was quenched by diluting with H2O (100 mL) followed by 

extraction with EtOAc (3x, 30 mL).  The organic layers were collected and washed with 

H2O (2x, 50 mL), dried (MgSO4) and concentrated by rotary evaporation to give an 
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orange/brown oil.  The crude solid was purified by flash chromatography (SiO2, 

hexanes/EtOAc (3:2)) to yield 4.4a (2.1 g, 86 %) as a yellow oil that solidified upon 

standing: mp 126-128 ºC; 1H NMR (500 MHz, CDCl3) δ 7.67 - 7.66 (m, 1H), 7.22 (m, 

1H), 7.13 (dd, J = 8.8, 2.6 Hz, 1H), 6.50 - 6.49 (m, 2H), 5.22 (m, 2H), 3.99 (t, J = 6.4 Hz, 

2H), 3.48 - 3.45 (m, 2H), 2.81 (s, 2H), 1.81 - 1.75 (m, 2H), 1.61 - 1.55 (m, 2H), 1.48 - 

1.42 (m, 2H), 1.34 – 1.30 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 176.3, 162.1, 136.5, 

135.1, 119.5, 119.3, 117.4, 115.7, 115.3, 107.0, 80.9, 69.0, 47.4, 38.7, 28.4, 27.3, 26.0, 

25.2. 

 

N-(10-(3,4-Dicyano)phenoxy)decyl)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide 

(4.4b) [bdk_3_109, 3_071].  A mixture of FPM 4.2b (1.50 g, 3.9 mmol), phthalonitrile 

4.3 (0.703 g, 4.88 mmol), K2CO3 (0.674 g, 4.88 mmol) and DMF (15 mL) was stirred at 

70 ºC under Ar for 16 h.  The reaction was precipitated into H2O/brine (25% v:v) to give 

an orange/brown solid.  The solid was isolated by vacuum filtration and recrystallized 

from EtOH to provide 4.4b (1.26 g, 75 %) as a light yellow solid: mp 102-104 ºC; 1H 

NMR (500 MHz, CDCl3) δ 7.72 (d, J = 8.8 Hz, 1H), 7.28 (d, J = 2.6 Hz, 1H), 7.19 (dd, J 

= 8.8, 2.6 Hz, 1H), 6.54 (s, 2H), 5.28 (s, 2H), 4.06 (t, J = 6.5 Hz, 2H), 3.51 – 3.46 (m, 

2H), 2.85 (s, 2H), 1.88 – 1.79 (m, 2H), 1.62 – 1.53 (m, 2H), 1.51 – 1.42 (m, 2H), 1.40 – 

1.26 (m, 10H); 13C NMR (125 MHz, CDCl3) δ 176.3, 162.2, 143.2, 136.5, 135.2, 119.5, 

119.3, 117.8, 117.4, 115.7, 115.3, 111.2, 107.0, 81.3, 80.9, 80.0, 73.6, 69.3, 52.9, 47.4, 

43.1, 39.0, 32.1, 29.3, 29.2, 29.1, 29.0, 28.7, 27.5, 26.6, 25.7. 
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4-(6-(Furfuryl)hexyloxy)-phthalonitrile (4.6a) [bdk_3_197].  A mixture of furfuryl 

4.5a (1.0 g, 3.8 mmol), phthalonitrile 4.3 (0.69 g, 4.8 mmol), K2CO3 (0.69 g, 5.0 mmol) 

and DMF (20 mL) was stirred at 60 ºC under Ar for 16 h.  The reaction was quenched by 

diluting with H2O (150 mL) and the mixture was extracted with EtOAc (3x, 50 mL).  The 

organic layers were collected, washed with H2O (2x, 50 mL), dried (MgSO4), and 

concentrated to give a yellow/green oil.  The crude oil was purified by flash 

chromatography (SiO2, hexanes/EtOAc (3:1)) to yield 4.6a (0.88 g, 71 %) as a viscous 

light yellow/green oil: 1H NMR (500 MHz, CDCl3) δ 7.67 (d, J = 8.8 Hz, 1H), 7.38-7.37 

(m, 1H), 7.21 (d, J = 2.6 Hz, 1H), 7.14 (dd, J = 8.8, 2.6 Hz, 1H), 6.32 - 6.29 (m, 1H) 6.28 

- 6.27 (m, 1H), 4.41 (s, 2H), 4.01 (t, J = 6.5 Hz, 2H), 3.45 (t, J = 6.5 Hz, 2H), 1.83 - 1.76 

(m, 2H), 1.63 – 1.56 (m, 2H), 1.49 – 1.36 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 162.1, 

152.0, 142.7, 135.1, 119.5, 119.3, 117.4, 115.7, 115.3, 110.2, 109.0, 107.0, 70.0, 69.1, 

64.8, 29.5, 28.6, 25.8, 25.6. 

 

4-(10-(Furfuryl)decyloxy) phthalonitrile (4.6b) [bdk_3_199].  A mixture of furfuryl 

4.5b (1.0 g, 3.2 mmol), phthalonitrile 4.3 (0.57 g, 3.9 mmol), K2CO3 (0.57 g, 4.1 mmol) 

and DMF (20 mL) was stirred at 60 ºC under Ar for 16 h.  The reaction was quenched by 

diluting with H2O (150 mL) and extracting with EtOAc (3x, 50 mL).  The combined 

organic layer was collected, washed with H2O (2x, 50 mL), dried (MgSO4), and 

concentrated to give a yellow oil.  The crude oil was purified by flash chromatography 

(SiO2, hexanes/EtOAc (3:1)) to yield 4.6b (0.94 g, 78 %) as a viscous light yellow/green 

oil: 1H NMR (500 MHz, CDCl3) δ 7.67 (d, J = 8.8 Hz, 1H), 7.39 - 7.38 (m, 1H), 7.22 (d, 
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J = 2.6 Hz, 1H), 7.15 (dd, J = 8.8, 2.6 Hz, 1H), 6.32 - 6.31 (m, 1H), 6.28 - 6.27 (m, 1H), 

4.41 (s, 2H), 4.01 (t, J = 6.5 Hz, 2H), 3.44 (t, J = 6.7 Hz, 2H), 1.82-1.76 (m, 2H), 1.60 – 

1.53 (m, 2H), 1.46 – 1.38 (m, 2H), 1.35 - 1.23 (m, 10H); 13C NMR (125 MHz, CDCl3) δ 

162.2, 152.1, 142.6, 135.1, 119.5, 119.3, 117.4, 115.7, 115.3, 110.2, 108.9, 107.0, 70.4, 

69.3, 64.7, 29.6, 29.4, 29.4, 29.2, 28.7, 26.1, 25.8. 

 

2,9(10),16(17),23(24)-Tetra(N-(hexyloxy)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-

dicarboximide)-phthalocyanine (4.7a) [bdk_4_003, 3_097]. A mixture of phthalonitrile 

4.4a (0.750 g, 1.92 mmol), DBN (0.119 g, 0.958 mmol), LiBr (0.083 g, 0.958 mmol) and 

MeOH (5 mL) was maintained at reflux under Ar for 20 h.  The reaction mixture was 

allowed to cool to room temperature followed by the decanting of MeOH.  The remaining 

crude green solid was dissolved in DCM (5 ml) and diluted with MeOH (40 mL) 

followed by the dropwise addition of brine until precipitation gave a green solid that was 

separated by centrifugation.  The precipitation process was carried out three times 

followed by drying the solid under vacuum to give 4.7a (0.36 g, 48%) as a dark green 

solid: 1H NMR (500 MHz, CDCl3) δ 8.64 – 8.43 (m, 4H), 8.10 – 7.82 (m, 4H), 7.45 – 

7.20 (m, 4H), 6.50 - 6.37 (m, 8H), 5.32 - 5.20 (m, 8H), 4.40 - 4.22 (m, 8H), 3.67 - 3.55 

(m, 8H),  2.88 - 2.78 (m, 8H), 2.20 - 2.03 (m, 8H), 1.85 - 1.70 (m, 16H), 1.62 – 1.50 (m, 

8H); UV-Vis λ 342 nm (ε = 1.38 x 105 M-1 cm-1), 705 nm (ε = 1.84 x 105 M-1 cm-1). 

 

2,9(10),16(17),23(24)-Tetra(N-(decyloxy)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-

dicarboximide)-phthalocyanine (4.7b) [bdk_4_013, 3_097]. A mixture of phthalonitrile 
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4.4b (0.750 g, 1.68 mmol), DBN (0.104 g, 0.838 mmol), LiBr (0.073 g, 0.838 mmol) and 

MeOH (5 mL) was maintained at reflux under Ar for 24 h.    The reaction mixture was 

allowed to cool to room temperature followed by the decanting of MeOH.  The remaining 

crude green solid was dissolved in DCM (5 ml) and diluted with MeOH (40 mL) 

followed by the dropwise addition of brine until precipitation gave a green solid that was 

separated by centrifugation.  The precipitation process was carried out three times 

followed by drying the solid under vacuum to give 4.7b (0.49 g, 65%) as a dark green 

solid:  1H NMR (500 MHz, CDCl3) δ 8.66 – 8.46 (m, 4H), 8.18 – 7.88 (m, 4H), 7.48 – 

7.20 (m, 4H), 6.50 - 6.38 (m, 8H), 5.30 - 5.14 (m, 8H), 4.43 - 4.25 (m, 8H), 3.55 - 3.40 

(m, 8H), 2.82 - 2.75 (m, 8H), 2.15 - 1.98 (m, 16H), 1.85 - 1.15 (m, 48H); UV-Vis λ 340 

nm (ε = 8.40 x 104 M-1 cm-1), 705 nm (ε = 1.20 x 105 M-1 cm-1). 

 

2,9(10),16(17),23(24)-Tetra(N-(hexyloxy)-1H-pyrrole-2,5-dione)phthalocyanine 

(4.8a) [bdk_4_003b, 3_095]. A mixture of phthalocyanine 4.7a (.361 g, 0.230 mmol) and 

tetrachloroethane (10 mL) was heated at 125 ºC for 24 h.  The reaction mixture was 

allowed to cool to room temperature followed by concentration by rotary evaporation.  

The remaining crude green solid was dissolved in DCM (5 ml) and diluted with MeOH 

(40 mL) followed by the dropwise addition of brine until precipitation gave a green solid 

that was separated by centrifugation.  The precipitation process was carried out three 

times followed by drying the solid under vacuum to give 4.8a (0.18 g, 62%) as a dark 

green solid: 1H NMR (500 MHz, CDCl3) δ 8.66 – 8.36 (m, 4H), 8.08 – 7.76 (m, 4H), 7.43 

– 7.20 (m, 4H), 6.79 - 6.71 (m, 8H), 4.31 - 4.20 (m, 8H), 3.72 - 3.60 (m, 8H) 2.15 - 2.00 
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(m, 8H), 1.87 - 1.72 (m, 16H), 1.65 - 1.52 (m, 8H); UV-Vis λ 341 nm (ε = 8.36 x 104 M-1 

cm-1), 705 nm (ε = 1.21 x 105 M-1 cm-1). 

. 

2,9(10),16(17),23(24)-Tetra(N-(decyloxy)-1H-pyrrole-2,5-dione)phthalocyanine 

(4.8b) [bdk_4_013b, 3_095]. A mixture of phthalocyanine 4.7b (.490 g, 0.273 mmol) and 

tetrachloroethane (10 mL) was heated at 125 ºC for 24 h.  The reaction mixture was 

allowed to cool to room temperature followed by concentration by rotary evaporation.  

The remaining crude green solid was dissolved in DCM (5 ml) and diluted with MeOH 

(40 mL) followed by the dropwise addition of brine until precipitation to give a green 

solid that was separated by centrifugation.  The precipitation process was carried out 

three times followed by drying the solid under vacuum to give 4.8b (0.33 g, 81%) as a 

dark green solid: 1H NMR (500 MHz, CDCl3) δ 8.60 – 8.32 (m, 4H), 8.05 – 7.65 (m, 4H), 

7.43 – 7.20 (m, 4H), 6.74 - 6.68 (m, 8H), 4.41 - 4.2 (m, 8H), 3.64 - 3.54 (m, 8H), 2.45 - 

2.23 (b, 8H), 2.20 - 2.07 (b, 8H), 1.90 – 1.15 (m, 48H); UV-Vis λ 338 nm (ε = 1.02 x 105 

M-1 cm-1), 705 nm (ε = 1.12 x 105 M-1 cm-1). 

 

2,9(10),16(17),23(24)-Tetra(furfurylhexyloxy)phthalocyanine (4.9a) [bdk_4_009]. A 

mixture of phthalonitrile 4.6a (0.500 g, 1.54 mmol), DBN (0.095 g, 0.771 mmol), LiBr 

(0.067 g, 0.771 mmol) and MeOH (4 mL) was maintained at reflux under Ar for 22 h.  

The reaction mixture was allowed to cool to room temperature followed by decanting of 

MeOH.  The crude green solid was dissolved in DCM (5 ml) and diluted with MeOH (40 

mL) followed by the dropwise addition of brine until precipitation gave a green solid that 
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was separated by centrifugation.  The precipitation process was carried out three times 

followed by drying the solid under vacuum to give 4.9a (0.23 g, 45%) as a dark green 

solid: 1H NMR (500 MHz, CDCl3) δ 8.40 – 8.08 (m, 4H), 7.82 – 7.57 (m, 4H), 7.49 – 

7.46 (m, 4H), 7.28 - 7.01 (m, 4H), 6.42 - 6.35 (m, 8H), 4.58 - 4.53 (m, 8H), 4.26 - 4.12 

(m, 8H), 3.68 - 3.61 (m, 8H), 2.12 - 2.01 (m, 8H), 1.88 - 1.80 (m, 8H), 1.79 – 1.71 (m, 

8H), 1.70 - 1.62 (m, 8H); UV-Vis λ 342 nm (ε = 1.30 x 105 M-1 cm-1), 704 nm (ε = 1.97 x 

105 M-1 cm-1). 

 

2,9(10),16(17),23(24)-Tetra(furfuryldecyloxy)phthalocyanine (4.9b) [bdk_4_011]. A 

mixture of phthalonitrile 4.6b (0.750 g, 3.34 mmol), DBU (0.13 g, 0.84 mmol), LiBr 

(0.072 g, 0.84 mmol) and MeOH (15 mL) was maintained at reflux under Ar for 22 h.  

The reaction mixture was allowed to cool to room temperature followed by decanting of 

MeOH.  The crude green solid was dissolved in DCM (5 ml) and diluted with MeOH (40 

mL) followed by the dropwise addition of brine until precipitation gave a green solid that 

was separated by centrifugation.  The precipitation process was carried out three times 

followed by drying the solid under vacuum to give 4.9b (0.40 g, 53%) as a dark green 

solid: 1H NMR (500 MHz, CDCl3) δ 8.48 – 8.16 (m, 4H), 7.92 – 7.56 (m, 4H), 7.43 – 

7.37 (m, 4H), 7.33 - 7.09 (m, 4H), 6.36 - 6.26 (m, 8H), 4.48 - 4.42 (m, 8H), 4.35 - 4.17 

(m, 8H), 3.54 - 3.47 (m, 8H), 2.18 - 2.03 (m, 8H), 1.81 - 1.70 (m, 8H), 1.70 – 1.35 (m, 

48H); UV-Vis λ 342 nm (ε = 9.83 x 104 M-1 cm-1), 704 nm (ε = 1.48 x 105 M-1 cm-1). 
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Representative preparation of Pc networks in solution [bdk_3_101].  A mixture of 

phthalocyanines 4.8a (or 4.8b) (0.02 g, 15 (13) µmol) and 4.9a (or 4.9b) (0.02 g, 15 (13) 

µmol) and CHCl3 (2 mL) were sonicated at RT for 5 minutes.  Following sonication, 

solutions were added to a PTFE mold and allowed to evaporate at RT over a period of 24 

h.  After the evaporation period, the samples were ejected from the mold and washed 

with DCM followed by drying in air.   

 

Representative preparation of thick films [bdk_4_003].  A mixture of phthalocyanines 

4.8a (or 4.8b) (0.02 g, 15 (13) µmol) and 4.9a (or 4.9b) (0.02 g, 15 (13) µmol) and 

CHCl3 (2 mL) were sonicated at RT for 5 minutes.  Following sonication, solutions were 

added to a PTFE mold and allowed to evaporate at RT over a period of 24 h.  After the 

evaporation period, the samples were ejected from the mold and washed with DCM 

followed by drying in air.   

 

Patterning of phthalocyanine networks [bdk_4_003].  A mixture of phthalocyanines 

4.8a (or 4.8b) (0.005 g, 4.0 (3.0) µmol) and 4.9a (or 4.9b) (0.005 g, 4.0 (3.0) µmol) and 

CHCl3 (0.2 mL) were sonicated at RT for 5 minutes.  To a freshly, plasma cleaned Au on 

glass surface was placed 1 drop of the mixture followed by the application of a silicone 

stamp (feature size 100 µM).  The stamp was allowed to stand with no additional weight 

for 16 h.  Following drying, the stamp was removed and the patterned Pc was washed 

with DCM (2x, 10 mL) (Thanks to Gordon McDonald of the Armstrong lab for aid in 

preparation of linear patterned materials).   
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Patterning of phthalocyanine networks via NIMP
*
 – A mold measuring 1 x 1 in2 had 

the following dimensions of patterned holes, diameter of 40 nm, depth of 90 nm and a 

pitch of 100 nm.  The sample was patterned over an area of 3 x 3 mm2 by taking 5 mg 

and heating at ca. 70 °C.  The pattern was applied to the sample at a pressure of less than 

1 bar and held until the sample cooled to ambient temperature (Thanks to Prof. Jayan 

Thomas of UCF for patterned materials via NIMP). 

* Procedure reported from reference 15 
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5. CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1 Phthalocyanine-Containing Linear Polymers via ROMP 

5.1.1 Conclusions 

The synthesis, characterization, and ROMP of an asymmetric Pc has been 

described.  Asymmetric Pcs with a FPM in the odd quadrant were prepared by using a 

deprotection/addition scheme, starting with the statistical condensation of a masked 

phthalonitrile followed by acid cleavage to yield an asymmetric Pc with a phenolic 

functionality in the odd quadrant.  Following acid cleavage, alkylation provided the final 

Pc monomer with an oxanorbornene functionality.  The Pc monomer was then 

copolymerized via ROMP resulting in polymers of varying Pc composition, with 

controlled molecular weights and narrow polydispersities.  Studies of aggregation in both 

solution and condensed-phase thin films were conducted.  Following the macrocycle 

proton signal via NMR indicated a gradual onset of aggregation in both the metallated 

and non-metallated Pc-containing polymers with aggregation in the ZnPc polymers being 

mitigated through the addition of dueterated pyridine.  Furthermore, the architecture of 

the polymer was also observed to influence the onset of aggregation with the block 

architecture showing an earlier onset and greater degrees of aggregation.  Following 

aggregation through UV-Vis spectroscopy showed similar trends to findings through 

NMR albeit with suppressed onset, likely due to the dilute conditions employed.  While 

little to no aggregation was observed in solution UV when comparing Q-band shape or 

intensity, following the B-band absorption showed a distinct trend across composition 
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and morphology.   Condensed-phase thin films showed similar behavior as observed in 

solution, with the higher Pc compositions exhibiting greater degrees of aggregation.  The 

incorporation of a metal into the macrocycle mirrored tendencies observed with non-

metallated Pc-containing polymers but was shown to reduce the degree of aggregation in 

both dilute solution and thin films.  The ability to control the composition and 

morphology of Pc-containing polymers, and as a result their behavior, will provide an 

additional method for tailoring materials to address the needs of future applications.   

 

5.1.2 Future directions 

 One of the most accessible future directions is to look at the utilization of 

alternative comonomers in the preparation of Pc-containing polymers.  The comonomer 

used in the initial study, FPMC12 2.6 was chosen due to availability.  A wide variety of 

monomers targeting various properties or applications could be prepared including focus 

on polarity (FPMPEG), glass transition comparison with the original polymers (FPMC6), 

and a secondary functionality (FPMCxazide, FPMCxTIPSAlkyne).  Alternatively, 

investigation into the Pc periphery on the isolation of the macrocycle could also provide 

insight into the interaction of the Pc with the surrounding polymer.  By altering the 

periphery to better match the polymer, i.e. long chain alkyl groups on Pc to match 

FPMC12, a clearer picture of the polymers role in site-isolation could be discerned.  The 

scarcity of literature that pertains to well-defined Pc-containing polymers through ROMP 

allows for a large variety of tailoring in this rather unexplored niche of Pc-containing 

materials.  In addition, the alteration of the metal center to something more amenable to 
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optical limiting Pcs (Sn, Pb, etc.) or OPVs (TiO) could provide materials that have 

unique solubility or thermal properties in addition to optoelectronic responses.  The 

inclusion of the crosslinking agent could provide a means to prepare crosslinked 

condensed-phase thin films for various applications.  

 A second area to explore is the preparation of donor-acceptor containing polymers 

similar to the work of Grubbs.  While not completely novel, the ability to prepare well-

defined materials, including compositional and architectural control, would make this 

direction a more impactful study.  Some preliminary work has already been done in this 

area with the preparation of a PDI-containing FPM monomer and its subsequent 

polymerization into a Pc-containing copolymer (PDI-FPM monomer prepared by Yiming 

Huang of the McGrath group) (Scheme 5.1).   

 

Scheme 5.1 Preparation of Pc-PDI terpolymer via ROMP  
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The polymerization was conducted in a similar fashion as the work in chapter 2 

with a feed ratio of Pc:PDI:FPMC12 (5:5:90 mol%) [bdk_5_159].  Isolation and 

characterization of the polymer indicated that both the Pc and PDI incorporate into the 

final polymer, with the shorter wavelengths indicating some lower MW species (Figure 

5.1).   

 

Figure 5.1 GPC traces of Pc-PDI ROMP terpolymer at varying wavelengths normalized to polymer 

response, THF mobile phase  

The presence of lower MW species observed in the 254 nm and 538 nm spectra 

suggest that the polymerization is not incorporating all monomers equally.  To confirm 

and address this possibility, ROMP conditions will need to be investigated to determine if 

the use of different solvents or concentrations can provide a more uniform 

polymerization.  NMR and UV-Vis characterization has been performed and is in 

agreement with the expected results, allowing for determination of the incorporated 

chromophores in the final polymer.  Furthermore, a condense-phase thin film of the 
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polymer was prepared and analyzed by UV-Vis showing definitively that the Pc exhibited 

aggregation at the composition obtained.  The isolation of the PDI was harder to gauge as 

the solution and thin film at wavelengths shorter than 600 nm appear to have similar 

profiles (Figure 5.2).   

 

Figure 5.2 UV-Vis of Pc-PDI copolymer in DCM and condensed-phase TF with Pc monomer 2.5a and 

PDI-FPM monomer ([Pc] = ca. 5 x 10-6 M, [PDI] = ca. 1 x 10-6 M, [Polymer] = ca. 10-6 M) with 

normalization to peak of highest intensity for the respective sample (Pc = 705 nm, PDI = 538) 

Continuation of this work should focus on the preparation of random and block 

copolymers of varying compositions to determine the interaction of the chromophores at 

alternative loadings.  In addition, the termination of the polymerization (or initiation) 

with a phosphonate functionalized molecule could provide a means to tethering the 

copolymer to the surface of ITO through a “grafting to” approach, allowing for a variety 

of electrochemical measurements from the surface to be conducted.  Through these 

measurements it may be possible to determine the influence of the copolymer on material 

intrinsic properties such as electron transfer and photo-induced charge separation.   
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 A third direction that has also been sparingly investigated is the ability to prepare 

Pc-containing linear polymers from an ITO surface through surface-initiated ROMP 

(SIROMP) (Scheme 5.2).   

 

Scheme 5.2 Modification of ITO surface via SIROMP of Pc monomer 2.5a 

Work to date has shown that the ITO surface can be modified with a FPM 

containing phosphonic acid to allow for polymerization [bdk_5_175].  Incubation of the 

treated surface in a solution of the G1 catalyst followed by transfer to a concentrated 

solution of Pc monomer resulted in a qualitative change of the ITO surface.  AFM 

imaging indicated a decrease in surface roughness as well as apparent changes in the 

surface morphology (Figure 5.3).  

 

Figure 5.3 AFM images of a pre and b post modification of ITO via SIROMP with Pc monomer 2.5a 
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Electrochemical analysis of the surface modification (cyclic voltammetry) and 

thickness measurements (AFM) are currently pending.  Based upon the work to date, it is 

believed that a sufficiently long linker between the FPM and ITO surface is necessary to 

allow for adequate initiation to occur.  When attempts to polymerize from the surface 

using a FPM molecule with only a 3 carbon spacer, no indication of polymerization was 

observed by AFM.  However, extension of the linker to 9 carbons produced the results 

previously discussed.  Continuation of this work could focus on the effect of 

polymerization time with polymer thickness, as the current slide was incubated in the 

monomer solution for ca. 16 hours.  A kinetic study involving slides analyzed at multiple 

time periods of shorter duration could provide a means to target specific polymer 

thicknesses.  Furthermore, CT-AFM (conductive tip AFM) could be used to determine if 

and at what polymer thicknesses electron transfer to the ITO surface no longer occurs.  

These results coupled with the kinetic study could provide parameters for preparation of 

Pc donor layers for the use in OPV devices.  In addition, due to the controlled nature of 

ROMP, block copolymers of Pc and PDI could be prepared for investigation into 

covalently bound donor-acceptor materials for use in device fabrication.  If these 

materials can be successfully prepared, comparison to the Pc-PDI copolymers described 

previously could be conducted.  The comparison of spin cast films, “grafted to” 

copolymers (if successful) and polymers grown from the surface could provide insight 

into the Pc polymer interactions with the ITO surface, ultimately useful when utilizing 

Pc-containing polymers in OPV devices.    
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5.2 Phthalocyanine Incorporation into Linear Polymers via Diels-Alder 

Cycloaddition 

5.2.1 Conclusions 

 The synthesis, characterization, and coupling of asymmetric Pcs to companion 

polymers has been described.  Asymmetric Pcs with a FPM in the odd quadrant were 

prepared by using a deprotection/addition scheme, starting with the statistical 

condensation of a masked phthalonitrile followed by acid cleavage to yield an 

asymmetric Pc with a phenolic-like functionality in the odd quadrant.  Following acid 

cleavage, alkylation provided a Pc molecule with an oxanorbornene functionality.  

Through a process of thermal deprotection, the furan protection was removed leaving a 

free maleimide that could subsequently be used in the Diels-Alder cycloaddition with a 

furan-based copolymer.  While coupling was successful, it was observed that broadening 

of the MW distribution occurred which was attributed to a Pc promoted singlet oxygen 

interaction with free furan pendant groups.  It was found that long term stability of these 

materials was poor, with only limited solubility observed following storage at ambient 

conditions in light after a few weeks.  Efforts to modify the approach to coupling of a 

furan-containing asymmetric Pc with a maleimide-based polymer were only moderately 

successful.  Again, the interaction of the furan functionality with the Pc occurred at too 

rapid a rate to utilize reproducibly.  GPC analysis was used to follow the progression of 

the coupling reactions, with increases in MW observed concomitantly with the Pc feed.  

NMR and UV-Vis characterization was conducted on the maleimide polymer coupling 
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system as these materials showed substantially improved stability.  NMR analysis was 

able to provide an indication of the amount of successful coupling as well as an 

approximation of the furan degradation during the cycloaddition reaction.  In dilute 

solutions, the Pc-containing polymers prepared through coupling exhibited similar 

absorbance profiles, nearly mimicking the monomeric form of the Pcs used.  However, 

when prepared as a condensed phase thin-film, the coupled polymers showed no site-

isolation of the macrocycles, even at the lowest Pc concentration.  These findings suggest 

the importance of finding the appropriate comonomer to provide sufficient steric 

hindrance when looking to prepare condensed-phase materials.  While the functionalities 

used for the coupling of Pcs to previously prepared polymers only provided moderate 

success, the concept shows promise based on initial results of both of the furan-

maleimide systems.  Alteration of the functionalities used in the coupling process will 

likely provide means to continue and complete this project. 

 

5.2.2 Future directions 

 Future work on the preparation of Pc-containing polymers through Diels-Alder 

post-polymerization modification can focus on three primary areas.  The first and 

arguably easiest point of investigation would be to alter the Pc-maleimide being used in 

the coupling reaction to a metal center that does not promote singlet oxygen, for instance 

CuPc.  Through this change in the metal center, the original approach of using the 

furfuryl methacrylate can continue to be used.  In addition, this may also allow for 

preparation of polymers of only partial Pc-incorporation allowing for further modification 
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through other maleimide containing materials such as a PDI-containing maleimide 

(accessible from the PDI described for future directions of chapter 2). 

 An alternative to altering the metal center but still using the furan based 

copolymer would be to perform the coupling reactions with an excess of Pc while in the 

absence of light.  If the resulting broadening of the MW distribution is indeed due to 

unintended side reactions of the pendant furan groups with singlet oxygen generated by 

interaction with the Pc core, performing the reaction in the dark should mitigate this side-

reaction.  Furthermore, by using an excess of Pc, it can be anticipated that consumption 

of the furan groups through the cycloaddition reaction can be achieved, again mitigating 

the singlet oxygen / furan side reaction.  This hypothesis arises from preliminary work 

done with an excess of Pc during coupling that while resulting in a slightly broadened 

distribution, due to the reaction being run in ambient light, the Pc-containing polymer 

was still soluble following storage in light for multiple weeks.  This is counter to 

materials that used the Pc as the limiting reagent where significant broadening was 

observed in addition to decreased solubility after storage.  One disadvantage of this 

approach is that in order to obtain Pc-containing polymers of varying composition, 

individual polymers would need to be synthesized.  Furthermore, the ability to carry out 

multiple chromophore incorporation would have to be done simultaneously, adding 

variation into the resulting chromophore-containing polymers.  Caution is necessary as 

complete consumption of the diene moiety may not be possible and would need to have a 

secondary small molecule agent added to prevent undesired post-modification reactions.    
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 Continuation of the maleimide based polymers could also provide the target of 

Pc-containing polymers through Diels-Alder cycloaddition.  As reported, the FPM 

containing methacrylate monomer has already been prepared and successfully 

polymerized into a random copolymer with methyl methacrylate.  In order to use this 

polymer, the Pc functionality would likely have to be altered to either a different diene, 

i.e. anthracene to allow for the Diels-Alder reaction or to a functionality that allows for 

Michael addition, such as terminal amines or phosphinates (Scheme 5.3).   

6

 

Scheme 5.3 Alternative coupling to polymer through maleimide based reactions 

The modification to anthracene may hold additional benefits for these materials as 

the retro Diels-Alder reaction happens at a much higher temperature, ca. 200 °C.  The 

allowance for higher temperatures could open investigation into the Pc effect on polymer 

glass transitions, particularly if lower Tg polymers are prepared (hexyl methacrylate, PEG 

methacrylate).  Furthermore, the utilization of the anthracene functionality removes the 

separate step of furan removal to yield the free maleimide, as in-situ deprotection and 
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coupling can be carried out simultaneously at temperatures 100 °C.  One danger of using 

anthracene is that similar to furan, anthracene can undergo reaction with singlet oxygen 

that can lead to decomposition.  The use of Michael addition moieties may alleviate the 

issue of compatibility between singlet oxygen and the various described dienes by 

providing a non-reversible covalent bond to the polymer that is less susceptible to 

undesired side reactions.         

 Following establishment of the proper coupling system, copolymers utilizing a 

wider range of monomers can be conducted.  Through proper choice of the comonomer 

employed, polymers exhibiting a range of properties including solubility (octadecyl 

methacrylate, PEG methacrylate), thermal transitions (hexyl methacrylate), and 

secondary functionalities (glycidyl methacrylate, TMS protected propargyl methacrylate) 

can be investigated.  Through proper design of the coupling system, a wide variety of Pc-

containing polymers with interesting properties or secondary functionalities can be 

prepared.   

 

5.3 Crosslinked Phthalocyanine Networks through Diels-Alder Cycloaddition 

5.3.1 Conclusions 

 The synthesis and characterization of phthalocyanine networks prepared by the 

[4+2] Diels-Alder cycloaddition has been described.  Separate preparation of 

tetrasubstituted phthalocyanines containing either furans or maleimides on the periphery 

provided the necessary components for the DA reaction and could be readily 

characterized and stored.  Mixing of the furan and maleimide Pcs in concentrated 
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solutions with an appropriate temperature range provided means to synthesize networks 

that exhibited moderate degrees of thermal reversibility.  However, the exchange of a 

multi-functional companion small molecule did allow for the preparation of thermally 

reversible gels with the appropriate Pc.  The combination of the Pc components in dilute 

solutions followed by concentration through evaporation of solvent resulted in 

crosslinked Pc networks that took on the dimensions of the mold employed.  While the 

network was robust, it was found that the prepared Pc material was not continuous, 

resulting in a loss of structure upon extended swelling.  Due to the component nature, 

preparation of patterned Pc networks was attempted through the use of various 

lithographic techniques.  It was found that crosslinked Pc materials could be prepared in 

an assortment of patterns and length scales with varying degrees of feature retention 

through a process of heating and/or evaporation.  Further work will be required to 

provide the proper Pc starting components to yield reproducible patterning capabilities.   

 

5.3.2 Future directions 

 Of the various directions being pursued at the completion of this dissertation, the 

continuation of the patterning through imprint lithography contains the most promise.  

Without major alteration of the Pc coupling system, work on optimization of the 

patterning process could be carried out in attempts to get to shorter length scales.  

Following patterning, various microscopies could be conducted to determine the 

efficiency of pattern transfer and conductivity to provide insight into the approach of 

patterning crosslinked networks.  In addition, work to incorporate other molecules into 
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the void space of the networks prepared, i.e. semi-conducting NPs, could allow for 

modification of the electrical and optical properties of the patterned networks without 

alteration of the Pc. 

 An alternate direction of investigation is the modification of the coupling system 

being employed, through either incorporation of a metal center or alteration of the 

coupling functionality (Scheme 5.4).   

n

n

n

n

 

Scheme 5.4 Preparation of Pc crosslinked networks through maleimide-anthracene cycloaddition 

To address problems observed in the asymmetric Pcs with furan functionalities a 

change to either metallating the center (to prevent singlet oxygen) or the coupling 

functionality may be necessary.  The switch to anthracene as the complimentary 

cycloaddition molecule may have additional benefits due to the temperature range and 
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removal of the deprotection step of the FPM-containing Pc as well.  As discussed 

previously, caution is warranted with using anthracene as it also undergoes addition with 

singlet oxygen.   Investigation into the thermal properties and modification of the linker 

may be necessary to provide materials that have lower glass transitions to allow for more 

facile processing.  If sufficient lowering of the transitions is obtained, patterning through 

NIMP may again be accessible.   

 The maleimide containing symmetric Pc could be used to prepare a variety of 

functionalized Pcs through post-cyclization modification (Scheme 5.5).   

n

n

n

n

 

Scheme 5.5 Modification of symmetric Pcs through maleimide-anthracene Diels-Alder cycloaddition 

Harkening to the various reports of coupling anthracene and maleimide polymers 

to prepare block copolymers or using a dendron with an anthracene focal point, a variety 

of star copolymers or dendrimers could be prepared.  Inclusion of a crosslinkable moiety 

into these coupled materials could provide access to Pc crosslinked networks with tunable 

properties based upon UV irradiation while maintaining site-isolation of the macrocycle.  

To fully exploit this direction, mitigation of the singlet oxygen side reaction will be 
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necessary.  Alternatively, the use of amine or phosphonate based functional molecules 

could allow for the preparation of more complex molecules through Michael addition. 

The field of incorporating Pcs into polymers continues to expand as new 

technological needs arise.  However, the use of ROMP and Diels-Alder cycloaddition to 

prepare complex Pc-containing materials remains largely unexplored.  Further 

investigation into these approaches holds potential in preparing materials to address the 

current and future needs of a variety of applications.      
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