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ABSTRACT 
 
 
 

NEW APPROACHES TO FLUOROMODIFICATIONS OF ELECTRON ACCEPTOR 

MOLECULES FOR ORGANIC PHOTOVOLTAICS  

 
 
 
 The overall goal of this work is to advance fundamental science and applications of organic 

electron acceptors based on fluorinated fullerenes and polycyclic aromatic hydrocarbons. The 

synthetic part of the dissertation focused on the development of new synthetic approaches towards 

the fluoromodification of large conjugated organic molecules and on the improvements of existing 

methods for the preparation of high-performing fullerene-based n-type semiconductors.  

 Chapter 1 describes development and application of a new configuration of the gradient-

temperature gas-solid reactor for the efficient and high-yielding trifluoromethylation of fullerenes. 

Significant improvements were achieved in the yields and selectivity of bis-trifluoromethylated 

C60 and C70 fullerenes: 2-fold and 10-fold yield increase compared to prior state of the art, 

respectively. An approach to maintain a constant reactive gas pressure in the reactor has been 

introduced by creating a liquid-gas reservoir of CF3I by submerging the reservoir in one of several 

low-temperature slush baths available that resulted in improvements in both yields and selectivity 

for trifluoromethylfullerenes, while also solving a problem of previously unproductive use of the 

gaseous reagent.  

 Chapter 2 presents the author’s work in partnership with the National Renewable Energy Lab 

(NREL) aimed at investigation of the prominent stabilizing effect of perfluoroalkylated fullerenes 

on the rate of photobleaching of common high-performance donor-polymers used in OPV devices, 

compared to the pure polymer films and blends with prototypical non-fluorinated fullerene, 
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PC60BM. It is demonstrated that rationalizing complex photobleaching behaviour ultimately 

required consideration of the electron affinity of the fullerene as well as the relative miscibility of 

the polymer–fullerene blend. The ability of the bis-trifluoromethylfullerene and Fauxhawk 

fullerene to stabilize certain donor materials against photodegradation, to blend well with 

fluorinated (and even certain non-fluorinated) polymers, and to quench excited states efficiently 

was thoroughly studied and correlated with structure-property relationships amongst several 

polymer donor and fullerene acceptor combinations.  

 Chapter 3 describes a new approach to the direct fluoromodification of polycyclic aromatic 

hydrocarbons based on replacing commonly used perfluoroalkyl groups (CnF2n+1, or RF) with 

perfluorobenzyl groups (C6F5CF2, or BnF). For the first time, solution-phase direct 

perfluorobenzylation of an electron-rich perylene (PERY) and electron-poor perylene diimide 

(PDI), has been achieved. Five new bay- and peri-substituted compounds of perylene, PERY-

(BnF)n, where n = 1, 2 and 3; and three new bay-substituted compounds of perylene diimide, PDI-

(BnF)n, where n = 1, 2; were synthesized and fully characterized, revealing that electron 

withdrawing BnF group is comparable to RF in increasing acceptor strength of new compounds.  

 Chapter 4 deals with a new type of annulative pi-extension (APEX) reaction discovered in this 

work that occurs via reductive dehydrofluorination/aromatization reactions involving 

perfluorobenzylated PDI compounds, that afforded fluorinated benzoperylene and coronene-based 

derivatives with prodigious electron acceptor properties. Another type of annulation leading to the 

transition-metal free formation of new compounds with all-carbon seven-membered rings across 

the bay regions of PDIs, consequently forming as rare examples of a newly-recognized 

fundamental type of conformational isomers, named akamptisomers, is also reported here for the 

first time. Studies of the likely reaction pathways in both types of reactions and effects of varying 
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reaction parameters on the preferred product formation are presented. Single crystal 

crystallographic studies of many of the new compounds prepared in this work provide rich and 

unique data for in-depth analysis of the solid-state packing motifs and influences of the type and 

position of fluorinated functional groups on the intermolecular interactions, and ultimately, charge 

transport in these new organic n-type semiconductor materials. 
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CHAPTER 1.  
Improved Syntheses of Bis-trifluoromethylated C60/C70 Fullerenes and  

C60(CF3)n (n = 4–6) as Robust Electron Acceptors for Organic Optoelectronics  
 
 
 
1.1. Introduction 

 Of the many n-type semiconductor materials available for organic electronics, C60 and C70 

fullerenes and their derivatives continue to be of interest, particularly in organic photovoltaics 

(OPVs), as the electron-acceptor materials.1 Recently there has been an increased interest in using 

fluorinated materials for their improved stability and often overall better device performance 

compared to their non-fluorinated counterparts both in OPVs and organic field effect transistors 

(OFETs).2 However, for the most part studies of organic electronic devices using fluorinated 

materials contain either fluorinated electron-donor materials and/or  fluorinated non-fullerene 

electron-acceptor compounds.2 Studies of fluorine-containing fullerenes on the other hand, such 

as perfluoroalkyl fullerenes (PAFs),  in organic devices have been rarely reported, despite their 

favorable properties: they are more thermally stable than the commonly used non-fluorinated 

fullerenes and exhibit a wide range of high electron affinities.3-5 

 One of the challenges of accessibility of PAF materials for applied research is low selectivity 

in the perfluoroalkylation of C60 (and even more so C70). Most reported syntheses generate a 

multitude of different isomers with varying degrees of perfluoroalkyl additions and/or have very 

low conversion of fullerene starting material.6 This inevitably results in low yields of the desired 

compound(s) and often requires several stages of HPLC separation to remove unwanted side 

products. Consequently, this has hindered more extensive investigation into the use of PAFs as 

potentially better performing electron acceptors for OPVs and other electronic devices.  
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 One notable class of PAFs that has gotten attention as an organic n-type material are 

trifluoromethylated C60-fullerenes (TMC60Fs, C60(CF3)n). The simplest among them is the bis-

adduct C60(CF3)2 (1,7-bistrifluoromethyl-C60-fullerene), colloquially referred to as 60-2-1.6-7 In 

particular, C60(CF3)2 (60-2-1, see Figure 1.1 for adopted isomer notations and Schlegel diagrams) 

and other low n number (4–6) TMC60Fs have been shown to improve the photostability of certain 

active layers in OPV thin films compared to PC60BM, especially, if they were paired with 

fluorinated donors.8-10 Moreover, C60(CF3)2 (60-2-1) gave some of the highest microwave 

conductivity when paired with a high performance fluorinated polymer, even higher than when the 

same polymer was paired with well-studied fullerene acceptor  phenyl-C61-butryric acid methyl 

ester (PCBM), suggesting it could be ideal for high-performance all-fluorinated OPVs.10  

 Further exploration of such TMC60F acceptors depends on their availability in practical 

amounts required to test device conditions for fabrication. Moreover, many OPV devices have 

shown significant improvement in performance when using the C70 material instead of C60 of the 

respective fullerene derivative due to better light absorption properties;11 but the reported yields 

for C70(CF3)2–6 compounds are very low in direct synthesis (1-2%), and in one report, their 

preparation involved  thermally induced transalkylation using higher TMC70Fs and pristine C70 in 

sealed ampoules.12 Therefore, to materialize the benefits of TMF acceptors  in organic electronics, 

efficient syntheses with improved yields and selectivity for the desired TMC60Fs and TMC70Fs are 

required.  

 In this chapter, a new configuration of the in-house built gradient-temperature gas-solid 

(GTGS) reactor developed by the author is described that led to significant improvements in the 

syntheses of 60-2-1 and other low n-number TMC60Fs compared to the current state-of-the-art.5 

Furthermore, detailed and systematic study of effects of reaction parameters on product 
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distribution in the modified reactor have resulted in the first efficient method of preparation of 70-

2-1.  

 The modified GTGS reactor is equipped with a slush-bath cooled liquid-gas reservoir (LGR) 

which maintains constant low pressures of CF3I and can significantly improve the product 

distribution to favor other low n-number products for both C60 and C70 TMFs. 

1.1.1. General comments on free radical addition to fullerenes 

 Prior studies of free radical additions to fullerenes have demonstrated facile syntheses of 

polyadducts, but it is thermodynamically difficult if not impossible to selectively generate the 

simplest derivatives, the bis-adducts, as the major products in such reactions. In the case of free 

radical halogenation, the bis-fluoro and bis-chloro adducts were isolated as minor products in small 

amounts;13-14 while, to the best of the knowledge of the author, there are currently no examples of 

the bis-bromofullerenes being isolated. Not surprisingly, this is also the case with the free radical 

trifluoromethylation, where theoretical and experimental studies have shown that the difference in 

stability between the bis (2-) and 4-adducts, or a 4- and 6-adducts (and so on) is such that the 

number of additions progressively increases the stability of the adduct, favoring more additions 

until some thermodynamic plateau is reached or the fullerene is saturated.15  

 Notably, the free radical trifluoromethylation of C60 and C70 can form certain higher adducts 

selectively with very good yields for a single isomer. For example, C60(CF3)12 was prepared by 

heating C60 with excess CF3I in a sealed ampoule at 440 °C for 2 days, with 84% isolated yield 

based on starting C60.16 Another example is selective preparation of a single-isomer C70(CF3)10 (89 

mol% in the product by NMR) in the reaction between C70 and CF3I at 530 °C  for 90 minutes in 

the flow tube reactor.17-18  In general, these thermodynamic products are favored by increasing 

reaction time, increasing reaction temperature, and with an increasing ratio of CF3I to C60; which 
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also improves the conversion of C60.15 However, applying conditions that favor generation of lower 

adducts, the kinetic products in this case, have been shown to result in low yields of the desired 

compound due to incomplete conversion of C60 and mixed product distribution: for example, the 

highest yielding synthesis for 60-2-1 currently in the literature is only stated to be 21–25% based 

on HPLC chromatogram peak area;5-6 where the majority of the product mixture composed of 

unreacted C60. These effects are even more pronounced in the trifluoromethylation of C70, where 

the bis-adduct was only obtainable directly with <2% yield.5  

 Interestingly, this has the effect of not only limiting the maximum theoretical yield of lower 

adducts under idealized thermodynamic conditions, but further limits the yield of specific isomers 

of those adducts that are precursors to the most thermally stable TMFs. This is the case even if the 

specific isomer in question is the most thermodynamically favored of the possible same-numbered 

CF3 adducts. 

 For example, of the most thermodynamically favored tetrakis-adducts, 60-4-2 is known to be 

the most stable by a non-negligible degree (−8.1 kJ/mol difference) compared to the next most 

stable isomer, 60-4-1 (see Figure 1.1 for isomer structure).15 However, 60-4-2 has only been 

isolated as a minor product; and is often only observed as the oxidized form (60-4-2-O) due to its 

high reactivity towards oxidation in light while dissolved in an organic solvent.19 This discrepancy 

between the actual yield of 60-4-2 relative to 60-4-1 can be reasoned both thermodynamically and 

kinetically; in that 60-4-2 undoubtedly forms faster than 60-4-1 for aforementioned reasons, which 

in theory should make it the more abundant compound in the product mixture; but 60-4-2 is 

intrinsically more reactive towards further radical addition due to its reactive fulvene moiety, 

which leads to the isomer pattern of 60-6-2 shown in Figure 1.1.  Moreover, statistically it is more 

likely that 60-4-2 will react favorably with a CF3 radical compared to 60-4-1; there are multiple 
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positions on 60-4-2 where a CF3 group can add directly without isomerization to generate either 

60-6-1 or 60-6-2, the two most stable hexakis-adducts.15 On the other hand, 60-4-1 cannot directly 

form 60-6-2 without isomerization, and only forms 60-6-1 (one out of the two 60-6 isomers). This 

results in a greater abundance of 60-4-1 than 60-4-2 in the product mixtures (if either are present 

in measurable amounts). Improving relative yields of “elusive fulvene fullerene” 60-4-2 is 

desirable for further selective derivatization of the reactive fulvene moiety it contains and 

exploring its properties as a strong acceptor material. 

1.1.2. Gradient temperature gas-solid reactor background and modification strategy thereof 

 Prior work to directly synthesize TMFs with trifluoromethyl iodide (CF3I) at low pressures has 

been achieved using a gradient temperature gas-solid (GTGS) reactor previously developed in the 

Strauss–Boltalina lab (see GTGS-I in upper left of Figure 1.2 for detailed diagram of the basic 

design, the gas-handling system is absent for clarity).5, 20 The GTGS reactor consists of a quartz 

thimble with a flat bottom where the solid fullerene sample sits; the thimble is then connected via 

a compression joint to a 1 liter headspace (to act as a pressure ballast) which is connected through 

a closeable Teflon valve to a gas-manifold. The gas manifold is equipped with a CF3I gas tank, 

external vacuum, and a pressure transducer (0-1000 Torr range) to monitor the pressure of CF3I 

(see Figure 1.7 for simplified schematic diagram). The 1-liter ballast has an additional compression 

joint allowing for a water-chilled cold finger to be inserted into the quartz thimble, such as GTGS-

III in Figure 1.2. The quartz thimble is placed onto a special plate furnace, so that the bottom of 

the quartz thimble is in contact with its heating element which acts as the “hot plate”. The hot plate 

has a thermocouple positioned between the heating element and the bottom of the quartz thimble 

in order to monitor its temperature (Thp) directly.  
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 By using the GTGS reactor for the trifluoromethylation of C60 instead of commonly used 

sealed glass ampoules, it is possible to sequester some of the low adducts as they are being 

generated by depositing them on the surface of the cold finger or reactor walls (the kinetic products 

in these reactions) so that they do not continue to react further. At the same time, the reaction is 

allowed to continue so the conversion of C60 is not as limited, improving the overall yield of the 

desired TMF over the theoretical yield possible by thermodynamic control alone.15 The general 

concept of the GTGS reactor design and operation is based on the experimental fact that the vapor 

pressure of trifluoromethyl fullerenes increases with the number of CF3 groups attached to the 

cage, while the sublimation temperatures decrease, correspondingly.   This trend has specifically 

been documented with select lower TMFs in thermal vapor deposition experiments in ultra-high 

vacuum. It was observed that the temperature required to achieve the same rate of deposition (0.2 

Å/s) for C60, 60-2-1 and 60-4-1 progressively and significantly decreased; from 450 °C to 360 °C 

and finally 280 °C, respectively.21 The closed GTGS reactor system has two temperature zones: 

the “hot zone” and the “cold zone”. As can be seen in Figure 2, the “hot zone” represents a small 

region of the reactor atop the hot plate with heat insulation covering it made out of either refractory 

brick (50 mm insulation) or fused silica wool (e.g. 10 mm for the general GTGS configuration “I”, 

abbreviated as GTGS-I). In this hot zone region, the solid fullerenes can react with gaseous CF3I 

forming TMFs, which sublime and spend some time in the gas phase—still within the hot zone 

where they may or may not continue to react with CF3 radicals—until they reach “cold zone” with 

lower temperature, then deposit and cease to react. Outside the “hot zone”, the temperatures are 

not sufficiently high for the thermally induced homolytic CF3–I bond-cleavage and thus, for 

reactions of CF3 radicals with fullerenes. A thermally-induced heterogeneous reaction that occurs 
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in the “hot zone” of GTGS reactor between solid fullerene and gaseous CF3I reagent is a complex 

process to control and it is likely to involve several elementary steps, as depicted in Scheme 1.5  

 The GTGS reactor allows for the kinetic products formed to be isolated out of the hot zone 

before they would otherwise react further to give more thermodynamically favored compounds. 

Importantly, at the elevated temperatures used for the GTGS reactor, C60 has a non-negligible 

vapor pressure;22 and thus partial sublimation of C60 takes place,  implying that there is likely a 

limit to maximizing the TMF yield via increasing the reaction temperature without sacrificing 

conversion of C60 due to sublimation. 

 Prior research that involved GTGS configurations I–III (GTGS-I–III) showed that the product 

distribution of TMFs formed depends on the concentration of CF3 radicals and the residence time 

of the fullerene species in the hot zone (the total time spent in the hot zone either as a solid or in 

the gas phase).5 Several experimental factors that increase the concentration of CF3 radicals and/or 

residence times of the fullerene species both favor the formation of C60/C70(CF3)n>6, (referred to 

henceforth as ‘‘higher TMFs’’) and improve fullerene starting material conversion. Those 

experimental factors relevant for this work include (i) CF3I pressure (P(CF3I)), (ii) temperature of 

the hot zone, and (iii) size of the hot zone.  

 The interest of this work is to improve the conversion of C60 while maintaining a product 

distribution which favors the formation of C60/C70(CF3)n≤6 (referred to as “lower TMFs”), and 

ideally to sufficiently favor a specific single isomer to generate it in high yields (thereby removing 

the necessity of multiple stages of purification to separate it from other TMFs) for device testing. 

Before designing new experiments to fulfill this goal, it is useful to describe what has been 

established in prior work that would help to improve these outcomes, i.e., conversion and 

selectivity. 
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Note that these general remarks are based on reactions performed on the small scale (ca. 5–10 mg 

of C60 starting material) using GTGS-I unless otherwise stated.  

i. As the initial CF3I pressure (P(CF3I)) is decreased, lower TMFs are favored while less C60 is 

converted. 

ii. The highest yields of 60-2-1 were achieved using low pressures (P(CF3I) = 5–45 Torr). 

iii. Increasing the size of the hot zone from 10 to 50 mm, GTGS-I to II in Figure 1.2, resulted in 

greater conversion of C60 but the product distribution favored higher TMFs. 

iv. Using a 10 mm hot zone with an added cold finger, GTGS-III, resulted in a lower conversion 

of C60 than in GTGS-I while the product distribution shifted towards lower TMFs compared to the 

product distribution in GTGS-I.  

v. Using both a 50 mm hot zone and a cold finger (GTGS-IV) was not investigated in prior work. 

vi. Three different temperatures for the hot plate (Thp) were tested: 550, 600 and 670 °C; as Thp 

increased, there was an increase in the amount of C60 conversion. The exception was for the lowest 

pressure, 5 Torr, at which 670 °C-product had more unreacted C60 than the product obtained at 

600 °C; likely it is due to C60 subliming faster than it can react at higher Thp and reduced pressures. 

vii. The product distribution of TMFs changed as Thp increased, but how was also dependent on 

P(CF3I); in general, for reactions carried out at P(CF3I) ≤ 45 Torr, the product distribution shifted 

towards lower TMFs at higher Thp; while at P(CF3I) = 135 Torr, the composition shifted towards 

lower TMFs at lower Thp.  
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1.2. Results and Discussion 

1.2.1. Gradient temperature gas-solid (GTGS) reactor improvements from prior state of the art 

 Knowing from prior work that the most favorable conditions for generating 60-2-1 are with 

P(CF3I) = 5–45 Torr and Thp (hot plate temperature) of 600 or 670 °C gives a useful starting point 

to optimize for yield and selectivity of 60-2-1. Moreover, it was using P(CF3I) = 10 Torr at Thp = 

670 °C which previously achieved a very high selectivity and the highest yield for 60-2-1 with 

respect to the C60 (21% yield by HPLC), albeit at the expense of low conversion, since most of the 

crude material was unreacted C60. Therefore, the author initially investigated these low pressures 

to generate 60-2-1 in greater yields, while also maintaining a favorable product distribution for 

generating 60-2-1 as selectively as possible. 

 A problem using these lower pressures is that the rate of reaction can be slow to prepare 

products in a reasonable amount of time, especially if more than 5–10 mg of fullerene is being 

used. One can partly circumvent this problem by increasing the size of the hot zone from the 10 

mm to a 50 mm insulation. However, as has also been previously observed, the larger hot zone 

increases conversion of C60, but also favors higher TMFs; presumably by increasing the residence 

time of the TMFs (or C60) in the gas phase, i.e., giving them ample time to react further with the 

gaseous CF3 radicals.5 Therefore, in this work, the author used a new GTGS reactor 

configuration—a combination of a large 50-mm hot zone and cold finger placed just 10 mm above 

the fullerene bed (GTGS-IV). By employing the cold finger as well as the larger hot zone with 

GTGS-IV, it is possible to increase the conversion of C60 while also favoring lower TMFs. This 

can be reasoned as improving the conversion of C60 much like what was previously observed when 

increasing the size of the hot zone in going from GTGS-I to II,5 while also shortening the residence 



10 

time sublimed TMFs spend in the hot zone and thereby suppressing their further 

trifluoromethylation by allowing them to deposit closer/sooner than above the 50 mm insulation. 

 Notably, in this work it was observed that when both the cold finger and the 50 mm insulation 

are used together in GTGS-IV, there is no sublimate on the side walls of the reactor above the hot 

zone; which is always observed when the small (10 mm) hot zone is used, with or without the cold 

finger (GTGS-I and III). Instead, for GTGS-IV all sublimed fullerenes deposited solely onto the 

base of the cold finger suggesting that the close distance of the cold finger to the non-sublimed 

fullerenes provides a shorter path length for sublimation and subsequently it should reduce the 

number of gas-phase reactions of TMFs, even with a large hot zone. Consequently, these factors 

lead to improving the product distribution towards lower TMFs. 

 In addition to slower reaction rates, when using low pressures (P(CF3I)=5–45 Torr) with the 

GTGS reactor, another concern is that the rate of sublimation of unreacted C60 increases, too. This 

is even more noticeable at higher hotplate temperatures: for example, using P(CF3I)=10 Torr and 

Thp=670 °C resulted in high selectivity for 60-2-1, but more than half of the crude material was 

unreacted C60 that had sublimed  and thus could no longer react outside of the hot zone.5 For this 

reason, to improve the yield of 60-2-1 (and other low TMFs for that matter), it is clearly beneficial 

to use 600 °C instead of 670 °C for this goal. 

1.2.2. Optimization of GTGS-IV reactor variables to favor 60-2-1  

 The general conditions used with GTGS-IV to favor the formation of 60-2-1 were as follows: 

C60 starting material (ca. 50–100 mg) was finely ground using a mortar and pestle, P(CF3I) = 10–

15 Torr, Thp = 600 °C ± 10 °C, and reaction times were ranging from 10 to 18 h (see Table 1). 

 It is relevant that as the CF3I gas is consumed during the course of these reactions, there is a 

noticeable pressure drop in CF3I. This not only changes the rate of sublimation for all TMFs and 
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C60, for better or worse, but also lowers the concentration of CF3I available as the reaction 

proceeds, slowing the rate of conversion of C60 as time goes on. In practice, this can be overcome 

by frequently stopping the reaction, evacuating the gas in the GTGS reactor, and replenishing the 

CF3I back to its starting pressure to continue the reaction anew. But this is cumbersome, inevitably 

increases CF3I waste, and does not necessarily improve the yield of the desired compound. For 

example, when starting with P(CF3I) = 15 Torr and replenishing the gas pressure midway through 

reactions 1 and 2 ( Table 1) it resulted in relatively good isolated yields for 60-2-1 (20% and 22% 

isolated based on starting mass of C60, respectively). These two reactions were carried out using 

the same conditions to demonstrate sufficient reproducibility between identical reactions, so that 

results could be compared when conditions were altered. Notably, and somewhat counter-

intuitively, in reaction 3 the CF3I gas was not replenished and was simply depleted over time, and 

this resulted in a significantly higher isolated yield of 28% for 60-2-1 compared to the yields in 

reactions 1 and 2. 

 It might be intuitive at first to assume that a decrease in P(CF3I) over time—essentially a 

decrease in the concentration of CF3I—should in fact lower the isolated yield of 60-2-1 compared 

to when CF3I is refilled: as this should slow the rate of trifluoromethylation. In that, if CF3I is not 

refilled halfway during the reaction, then the trifluoromethylation rate of C60 will be comparatively 

slow for the last half of the reaction resulting in a lower conversion of C60 and less 60-2-1 being 

generated overall. However, this neglects the fact that unless the 60-2-1 has sublimed out of the 

hot zone, it will continue to react with CF3 radicals to generate higher adducts and thereby lowering 

the relative abundance of 60-2-1. Moreover, later in the reaction process, as the amount of 60-2-1 

increases relative to the amount of C60 in the hot zone, eventually the rate of reaction for the 

trifluoromethylation of 60-2-1 to generate higher adducts will eventually be greater than the rate 
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of formation for 60-2-1 from the diminishing amount of unreacted C60. Therefore, the yield of 60-

2-1 is expected to be maximized when the rate of conversion of C60 into 60-2-1 is increased and 

subsequent conversion of 60-2-1 into higher TMFs is hindered.  

 With this in mind, if P(CF3I) is held constant over the course of the reaction, the sublimation 

rate of TMFs and C60 will also be constant. Likewise, the rate of reactions with respect to the 

concentration of CF3I will also be constant for all fullerenes in the hot zone. Conversely, if the 

pressure of CF3I is not being maintained constant and instead is decreasing during the reaction, 

then the reaction rate of 60-2-1 with CF3 radicals will progressively slow down, while the rate of 

sublimation will increase for all fullerenes. This allows 60-2-1 to sublime faster as the reaction 

proceeds, while slowing subsequent trifluoromethylation: hindering the formation of higher 

adducts while allowing the remaining C60 to continue to react. Hence, allowing P(CF3I) to decrease 

as the reaction proceeds will benefit the selectivity towards 60-2-1 and should thereby improve the 

isolated yield.  This can explain why replenishing the CF3I midway during reactions 1 and 2 with 

15 Torr is actually not beneficial to increasing the yield of 60-2-1 as compared to reaction 3. 

 Investigating the scalability of these reactions with GTGS-IV, when the same conditions as 

reaction 3 were used but at twice the scale of C60 starting material (from 50 to 100 mg, reaction 4) 

there was a decrease in the isolated percent yield, from 28% to only 16%. However, this was 

possible to overcome by simply increasing the reaction time from 10 to 16 hours (rxns. 4 and 5 in 

Table 1, respectively); resulting in an isolated yield of 28%, the same as reaction 3 using 50 mg of 

C60. 

 Working on the hypothesis that lower pressures favor 60-2-1 and that the previous most 

favorable conditions to generate 60-2-1 were utilizing a P(CF3I) of 10 Torr, it was investigated if 

with GTGS-IV using 10 Torr would also be beneficial. When lowering the initial CF3I pressure to 
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10 Torr (rxns. 6 and 7) compared to 15 Torr (rxns. 1-4), the total reaction time had to be extended 

to 18 hours instead of 10 to allow the majority of the fullerene material to sublime. As expected, 

using lower pressure resulted in a lower C60 conversion but also gave a lower yield of 60-2-1. 

Moreover, increasing the time of the reaction inevitably requires the reactor to be left unattended 

and possible temperature fluctuations unmonitored. The heating element used in GTGS-I, II or III 

studied in prior work or GTGS-IV studied in this work, is controlled manually with a Variac 

variable-transformer and can undergo potential temperature swings of up to ±10 °C within less 

than a 30-minute timespan, and even greater if not monitored. Typically, the temperature of the 

hot plate does “stabilize” (does not change more than 1.0 °C within an hour) but starts to drop at a 

later time if the reactions are longer than a few hours. Here, it was observed that when leaving the 

reaction going overnight (16 or 18 hours total) after the hot plate temperature was stable for at 

least 2 hours the day before, the hot plate temperature was always lower than the temperature it 

was left at, by as much as 27 °C in the case of reaction 7. To overcome these inconsistent 

conditions, the hotplate heating element was equipped with a programmable control box and is 

discussed in the following section.  

 It should be noted that with the goal of efficiently generating 60-2-1 in sufficient quantities for 

device application, the author of this dissertation deemed it ideal to compare the isolated yield of 

highly pure 60-2-1 only after separation by HPLC so that the correlations between reaction 

conditions and product yield are accurately monitored (see Table 1). On the other hand, previous 

studies typically reported the percent yield of 60-2-1 calculated based on integration of HPLC peak 

area, which inevitably deviates from the isolated yield by mass of purified product, due to either a 

discrepancy caused by natural losses in the purification process or known discrepancies in the 
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extinction coefficient and lambda max (λmax) between C60, 60-2-1 and other TMFs in the 

chromatogram.  

For example, the chromatogram of product of reaction 5 (Figure 1.3) shows that under the HPLC 

conditions used, there is baseline separation between C60 and 60-2-1 allowing to calculate a 42 % 

yield of 60-2-1 based on peak area integration; while this amounts to an isolated yield of 28% for 

60-2-1 (two thirds of the 42 % yield expected based on HPLC peak area). In that light, with the 

highest yielding reaction for 60-2-1 previously reported as 21% based on HPLC peak area, and no 

data for isolated yield given, it can be assumed that if it were isolated to 95+% purity, then it would 

be noticeably lower than 21%,  although the exact degree to which the yield would be lowered, 

cannot be determined a priori from the HPLC chromatogram alone, for the reasons previously 

discussed. Nonetheless, comparison of the % yield of 60-2-1 by HPLC reported previously5 with 

the results obtained by the author unequivocally indicates at least two-fold improvement.  

1.2.3. Improved yield of 60-2-1 with precise temperature control using 

 In order to maintain more consistent temperatures during the reaction as well as allow for more 

precise  comparisons between reaction temperature and the final product distribution,  the hotplate 

heating element was equipped with a programmable control box, which itself was attached to the 

thermocouple nestled between the hot plate and the base of the reactor, allowing for direct feedback 

whether 10 or 50 mm insulation is used (GTGS-V and VI in Figure 1.2, respectively). This allowed 

the control box to adjust the applied voltage automatically and subtly over time to maintain the 

desired Thp from 590 to 620 °C ± < 2 °C. 

 With GTGS-VI in hand, and with the general optimized conditions to favor 60-2-1 determined 

using GTGS-IV (particularly, rxns. 3 and 5), it is now possible to maintain reliably precise 

(narrow) temperature ranges within optimized conditions and to improve reproducibility between 
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reactions; subsequently allowing for more detailed comparisons of the product distributions 

obtained in reactions with different Thp.  Moreover, by using GTGS-VI instead of IV, it is possible 

to examine effects of the temperature more accurately than in the prior studies. For example, it 

allowed for comparisons between the product distributions in the series of reactions with 5 °C 

increments in Thp, revealing that Thp = 605 °C gives a greater yield and is more selective for 60-2-

1 than when Thp = 600 °C was used under otherwise similar conditions (see more discussion in 

following section). 

 For these reasons, to favor the formation of 60-2-1 using GTGS-VI the conditions were chosen 

similar to reactions 3 and 5 above, that is P(CF3I) = 15 Torr and a 10 hour reaction time; but an 

elevated (and more precise) hot plate temperature of Thp = 605 °C ± 2 °C was used, resulting in 

reaction (i) in Table 2 (see Figure 1.4 for chromatogram). The most significant difference in the 

composition of products is the large increase in 60-4-2 content when GTGS-VI is used compared 

to GTGS-IV, while the relative distribution of other TMFs is very similar between the two 

experiments, as is the conversion of C60. This might be why a slight decrease in the relative HPLC 

peak area for 60-2-1 for reaction (i) (Figure 1.4) for observed compared to reaction 5 in (Figure 

1.3). Interestingly, when analyzing the crude material of reaction (i) by 19F-NMR (see Figure 1.6), 

only measurable signals for 60-2-1, 60-4-2 and 60-4-1 are observed, with integrations ratios of 

5.4/2.5/1.0, respectively, representing a selectivity of 61% for 60-2-1 by 19F-NMR.  

1.2.4. Improved yield of 70-2-1 with precise temperature control (GTGS-VI) 

 When these same conditions were applied for  C70 substrate instead of C60, a significant 

improvement was  observed  in the yield of 70-2-1 (19%),  conversion of C70 (61%), and even 

more so the selectivity (31% of total TMF peak area), compared to the literature data, which 

reported  <2% yield for generating 70-2-1.5, 12, 23 While this is not as selective (or high yielding) 
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as with C60, it is important to note that C70 has a much lower vapor pressure compared to C60, and, 

therefore, C70 derivatives are expected to sublime at a higher temperature than analogous C60 

derivatives. Moreover, the rate of the trifluoromethylation of C70 is comparable to that of C60 at 

the same reaction temperature. Hence, the rate of sublimation of lower TMC70Fs is typically not 

fast enough for them to sublime out of the hot zone before they are converted into higher TMC70Fs. 

This naturally makes the GTGS reactor less suited for kinetic control of C70 trifluoromethylations 

compared to C60. In fact, most of the crude product mixture in reaction (ii) was not sublimed; and 

the non-sublimed product-residue contained the majority of the 70-2-1 compound present 

compared to the sublimate deposited onto the cold finger. This suggests that the rate of reaction 

for 70-2-1 with CF3 radicals to generate higher TMFs is significantly faster than the rate of 

sublimation for 70-2-1 thereby limiting the ability to control the product distribution with the 

GTGS, compared to the C60 case. Furthermore, a lower symmetry D5h-C70 molecule may form 

more regioisomers for a given n(CF3) compared to high-symmetry Ih-C60, which makes the 

TMC70Fs product mixtures even more complex.   

1.2.5. Constant (low) pressure trifluoromethylation using GTGS-V and slush baths 

 While it was shown that a decreasing pressure over time in the GTGS reactor can be favorable 

for the synthesis of 60-2-1 and 70-2-1, this is not necessarily the case for other lower TMFs; their 

generation requires preventing both C60 and 60-2-1 from subliming so they react further. As 

discussed above, there is a more substantial difference between the sublimation temperature of 

higher TMFs and C60 compared to 60-2-1 and C60. This suggests that tetrakis-adducts and higher 

addition products will more efficiently separate out of the hot zone compared to 60-2-1 at 

temperatures and pressures where C60 has negligible vapor pressure. Moreover, the decrease in the 

rate of reaction as P(CF3I) decreases, which was beneficial for the selective synthesis of 60-2-1, 
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will needlessly extend the reaction time for the synthesis of other lower TMFs. For such reasons, 

it would be preferred to have a system which is capable of maintaining relatively constant pressure 

applied throughout the reaction. Prior attempts at this idea have utilized a gas flow tube reactor, 

and the GTGS reactor has been configured with a flow tube in place of the cold finger (not shown 

here),5 but these methods do not (easily) allow for control over the exact pressure and do not allow 

for low pressures. Moreover, this significantly increases CF3I waste, especially if the reaction is 

slow to proceed.  

 An approach proposed in this work to overcome these problems is to control the vapor pressure 

of CF3I using cold slush baths to cool a region of the GTGS reactor where CF3I can condense; in 

so doing limiting the maximum pressure of CF3I throughout the GTGS reactor to that of the vapor 

pressure of CF3I at the temperature of the slush bath used, regardless of how high the temperature 

is elsewhere in the GTGS reactor. In practice, this can be accomplished by simply attaching an 

additional glass tube with a closeable valve to the GTGS gas line (referred to as the GTGS-line), 

and submerging part of it into a cold slush bath (must be colder than boiling point of CF3I). A 

general schematic diagram of the GTGS-line is shown in Figure 1.7. With this modification and a 

slush bath of the appropriate temperature, it is possible to add CF3I gas to the GTGS-line whereby 

it will condense in the glass tube once it has reached the CF3I equilibrium vapor pressure at the 

temperature of the respective slush bath. This glass tube, when open to the GTGS reactor (through 

the GTGS-line), acts as a liquid-gas reservoir (LGR) and will maintain a constant vapor pressure 

of CF3I throughout the GTGS reactor, regardless of the temperature in other regions. When there 

is excess of CF3I(l) in the LGR while a trifluoromethylation reaction is happening in the GTGS 

reactor, the CF3I(g) will be consumed in the hot zone of the reactor and be replaced by the excess 

CF3I(l) vaporizing from the LGR, giving a continuous feed and maintaining a constant pressure of 
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CF3I(g) throughout the GTGS reactor. Subsequently it ensures a constant rate of reaction and 

sublimation for the TMFs and C60 in the hot zone. 

 The melting point of CF3I is listed as −110 °C (often simply as <−78 °C) with a boiling point 

of −22.5 °C.24 Consequently, slush baths that are colder than −22.5 °C are potentially useable in 

this system as they will not over-pressure the GTGS reactor. Fortunately, it was found that a dry-

ice/isopropyl alcohol mixture (CO2(s)/IPA) resulted in a CF3I pressure of approximately 28 Torr—

within the desired range for low TMFs and 60-2-1. Conveniently, CO2(s)/IPA baths are 

comparatively easy and inexpensive to setup compared to slush baths cooled with liquid nitrogen 

and, if done properly, can maintain their own temperature for over 10 hours without additional 

CO2(s) being added. For these reasons, CO2(s)/IPA slush baths were used as a point of principle 

for this method. Note that the temperature of the CO2(s)/IPA baths were consistently measured at 

−80 °C rather than the expected value of −78 °C, presumably due to higher altitude decreasing the 

sublimation temperature of dry-ice (Fort Collins CO is at an elevation of 1525 m from sea level).  

1.2.5.1. Effects of hot-plate temperature on TMF product distribution at 28 Torr of CF3I 

 Five control experiments using the LGR half-submerged in a CO2(s)/IPA slush bath were 

performed with the same amount of starting material (ca. 55 mg C60) and reaction time (8 h) at hot 

plate temperatures ranging from 595 to 615 °C, in 5 °C increments. GTGS-V was used to have a 

smaller hot zone above the base of the cold finger so as to limit the number of recombination 

reactions between CF3 radicals before they can come into contact with the fullerenes; wastefully 

accelerating the depletion of the CF3I(l) in the LGR. The results of this series of reactions, including 

yield and relative abundance of the major TMFs products, are given in Table 3; HPLC 

chromatograms of representative aliquots of the crude product mixtures are shown in Figure 1.8. 
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 By comparing the chromatograms in Figure 1.8 and the data in Table 3,  the following general 

trends can be deduced from reactions A–E. 

1) At the lowest temperature studied, 595 °C (A), a significant presence of higher TMFs in the 

product was noted.  It can be hypothesized that the rate of sublimation for lower TMFs is very 

slow at 595 °C, so they continue to react in the hot zone shifting the product distribution towards 

higher TMFs. As temperatures were increased from 595 to 605 °C (A to C), the selectivity for 60-

2-1 increases significantly from 29 to 42 %.  

2) Upon further temperature increase from 605 to 615 °C (C to E),  relative abundance of the 

tetrakis- and hexakis-adducts, such as 60-4-1, 60-6-1, and most notably 60-4-2, increases, whereas 

the relative amount of 60-2-1 falls. Interestingly, relative abundance of 60-4-2 continuously 

increases (in both yield and selectivity) as the temperature is increased from A to E. This 

unexpectedly high yield suggest that higher temperatures favor 60-4-2 over 60-4-1.  

3) For the selective synthesis of 60-2-1, 605 °C (rxn. C) is the most favorable temperature in both 

yield and selectivity, albeit at the expense of lower conversion of C60 compared to reactions D and 

E. At the same time, higher temperature can be used to favor the tetrakis- and hexakis-adducts, in 

particular, 60-4-2. 

1.2.5.2. Improved yield of 60-4-2 using a constant 28 Torr of CF3I 

 Based on these observations, it was hypothesized that it could be possible to increase the yield 

of 60-2-1 in reaction C further by allowing it to react longer under the same conditions. However, 

when this was tested by letting the reaction go for 10 hours instead of 8, only a moderate increase 

in C60 conversion was observed (81% compared to 79%). Instead, it can be seen from the 

chromatogram shown in Figure 1.9 that there is a significant increase in the amount of 60-4-2, 

with a 21% yield by HPLC area rather than 16%, consequentially decreasing relative yield of 60-
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2-1. Presumably, this extra time allowed for any non-sublimed 60-2-1 to continue reacting with 

CF3I to form 60-4-2 (and other TMFs) at a faster rate than the remaining C60 was reacting to 

generate more 60-2-1. Additionally, unlike the 8-hour reactions (A–E), all material had sublimed 

in the 10-hour reaction (F). Therefore, without removing the 60-2-1 more efficiently before it can 

react, this appears to be near the limit for maximizing both the conversion of C60 and the yield of 

60-2-1 with this method. Interestingly, this provides what is believed to be the highest yielding 

reaction to date for 60-4-2.  

1.2.5.3. Effects of constant (low) pressures of CF3I on TMF product distribution 

 For obtaining lower pressures than in reactions A–E, slush baths closer to the temperature of 

CF3I’s melting point are needed. Some liquid nitrogen (N2(l)) slush baths were investigated in this 

work as a point of principle (rxns. G–I in Table 3) to demonstrate that it is possible to obtain 

constant low vapor pressures of CF3I over the range desirable for lower TMFs (see Figure 1.10 for 

chromatograms of the products obtained under such conditions). Indeed, by using these colder 

slush baths it is possible to achieve selectivity over 50% for 60-2-1, and even as high as 65.6% 

when the pressure was kept constant at 9 torr (rxn. I). However, the yield is decreased due to the 

greater abundance of unreacted C60. Moreover, while use of the (N2(l)) slush baths have been shown 

to indeed successfully maintain very low pressure, and indeed improve the selectivity for 60-2-1, 

(N2(l)) slush baths are non-trivial to maintain and can cause drops in the pressure while mixing in 

more N2(l) throughout the reaction. This makes them less practical to use than a CO2/IPA slush 

bath with the LGR.  

1.2.5.4. Results using other perfluoroalkyl iodides at constant (low) pressures with C60 

 It is noteworthy that the author also sought to investigate this synthetic approach with other 

gaseous perfluoroalkyl iodides. Particularly of interest was pentafluoroethyl iodide (C2F5I) to 



21 

generate C60(C2F5)2, which has previously only been made in low yields of <2%,5 as well as n-

C3F7I. Unfortunately, it was observed that C2F5I and n-C3F7I required several hours to reach their 

respective equilibrium vapor pressures at -80 °C (CO2(s)/IPA slush bath temperature). It did not 

matter if the gas was being condensed while over-pressured, or if the condensed gas was being 

vaporized when opened to a closed system under static vacuum: the rate for the gas to reach its 

vapor pressure was several hours in either case. It is believed this partly explains why when using 

the same conditions as reaction C above, but with C2F5I gas instead of CF3I, it resulted in <1% 

conversion of C60: presumably, the gas is “replaced” at this slow rate after some of it is consumed 

in the reaction. For this reason, these higher perfluoroalkyl iodides do not seem appropriate for 

this reaction system, while other reactive gasses still may be utilized in such systems. 

1.2.5.5. Preparation of low TMC70Fs using a constant (low) pressure of CF3I. 

 Previous reports on trifluoromethylation of C70 showed that yields of lower C70-TMFs are 

notoriously low, and can even require multi-step synthesis.5-6, 12 In particular, when using the 

GTGS low-pressure methods similar to C60, the highest yield achieved was <2% for 70-2-1; and 

most of C70 remained unreacted.5 It was only when increasing the pressure above 135 Torr that 

any reasonable conversion was achieved producing higher TM C70Fs, while lower TMC70Fs were 

present only in negligible amounts. Notably, the C70 substrate was almost completely consumed 

to generate isomers of C70(CF3)8 and C70(CF3)10 in high yields.  

 In this work, using the LGR-GTGS with a CO2(s)/IPA slush bath, the reaction of C70 (50 mg) 

with CF3I for 8 hours at 610 °C afforded an 11% yield of 70-2-1 (based on HPLC chromatogram 

peak area, rxn. J shown in Figure 1.11), among other lower TMC70Fs and a high conversion of C70 

starting material (91% converted C70 based on HPLC).  
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 Analyzing the crude product mixture that was deposited onto the cold finger after subliming 

out of the hot zone (referred to here as the “product-sublimate” or simply “sublimate”) separately 

from the product mixture that remains at the base of the GTGS thimble (the “product-residue” or 

simply “residue) shows a significant difference between the product distribution of the two 

samples. More interestingly, when using either a lower or higher temperature compared to reaction 

J, the distribution of TMC70Fs and C70 does not change substantially for the product-sublimate 

(compare chromatograms shown in Figure 1.12 for rxns. K and L); while there is a significant 

difference in their distribution when analyzing the product-residue (chromatograms represented in 

Figure 1.12 with dotted lines).  

 Notably, the product-residue obtained at 600 °C (rxn. K) had considerably less unreacted C70 

compared to 620 °C (rxn. L); while the distribution of the TMFs present in the residue at 600 °C 

favored lower TMFs compared to 620 °C. The residue of reaction K (600 °C) had more 70-2-1 

and 70-4-2 compared to the sublimate of reaction K, whereas at elevated temperatures with 

reaction L (620 °C), the distribution of TMFs is very similar between the residue and the substrate; 

although the residue of reaction L contains significantly more unreacted C70 compared to the 

substrate.  

 Therefore, changing the temperature does not appear to have a significant impact on the 

product distribution of the sublimed material. Taking this into account and the fact that C70 has a 

higher sublimation temperature compared to C60,22 it could indicate that the reaction rate for the 

progressive trifluoromethylation of C70 is much faster than the sublimation rate of lower TMC70Fs, 

at least at the temperatures and pressures used here.  

This is indicated by the observation that higher temperatures result in greater abundance of C70 in 

the residue while also favoring higher TMFs; suggesting that at 620 °C the C70 material is not 
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readily subliming before it reacts, but once a reaction occurs to make a bis-adduct, it is faster for 

(several) additional CF3 groups to be added before the TMC70F is able to sublime. Moreover, at 

lower reaction temperatures (rxn. K) the same TMC70F product distribution is observed in the 

sublimate as with the higher temperatures’ sublimate (rxn L), but the product distribution is 

different in the residue at the lower temperature and favors lower TMFs: suggesting that the 

sublimation rate of lower TMC70Fs is not different enough from C70 relative to their reaction rates 

into higher adducts to allow for their sublimation and deposition onto the cold zone before they 

react. This suggest that, despite these promising initial results that showed improved relative yields 

of 70-2-1 compared to the literature overall, use of the GTGS reactor for development of selective 

trifluoromethylation methods for C70 is not as advantageous as for C60.  

1.3. Conclusions. 

 The results presented in this Chapter demonstrate that systematic optimization of the reaction 

conditions, including a new reactor configuration, for trifluoromethylation of fullerenes in the 

gradient-temperature-gas-solid reactor yielded significant improvements in the yields and 

selectivity of 60-2-1 and 70-2-1 compared to previously reported works. In the latter case, a nearly 

10x fold increase in the yield was achieved compared to the literature data.  This optimization 

opened a convenient route to prepare these TMFs with high purity and using a less laborious 

purification protocol and to make them available for testing in optoelectronic devices (see Ch.2). 

Furthermore, for the first time, it was possible to synthesize 60-4-2, a valuable TMF with the 

fulvene-like addition pattern, with relatively high yield. This compound has been shown to be a 

valuable synthon for further highly selective functionalization, due to the presence of a uniquely 

short and highly reactive double bond in the structure.25 Another substantial modification of the 

GTGS method involved the use of a liquid-gas reservoir (LGR) for CF3I cooled by submerging it 
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in the low-temperature slush bath thereby maintaining constant gas pressure in the reactor. This 

led to further improvements in yields and selectivity for a number of lower TMFs, and also solved 

the problem of previously unproductive use of the gaseous reagent. Such approach is transferrable 

to reactions of other organic substrates and possibly other reactive gases, when maintaining 

constant low pressures is critical for effective and selective functionalization.    

1.4. Experimental section 

1.4.1. Reagents and solvents 

 The following reagents and solvents were used as received unless otherwise indicated: C60 

(MTR Ltd, >99.5%); C70 (MTR Ltd, >98.0%); Trifluoromethyl iodide (SynQuest Labs, abbr. CF3I, 

99%); chloroform-d (abbr. CDCl3; Cambridge Isotope Laboratories, 99.8%), hexafluorobenzene 

(abbr. C6F6; Sigma-Aldrich, >99.5% NMR grade); toluene (Honeywell, HPLC grade); heptane 

(Sigma-Aldrich, HPLC grade). 

1.4.2. Instrumentation 

 High Performance Liquid Chromatography (HPLC) for separation and analysis was conducted 

using a Shimadzu liquid chromatography instrument (CBM-20A control module, SPD-20A UV-

Vis detector, LC-6AD pump, manual injector valve). The HPLC columns utilized were the 

COSMOSIL Buckyprep and Bucky-M, both semi-preparative scale (10 mm I.D. x 250 mm, 

Nacalai Tesque, Inc.), at a flow rate of 5 and 7 mL min−1, respectively. Fluorine-19 NMR spectra 

were collected on a Varian (Agilent) 400NMR spectrometer equipped with Automated Tuning in 

a CDCl3 solution. 19F NMR spectra were acquired at 376.1 MHz, using 1 second relaxation time 

and 45 ° pulse angle. 19F chemical shifts are reported in ppm using hexafluorobenzene as the 

internal standard (C6F6: δ = −164.9). UV-vis absorption spectra were recorded on a Perkin Elmer 

Lambda 19 spectrometer. 
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1.4.3. GTGS reactor general procedures 

 For all reactions discussed here, the quartz thimble depicted in Figure 1.7 was dry loaded with 

C60 (or C70) (ca. 50–100 mg); ensuring all material was evenly spread across the base of the thimble 

and none was stuck on the sidewalls before continuing. This thimble was then attached to the rest 

of the GTGS reactor by an O-ring gasket connecting to the 1-liter reactor headspace that can be 

isolated from the GTGS gas manifold; either with or without an attached LGR if one was used. 

The entire GTGS-manifold was then closed to external atmosphere and placed under dynamic 

vacuum overnight to remove trace residual solvents adsorbed onto the solid fullerene material. The 

GTGS reactor was prepared in either configuration IV, V (with LGR), or VI as shown in Figure 1.2, 

and continued as follows. 

1.4.3.1. GTGS-IV and VI 

 The GTGS manifold was closed to the vacuum line and CF3I is slowly added (10 or 15 Torr). 

The quartz thimble and 1-liter headspace above it is then closed off from the rest of the manifold 

so that there is ca. 1-liter of CF3I gas at the respective pressure used (measured at room 

temperature). Once closed, the pre-heated hotplate with 50 mm insulation is raised into contact 

with the base of the reactor and adjusted to give the desired hot plate temperature (Thp). After the 

given reaction time, the hot plate is removed (lowered) and the reactor allowed to cool before 

opening to vacuum, removing any unreacted gaseous CF3I.  

1.4.3.2. GTGS-V with LGR 

 Once equipped with a liquid gas reservoir (LGR) (see Figure 1.7) and after evacuating 

overnight, the GTGS manifold is then closed to vacuum and excess CF3I is added (at least 200 

Torr). At this point, the LGR is half-submerged into a slush bath, causing CF3I to condense and 

the pressure to equilibrate to the vapor pressure at the temperature of the slush bath over the course 
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of 5–10 minutes. The pre-heated hotplate, attached with a 10 mm insulator block, was then raised 

into contact with the base of the reactor and set to the desired hot plate temperature (Thp). After the 

given reaction time, the hot plate is removed (lowered) and the reactor allowed to cool before 

opening to vacuum; removing any unreacted gaseous CF3I. Note that at this point, the LGR can be 

closed off before evacuating the manifold in order to recycle any unreacted condensed CF3I. 

1.4.3.3. Slush baths used for LGR and their resulting CF3I vapor pressures  

 P(CF3I) = 28 Torr is the vapor pressure obtained at a temperature of −80 °C, using a dry-

ice/isopropyl alcohol (CO2/IPA) slush bath. P(CF3I) = 22 Torr is the vapor pressure at −83 °C, 

using a liquid nitrogen/ethyl acetate (N2(l)/EtOAc) slush bath.  P(CF3I) = 12 Torr is the vapor 

pressure at −90 °C, using a N2(l)/heptane slush bath. P(CF3I) = 9 Torr is the vapor pressure at −95 

°C, using a N2(l)/toluene slush bath. 

1.4.3.4. Workup and sample preparation for analysis 

 After a reaction is finished, the GTGS reactor and manifold are left under dynamic vacuum 

overnight to remove all iodine biproduct that deposits onto the cold finger as large crystals. Once 

there are no more visible iodine crystals or vapor in the GTGS reactor, the sublimate on the cold 

finger is dissolved and with excess toluene (100 mL), combined with the sublimation residue 

(unless otherwise stated), and sonicated for 30 minutes. (This is to ensure all unreacted C60 is 

dissolved prior to HPLC analysis.) An aliquot from the dilute crude solution is then analyzed by 

HPLC. Note that all glassware used to hold the dissolved product mixture was wrapped and 

covered in aluminum foil to prevent photooxidation of the products from sunlight. 

1.5. Supplemental Information  

1.5.1. GTGS reactor external hot-plate temperature and internal temperature comparison  



27 

 All measurements given for the reaction temperature are for the external temperature of the 

hot plate—measured in between the hotplate and the base of the reactor. In contrast, the internal 

reaction temperature (that which the fullerene material is experiencing) is expected to be different 

and there is a measurable temperature drop between the two. While one cannot measure it directly 

during the reaction, control experiments were done heating the GTGS reactor while it is open to 

allow a thermocouple to be placed on the inside so as to measure the “external” hot-plate 

temperature and the “internal” reaction temperature. When this was done at an external 

temperature of 600 °C, the internal temperature was measured as 525 °C. While when external 

temperature of 620 °C was used it gave an internal temperature of 535 °C. These values are likely 

to differ slightly or fluctuate during the actual reaction, which in contrast is under reduced pressure 

with continuously subliming and reacting material. 
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1.6. Tables and Figures 

Table 1: Experimental data for the trifluoromethylation of C60 using GTGS-IV.  

Rxn. 
Starting 

C60 
(mg) 

Thp 
(°C) 

Time 
(h) 

P(CF3I) 
(Torr) 

Refilled 
CF3I? 

Isolated 
60-2-1 
(mg)a 

Percent yield 
of 60-2-1 

(%)c 

Conversion of 
C60 by HPLCb 

(%) 

1 53.8 600 
± 10 10 15 Yes 12.8 20 81 

2 51.9 600 
± 10 10 15 Yes 13.7 22 83 

3 55.1 600 
± 10 10 15 No 18.4 28 85 

4 102.9 600 
± 10 10 15 No 20.2 16 71 

5 107.8 600 
± 20 16 15 No 36.6 28 82 

6 54.8 600 
± 27d 18 10 No 12.1 19 81 

7 52.5 600 
± 14e 18 10 No 14.3 23 86 

a Isolated yield is for 60-2-1 after HPLC separation with a minimum 95% purity (verified by 
HPLC) and with no detectible signals of other TMFs by 19F-NMR.  

b Conversion is based on HPLC peak area and calculated by subtracting the percent of remaining 
C60 from 100%; where the percent of C60 is calculated by dividing the HPLC peak area of C60 by 
the total peak area and multiplying this by 100%.  

c Percent yield is calculated by dividing the isolated yield of 60-2-1 by the theoretical yield based 
on the amount of C60 starting material used.  

d Hot plate was found at 573 °C when left overnight at an original temperature of 600 °C.  

e Hot plate was found at 586 °C when left overnight at an original temperature of 600 °C. 

 

  



29 

Table 2: Conditions and results for the trifluoromethylation of C60 and C70 using GTGS-VI 

Rxn. Substrate 
(mg) 

Thp. 
(°C) 

P(CF3I) 
(Torr) 

Time 
(h) 

C60 (C70) 
conversion 

(%) 

Yielda and  
abundanceb (%) 

60(70)-2-1 60-4-2 60-4-1 

i C60, 55 605 ± 2 15 15 80 39.0 
48.4 (60.6)c 

18.6 
23.1 

8.3 
10.3 

ii C70, 50 610 ± 2 15 15 61 19.1 
31.5 - - 

a Yield based on area of the specified TMF peak in the chromatogram divided by the total peak 
area including unreacted C60 (or C70).  

b Percent abundance is always depicted as bold and calculated by dividing the specified TMF peak 
in the chromatogram by the total peak area of all products (i.e., 2–11 minutes) unless otherwise 
stated.  

c percent abundance determined based on integration values in 19F-NMR of the crude product 
mixture, shown in Figure 1.6.  
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Table 3: Conditions and results for the trifluoromethylation of C60 and C70 with constant low 
pressures of CF3I gas using the GTGS reactor equipped with a slush-bath-cooled LGR.  

Rxn. Thp 

(°C) 
P(CF3I) 
(Torr) 

Time 
(h) 

Conversion 
of C60 (%) 

Yielda and  
abundanceb (%) 

60-2-1 60-4-2 60-4-1 60-6-1 

A 595 28 8 73 20.0 
27.7 

10.2 
14.0 

8.0 
11.1 

8.4 
11.6 

B 600 28 8 83 22.3 
27.0 

12.0 
14.5 

11.2 
13.5 

9.8 
11.8 

C 605 28 8 79 31.5 
40.0 

15.8 
20.0 

10.9 
13.8 

6.7 
8.5 

D 610 28 8 90 30.4 
33.9 

19.2 
21.3 

11.4 
12.7 

9.7 
10.7 

E 615 28 8 84 22.4 
26.7 

19.6 
23.3 

11.1 
13.2 

9.8 
11.7 

F 605 28 10 81 17.1 
21.1 

21.1 
26.0 

9.3 
11.4 

11.2 
13.8 

G 600 22 8 83 31.0 
37.4 

18.4 
22.2 

9.9 
11.9 

7.8 
9.5 

H 600 12 6 59 30.6 
52.0 

3.3 
5.5 

10.4 
17.6 

3.6 
6.1 

I 600 9 8 45 29.4 
65.6 

1.9 
4.3 

5.3 
11.8 

2.5 
5.7 

Each reaction was performed with ca. 55 mg of C60 starting material. See experimental section for 
information on the slush baths used.  

a Yield based on area of the specified TMF peak in the chromatogram divided by the total peak 
area, including C60.  

b Percent abundance is always depicted as bold and calculated by dividing the specified TMF peak 
in the chromatogram by the total peak area of all products (i.e., 2–11 minutes) unless otherwise 
stated.  
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Figure 1.1: Schlegel diagrams of TMFs studied in this work with notations adopted from references 
7 and 17, showing major pathways for the consecutive addition of ·CF3. The corresponding 
enthalpies of addition for the most stable 1st and 2nd (or pair) of CF3 group(s) to give the 
corresponding isomer are listed in parentheses (kJ·mol-1, DFT) and taken from reference 15. Black 
circles denote CF3 groups, yellow ribbons connect two (or more) para- or meta-CF3 groups on the 
same hexagon. Upper left inset shows 3D structure and Schlegel diagram for 60-2-1. Mid right 
inset shows generic C60 Schlegel diagram showing IUPAC numbering taken from reference 6. a) 
isomer abbreviations where first number represents the type of fullerene (C60 in this case), second 
number is the number of CF3 groups on the fullerene cage and the last number is the “isomer 
number”.6 b) non-standard locants with fixed 1,7-positions to show the addition patter as CF3 

groups are added. c) IUPAC-approved locants positions based on the lowest locant number 
possible for the structure. 
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Scheme 1: Possible elementary steps during fullerene trifluoromethylation in GTGS reactor, 
reprinted from reference 5 with permission. The elementary processes that occur during fullerene 
trifluoromethylation are: (i) thermolysis of CF3I producing CF3 radicals; (ii) sublimation of C60 
from the hot zone; (iii) trifluoromethylation of the surface layer of the solid C60 (and further 
trifluoromethylation of so-formed solid TMFs) in the hot zone; (iv) sublimation of TMFs from the 
hot zone; (v) trifluoromethylation of the subliming C60 and TMFs in the gas phase; and vi) 
condensation of C60 and TMFs from the gas phase into the cold zone. Trifluoromethylation of 
fullerenes is treated as an irreversible process; it is also assumed that the sublimation of fullerenes 
and TMFs out of the cold zone does not take place. 
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Figure 1.2: Alternate configurations of the gradient-temperature gas–solid (GTGS) reactor used in prior work (I–III on the top) and new configurations used in this 
work (IV–VI on the bottom); abbreviated as GTGS-X, where X=I–VI and signifies one of the six configurations shown above. The heating element in configurations 
I-IV is controlled manually using a Variac to compensate for fluctuations in the hot plate temperature (Thp) over time, measured by the thermocouple sandwiched 
between the quartz thimble hot plate. This allowed the temperature to be maintained within 10 °C of the desired Thp. The hot-plate control box used in GTGS-V 
and -VI allows for Thp to be held constant within a 2 °C range of the set point temperature. I) GTGS reactor basic configuration, 10 mm hot zone; II) GTGS reactor 
with 50 mm hot zone; III) GTGS reactor with 10 mm hot zone and equipped with cold finger; IV) GTGS reactor with 50 mm hot zone and equipped with cold 
finger; V) GTGS-III modified with a digital temperature control box for the hot-plate, equipped with a thermocouple placed between the quartz thimble and hot-
plate to supply a direct feedback loop. VI) GTGS-IV modified with a digital temperature control box for the hot-plate, equipped with a thermocouple placed 
between the quartz thimble and hot-plate to supply a direct feedback loop.  
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Figure 1.3: HPLC chromatogram of crude product mixture from rxn. 5. A mixture of 1:1 
toluene:heptane was used as the eluent at a flow rate of 7 mL min−1 on a Bucky-M column; 
detector set to 300 nm. 

 
Figure 1.4: HPLC chromatogram of crude product mixture from rxn. i. A mixture of 1:1 
toluene:heptane was used as the eluent at a flow rate of 7 mL min−1 on a Bucky-M column;  
detector set to 300 nm. 

 
Figure 1.5: HPLC chromatogram of crude product mixture from rxn. ii. Toluene was used as the 
eluent at a flow rate of 5 mL min−1 on a Buckyprep column; detector set to 300 nm. 
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Figure 1.6: 19F-NMR taken in CDCl3 of crude product mixture of reaction G, the highest yielding 
reaction for 60-2-1. Note that the only measurable signals above the baseline are for 60-2-1 (−72.2 
ppm), 60-4-1 (−68.4, −70.9, and −72.44 ppm) and 60-4-2 (−70.42 ppm) at a ration of about 
5.4/1.0/2.5, respectively. Thereby the selectivity of 60-2-1 based on NMR for this method is 
60.6%. 
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Figure 1.7: Schematic diagram of GTGS reactor equipped with LGR. 
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Figure 1.8: HPLC chromatograms of crude product mixtures from rxns. A to E using GTGS-V 
equipped with a LGR cooled in an CO2/IPA slush bath; see Table 3 for reaction conditions. Each 
temperature shown is the measured Thp value ± 2 °C for the respective reaction. A mixture of 1:1 
toluene:heptane was used as the eluent at a flow rate of 7 mL min−1 on a Bucky-M column;  
detector set to 300 nm. 
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Figure 1.9: HPLC chromatogram of crude product mixtures for rxns. C and F using GTGS-V 
equipped with a LGR cooled in an CO2/IPA slush bath; conditions for rxn. C and F are identical 
except for reaction time (8 and 10 hours, respectively), see Table 3 for reaction conditions. Each 
Thp value shown is ± 2 °C for the respective reaction. A mixture of 1:1 toluene:heptane was used 
as the eluent at a flow rate of 7 mL min−1 on a Bucky-M column;  detector set to 300 nm. 
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Figure 1.10: HPLC chromatogram of crude product mixtures from rxns. B and G–I using GTGS-
V equipped with a LGR cooled in varying slush baths to give different CF3I vapor pressures; for 
all reactions shown, Thp = 600 ± 2 °C (see Table 3 for reaction conditions). P(CF3I) is the measured 
vapor pressure of CF3I with excess CF3I condensed in the LGR utilizing various slush baths (see 
experimental section). A mixture of 1:1 toluene:heptane was used as the eluent at a flow rate of 7 
mL min−1 on a Bucky-M column;  detector set to 300 nm.  
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Figure 1.11: HPLC chromatogram of crude product mixtures from rxn. J using GTGS-V equipped 
with a LGR cooled in an CO2/IPA slush bath (constant 28 Torr of CF3I). HPLC chromatogram of 
products from C70 reaction with CF3I) in GTGS reactor set to 610 C for 8 hours. Toluene was used 
as the eluent at a flow rate of 5 mL min−1 on a Buckyprep column; detector set to 300 nm. 

 
Figure 1.12: HPLC chromatogram of crude product mixtures from rxns. K and L using GTGS 
reactor configuration V equipped with a LGR cooled in an CO2/IPA slush bath (constant 28 Torr 
of CF3I), showing the difference in the sublimation residue compared to the sublimate of each 
reaction. HPLC chromatogram of products from C70 reaction with CF3I in GTGS reactor set to 600 
and 620 °C, respectively, for 8 hours each. Toluene was used as the eluent at a flow rate of 5 mL 
min−1 on a Buckyprep column; detector set to 300 nm. 
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CHAPTER 2.  
Application of Perfluoroalkylated Fullerenes in Organic Photovoltaics 

 
 
 
 In this chapter, the photostability study of select organic photovoltaic (OPV) active layers 

containing high-performance polymer donors blended with either perfluoroalkyl fullerenes or 

PC60BM as the fullerene acceptor is described. The obtained results are then correlated to both the 

electron affinity and/or miscibility between the fullerene acceptor and polymer donor of each 

blend. Sixteen total combinations of active layer blends were studied using PC60BM, 60-2-1 

(C60(CF3)2), or Faux-Hawk Fullerene (FHF), along with six films of neat high-performance donor 

polymers (two fluorinated and four non-fluorinated donors). The structures and abbreviated names 

of each polymer and fullerene are shown in Figure 2.1. Miscibility of blends containing 60-2-1 

(C60(CF3)2) or PCBM was probed using a combination of time-resolved photoluminescence 

(TRPL) measurements and scanning tunneling microscopy (STM) imaging. The results of these 

photobleaching studies and measurements of donor–acceptor miscibility, considered alongside 

additional photoconductance measurements and preliminary device work, provide new molecular-

level optimization insights for improving the long-term stability of OPV active layers.  

 All films were prepared and photobleached by the author of this dissertation at the National 

Renewable Energy Lab (NREL) under the supervision of Dr. Wade Braunecker, with the exception 

of films containing the polymer TPD-CPDT which were prepared and photobleached by graduate 

student Vinila Viswanathan at NREL. Donor molecules were either purchased or were prepared 

by Dr. Wade Braunecker at NREL. Both perfluoroalkylated fullerenes, 60-2-1 and FHF, were 

prepared by the author of this dissertation at CSU (discussed on Chapter 1). Time-resolved 

microwave conductivity (TRMC) measurements were performed by Dr. Bryon Larson and Dr. 

Andrew Ferguson at NREL. TRPL and STS/STM measurements were performed by graduate 
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student Guatam Paul in the laboratory of Prof. Amlan Pal at the School of Physical Sciences, 

Indian Association for the Cultivation of Science. Spin coated devices were prepared by graduate 

students Sandeep Satyanarayana and Kumar M. Panidhara in the laboratory of Prof. Praveen 

Ramamurthy at the Department of Materials Engineering, Indian Institute of Science. Vapor 

deposited devices were prepared by Strauss Boltalina lab group member Brain Reeves at Heliatek, 

GmbH in Dresden, DE under the supervision of Dr. Karsten Walzer. 

2.1. Introduction  

 The potential for organic photovoltaics (OPVs) to offer an inexpensive source of renewable 

energy in the form of lightweight and flexible modules26-27 has been driving extensive research 

efforts in the field.28-30 With reports of single junction31-32 and tandem cells33 now exceeding 17% 

power conversion efficiencies (PCEs), along with recent advances in large area printing of OPV 

modules,26, 34 the technology is becoming increasingly commercially viable. However, while 

encapsulation of the active layer can extend the operational lifetimes of certain OPV systems from 

days to years,35-36 the intrinsic instability of the active layer remains a pertinent obstacle to the 

wide-spread real-world application of OPV technology.34-35, 37 While there are multiple known 

pathways that contribute to degradation,37-40 thermal instability of the active layer morphology and 

irreversible photobleaching of the active layer components are typically the most detrimental. 

 The most favorable active layer architecture in high performance devices is the bulk 

heterojunction (BHJ), which exists as a metastable state consisting of interpenetrating domains of 

an electron donating material (typically a small molecule or conjugated polymer) and an electron 

accepting material (typically a fullerene derivative, although efficient non-fullerene acceptors are 

becoming more common30). The BHJ architecture maximizes both the amount of  donor–acceptor 

contacts for charge generation and separation, and produces morphologies that facilitate charge 
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transport to the electrodes.41 However, because it is a metastable state, the BHJ is intrinsically 

susceptible to degradation under operating conditions through phase separation over time. While 

less common, some blends containing very crystalline polymers have even been observed to phase 

separate at room temperature when kept in the dark.42 In principle, improving the general 

miscibility between the donor and acceptor should help prevent phase separation, thereby 

improving the thermal stability of the active layer morphology by corollary.43 In fact, several 

recent studies have demonstrated correlations between good polymer–fullerene miscibility and 

critical device metrics, such as improved charge collection efficiency44 and fill factor.45 

Furthermore, by understanding temperature-dependent miscibility, the stability and mixing 

behaviours of certain components of polymer solar cells have been optimized at processing and 

operating temperatures.46 

 Perhaps, even more detrimental than phase separation to device performance is exposure of 

the active layer to light in the presence of oxygen. This can cause the donor polymer to undergo 

complete irreversible photobleaching within several minutes to a few days if the active layer is not 

encapsulated.47 While encapsulation with various materials is quite effective at slowing (though 

not eliminating) oxygen and moisture permeation to the active layer,36 the anti-fouling properties, 

adhesion, and the ability of PV polymeric encapsulants to preclude moisture and oxygen can also 

degrade over time.48 Thus, any improvements to the intrinsic photo-oxidative stability of the OPV 

active layer would help extend the useful lifetime of a working device.  

 Currently, the primary mechanism involved in photobleaching of the donor polymer in the 

presence of oxygen is believed to proceed via a radical pathway.49 It has been proposed that both 

the polymer and fullerene can donate photogenerated electrons to diatomic oxygen to form a 

superoxide radical anion, and that the radical anion is in turn responsible for degrading the 
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polymer. Moreover, it has been shown that there is a strong inverse correlation between the 

electron affinity (EA) of the fullerene acceptor and the rate of photobleaching of the donor polymer 

in BHJ blends.47 In a series of five fullerenes with EAs ranging from 3.77 eV to 4.07 eV, PC60BM 

had the highest EA and demonstrated the greatest stabilizing effect, regardless of the donor 

polymer tested. The results implied that the higher the EA of the fullerene, that is the deeper its 

lowest unoccupied molecular orbital (LUMO), the more stable the polymer donor in the blend 

became towards photo-oxidation. Noteworthy, among OPV researchers, the term “electron 

affinity” is not used as strictly defined by  the IUPAC (the electron affinity is the negative of the 

energy change when adding an electron to the neutral species in the gas phase, EA(g)); instead, the 

EA value (or alternatively -ELUMO) is calculated from the equation: EA(X) = -ELUMO(X)= 

E+/0(Fe(Cp)2) + E1/2 
0/−, where E+/0(Fe(Cp)2)  is formal potential of Fc+/Fc redox couple,50 which, 

depending on the literature source can have values from 4.4 to 5.38 eV. This leads to large 

discrepancies in the cited EA values for the same acceptor materials. For example, in ref. 47 

E+/0(Fe(Cp)2) = 4.8 eV was used, while in this study, E+/0(Fe(Cp)2) = 5.1 eV was used as 

recommended by ref 50 for estimation of EA of acceptors (see Figure 1.1). Thus, EA(PCBM) has 

two significantly different values, 4.07 eV (ref. 22) and 3.96 eV (this work), respectively, slight 

variations in the E1/2 
0/− may either contribute to larger differences or partially cancel them out.50 

Thus, a more accurate way to compare acceptor strength is to use the EA(g) when possible, or E1/2 

0/−
, if CV measurements are done under similar conditions.   

 Trifluoromethylfullerenes (TMFs) are typically more intrinsically photo-oxidatively and 

thermally stable than PC60BM, which can degrade over time into PC60BM-oxide,51-52 or partially 

decompose and isomerize upon heating into more stable compounds.3 The LUMO energies tend 

to be much deeper than PC60BM due to strong electron withdrawing nature of fluorine atoms. 
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Furthermore, LUMO energies of TMFs are tunable through the number of -CF3 additions to a 

fullerene and their relative locations on the cage (addition patterns) , suggesting they are promising 

materials for improving the stability of the donor polymer in OPV blends.  The simplest TMF, 60-

2-1 (C60(CF3)2), has a LUMO energy ca. 220 meV deeper than PC60BM.53 Indeed, the recent 

collaborative work of the author and NREL showed that 60-2-1 could stabilize the initial rate of 

photobleaching in small molecule and polymer blends by a factor of 15 relative to PC70BM.54 

However, phase-separation of 60-2-1 from the small molecule donor material was observed that 

resulted in dramatic acceleration of the photobleaching rate in less than 24 h of white light 

exposure. Those results suggest that if there is a substantial difference in miscibility between 

different fullerenes and a given donor material, the EA of the fullerene alone should not be 

considered as the only factor determining its stabilizing effect.55 Additionally, while many TMFs 

are known to be highly crystalline materials,56 recent work has demonstrated that polymer–

fullerene miscibility has more influential effects than the crystallinity of single components on 

certain optimization parameters in polymer–fullerene solar cells.57 Indeed, the miscibility of 

several high performance donor–acceptor combinations has been correlated with improved device 

performance.44, 58-59 The results suggest that understanding and improving the miscibility of TMFs 

with common high performance donor materials or their derivatives could be an effective strategy 

for improving the intrinsic stability of the active layer, as well as the overall efficiency of devices.  

 Incidentally, fluorinated donor polymers have received notable interest as components of high 

performance OPV active layers.30, 60-64 Fluorine substitution into the polymer backbone has been 

shown to impart a number of beneficial effects on the material as an OPV donor: strategic 

fluorination can (i) increase polymer crystallinity,65 which in turn can improve both charge 

mobility66 and photostability;67 (ii) tune the optoelectronic properties of the donor material;68 and 
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(iii) strongly influence dipole moments in the material that in turn affect charge separation and 

recombination.69 Specific fluorine interactions can also have a strong influence on the solid-state 

morphology of active layer blends,29, 64, 70-72 and they have recently been employed by Braunecker 

et al. at NREL to influence long-range structural order in other organic conjugated systems such 

as covalent organic frameworks.73 

 In this work, several high performance OPV polymers and their structural analogues were 

studied, shown in Figure 2.1.  Copolymers based on thienopyrrolodione (TPD) have been widely 

studied with a variety of electron rich comonomers, most notably derivatives of benzodithiophene 

(BDT),74 but also comonomers such as cyclopentadithiophene (CPDT).75 Depending on the side 

chains, TPD-BDT copolymers have been optimized above 8.5% PCE with conventional device 

structures76 and TPD-CPDT above 6%.75 TPD-BDT polymers are known to be some of the most 

photo-oxidatively stable copolymers that simultaneously display high OPV efficiencies, while also 

being widely commercially available. The polymer commercially known as PCE11 (shown in 

Figure 2.1, see Experimental Section for full name) and its analogues have displayed optimized 

efficiencies near 11%,77 and one can reason that the fluorinated aromatic units in the backbone 

may serve to improve miscibility with the fluorinated fullerene through well-known phenyl-

perfluorophenyl stacking interactions.73 Polymer donors that were structurally related to PCE11 

were also synthesized by combining either the fluorinated or non-fluorinated benzothiadiazole 

(BT) unit with the BDT comonomer. A wide-variety of these BT-BDT materials have been 

synthesized in the literature, with many of the materials exceeding 5-6% efficiency.78  

2.1.1.  Herein, case studies investigating several combinations of fluorinated and non-fluorinated 

high-performance donor polymers with PC60BM, 60-2-1, and Faux-Hawk Fullerene (FHF) are 

presented. The miscibility between components in the blends composed of one of the select 
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polymers and one of the acceptors, PC60BM or 60-2-1, were probed using time-resolved 

photoluminescence (TRPL) and scanning tunneling microscopy (STM). The obtained results and 

the fullerene’s respective EA values were correlated with the overall photo-oxidative stability of 

the active layer and then, with the intrinsic photoconductance of the active layer material. 

Unoptimized spin-coated and vapor deposited OPV devices were fabricated using 60-2-1 as the 

acceptor as a proof of concept, and the set of OPV figures of merit were determined. Finally, 

studies of photobleaching of blends of select polymers with Faux-Hawk Fullerene (FHF) were 

carried out to get insights into effects of lower EA of this acceptor, and a different chemical nature 

of its fluorinated functional group than those of 60-2-1 (fluorophenyl vs. CF3). 

2.2. Results and Discussion 

2.2.1. Photobleaching of neat films and blends with PC60BM and 60-2-1 

 For each polymer and fullerene used in this study, non-encapsulated films of neat polymer and 

blends of 1:1 by mass of polymer–fullerene were aged in air under a quad array of tungsten halogen 

lamps with intensity ~0.7 suns (70 mW/cm2). The surface temperature of the substrates under the 

lamp was recorded as 60 °C. The spin coating procedures were optimized for each blend (as 

described  in the Experimental Section) such that each film had an initial absorbance of ca. 0.3 

absorbance units at the red-edge λmax (see Figure 2.2 for a representative example); absorbance 

spectra were measured periodically over the course of several days to weeks. Absorbance data at 

the red-edge λmax for each film was used to evaluate the time required to bleach each film to 80% 

and then 60% of its initial absorbance (T80 and T60, respectively). The results were repeated in 

triplicate, with average degradation lifetimes recorded in Table 2.1. The overall decrease in the 

absorbance spectrum, and for some polymers the blue shift in λmax, is consistent with the loss of 

conjugation in the polymer backbone that occurs during photodegradation of the material.49  
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 Before discussing important nuances in the photobleaching data, the following general 

observations should be made about the results listed in Table 2.1. First, in all twelve blends, the 

addition of a fullerene to the polymer resulted in improved stability over the neat polymer system. 

Second, the apparent rates of degradation can change dramatically between the T80 and T60, either 

stabilizing or accelerating depending on a given sample (vide infra). Indeed, recent literature 

results have shown that phase separation of the polymer and fullerene can happen with time; this 

phenomenon has been independently observed both with blends of 60-2-154 and in systems with 

PCE11.42 Finally, in some cases the fluorinated fullerene acts as a more efficient stabilizer of the 

polymer towards photodegradation, and in other cases PC60BM is more efficient. 

 The data on photobleaching behavior of the three TPD-based polymers (-BDT(OEH), -BDT, 

and -CPDT, entries 1-3 in Table 2.1) are shown in the top of Figure 2.2 The graphs show  

comparison of  the decrease in fraction of light absorbed (FA) over time for the studied systems. 

The behavior varied significantly from one system to another for both the neat samples and the 

blends. For example, with regards to the neat polymer films, the TPD-CPDT bleached 

approximately one order of magnitude faster than both TPD-BDT-based polymers. Though it 

cannot be said conclusively why the CPDT unit is intrinsically less stable, the α-hydrogens on the 

side chains of conjugated OPV monomers are known to be particularly susceptible to degradation 

by free radical abstraction,47 and such α-hydrogens are not present in either BDT monomer unit 

like they are in CPDT. Regarding the blends, there was a marked difference in the stabilizing 

effects of the two fullerenes amongst these TPD-polymers. For example, the TPD-CPDT blend 

with 60-2-1 was five times more stable than a blend with PC60BM (determined from T80), as might 

be anticipated from the lower lying LUMO of the fluorinated fullerene based on all the 

aforementioned observed trends. However, the TPD-BDT blend with 60-2-1 was only marginally 
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more stable towards photodegradation than a blend with PC60BM, with a T80 of 46 h vs. 41 h with 

PC60BM; for the TPD-BDT(OEH) blends, the trend was actually inverted, with PC60BM being a 

more effective stabilizer than 60-2-1. Based on this observation, it was hypothesized that the TPD-

BDT(OEH) may not be as miscible with 60-2-1 as it is with PC60BM, which is discussed in more 

detail in subsequent sections. 

 When comparing the photobleaching behavior of BT-based materials over time, shown in the 

bottom of Figure 2.2, the most important observation, perhaps, was that for both fluorinated donors 

(FBT-BDT and PCE11), 60-2-1 was a more efficient stabilizer of the polymer towards 

photodegradation than PC60BM by a factor of two to three, whereas all the other polymers 

investigated (with the exception of TPD-CPDT) saw either no or only a small improvement in the 

photostability with 60-2-1 relative to PC60BM. Furthermore, the relative rate of photobleaching of 

PCE11 in the PC60BM blend appeared to increase over time relative to the 60-2-1 blend when T60 

and T80 values are compared in Table 1 (or look at Figure 2.2 which shows how the photobleaching 

dynamics for PCE11 films change past the T60 value). Indeed, PCE11 is known to phase separate 

with time from PC60BM, even when kept in the dark as a result of thermally driven phase 

separation.42 These results suggest the PCE11–60-2-1 system may remain more intimately blended 

relative to PCE11–PC60BM. For the non-fluorinated BT-BDT polymer, the opposite trend was 

true; the PC60BM blend was slightly more stable than that with the 60-2-1, although both had 

significant stabilizing effects.  

 Overall, the photobleaching behavior in these blends is complex and cannot be simply 

rationalized based solely on the relative electron affinity of the two fullerenes. In reality, it is 

difficult to disentangle the effects of photo and thermal stability of the blends. It was observed in 

prior research that small amounts of photo-induced degradation of OPV donors can lead to phase 
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instability that, in turn, accelerates additional photodegradation.54 However, one can hypothesize 

that varying degrees of intimate mixing of the components in these blends were, at least partially, 

responsible for the trends and behavior observed. Thus, photoluminescence quenching 

measurements, presented in the next section, were used to tease out foundational molecular 

insights into these phenomena and subsequently investigate the morphology of several 

representative blends using scanning tunneling microscopy imaging. 

2.2.2. Time-resolved photoluminescence (TRPL) quenching of PC60BM and 60-2-1 blends 

 Photoluminescence (PL) quenching has previously been used to study polymer–fullerene 

intercalation,79 relative fullerene distributions in mixtures of amorphous and semicrystalline 

polymers,80 and, most recently, by the author and his NREL collaborators to probe the phase 

separation of a small molecule donor and 60-2-1 with time during a photobleaching experiment.54 

While it is acknowledged that PL quenching is only an indirect measurement of miscibility, 

stronger PL quenching is generally associated with smaller domain sizes and more intimate 

mixing,81 which one can contend would help explain the photobleaching data. In light of this, time-

resolved PL measurements were performed to probe the miscibility of each donor and acceptor by 

comparing the relative degree of PL quenching between PC60BM and 60-2-1 for each polymer 

used in this study. The measurements for a given polymer series were normalized by the number 

of excitation pulses and then by the fraction of absorbed light at the excitation wavelength (details 

for each polymer and further discussion are given in the Experimental Section). PL decays were 

obtained by integrating the total PL counts over the full PL spectrum and plotting vs. time (Figure 

2.6). The quenching efficiencies were then calculated from the neat and blend PL decays integrated 

between 0 and 2 ns and are summarized in Table 2.2.  
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 Let us focus first on the quenching efficiencies of the TPD-based polymers shown in Figure 

2.6, which were all greater than 98% efficient for both PC60BM and 60-2-1. Interestingly, for the 

TPD-based polymers, the increased stabilization toward photobleaching is correlated with the 

greater PL quenching efficiency. For example, in the case of TPD-BDT(OEH), the polymer was 

more stabilized toward photodegradation by PC60BM than by 60-2-1, and the PL quenching by 

PC60BM was more efficient for this polymer than by 60-2-1 (99.7 vs. 99.2%, respectively). In 

contrast, the other two TPD polymers were more stabilized by 60-2-1 than by PC60BM, and PL 

quenching by 60-2-1 was more efficient in both cases. 

 Now when analyzing PL data for the three BT-based polymers, a similar trend is observed. 

The upper right portion of Figure 2.6 shows that the PL of PCE11 was moderately more efficiently 

quenched by 60-2-1 compared to PC60BM, noting that 60-2-1 had the greater stabilizing effect on 

this polymer. Moreover, PC60BM was more stabilizing for BT-BDT and was a far more efficient 

quencher of that polymer’s PL. Finally, the data for FBT-BDT might be considered an outlier, as 

60-2-1 had the greater stabilizing effect on FBT-BDT, while the quenching efficiencies with 60-

2-1 were slightly lower (98.2% vs. 98.5% with PC60BM).  However, when comparing the relative 

quenching data for FBT-BDT and BT-BDT, it is observed that the substitution of fluorine into the 

polymer backbone dramatically improved quenching efficiency with 60-2-1, from 92.4 to 98.2%; 

consistent with the photobleaching results that 60-2-1 had a greater relative stabilizing effect on 

FBT-BDT than BT-BDT compared to PC60BM.  

 The results for these twelve systems strongly suggest that a full rationalization of the 

photobleaching data requires consideration of both the electron affinity of the fullerene and the 

relative miscibility of the polymer–fullerene blend. These results are coupled with a more direct 

probe of morphology, microscopy studies, in the next section. 
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2.2.3. Scanning tunneling spectroscopy/microscopy of select PC60BM and 60-2-1 blends 

 Scanning tunneling spectroscopy (STS) coupled with scanning tunneling microscopy (STM) 

is a powerful technique for probing nanoscale morphology in semiconductor materials.82-85 Indeed, 

the STS/STM technique has been employed to determine the band edges of nanostructures,84 to 

map the band structure in a pn-junction with nanometer resolution,86 to investigate cross-sectional 

interfaces in model BHJ OPV systems,87 and was recently used by Braunecker et al. at NREL to 

probe the influence of additives on polymer and fullerene domain size in an OPV active layer.41 

With this technique, transient conductance (dI/dV) images can be used to differentiate 

semiconductor components based upon their electronic levels and localized density of states 

(DOS), i.e., polymer and fullerene HOMO and LUMO levels. The materials in a BHJ can therefore 

be mapped throughout a given sample. The bias-dependent localized DOS distributions obtained 

with tunnel conductance (dI/dV) images for blends of PCE11 and BT-BDT with the two fullerene 

derivatives were examined. Since these measurements are non-trivial, it was necessary to down 

select from twelve polymer–fullerene systems to four (blends with PCE11 and BT-BDT). These 

particular systems were chosen because (1) they represented the two most stable polymers 

investigated in this work, and because (2) one polymer (BT-BDT) was more stabilized by PC60BM 

and the other (PCE11) was more stabilized by 60-2-1. 

 As the contact and high internal resistances of thick (~100 nm) active layers typically employed 

in OPV devices are known to skew STS/STM results, morphologies of ~10 nm thick active layers 

were investigated and cast at higher spin speeds from stock solutions of the same concentration as 

those used for the preparation of blends for photobleaching. The neat films of the polymers were 

first analyzed by STS at various positions throughout the films in order to ascertain the local DOS 

and to locate the HOMO and LUMO levels. To obtain a single measurement, the tip was held at a 
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fixed position and sample bias was swept from 2.5 V to −2.5 V while the differential tunnel 

conductance (dI/dV) spectrum was measured simultaneously using a lock-in amplifier. This 

allowed  for the measurement of the dI/dV versus voltage plot that would correlate to the nanoscale 

electronic levels. As the sample is biased in both the negative and positive voltage range, the first 

peaks nearest to 0 V in both bias directions in the dI/dV spectrum correspond to occupied and 

unoccupied states, respectively. For neat materials, dI/dV curves afford accurate information 

regarding the relative positions of HOMO and LUMO energy levels with respect to the Fermi 

level. For example, Figure 2.7 shows histograms of the distributions of local DOS of BT-BDT 

HOMO and LUMO levels. Each histogram (represented with bars) was compiled from dI/dV 

spectra from at least 100 different measurements/positions. The STS characteristics of the pure 

materials then allowed for distinguishing between donor and acceptor components in the blends 

based on their energy levels. To analyze the dI/dV images of BHJ’s in the meaningful manner, one 

needs to know the energy levels of at least one component (donor or acceptor) of the BHJ. Figure 

2.7c represents the energy levels (HOMO and LUMO) of the donor polymers (PCE11 and BT-

BDT) of the four selected polymer–fullerene systems obtained from Figure 2.7a and Figure 2.7b. 

 Figure 2.8 illustrates STM dI/dV images corresponding to blends prepared with PCE11 (left) 

and BT-BDT (right). The data were recorded at a constant sample bias of −0.95 V to view BT-

BDT and −0.70 V for PCE11 in the BHJs, selected to specifically probe the HOMO level of the 

polymers. At these biases, conductance will by and large occur through the donor polymer, thus 

allowing for the visualization of the polymer donor domains as brighter (magenta) regions. The 

green regions in these images represent domains with very low DOS, and, hence, can be considered 

fullerene-rich, while the intermediate DOS in the blue regions are likely to represent domains 

mixed with polymer and fullerene. As the aim is to correlate this morphology data with the 
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measured PL data from the quenching experiments, described in the previous section, the focus 

and discussion hereafter will be on the qualitative size and clustering behavior of the polymer 

(magenta) domains in Figure 2.8, starting first by comparing the differences between two different 

fullerenes for a given polymer. 

 The image corresponding to the PCE11:PC60BM film in the lower left corner of Figure 2.8 

suggests that both the polymer and fullerene-rich domains are more clustered in comparison to the 

PCE11:60-2-1 film in the upper left corner, where domains are smaller and appear more evenly 

dispersed. Quantitative analysis of the images reveals that the magenta (polymer rich) regions 

represent 1.9% of the area of the PCE11:PC60BM images, whereas the polymer-rich regions 

represent just 1.2% of the area in the PCE11:60-2-1 images. While those differences are small, the 

results are consistent with the PL quenching data that indicates 60-2-1 is the more efficient 

quencher for this polymer. A comparison of the polymer–rich domains in the two BT-BDT images 

shows the opposite trend; the larger magenta (polymer) domains represent 2.7% of the area in the 

BT-BDT:60-2-1 film, compared to just 0.4% in BT-BDT:PC60BM. This data is also consistent 

with the PL quenching efficiencies, as PC60BM was found to be a far more efficient PL quencher 

than 60-2-1 in films with BT-BDT (98.4% with vs. 92.4%, respectively).  

 Now let us compare the difference between the two polymers for a given fullerene. PC60BM 

quenches the PL of BT-BDT (98.4%) more efficiently than that of PCE11 (95.6%), and, as would 

be anticipated from that data, polymer-rich domains of BT-BDT are smaller (compare magenta 

spots in the lower two images of Figure 2.8). Similarly, 60-2-1 quenches the PL of PCE11 (97.0%) 

more efficiently than that of BT-BDT (92.4%), and domains of PCE11 are clearly smaller 

(compare magenta spots in the upper two images Figure 2.8). The STM images are thus fully 

consistent with the PL quenching data and the photobleaching trends, where 60-2-1 is more 
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efficient at stabilizing PCE11 toward photodegradation, and PC60BM is more efficient at 

stabilizing BT-BDT. These data support the hypothesis that a full rationalization of the 

photobleaching data requires consideration of the electron affinity of the fullerene as well as the 

relative miscibility of the polymer–fullerene components in the blend. 

2.2.4. Photoconductance of select of PC60BM and 60-2-1 blends 

 Time-resolved microwave conductivity (TRMC) is a useful technique for probing and studying 

photoinduced charge generation in OPV blends.88-91 The TRMC setup used here, along with the 

general methodology and principles for TRMC, have been thoroughly discussed elsewhere.92-94 

Furthermore, TRMC has recently been used to screen new photovoltaic materials for their potential 

performance in OPV devices.68, 94-96 Here, six different samples on quartz substrates, including the 

neat polymers of PCE11 and BT-BDT along with their blends of PC60BM and 60-2-1, were 

prepared in order to probe the intrinsic photoconductance properties of these materials. The optical 

density of each film was relatively low (between 0.1 and 0.2 absorbance units), with the films 

being slightly thinner than those used for the photodegradation experiments. The principal figure-

of-merit (the ‘yield-mobility product’, φΣμ), derived from the microwave data is proportional to 

the product of the sum of the local mobilities (Σμ) of free carriers and the overall yield of free 

charge carrier generation (φ) per absorbed photon.92 While φΣμ is a complex parameter, the relative 

miscibility of donor polymers and fullerene acceptors will necessarily influence the generation of 

free charge carriers, and in this work, it was investigated how the TRMC figure of merit might 

thus be influenced in these different blends. 

 The TRMC figure of merit was recorded over four orders of excitation intensity, shown in 

Figure 2.9, which allows the analysis of the transition from a regime where higher order processes 

influence the measured signal towards intensity-independent recombination processes as the 
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excitation intensity is decreased. The φΣμ values at lowest absorbed photon flux of blend films 

show between one and two orders of magnitude increase relative to the neat polymer, indicating a 

high yield of free charges per photon absorbed when the acceptor is present. As noted in a previous 

section, PL quenching in the BT-BDT–PC60BM blend was significantlly more efficient than in the 

blend with 60-2-1 (98.4 vs. 92.1%, respectively). Those PL results appear to correlate with the 

more pronounced TRMC signal in BT-BDT–PC60BM blends at all excitation intensities, which 

would be consistent with more efficient exciton dissociation in that blend. For the case of 

fluorinated PCE11 blended with either PC60BM or 60-2-1, the latter appears to reach the intensity-

independent φΣμ regime at almost two orders of magnitude higher in excitation intensity than the 

former. While the exact origin of this phenomenon is unclear, it may be due to enhanced mixing 

of the 60-2-1 within PCE11 that, in turn, favors more exciton to carrier conversion as opposed to 

higher order exciton quenching processes that can limit ϕ.97 The fact that the peak φΣμ product is 

higher at the lowest intensity for the PC60BM blend may be due to a higher electron mobility 

contribution to the signal compared to 60-2-1.98 

 For both blends of PCE11, the peak ϕΣμ is amongst the highest values that have been recorded 

for OPV films in the literature.68 The BT-BDT polymer blends, on the other hand, are between one 

and two orders of magnitude lower than the signals for PCE11. The general magnitude of the 

TRMC figure of merit for both PCE11 and BT-BDT polymers are thus consistent with literature 

device efficiencies attained for PCE11/PC60BM near 11%77 and for derivatives of BT-

BDT/PC60BM closer to 3-4%.78 The fact that the blend of PCE11 with 60-2-1 exhibits a generally 

comparable response to that with PC60BM in terms of overall magnitude is quite notable. That 

promising result suggests there is nothing intrinsically limiting in the 60-2-1 blend that would 

prevent efficient devices from being constructed with this fullerene as the acceptor. 
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 That being said, TRMC does not probe differences in open circuit voltages (VOC), which will 

necessarily be lower for a given polymer in devices with 60-2-1 vs. PC60BM as the LUMO of the 

former is ca. 220 mV deeper. While extensive device optimization with 60-2-1 was outside the 

scope of this work, preliminary device data was obtained and is presented in the following section.  

2.2.5. OPV Device Work with 60-2-1 

2.2.5.1. Spin Coated OPV Cells 

 BHJ devices were initially fabricated using PCE11–PC60BM blends to understand the 

necessities and difficulties of processing PCE11. These processing conditions resulted in an active 

layer thickness of 300 nm. The JV characteristics and EQE for the best device are shown in the 

top of Figure 2.12. Device efficiencies near 9% were achieved (Table 2.3), approaching the record 

literature efficiencies reported near 11% PCE for this polymer.77  

 The optimal processing conditions for PCE11–PC60BM where then used for devices with 60-

2-1 as acceptor. Initial devices with 60-2-1 and PCE11 gave a low 0.26% PCE, highlighting the 

need to develop a unique set of processing conditions for this blend. It was attempted to use thinner 

active layers by spinning a polymer concentration of 5 mg/mL at a rate of 2200 rpm. The resulting 

absorber thickness was 50–60 nm and hence resulted in low photocurrents. However, device 

efficiencies improved to 1.6% (Table 2.3). Attempts to spin coat PCE11 and 60-2-1 blends to even 

thinner active layers by further increasing spin speeds and/or reducing the concentration of 

polymer and fullerene stock solutions generally resulted in poor film quality that did not further 

improve device efficiency. The results ultimately suggest that the thickness dependent morphology 

of 60-2-1 blends will be an important parameter for spin-coating to optimize in future work when 

new polymers with deeper energy levels are designed and tailored for application with 60-2-1. 

2.2.5.2. Vapor Deposited OPV Cells. 
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 BHJ devices with 60-2-1 or C60 as the acceptor and the molecular donor DCV5T-F2(3,3)-

Me4(2,2,4,4) (structure shown in Figure 2.14) in the active layer were prepared and their device 

figures of merit are shown in Table 2.5 (cells B1-B6). When comparing cells B5 and B6 in Table 

2.5, there was no a decrease in fill factor (FF). Interestingly, both devices have significantly higher 

VOC than predicted by the difference in HOMO and LUMO of the donor and acceptor, respectively 

(see Table 2.4 for DFT calculated HOMO/LUMO values of donor molecule). This allowed for 

good PCEs of 3.5 and 3.8 % in cells B5 and B6. The performance characteristics of these devices 

can be regarded as particularly promising when considering that the reported data here are largely 

for un-optimized devices, i.e., fluorinated acceptor simply replaced C60 in the cells that were 

optimized for the latter. Therefore, losses in the voltage and resulting PCE can be mitigated by 

judicious choice of donor material with lower HOMO levels (B1 and B2). The only optimization 

condition tested was the temperature of the substrate during deposition of the BHJ layer, where it 

was found that deposition at 50 °C leads to better FF, VOC, and JSC than deposition at 70 °C.  

 Planar Hetero Junction (PHJ) devices with 60-2-1 or C60 as the acceptor and DCV5T-F2(3,3)-

Me4(2,2,4,4) as the molecular donor in the active layer were also prepared and their device figures 

of merit are shown in Table 2.6 (cells P1–P4). In the PHJ architecture, the layers of the donor and 

acceptor are not mixed as in BHJ, so the D/A interface is smaller, it is therefore not surprising the 

OPV figures of merit are lower. In addition, the donor material has been designed originally to 

match energetically with C60 (as evidenced by high Voc value in Table 2.6) and not with lower 

LUMO 60-2-1. Overall, the highest PCE achieved in these tests for 60-2-1 -based OPV cells was 

ca. 4%, i.e., 80% lower than that of C60-based cells.   

 It should be noted that while these 60-2-1 devices underperformed their PC60BM and C60 

counterparts in spin-coated and vapor deposited devices, respectively, the polymer and small 
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molecule donors have not yet been optimized as high-performance donors for use with low-LUMO 

60-2-1 acceptor. 

Nevertheless, the TRMC results above suggest that 60-2-1 possesses sufficient intrinsic 

photoconductance properties to produce high efficiency devices, assuming it is blended with 

polymers or small molecules with appropriately deep energy levels to produce high open circuit 

voltages. To the best the author’s knowledge, 60-2-1 is one of very few fullerene derivatives that 

can be successfully used for vapor-deposited photovoltaic cell fabrication, which allows for a more 

precise control of the morphology of active layers compared to the solution-based spin-coating 

methods. 

2.2.6. Photobleaching of blends with Faux-Hawk Fullerene 

 In addition to measuring the stabilizing effect of the TMF 60-2-1 compared to PC60BM, four 

select polymers of the six tested above were also blended with faux-hawk fullerene (FHF), (see 

molecular structure in Figure 1.1) and photobleached over time. The EA(g) of FHF (2.81 eV)4 is 

almost right between PC60BM (2.63 eV)99 and 60-2-1 (2.92 eV)100 and, one can hypothesize that 

it should, therefore, have a stabilizing effect on the donor polymer somewhere between the effect 

of the other two fullerenes, all other parameters in the blend being equal. While limitations of 

instrument availability and project time constraints did not allow for more complete investigation, 

including the device performance or miscibility of these FHF blends by STM-STS, as was done 

for 60-2-1 (see sections 2.2.3 and 2.2.4 above) it is, nevertheless, possible to infer valuable 

information from the photobleaching data described in this section and test the above hypothesis 

of the EA effect on stability. It is noteworthy that for the polymer blends with FHF tested in this 

work, it was observed that, in general, films were visibly less uniform in appearance than blends 

prepared with PC60BM or 60-2-1 with the same polymers. Subsequently, most FHF blends initially 
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had a more rapid rate of photobleaching compared to either of the two other fullerenes tested: note 

a rapid drop in absorbance within the first few hours, shown in Figure 2.10.. This was then 

followed by a much more gradual and almost linear rate of photobleaching for the next few days 

or weeks. It is hypothesized here that this is due to the FHF films not being well blended, forming 

more regions of isolated polymer that photobleached at a rate similar to that of neat polymer films. 

 After this initial drop in absorbance, which is observed, to some extent, for all blends analyzed 

in this study, the degradation rates for FHF blends depicted in Figure 2.10 notably slowed: 

suggesting that the remaining polymer in the blend is intimately mixed with the respective 

fullerene, stabilizing the polymer from photobleaching. This “degradation rate” is measured as the 

slope of the best fit line for absorbance measurements of a given blend taken over time, depicted 

in Figure 2.11. 

 When comparing photobleaching of the FHF blends with the two fluorinated polymers, FBT-

BDT and PCE11, and similar blends with PCBM and 60-2-1 (see top of Figure 2.11) there appears 

to be a clear correlation between the increasing EA of each fullerene and the stabilizing effect it 

has on the polymer. Indeed, in the case of both fluorinated polymers, PC60BM is the least 

stabilizing, and 60-2-1 is the most stabilizing, while FHF is in-between the two. It is exactly what 

would be expected based on the fullerene’s EA alone.  

 Interestingly, this trend does not hold true when comparing the two non-fluorinated polymers 

BT-BDT and TPD-BDT(OEH), shown at the bottom of Figure 2.11. In these blends, FHF is 

actually the least stabilizing acceptor for either polymer tested, while PC60BM was either the most 

stabilizing or essentially the same as 60-2-1 (as is the case for BT-BDT). This further suggests that 

the non-fluorinated polymers are not as miscible with FHF compared to PC60BM and subsequently 

are not as stabilized by FHF. At the same time, fluorinated polymers are more miscible both with 
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FHF and 60-2-1 (compared to their non-fluorinated polymer analogs) and are more stabilized when 

blended with them compared to PC60BM. Thus, the empirical observation that stronger acceptors 

are better for photostability of the blends can only apply when good miscibility of donor and 

acceptor is achieved.  

2.3. Conclusions 

 While a significant research focus in the field of OPV over the last decade has revolved around 

improving device efficiencies, this work aims to advance the state of OPV science by providing 

molecular insight and more foundational understanding around the photostability of OPV donor–

acceptor blends. It was demonstrated that rationalizing complex photobleaching behaviour 

ultimately required consideration of the electron affinity of the fullerene as well as the relative 

miscibility of the polymer–fullerene blend. The ability of 60-2-1 (and FHF) to stabilize certain 

donor materials towards photodegradation, to blend well with fluorinated (and even certain non-

fluorinated) polymers, and to quench excited states efficiently was thoroughly demonstrated and 

correlated with structure-property relationships amongst several polymer donor and fullerene 

acceptor combinations. The methodology and guiding principles in this work set the stage for a 

new paradigm in OPV materials development, including the design of more intrinsically 

oxidatively stable donor materials whose LUMO levels are otherwise too deep to work in 

conjunction with PC60BM or other traditional acceptors in an OPV device, but whose energetics 

would make 60-2-1, other fluorinated fullerenes,56 or fluorinated small molecule acceptors101 more 

optimal substitutes.  
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2.4. Experimental Section 

2.4.1. Materials  

 60-2-1 (also referred to as C60(CF3)2) was synthesized according to literature procedure5 and 

purified to >99% purity as determined by HPLC, 19F NMR, and APCI-MS. PC60BM was 

purchased from Nano-C, Inc., was >99% pure, and was used without further purification. 

Poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′′′-di(2-octyldodecyl)-2,2′;5′,2′′;5′′,2′′′-

quaterthiophen-5,5′′′-diyl)], also known as PCE11 (Mn = 74 KDa, Mw/Mn = 1.76) was purchased 

from California Organic Semiconductors, Inc., as were the stannylated BDT monomer and 

brominated FBT units. The brominated BT unit was purchased from TCI. BT-BDT and FBT-BDT 

copolymers in Figure 1 were synthesized from these commercially available monomers according 

to literature procedures.78 TPD-BDT (Mn = 14 KDa, Mw/Mn = 2.74) and TPD-BDT(EH) (Mn = 12 

KDa, Mw/Mn = 2.88) were purchased from Ossila. TPD-CPDT was synthesized according to a 

literature procedure.75 All other reagents employed in this study were obtained from commercial 

sources at the highest available purity and used without further purification.  

2.4.2. Photobleaching  

2.4.2.1. Sample preparation and ageing.  

 Details of the photobleaching apparatus are provided elsewhere.102 All films were cast in air 

onto 1 × 2 cm2 quartz substrate, previously cleaned by brushing with detergent followed by 

sequential ultrasonication in acetone and isopropanol. Unless otherwise stated, films were cast 

from 70 μL solutions of 1:1 chlorobenzene/o-dichlorobenzene, at a spin rate of 600 RPM for 30 s 

followed by 2000 RPM for another 60 s. The films were then kept in the dark overnight to dry. 

Solutions containing 12 mg/mL were used to cast films of neat-polymer; this was also used to mix 
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with equal amounts of fullerene solution of the same concentration (12 mg/mL in this case) for 

casting their respective film-blends. Each solution was heated and stirred for at least 1 h prior to 

casting to ensure all components were dissolved and well blended. Films containing the same 

polymer were prepared on the same day and photobleached together—after drying overnight in 

the dark—on a rotating spinner to account for differences in the lamp output; allowing each film 

to be exposed to the same conditions and intensity of light throughout the aging process. This 

allowed for a maximum of twelve films to be photobleached at the same time. Radiative heating 

from the lamps kept the samples at a temperature of 65 °C. Films were prepared to give an initial 

max absorbance of 0.2–0.3 for each film tested in this study. Alteration to the general procedure 

just described are listed below for the given polymer blend, the goal being to maintain a similar 

initial absorbance value between all films tested. Unless otherwise stated, three films of each neat 

polymer and blend were prepared and the absorbance measurements were taken at three distinct 

positions (of each of the three films), giving nine data points for each film type at each time interval 

the absorbance was measured at. Films were photobleached until there was no substantial change 

in the absorbance value or after 30 days of photobleaching, whichever process was sooner.  

2.4.2.2. PCE11 films 

 A solution of PCE11 (6 mg/mL) was heated at 110 °C for 1 h with stirring prior to use. 100 μL 

of this was cast onto a hot substrate (also heated to 110 °C) at a spin rate of 1200 RPM for 60 s. 

To avoid the polymer from crashing out solution during the process of casting, the quartz substrate 

was heated using a hot plate set to 110 °C for 1 minute prior to transferring to onto the vacuum-

chuck. The pipette tip used was warmed by wrapping in aluminum foil and placing on a hot plate 

(set to 110 °C) for 1 minute before use. The vacuum-chuck was heated by placing a hot aluminum 

metal block on it, which was previously heated on the same hot plate, onto the top of the chuck for 



66 

10 s and removed immediately prior to casting. PCBM blends; solutions were cast at a spin rate of 

1000 RPM for 30 s followed by 2000 RPM for 60 s. 60-2-1 blends; solutions were cast at a spin 

rate of 700 RPM for 30 s followed by 2000 RPM for 60 s. 

2.4.2.3. TPD-BDT films  

 A 50 μL solution of 6 mg/mL of polymer was cast at a spin rate of 500 RPM for 30 s, then 

increased to 2000 RPM 60 s. 60-2-1 blends; solutions were cast at a spin rate of 500 RPM for 10 

s followed by 2000 RPM for 60 s. 

2.4.2.4. TPD-BDT(OEH) and TPD-CPDT films  

 A solution of 7.5 mg/mL of polymer was heated at 110 °C for 1 h with stirring to fully dissolve, 

and cast while hot. Note the quarts substrate itself was not heated for these films. 

2.4.2.5. BT-BDT films  

 Solutions of neat polymer were mixed while heated at 80 °C for 2 h to thoroughly dissolve, 

before cooling back to RT. Solutions (once cooled) were cast at a spin rate of 800 RPM for 60 s. 

2.4.2.6. FBT-BDT films  

 A solution of FBT-BDT (6 mg/mL) was heated at 90 °C for 1 h with stirring prior use. 100 μL 

of this was cast onto a RT substrate at a spin rate of 700 RPM for 10 s followed by 2000 RPM for 

60 s. Note that both PCE11 and FBT-BDT films change color when heated in solution, from a 

greenish blue to a red magenta color, but revert when cooled down.  
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Tables and Figures 

Table 2.1: Lifetime of neat and blended films aged in air. 

Polymer Blend T80 (h) Relative(a) T80 T60 Relative(a) T60 

TPD-
BDT(OEH) 

Neat 
PC60BM 
60-2-1 

19 
86 
60 

- 
4.5 
3.2 

58 
288 
192 

- 
5.0 
3.3 

TPD-BDT 
Neat 

PC60BM 
60-2-1 

16 
41 
46 

- 
2.6 
2.9 

65 
106 
137 

- 
1.6 
2.1 

TPD-CPDT 
Neat 

PC60BM 
60-2-1 

1.6 
2.2 
11 

- 
1.4 
6.9 

6.6 
7.7 
28 

- 
1.2 
4.2 

PCE11 
Neat 

PC60BM 
60-2-1 

53 
72 
91 

- 
1.4 
1.7 

91 
173 
360 

- 
1.9 
4.0 

FBT-BDT 
Neat 

PC60BM 
60-2-1 

9.6 
20 
58 

- 
2.1 
6.0 

21 
58 
161 

- 
2.8 
7.7 

BT-BDT 
NEAT 

PC60BM 
60-2-1 

17 
163 
108 

- 
9.6 
6.4 

67 
648 
624 

- 
9.7 
9.3 

a Relative value of T80 and T60 for a given blend were calculated by normalizing them to the T80 
and T60 values for their respective neat polymer film. See Figure 2.4 Figure 2.5 for graphical 
representation of T80 and T60 values.  
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Table 2.2: Quenching efficiencies (%) with standard deviations. 

Polymer PC60BM 60-2-1 

TPD-BDT(OEH) 99.7 ± 0.1 99.2 ± 0.3 

TPD-BDT 98.4 ± 0.4 99.6 ± 0.4 

TPD-CPDT 97.9 ± 0.6 99.2 ± 0.1 

BT-BDT 98.4 ± 0.2 92.4 ± 0.7 

FBT-BDT 98.5 ± 0.5 98.2 ± 0.5 

PCE11 95.6 ± 0.6 97.0 ± 0.4 

 

Table 2.3: Device characteristics of photovoltaic solar cells of PCE11 

 

  

Fullerene VOC (V) JSC (mA/cm2) FF (%) η (%) RS (Ωcm2) RSh (Ωcm2) 

PC60BM 0.78 17.3 66 8.9 6.1 567 

60-2-1 0.49 6.40 50 1.6 16 302 
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Table 2.4: DFT calculated HOMO/LUMO values donor molecule. 

Donor HOMO (eV) LUMO (eV) 

DCV5T-F2(3,3)-Me4(2,2,4,4) −5.139 −3.986 

 

Table 2.5: Summary of photovoltaic figures of merit for BHJ devices with DCV5T-F2(3,3)-
Me4(2,2,4,4). 

Cell Fullerene on 
ITO (10 nm) 

BHJ layer 
thickness (nm) 

Substrate 
temp. (°C) 

JSC 
(mA/cm2) 

FF 
(%) 

VOC 
(V) 

PCE 
(%) 

B1 C60 20 70 6.9 68.2 0.97 4.6 

B2 C60 30 70 8 65.2 0.98 5.1 

B3 60-2-1   20 70 6 53.2 0.73 2.3 

B4 60-2-1   30 70 6 51.2 0.55 1.7 

B5 60-2-1   20 50 6.6 62.5 0.85 3.5 

B6 60-2-1   30 50 7 62.7 0.86 3.8 

In each case, the fullerene on ITO was also the fullerene used in a BHJ layer with DCV5T-F2(3,3)-
Me4(2,2,4,4). Devices made in accordance with Figure 2.13.  

 

Table 2.6: Summary of photovoltaic figures of merit for PHJ devices with DCV5T-F2(3,3)-
Me4(2,2,4,4) as donor. 

Cell Acceptor Donor JSC 

(mA/cm2) FF (%) VOC (V) PCE (%) 

P1 C60 6 5.5 53.5 1.06 3.1 

P2 C60 10 5.2 49 1.05 2.7 

P3 60-2-1   6 4.5 58.5 0.97 2.6 

P4 60-2-1   10 4.8 51.2 0.97 2.4 
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Figure 2.1: Chemical structure of polymers and fullerenes used in this study. Fluorine atoms are 
labeled in yellow for clarity. a) EA values taken from reference 100; b) EA values taken from 
reference 4; c) EA values s taken from reference 99.For each fullerene, gas phase EA values were 
measured by low-temperature PES. E1/2 0/ − 

 values are from CV performed in o-DCB. LUMO 
energies were calculated with CV data using: LUMO = − ((E1/2 

0/ − vs. Fe(Cp)2
+/0 )+5.1); with C60

0/− 
= − 1.05 (V) vs. Fe(Cp)2

+/−LUMO energies were calculated from CV data: LUMO = − ((E1/2 
0/− vs. 

Fe(Cp)2
+/0 ) + 5.1) eV, where C60

0/− = 1.05 (eV) vs. Fe(Cp)2
+/0. E1/2

0/ − values are taken from the 
literature of CVs performed in o-DCB53 with Fe(Cp)2

+/0 as an internal reference. EH denotes 
branched ethyl-hexyl side chains.   

  



71 

 
Figure 2.2: Representative examples of neat and 1:1 by weight blends of PCE11 films 
photobleaching over time. a) Fraction of absorbed light over time measured at λmax for PCE11 
films (extension of graph shown in Figure 2.3). b–d) Representative examples of normalized 
absorption spectra taken over time for films of… b) neat PCE11; c) blend with PC60BM;  d) blend 
with C60(CF3)2 (60-2-1). 
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Figure 2.3: Fraction of light absorbed over time measured at λmax for films of neat polymer and 
fullerene blends containing TPD-BDT, TPD-BDT(OEH) and TPD-CPDT (top left to top right), 
and PCE11, BT-BDT, and FBT-BDT (bottom left to right). Inset in the right most graph shows 
color key for each film type. All neat films are represented in blue. 1:1 (by mass) blends of polymer 
with PC60BM and C60(CF3)2 (60-2-1) are orange and red, respectively. Note, the x-axes are not at 
the same scale; each figure shows degradation up to the T60 values for the most stable fullerene 
blend for that given polymer. Error bars represent the maximum and minimum absorbance values 
recorded for films of the same blend type, where three films of each blend were prepared and 
consistently measured at three distinct positions (for a total of 9 measurements for each absorbance 
value shown above). 
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Figure 2.4: Comparison of T80 and T60 values for neat and blended films from Figure 2.3—using 
the same color key. Solid bars represent the average time it takes for a given film to irreversible 
photobleach to 80% of the initial absorbance value (T80), hatched bars represent the additional time 
to reach 60% of the initial absorbance value (T60). (left) films of TPD-BDT and TPD-BDT(OEH) 
T80 and T60 values in units of days. (right): films of TPD-CPDT T80 and T60 values in units of hours. 
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Figure 2.5: Comparison of T80 and T60 values for neat and blended films from Figure 2.3—using 
the same color key. Solid bars represent the average time it takes for a given film to irreversible 
photobleached to 80% of the initial absorbance value (T80), hatched bars represent the additional 
time to reach 60% of the initial absorbance value (T60).  
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Figure 2.6: PL decays for neat and fullerene blends of TPD-BDT(OEH), TPD-BDT, and TPD-
CPDT (top, center, and bottom left, respectively), as well as PCE-11, FBT-BDT, and BT-BDT 
(top, center, and bottom right, respectively). All neat films are represented in blue. Polymer blends 
(1:1 by mass) with PC60BM and C60(CF3)2 are coloured orange and red, respectively. TPD-CPDT 
data was reproduced in part with permission.103  



76 

 
Figure 2.7: Differential tunnel conductance (dI/dV) versus voltage characteristics of (a) BT-BDT 
and (b) PCE11 with marked HOMO and LUMO positions and corresponding histograms (inset) 
of HOMO and LUMO positions obtained from many dI/dV spectra. (c) Energy level diagram of 
PCE11 and BT-BDT.  
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Figure 2.8: dI/dV images corresponding to ~10 nm thick active layer films prepared on Au (111) 
and imaged under inert atmosphere. Left panel: PCE11. Right panel: BT-BDT. Upper panel: 
blends with C60(CF3)2. Lower panel: blends with PC60BM. Images were recorded at −0.95 V for 
BT-BDT and −0.70 V for PCE11, probing the HOMO of the polymers.  Hence, magenta regions 
correspond to polymer donor-rich domains, green to fullerene-rich domains, and blue regions can 
be considered to represent mixed-domains. White scale bar represents 20 nm. 
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Figure 2.9: The product of charge carrier yield (ϕ) and sum of local hole and electron mobilities 
(Σμ) is illustrated over a range of intensities spanning several orders of magnitude at a laser 
excitation wavelength of 620 nm for PCE11 samples (triangles) and 600 nm for BT-BDT samples 
(circles). 
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Figure 2.10: Fraction of light absorbed over time measured at λmax for films of neat polymer and 
fullerene blends—including FHF—containing fluorinated FBT-BDT or PCE11 (top) and non-
fluorinated BT-BDT and TPD-BDT(OEH) (bottom). Inset in the left most graph shows color key 
for each film type. All neat films are represented in blue; 1:1 (by mass) blends of polymer with 
PC60BM, C60(CF3)2, and FHF are orange, red, and green respectively. Each x-axis is set to the 
same scale (30-days) regardless of rate of film degradation for the respective polymer and blends. 
Error bars represent the maximum and minimum absorbance values recorded for films of the same 
blend type, where three films of each blend were prepared and consistently measured at three 
distinct positions (for a total of 9 measurements for each absorbance value shown above). 
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Figure 2.11: reproduction of Figure 2.10 showing the stable rate of photodegradation after the 
initial rapid absorbance drop. Best-fit lines shown were calculated from the slope of the line after 
the initial absorbance drop (all data points shown are after the initial rapid absorbance drop for 
clarity, see Figure 2.10 for prior data points not included in calculating the best fit line). Inset 
equation in each graph for the best fit lines and their R2 values for the respective polymer blend; 
inset in the top-left graph shows color key for each film type; all neat films are represented in blue. 
1:1 (by mass) blends of polymer with PC60BM, C60(CF3)2 , and FHF are orange, red, and green 
respectively. 
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Figure 2.12: J-V plots (left) and EQE spectra (right) for the highest performing PCE11:PC60BM 
device (8.9% PCE, top) and PCE11:60-2-1 device (1.6% PCE, bottom). 
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Figure 2.13: Device architecture for BHJ devices with 60-2-1 (acceptor) and DCV5T-F2(3,3)-
Me4(2,2,4,4) (donor). 

 

 
Figure 2.14: Structure of DCV5T-F2(3,3)-Me4(2,2,4,4). 
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CHAPTER 3.  
Perfluorobenzylation of Electron-Rich Perylene and Electron-Deficient Perylene Diimides 

—Synthesis, Isolation, and Characterization of Products 
 
 
 
3.1. Introduction 

 The direct C-H fluorination (i.e., replacement of hydrogen with fluorine atoms) of organic 

electronic materials can impose significant improvements on the chemical and physical properties 

of conjugated small molecules and polymers alike used as either donor or acceptor materials104-108 

(as also discussed in chapter 2). Furthermore, introduction of fluorinated functional groups, such 

as perfluoroalkyl (RF) and perfluoroaryl (ArF) moieties in polycyclic aromatic hydrocarbons 

(PAH) has received interest in the field of organic electronics for their ability to beneficially (and 

more significantly than direct fluorination) modulate the chemical and physical properties of PAHs 

for use as ambipolar and n-type materials.109 For example, perfluoroalkylation has a much greater 

electron-withdrawing effect than simple fluorination on aromatic compounds, while the bulkier 

groups allow for more control over the solid-state packing.109 This allows for tuning the optical 

and electronic properties as well as the controlling the crystal packing and morphology in blends. 

Moreover, the strong electron withdrawing ability of RF increases the electron affinity and 

subsequently improves stability towards notorious oxidation of n-type materials. 

 Perylene (PERY) and its chemical derivatives are widely used as active materials in organic 

electronics as well as fluorescent dyes and pigments.110-111 Exploration of new synthetic 

approaches towards derivatization of perylenes has recently intensified due to their excellent 

performance in organic photovoltaics (OPVs) and organic field effect transistors (OFETs).112-113 

For example, the introduction of RF groups was shown to strengthen π–π interactions,114 increase 

charge carrier mobility, and improve air stability.115 In one computational study of the charge 
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transport properties of (poly)trifluoromethylated polycyclic aromatic hydrocarbons (PAHs), 

PERY(CF3)4 was predicted to be an ambipolar material with comparably high hole and electron 

mobilities. Improved solid-state electrical conductivity was attributed to the more efficient 

columnar π–π stacking in the solid phase compared to the herringbone-sandwich packing motif of 

underivatized PERY.116-117 However, experimental device studies of such derivatives have been 

hampered by their low availability. The reported synthetic method for PERY(CF3)n (n > 1) 

derivatives requires harsh reaction conditions (i.e., high temperatures (300–360 °C) and pressure 

(in sealed glass ampoules), and it suffers from poor yields of desired compounds due to low 

selectivity.118  

 Alternatively, an electron-deficient derivative of perylene, perylene diimide (PDI), is one of 

the most investigated compounds among PAHs in the last decade; notably due to their versatile 

absorption, fluorescence, n-type semiconducting abilities, and photostability.119 Moreover, PDIs 

with varying imide groups can be prepared directly from PTCDA (and a primary-amine of choice) 

which is less than a twentieth of the price of underivatized PERY as of this writing; thus 

significantly decreasing the cost per molecule. The derivatization of PDIs can take place on either 

the ortho or bay regions, undergo annulation across the bay, and/or undergo dimerization (and 

trimerization/tetramerization).119-120 These modifications generally require either an activation 

step before substitution, such as bromination, or a noble-metal catalysts—or both. 

 It was recently demonstrated by former Strauss-Boltalina group member Tyler Clikeman that 

it is possible to directly trifluoromethylate PTCDA without prior activation by controlled heating 

in the gas/solid phase using the GTGS reactor: generating substituted products containing 2–4 CF3 

groups on PTCDA which were subsequently converted into their respective PDIs.121 After 

trifluoromethylation, the PDI materials were air-stable, soluble in organic solvents, and thermally 
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robust allowing for vapor deposition as well as solution processing. However, the reported 

synthetic method for PDI-(CF3)n (n > 1) derivatives requires high temperatures (500 °C) and result 

in a mixture of products (and isomers thereof). Consequently, the major product, PDI-1,7-(CF3)2, 

is only obtained in a yield of 21%; without much control available to improving the selectivity 

more towards a single isomer (or number of CF3 groups). 

 In this work, an alternative approach to fluoromodification of perylene and PDI is studied that 

is based on replacing commonly used perfluoroalkyl groups (CnF2n+1, or RF) with perfluorobenzyl 

groups (C6F5CF2, or BnF).109, 122 The Strauss-Boltalina group recently determined that BnF can be 

directly substituted onto a curved polycyclic aromatic hydrocarbon corannulene under more 

moderate conditions than required for CF3 substitutions, and that BnF has a similar electron 

withdrawing effect as CF3.123 One can also expect a different (and likely more favorable for charge 

transport than in the case of bulky and electrically insulating RF groups) type of solid-state 

intermolecular electronic coupling due to the presence of flexible C6F5 moieties that are known to 

exhibit strong inter- or intramolecular π-π interactions with electron-rich phenyl groups (if present) 

in the solid phase.124-125 To the knowledge of the author, except for the prior group Strauss-

Boltalina work on perfluorobenzylation of corannulene, mentioned above, no studies were 

reported on the perfluorobenzylation of PAHs.  

3.2. Direct C-H Perfluorobenzylation of Perylene: Synthesis and Isolation  

 Figure 3.1 shows the general reaction scheme for the direct perfluorobenzylation of PERY that 

was used in this work to prepare several members of a new family of PERY(BnF)n compounds 

shown in the lower part of Figure 3.1. To find suitable conditions for preparation of PERY(BnF)n 

derivatives, PERY was initially heated with two equiv. of BnFI in DMSO with copper-mediator at 

120 °C for 24 hours (rxn. 1a in Table 3.1); analogous to the conditions used by Li et al. for the 
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radical perfluoroalkylation of PAHs with perfluoroalkyl iodides.122. This reaction gave a mixture 

of products consisting predominately of two isomers of mono-substituted derivatives in the peri- 

(PERY-1-1) and bay-(PERY-1-2) positions (see Figure 3.1 for molecular structures and notations) 

in 1.6:1 ratio, according to the NMR spectra of the crude product mixture (see Figure 3.2 for more 

detail). The 1H-NMR spectrum shown at the top of Figure 3.2 shows only a moderate 60% 

conversion of PERY was achieved in reaction 1a; in comparison, when Li et al. carried out their 

reaction of PERY and two equiv. of perfluorooctyl iodide (C8F17I) at 120 °C, high regioselectivity 

towards peri- monosubstituted product with yield of 65% (after removing unreacted PERY) was 

reported.126 This indicated a difference in reactivity between C8F17I and BnFI towards PERY and 

the necessity to further optimize perfluorobenzylation conditions.  

 Increasing the reaction temperature to 145 °C, doubling the amount of the BnFI reagent, and 

increasing total reaction time to 48 h (reaction 1b, in Table 3.1) resulted in significantly improved 

conversion and higher substitution degree compared to reaction 1a. Notably, the 19F-NMR spectra 

of the crude products in Figure 3.3 and Figure 3.4 show several new products being generated in 

1b (Figure 3.4) that are not observed in the spectrum of 1a (Figure 3.3). Moreover, the middle of 

Figure 3.5 shows the chromatogram of reaction 1a, consisting of a large amount of unreacted 

PERY and only two other major peaks (the products PERY-1-1 and PERY-1-2); in comparison, 

the bottom of Figure 3.5 shows the chromatogram of reaction 1b, where there is only trace a 

amounts of unreacted PERY and greater degree of substitutions on PERY. Then, the reaction was 

scaled up to isolate minor products (5-fold increase, reaction 1c), keeping all reaction parameters 

the same as in the reaction 1b, except for addition of rigorous stirring of the reaction mixture with 

a magnetic stir bar (see Figure 3.6 for comparison of conditions and resulting chromatograms). 

This yielded unexpectedly significant changes to the product distribution: when agitation during 
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the reaction was limited to just that of refluxing solvent in the reaction tube as in reaction 1a, 

predominant formation of mono-substituted perylenes was observed; in reaction 1c, on the other 

hand, predominant products were tris- substituted perylenes (see details below) even though the 

stoichiometric reagent ratio was the same as in reaction 1a. Furthermore, electrospray ionization 

mass spectrometry (ESI-MS) analysis of the crude product from reaction 1c revealed that 

substitution of up to 5 BnF groups per PERY was achieved, albeit the major products were bis-and 

tris-substituted compounds (Figure 3.7). Improved conversion in reaction 1c compared to reaction 

1b is an expected outcome of improved reagent mixing whereas such strong influence on the 

degree of substitution and hence product distribution was not anticipated. 

 Five new compounds were isolable from these two reaction products in sufficient quantities 

and purity to characterize further (see Figure 3.1 for structures). Reaction 1b yielded high-purity 

samples of PERY-1-1, PERY-1-2, and PERY-2-1 after one stage of HPLC separation as shown in 

Figure 3.8, top. Minor fractions labeled as i and ii were identified as mixtures containing PERY-2 

isomers, each having two of the four possible isomers with both bay and peri substitutions (see 

Figure 3.9, Figure 3.42, and Figure 3.43 for analysis). Note that fraction ii also contained unreacted 

PERY (nearly 50% by 1H-NMR). Components of smaller fraction iii were not unambiguously 

identified in reaction 1a.   

 Analysis of the elution of PERY(BnF)n indicates that retention times (tR) appear to increase as 

more BnF groups are added to the peri position (tR(PERY-1-1) < tR(PERY-2-1), while the 

derivatives with BnF on the bay position have lower retention times (tR(PERY-1-2) < tR(PERY-1-

1)). It is hypothesized by the author that separation of components of PERY(BnF)n mixtures with 

the use of Cosmosil Buckyprep column is largely based on the  π–π interactions with the electron-

rich pyrene stationary phase. When functional groups are substituted onto the bay positions (as in 
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PERY-1-2) it causes twisting of the perylene core and subsequently hinders possible π–π 

interaction with the stationary phase.127 Another opposite factor at play here is increasing electron 

deficiency of the PERY core in PERY(BnF)n as the substitution degree increases causing stronger 

donor–acceptor π–π interactions with electron-rich pyrene of the stationary phase. One can then 

infer that having substitutions on both the bay and peri positions (as in PERY-2 isomers identified 

in fractions i and ii) may result in partial cancelling out the above effects and result in the retention 

times close to underivatized PERY.   

 Reaction 1c afforded isolation of two isomers of PERY-3 from the largest fraction (iv), by 

either simple solvent extraction (PERY-3-1) or an additional HPLC separation in methanol 

(PERY-3-2) as shown in the inset of Figure 3.8. Small amounts of a non-symmetric tetrakis-

substituted isomer with two groups on the peri positions and two on the bay positions ((PERY-4-

1, see Figure 3.44) were isolated from fraction iii, its exact substitution pattern is currently 

unknown. 

3.3. Direct C-H Perfluorobenzylation of Perylene Diimides: Synthesis and Isolation 

 The perylene diimide used in this work, N,N’-bis(pentafluorophenyl)perylene diimide 

(henceforth refereed to simply as PDI), is already partially fluorinated and was prepared according 

to literature with modifications (see experimental section for details).128-129  

 It is noteworthy that in contrast to the plethora of possible isomers for 1–4 substitutions of 

PERY due to the four bay and four peri positions available (see Figure 3.9 and Figure 3.10), the 

number of possible isomers of PDIs is limited. With the four peri positions protected by the imide 

groups, there is a significant decrease in the possible number of substitutions and isomers thereof: 

from 2 isomers to 1 for the mono-product(s), and from 8 isomers to 2 for the bis-products (see 

Figure 3.9 for possible bis-perylene isomers). Noteworthy, formation of the higher PDI 
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substitution products (e.g. tris- and tetrakis) might be hindered under certain reaction conditions 

from lack of sterically available positions. This is under the assumption that the ortho-positions of 

PDIs (and PERY) are not reactive enough to be substituted before saturation of all possible bay 

(and peri) positions is achieved, if even then. Furthermore, it is assumed that BnF groups cannot 

be adjacent to each other on PDI (or PERY): for example, peri and ortho as well as ortho and bay 

positions on the same ring are too sterically hindered to fit, as are two adjacent bay positions 

(across the same bay-region) and two peri positions across a fissure from each other. This 

conjecture is in agreement with prior studies of trifluoromethyl PDIs by the Strauss-Boltalina 

group: even under the harsh thermal conditions, products with adjacent CF3 groups were not 

formed;121 note that CF2C6F5 (BnF ) is bulkier than CF3. Hence, the derivatization of PDIs ought 

to be more selective—generate fewer products but each in greater relative abundance—compared 

to the perfluorobenzylation of PERY. 

 Figure 3.11 shows the general reaction scheme for the direct perfluorobenzylation of PDI that 

was used in this work to prepare three new PDI-(BnF)n compounds (n = 1–2), shown in the lower 

part of Figure 3.11. To find suitable conditions for the preparation of PDI-(BnF)n compounds, PDI 

was initially heated with 2 equiv. of BnFI in DMSO with copper-mediator at 120 °C for 24 hours 

(rxn. 2a, in Table 3.1). This reaction resulted in a mixture of products; the major product was a 

mono-substituted derivative, PDI-1-BnF, while there were two isolable minor bis-substituted 

products, PDI-1,6-(BnF)2 and PDI-1,7-(BnF)2, found in a ratio of 9.3:1.0:1.5 respectively according 

to the 19F-NMR spectrum of the crude product. In comparison, the PDI starting material was at a 

relative abundance of 14.8 based on the integration value in the 19F-NMR spectrum, achieving 

only a moderate 44% conversion of PDI into BnF-substituted derivatives. This result was similar 

to what was observed for the perfluorobenzylation of PERY described in the previous section: the 



95 

perfluorobenzylation of PDI at 120 °C resulted in relatively low conversion of starting material 

compared to the perfluoroalkylation by Li et al. 

 Indeed, after chromatographic separation reaction 2a resulted in a 5.0% isolated yield of highly 

pure PDI-1-BnF, and less than 1% for either isolated bis-adduct, PDI-1,6-(BnF)2 and PDI-1,7-

(BnF)2, (isolation discussed more below). In contrast, the perfluoroalkylation of another PDI 

derivative by Li et al. using either perfluorobutyl- (C4F9I) or perfluorooctyl-iodide (C8F17I) 

resulted in good isolated yields of 57% and 60% for the monosubstituted products PDI-1-C4F9 and 

PDI-1-C8F17, respectively; while the bis-perfluoroalkyl isomers (1,6 and 1,7) generated were 

collected together to give collective yields of 18% for PDI-(C4F9)2 and 14% for PDI-(C8F17)2. 

From this, one can infer that under the conditions used here, there is a difference in the reactivity 

between perfluoroalkyl- and perfluorobenzyl-radicals for the direct substitution onto PDI, and 

thereby the necessity to optimize the perfluorobenzylation conditions. 

 Interestingly, following the same method as with PERY above—i.e., increasing the reaction 

temperature to 145 °C (from 120 °C), doubling the amount of BnFI reagent, and increasing the 

total reaction time to 48 hours (rxn. 2b in Table 3.1)—resulted in greater conversion according to 

the 19F-NMR spectra of the crude product mixtures (compare Figure 3.12 for 2a with Figure 3.13 

for 2b). However, when comparing between the spectra of crude products from reactions 2a and 

2b, one can see the PDI-(BnF)n product distribution does not change drastically, while the signals 

from the PDI starting material decrease in relative intensity in reaction 2b compared to reaction 

2a. Indeed, the ratio PDI-1-(BnF)2, PDI-1,6-(BnF)2, and PDI-1,7-(BnF)2 products for reaction 2b is 

7.5:1.0:1.2, respectively, close to the ratio found in 2a. But this is relative to 5.0 for the amount of 

PDI starting material, which would indicate a conversion of at least 66% for reaction 2b (compared 

to 44% for rxn. 2a). More surprisingly, there is a disproportionate amount of fluorine signals in 
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the aromatic region (generally defined as ca. −135–−170 here) per benzylic F(CF2) fluorine signal 

(generally defined here as ca. −70–−94 ppm).  

 To explain briefly, each BnF group has one triplet for the two benzylic fluorines F(CF2), and 

three signals for the five aromatic fluorines (ortho-BnF, 2F; meta-BnF, 2F; para-BnF, 1F). In the 

case of BnFI, this results in a 2:5 ratio of benzylic to aromatic fluorines. Each PDI in this work 

(including the starting material) also has two sets of pentafluorophenyl groups which show up as 

three aromatic signals for the 10 aromatic fluorines (ortho-PhF, 4F; meta-PhF, 4F; para-PhF, 2F). 

Consequently, substituting a single BnF group onto PDI results in a benzylic to aromatic fluorine 

ratio of 2:15 (or 1:7.5); having two groups (PDI-(BnF)2) will result in a ratio of 4:20 (or 1:5); PDI-

(BnF)3 will be 6:25 (or 1:4.17); and finally, PDI-(BnF)4 will be 8:30 (or 1:3.75). 

 Therefore, if the aromatic fluorines of PDI starting material are taken into account in the 19F-

NMR spectrum (as in, at least one signal from the PDI starting material is isolated and can be used 

to subtract out the relative intensity of the PDI PhF groups from the aromatic region) and there is 

not unreacted BnFI left over, then one can expect a ratio of the benzylic region to aromatic region 

to be no higher than that of mono-substituted derivatives at 2:15 (1:7.5). On the other end of the 

spectrum, one would not expect a ratio lower than that of PDI-(BnF)4 at 8:30, if it could be prepared 

in the first place. Curiously, in reaction 2a (120 C) this ratio is much higher than the maximum 

2:15: after taking into account unreacted PDI—by setting the integration value for the starting 

material’s ortho-PhF (2F) to 2, then subtracting out 10 from the resulting value for the total 

aromatic region—the ratio of benzylic to aromatic fluorines is 2.17 to 27.87, or 2.00:25.7 (1:12.8) 

indicating that there is (are) some side product(s) generated which have aromatic signals without 

benzylic fluorines being present on them; however, they could not be isolated or easily 
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characterized further. Moreover, these unidentified products are even in greater abundance going 

from reaction 2a to 2b.  

 It is interesting to note that in the reactions with PERY (see prior section) there was no apparent 

deviation from the expected 2:5 benzylic to aromatic ratio for PERY-BnF products in reaction 1a 

(see Figure 3.3 for 19F-NMR spectrum of rxn. 1a); while the crude 19F-NMR spectra of rxn. 1b 

does have a difference from expected (2.0:6.8, see Figure 3.4), but this is a small difference in 

comparison to reaction 2a or 2b with PDI. 

 In total, three new PDI-(BnF)n compounds were isolable by performing two stages of separation 

(see Figure 3.11 for structures). Initial separation by silica column chromatography—illustrated in 

the left of Figure 3.14 as a developed TLC plate—was used to isolate unreacted PDI as the third 

(bottom) fraction and pure mono-substituted product, PDI-1-BnF, in the second (middle) fraction; 

all other products coeluted together and were collected as the first (top) fraction for secondary 

separation. The right of Figure 3.14 shows the 19F NMR spectra of each of the three isolated 

fractions. Individual bis-isomers, PDI-1,6-(BnF)2 and PDI-1,7-(BnF)2, could be isolated using 

HPLC via a Cosmosil Buckyprep column using MeCN as the eluent (Figure 3.15).  

 It’s noteworthy that when flash chromatography is not performed prior to HPLC separation 

with the Buckyprep column, then the unreacted PDI and PDI-1-BnF product stick to (and clog) the 

HPLC column while using MeCN as the eluent. This then required a stronger eluent to remove 

them from the column, such as toluene; which, in turn, does not allow for the separation between 

bis-isomers.  

 The high affinity for the pyrene stationary phase of underivatized PDI is consistent with the 

chromatographic results for the perfluorobenzylated PERY described above. Namely, if the 

perylene core remains flat after electron withdrawing groups are introduced, as is the case for peri 



98 

substituted PERY(BnF) products (and the imide groups on PDIs), then the perylene core will be 

more electron deficient and subsequently have a greater retention time due to the more favorable 

π-π interactions with the rigidly flat and electron-rich pyrene stationary phase. Conversely, 

substitutions of BnF groups on the bay distort the perylene core’s two naphthalene subunits from 

planarity, impeding π-π overlap with the pyrene stationary phase and leading to a decrease in the 

retention time compared to unsubstituted PERY or PDI. Interestingly, the relative differences in 

stationary phase affinity (judged by their retention times) caused by the presence of one or two 

substituents on the bay position of PDI molecules are significantly larger compared to the 

difference for analogous mono- and bis-substituted on the bay positions in PERY molecules. This 

is undoubtedly due to fact that underivatized PDI is already highly electron deficient, (with EA of 

3.01 eV) so the relative change in electron affinity per substituted BnF group is much smaller than 

for PERY molecules, which have lower EA and smaller π system. As a result, it makes the effect 

of decreased π-π overlap due to twisting the perylene core more substantial on bay-substituted PDI 

derivatives, thereby significantly lowering the relative retention time; while with bay-substituted 

PERY the increase in electron affinity partially offsets these affects, and the retention time stays 

very close to unsubstituted PERY. 

3.4. Structural Characterization of Perfluorobenzylated Perylenes 

3.4.1. X-ray crystallography.  

 Crystals of 3-PERY(CF2C6F5) and 3,10-PERY(CF2C6F5)2 (PERY-1-1 and PERY-2-1 

respectively) suitable for single-crystal X-ray diffraction were grown by evaporation of 

dichloromethane–methanol solutions. Data collection and refinement parameters are listed in 

Table 3.2. Thermal ellipsoid plots of the individual molecules are shown in Figure 3.16. The 

perylene cores of both molecules are essentially planar. For PERY-1-1, the average deviation of 
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the core C(sp2) atoms from their least-squares plane is ±0.034 Å (the individual values range from 

−0.053 to 0.048 Å). For PERY-2-1, the average deviation is ±0.050 Å (the individual values range 

from −0.092 to 0.077 Å).  

 Parallel pairs of PERY-1-1 molecules have extensive π–π overlap, as shown in Figure 3.17. 

The least-squares planes of the perylene cores are rigorously parallel. The nine C(sp2) atoms of 

one molecule that overlap the π system of its neighbor have perpendicular out-of-plane 

displacements that range from 3.346 to 3.417 Å and average 3.381 Å. These pairs are arranged in 

herringbone layers in crystallographic bc planes and are stacked in the crystallographic a direction, 

as shown in Figure 3.18. The structure of one of the two known polymorphs of unsubstituted PERY 

also exhibits herringbone sandwich layers in crystallographic bc planes that are stacked in the a 

direction with perpendicular out-of-plane displacements that range from 3.371 to 3.437 Å and 

average 3.412 Å as shown in Figure 3.19. Interestingly, in the structure of PERY-2-1 the molecules 

in form continuous stacks with two similar types of π–π overlap, as also shown in Figure 3.17 (and 

Figure 3.20).  

 The perpendicular distances of the C(sp2) atoms in one perylene core from the π systems of its 

two types of neighbors average 3.488 and 3.501 Å, not nearly as close as in PERY-1-1 (the 

perylene cores are rigorously parallel). These stacks form layers of perylene cores in 

crystallographic bc planes, with the layers separated by layers of the perfluorobenzyl substituents, 

as shown in Figure 3.21. The perylene cores in neighboring stacks are tilted 35.6°, as shown in 

Figure 3.22, where there are multiple C–H···F interactions as close as 2.4 Å (see Figure 3.23). 

Within the fluorous layers formed by the perfluorobenzyl substituents, there are multiple 

intermolecular F···F contacts (not shown) that range from 2.7–2.9 Å. Alternate views to compare 
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the crystal packing of PERY-1-1 and PERY-2-1, including space filling models, are shown in 

Figure 3.24 and Figure 3.25, respectively. 

 Such a significant change in the solid-state packing from fluoromodification has been observed 

before. For example, Okamoto et al. prepared 5,11-diphenyltetracene (PPT) and 5-

perfluorophenyl-11-phenyltetracene (FPPT) and compared their solid-state interactions in single 

crystals and hole-mobility in OFETs.130 They observed that PPT had no measurable π–π 

interactions between tetracene cores of neighboring molecules. In contrast, FPPT formed rows of 

planar tetracene cores with close π–π stacking ranging from 3.30 to 3.35 Å, with the side Ph and 

PhF groups forming columns with the neighboring PhF and Ph, respectively, with the close H···F 

distances of 2.4 Å between neighbors, which is believed to be a major pathway for electron 

transport. Not surprisingly, FPPT showed high hole-mobilities of 4.2 × 10−2 cm2/V·s in OFETS, 

more than two orders of magnitude greater than PPT under the same conditions.  

 It is worth mentioning that an increase (or decrease) in the π–π distance does not imply 

improved (hampered) mobility. For example, the orthorhombic polymorph of single-crystal 

rubrene, which has one of the highest mobility values in OFETs of 40 cm2/V·s2, has relatively long 

π–π distances of 3.74 Å.131 At the same time, its parent PAH tetracene, which has closer π–π 

distances of 2.56 Å,132 has a mobility an order of magnitude lower in single-crystal OFETs.133 The 

decreased mobility has been partly attributed to the negligible π–π overlap between adjacent slip-

stacked molecules, compared to significant overlap with orthorhombic rubrene despite the greater 

distance between tetracene cores.134 We note here that PERY-2-1 has a significant overlap between 

perylene cores within the same column and has π–π distances less than those of single crystal 

rubrene. Thus, it can be considered for future testing as an organic semiconductor in OFETs.  
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3.4.2. NMR spectroscopy.  

 Obtaining crystallographic data for two of the five isolated compounds aided NMR-based 

structural elucidations for those remaining compounds, which single crystals were not of sufficient 

quality for X-ray diffraction. Since PERY-1-1 has a single BnF group on the peri position, as found 

from the crystallographic data, this allowed for the determination of the fingerprint chemical shift 

region for the benzylic F(CF2) signals in the 19F NMR spectrum for peri substitution at −δ 86 as 

shown in Figure 3.27. The other isolated mono-substituted PERY, PERY-1-2, might either have 

the substitution on the bay or ortho position.  The observed 19F chemical shift for F(CF2) of −δ 73 

cannot be definitively assigned to either of them without additional information, however, the 

absence of the two singlets in the experimental 1H NMR spectrum rules out the ortho isomer, 

leading to conclusion that PERY-1-2 is a bay-substituted derivative. In the 19F NMR spectra of 

both compounds shown in Figure 3.27, the chemical shifts of the three aromatic multiplets of 

F(C6F5) are practically indistinguishable, whereas chemical shifts of benzylic F(CF2) are sensitive 

to the position on the PERY core. Similarly, CF3-substituted PERY derivatives, studied by the 

Strauss-Boltalina group previously, showed distinct substitution-site dependent chemical shift 

regions in 19F NMR spectra.118, 127 

 Both PERY-3-1 and PERY-3-2 show resonances for two -CF2- groups in their 19F-NMR 

spectra in the peri region (ca. −86 ppm), and one -CF2- in the bay region (ca. −72 ppm). There is 

no through-space coupling between the -F(CF2)- in either compound, which indicates there are no 

adjacent -CF2- groups (e.g. ortho with either an adjacent peri or bay, or two adjacent peri 

positions). The two proposed PERY-3 isomers shown in Figure 3.1 are the only structures that 

fulfil this condition and give a singlet in their respective 1H-NMR spectra (see Figure 3.37 and 

Figure 3.40). Any other substitution pattern with two BnF groups in the peri position and one on 
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the bay would result in only doublets (and one triplet). However, it is not possible to distinguish 

between these isomers from these results alone. 

 Notably, no spectroscopic evidence was found that ortho-substitution took place in reactions 

1a or 1b, suggesting it to be the least reactive site on PERY under applied reaction conditions. 

Examples of direct substitutions on the ortho positions with CF3 groups exist, however, they 

require high temperatures (300–360 °C) and are only observed in polysubstituted PERY(CF3)n, 

where n > 4, i.e., where it was the least sterically hindered position available.118 

3.5. Structural Characterization of Perfluorobenzylated Diimide products 

3.5.1. X-ray crystallography.  

 Crystals of PDI-1-BnF and PDI-1,7-(BnF)2 suitable for single-crystal X-ray diffraction were 

grown by evaporation of dichloromethane–methanol solutions. Data collection and refinement 

parameters are listed in Table 3. Side and top view drawings of X-ray structures of the individual 

molecules are shown in Figure 3.46. The presence of the BnF substituents results in significant 

distortions of the PDI core from planarity, also shown in Figure 3.46. The distortions from 

planarity can be quantified by determining the twist angle made by the least-squares planes of the 

two naphthalene moieties (NAPHs) of the PDI core. For PDI-1-BnF, the two NAPHs are 

individually planar, with average out-of-plane displacements of the 10 NAPH C(sp2) atoms 

(OOPDs) of ±0.05 and ±0.09 Å, and the twist angle is 23.2°. For PDI-1,7-(BnF)2, the two NAPHs 

are planar with average OOPDs of ±0.08 and ±0.08 Å, and the twist angle is 31.1°. These can be 

compared with the twist angles of 6.5° and 37° in the structures of (Ph)2PDI-1,7-F2 and (Ph)2PDI-

1,6,7,12-Cl4, respectively.135 Discussion of the solid state packing for PDI-1-BnF and PDI-1,7-

(BnF)2 is given in the following chapter (section 4.6.1). 

3.5.2. NMR spectroscopy.  
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 Obtaining crystallographic data for PDI-1-BnF and PDI-1,7-(BnF)2 aided NMR-based 

structural elucidations for PDI-1,6-(BnF)2, where single crystals were not of sufficient quality for 

X-ray diffraction. Of note, in the 19F NMR spectrum of PDI-1-BnF there are three aromatic signals 

from the BnF group and three (six) signals from the two PhF groups attached at the imide position 

which are no longer isochronous (see Figure 3.47 for assignment of aromatic fluorines and Figure 

3.48 for full spectrum showing benzylic F(CF2) at ca. δ −77 ppm). The signal(s) from the para-

PhF (2F) fluorine can be used as an internal standard to determine how many substitutions took 

place via integration value, even if BnF groups are symmetric as is the case for both bis adducts. 

From the crystallographic data above, it is known that PDI-1-BnF (and PDI-1,7-(BnF)2 for that 

matter) has (have) the BnF on the bay position(s) instead of the ortho position(s). Moreover, there 

is only a slight variation in the chemical shift of the F(CF2) going from one to two BnF groups. It 

can be inferred that, as was the case for PERY-(BnF)n and trifluoromethylated PDIs, BnF 

substitutions onto the different unique positions of PDI (bay or ortho) should result in the benzylic 

signals being in distinct regions from each other. In the case of PDI-1-BnF and PDI-1,7-(BnF)2, the 

observed 19F fingerprint region for the benzylic (CF2) bay position is around δ −77 ppm; it is 

slightly shifted from the bay fingerprint region of PERY at ca. δ −73 ppm. Therefore, it can be 

determined that the compound labeled PDI-1,6-(BnF)2 contains two BnF groups from the 

integration value (using the PhF groups as an internal standard); while it can be inferred that it must 

have both BnF groups on the 1,6 bay positions. Indeed, the 19F-NMR spectrum of PDI-1,7-(BnF)2 

shows symmetry between the PhF groups on the imide and the BnF signals; in contrast the 19F-

NMR spectrum of PDI-1,6-(BnF)2 shows broken symmetry between the PhF groups on the imide, 

while the BnF groups remain symmetric. Hence, the structural assignment of PDI-1,6-(BnF)2 is the 

only reasonable option. 
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 Moreover, there is a singlet and pair of doublets in the 1H NMR spectrum of PDI-1,7-(BnF)2, 

from the three sets of 2 equivalent hydrogens in the product, which are very similar to the observed 

singlet and pair of doublets in the 1H NMR spectrum of PDI-1,6-(BnF)2. This splitting pattern is 

only possible with substitution on the 1,6 or the 2,5 positions. Since it is unlikely that one, let alone 

two, ortho positions are substituted before a substitution on the bay position would take place, it 

is reasonable to infer that the isolated compound labeled as PDI-1,6-(BnF)2 indeed has both BnF 

groups on the bay positions, as indicated. 

3.6. Conclusions 

 For the first time, solution-phase direct perfluorobenzylation of planar polycyclic aromatic 

hydrocarbons, an electron-rich PERY and electron-poor PDI, has been studied. While not fully 

optimized, the direct perfluorobenzylation of PERY reactions described afforded isolation of five 

new compounds of PERY(BnF)n, where n = 1, 2 and 3; with evidence based on NMR of additional 

products with up to n=4, and indirect evidence based on MS for up to n=5. The product distribution 

was found to be readily controlled by reagent ratios and strongly influenced by reaction solution 

agitation method. Comparison of the solid-state packing in single crystals of PERY (BnF)n, PERY-

1-1 and PERY-2-1 with that of underivatized PERY, revealed a stepwise change from a typical 

herringbone packing motif of PERY, to a quasi-herringbone packing motif of mono-substituted 

PERY, to the rows of perylene columns with continuous large π–π overlap, where each row is 

separated by closely packed perfluorophenyl groups. The latter has been considered by theorists 

as the desired packing for ambipolar materials. In such structures, high hole mobility could be 

through the perylene columns, while strong PhF–PhF and C(sp2)–H⋯F interactions might enable 

high electron mobility.  
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 Furthermore, the solution phase direct perfluorobenzylation of PDI afforded isolation of three 

new bay-substituted compounds of PDI-(BnF)n, where n = 1, 2; but in contrast with PERY, had 

comparatively low conversion of PDI and low isolated yield of products. Interestingly, there 

appears to be side-reactions generating other non-BnF-substituted products—determined by the 

increase in aromatic fluorine signals in the 19F NMR spectrum but relative lack of benzylic F 

signals from the BnF groups, presumably causing the lower yield of the desired PDI-(BnF)n 

products. While this phenomenon was observed for the perfluorobenzylation of PDI at 120 °C and 

exacerbated when heated at 145 °C, there was no such indication for side reactions of PERY at 

120 °C and only a minor increase in aromatic fluorine signals compared to benzylic signals at 145 

°C. This suggests a difference in the reactivity between electron rich PERY and electron deficient 

PDI for direct perfluorobenzylation under the experimental conditions used; which was not 

observed for the analogous direct perfluoroalkylation of PAHs (PERY and PDI specifically). 

While the molecular compositions of these side products have yet to be determined, understanding 

their generation should nevertheless be investigated further to avoid or minimize their formation 

and thereby increase the yield of PDI-(BnF)n products. 

3.7. EXPERIMENTAL SECTION 

3.7.1. Materials and Methods. 

 Reagents and Solvents. The following reagents and solvents were used as received unless 

otherwise indicated: heptafluorobenzyl iodide (C6F5CF2I, abbr. BnFI; SynQuest Laboratories, 

90%), chloroform-d (abbr. CDCl3; Cambridge Isotope Laboratories, 99.8%), hexafluorobenzene 

(abbr. C6F6; Sigma-Aldrich, >99.5% NMR grade), copper powder (Strem Chemical, 99%), 

perylene (abbr. PERY; Sigma-Aldrich, 99+%), 2,3,4,5,6-pentafluoroaniline (Oakwood Products, 

99+%), perylene-3,4,9,10-tetracarboxylic dianhydride (abbr. PTCDA; Sigma-Aldrich, 97%), zinc 
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acetate dihydrate (Aldrich Chemical, 98+%), 2-propanol (abbr. IPA, EMD Millipore, ACS grade), 

diethyl ether anhydrous (EMD Millipore, ACS grade), dimethyl sulfoxide (abbr. DMSO; Fisher 

Chemical, ACS grade), acetonitrile (abbr. MeCN; Sigma-Aldrich, HPLC grade), toluene (Sigma-

Aldrich, ACS grade), dichloromethane (abbr. DCM; Sigma-Aldrich, ACS grade), ethyl acetate 

(Sigma-Aldrich, ACS grade), hexane (Sigma-Aldrich, ACS grade), 1-methyl-2-pyrrolidone 

(Sigma-Aldrich, ACS grade), silica gel (Sigma Aldrich, high purity grade, 60 Å pore size, 70–230 

mesh), sodium chloride (Fisher Chemical, ACS grade), and magnesium sulfate (Aldrich Chemical, 

anhydrous, technical grade). Distilled-deionized water (abbr. dd-H2O) with a minimum resistance 

of 18 MΩ-cm was prepared using a Barnstead NANOpure ultrapure water system. DMSO was 

dried over activated 3 Å molecular sieves for 24 h and cannula transferred into a flame-dried 

Schlenk tube under a N2 (g) purge for storage. A saturated sodium chloride solution (abbr. NaCl 

brine) was prepared using dd-H2O at room temperature.  

 HPLC Analysis. High Performance Liquid Chromatography (HPLC) was conducted using a 

Shimadzu liquid chromatography instrument (CBM-20A control module, SPD-20A UV-Vis 

detector, LC-6AD pump, manual injector valve). The HPLC columns utilized were COSMOSIL 

Buckyprep 10 mm I.D. x 250 mm semi-prep and 20 mm I.D. x 250 mm prep columns (Nacalai 

Tesque, Inc.) at a flow rate of 5 mL min−1 and 16 mL min−1, respectively. 

 NMR Analysis. All 1H and 19F NMR spectra were of CDCl3 solutions recorded at room 

temperature with a Varian (Agilent) 400MR NMR spectrometer equipped with Automated Tuning. 

1H and 19F NMR spectra were acquired at 400 MHz and 376.1 MHz, respectively, using a 1 second 

relaxation time, and a 45 ° pulse angle. 1H chemical shifts are reported relative to δ(CHCl3) = 

7.26). 19F chemical shifts are reported relative to δ(C6F6) = −164.9). 
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 Mass Spectrometry. A Thermo-Finnigan LTQ LC/MS-MS linear ion-trap mass spectrometer 

with an electrospray ionization (ESI) source was utilized to record positive ion ESI (PI-ESI) mass 

spectra. Acetonitrile was used as the carrier solvent and injected at a flow rate of 50 μL min-1. 

3.7.2. Synthesis of PERY-(BnF)n 

 General reaction procedure. A Schlenk tube equipped with a #9 O-ring sidearm was charged 

with PERY (10 mg, 40 μmol) and Cu powder (15 mg, 240 μmol, 6 equiv) and subsequently dried 

overnight in a 120 °C oven. The reaction tube was taken from the oven and attached to a Schlenk 

line to cool under dynamic vacuum. BnFI (13.4 μL, 80 μmol, 2 equiv) and dried DMSO (5.0 mL) 

were added via syringe with the tube open under a flow of N2. The reaction tube was degassed by 

using the freeze-pump-thaw (FPT) technique three times (x3). The reaction flask was closed under 

vacuum and allowed to warm to room temperature before placing in a heated oil bath (145±5 °C) 

for 24 hours. Note: the reaction should be refluxing shortly after placing the flask in the oil bath 

due to the reduced pressure. Upon completion, the reaction was cooled to room temperature and 

the contents poured into a separatory funnel containing dd-H2O (20 mL). The mixture was 

extracted with diethyl ether (3x20 mL); the organic layers were combined and washed with dd-

H2O (3x20 mL), NaCl brine (20 mL), and dried over MgSO4. The solvent was removed by rotary 

evaporation and the products were separated by HPLC. After 24 hours, the flask was cooled to 

room temperature and opened under a positive pressure of N2 to add more BnFI (13.4 μL, 80 μmol, 

2 equiv.) to the reaction, for a total of four equiv. of BnFI added. This was FPTx3 as before and 

placed back into the heated oil bath (145±5 °C) for an additional 24 hours. Note that the reaction 

does not reflux as vigorously the second time it is placed in the oil bath compared to the first.  

 Reaction 1a (Schlenk tube without stir bar): The reaction was allowed to heat for 24 hours 

at a temperature 120±5 °C (oil-bath temperature) before it was worked up  
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reaction flask was was under vacuum and allowed to warm to room temperature before placing in 

a heated oil bath (145±5 °C) for 24 hours. 

 Reaction 1b (Schlenk tube without stir bar): The reaction was allowed to heat for 24 hours 

at a temperature 145±5 °C (oil-bath temperature) before the reaction flask was cooled to room 

temperature and opened under a positive pressure of N2 to add more BnFI (13.4 μL, 80 μmol, 2 

equiv.) to the reaction, for a total of four equiv. of BnFI added. This was FPTx3 as before and 

placed back into the heated oil bath (145±5 °C) for an additional 24 hours. Note that the reaction 

does not reflux as vigorously the second time it is placed in the oil bath compared to the first. Upon 

completion (48 h total), the reaction was cooled to room temperature worked up as normal. 

 Reaction 1c (pear-shaped flask with stir bar): The same general procedure as described 

above for reaction 1b, but with five times the amount of material used (i.e., 50 mg PERY, same 

concentration, and the same number of equiv. of reagents). However, to improve the mixing and 

efficient use of BnFI, a magnetic stir bar was used in the pear-shaped Schlenk flask, instead of a 

vertical reaction tube without a stirrer as in reaction 1a and 1b. This allowed for a better conversion 

of perylene as well as the formation of products with a greater number of BnF groups. 

3.7.2.1. NMR chemical shifts, coupling constants, and yields of isolated PERY-(BnF)n. 

PERY-1-1. Isolated yield of 3.0 mg (reaction 1a) (16 % yield); 1H NMR (400 MHz, 

CHLOROFORM-d) δ ppm 8.19 - 8.29 (m, 4 H), 7.93 (d, J=8.2 Hz, 1 H), 7.74 (d, J=8.2 Hz, 2 H), 

7.77 (d, J=8.2 Hz, 1 H), 7.49 - 7.58 (m, 3 H). 19F NMR (376 MHz, CHLOROFORM-d) δ ppm -

86.28 (t, J=23.2 Hz, 2 F), -141.51– −141.22 (m, 2 F), -152.92 (t, J=21.8 Hz, 1 F), -163.40– −163.18 

(m, 2 F) 

PERY-1-2. 1H NMR (400 MHz, CHLOROFORM-d) δ ppm 8.25 (d, J=7.4 Hz, 2 H), 8.02 (d, 

J=8.6 Hz, 1 H), 7.97 (d, J=7.0 Hz, 1 H), 7.86 (d, J=9.0 Hz, 1 H), 7.82 (d, J=8.2 Hz, 1 H), 7.76 (d, 
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J=8.2 Hz, 1 H), 7.70 (d, J=7.8 Hz, 1 H), 7.66 (t, J=7.4 Hz, 1 H), 7.58 (t, J=7.8 Hz, 1 H), 7.40 (t, 

J=7.8 Hz, 1 H). 19F NMR (376 MHz, CHLOROFORM-d) δ ppm -72.85 (t, J=23.2 Hz, 2 F), -

141.18 (q, J=21.8 Hz, 2 F), -153.95 (t, J=20.4 Hz, 1 F), -164.64 (tsxt, J=16.4, 16.4, 5.5, 5.5, 5.5, 

5.5, 5.5 Hz, 2 F) 

PERY-2-1. Isolated yield of 2.9 mg (reaction 1a) and 11.6 mg (reaction 1b) (10.8 and 8.5 % yield, 

respectively); 1H NMR (400MHz, CHLOROFORM-d) δ = 8.29 (d, J = 7.8 Hz, 4 H), 7.99 (d, J = 

8.6 Hz, 2 H), 7.84 (d, J = 7.8 Hz, 2 H), 7.58 (t, J = 8.0 Hz, 2 H). 19F NMR (376 MHz, 

CHLOROFORM-d) δ ppm -86.31 (t, J=23.2 Hz, 4 F), -141.42 (td, J=23.2, 19.1 Hz, 4 F), -152.63 

(t, J=21.8 Hz, 2 F), -163.27– −163.05 (m, 4 F). 

PERY-3-1. Percent yield of 5.5 % (by H-NMR, reaction 1c, see Figure 3.45) A; 1H NMR (400 

MHz, CHLOROFORM-d) δ ppm 8.45 (s, 1 H), 8.30 - 8.35 (m, 2 H), 8.11 (d, J=7.8 Hz, 1 H), 8.07 

(d, J=9.0 Hz, 1 H), 8.00 (d, J=8.2 Hz, 1 H), 7.71 - 7.79 (m, 2 H), 7.66 (t, J=8.0 Hz, 1 H). 19F NMR 

(376 MHz, CHLOROFORM-d) δ ppm -72.61 (t, J=21.8 Hz, 2 F), -85.64 (t, J=23.2 Hz, 2 F), -

86.71 (t, J=23.2 Hz, 2 F), -141.39 (s, 4 F), -142.26– −142.00 (m, 2 F), -151.87 (s, 2 F), -152.68 

(dd, J=20.4, 17.7 Hz, 1 F), -162.92– −162.64 (m, 4 F), -163.77 (t, J=19.1 Hz, 2 F). 

PERY-3-2. Percent yield of 7.2 % (by H-NMR, reaction 1c, see Figure 3.45); 1H NMR (400 MHz, 

CHLOROFORM-d) δ ppm 8.30 - 8.36 (m, 2 H), 8.28 (d, J=7.8 Hz, 1 H), 8.10 (d, J=8.2 Hz, 1 H), 

8.05 (d, J=7.4 Hz, 2 H), 7.91 (d, J=8.2 Hz, 1 H), 7.75 (t, J=8.0 Hz, 1 H), 7.52 (t, J=8.0 Hz, 1 H). 

19F NMR (376 MHz, CHLOROFORM-d) δ ppm -73.86 (t, J=23.2 Hz, 1 F), -85.03 (t, J=23.2 Hz, 

2 F), -86.59 (t, J=23.2 Hz, 2 F), -140.95 (q, J=21.8 Hz, 2 F), -141.66– −141.36 (m, 4 F), -151.92 

(t, J=20.4 Hz, 1 F), -152.19 (t, J=21.8 Hz, 1 F), -153.16 (t, J=20.4 Hz, 1 F), -162.86– −162.66 (m, 

2 F), -163.03 (t, J=19.8 Hz, 2 F), −164.12– −163.94 (m, 2 F). 

3.7.3.  Synthesis of N,N’-bis(pentafluorophenyl)perylene diimide (PDI) 
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 N,N’-bis(pentafluorophenyl)perylene diimide (PDI) was prepared according to the referenced 

literature with modifications.128-129 The procedure given here gave a modestly improved isolated 

yield of 60% in contrast with previously reported yield of 52%.26 A 25 mL three-neck, round 

bottom flask, equipped with water condenser, stir bar, and septa, was attached to a Schlenk line 

and purged with N2 (g) using an exit needle for 5 min. Under a N2 (g) purge, Zn(OAc)2·2H2O (107 

mg, 0.583 mmol) and PTCDA (300 mg, .756 mmol) were dry loaded into the reactor, followed by 

the addition of sparged NMP (15 mL) via cannula transfer. The reactor was kept under a N2 (g) 

atmosphere with a gas bubbler outlet attached to a Schlenk line. The reaction was heated in an oil 

bath at 100 °C for 1 h with stirring, submerged to just above the reactor’s solvent level. Under a 

N2 (g) purge, pentafluoroaniline (PhF-NH2) (692 mg, 3.78 mmol, 5 equiv.) was dry loaded into the 

reactor, and the reaction temperature was increased to 180 °C and heated for 36 h. Upon 

completion, the reaction was allowed to cool to room temperature and the contents were poured 

into a separatory funnel containing half-saturated NaCl(aq) solution (100 mL). The mixture was 

extracted with toluene (3x200 mL). The organic layers were added together, washed with half-

saturated NaCl(aq) solution (3x100 mL), and dried over MgSO4. The diimide product was purified 

by adsorbing the crude product mixture onto silica gel and running a silica plug twice using DCM. 

Isolated yield 329 mg (60 % yield); 1H NMR (CDCl3, 400 MHz): δ = 8.83 (d, J = 8Hz, 4H), 8.79 

(d, J = 8Hz, 4H); 19F NMR (CDCl3): −146.38 (d, J = 17.7, 2F), −154.76 – −154.93 (t, 1F), −164.51 

– −165.72 (m, 2F). 

3.7.4. Synthesis of PDI(-(BnF)n. 

 Reaction 2a. A Schlenk tube equipped with a #9 O-ring sidearm was charged with PDI (10 

mg,14 μmol) and Cu powder (7.0 mg, 110 μmol, 8 equiv.) and subsequently dried overnight in a 

120 °C oven. The reaction tube was taken from the oven and attached to a Schlenk line to cool 
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under dynamic vacuum. BnFI (4.7 μL, 28 μmol, 2 equiv.) and dried DMSO (5.0 mL) were added 

via syringe with the tube open under a flow of N2. The solution was degassed by using the freeze-

pump-thaw (FPT) technique three times (x3). The reaction flask was closed under vacuum and 

allowed to warm to room temperature before placing in a heated oil bath (120±5 °C). Note: the 

reaction should be refluxing shortly after placing the flask in the oil bath due to the reduced 

pressure. After heating the for 24 hours, the reaction was allowed to cool to room temperature, and 

the contents were poured into a separatory funnel containing dd-H2O (30 mL). The mixture was 

extracted with ethyl acetate (3x10 mL). The organic layers were added together, washed with dd-

H2O (3x10) and NaCl brine (10 mL), and dried over MgSO4. Purification was performed in two 

stages. First, flash chromatography was employed using a solution of 1:2:7 EtOAc/DCM/Hexane 

as the eluent. Compounds with more than one perfluorobenzyl group substitution eluted together 

as a smear and required further separation by HPLC. 

 Reaction 2b. Same general procedure as rxn. 2a, with the alteration that the temperature was 

145±5 °C (instead of 120±5 °C) and that after 24 hours the flask was cooled to room temperature 

and opened under a positive pressure of N2 to add more BnFI (4.7 μL, 28 μmol, 2 equiv.) to the 

reaction, for a total of four equiv. of BnFI added. This was FPTx3 as before and placed back into 

the heated oil bath (145±5 °C) for an additional 24 hours. Note that the reaction does not reflux as 

vigorously the second time it is placed in the oil bath compared to the first. Same workup and 

purification as reaction 2a above.  
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3.8. Tables and Figures 

Table 3.1. Reaction conditions for direct perfluorobenzylation. 

Rxn. # Substrate # of BnFI additions  
(2 equiv. per addition)(a) Time (h) Solvent Temp. 

(°C) 
Source of 
agitation 

1a PERY 1 24 DMSO 120 reflux 

1b PERY 2 48 DMSO 145 reflux 

1c PERY 2 48 DMSO 145 stir bar 

2a PDI 1 24 DMSO 120 reflux 

2b PDI 2 48 DMSO 145 reflux 

Chromatograms for reactions 1a–c are given in Figure 3.5 and Figure 3.8 
NMR spectra for reaction 2a and 2b are given Figure 3.12 Figure 3.13 
a First addition of BnFI was added to the reaction before heating; subsequent additions were added 
after 24 hours. 

 

 

  



113 

Table 3.2. Crystal data and final refinement parameters for the PERY-1-1 and PERY-2-1 X-ray 
diffraction structures. 

Compound PERY-1-1 PERY-2-1 

formula C27H11F7 C34H10F14 

formula wt., g mol−1 468.36 684.42 

habit, color plate, yellow needle, orange 

crystal system monoclinic monoclinic 

crystal size, mm 0.101 × 0.067 × 0.005 0.276 × 0.038 × 0.031 

space group, Z P21/c, 4 C2/c, 8 

a, Å 15.548(2) 36.833(4) 

b, Å 10.6962(17) 7.3678(7) 

c, Å 11.3090(18) 18.8651(19) 

α, deg 90 90 

β, deg 93.482(3) 100.917(2) 

γ, deg 90 90 

V, Å3 1877.3(5) 5026.9(9) 

T (K) 150 100 

ρcalc, g cm−3 1.657 1.809 

GooF [all data] 1.054 0.965 

R(F) (I>2σ(I))a 0.0842 0.0568 

wR(F2) [all data]a 0.1822 0.1383 

a R(F) = Σ||Fo| – |Fc||/Σ|Fo|; wR(F2) = (Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2])1/2. 
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Table 3. Crystal data and final refinement parameters for PDI-1-BnF and PDI-1,2-(BnF)2 X-ray 
diffractiona 

Compound abbreviation 1-BnF 1,7-(BnF)2 

empirical formula C43H7F17N2O4 C50H6F24N2O4 

formula weight, g mol−1 938.51 1154.57 

crystal habit rhombohedron needle 

crystal color dark red red-orange 

crystal size, μm 175 × 124 × 82 372 × 109 × 40 

crystal system triclinic triclinic 

space group, Z P
–1, 4 P

–1, 4 

a, Å 8.1330(10) 11.6214(16) 

b, Å 15.0581(18) 14.537(2) 

c, Å 15.1685(18) 25.938(3) 

α, degree 68.573(2) 75.612(2) 

β, degree 88.677(2) 83.723(2) 

γ, degree 88.307(2) 88.023(3) 

V, Å3 1728.4(4) 4219.1(10) 

T, K 100(2) 100(2) 

ρcalc, g cm−3) 1.803 1.818 

R(F) [I > 2σ(I)]c 0.0646 0.0764 

wR(F2) [all data]c 0.1992 0.2286 

GoF [all data] 1.050 1.018 

a All X-ray crystallographic data were collected using synchrotron radiation (λ = 0.41425 Å) at 
the Advanced Photon Source. 
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Figure 3.1. Top: General reaction scheme for direct perfluorobenzylation of perylene and 
nomenclature for unique positions. Bottom: Drawings of molecular structures of isolated 
PERY(BnF)n compounds; for brevity, PERY-n-x notations are introduced, where n is the number 
of BnF groups and x is the isomer number. Note that the compound PERY-3-1 could have the 
structure of PERY-3-1* or PERY-3-2* shown here, and the compound PERY-3-2 would then have 
the other structure. 
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Figure 3.2. NMR spectra of crude reaction 1a. Top: 1H-NMR spectrum of aromatic region, 
showing over 40% of PERY starting material remaining unreacted after 24 hours at 120 °C. Top: 
19F-NMR spectrum showing a mixture of products consisting predominately of two isomers, 
mono-substituted on the peri (PERY-1-1) and bay (PERY-1-2) positions, with an overall ratio of 
1:1.6 bay:peri for all substitutions by 19F-NMR.  
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Figure 3.3. 19F-NMR spectrum of crude reaction mixture 1a—after heating PERY in the presence 
of 2 equiv. of BnFI for 24 h at 120 °CShowing a mixture of products consisting predominately of 
two isomers, mono-substituted on the peri (PERY-1-1) and bay (PERY-1-2) positions. 
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Figure 3.4. 19F-NMR spectrum of crude reaction mixture 1b—after heating PERY in the presence 
of 4 equiv. of BnFI for 48 h at 145 °C (half of BnFI was added after 24 hours)Showing several 
triplets in the benzylic F(CF2) regions for peri (ca. −72 to −75 ppm) and bay (ca. −84.5 to −87.5 
ppm) positions. 
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Figure 3.5. HPLC chromatograms of pure PERY and crude 1a and 1b reaction mixtures, separated 
with a semipreparative COSMOSIL Buckyprep column (250 x 10 mm i.d), MeCN eluent, 5 mL 
min−1 flow rate, 370 nm UV detection. Top: injection of pure PERY sample. Middle: crude 
reaction mixture of 1a, showing a majority of the reaction mixture remains unreacted PERY. 
Bottom: crude reaction mixture 1b; PERY-1-1, PERY-1-2 and PERY-2-1 can each be isolated 
without the need for secondary purification. Fractions i and ii are mixtures believed to each contain 
two PERY-2 isomers, where each isomer has one BnF group on the bay and one on the peri position 
see Figure 3.8 for more discussion on isolation and characterization of products. Note that the 
retention time for unreacted PERY (products with higher retentions times than PERY) shifted 
slightly depending on the relative concentration of PERY in the sample: for pure PERY and 
reaction 1a, the retention times is essentially unchanged, while for 1b PERY has a lower retention 
time and is found in fraction ii in the bottom chromatogram. 
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Figure 3.6. General reaction scheme for direct perfluorobenzylation of perylene showing 
differences in reaction conditions between 1b and 1c with their resulting chromatograms. Note the 
isolable isomers are shown next to their respective peak marked with asterisk in each 
chromatogram; see Figure 3.8 for more discussion on isolation and characterization of products. 

 

  



121 

 
Figure 3.7. Positive-ion ESI mass spectrum of crude reaction mixture from reaction 1c. Showing 
parent ion (m/z 468 for one PERY-1) and/or loss of fluoride (m/z 449) for one to five substitutions 
of BnF groups. The parent peak could not be directly observed for PERY-5, but a small peak 
consistent with the loss of fluoride ion (m/z 1313) is shown. Note that unsubstituted PERY is 252 
g·mol−1, and each BnF group adds 216 g·mol−1. 
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Figure 3.8. HPLC chromatograms of crude product mixtures 1b and 1c. Top: Reaction 1b 
separated with a semipreparative COSMOSIL Buckyprep column (250 x 10 mm i.d), MeCN 
eluent, 5 mL min−1 flow rate, 370 nm UV detection; PERY-1-1, PERY-1-2 and PERY-2-1 can 
each be isolated without the need for secondary purification. Fractions i and ii are mixtures 
believed to each contain two PERY-2 isomers, where each isomer has one BnF group on the bay 
and one on the peri position (see Figure 3.9, Figure 3.42, and Figure 3.43 for analysis and 
discussion). Bottom: Reaction 1c separated with a preparative COSMOSIL Buckyprep column 
(250 x 20 mm i.d), acetonitrile eluent, 16 mL min−1 flow rate, 370 nm UV detection. a) fraction iv 
was subsequently extracted with a small amount of methanol, leaving behind pure PERY-3-1 as 
insoluble material and using the extract for HPLC to isolate PERY-3-2. Inset shows second 
separation step for PERY-3-2 after solvent extraction (250 x 10 mm i.d. COSMOSIL Buckyprep 
column, methanol eluent, 5 mL min−1 flow rate). The first fraction of this separation contains two 
PERY-3 isomers which could not be separated from each other, and the second peak consists of 
PERY-3-1 with significant contamination from the first peak. Note that difference in retention time 
between the two chromatograms is due to using a newer (and larger) column with different inlet 
tube lengths. Changing the dead time and efficacy of the column at separating. However, the 
fractions labeled i-iii are lined up to guide the eye and show the same general separation profile. 
With fraction vi not being present in reaction 1a and consisting of PERY-3 isomers (Figure 3.45). 
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Figure 3.9. Structure and numbering of all possible isomers of derivatized perylenes containing 1–
2 BnF groups assuming that a) two BnF groups do not add in ortho-positions to each other due to 
steric hindrance ortho positions do not react (e.g., 2-perylene), b) peri positions adjacent to each 
other cannot both be substituted (e.g. 3,4-perylene) and c) bay positions directly across from each 
other cannot both be substituted (e.g. 1,12-perylene). Literature precedent suggests these 
substitution patterns are either not favored unless sterically stressed (i) or not observed at all (ii 
and iii). In addition, their presence would have a distinctive splitting pattern in the 1H- and 19F-
NMR, which was not observed in this work. 
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Figure 3.10. Structure and numbering of all possible isomers containing 3–4 BnF groups assuming 
that a) ortho positions do not react (e.g. 2-perylene), b) peri positions adjacent to each other cannot 
both be substituted (e.g. 3,4-perylene) and c) bay positions directly across from each other cannot 
both be substituted (e.g. 1,12-perylene). See also detailed explanation in Figure 3.9. 
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Figure 3.11. Top: General reaction scheme for direct perfluorobenzylation of PDI and 
nomenclature for unique positions. Bottom: Drawings of molecular structures of isolated PDI-
(BnF)n compounds; for brevity, PDI-x-(BnF)n notations are introduced, where x is (are) the 
position(s) of substituted BnF groups and n is the number of BnF groups substituted. Names shown 
in bold are for products that single crystal X-ray structure were obtained.  
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Figure 3.12. 19F-NMR spectrum of crude reaction mixture 2a—after heating PDI in the presence of 2 equiv. of BnFI for 24 h at 120 °C. 
Showing a mixture of products consisting predominately of the mono-substituted derivative PDI-1-BnF and two minor bis-substituted 
isomers PDI-1,6-(BnF)2 and PDI-1,7-(BnF)2.   
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Figure 3.13. 19F-NMR spectrum of crude reaction mixture 2b—after heating PDI in the presence of 4 equiv. of BnFI for 48 h at 145 °C 
(half of BnFI was added after 24 hours)Showing a mixture of products consisting predominately of the mono-substituted derivative PDI-
1-BnF and two minor bis-substituted isomers PDI-1,6-(BnF)2 and PDI-1,7-(BnF)2  
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Figure 3.14. Example of primary separation by flash chromatography. Left: TLC representation of 
flash chromatography separation of crude product mixture of PDI perfluorobenzylation using 1:2:7 
EtOAc–DCM–Hexane; left column shows position of unreacted starting material (SM), right 
column shows separation of the crude reaction mixture (R). Right: 19F NMR spectra of 
corresponding fractions as they elute out of silica column, taken in CDCl3 with C6F6 as an internal 
standard. Isolated three fractions are (from top to bottom/first to last to elute) a mixture of 
substituted products, a pure fraction of PDI-1-BnF, and the unreacted PDI starting material. 

 
Figure 3.15. HPLC chromatogram of secondary separation post flash chromatography Left: TLC 
representation of flash chromatography separation of PDI perfluorobenzylation reaction. Right: 
HPC chromatogram of first fraction from flash chromatography, containing bis-substituted 
products eparated with a semipreparative COSMOSIL Buckyprep column (250 x 10 mm i.d), 
MeCN eluent, 5 mL min−1 flow rate, 530 nm UV detection  
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Figure 3.16. The molecular X-ray structures of 3-PERY(CF2C6F5) (PERY-1-1) and 3,10-
PERY(CF2C6F5)2 (PERY-2-1) (50% thermal ellipsoids except for H atoms). 

 

 
Figure 3.17. Parallel perspective drawings of the π–π overlap of perylene C(sp2) aromatic cores in 
the structures of PERY-1-1 (a) and PERY-2-1 (b and c; H atoms removed for clarity; F atoms 
shaded yellow).    
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Figure 3.18. The structure of PERY-1-1 (H atoms removed for clarity; F atoms shown as circles). 
One unit cell is shown. The crystallographic a axis is aligned with the long axis of the page. 
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Figure 3.19. Side perspective of crystal structure packing of PERY, PERY-1-1, and PERY-2-1 

 

 
Figure 3.20. Top view of PERY-2-1 through single column of perylene cores showing degree of 
overlap. View shown is normal to the plane made by the innermost 6-membered carbon ring for 
the perylene colored in red. inset is a side view showing stacking order of colored-perylene cores. 



132 

 
Figure 3.21. The structure of PERY-2-1. H atoms removed for clarity; F atoms shown as circles. 
One unit cell is shown. The crystallographic b axis is perpendicular to the plane of the page. Layers 
of molecules lying in bc planes are stacked in the crystallographic a direction. 
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Figure 3.22. The structure of PERY-2-1 (H atoms removed for clarity). Two molecules in 
neighboring infinite stacks are shown. The perylene C(sp2) cores are tilted 35.6° from the cores in 
neighboring stacks. 

 

 
Figure 3.23. Intermolecular interactions between PERY-2-1 molecules of adjacent columns within 
the same row. Showing each is acting as a hydrogen bond donor and acceptor, between the close 
Ar-H---F-Ar (2.41 Å) and CF2---H-Ar (2.38 Å) distances. As well as two close π---F-Ar distances 
of 3.16 Å between each.  
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Figure 3.24. Single crystal X-ray structure and packing of PERY-1-1 (hydrogens omitted for 
clarity when needed). a) 50% thermal ellipsoid of single PERY-1-1 molecule b) view normal to 
plane of perfluorophenyls showing herringbone-stacked pairs of perylene cores (perfluorobenzyls 
are transparent for clarity). c) front view showing solid state packing in a space-filling model for 
PERY-1-1, showing columns of herringbone-stacked perylene cores separated by planes of closely 
packed perfluorobenzyls from adjacent molecules. d) same view as (c) but with thermal ellipsoids 
to show interactions between adjacent molecules. 
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Figure 3.25. Single crystal X-ray structure and packing of PERY-2-1 (hydrogens omitted for 
clarity where needed). a) 50% thermal ellipsoid of single PERY-2-1 molecule. b) side view of 
perylene-columns showing distance between ‘hugging pairs’ where the perfluorobenzyls interact 
and with each other causing a larger distance between the planes of perylene (3.512 Å) compared 
to the non-hugging pairs (3.494 Å). c and d) space-filling model showing columns made up of 
stacked perylene cores from the top and side view respectfully.  
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Figure 3.26. Simplified view of PERY-2-1 solid state packing between adjacent rows of perylene 
columns shown in Figure 3.25. a) side-view showing distance between perfluorophenyl rings of 
adjacent perylene rows separated by closely packed perfluorophenyls. Note that the 
perfluorophenyl rings are perfectly parallel with each other. b) top view showing degree of overlap 
between perfluorophenyl rings.  
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Figure 3.27. 19F-NMR spectra of mono- and bis-substituted products. Showing difference in bay 
and peri positions for the -CF2- region (ca.−70– to −90 ppm) and relatively unchanged PhF region 
(ca. −140– to −165 ppm). 
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Figure 3.28. 1H-NMR spectrum of PERY-1-1 in CDCl3. 
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Figure 3.29. 19F-NMR spectrum of PERY-1-1 in CDCl3. 
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Figure 3.30. 1H-NMR spectrum of PERY-1-2 in CDCl3. 

 
Figure 3.31. 1H-NMR spectrum of PERY-1-2 aromatic region in CDCl3.  
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Figure 3.32. 19F-NMR spectrum of PERY-1-2 in CDCl3. 

 

  



142 

 
Figure 3.33. Positive-ion ESI mass spectrum of PERY-2-1. 

 

 
Figure 3.34. 1H-NMR spectrum of PERY-2-1 in CDCl3.   
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Figure 3.35. 19F-NMR spectrum of PERY-2-1 in CDCl3. 
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Figure 3.36. Positive-ion ESI mass spectrum of PERY-3-1. 

 

 
Figure 3.37. 1H-NMR spectrum of PERY-3-1 in CDCl3.  
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Figure 3.38. 19F-NMR spectrum of PERY-3-1 in CDCl3. 
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Figure 3.39. Positive-ion ESI mass spectrum of PERY-3-2 fraction. 

 

 
Figure 3.40. 1H-NMR spectrum of PERY-3-2 in CDCl3.  
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Figure 3.41. 19F-NMR spectrum of PERY-3-2 in CDCl3. 
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Figure 3.42. 19F-NMR spectra of benzylic region for fraction i (from Figure 3.8). top) reaction 1b 
showing two sets of triplets (labeled ■ and ● ) for two bis-substituted PERY compounds, each 
with one group on the bay and peri positions. bottom) reaction 1c showing same two sets of triplets 
(■ and ●) as 1a, as well as three new triplets of similar intensity (labeled as ▲) consistent with a 
tris-substituted (PERY-3) containing two BnF groups on the bay position and one on the peri 
position, which one would expect this isomer to have a lower retention time (i) than if there were 
two groups on the peri position and one on the bay (i.e. PERY-3 isomers in fraction iv of Fig. 2). 
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Figure 3.43. 19F-NMR spectra of benzylic region for fraction ii (from Figure 3.8). top) reaction 1b 
showing two sets of triplets (labeled † and ♦) for two bis-substituted PERY compounds, each with 
one group on the bay and peri positions. bottom) reaction 1c showing same two sets of triplets († 
and ♦) but in different ratios to each other (2:3.5 vs 1.9:2.0, respectively). It indicates that these 
are two PERY-2 isomers instead of one PERY-4 isomer, which could not be differentiated from 
reaction 1b alone without further characterization. 
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Figure 3.44. 19F-NMR spectra of benzylic region for reaction 1c, fraction iii (from Figure 3.8) 
showing four triplets which the author believes to be from a non-symmetric tetrakis substituted 
PERY compound, with two groups on the bay and two on the peri positions. Note, these signals 
are not observed in reaction 1a, suggesting it is a higher substitution than a bis-isomer, thus leading 
to the conclusion it must be a non-symmetric PERY-4-1. 
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Figure 3.45. 19F-NMR spectrum of largest fraction (vi) from reaction 1c (Figure 3.8 and S4) before 
secondary separation or solvent extraction, showing benzylic CF2 region to determine yield of 
PERY-3-1 and PERY-3-2. F1 (45.2 mg isolated) is a mixture of four isomers containing three BnF 
groups and a small amount of one symmetric isomer containing four groups. By using 19F-NMR, 
it is possible to determine the relative amount of PERY-3-1 and PERY-3-2 without the need for 
rigorous purification. This is done by comparing the integration for the overlapping triplets 
(centered at −86.70 and−86.59 ppm), which originate from one of the two bay positions on PERY-
3-1 and PERY-3-2, with the total integration value of all bay-CF2’s. When integrating these 
together to 4 (shown), the total value for all bay positions is 15.77, which includes 8 fluorines from 
the two bay positions on each of PERY-3-1 and PERY-3-2. This gives 50.7% of fraction vi being 
PERY-3-1 and PERY-3-2 combined. Using this and comparing the integration of the bay-CF2 
triplets centered at −72.61 and −73.87 ppm, which are separated enough to compare in contrast to 
the bay positions, we get that PERY-3-1 is 21.9% of fraction vi (5.5% total yield by NMR) and 
PERY-3-2 is 28.8% (7.2% total yield by NMR). 
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Figure 3.46. Drawings of the X-ray structures of PDI-1-BnF (left) and PDI-1,7-(BnF)2 (right). 
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Figure 3.47. 19F NMR aromatic region of purified PDI-1-(BnF)1 (zoom in of Figure 3.48). Each 
peak is labeled for either being from the PhF groups on the imides or from the substituted BnF. 
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Figure 3.48: 19F-NMR spectrum of PDI-1-BnF in CDCl3.  
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Figure 3.49: Closeup view of signals in 19F-NMR spectrum of PDI-1-BnF from Figure 3.5 showing relative intensities and normalized 
to the same ppm scale.  
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Figure 3.50: 1H-NMR spectrum of PDI-1-BnF in CDCl3. 
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Figure 3.51: 1H-NMR spectrum of PDI-1-BnF in CDCl3 showing from 2.5 to 9.5 ppm. Inset shows aromatic region from 8.4 to 9.2 ppm. 
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Figure 3.52: 19F-NMR spectrum of PDI-1,6-(BnF)2 in CDCl3. 

  



159 

 
Figure 3.53: Closeup view of signals in 19F-NMR spectrum of PDI-1,6-(BnF)2 from Figure 3.10. Showing relative intensities and 
normalized to the same ppm scale.  
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Figure 3.54: 1H-NMR spectrum of PDI-1,6-(BnF)2 in CDCl3. 
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Figure 3.55: 1H-NMR spectrum of PDI-1,6-(BnF)2 in CDCl3 showing from 2.5 to 9.5 ppm. Inset shows aromatic region from 8.5 to 9.1 
ppm. 
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Figure 3.56: 19F-NMR spectrum of PDI-1,7-(BnF)2 in CDCl3. 
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Figure 3.57: Closeup view of signals in 19F-NMR spectrum of PDI-1,7-(BnF)2 from Figure 3.15. Showing relative intensities and 
normalized to the same ppm scale. 
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Figure 3.58: 1H-NMR spectrum of PDI-1,7-(BnF)2 in CDCl3.  



165 

 
Figure 3.59: 1H-NMR spectrum of PDI-1,7-(BnF)2 in CDCl3 showing from 2.5 to 9.5 ppm. Inset shows aromatic region from 8.5 to 9.1 
ppm. 
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CHAPTER 4.  
New Approaches to Fluoroannulation of PAHs 

 
 
 
4.1. Introduction 

 A considerable effort in the molecular design and synthesis of the PAH-based organic 

semiconductors has been dedicated to the development of the methods that allow expansion of 

their conjugated pi-systems, for improved charge transport. Among such methods, aryl-aryl 

couplings have been achieved with UV irradiation under oxidative conditions (O2 or I2; Mallory 

reactions), but these mostly lead to unsubstituted PAHs, such as picene, benzo(c)phenanthrene, 

and hexabenzocoronene, and partially fluorinated triphenylenes,136-139 and by Kubota and 

coworkers on dibenzoanthracene and benzoperylene with perfluorocyclopentene groups.140 

Treatment of precursors having strategically-placed F atoms with activated TiO2 or Al2O3 at 200 

°C produced large, but unsubstituted, PAHs and even graphene nanoribbons by loss of HF141-147 

(cyclodehydrofluorination; e.g., trifluoropentaphenylene tribenzopyrene145). Diels-Alder reactions  

were employed to prepare extended PAH structures,148 with one example being a monofluorinated 

tetraphene.149 Mono- and difluorophenacenes were prepared via multi-step syntheses involving the 

Pd(II)-catalyzed Friedel–Crafts-type cyclization of 1,1,2-trifluoro- and 1,1-difluoro-1-alkenes and 

the In(III)-catalyzed tandem cyclization of bis(1,1-difluoroallene)s.150 In this chapter, new 

methods of anulation of PAHs are desribed, which are  fundamentally different from the above 

literature examples, as the new π-system-extending reactions discovered by the author are based 

on reductive defluorination/aromatization and reductive dehydrofluorination/cyclization reactions 

of PDI(BnF)n derivatives to form PDI derivatives with extended π systems.  

 To better understand the reasons of the presence of products that contribute to the greater 

relative intensity of aromatic fluorines found in the 19F-NMR spectra of the crude products of PDI 
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perfluorobenzylation reactions (see Chapter 3), it is useful to hypothesize a priori the likely side 

reactions involved so they can be either readily ruled out or confirmed to be the cause. To begin, 

it can be reasonably assumed that the direct (C–H) perfluorobenzylation using perfluorobenzyl 

iodide with copper promoter proceeds through a similar reaction pathway as the 

perfluoroalkylation of PAHs with perfluoroalkyl iodides. That is, copper is acting as a reducing 

agent for RFI and/or consumes iodine byproduct generated during the thermally-induced homolytic 

cleavage of the RF–I bond, this process is followed by PAH(RF) product formation. Figure 4.1 

depicts two potential pathways for BnFI where copper, as a reducing agent, reacts with BnFI to 

form (BnFI)−, which will subsequently decompose by ejecting I− (forming CuI2 or CuI with 

oxidized copper) and BnF
• radicals capable of substitution. If, instead, BnF

• radicals are formed by 

thermally induced homolytic bond cleavage of the BnF–I bond, then copper will react with the 

iodine byproduct formed in the equilibrium reaction to irreversibly form CuI and favor further 

BnF–I bond cleavage. Either method is possible (i.e., not yet disproven), and each lead to 

generation of radicals involved in the direct (C–H) perfluoroalkyl (pefluoroaryl)-radical aromatic 

substitution of PAHs (see general mechanism in Figure 4.1). Due to electrophilic character of 

perfluoroalkyl radicals, perfluoroalkylation reactions with electron-rich aromatics typically 

proceed under mild conditions and with high yields.151 This mechanism is different from copper-

coupling reactions of PAHs, such as the Ullman coupling, where there is no radical intermediate 

but it requires an activated carbon to proceed (e.g. a brominated carbon).152 

 With that said, given the postulated mechanisms in Figure 4.1, there are four potential 

“sources” of aromatic fluorines that must be investigated: they could originate from 1) 

perfluorobenzyl iodide (BnFI), which, if the perfluorobenzyl group were to react and one or both 

of the benzylic fluorines were to be removed in the process, would skew the 19F NMR spectrum 
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towards higher content of the aromatic fluorines; 2) the pentafluorophenyl groups on (PhF)2PDI, 

which, if the PDI were to react with any reagent (which is not BnFI) to form a new PDI derivative, 

the pentafluorophenyl signals would shift and there would be “new” aromatic fluorine signals, 

regardless of the derivatization involved; 3) the benzylic fluorines could be removed in the process 

of forming PDI-1-BnF, and this would result in derivatives without benzylic fluorines, but with the 

“new” set of fluorophenyl signals; or 4) the benzylic fluorines could be removed only after PDI-

1-BnF has formed in a one-pot cascade reaction, also resulting in a PDI-1-BnF derivative without 

any benzylic fluorines present. 

4.2. Investigation into PDI-perfluorobenzylation side-reactions in DMSO 

 To consider these hypotheses in turn, the author designed and performed several control 

experiments aimed at testing the stability of each analyte involved in the reaction in question, i.e., 

the perfluorobenzylation of PDI. Table 4.1 shows the conditions of reactions 2w–z chosen for 

these tests, which are analogous to the conditions used in rxn. 2b from Chapter 3 (see Table 3.1), 

in which the product had an uncharacteristically low amount of benzylic fluorines and excessive 

amount of aromatic fluorine signals in NMR. In each case, the analytes were dissolved in degassed 

anhydrous DMSO and heated at 145 °C in the presence of copper metal promoter; times varied 

depending on the rate of decomposition (or lack thereof) observed for each analyte. 

 The first analyte to be studied was perfluorobenzyl iodide, which is generally known to be both 

photo- and thermally unstable, and it degrades unless stored in the dark in a refrigerator. Therefore, 

it was presumed that when heated to 145 °C in the presence of copper promoter, BnFI will generate 

BnF
• radicals and it will subsequently convert into final product(s) within a shorter period of time 

than the time used in reactions 2a or 2b in Chapter 3 (24 and 48 h, respectively). Indeed, when 

heating together BnFI and copper in DMSO (exp. 2w in Table 4.1), an essentially complete 



171 

degradation of BnFI was observed after 60 minutes of heating. Figure 4.2 shows the concentration 

of BnFI over time; determined from aliquots taken every 15 minutes for 19F-NMR analysis (the 

spectra recorded from 0 to 60 minutes are shown in Figure 4.3). After 60 minutes the fluorine 

signals due to BnFI nearly vanished, indicating presence of only trace amounts of BnFI, and in its 

place, several new high-intensity multiplets appeared in the aromatic region of the 19F NMR 

spectrum. These signals may belong to a single compound, but it was not possible to 

unambiguously identify its structure at this time. Notably, while there is only a minor shift in the 

aromatic fluorine signals of this product compared to aromatic signals from the BnFI starting 

material ( top of Figure 4.3), in contrast, there is a drastic change in the chemical shifts of benzylic 

fluorine signals: after 60 minutes, the benzylic fluorine signals from BnFI are essentially absent, 

and in their place there are new signals close to −120 ppm, which is outside of the region typically 

associated with aromatic fluorine signals. It is likely that under reaction conditions 2w, BnF
• 

radicals could presumably either self-react to form [BnF]2 or react with the solvent, DMSO. The 

third possibility is that copper might react with BnFI, however, the observed 19F-NMR spectrum is 

unlikely to be that of a BnF-Cu complexes, as these have been documented to be thermally unstable 

even at dry-ice slush bath temperatures.153 Such behavior is different from RF–Cu complexes, 

which have been isolated at −78 °C and in some cases, even at room temperature, notably when 

the copper is also stabilized with neocuproine or similar ligands and derivatives thereof.152 

However, by comparing the signals of the BnFI decomposition product (bottom of Figure 4.3) to 

the 19F NMR spectrum of the crude product mixture from reaction 2a, it is evident that the 

compound generated in reaction 2w was not generated in reaction 2a or 2b (at least not in 

observable quantities). Therefore, heating BnFI in conditions 2w does not generate the unknown 
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byproducts responsible for a disproportionate amount of aromatic and benzylic fluorine signals in 

the 19F-NMR, and thus it can be ruled out as the (sole) source. 

 The second control experiment involved analyte PDI. It is notable that the side reactions under 

question were not observed during the perfluorobenzylation of PERY performed under similar 

conditions (see Chapter 3), therefore it is reasonable to assume that the nature of the substrate can 

be important to consider, for example, chemical reactivity intrinsic to PDI, but absent in PERY 

substrate. However, when only PDI was heated for 8 hours in the presence of copper (exp. 2x in 

Table 4.1), there was no observable reaction by either NMR or MS. Notably, Figure 4.4 shows the 

mass spectrum of the PDI sample after reaction 2x, in which only the molecular ion peak of PDI 

at 722 m/z is observed. Therefore, it can be concluded that the underivatized PDI is perfectly stable 

under conditions 2x. 

 The third possible source could be from a side reaction between PDI and BnFI, where the 

benzylic fluorines on the BnF group are displaced in the process of substitution. A detailed analysis 

of the mass spectrum of the crude PDI-perfluorobenzylation product mixture of reaction 2a 

provides evidence that the byproducts in question are likely derivatives of BnF substituted PDIs 

(Figure 4.5). The mass spectrum contains a series of peaks due to molecular ions of PDI(BnF)1–4, 

while there are also series of peaks with m/z values that are consistently either 39 or 42 lower than 

the molecular ion peaks of PDI(BnF)1–4. For example, for PDI-1-(BnF)1, m/z 938, there are two 

accompanying ions with m/z 899 and 896.  Furthermore, even though the molecular ion peak of 

PDI(BnF)5 is not present in the mass spectrum, the peak with m/z lower by 39 with respect to m/z 

value of PDI(BnF)5 is present. Repeating regular intervals of 216 a.u. correspond to the added 

molar mass of a BnF (217 a.u.) replacing  hydrogen on PDI. This implies either that these side 

products are from a “decomposed” BnF group, or that there is a side reaction other than a 
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substitution reaction which is adding functional groups with 174 and 177 m/z to the PDI (722 a.u.) 

starting material. 

 One must take into consideration that the observed ions in the mass spectrum may originate 

from mass-spectrometry-specific effects, i.e., fragmentation accompanying ionization. 

 For example, fragmentation was observed for the molecular ions of purified PERY-(BnF)n 

compounds during mass spectrometry, albeit in the positive ion mode and only fragmentation via 

a single fluoride ion (19 m/z) loss was noted. Therefore, the possibility of the unknown signals in 

the mass spectrum shown in Figure 4.5 being from fragmentation via fluorine loss must also be 

ruled out. The collision-induced dissociation experiments (also known as MS-MS analysis) were 

carried out for each molecular ion of PDI-(BnF)n to determine their fragmentation patterns, 

however, the resulting fragmentation spectra did not form product ions via loss of 39 or 42 m/z. 

Moreover, these fragmentation patterns (recorded at higher collision energy than when recording 

mass spectra for the product analysis) are not present in the mass spectrum for purified PDI-1-

(BnF)1 (see Figure 4.6), which shows the PDI-1-(BnF)1
− • radical anion as the base peak without 

any observable fragment ion formation. Therefore, the two series of signals starting as at 896 and 

899 m/z represent molecular ions of the distinct homolog compounds and are not ions generated 

in the mass spectrometer through fragmentation.  

 Before proceeding to the discussion of the possible chemical nature of these side products, it 

is useful to be mindful of the possible combinations of groups of atoms that could be lost (and 

subsequently gained) to result in a decrease of 39 or 42 m/z compared to molecular ions  

PDI(BnF)1–4. One such possibility that would lower the m/z by 39 is if two fluorides and a hydrogen 

were to leave a PDI(BnF)1-4 compound, and in the case of PDI(BnF)1 this would yield a derivative 

with m/z 899. A possibility to lower molecular mass by 42 a.u. would be if three fluorides and a 
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hydrogen were removed with an oxide being added, and in the case of PDI(BnF)1 this would yield 

a derivative with m/z 896, with the general formula PDI(C6F4CO). However, without additional 

characterization this is merely a speculation and only gives information on the difference in 

molecular constitution and not the regio- or stereochemistry.  

 The fourth possible source of excess aromatic fluorines that was investigated is a cascade 

reaction where PDI(BnF)n products lose their benzylic fluorines only after they are generated. To 

test this hypothesis, the stability of a purified sample of PDI-1-BnF analyte was examined. 

Interestingly, when PDI-1-BnF was heated using conditions 2y (Table 4.1) for 8 hours, there was 

a complete decomposition of the analyte, according to 1H-NMR (Figure 4.7): no signals from PDI-

1-BnF were present while a group of new closely positioned signals appeared at around 9 ppm. 

Moreover, it is noteworthy that the 19F-NMR spectrum of the sample after heating no longer 

contained a signal within the benzylic region of the spectrum; other signals were not sufficiently 

resolved to make structural assignments. The disappearance of benzylic fluorines implies either 

that the two benzylic fluorines have been removed or are no longer in a chemical environment 

similar to that of analyte PDI-1-BnF. Interestingly, when the product of reaction 2y was analyzed 

by MS—spectrum shown in Figure 4.8—the most intense signal was 896 m/z, which would 

represent a decrease of 42 m/z from PDI-1-BnF (938 m/z); while the molecular ion for PDI-1-BnF 

itself was barely above the noise of the baseline in the mass spectrum. The second most intense 

signal in Figure 4.8 is another unexplained signal at 924 m/z which is 14 m/z lower than the 

molecular ion. 

 Finally, it was investigated if the presence of copper is relevant for the observed transformation 

of PDI-1-BnF, or if it is simply the thermal decomposition of PDI-1-BnF in DMSO (rxn. 2z, Table 

4.1). Figure 4.9 shows the mass spectrum of decomposed PDI-1-BnF after heating for 8 hours in 
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DMSO at 145 °C (without copper added), under conditions 2z. Indeed, MS analysis of reaction 2z 

shows that copper is not necessary for this transformation to occur, as the dominant peak at m/z 

896 was the same as was observed in the analogous experiment with copper present (2y). While 

the signals present in the mass spectrum for reaction 2z are not identical to the mass spectrum of 

the product of reaction 2y, (e.g., there was a noticeable signal at 924 m/z in the case of 2y, but this 

signal was not observed in 2z) the largest peak is the same in either case: 896 m/z. So, one may 

conclude that the BnF group on PDI-1-BnF is not stable to heating, at least, when it is dissolved in 

DMSO and heated at 145° C for 8 hours. 

 The decomposition products of PDI-1-BnF from reaction 2z were analyzed by HPLC using 1:1 

toluene–heptane on a Buckyprep column. This was found to give partial separation between PDI-

1-BnF and the major compounds formed during decomposition (see Figure 4.10). When the largest 

fraction (other than PDI-1-BnF) was isolated, the mass spectrum confirmed that, indeed, the only 

signal present is of 896 m/z: thus, confirming both its molecular (and not fragmentation) nature, 

and this compound is the major product generated by thermal decomposition of PDI-1-BnF. 

Interestingly, when comparing the UV-vis absorption spectra for PDI and PDI-1-BnF, shown in 

Figure 4.11, it is apparent that other than a minor blue shift in the wavelength of maximum 

absorption, there is little change in the absorption profile when only a single BnF group is 

substituted. However, the UV-vis absorption spectrum of the decomposition product (with m/z 

896) shows that a new broad featureless absorption band grows in 250-350 nm range, while 

maintaining the typical PDI-absorption profile with three bands at 450-550 nm. This suggests that 

this “decomposition” product has a different, or additional, π-conjugated system; and it may be 

worthwhile studying in its own right, if it could be isolated in sufficient quantities and 

characterized. Hypotheses for possible structural assignments of this unknown decomposition 
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product are discussed in the last section of this chapter. With that said, the main goal of 

experiments 2w–z described above was to identify the likely causes(s) of the formation of these 

PDI side products that do not contain benzylic fluorines; and subsequently to design reactions that 

avoid said decomposition from occurring; as a consequence, this will lead to generation of 

sufficient quantities of PDI-(BnF)n products to allow for study in OPV devices. Therefore, 

alterations to the perfluorobenzylation reaction conditions were investigated in order to avoid PDI-

1-BnF decomposing into the compound with a base peak of 896 m/z and described in the following 

sections. 

 

4.3. Effects of reaction variables on product distribution and PDI conversion 

4.3.1. Reaction optimization in DMSO: effects of reduced copper and sequential addition of BnFI  

 One can speculate that, since PDI-1-BnF decomposes when heating in DMSO at 145 °C, the 

same conditions used to synthesize PDI-1-BnF from PDI and BnFI, a shorter perfluorobenzylation 

reaction time could hinder PDI-BnF degradation, as long as the initial reaction to generate PDI-

BnF is significantly faster than the rate of the subsequent reaction consuming and/or decomposing 

PDI-BnF. A shorter reaction time might then allow for isolation of PDI-(BnF)n products in greater 

isolated yield than obtained using rxn. 2a and 2b, (see Chapter 3), and favoring mono-substituted 

product over poly-substituted products. Moreover, after experiment 2w showed that essentially all 

BnF–I bonds will be cleaved within an hour under the reaction conditions used, it does not seem 

beneficial to allow the reaction to proceed significantly longer than this (e.g., 24 hours in this and 

similar work on perfluorobenzylation and perfluoroalkylations of PAHs).  

 Table 4.2 shows the variations in reaction conditions tested in this study while keeping the 

solvent (DMSO) and temperature (145 °C) constant. To be able to compare changes in reaction 
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variables utilizing a shorter reaction time, a control experiment was performed to get a reference 

data for comparison—reaction 2m in Table 4.2 —by heating PDI in DMSO at 145 °C for 2 hours 

with 4 equiv. of BnFI and 8 equiv. of copper (stored on the benchtop). This reaction resulted in 

PDI-BnF being the major product formed, although the majority of the crude reaction mixture 

remained unreacted PDI (see top of Figure 4.12 for chromatogram).  

 To analyze the product distribution and conversion of PDI starting material more efficiently 

for the reactions shown in in Table 4.2, a more rapid method of analysis was used, instead of the 

analysis of the NMR spectra of crude products. These product mixtures have multiple overlapping 

signals in the NMR spectra and it is not straightforward to determine either the starting material 

conversion or molecular constituents in the product other than PDI-(BnF)n derivatives. Ideally, one 

would perform complete product separation, identification of the isolated compounds and 

determine their yields, but this process is very laborious and not practical for such tests: it includes 

two stages of separation (silica flash chromatography, then HPLC with Buckyprep column). 

Therefore, HPLC analysis has been chosen for rapid analysis of product distribution, after it was 

found that baseline separation of PDI and PDI-1-BnF could be achieved using a mixture of 20/80 

IPA–toluene on a Cosmosil Buckyprep-semipreparative column (see chromatogram shown in 

Figure 4.12): allowing for direct comparison between both the conversion of PDI and the relative 

yield of PDI-1-BnF compared to all other products generated in each reaction (including bis-PDI-

BnF isomers). Other products were coeluting together at tR around 3 to 5.8 min and attempts to 

find an eluent to separate them were not successful.  

 The top of Figure 4.12 shows the chromatogram of the crude product mixture from a reference-

reaction 2m, with low conversion of PDI (peak at 22 min) and ( in which the most abundant 

product present is PDI-1-BnF (6 min).  



178 

 To improve the conversion compared to 2m, the effect of sequential addition of the 4 equiv. of 

BnFI over time instead of simply adding all amount of the reagent at the beginning of the reaction 

was investigated. Since the relative amount of copper used is kept constant with respect to BnFI, 

the amount of time required for the formation of perfluorobenzyl radicals from BnFI and Cu should 

be relatively constant regardless of the concentration of BnFI. Therefore, each addition of BnFI 

requires the same “reaction time” (2 hours) before another portion is added. Therefore, to test 

sequential addition of BnFI, reaction 2n (Table 4.2) started with 1 equiv. of BnFI and then 1 equiv. 

of BnFI was added every 2 hours for the same total equiv. of BnFI as reaction 2m (4 molar equiv. 

of BnFI), for a total reaction time of 8 hours. The bottom of Figure 4.12 shows the chromatogram 

of reaction 2n’s crude product mixture, which has significantly greater conversion of PDI 

compared to 2m, which was run without sequential addition of BnFI. This result appears to suggest 

that without sequential addition of the BnFI reagent, its prolong heating was causing either 

dimerization of BnF radicals or side reactions of BnFI with the solvent, these processes were indeed 

hindering the preferred reaction of perfluorobenzylation of PDI from taking place. At the same 

time, it was demonstrated that maintaining a low concentration of BnFI with respect to PDI during 

the synthesis provides an efficient way to favor PDI substitution. However, it should be noted that 

while PDI-1-BnF is the major product in rxn 2n, the relative amounts of minor PDI derivative 

products eluting at short retention times from 3 to 5.8 min and labeled as fraction a in Figure 4.12, 

also increased (see more discussion on these products below) 

 Another hypothesis for improving conversion was put forward: to investigate the quality of 

copper metal used. Up to this point, each PDI-perfluorobenzylation reaction had utilized coper 

metal powder, which was stored on the benchtop. In this state, the copper metal surface is 

presumably coated in a layer of copper oxides and carbonates. While it has been observed that 
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copper ions play important role in many organic synthesis and catalytic cycles (especially, CuI), 

the working hypothesis for the radical-based direct perfluoroalkylation requires non-oxidized 

copper metal. Therefore, using copper metal coated in oxide is, at best, lowering the actual 

equivalents of copper available for the reaction—and it is very problematic for adding 

stochiometric amounts—and, at worst, could be a source for oxide which could react in unknown 

ways. It should be noted that the high-yielding perfluoroalkylation of PDIs and PAHs by Li et. 

al.154 was performed with unspecified commercially bought copper powder and used as is, without 

any treatment. 

 To remove surface oxides and carbonates from the copper metal, the same benchtop copper 

used for prior reactions was treated (reduced) by heating at elevated temperatures under a reducing 

atmosphere (2% H2). When this was done, water vapor came off the copper surface and could be 

collected by dry-ice trap to monitor the progress. Once water ceased to be collected, it was assumed 

that no more surface oxides remained on the copper. The newly reduced copper (CuH2) was then 

kept in an air- and moisture-free glovebox to avoid oxidation.  

 When this treated copper was used (rxn. 2o in Table 4.2), a significant improvement in the 

conversion and product distribution compared to reaction 2m with untreated copper (Cu). was 

observed: the middle of Figure 4.12 depicts the chromatograms for reactions 2o and 2m. —using 

this reduced copper (CuH2)— Interestingly, using (CuH2) results in a similar product distribution 

as when BnFI was added sequentially (rxn. 2n), although the conversion of PDI was still higher 

for reaction 2n (based on HPLC peak area). Notably, the compositions of the HPLC fraction-a in 

both reactions 2n and 2m were similar: they contained a mixture of PDI(BnF)n and by-products 

with enhanced content of aromatic functional groups. This was confirmed when fraction a was 

analyzed by 19F NMR (spectrum shown in Figure 4.13): a disproportionate amount of fluorine 
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signals in the aromatic region (generally defined as ca. −135–−170 here) per benzylic F(CF2) 

fluorine signal was found.  

 From these results one can infer that using treated copper and adding BnFI in smaller sequential 

additions should give the highest conversion of PDI. However, this is hypothesized to 

concomitantly increase the relative amount of fraction-a containing undesirable by-products, 

instead of simply increasing the yield of PDI-1-BnF.  Therefore, in order to improve the selectivity 

for PDI-BnF derivatives, further alterations to the reaction conditions must be found, which would 

suppress the side-product formation. 

 One approach is to alter the solvent used in the reaction: this can (ideally) result in increased 

rate of reaction for the desired product and a decrease in the rate for side reactions. On the other 

hand, alterations to the solvent can hinder the desired reaction and, even worse still, result in more 

side products. While DMSO is frequently used for perfluoroalkylation reactions, and commonly 

used for nucleophilic aromatic substitution reactions in general (radical and non-radical based), 

that does not make it the sole option for such reactions. There are many solvents available to use 

for the perfluorobenzylation, which are considered stable for radical based reactions, have 

sufficiently high boiling points, and dissolve PAHs in high concentrations at elevated 

temperatures. 

4.3.2. Testing alternative solvents: reaction results and PDI-1-BnF stability 

 Examples of available solvents other than DMSO include similarly water-miscible polar 

aprotic solvents such as NMP, DMF, DMAc… etc.; as well as hydrophobic and comparatively 

non-polar electron-deficient aromatic solvents. For example, chlorinated aromatics such as 

chlorobenzene (PhCl) and ortho-dichlorobenzene (o-DCB), which have dielectric constants of 

5.62 and 9.93, respectively (Table 4.3), or the more polar—but still hydrophobic—cyanated 



181 

aromatic solvents such as benzonitrile (PhCN) which has a dielectric constant of 25.9 (in the 

middle-range of those mentioned above). In contrast, NMP and DMSO are water-miscible with 

high dielectric constants of 32.2 and 46.7, respectively. In total, five solvents were investigated in 

this work (including DMSO, a complete list in Table 4.3) for their effects on the product 

distribution and/or stability of PDI-1-BnF while heating in the presence of reduced copper metal. 

 When NMP was used as a solvent in place of DMSO (rxn. 2h) with all other conditions 

analogous to reaction 2n—namely, 145 C with 4 equiv. of BnFI and 8 equiv. of Cu(H2), heated for 

2 hours—most of the crude product mixture remained unreacted PDI starting material. Figure 4.14 

shows the 1H-NMR spectrum of the aromatic region where the largest signals (ca. 75% by area) 

are from the PDI’s two doublets centered at approximately 8.8 ppm. Moreover, the 19F-NMR in 

Figure 4.15 shows that there is still unreacted BnFI, in addition to PDI; suggesting that BnFI is less 

reactive—at least slower to generate thermally activated BnF radicals—in NMP compared to 

DMSO. Interestingly, as it follows from the analysis of the mass spectrum of the crude product of 

rxn 2h shown in Figure 4.16, there is evidence for PDI-(BnF)n products  as well as formation of 

the side products observed in DMSO reactions, and even some molecular ions, which were not 

observed previously (such as 882 m/z). Therefore, to achieve the goal of hindering side reactions 

and favoring PDI-(BnF)n products, NMP does not appear to be any better than DMSO. 

 Since polar aprotic solvents DMSO and NMP readily allow for side reactions to occur, the 

least polar solvent available, chlorobenzene (PhCl), was tested to determine if these side-reactions 

are not dependent of solvent. Before testing PhCl as a solvent in a perfluorobenzylation reaction, 

the stability of PDI-1-BnF in PhCl was investigated by heating it at 145 °C for 8 hours (the 

maximum length of the reactions tested in Table 4.2) in the presence of Cu(H2) powder. After 

heating, there was no observable decomposition of PDI-1-BnF by 1H NMR; in comparison, there 
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was complete decomposition under the same conditions with DMSO (rxn. 2y in Table 4.1). 

Consequently, replacing DMSO with PhCl in a perfluorobenzylation reaction was investigated to 

test if this would avoid decomposition while also forming the desired PDI(BnF)n products. 

Curiously, the perfluorobenzylation reaction of PDI in PhCl (2i) using analogous conditions as 2n 

resulted in only trace amounts of any PDI-1-BnF forming—with no detectible conversion of PDI 

in either the 1H- or 19F-NMR spectra, even when extending the total time to 8 hours. Indeed, it is 

only when analyzing the crude product mixture by HPLC or MS after 8 hours of heating that there 

is any indication of a reaction occurring. The chromatogram of a concentrated aliquot of the crude 

product mixture is shown in Figure 4.17 with only a trace amount of PDI-1-BnF product detectable 

while the unreacted PDI is oversaturating the detector and represents over 99% of total 

chromatogram area. Interestingly, when the product mixture was analyzed by MS there is evidence 

for substitution products and addition products being present (see mass spectrum in Figure 4.18); 

while there is no indication of the decomposition products previously observed (896 and 899 m/z). 

Moreover, even though the products are only produced in trace amounts, their molecular ion peaks 

are more intense in the mass spectrum than the PDI starting material: suggesting that MS can be 

used to verify the trace presence products in these reactions but not for estimating the relative 

amounts. One can speculate that the low polarity of PhCl is not favorable for radical formation 

(and subsequent aromatic substitution), such that the conditions used are not sufficient to generate 

substituted products. If this is indeed the case, then increasing the dielectric constant of the solvent 

would improve the conversion. 

 Compared to PhCl, O-dichlorobenzene (o-DCB) is more polar and with a relatively higher 

dielectric constant but is still significantly less polar than NMP or DMSO. As was observed for 

PhCl, when PDI-1-BnF was heated in o-DCB at 145 °C, there was no observable decomposition 
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by 1H NMR after 8 hours. However, the perfluorobenzylation reaction of PDI in o-DCB (2j) using 

analogous conditions as 2n resulted in negligible conversion of PDI. HPLC analysis of the crude 

product mixture shows small amounts of PDI-1-BnF as the major product generated (see 

chromatogram in Figure 4.19), but this is only visible when the aliquot is so concentrated that the 

PDI starting material saturates the UV-vis detector. Interestingly, the chromatogram shows that 

PDI-1-BnF is the largest peak of the products generated, but there is a peak  at ca. t=7.5 min that 

has not been observed in other product mixtures up to this point. In fact, when the crude product 

mixture was analyzed by MS, the spectrum showed the presence of PDI-BnF products as well as 

addition products PDI(BnF)nHn (Figure 4.20) similar to when PhCl was used as a solvent, but these 

are only observable for bis-adducts and higher additions. This implies that there is “broken” 

aromaticity within the perylene core of the PDI for some bis and higher adducts generated. If the 

general mechanism for substitution proceeds through a pathway similar to Figure 4.1, where after 

a perfluorobenzyl radical adds to the aromatic core—forming an sp3 hybridized carbon 

intermediate—a second perfluorobenzyl radical abstracts the sp3 hybridized carbon’s hydrogen to 

rearomatize the perylene core, then there appears to be a competing pathway where instead a 

perfluorobenzyl radical adds and results in two sp3 hybridized carbons in the product. These BnF 

additions are presumably on the more reactive bay-positions, but this cannot be determined from 

MS data alone and would require additional information. 

 Finally, benzonitrile (PhCN) was tested as a solvent replacement in the perfluorobenzylation 

of PDI; with a dielectric constant of 25.9, PhCN is roughly halfway between the polarity of the 

chlorinated aromatic solvents tested and DMSO. When condition 2c was used with PhCN instead 

of DMSO, an aliquot was taken after 2 hours for analysis before the reaction was worked up (rxn 

2i). Interestingly, the 19F-NMR spectrum of the 2-hour aliquot given in the top of Figure 4.21 
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shows triplets indicative of formation of bay-substituted compounds as well as triplets ca. −14 ppm 

from the bay position, which one can speculate are from BnF substitutions in another (different) 

chemical environment such as ortho-substitution, although the compounds responsible for these 

triplets were not isolable. Moreover, most of the crude product mixture remained unreacted BnFI.  

To test if the yield of PDI-(BnF)n products could be increased by continuing the reaction to allow 

for complete conversion of BnFI the 2-hour crude reaction mixture was heated at 145 °C for an 

additional 22 hours (for 24 hours total) before a second aliquot was taken out for analysis. 

 The middle of Figure 4.21 shows the 19F-NMR spectrum after 24 hours, where the relative 

amount of BnFI has decreased while the intensity and number of triplets in the benzylic region (and 

intensity thereof) has increased compared to a  2-hour rxn 2i. Interestingly, when the 24-hour 

reaction product was analyzed by MS (see Figure 4.22) there was no evidence of the molecular 

ion at m/z 896, the most common decomposition product of PDI-1-BnF observed in DMSO. 

Moreover, the intensity of signals for PDI-(BnF)n (where n=1 or 2) are greater than the intensity of 

signals with lower m/z values that could represent their decomposition products; suggesting that 

PDI-(BnF)n compounds were being generated and not degrading during the reaction (at least 

rapidly). That being the case, there is still a surprisingly large amount of unreacted BnFI for the 

length of reaction time.  

 It is important to note that when solvents such as DMSO, and the others tested above, are 

heated at 145 °C in a reduced pressure reaction tube used here they reflux and/or bump and enable 

mixing the solution. However, PhCN was not observed bumping or refluxing at any point while 

heating in a sealed tube at 145 °C; thereby reducing the rate of intermolecular interactions between 

reagents and slowing the process of forming BnF radicals and subsequent PDI-(BnF)n products. 

Conveniently, by increasing the temperature of the oil bath used for heating the reaction tube from 
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145 to 160 °C, it was possible to achieve a similar refluxing and bumping, and hence, mixing, as 

observed with DMSO and other solvents. 

 When the 24-hour reaction mixture was placed back into the hot bath (now at 160 °C instead 

of 145 °C) and heated for an additional 48 hours, there was a moderate increase in conversion of 

BnFI (see Figure 4.21 bottom spectrum). Moreover, unlike reactions with other solvents, which 

showed any substantial conversions (e.g., DMSO and NMP), the benzylic F(CF2) signals have not 

disappeared over time—even at an elevated temperature of 160 °C. Indeed, from Figure 4.21 it 

can be seen that the intensity of signals for benzylic F(CF2) in the bay region of PDI only increased 

with time—and maintained a similar product distribution—whereas when heating in DMSO these 

same signals disappear due to decomposition, suggesting that PDI-(BnF)n products are relatively 

stable under reaction conditions with PhCN as the solvent. 

 After heating for 72 hours total (24 h at 145 °C, then 48 h at 160 °C), the reaction in PhCN 

was worked up and analyzed by HPLC. Figure 4.23 shows the chromatogram of the crude product 

mixture, where there is indeed a fair amount of PDI-1-BnF, also confirmed by the 19F-NMR 

spectrum.  

 Of the solvents tested in Table 4.3, the (relatively) non-polar aromatic solvents PhCl and o-

DCB did not cause PDI-1-BnF decomposition or any side reaction forming products with the loss 

of groups of atoms that account for molecular mass decrease by 39 or 42 m/z. However, using 

these solvents in the perfluorobenzylation reactions of PDI resulted in negligible conversion of 

starting material; and more interestingly, they resulted in the formation of (not only) the expected 

BnF substitution products, but also addition products, which had not been observed previously. In 

contrast, the most polar solvents (of the tested here) NMP and DMSO allowed for decomposition 
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post-substitution, perhaps by either bond homolysis or annulation after a BnF group is substituted. 

The latter has previously been observed after addition of BnF groups to C60 fullerene.4  

 Interestingly, in between these two extremes of solvent polarity, when PhCN was used, not 

only is there desirable PDI-(BnF) product formation and moderate conversion of PDI starting 

material but there is also an additional product was detected with the molecular ion peak in the MS 

that equals 1078 m/z (76 m/z lower than PDI-(BnF)2, the difference formally accounts for the loss 

of four fluorine atoms), which was observed with both o-DCB and NMP, but not DMSO. When 

performing MS/MS experiments with ions with m/z > 1078 that were present in the product 

mixture, the ion at 1078 m/z does not get produced from a fragmentation of any of them. Initially, 

this compound could not be isolated or identified by HPLC using any conditions, which had 

already been tested: MS analysis of all fractions that eluted before the PDI starting material via 

HPLC using 20:80 IPA–toluene on a Cosmosil Buckyprep column never showed the same signal 

at 1078 m/z observed in the crude MS spectrum. 

 With the goal of generating PDI-(BnF)n in greater yields (greater relative product abundance), 

and ultimately aiming at  a selective synthesis of fully saturated PDI-(BnF)n, , PhCN appeared most 

suitable of the solvents readily available and tested in this work, thereby warranting  further 

detailed investigation described in the following section. 

4.4. Cascade synthesis of bis(perfluorophenyl)benzo[g,h,i]perylene diimide: isolation, 

characterization, and effects of reducing agent 

4.4.1. Discovery and isolation of bis(perfluorophenyl)benzo[g,h,i]perylene diimide derivatives 

 Initial perfluorobenzylation reactions using PhCN as a solvent instead of DMSO showed 

promising results with respect to product yields and conversion, and suppression of undesirable 

side reactions that were prevalent in DMSO. Therefore, further optimizations were attempted 
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targeting PDI-BnF products (see Table 4.4 for conditions). Preliminary reactions in PhCN showed 

that 145 °C was not sufficiently high temperature to achieve good mixing of the reagents in the 

reaction vessel used (see Experimental for detail) and the reaction rates were too slow, therefore, 

a higher temperature was applied, 160 °C, at which good mixing of reaction mixture was achieved 

and complete consumption of BnFI occurred within 2 hours. Moreover, sequential addition of 2 

equivalents of BnFI every 2 hours was implemented in reactions 3a–3d to improve the conversion 

of PDI with the same relative amount of BnFI (see Figure 4.24 for general reaction scheme). 

 For example, when PDI was dissolved in PhCN with BnFI (2 equiv. initially; 2 more equiv. 

after 2 hours) and heated at 160 °C for 4 hours total (reaction 3a) it resulted in greater conversion 

of PDI and selectivity for PDI-1-BnF than in reaction 2n under the comparable conditions used 

with DMSO (i.e., 4 equiv. BnFI, 2 h, 145 °C). Indeed, the chromatogram for reaction 3a in Figure 

4.25 shows PDI-1-BnF as the most abundant compound in the crude product mixture.  

 The effects of adding an excess of copper (5 times the moles of BnFI (rxn 3b) compared to 2 

times as in rxn 3a) were also investigated. It can be seen from the HPLC chromatograms in Figure 

4.25 that adding an excess of copper changes the product distribution compared to having a 

stochiometric amount. This is not necessarily surprising, as the heterogeneous reaction with copper 

metal requires collisions with the relatively sparse amount of copper powder. An excess of copper 

powder should therefore allow for more frequent collisions between the surface of the copper and 

any soluble reagents and lead to higher conversion of the starting material. However, comparison 

of the chromatograms of the products of reactions 3a and 3b recorded at 530 nm wavelength 

detection, which was originally chosen as the wavelength of max absorbance for PDI(PhF)2, 

provided incomplete and somewhat inconsistent information on the product relative abundances, 

as if the conversion in reaction 3b was lower than in reaction 3a. However, examining HPLC 
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traces at other wavelengths (with the UV detector on the HPLC system allowing for that) revealed 

drastic differences in their appearances at lower wavelengths, e.g., 470 nm. This was supposedly 

due to the presence of the products that do not have absorption at 530 nm but absorb strongly at 

lower wavelengths. It can be clearly seen in Figure 4.25 where chromatograms recorded at 530 nm 

(dashed line) are overlayed with chromatograms recorded at 470 nm (solid line).   

 It is important to note that each of the isolated PDI-(BnF)1,2 compounds and even the side 

products (with m/z (896 +216n), where n = 0–4, identified in DMSO reactions, see above)  all 

maintained the general absorption profile characteristic of a perylene motif of three prominent 

peaks, each increasing in intensity with increasing wavelength; either with the same or close (+/− 

3 nm) wavelength of max absorbance of PDI(PhF)2 at 530 nm (see Figure 4.11 for example). In 

contrast, these new products in reactions 3a and 3b are not observable when analyzing the 

chromatograms recorded at 530 nm because their wavelength of max absorbance is 50 nm blue 

shifted to 470 nm and they practically do not absorb at 530 nm (see absorption spectra section 

below).  

 Note that the relative absorbance for PDI starting material at 470 nm is ca. one third of the 

absorbance at 530 nm. While the fractions of PDI and PDI-1-BnF appear to “decrease” in intensity 

at 470 compared to 530 nm by about as much as would be expected based on the lower relative 

absorbance at 470 nm, the intensity of the peak of fraction-a increases substantially. Also, it 

appears that relative amounts of the new product(s) in fraction a are higher in reaction 3b than in 

reaction 3a, the only difference in the conditions being amounts of copper. From this it can be 

inferred that copper metal is (or can be) involved in the formation of these new PDI-derivatives, 

either from the PDI starting material directly or from PDI-BnF as an intermediate.  
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 The role of copper was therefore investigated further. Reaction 3e was carried out under the 

conditions identical to 3a–c, but no copper was added. This resulted in no observable conversion 

of PDI (or BnFI) for reaction 3e when the reaction mixture was analyzed by 19F-NMR (see 

spectrum at the bottom of Figure 4.26); in contrast to when copper was used under the same 

conditions (rxn. 3c, top of Figure 4.26). Therefore, it can be inferred that copper is indeed 

necessary for the reaction to proceed. This naturally brings about the question of whether copper 

metal is unique in its role in this reaction, or a different reducing agent could replace copper. 

 A notably inexpensive and easy to use reducing agent is sodium thiosulfate (Na2S2O3), which 

is not as strong reducing agent as Cu0  but it is known to readily consume I2 byproduct; for example, 

it has been routinely used in the work up procedures to remove I2 from perfluoroalkylated PAH 

crude products. Reaction 3d was performed using the same number of molar equivalents of 

Na2S2O3 as was used in reaction 3c with copper powder. According to the MS and NMR analysis 

of the product of reaction 3d (see Figure 4.26 and Figure 4.27), there is evidence for direct 

perfluorobenzylation in reaction 3d as well as the generation of the new product with m/z 1078. 

Thus, copper is not unique in its role as a reducing agent to form perfluorobenzyl radicals and yield 

PDI products and it can be replaced by other, even weaker reducing agents. Interestingly, not all 

BnFI was consumed in reaction 3d, in contrast to reaction 3c.  

 Finally, an effort was undertaken to identify new abundant products formed in reactions 3b, 

3c and 3d when excess of reducing agents was used. As mentioned above, three facts were 

established from the preliminary analysis of NMR, MS and HPLC data of crude products. (1) The 

new products have substantially different absorption spectra, and likely modified π-system 

compared to perylene core. (2) They have short retention times when using Buckyprep column, 

and hence do not interact with pyrene-based stationary phase as strongly as PDI and PDI-BnF 
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derivatives, under applied conditions. (3) One of the most prominent new products has molecular 

mass of 1078 a.u., which is consistent with the loss of four fluorine atoms from PDI-(BnF)2.  Figure 

4.28 shows the HPLC traces of the crude product from reaction 3d recorded at 470 nm and using 

two eluents: 1:9 and 2:8 IPA/toluene mixtures, respectively. The latter trace (shown on the inset 

of Figure 4.28) shows a better resolution of fraction a, which allowed for isolation and 

characterization of the most abundant compound in the mixture eluting at 3.8 min. Its complete 

characterization (see NMR and X-ray sections below), including MS, NMR and X-ray single 

crystal data definitively established that a new product in question was a unique 

bis(perfluorophenyl)benzo[g,h,i]perylene diimide (PhF)2PDI-1,12-benzo(PhF)2 (BPDI-7-BnF) that 

was generated via a cascade reaction involving chemical-reductant initiated direct 

perfluorobenzylation—reductive benzylic defluorination/bay-bay annulation—and π-extension 

(APEX reaction).155 Figure 4.24 shows the general reaction scheme for the one-pot cascade 

synthesis of BPDI and several other new isolated (PhF)2PDI-1,12-benzo(PhF)2 derivatives (as well 

as perfluorobenzylated PDI products) shown in the lower part of Figure 4.24. Interestingly, while 

BPDI-7-BnF compound has a small retention time of 3.8 min, its parent compound, BPDI eluted 

only after 60 min with the same eluent mixture, indicating a strong affinity of benzoperylene core 

(that is not sterically hindered by bulky BnF group across the bay) to pyrene-based stationary phase 

of the column, possibly via donor-acceptor interactions between electron poor BPDI and electron-

rich pyrene. Besides BPDI and BPDI-BnF compounds, (Figure 4.66–Figure 4.68 and Figure 4.75–

Figure 4.77, respectively) a bis-BPDI compound was isolated, and its structure was elucidated by 

NMR spectroscopy. (See Figure 4.70–Figure 4.72). 

4.5. Na2S2O3 promoted cascade perfluorobenzylation and annulation of PDIs to give a 

chiral bay-bay annulated seven membered ring derivative 
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4.5.1. Synthesis and isolation  

 When PDI was heated in PhCN at 160 °C in the presence of Na2S2O3 reductant and 4 equiv. 

of BnFI for a total of 4 hours (2 equiv. BnFI initially, 2 more equiv. after 2 hours) there was a 

significant amount of unreacted BnFI (reaction 3d). One can infer from this that two hours is not 

sufficient time between additions for the BnFI reagent to be consumed from the prior addition 

before more is added. When the reaction time was increased from 2 to 3 hours between additions, 

there was no observable unreacted BnFI in the 19F-NMR. However, unreacted PDI still made up a 

non-negligible amount of the crude product mixture, even while higher substitution products were 

being generated. Therefore, it became apparent that further optimization targeting a high yield of 

a mono substituted PDI-BnF product might not be feasible with Na2S2O3 under the conditions 

described. On the other hand, saturation of the PDI could be achievable given that sufficient 

equivalents of BnFI are added to the reaction. Surprisingly, when this was done in reaction 4a by 

simply doubling the total reaction time and equivalents of BnFI with respect to PDI, higher 

substituted PDI-(BnF)n>1 products did  not become dominant. Rather, analysis of the products 

revealed another type of the product that was not previously generated. This new PDI product, 

(PhF)2PDI-1,12-cyclo-CH2C6F4 (PDI-C7H2) (depicted in Figure 4.29 and Figure 4.30), was 

isolable using 10% (or 20%) IPA–toluene as the eluent with a Cosmosil Buckyprep column and 

gave a maximum achieved isolated yield of 24% with 98+% purity (see detailed separation 

conditions below).  

 In addition to isolating PDI-C7H2, two bis-isomers of the same PDI derivative were isolated 

and characterized: (PhF)2PDI-1,12:7,6-(cyclo-CH2C6F4)2 and (PhF)2PDI-1,12:6,7-(cyclo-

CH2C6F4)2. These could be isolated by secondary HPLC separation of the earlier eluting fractions 

shown in Figure 4.32. Compound (PhF)2PDI-1,12:7,6-(cyclo-CH2C6F4)2 is chiral. The enantiomers 
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of (PhF)2PDI-1,12:7,6-(cyclo-CH2C6F4)2 are related by inversion of both 7-membered-rings and 

are therefore rare examples of a fundamental, newly-recognized type of conformational isomerism, 

named akamptisomerization by Crossley et al.156 Our DFT calculations show that the barrier to 

akamptisomerization of (PhF)2PDI-1,12:7,6-(cyclo-CH2C6F4)2  is 120–150 kJ mol−1, high enough 

that the two akamptisomers could be separated by chiral HPLC157-158 in the future. 

 Conceptually, the reductive dehydrofluorination/cyclization process proceeds with loss of HF, 

but the byproducts may be separate F− and H+ species (e.g., insoluble NaF and soluble HSO3
−). 

There is precedent for HF loss and cyclization of BnF ligands in organometallic Co and Rh 

complexes.159-160 There is also precedent for hydrolysis of CF2ArF groups to form C(=O)ArF 

groups in Hughes' Co and Rh complexes.159-160 If active reducing agent was present during the 

aqueous workup, the reduction of the C=O moieties to CH2 groups could have occurred (i.e., CF2 

→ C=O → CH2 instead of CF2 → CH2). The mechanism of such remarkable transformations needs 

to be studied in detail in the future, which will help design new functional materials with extended 

π-systems.  

4.5.2. Isolation of PDI-C7H2 (and BPDI) derivatives  

4.5.2.1. Primary HPLC separation: isolation of PDI-C7H2 and BPDI (and PDI).  

 Figure 4.31 shows a chromatogram of the crude product of reaction 4b used for isolation of 

new annulated PDIs. The crude product mixture (post work-up) was dissolved in a solution of 1:9 

IPA–toluene such that there was no visible precipitate, this was then filtered through a microfiber 

filter paper. At this stage, if there was any colored material trapped on the filter paper, it was BPDI 

and it was redissolved and isolated in pure form by rinsing with excess toluene. (Note that BPDI 

was the least soluble compound observed from reactions 4a,c,d; bisBPDI was only isolated in 

reactions using copper and was not observed when using Na2S2O3 coupled with sequential 
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additions of BnFI). The filtered solution was then separated by HPLC using a Cosmosil Buckyprep 

semipreparative (or preparative) column with 1:9 IPA–toluene eluent at a flow rate of 5 mL·min−1 

(or 16 mL·min−1 for preparative column) (see Figure 4.31 for chromatogram). During this primary 

separation, PDI-C7H2, PDI starting material and BPDI could each be isolated as single fractions 

collected at retention times (tR) from 9.6–11.2 min, 26–36 min, and 61–75 min, respectively, 

without need for further purification. All compounds, which elute out before PDI-C7H2 (tR < 9.6 

min), were collected together and referred to as “F1” (fraction 1). 

4.5.2.2. Secondary and tertiary HPLC separation: isolation of PDI-cis(C7H2)2 (F1F2), PDI-

trans(C7H2)2 (F1F3) and PDI-C7FH (F1F4) (Figure 4.32).  

 Explanation of methodology. In order to isolate the compounds in fraction F1 in reasonably 

high purity, multiple stages of separation are required. However, simply increasing the relative 

content of IPA in the IPA–toluene eluent has limits due to the decrease in solubility with increasing 

amount of IPA. Moreover, as the amount of IPA is increased the retention times of the products in 

F1 are also increased, but each peak broadens considerably (see chromatogram for F1) and causes 

a significant peak overlap. Using alternative weak solvents available as eluents for the Buckyprep 

column, such as methanol and acetonitrile, or mixtures thereof and with toluene, were also 

unsuccessful in achieving baseline separation of any single compound: where some compounds 

increased in retention times and others decreasing, but in such a way that there was always 

considerable overlap between peaks. Of the the multiple mixtures investigated (not shown), a 1:1 

mixture of IPA–toluene resulted in distinguishable peaks for almost all of the major compounds 

in F1; even though there is a great deal of overlap still for essentially all compounds. Therefore, if 

the fractions are collected using this method, they will either each have to be individually re-

separated a third or fourth time to get highly pure material, or only the middle-most part of the 
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peak would be able to get collected at a large loss of yield. However, while there is overlap between 

each peak and the peaks immediate before and after it, there is minimal overlap between any single 

peak and the peaks that are 2 away from it; that is, peak 1 and 2 overlap, but peak 1 and 3 do not. 

Therefore, rather than trying to collect each peak individually and separating them again, requiring 

6+ subsequent individual HPLC separations (or more) to achieve highly pure samples, this process 

can instead be expedited using a separation scheme where during the (secondary) separation of F1, 

every odd-numbered fraction is collected together, and every even-numbered fraction is added 

together. Then, using the same eluent as the secondary separation, even-numbered fractions can 

all be separated during a single (tertiary) HPLC separation and fractions, which are single products, 

are isolated as highly pure samples (see 19F-NMRs of characterized products); during this process, 

the “impurities” with respect to the even-numbered separations are the compounds to be isolated 

in the odd-numbered fractions, and can be directly added to the mixture of odd-numbered fractions. 

Then, the same process is applied to the odd-numbered fractions using the same eluent as the 

secondary separation, odd-fractions can all be separated during a single (tertiary) HPLC separation 

and fractions which are single products are isolated as highly pure samples (see 19F-NMRs of 

characterized products). 

 Secondary HPLC separation (Figure 4.32). F1 was dissolved in a solution of 1:1 IPA–toluene 

taken in sufficient volume such that there is no visible precipitate and filtered through a microfiber 

filter paper. The filtered F1 was then separated by HPLC using a Cosmosil Buckyprep preparative 

column with 1:1 IPA–toluene eluent at a flow rate of 16 mL·min−1 . Every odd-numbered fraction 

other than F1F7, (i.e., F1F1, F1F3, and F1F5) was collected together as F1-odd; every even-

numbered fraction (i.e., F1F2, F1F4, and F1F6) was collected together as F1-even; F1F7 was 



195 

collected individually at this stage, but there was not sufficient material collected of F1F7 to show 

sufficient signal-to-noise ratio when analyzed by 19F-NMR. 

 Tertiary HPLC separation (Figure 4.32). F1-odd and F1-even were each (separately) 

dissolved in solutions of 1:1 IPA–toluene, then separated by HPLC using a Cosmosil Buckyprep 

preparative column with 1:1 IPA–toluene eluent. This resulted in pure fractions of PDI-cis(C7H2)2 

(F1F2), PDI-trans(C7H2)2 (F1F3) and PDI-C7FH (F1F4); the majority of fraction F1F5 was 

constituted of PDI-1-BnF, with one or two minor unknown products also being present; F1F6 was 

a mixture of two products, which could be isolated with additional HPLC. Fraction F1F1 was a 

mixture and did not have a discernable major product when analyzed by 19F-NMR. Examples of 

the 19F-NMR spectra for the major fractions collected after tertiary separation are stacked in Figure 

4.33 and Figure 4.34. 

4.5.2.3. Quaternary HPLC separation: isolation of PDI-1-BnF, BPDI-C7H2, PDI-C7H2-5-BnF. 

Fractions F1F5 and F1F6 could each be further purified by HPLC with the Buckyprep column 

using a different eluent, 3:1 MeCN–toluene (see chromatogram in Figure 4.35). After being 

dissolved in 3:1 MeCN–toluene, F1F5 was separated further to give pure PDI-1-BnF, while the 

other major product in the fraction could not be determined. 

F1F6 has only two compounds present which appear to be comparable in abundance based on the 

19F-NMR of the fraction before separation. Notably, the two products in F1F6 have different 

absorbance maxima, 470 nm and 530 nm. When F1F6 is separated using 3:1 MeCN–toluene, the 

two compounds (see Figure 4.36), F1F6F1 and F1F6F2, were determined to be BPDI-C7H2 

(where both bay regions of the PDI are annulated, but one bay has a π-extended (bis-

perfluoro)benzo, and the other bay region has a cyclo-C7H2 group) and PDI-C7H2-5-BnF, 

respectively. 
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4.6. Structural Characterization of PDI derivatives from this work. 

4.6.1. X-ray Crystallography 

 Preliminary Comments. For clarity, the PDI and derivatives thereof prepared in this work, 

namely N,N'-bis(perfluorophenyl)perylene diimide, will be referred to as (PhF)2PDI for the rest of 

this section. The literature structure of N,N'-bis(n-perfluorobutyl)perylene diimide ((n-BuF)2PDI) 

is shown in Figure 4.37.135 It shows the locant numbering that will be used in this chapter. It also 

shows that a PDI compound with perfluoroalkyl groups (or other sterically-innocent groups) on 

the N atoms and no other substituents has a planar PDI core with considerable intermolecular π–π 

overlap.  

 The literature structure of 1,7-difluoro-N,N'-bis(perfluorophenyl)perylene diimide ((PhF)2PDI-

1,7-F2) is shown in Figure 4.38.161 It shows that a compound with a (Ph)2PDI core and two 

sterically-innocent substituents also has a planar core. However, the presence of the N-

perfluorophenyl groups prevents any significant (i.e., < 4 Å) intermolecular π–π overlap of the PDI 

cores of neighboring molecules in the lattice (not shown). 

 Seven compounds prepared with (Ph)2PDI as the starting material have been structurally 

characterized in this work. They are listed in Table 4.8 and shown in Figure 4.39. They will be 

discussed in detail below. Two of them are present in co-crystals with either pyrene (PYRN) or 

perylene (PERY), and these structures are preliminary in that crystallographic information files 

(CIFs) have not been deposited in the Cambridge Structural Database. Nevertheless, they are of 

sufficient quality to unambiguously confirm the structure of the PDI derivatives identified by NMR 

spectroscopy. The co-crystallizations were necessary because single crystals of these two pure PDI 

compounds suitable for X-ray diffraction could not be obtained. Co-crystallization with an 
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unsubstituted PAH has proven to be a good method to obtain X-ray quality crystals of compounds 

that otherwise were difficult to crystallize.161 

 The seven (Ph)2PDI derivatives shown in Figure 4.39 are based on the addition of one or two 

perfluorobenzyl groups (CF2C6F5, abbreviated BnF) to C1, C6, C7, C8, or C12 of the (PhF)2PDI 

core, in five cases followed by additional transformations of one or both of the BnF groups 

involving, inter alia, the loss of F atoms and the formation of new C(sp2)–C(sp2) bonds.  

 Data Collection and Structure Refinement. Synchrotron X-ray diffraction data were 

collected at the Advanced Photon Source at Argonne National Laboratory on beamline 15ID-D, 

using a diamond 111 monochromator, an X-ray wavelength of 0.41425 Å, and a Bruker D8 

goniometer. Multiscan absorption corrections were applied using SADABS v 2016/2. Unit cell 

parameters were determined by the least squares fit of the angular coordinates of all reflections. 

Integrations of all frames were performed using APEX III software, and the structures were solved 

using SHELXTL/OLEX 2 software. The structure of (PhF)2PDI-1-BnF was refined as a perfect 

two-component twin. Listed in Table 4.9 are crystal Data and Final Refinement Parameters for the 

five structures for which CIFs were acceptable for publication (i.e., with no CheckCIF A alerts) 

by the Cambridge Structural Database (CSD). These five CIFs have been deposited with the CSD 

pending publication of this work. Thermal ellipsoid plots for these five structures are shown in 

Figure 4.40. 

 The Structures of (PhF)2PDI-1-BnF and (PhF)2PDI-1,7-(BnF)2. Crystals of these two 

compounds were grown by slow evaporation of saturated DCM–MeCN and MeOH solutions 

(respectively). These two structures are the simplest of the seven to describe. They resulted for 

reactions in which BnF groups were substituted for the H atom on C1 in (PhF)2PDI-1-BnF and for 

the H atoms on C1 and C7 in (PhF)2PDI-1,7-(BnF)2, as shown in Figure 4.39 and Figure 4.40. The 
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presence of the BnF substituents resulted in significant distortion of the PDI cores from planarity 

in both compounds, as shown in Figure 4.41.  

 The packing of molecules in the unit cells in these two structures are shown in Figure 4.42. In 

both structures there is no significant intermolecular π–π overlap of aromatic portions of the 

molecules (i.e., the PDI cores and C6F5 groups). 

 The Donor/Acceptor Co-crystal Structure of PYRN/(PhF)2PDI-1,12-cyclo-CH2C6F4. The 

PDI compound that co-crystallized with PYRN from a DCM–EtOH solution has a seven-

membered ring presumably formed in situ from (PhF)2PDI-1-BnF. It is not known whether (i) the 

elimination of HF and concomitant formation of the new C(sp2)–C(sp2) bond between C12 and an 

ortho C atom of the BnF group or (ii) the transformation of the CF2 group into a CH2 group occurs 

first.  

 Several drawings of this structure are shown in Figure 4.43 and Figure 4.44. Figure 4.43 shows 

a portion of the unit cell. The PYRN and PDI molecules are stacked alternately along the 

crystallographic a axis. The perpendicular distance between the least-squares planes of the two 

PYRN molecules shown in the figure is 6.9 Å (the a axis length is 7.711(4) Å). The nonplanar PDI 

aromatic core and the nonplanar conformation of the seven-membered ring that includes PDI 

atoms C1 and C12 are readily apparent. Figure 4.44 shows the significant π–π overlap between 

neighboring PYRN and (PhF)2PDI-1,12-cyclo-CH2C6F4 molecules. More than half of the PYRN π 

system overlaps with the PDI aromatic core in one nearest neighbor in the stack, and the other half 

of the PYRN π system overlaps equally with its other PDI nearest neighbor (not shown). The 

perpendicular out-of-plane displacements (OOPDs) of the PDI C(sp2) atoms from the least-squares 

plane of the PYRN π system range from 3.35 to 3.63 Å (the average displacement of these eight 
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PDI C(sp2) atoms is 3.43 Å). The shortest of these distances equals the interplanar π–π separation 

in graphite.162 

 The (PhF)2PDI-1,12-cyclo-CH2C6F4 molecule is asymmetric. Both enantiomers are present in 

the P–1 unit cell. The enantiomers are shown side-by-side in Figure 4.45. The seven-membered ring 

adopts a boat configuration, as shown in Figure 4.46. The enantiomers are related by inverting the 

seven-membered ring. Ring-inversion isomers such as these are referred to as akamptisomers, 

enantiomers that do not require breaking and reforming covalent single bonds for racemization to 

occur.163 The CH2 hydrogen atoms in (PhF)2PDI-1,12-cyclo-CH2C6F4 are inequivalent and give 

rise to an AB quartet in the 1H NMR spectrum (see Figure 4.78). If the ring inversion had been 

rapid on the NMR timescale, a singlet for the CH2 group would have been observed instead. 

 A literature compound with a seven-membered ring containing a CH2 group, an N–Et group, 

and five C(sp2) atoms is also shown in Figure 4.46.164 This asymmetric compound also adopts a 

boat configuration. Variable temperature 1H NMR spectroscopy revealed that equilibration of the 

enantiomers by ring inversion had a barrier (i.e., a transition state energy) of 90.4 kJ mol−1. The 

compound with C=O and N–H instead of C=S and N−Et had a ring inversion barrier of 45.6 kJ 

mol−1.164 Other seven-membered-ring compounds with multiple C(sp2) atoms in the ring have been 

found to have ring-inversion barriers of 48–67 kJ mol−1.165 

 The ring inversion of (PhF)2PDI-1,12-cyclo-CH2C6F4 was studied by DFT collaborator Dr. 

Alexey A. Popov of the IFW Dresden, Germany. The ground-state structure was optimized starting 

with the X-ray structure coordinates of the co-crystal with PYRN. The transition-state structure 

and its energy relative to the ground state was then determined. The results are shown in Figure 

4.47. The DFT-predicted transition-state energy is 105 kJ mol−1, significantly higher than the 

experimentally-determined 90.4 kJ mol−1 barrier to inversion discussed above for a compound 
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with a less rigid structure than (PhF)2PDI-1,12-cyclo-CH2C6F4. The predicted high barrier to 

racemization suggests that it might be possible to separate the enantiomers of (PhF)2PDI-1,12-

cyclo-CH2C6F4, potentially using HPLC chromatography columns with chiral stationary 

phases,166-167 including those that have been shown to resolve structural isomers of PAHs.168-169 

 The Donor/Acceptor Co-crystal Structure of PERY/(PhF)2PDI-8-BnF-1,12-cyclo-

CH2C6F4. The PDI compound that co-crystallized with PERY from a MeCN–MeOH solution also 

has a seven-membered ring presumably formed in situ from (PhF)2PDI-1,8-BnF)2 (also identified 

by NMR spectroscopy. Interestingly, although the BnF group on C1 underwent annulation and 

concomitant CF2 → CH2 transformation, the BnF group on C8 did not undergo either reaction. 

 A portion of the unit cell in this structure is shown in Figure 4.48. The PERY and PDI 

molecules are stacked alternately along the crystallographic a axis. The perpendicular distance 

between the least-squares planes of the PERY molecules is 7.10 Å (the a axis length is 7.930(4) 

Å). As in the other donor/acceptor co-crystal structure discussed above, the nonplanar PDI 

aromatic core and the nonplanar conformation of the seven-membered ring that includes PDI 

atoms C1 and C12 are readily apparent. The seven membered ring adopts a boat conformation (not 

shown). 

 Figure 4.49 displays parallel projection drawings of the PERY donors on either side of the 

(PhF)2PDI-8-BnF-1,12-cyclo-CH2C6F4 acceptor. The least-squares planes of the PERY C(sp2) 

atoms are both in the plane of the page (i.e., their least-squares planes are rigorously parallel). The 

regions of overlap of the aromatic π systems of the pairs of molecules are different. The 

perpendicular OOPDs of the PDI C atoms underneath the plane of the PERY π system in the top 

drawing range from 3.42 to 3.56 Å and average 3.47 Å. In the bottom drawing the OOPDs range 

from 3.42 to 3.69 Å and average 3.58 Å. 
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 The Structures of (PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2 ("cis") and (PhF)2PDI-1,12:7,6-

(cyclo-CH2C6F4)2 ("trans"). Crystals of these compounds were grown by evaporation of saturated 

solutions of DCM–MeCN and DCM–MeOH, respectively. They are presumably formed in situ 

from (PhF)2PDI-1,6-(BnF)2 (identified by NMR spectroscopy) and (PhF)2PDI-1,7-(BnF)2 (X-ray 

structure discussed above), respectively. The 1,12:6,7 compound is referred to as "cis" because the 

CH2 moieties are attached to C atoms the same side of the PDI (i.e., the left naphthalene (NAPH) 

fragment of the PDI in Figure 4.39 and Figure 4.40), while the 1,12:7,6 "trans" compound has its 

CH2 moieties on opposite sides of the PDI (i.e., one on the left and one of the right NAPH 

fragments of the PDI). The seven-membered rings are, as in (PhF)2PDI-1,12-cyclo-CH2C6F4 and 

(PhF)2PDI-8-BnF-1,12-cyclo-CH2C6F4, nonplanar and adopt boat conformations, as shown in 

Figure 4.50.  

 The PDI cores in these two compounds are distinctly nonplanar as shown in Figure 4.51 and 

Figure 4.52. The NAPH fragments are twisted relative to one another by 26.4° in the cis compound 

and by 27.7° in the trans compound). Both compounds are dissymmetric, each with a single 

idealized (not crystallographic) C2 axis. Therefore, the CH2 groups are symmetry related, but the 

H atoms on each CH2 group have different 1H NMR chemical shifts. The fact that there is an AB 

quartet for the CH2 groups in each compound, and not a time-averaged singlet, demonstrates that 

the seven-membered rings are not rapidly undergoing ring inversions.  

 Figure 4.52 also shows that the CH2 groups in the seven-membered rings in the cis isomer lie 

on opposite sides of the mean plane of the PDI aromatic core (i.e., not including the C6F5 groups 

at either end of the molecule). In contrast, the CH2 groups in the trans isomer lie on the same side 

of the mean PDI plane. Thus, the X-ray structures exhibit what can be called CH2-up-CH2-down 

(or simply up,down) orientations in the cis isomer and CH2-up-CH2-up (up,up) orientations in the 
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trans isomer. To see if the up,down structure of the cis isomer and the up,up structure of the trans 

isomer are the result of crystal packing forces (i.e., intermolecular interactions) or the result of 

intrinsic, intramolecular steric interactions, the relative energies of DFT-optimized up,up and 

up,down structures for the cis compound and for the trans compound were determined.  

 The results for the cis isomer are shown in Figure 4.53. The hypothetical cis_up,up structure 

is less stable by 26.7 kJ mol−1 than the observed cis_up,down structure. Even if seven-membered 

ring inversion could occur slowly, the equilibrium concentration of the cis_up,down structure 

would be 200,000 times greater than the cis_up,up structure. The lower stability of the cis_up,up 

structure is because it forces the PDI core to be much flatter than in the observed cis_up,down 

structure (note that the four red O atoms for the cis_up,up in Figure 4.53 are nearly co-planar). The 

twist angle of the NAPH fragments in the high-energy DFT cis_up,up structure is only 3.8°, 

whereas the twist angle in the observed DFT cis_up,down structure is 27.7° (cf. 26.4° in the X-ray 

structure). In point of fact, to say that the NAPH/NAPH twist angle of the cis-up,up isomer is 3.8° 

is misleading. Each NAPH fragment is individually bent into a shallow bowl, one bent up and one 

bent down, as shown in Figure 4.54. So the two NAPH fragments are not really "twisted" relative 

to one another, but the result is that the PDI core is relatively flat in the high-energy structure.  

 The DFT results for the trans isomer tell the same story. The NAPH fragments in the DFT 

trans-up,up isomer are twisted by 27.9° (cf. 28.0° in the X-ray structure). In contrast, the PDI core 

in the high-energy DFT trans-up,down structure is relatively flat, and the NAPH fragments are 

bent in opposite directions in a similar way as in the cis-up,up isomer shown in Figure 4.54. 

 The structure of benzo[ghi](PhF)2PDI-1,12-(PhF)2. Crystals of this compound were grown 

by evaporation of a [[solvent]] solution. It results from a different type of annulation of the putative 

compound (PhF)2PDI-1,12-(BnF)2. In this case the two presumed BnF groups would have been on 
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the same side of the PDI core (i.e., across the bay from one another), so the same type of seven-

membered ring formation seen in the previous two compounds would not have been possible. 

Presumably, the two sterically-crowded CF2 groups lost all four F atoms and, by forming a new 

C(sp2)–C(sp2) bond, resulted in the formation of a new aromatic ring, producing the benzo[ghi]-

PDI derivative (PhF)2PDI-1,12-benzo(PhF)2 shown in Figure 4.55 (a thermal ellipsoid plot of the 

molecule was shown in Figure 4.40).  

 The benzo-PDI core is relatively flat. The average OOPDs of the 26 C(sp2) core atoms is ±0.07 

Å (the range of OOPDs is from 0.18 to −0.16 Å; the OOPDs for the two benzo C(sp2) atoms 

connected with the highlighted green line are 0.01 and 0.04 Å). The two NAPH fragments in 

(PhF)2PDI-1,12-benzo(PhF)2 are twisted by only 5.9°. The two PhF groups on the N atoms are 

rotated by 69° and 72° relative to the least-squares plane of the benzo-PDI aromatic core, and the 

two PhF groups on the benzo substituent are rotated by 67° and 74° from the benzo-PDI core. 

 Even though there are four PhF groups on the molecule, here is no π–π overlap in the X-ray 

structure. Figure 4.56 shows (i) the packing of four molecules in the unit cell and (ii) the central 

portion of the unit cell contents with the same orientation). 

4.7. Mechanistic insight and DFT calculation for bis(perfluorophenyl)benzo[g,h,i]perylene 

diimide formation 

 When hypothesizing about the possible pathways to formation of BPDI and its derivatives, it 

is clear that it results from a reductive annulation/π-extension of the putative compound (PhF)2PDI-

1,12-(BnF)2 (see Figure 4.57). In the case of BPDI, the two BnF groups would have been on the 

same side of the PDI core (i.e., across the bay from one another), Presumably, the two sterically-

crowded CF2 groups lost all four F atoms and, by forming a new C(sp2)–C(sp2) bond, resulted in 

the formation of a new aromatic ring, producing the benzo[ghi]-PDI derivative (PhF)2PDI-1,12-
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benzo(PhF)2 shown in Figure 4.57. Similarly, formation of BPDI-BnF and bis-BPDI would proceed 

in similar manner, for these compounds both bay regions of PDI molecules are involved, as shown 

in the lower part of Figure 4.57.  

 In an effort to understand the formation of (PhF)2PDI-1,12-benzo(PhF)2, the DFT-optimized 

structure of the putative precursor, (PhF)2PDI-1,12-(BnF)2, was determined to see how crowded 

the CF2 moieties would be. It is shown in Figure 4.58. The hypothetical intermediate is 

significantly distorted as a result of the crowding between the perfluorobenzyl groups. The F·· ·F 

distance shown in Figure 4.58 is 2.59 Å, which is shorter than twice the van der Waals radius of 

an F atom, 2.70–2.94 Å.170 As a result, the NAPH fragments of the PDI core are twisted with 

respect to one another, and, more importantly, each one is significantly warped from planarity. 

4.8. Electrochemical properties and absorption spectra of fluoromodified PAHs 

4.8.1. Redox properties of PERY(BnF)n in solution, comparison to PERY(CF3)n 

 Cyclic voltammetry was used to determine the redox properties of each isolated compound by 

measuring the E1/2
0/− reduction potential. Prior work with various classes of PAH(RF)n compounds 

provided ample evidence that they exhibit reversible redox behavior in solution, and thus cyclic 

voltammetry is a viable technique for evaluation of their electronic properties. In this study, for 

the purpose of direct comparison, the same solvent and electrolyte system were chosen as used for 

PERY(CF3)n derivatives. PERY-1-1 showed an irreversible first- and quasi-reversible second-

electron reduction  

Figure 4.60). Derivatives with two and three BnF groups per PERY showed increasingly 

irreversible behavior, in striking contrast to electrochemically reversible PERY(CF3)n compounds 

regardless of the number of substitutions.118 Therefore, the half peak potential (Ep/2
0/−) was 
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measured instead so as to compare the electronic properties within the family of PERY(BnF)n 

compounds.  

Figure 4.59 shows the graphs of Ep/2
0/− as a function of n(BnF) (left) and E1/2

0/−
 as a function of 

n(CF3) (right). Very similar linear trends were found for both families of PERY derivatives, with 

the slops of ca. 0.23 V/BnF and 0.20 V/CF3 from their best fit lines.118  

 Interestingly, this unusual electrochemical behavior sheds some light on the fact that attempts 

to use negative ion mode of electrospray mass spectrometry for characterization of PERY(BnF)n 

compounds proved unsuccessful. No molecular ions or typical fragment ions were observed in the 

negative mode, suggesting radical anion instability under ESI conditions. The molecular ion for 

each PERY(BnF)n could only be observed when using positive-ion mode, and notably a 

considerable fragmentation due to loss of fluoride was observed, with the signal intensity higher 

than that of the molecular ion peak. Such behavior precluded measurements of the gas-phase 

electron affinity (EA) via low-temperature photoelectron spectroscopy technique, since it utilizes 

generation of the molecular negative-ion beams in the electrospray ion source.  

 The nature of such electrochemical instability is unclear at this point and further investigations 

are currently under way in our laboratories. We hypothesize that it is specific to the 

perfluorobenzyl groups attached to PAH core, which undergo (yet to be determined) chemical 

transformations under reducing conditions. In line with these observations, CORA(BnF)n exhibited 

similar irreversible electrochemical behavior, in contrast to the trifluoromethylated analogs, which 

were electrochemically reversible in the solution phase and stable enough to measure their EAs in 

the gas phase.171  

4.8.2. Redox properties of PDI(PhF)2 and its derivatives in the gas and solution phase. 
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 One of the motivations for this work on the synthesis of PDI(BnF)n compounds was to 

determine electron withdrawing effect of BnF groups on PDIs. A very limited data is available on 

electrochemical properties of PAH(BnF)n; in fact, the corannulene derivative with five BnF groups, 

CORA(BnF)5 was shown to have irreversible redox behavior in solution, as were most of the 

PERY(BnF)n compounds synthesized and studied by the author (see above). Interestingly, DFT 

calculations performed for the series of CORA(BnF)n, n = 1–5, revealed that the gas-phase EAs of 

CORA((BnF)n are 0.06–0.10 eV higher than EAs of CORA((CF3)n, when compounds with the same 

n are compared. The DFT-calculated E1/2
0/−

 values had the opposite trend, i.e., CORA((CF3)n were 

shown to be stronger acceptors in solution than corresponding CORA((BnF)n compounds, this was 

due to differences in their respective solvation energies in the neutral state. 

 Indirect evidence of the irreversible redox behavior of CORA(BnF)n and PERY(BnF)n could be 

already deduced from their behavior under electrospray mass spectrometry conditions: molecular 

anions were not stable in both cases and fragmented with the loss of fluorine. In contrast, in the 

ESI mass spectra of the purified PDI(BnF)n compounds, molecular ions were the only ionic species, 

and no fragment ions were observed.  

 Table 4.7 lists experimentally determined E1/2
0/−

 from cyclic voltammetry, and gas-phase EAs 

measured using low-temperature photoelectron spectroscopy (LT-PES) of negative ions, which 

were generated in the ESI ion source with TDAE as a reducing agent. Figure 4.61 shows cyclic 

voltammograms for PDI(BnF)n, where n = 0,1,2. All compounds exhibit two reversible reductions, 

and  the E1/2
0/−

 values of PDI(BnF)n and PDI(BnF)n are 130 and 250 mV, respectively, cathodically 

shifted relative to parent PDI, confirming that BnF group has a strong electron withdrawing effect, 

and it increases as more BnF groups are added to PDI. Attempt to measure EA of PDI(BnF)n was 

not successful: molecular anions generated using TDAE in acetonitrile solution were not stable 
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and quickly fragmented. At the same time, EA of the parent PDI(PhF)2 was measured to be 3.01 

eV, which is significantly higher than the estimated EA = 2.88 eV for PDI(Bu)2 ,thereby confirming 

that PhF substituents in the imide positions contribute to the acceptor properties of PDIs.   

 Electronic properties of BPDI in DCM solution were studied by cyclic voltammetry (see Figure 

4.62) and it exhibited reversible redox behavior, however, its E1/2
0/−  was 40 mV more negative 

than the  E1/2
0/−

 of the parent PDI(PhF)2. i.e., it is a slightly weaker acceptor in solution, despite the 

presence of two electron deficient PhF groups on the BPDI core. In contrast, in the gas phase, BPDI 

has a 100 meV higher EA than PDI(PhF)2. Presumably, differences in solvation energies of these 

two compounds could be responsible for such deviation in E1/2
0/−  trend.  

 In the case of other annulated PDI derivatives, PDI-C7H2, PDI-cis(C7H2)2 and PDI-

trans(C7H2)2, (see Figure 4.63 and Table 4.7), they all show two reversible waves in the cyclic 

voltammograms, and cathodic shifts relative to the parent PDI(PhF)2, by 20, 50 and 60 mV, 

respectively. Similarly, in the gas phase, their EAs are higher than that of PDI(PhF)2, and even 

BPDI.  

 These new data on the electronic properties in the gas phase and in solution for the new PDIs 

prepared in this work characterize them as very strong electron acceptors, with reversible 

electrochemical behavior and thus they can be considered as viable candidates for the studies in 

the optoelectronic devices as n-type organic semiconductors in OFETs, or low-LUMO acceptor 

materials in the donor-acceptor photoactive layers in the OPVs.   

4.8.3. Absorption spectra of PDI and its derivatives 

 The absorption spectra of underivatized PDI, measured during HPLC using 1:9 IPA–toluene, 

is shown in the top left of Figure 4.64 and exhibits three intense peaks of increasing absorbance 

with increasing wavelength (λmax = 530 nm). When BnF groups are substituted onto PDI, the first 
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BnF results in a 5 nm blue shift to the absorption profile, λmax = 525 nm for PDI-1-BnF (top right 

of Figure 4.64). When two BnF groups are substituted, see middle two spectra in Figure 4.64, there 

is a more significant blue shift: λmax = 507 nm for PDI-1,6-(BnF)2, λmax = 508 nm for PDI-1,7-

(BnF)2. Furthermore, having two BnF groups somewhat increases the relative absorbance at lower 

values (ca. 300 nm) compared to the three absorbance peaks of the parent PDI structure. 

 In contrast to the more subtle changes in the absorption profile during BnF substitutions just 

mentioned, the conversion of PDI into BPDI is an extension to the π-system of the perylene-core. 

This results in BPDI being blue shifted by ca. 60 nm, λmax = 473 nm; and a new intense, and broad, 

absorption band being present from ca. 270 to 350 nm (spectrum in bottom left of Figure 4.64). 

Interestingly, this new absorption band at lower wavelengths grows in relative intensity with BnF 

substitution: such is the case for BPDI-7-BnF (bottom right of Figure 4.64), λmax = 470 nm, which 

exhibits the strongest absorption below 350 nm of any derivatives prepared in this work. 

 Figure 4.65 shows the UV-Vis absorption spectra of isolated PDI-C7H2 derivatives. When 

analyzing the spectrum of PDI-C7H2, λmax = 524 nm, the spectrum is only blue shifted slightly; 

comparable to a BnF substitutions on PDI, rather than the significant shift observed for BPDI. 

However, there is a new broad signal from ca. 270 to 350 nm observed for all PDI-C7H2 

derivatives, though less intense than BPDI. This lower-wavelength absorption is intensified going 

from a PDI-C7H2 to either PDI-cis(C7H2)2, λmax = 512 nm, or PDI-trans(C7H2)2, λmax = 520 nm. 

Interestingly, comparing the spectra in middle of Figure 4.65 show that is negligible change in the 

absorption profile when there is a BnF groups added onto the ortho-positions, λmax = 524 nm for 

PDI-C7-BnF. 

4.9. Conclusions 
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 This chapter describes the serendipitous discovery of new type of fluoroannulations of PAHs 

that led to the preparation and characterization of the new families of PDI-based molecules with 

extended pi-systems. In the course of optimization of perfluorobenzylation of PDI, the author paid 

attention to  an unexpected change in the 19F NMR spectra of the products of certain reactions, and 

appearance of new molecular species in their mass spectra. Eliminating proposed hypotheses one 

by one by performing a range of control experiments, it was determined that reductive 

defluorination/aromatization was responsible for the formation of new benzoPDIs and PDIs 

bearing a seven-membered ring(s) across the bays. Studies of the electronic properties of these 

compounds demonstrate reversible redox behavior in solution and significantly improved acceptor 

properties, which in combination with the favorable solid-state packing motifs, make them 

potentially valuable candidates as non-fullerene acceptors.   

This discovery opens a wide avenue for molecular designs of unprecedented large PAH molecules 

with both planar, 2-dimentional aromatic cores, and 3-dimensional warped structures, which are 

in great demand for the modern organic optoelectronic applications extending beyond organic 

photovoltaics. The fact that the new reactions can be applied to the electron-deficient PAH 

substrates, extends the scope of the substrates even further. Future studies on the mechanistic 

aspects of these reactions are needed to improve the selectivity and yields.   

4.10. Experimental section 

4.10.1. Materials and Methods. 

 Reagents and Solvents. The following reagents and solvents were used as received unless 

otherwise indicated: heptafluorobenzyl iodide (C6F5CF2I, abbr. BnFI; SynQuest Laboratories, 

90%), chloroform-d (abbr. CDCl3; Cambridge Isotope Laboratories, 99.8%), hexafluorobenzene 

(abbr. C6F6; Sigma-Aldrich, >99.5% NMR grade), copper powder (Strem Chemical, 99%), sodium 
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thiosulfate (Na2S2O3; Fisher Chemical, anhydrous, >98%), dimethyl sulfoxide (abbr. DMSO; 

Fisher Chemical, ACS grade), 1-methyl-2-pyrrolidone (abbr. NMP; Sigma-Aldrich, ACS grade), 

chlorobenzene (abbr. PhCN; Sigma-Aldrich, HPLC grade), ortho-dichlorobenzene (abbr. o-DCB; 

Sigma-Aldrich, HPLC grade), benzonitrile (abbr. PhCN; Sigma-Aldrich, ACS grade), acetonitrile 

(abbr. MeCN; Sigma-Aldrich, HPLC grade), toluene (Sigma-Aldrich, ACS grade), 

dichloromethane (abbr. DCM; Sigma-Aldrich, ACS grade), methanol (abbr. MeOH; Sigma-

Aldrich, ACS grade), ferrocene (abbr. Fe(Cp)2, Acros Organics, 98%), tetrabutylammonium 

perchlorate (N(n‐Bu)4ClO4, TBAClO4, Eastman Kodak, 98%) diethyl ether anhydrous (EMD 

Millipore, ACS grade), dimethyl ethoxide (abbr. DME; EMD, ACS grade), sodium chloride 

(Fisher Chemical, ACS grade), and magnesium sulfate (Aldrich Chemical, anhydrous, technical 

grade). Distilled-deionized water (abbr. dd-H2O) with a minimum resistance of 18 MΩ-cm was 

prepared using a Barnstead NANOpure ultrapure water system. Solvents used for reactions and 

cyclic voltammetry—namely, DMSO, NMP, PhCl, o-DCB, PhCN, DCM, and DME—were dried 

over activated 3 Å molecular sieves for 24 h and cannula transferred into a flame-dried Schlenk 

tube under a N2 (g) purge for storage. 

 HPLC Analysis. High Performance Liquid Chromatography (HPLC) was conducted using a 

Shimadzu liquid chromatography instrument (CBM-20A control module, SPD-20A UV-Vis 

detector, LC-6AD pump, manual injector valve). The HPLC columns utilized were COSMOSIL 

Buckyprep 10 mm I.D. x 250 mm semi-prep and 20 mm I.D. x 250 mm prep columns (Nacalai 

Tesque, Inc.) at a flow rate of 5 mL min−1 and 16 mL min−1 , respectively. 

 NMR Analysis. All 1H and 19F NMR spectra were of CDCl3 solutions recorded at room 

temperature with a Varian (Agilent) 400MR NMR spectrometer equipped with Automated Tuning. 

1H and 19F NMR spectra were acquired at 400 MHz and 376.1 MHz, respectively, using a 1 second 
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relaxation time, and a 45 ° pulse angle. 1H chemical shifts are reported relative to δ(CHCl3) = 7.26 

ppm. 19F chemical shifts are reported relative to δ(C6F6) = −164.9 ppm. 

 Mass Spectrometry. A Thermo-Finnigan LTQ LC/MS-MS linear ion-trap mass spectrometer 

with an electrospray ionization (ESI) source was utilized to record negative ion ESI (NI-ESI) mass 

spectra. Acetonitrile was used as the carrier solvent and injected at a flow rate of 50 μL min-1. 

 Cyclic voltammetry. Cyclic voltammetry (CV) measurements were carried out in an inert (N2) 

atmosphere glove box using a PAR 263 potentiostat/galvanostat and a three-electrode 

electrochemical cell equipped with a platinum counter and working electrode (0.125 mm diameter) 

and a silver quasi reference electrode. CV measurements of PERY derivatives were performed in 

0.1 M N(n-Bu)4ClO4 in DME; measurements of PDI derivatives were performed in 0.1 M N(n-

Bu)4PF6 in DCM. 

4.10.2. General procedure for PDI perfluorobenzylation and stability experiments  

A Schlenk tube equipped with a #9 O-ring sidearm was charged with PDI (10 mg,14 μmol) and 

Cu powder (if used, 7.0 mg, 110 μmol, 8 equiv.) and subsequently dried overnight in a 120 °C 

oven. The reaction tube was taken from the oven and attached to a Schlenk line to cool under 

dynamic vacuum. Dried solvent (1.0 mL) and BnFI (if applicable) is added via syringe with the 

reaction tube open and with a positive flow of N2. The solution was degassed by the freeze-pump-

thaw (FPT) technique three times (x3). The reaction flask was closed under vacuum and allowed 

to warm to room temperature before placing in a heated oil bath (145±5 °C). Note: the reaction 

should be refluxing shortly after placing the flask in the oil bath due to the reduced pressure. After 

heating for the desired amount of time, the reaction was allowed to cool to room temperature.  

 For NMP and DMSO solvents: the contents were poured into a separatory funnel containing 

dd-H2O (30 mL). The mixture was extracted with ethyl acetate (3x10 mL). The organic layers 
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were added together, washed with dd-H2O (3x10) and NaCl brine (10 mL), and dried over MgSO4. 

Samples were then analyzed by either NMR, MS and/or HPLC. For water immiscible solvents 

tested, the crude reaction mixtures were filtered and the solvents removed by attaching to a vacuum 

line and leaving under reduced pressure overnight. Crude mixtures were then analyzed by either 

NMR, MS and/or HPLC. 

4.10.3. General reaction procedure for BPDI derivatives (3a,b) 

 A Schlenk tube equipped a with a Rodaviss joint and PTFE side-arm and was charged with 

PDI (10 mg,14 μmol) and reduced-Cu powder (CuH2, 35.0 mg, 550 μmol, 40 equiv.) and 

subsequently dried overnight in a 120 °C oven. The Schlenk tube was taken from the oven, 

attached to a Schlenk line and capped with a Rodaviss stopper, and allowed to cool under dynamic 

vacuum. BnFI (4.7 μL, 28 μmol, 2 equiv.) and dried PhCN (1.0 mL) were added via syringe with 

the tube open under a flow of N2. The solution was degassed by using the freeze-pump-thaw (FPT) 

technique three times (x3). The reaction flask was closed under vacuum and allowed to warm to 

room temperature before placing in a heated oil bath (160 ± 1 °C). Note: the reaction should be 

refluxing shortly after placing the flask in the oil bath due to the reduced pressure in the system.  

After heating for 2 hours, the flask was cooled to room temperature and opened under a positive 

pressure of N2 to add more BnFI (4.7 μL, 28 μmol, 2 equiv.) to the reaction, for a total of four 

equiv. of BnFI added. This was FPTx3 as before and placed back into the heated oil bath (160 ± 

1 °C) for an additional 2 hours. Note that the reaction does not reflux as vigorously the second time 

it is placed in the oil bath compared to the first. Once the reaction is done (4 hours total), the flask 

is cooled and toluene (10x reaction volume) is added: the solution is then decanted and filtered 

using glass microfiber filter paper to remove any reducing agent or their biproducts salts (e.g. Cu 

and CuI), which are essentially insoluble in toluene at room temperature. PhCN (and toluene) was 
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removed by successive azeotroping with isopropanol under reduced pressure with a rotovap until 

the crude material was solvent free. Isolation of products is achieved using HPLC with a Cosmosil 

Buckyprep semi-preparative or preparative column.  

4.10.4. General reaction procedure for PDI-C7H2 derivatives (4a,b,d) 

 A Schlenk tube equipped a with a Rodaviss joint and PTFE side-arm and was charged with 

PDI (96.0 mg, 0.133 mmol) and anhydrous Na2S2O3 (841 mg, 5.32 mmol, 40 equiv.) and 

subsequently dried overnight in a 120 °C oven. The Schlenk tube was taken from the oven, 

attached to a Schlenk line and capped with a Rodaviss stopper, and allowed to cool under dynamic 

vacuum. BnFI (44.6 μL, 0.266 mmol, 2 equiv.) and dried PhCN (10.0 mL) were added via syringe 

with the tube open under a flow of N2. The solution was degassed by using the freeze-pump-thaw 

(FPT) technique three times (x3). The reaction flask was closed under vacuum and allowed to 

warm to room temperature before placing in a heated oil bath (160 ± 1 °C). Note: the reaction 

should be refluxing shortly after placing the flask in the oil bath due to the reduced pressure in the 

system. After heating for 3 hours, the flask was cooled to room temperature and opened under a 

positive pressure of N2 to add more BnFI (44.6 μL, 0.266 mmol, 2 equiv.) to the reaction: this was 

FPTx3 as before and placed back into the heated oil bath (160 ± 1 °C) for an additional 3 hours. 

This process is repeated 2 more times to give a total of four additions of BnFI for a total of 178.4 

mL added (2.128 mmol, 8 equiv.) and a total reaction time of 12 hours (3 hours per addition). Note 

that the reaction does not reflux as vigorously after the first time it is placed in the oil bath. 

 Work-up. At the end of a reaction (12 hours total), the crude reaction mixture is allowed to 

cool and is decanted into a beaker containing toluene (x10 the volume of the reaction solution). 

The reaction flask is then rinsed at least x3 times with toluene (the flask is rinsed until there is no 

more colored material being extracted) and the toluene extracts were decanted into the crude 
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reaction mixture; leaving behind unreacted sodium sulfate and other salt-biproducts. The crude 

product mixture was then filtered using a glass microfiber filter paper to remove any remaining 

insoluble organic salts disperse in the solution. PhCN (and toluene) is removed by successive 

azeotroping with isopropanol under reduced pressure with a rotovap until the crude material was 

solvent free. Isolation of products is achieved using HPLC with a Cosmosil Buckyprep semi-

preparative or preparative column, discussed below.  
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4.11. Tables and Figures 

 

Table 4.1. Stability experiments for PDI perfluorobenzylation reaction’s substrates and products. 

Exp. # Substrate Cu present 
(Y/N) Time (h) Solvent Temp. (°C) 

2w  BnFI Y 1 DMSO 145 
2x  PDI Y 8 DMSO 145 
2y PDI-BnF Y 8 DMSO 145 
2z PDI-BnF N 8 DMSO 145 

 

Table 4.2. Reaction conditions tested for perfluorobenzylation of PDI(PhF) in DMSO 

Rxn. 
BnFI per 
addition 
(equiv.) 

# of BnFI 
additions(a) Time (h) Solvent Temp. (°C) copper 

used 

2a 2 1 24 DMSO 120 benchtop 
2m 4 1 2 DMSO 145 benchtop 
 2n 4 1 2 DMSO 145 H2-treated 
2o 1 4a 8 DMSO 145 benchtop 

 

Table 4.3 Reaction conditions tested for perfluorobenzylation of PDI(PhF). 

Exp. Solvent 
Dielectric 

constant (ε) 

Observable PDI-BnF 
decomposition? 

(Y/N) 

Significant PDI 
conversion  

(Y/N) 
Time (h) 

2c(a) DMSO 46.7 Y Y 2 
2h NMP 32.2 Y Y 2 
2i PhCN 25.9 Y Y  
3j o-DCB 9.93 N N 8 
2k PhCl 5.62 N N 8 
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Table 4.4. Reaction conditions tested for perfluorobenzylation of PDI(PhF) in PhCN resulting in 
BPDI(PhF). 

Exp. BnFI eq. 
(total) 

Additions 
of 

BnFI(a) 

Time 
(h) 

Reducing 
agent used 

Reducing 
agent eq. Solvent Temp. 

(°C) 

3a  4 2 4 Cu 8 PhCN 160 
3b  4 2 4 Cu 40 PhCN 160 
3c 4 2 4 Cu 40 PhCN 160 
3d 4 2 4 Na2S2O3 40 PhCN 160 
3e 4 2 4 none - PhCN 160 

 

Table 4.5. Reaction conditions to generate PDI-C7H2 derivatives. 

Exp. 
Starting 
mass of 

PDI (mg) 

BnFI 
eq.(a) 

(total) 

# of BnFI 
additions  
(2 eq. per 

addition)(b) 

Source 
of 

agitation 

Time 
(h) 

Na2S2O3 
eq. Solvent Temp. 

(°C) 

4a 100  8 4 reflux 12 40 PhCN 160 
4b  1000 8 4 stir bar 12 40 PhCN 160 
4c 100 8 1 reflux 12 40 PhCN 160 
4d 100 8 4 reflux 12 40 PhCN 160 

a Total number of equivalents added is split equally amongst the number of additions. 

.b First addition of BnFI was added to the reaction before heating; subsequent additions were added 
after 3 hours. 
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Table 4.6. Half-peak reduction potentials of PERY derivatives 

PERY-(BnF)n 
Ep/2

0/− (V) 
(± 0.010 V)a Δ Ep/2

0/− (mV) 

PERY −2.14b - 

PERY-1-1 −1.86 +280 

PERY-2-1 −1.73 +130 

PERY-3-1 −1.46 +270 

PERY-3-2 −1.46 +270 

a Ep/2
0/− potential calculated from cyclic voltammetry (CV) measurements; anaerobic; 0.1 M 

N(nBu)4ClO4 in DME; platinum working and counter electrodes; silver wire quasi-reference 
electrode; 500 mV·s−1; values are referenced vs. E1/2

+/0 of ferrocene (Fe(Cp)2).[ 

b Value used for unsubstituted perylene is the Ep/2
0/− potential (not this work).118. 

 

Table 4.7. Electrochemical properties of PDI derivatives  

Substrate E1/2
0/− (V)a 

(± 0.010 V) 
Δ E1/2

0/− 
(mV) 

E1/2
−/−2 

(V) 
Δ E1/2

−/−2 
(mV) 

EA (eV) 
(± 0.010 eV) 

PDI −0.87 - −1.07 - 3.01  

PDI-1-BnF −0.74 +130 −0.97 +100 unstable 

PDI-1,7-(BnF)2 −0.62 +250 −0.92 +150 unstable 

BPDI −0.91 −40 −1.16 −90 3.110  

PDI-C7H2 −0.857 +20 −1.08 −10 3.135  

PDI-cis(C7H2)2 −0.824 +50 −1.11 −40 3.255 

PDI-trans(C7H2)2 −0.813 +60 −1.10 −30 3.260  

a Ep/2
0/− potential calculated from cyclic voltammetry (CV) measurements; anaerobic; 0.1 M 

N(nBu)4PF6 in DCM; platinum working and counter electrodes; silver wire quasi-reference 
electrode; 100 mV·s−1; referenced vs. E1/2

+/0 of ferrocene (Fe(Cp)2. 
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Table 4.8. The seven compounds characterized by single-crystal X-ray diffraction described in this 
chaptera 

Compoundb Abbreviations in Table 2 and Figure 3 

(PhF)2PDI-1-BnF 1-BnF 

(PhF)2PDI-1,7-(BnF)2 1,7-(BnF)2 

(PhF)2PDI-1,12:7,6-(cyclo-CH2C6F4)2 trans-(c-CH2C6F4)2 

(PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2 cis-(c-CH2C6F4)2 

benzo[ghi](PhF)2PDI-1,12-(PhF)2 benzo(PhF)2 

PYRN/(PhF)2PDI-1,12-cyclo-CH2C6F4
b c-CH2C6F4 

PERY/(PhF)2PDI-8-BnF-1,12-cyclo-CH2C6F4
b (BnF)(c-CH2C6F4) 

a PhF = perfluorophenyl; BnF = perfluorobenzyl; PYRN = pyrene; PERY = perylene; PDI = 
3,4,9,10-perylenetetracarboxylic diimide, abbreviated perylene diimide throughout this chapter; 
(PhF)2PDI = N,N'-bis(perfluorophenyl)PDI. 

b Co-crystal with 1/1 stoichiometry 

 

 



219 

Table 4.9. Crystal data and final refinement parameters for five X-ray diffraction structures deposited with the Cambridge structural 
databasea 

Compound abbreviationb 1-BnF 1,7-(BnF)2 trans-(c-CH2C6F4)2 cis-(c-CH2C6F4)2 benzo(PhF)2 

empirical formula C43H7F17N2O4 C50H6F24N2O4 C50H8F18N2O4 C50H8F18N2O4 C50H6F20N2O4 

formula weight, g mol−1 938.51 1154.57 1042.58 1042.58 1078.57 

crystal habit rhombohedron needle plate plate rhombohedron 

crystal color dark red red-orange yellow-orange yellow-orange red-orange 

crystal size, μm 175 × 124 × 82 372 × 109 × 40 103 × 52 × 26 91 × 45 × 24 60 × 48 × 38 

crystal system triclinic triclinic monoclinic triclinic monoclinic 

space group, Z P, 4 P, 4 P21/n, 4 P, 4 C2/c, 8 

a, Å 8.1330(10) 11.6214(16) 20.166(7) 11.0028(14) 31.195(9) 

b, Å 15.0581(18) 14.537(2) 10.878(4) 14.2130(18) 12.594(3) 

c, Å 15.1685(18) 25.938(3) 21.652(10) 26.687(3) 23.882(6) 

α, degree 68.573(2) 75.612(2) 90 85.700(2) 90 

β, degree 88.677(2) 83.723(2) 117.369(5) 81.799(2) 104.147(10) 

γ, degree 88.307(2) 88.023(3) 90 75.930(2) 90 

V, Å3 1728.4(4) 4219.1(10) 4218(3) 4003.2(9) -6 

T, K 100(2) 100(2) 100(2) 100(2) 100(2) 

ρcalc, g cm−3) 1.803 1.818 1.642 1.73 1.59 

R(F) [I > 2σ(I)] 0.0646 0.0764 0.0795 0.0624 0.0478 

wR(F2) [all data] 0.1992 0.2286 0.2519 0.1849 0.1342 

GoF [all data] 1.05 1.018 1.017 1.015 1.05 
a) All X-ray crystallographic data were collected using synchrotron radiation (λ = 0.41425 Å) at the Advanced Photon Source. 
b) See Table 4.8 for a list of compounds along with the abbreviations used in this table.  
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Figure 4.1. Top: Balanced chemical equation for direct perfluorobenzylation of PDI. Bottom: 
Proposed mechanism for the perfluorobenzylation of PDI (and PERY); imide groups are removed 
for clarity.  
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Figure 4.2. Concentration of perfluorobenzyl iodide (BnFI) over time when heated in DMSO and 
in the presence of copper. 
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Figure 4.3. 19F-NMR spectrum of perfluorobenzyl iodide (BnFI) over time when heated in DMSO 
and in the presence of copper. Taken in CDCl3.  
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Figure 4.4. Negative-ion ESI mass spectrum of PDI after heating for 8 hours at 145 C in DMSO 
with copper (rxn 2d conditions without BnFI added). Showing no observable decomposition of 
PDI. 

 
Figure 4.5. Mass spectrum of crude product mixture of reaction 2a. Note, m/z = 938, 1154, 1370, 
1586 and 1802 for 1, 2, 3, 4 and 5 substitutions of BnF groups onto PDI(PhF). For each molecular 
ion peak of a BnF substituted compound, there are peaks associated with either a difference of 39 
or 42 m/z less than the molecular ion peak. Taken in negative mode with acetonitrile used as the 
carrier solvent. 
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Figure 4.6. Negative-ion ESI mass spectrum of PDI-1-BnF. 

 
Figure 4.7. Change in 1H NMR spectra of PDI-1-BnF after decomposition Top: PDI-1-BnF 
decomposition after heating for 8 hours at 145 °C in DMSO with copper (rxn. 2d conditions 
without BnFI added). Bottom: unreacted PDI-1-BnF. 

  

 

 
 

938 m/z 
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Figure 4.8. Negative-ion ESI mass spectrum of PDI-1-BnF after decomposition with copper by 
heating 8 hours at 145 °C in DMSO (rxn 2d conditions without BnFI added). Taken from the same 
sample as the NMR in the bottom part of Figure 4.7.  
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Figure 4.9. Negative-ion ESI mass spectrum of PDI-1-BnF after thermal decomposition (without 
copper) by heating for 8 hours at 145 °C in DMSO (rxn 2d conditions without copper or BnFI 
added). 

 

 
Figure 4.10. HPLC chromatogram of crude perfluorobenzylation reactions of PDI-1-BnF after 
thermal decomposition by heating for 8 hours at 145 C in DMSO. (rxn 2d conditions without 
copper or BnFI added). Showing several minor compounds and a major decomposition product 
forming. Separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep column, 1:2 
toluene–MeCN eluent, 5 mL min−1 flow rate, set to 530 nm UV detection. Largest peak was 
determined to be PDI-1-BnF by MS (not shown). Inset shows mass spectrum of major 
decomposition product of PDI-1-BnF after separation, showing only m/z = 896 is present and the 
major decomposition product.   
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Figure 4.11. Comparison between UV-vis absorption profiles of unreacted PDI, PDI-1-BnF and 
the major decomposition product of PDI-1-BnF isolated from HPLC separation (shown in Figure 
4.10, m/z = 896); depicted in black, red, and blue respectively. Illustrating a new absorption band 
that has grown in from ca. 260 to 370 nm, while maintaining the same three-forked perylene 
absorption profile of the starting material. 
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Figure 4.12. HPLC chromatograms of crude product mixtures of 145 °C reactions from Table 
4.2.Rxn. B: One addition of BnFI with untreated copper. Rxn. C: One addition of BnFI with treated 
copper. Rxn D: sequential additions of BnFI with untreated copper. HPLC separation was achieved 
using a 250 x 10 mm i.d. COSMOSIL Buckyprep column, 2:8 IPA–toluene eluent, 5 mL min−1 
flow rate, set to 530 nm UV detection. 
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Figure 4.13: 19F NMR spectrum of fraction-a in Figure 4.12 (ca. 3–4 min) from reaction 2d. 
Showing an excess of aromatic fluorines per number of benzylic fluorines in spectrum. When 
integrating whole benzylic region (ca. −70–−90) to 2 gives a value of 72 for whole aromatic region 
(ca. −135–−170), which is significantly higher than what could be expected for substituted PDI.  

 
Figure 4.14. 1H-NMR of crude perfluorobenzylation reactions of PDI in NMP after heating for 2 
hours at 145 °C with copper (rxn. 2c with NMP instead of DMSO).  
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Figure 4.15. 19F-NMR of crude perfluorobenzylation reactions of PDI in NMP after heating for 2 
hours at 145 °C with copper (rxn. 2c with NMP instead of DMSO). 

 
Figure 4.16. Mass spectrum of crude perfluorobenzylation reactions of PDI in NMP after heating 
for 2 hours at 145 °C with copper (rxn. 2c with NMP instead of DMSO).  
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Figure 4.17: HPLC chromatogram of crude perfluorobenzylation reactions of PDI in 
PhCl.Separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep column, 1:9 IPA–
toluene eluent, 5 mL min−1 flow rate, set to 530 nm UV detection.  Showing verry little conversion 
of starting material into PDI-(BnF)n products. 

 
Figure 4.18: Negative-ion ESI mass spectrum of crude reaction mixture of perfluorobenzylation 
reaction of PDI in PhCl. Showing both substitution products and addition products containing BnF 
groups. 
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Figure 4.19. HPLC chromatogram of crude perfluorobenzylation reactions of PDI in ODCB. 
Separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep column, 1:9 IPA–
toluene eluent, 5 mL min−1 flow rate, set to 530 nm UV detection.  Showing verry little conversion 
of starting material into PDI-(BnF)n products. 

 

 
Figure 4.20. Negative-ion ESI mass spectrum of crude reaction mixture of perfluorobenzylation 
reaction of PDI in ODCB. Showing both substitution products and addition products containing 
BnF groups. 
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Figure 4.21. 19F-NMR spectra of aliquots taken over time of perfluorobenzylation reaction of PDI 
in PhCN with 4 equiv. of BnFI and 8 equiv. of copper. Top: spectrum of aliquot taken after heating 
for 2 hours at 145 °C with copper (rxn. 2c with PhCN instead of DMSO). Middle: after heating 
for 24 hours. Bottom: after heating for 72 hours total (24 h at 145 °C then 48 h at 160 °C). Each 
spectrum is normalized to have the same intensity for the benzylic F(CF2) signal from unreacted 
BnFI. 
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Figure 4.22. Negative-ion ESI mass spectrum of crude perfluorobenzylation reaction of PDI in 
PhCN with 4 equiv. of BnFI and 8 equiv. of copper after heating for 24 h at 145 °C. Inset shows 
expansion of region from 890 to 1200 m/z. 

 

 
Figure 4.23. HPLC chromatogram of crude perfluorobenzylation reaction of PDI in PhCN with 4 
equiv. of BnFI and 8 equiv. of copper after heating for 72 hours (24 h at 145 °C then 48 h at 160 
°C). Separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep column, 1:9 IPA–
toluene eluent, 5 mL min−1 flow rate, set to 530 nm UV detection.  

 

  



235 

 
Figure 4.24: Top: General reaction scheme for direct perfluorobenzylation and annulation of PDI 
with nomenclature for unique positions. Bottom: Drawings of molecular structures of isolated 
perylene diimides, PDI(BnF)n, and benzoperylene diimides, BPDI(BnF)n ; for brevity, PDI-x-(BnF)n 
and BPDI-x-(BnF)n notations are introduced, where x is (are) the position(s) of substituted BnF 
groups and n is the total number of BnF groups substituted. Names shown in bold are for products 
that single crystal X-ray structure were obtained.
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Figure 4.25. HPLC chromatograms of crude perfluorobenzylation reactions of PDI in PhCN, 
normalized to the highest peak. Top: chromatogram for crude reaction 3a, using 8 equiv. copper 
with 4 equiv. Bottom: chromatogram for crude reaction 3b, using 40 equiv. copper with 4 equiv. 
BnFI. Solid lines (—) show chromatogram at 470 nm detection (λmax for BPDI and BPDI-BnF 
products); dashed trace (---) show chromatogram at 530 nm detection (λmax for PDI and PDI-BnF 
products). HPLC separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep 
semipreparative column, 1:9 IPA–toluene eluent, 5 mL min−1 flow rate. 
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Figure 4.26 Stacked 19F-NMR spectra of crude reactions 3c (top), 3d (middle), and 3e taken in 
CDCl3; comparing reaction conditions using PhCN solvent at 160 °C with Cu metal, Na2S2O3 
salt, or neither. Note that there is no reaction without a reductant being present. 

 

 
Figure 4.27. Stacked negative-ion ESI mass spectra of crude reactions 3c (top) and 3d (bottom) 
using MeCN as the carrier solvent. Comparing the effects of using Cu metal versus Na2S2O3 as 
the reducing agent for perflurobenzylation and/or BPDI formation. 
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Figure 4.28. HPLC separations of reaction 3b, showing chromatogram for 470 nm wavelength 
detection (λmax for BPDI and BPDI-BnF products) using a 1:9 IPA–toluene eluent. Inset shows 
separation using a weaker eluent (2:8 IPA–toluene) which allows for isolation of the major BPDI 
derivative: BPDI-BnF. HPLC separation was achieved using a 250 x 10 mm i.d. COSMOSIL 
Buckyprep semipreparative column, 5 mL min−1 flow rate. 
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Figure 4.29 General reaction scheme for direct perfluorobenzylation and annulation of PDI with 
nomenclature for unique positions. Bottom: Drawings of molecular structures of isolated PDI-
C7H2 derivatives.   
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Figure 4.30. HPLC chromatograms of crude product mixture of reaction 4a (in Table 4.5), 
resulting in the highest yield of PDI-C7H2 in a single reaction (isolated yields shown in Figure 
4.29. HPLC separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep preparative 
column, 1:9 IPA–toluene eluent, 16 mL min−1 flow rate, set to 530 nm UV detection. 
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Figure 4.31. Example of primary separation of reaction 4b. Solid lines (—) show chromatogram 
at 470 nm detection (λmax for BPDI and BPDI-BnF products); dashed trace (---) show 
chromatogram at 530 nm detection (λmax for PDI and PDI-BnF products). Top) shows full 
chromatogram from 0 to 75 min of reaction 4b, where BPDI is observable at longer retention times. 
Bottom) closeup of top figure, showing chromatogram from 0 to 33 min of reaction 4b. Major 
products in fraction F1 can be separated with additional HPLC, shown in Figure 4.32. HPLC 
separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep preparative column, 
1:9 IPA–toluene eluent, 16 mL min−1 flow rate, set to 530 nm UV detection. 
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Figure 4.32 Example of secondary and tertiary separation of reaction 4b. All chromatogram traces 
shown at 530 nm. Dashed lines show where each fraction was collected in each chromatogram 
Top) representative example of secondary separation of F1 from reaction 4b (F1 shown in Figure 
4.31). Each odd numbered fraction (other than F1F7) was added together, and each even numbered 
fraction was added together. Middle) representative example of tertiary separation of F1-even, 
giving pure F1F2 and F1F4, with F1F6 needing additional separation Bottom) representative 
example of tertiary separation of F1-odd, giving pure F1F3, with F1F1 and F1F5 needing 
additional separation. HPLC separation was achieved using a 250 x 10 mm i.d. COSMOSIL 
Buckyprep preparative column, 1:9 IPA–toluene eluent, 16 mL min−1 flow rate, set to 530 nm UV 
detection. 
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Figure 4.33. Stacked 19F-NMR spectra of major fractions shown in Figure 4.32. 

 

 
Figure 4.34. Closeup view of aromatic region of Figure 4.33. 
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Figure 4.35. Example of quaternary separation of reaction 4b, F1F5, to give pure PDI-1-BnF. 
HPLC separation was achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep preparative 
column, 3:1 MeCN–toluene eluent, 5 mL min−1 flow rate, set to 300 nm UV detection. 

 

 
Figure 4.36. Example of quaternary separation of reaction 4b, F1F6. HPLC separation was 
achieved using a 250 x 10 mm i.d. COSMOSIL Buckyprep preparative column, 3:1 MeCN–
toluene eluent, 5 mL min−1 flow rate, set to 300 nm UV detection. 

  



245 

 

 

 

 
Figure 4.37. The literature structure of (C3F7CH2)2PDI.135 The locant scheme used in this chapter 
is shown in the top drawing. 
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Figure 4.38. The literature structure of (PhF)2PDI-1,7-F2.161 The PDI core is relatively planar but 
the PhF groups prevent any significant intermolecular π–π overlap of the PDI cores or the PhF 
groups in neighboring molecules in the lattice. Every other molecule along the crystallographic b 
axis is rotated 24.4° from its nearest neighbor molecules. The PhF groups are rotated 83.3° relative 
to the PDI core.  
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Figure 4.39. Ball-and-stick plots for the seven structures listed in Table 4.8 (the abbreviations used 
in this figure are defined in Table 4.8). 

 

  



248 

 
Figure 4.40. Thermal ellipsoid plots for the first five structures listed in Table 4.8, which are also 
the five structures listed in Table 4.9. Hydrogen atoms are drawn as spheres of arbitrary size. All 
nonhydrogen atoms are drawn as 50% probability ellipsoids except for the drawing of trans- 
(c-CH2C6F4), in which the atoms are drawn as 40% probability ellipsoids.  
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Figure 4.41. Views of the structures of (PhF)2PDI-1-BnF and (PhF)2PDI-1,7-(BnF)2 showing the 
distortions of the PDI aromatic cores from planarity (H atoms omitted for clarity; only N (blue), 
O (red), and F atoms (not colored) are shown as spheres). 
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Figure 4.42. Views of the structures of (PhF)2PDI-1-BnF and (PhF)2PDI-1,7-(BnF)2 showing the 
packing of molecules in the unit cells (H atoms omitted for clarity; only N (blue), O (red), and F 
atoms (not colored) are shown as spheres). There is no significant intermolecular π–π overlap of 
aromatic portions of the molecules (i.e., the PDI cores and C6F5 moieties). 
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Figure 4.43. A portion of the unit cell in the donor/acceptor co-crystal structure of 
PYRN/(PhF)2PDI-1,12-cyclo-CH2C6F4 (H atoms omitted from the PYRN molecules; N, O, and F 
atoms are colored blue, red, and yellow, respectively). The PYRN and PDI molecules are stacked 
alternately along the crystallographic a axis. The perpendicular distance between the least-squares 
planes of the PYRN molecules is 6.90 Å (the a axis length is 7.711(4) Å). The nonplanar PDI 
aromatic core and the nonplanar conformation of the seven-membered ring that includes PDI 
atoms C1 and C12 are readily apparent. 
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Figure 4.44. Parallel projection drawing of the PYRN donor (grey C atoms) and one of its 
neighboring (PhF)2PDI-1,12-cyclo-CH2C6F4 acceptors in the donor/acceptor co-crystal structure of 
PYRN/(PhF)2PDI-1,12-cyclo-CH2C6F4 (N, O, and F atoms are colored blue, red, and yellow, 
respectively). The least-squares plane of the PYRN C atoms is in the plane of the page. The region 
of overlap of the aromatic π systems of the two molecules is colored magenta. The perpendicular 
out-of-plane displacements of the PDI C atoms underneath the plane of the PYRN π system range 
from 3.35 to 3.63 Å (the average displacement of these eight PDI C atoms is 3.43 Å).  
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Figure 4.45. The PDI enantiomers in the donor/acceptor co-crystal X-ray structure of 
PYRN/(PhF)2PDI-1,12-cyclo-CH2C6F4 (PYRN omitted for clarity; N, O, and F atoms are colored 
blue, red, and yellow, respectively). The enantiomers are related by inversion of the seven-
membered ring. 
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Figure 4.46. The X-ray structure of 5-ethyl-5,6-dihydro-11H-dibenzo[b,e]azepine-6-thione, 
oriented to highlight the boat configuration of the seven-membered ring.164 The N and S atoms are 
colored blue and orange, respectively. This compound was shown to have a barrier to ring 
inversion (i.e., racemization) of 90.4 kJ mol−1. 
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Figure 4.47. Four drawings of the structure of (PhF)2PDI-1,12-cyclo-CH2C6F4 oriented to highlight 
the boat configuration of the seven-membered rings (C6F5 groups and H atoms other than the CH2 
group omitted for clarity). The top drawing is from the donor/acceptor co-crystal X-ray structure 
of PYRN/(PhF)2PDI-1,12-cyclo-CH2C6F4. The next drawing down is the DFT-optimized structure 
of the PDI compound starting with the X-ray coordinates, demonstrating that the PYRN molecule 
in the co-crystal structure did not significantly affect the structure of the PDI compound. The last 
two drawings are the DFT ring-inversion transition state and the other enantiomer. The DFT-
predicted transition-state energy is 105 kJ mol−1 higher than the ground-state energy. 
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Figure 4.48. A portion of the unit cell in the donor/acceptor co-crystal structure of 
PERY/(PhF)2PDI-8-BnF-1,12-cyclo-CH2C6F4 (H atoms omitted except for the CH2 group in the 
seven-membered ring; N, O, and F atoms are colored blue, red, and yellow, respectively). The 
PERY and PDI molecules are stacked alternately along the crystallographic a axis. The 
perpendicular distance between the least-squares planes of the PERY molecules is 7.10 Å (the a 
axis length is 7.930(4) Å). The nonplanar PDI aromatic core and the nonplanar conformation of 
the seven-membered ring that includes PDI atoms C1 and C12 are readily apparent.  
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Figure 4.49. Parallel projection drawings of the PERY donors (grey C atoms) on either side of the 
(PhF)2PDI-8-BnF-1,12-cyclo-CH2C6F4 acceptor in the co-crystal structure of PERY/(PhF)2PDI-8-
BnF-1,12-cyclo-CH2C6F4 (N, O, and F atoms are colored blue, red, and yellow, respectively). The 
least-squares planes of the PERY C atoms are both in the plane of the page (i.e., their least-squares 
planes are rigorously parallel). The regions of overlap of the aromatic π systems of the pairs of 
molecules are colored magenta. The perpendicular out-of-plane displacements of the PDI C atoms 
underneath the plane of the PERY π system (OOPDs) in the upper drawing range from 3.42 to 
3.56 Å and average 3.47 Å. In the lower drawing the OOPDs range from 3.42 to 3.69 Å and average 
3.58 Å. 
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Figure 4.50. The nonplanar conformations of the seven-membered rings in the cis isomer 
(PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2. The atom numbering is based on the locants shown in 
Figure 4.37. The conformations of the seven-membered rings in the trans isomer (PhF)2PDI-
1,12:6,7-(cyclo-CH2C6F4)2 (not shown) are similar. 
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Figure 4.51. Drawings of (PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2 (cis; top) and (PhF)2PDI-1,12:7,6-
(cyclo-CH2C6F4)2 (trans; bottom). The N, O, and F atoms are colored blue, red, and yellow, 
respectively, and the CH2 carbon atoms are highlighted as gray spheres. The distortion of the PDI 
core in both compounds is readily apparent. In addition, note that the CH2 groups attached to C1 
and C6 are on opposite sides of the distorted PDI plane in the cis compound, and the CH2 groups 
attached to C1 and C7 are on the same side of the PDI plane in the trans compound. The 
orientations of the CH2 groups are more readily seen in Figure 4.52. 
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Figure 4.52. Drawings of (PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2 (cis; top) and (PhF)2PDI-1,12:7,6-
(cyclo-CH2C6F4)2 (trans; bottom) rotated 90° from their positions in Figure 4.44. The N, O, and F 
atoms are colored blue, red, and yellow, respectively, and the CH2 carbon atoms are highlighted 
as gray spheres. With respect to the mean PDI plane in each compound, the CH2-up-CH2-down 
(up,down) orientations in the cis isomer and the CH2-up-CH2-up (up,up) orientations in the trans 
isomer are readily apparent. 

  



261 

 
Figure 4.53. (Top) The DFT-optimized structures of the up,down and up,up seven-membered ring 
conformers of the cis isomer (PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2 (O and F atoms are red and 
yellow, respectively; N atoms are hidden from view). (Bottom) The X-ray structure of the cis 
isomer (PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2 (see also Figure 4.52), showing that the DFT-
optimized lower-energy up,down conformer structure is virtually identical to the observed X-ray 
structure (N, O, and F atoms are blue, red, and yellow, respectively). The DFT-predicted relative 
energies show that the observed up,down conformer structure is favored over the hypothetical 
up,up structure by 26.7 kJ mol−1.  
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Figure 4.54. Fragments of the DFT cis-up,up isomer of (PhF)2PDI-1,12:6,7-(cyclo-CH2C6F4)2. The 
upper drawing shows only the two naphthalene (NAPH) fragments and the two seven-membered-
ring cyclo-CH2C6F4 substituents. The NAPH C atoms are small spheres so that their bent, shallow 
bowl conformations can be readily seen. The lower drawing shows only the front NAPH fragment 
that contains C1 and C6.  
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Figure 4.55. The X-ray structure of (PhF)2PDI-1,12-benzo(PhF)2. The new C(sp2)–C(sp2) bond is 
highlighted in green in the upper drawing. The N, O, and F atoms are, blue, red, and yellow, 
respectively. 
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Figure 4.56. The packing of molecules in the X-ray structure of (PhF)2PDI-1,12-benzo(PhF)2. The 
bottom drawing is an expansion of the central part of the unit cell drawing, showing the lack of π–
π overlap with the six PhF groups on the four closest molecules (N, O, and F atoms are blue, red, 
and yellow, respectively). In both drawings the central black dot is the centroid of the four 
molecules. 
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Figure 4.57 Possible pathways to formation of BPDI (and bisBPDI) and its derivatives.  

 

 
Figure 4.58. The DFT-optimized structure of the putative intermediate (PhF)2PDI-1,12-(BnF)2 (N, 
O, and F atoms are blue, red, and yellow, respectively). The distance between the closest F atoms 
of the perfluorobenzyl CF2 groups (dashed lines) is 2.59 Å. The lower-right drawing only includes 
the two NAPH fragments and the CF2C6F5 substituents. 
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Figure 4.59. Left) change in Ep/2

0/− as a function of number of BnF groups substituted onto perylene. 
Value used for unsubstituted perylene is also the Ep/2

0/− potential.118 Right) change in E1/2
0/− as a 

function of CF3 groups (not this work).118 All values are referenced vs. E1/2
+/0 of ferrocene 

(Fe(Cp)2). 
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Figure 4.60. Cyclic voltammogram of PERY-1-1, PERY-2-1, PERY-3-1 and PERY-3-2 taken in 
0.1 M N(nBu)4ClO4 in dimethoxyethane, using a platinum working and counter electrodes, silver 
wire quasi‐reference electrode, at a scan rate of 500 mV s−1. Ferrocene (Fe(Cp)2) was used as an 
internal reference. 
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Figure 4.61.Cyclic voltammograms of PDI, PDI-1-BnF, and PDI-1,7-(BnF)2, taken in 0.1 M 
TBAPF6 in DCM using a platinum working and counter electrodes and silver wire quasi‐reference 
electrode at a scan rate of 100 mV s−1. Ferrocene (Fe(Cp)2) was used as an internal reference. 
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Figure 4.62. Cyclic voltammograms of PDI and BPDI taken in 0.1 M TBAPF6 in DCM using a 
platinum working and counter electrodes and silver wire quasi‐reference electrode at a scan rate 
of 100 mV s−1. Ferrocene (Fe(Cp)2) was used as an internal reference. 
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Figure 4.63. Cyclic voltammograms of PDI, PDI-C7H2, PDI-cis(C7H2)2 and PDI-trans(C7H2)2 
taken in 0.1 M TBAPF6 in DCM using a platinum working and counter electrodes and silver wire 
quasi‐reference electrode at a scan rate of 100 mV s−1. Ferrocene (Fe(Cp)2) was used as an internal 
reference. 
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Figure 4.64. UV-vis absorbance spectra of PDI, BPDI, and their respective perfluorobenzylated 
derivatives. All spectra are normalized to their highest absorption peak. 
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Figure 4.65. UV-vis absorbance spectra of PDI and PDI-C7H2 derivatives. All spectra are 
normalized to their highest absorption peak. 
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Figure 4.66. 1H-NMR spectrum of BPDI in CDCl3. Inset shows expanded aromatic region from 8.9 to 9.8 ppm.  
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Figure 4.67. 19F-NMR spectrum of BPDI in CDCl3. 
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Figure 4.68. Expanded aromatic region of BPDI’s 19F-NMR spectrum shown in Figure 4.67. 
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Figure 4.69. Closeup view of BPDI’s 19F-NMR signals shown in in Figure 4.67. All signals are proportional in intensity (y-axis) to each 
other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each x-axis is the same width 
and 0.5 ppm across).  
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Figure 4.70. 1H-NMR spectrum of bisBPDI in CDCl3. Inset shows expanded aromatic region from 8.60 to 9.85 ppm.  
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Figure 4.71. 19F-NMR spectrum of bisBPDI in CDCl3.  
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Figure 4.72. Expanded aromatic region of bisBPDI’s 19F-NMR spectrum shown in Figure 4.71.  
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Figure 4.73. Closeup view of bisBPDI’s 19F-NMR signals shown in Figure 4.71. All signals are proportional in intensity (y-axis) to each 
other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each x-axis is the same width 
and 0.5 ppm across).  



281 

 
Figure 4.74. Comparison between 19F-NMR spectra of PDI, BPDI, and bisBPDI (bottom, middle and top respectively). The relative 
integration values are normalized with respect to the two para-fluorines of the imide’s perfluorophenyl group, set to 2.00 in each 
spectrum.   
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Figure 4.75. 1H-NMR spectrum of BPDI-6-BnF in CDCl. Inset shows expanded aromatic region from 9.05 to 9.55 ppm.  
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Figure 4.76. 19F-NMR spectrum of BPDI-6-BnF in CDCl3.  
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Figure 4.77. Closeup view of BPDI-6-BnF’s 19F-NMR signals shown in Figure 4.76. All signals are proportional in intensity (y-axis) to 
each other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each x-axis is both the 
same width and 0.5 ppm across).  
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Figure 4.78. 1H-NMR spectrum of PDI-C7H2 in CDCl3 from 2.4 to 9.6 ppm. Left inset shows expanded region for aromatic proton 
signals (8.70 to 9.25 ppm); middle and right insets show expanded regions for each signal from the two benzylic hydrogens. 
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Figure 4.79. 19F-NMR spectrum of PDI-C7H2 in CDCl3.   
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Figure 4.80. Expanded aromatic region of PDI-C7H2’s 19F-NMR spectrum—full spectrum shown in Figure 4.79.  
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Figure 4.81. Closeup view of PDI-C7H2’s 19F-NMR signals shown in Figure 4.79. All signals are proportional in intensity (y-axis) to 
each other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each x-axis is both the 
same width and 0.5 ppm across).  
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Figure 4.82. 1H-NMR spectrum of PDI-C7HF in CDCl3 from 2.4 to 9.6 ppm. Left inset shows expanded region for aromatic proton 
signals (8.70 to 9.25 ppm); right inset shows expanded regions for the doublet of the benzylic hydrogen coupled to the benzylic fluorine 
(off centered from the CDCl3 residual solvent peak at 7.26 ppm).   
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Figure 4.83. 19F-NMR spectrum of PDI-C7HF in CDCl3.    
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Figure 4.84. Expanded aromatic region of PDI-C7HF’s 19F-NMR spectrum—full spectrum shown in Figure 4.83.  
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Figure 4.85. Closeup view of PDI-C7HF’s 19F-NMR signals shown in Figure 4.83. All signals are proportional in intensity (y-axis) to 
each other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each x-axis is both the 
same width and 0.5 ppm across).    
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Figure 4.86. 1H-NMR spectrum of PDI-cis(C7H2)2 in CDCl3 from 2.4 to 9.6 ppm. Left inset shows expanded region for aromatic proton 
signals (8.80 to 9.30 ppm); middle and right insets show expanded regions for the two signals from the four benzylic hydrogens.  
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Figure 4.87. 19F-NMR spectrum of PDI-cis(C7H2)2 in CDCl3.  
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Figure 4.88 Expanded aromatic region of PDI-cis(C7H2)2’s 19F-NMR spectrum—full spectrum shown in Figure 4.87.  
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Figure 4.89. Closeup view of PDI-cis(C7H2)2’s 19F-NMR signals shown in Figure 4.87. All signals are proportional in intensity (y-axis) 
to each other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each x-axis is both the 
same width and 0.5 ppm across).  
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Figure 4.90. 1H-NMR spectrum of PDI-trans(C7H2)2 in CDCl3 from 2.4 to 9.6 ppm. Left inset shows expanded region for aromatic 
proton signals (8.75 to 9.25 ppm); middle and right insets show expanded regions for the two signals from the four benzylic hydrogens. 
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Figure 4.91. 19F-NMR spectrum of PDI-trans(C7H2)2 in CDCl3. 
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Figure 4.92. Expanded aromatic region of PDI-trans(C7H2)2’s 19F-NMR spectrum—full spectrum shown in Figure 4.91. 
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Figure 4.93. Closeup view of PDI-trans(C7H2)2’s 19F-NMR signals shown in Figure 4.91. All signals are proportional in intensity (y-
axis) to each other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each x-axis is 
both the same width and 0.5 ppm across).    
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Figure 4.94. 1H-NMR spectrum of PDI-C7H2-BnF in CDCl3 from 2.4 to 9.6 ppm. Left two (stacked) inset shows expanded region for 
aromatic proton signals (9.05 to 9.45 ppm and 8.60 to 9.10 ppm); middle and right insets show expanded regions for the two signals 
from the two unique benzylic hydrogens.  
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Figure 4.95. 19F-NMR spectrum of PDI-C7H2-BnF in CDCl3. 
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Figure 4.96. Expanded aromatic region of PDI-C7H2-BnF’s 19F-NMR spectrum—full spectrum shown in Figure 4.95. 
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Figure 4.97. First of two closeup views of PDI-C7H2-BnF’s 19F-NMR signals shown in Figure 4.95. All signals are proportional in 
intensity (y-axis) to each other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each 
x-axis is both the same width and 0.5 ppm across).  
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Figure 4.98. Second of two closeup views of PDI-C7H2-BnF’s 19F-NMR signals shown in Figure 4.95. All signals are proportional in 
intensity (y-axis) to each other with respect to their original spectrum, while all x-axes are at the same scale (normalized such that each 
x-axis is both the same width and 0.5 ppm across). 
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LIST OF ACRONYMS AND ABBREVIATIONS 
 
 
 
Acronym/abbreviation Full name 
 
BDT benzodithiophene 
BHJ  bulk heterojunction 
BnF perfluorobenzyl 
BT benzothiadiazole 
CF3I trifluoromethyl iodide 
CO2(s) dry ice 
CPDT cyclopentadithiophene 
CSU Colorado state university 
DFT density functional theory 
DMSO dimethyl sulfoxide 
DOS density of states 
EA electron affinity  
FBT fluorinated benzothiadiazole 
FF fill factor 
FHF faux-hawk fullerene 
GTGS gradient-temperature gas–solid 
GTGS-I (II–VI) gradient-temperature gas–solid configuration I (II–VI) 
HOMO Highest occupied molecular orbital 
HPLC high performance liquid-chromatography 
IPA isopropyl alcohol 
JSC short circuit current 
LGR liquid-gas reservoir 
LUMO lowest unoccupied molecular orbital 
MeCN acetonitrile  
MS mass spectroscopy 
N2(l) liquid nitrogen 
NMP n-methyl-2-pyrrolidone 
NMR  nuclear magnetic resonance   
NREL National Renewable Energy Lab 
OFET organic field effect transistor 
o-DCB ortho-dichlorobenzene  
OPV organic photovoltaics 
o-DCB ortho-dichlorobenzene  
P(CF3I) CF3I pressure 
PAF perfluoroalkyl fullerene 
PAH polycyclic aromatic hydrocarbon 
PC60BM phenyl-C61-butryric acid methyl ester 
PCE power conversion efficiency 
PDI perylene diimide 
PERY perylene  
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PhCl chlorobenzene 
PhCN benzonitrile  
PhF perfluorophenyl 
PHJ planar heterojunction 
PL photoluminescence 
PTCDA perylene tetracarboxylic dianhydride 
RF perfluoroalkyl 
RT room temperature 
Rxn reaction 
STM scanning tunneling microscopy 
STS Scanning tunneling spectroscopy 
T60 time required to photobleach film to 60% of its initial absorbance 
T80 time required to photobleach film to 80% % of its initial absorbance 
Thp hot-plate temperature 
TMC60F trifluoromethylated C60-fullerenes 
TMC70F trifluoromethylated C70-fullerenes 
TMF trifluoromethylated fullerenes 
TPD thienopyrrolodione 
TRMC time-resolved microwave conductivity 
TRPL time-resolved photoluminescence 
VOC open circuit voltage 
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