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ABSTRACT 

1,6-, 1,7-, and 1,6,7- derivatives of dodecylthio–N,N’– (2,4–�

��!��!��!��	���-3,4,9,10-

perylenetetracarboxylic diimide, and N,N’-Di(4-ethynylphenyl�-1,7-di(4-tert-��
��!��	�^��-

3,4:9,10-perylenebis-��
�����^
�
���� (PhO-Ph-PDI�� were synthesized, isolated, and 

characterized. The three Thio-PDI derivatives, 1,6–Thio–PDI, 1,7–Thio–PDI, and 1,6,7–Thio–

PDI, displayed noticeable differences in their photophysical properties including their absorption 

and emission spectra, fluorescence quantum yield, fluorescence excited state lifetimes, and excited 

state dipole moments as calculated by the Lippert-Mataga analysis. Additionally, the Thio-PDI 

derivatives exhibited different colors at neutral and reduced state as determined by chemical 

reduction and CIE calculations. These studies determine that different PDI derivatives can provide 

unique photophysical contributions as building blocks within the molecular assemblies which 

comprise new technologies such as electrochromic �_<��devices. Comparatively, PhO-Ph-PDI 

was utilized as the primary building block within a molecular assembly for potential use in EC 

materials. A molecular assembly, or thin-film, of PhO-Ph-PDI was fabricated Copper Azide-

Alkyne Cycloaddition reactions. The PhO-Ph-PDI thin-film was studied with TBAPF6 and 

TMeAPF6 in various solvents to study electrolyte size penetration within the PhO-Ph-PDI thin-

film.  Different reduced states were probed with cyclic voltammetry studies, 

spectroelectrochemical studies, and potential step spectroelectrochemical studies. These studies 

revealed that a combination of a smaller TMeAPF6 electrolyte and a longer applied potential 

allowed for better cation penetration through the PhO-Ph-PDI thin-film. This better penetration 

of the thin-film led to higher conversion of reduced states which is an essential criteria of EC 

devices.   While the PhO-Ph-PDI thin-film did not achieve full conversion to all reduced states 

with either electrolyte, analysis of the  PhO-Ph-PDI thin-film  provides better understanding of 
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the criteria required to improve molecular assemblies for EC devices. This includes selection of 

appropriate sized electrolyte and synthetic design of molecular assembly channel size by  

appropriate selection of chromophores utilized within the  molecular assembly.
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1. INTRODUCTION  

 

1.1 The Climate Crisis, Energy Security, and New Technologies  

Unchecked energy dependency on fossil fuels, or non-renewable energy sources, 

accelerates climate change, impending environmental disaster, and the depletion of finite sources 

of energy.1 Additionally, global populations are projected to reach 10 billion by the year 2050,2 

with the demand for energy �^!��
���
��
	���������������
��	�?``�j����2100. Thus, as the global 

population increases, the ability to meet the energy demands of consumers globally, also referred 

to as energy security, requires all available energy sources, both renewable and non-renewable.  

Renewable energy sources include solar, wind, and geothermal sources amongst others. Non-

renewable energy sources include oil, natural gas reserves, and coal reserves amongst others.3 

Despite the possibility of utilizing renewable energy sources for increased energy security in the 

future, current renewable energy technologies only make-up a small portion within the energy 

sector. ;	�&`&%����	��������	������	��������	
�����������
�%&���j����
�
��������!�
������	�����

consumption. 4 The remaining energy consumption in 2021 was met with non-renewable energy 

sources. Clearly, U.S. energy consumption, and global energy consumption as a whole, is still 

heavily reliant on non-renewable energy sources.5 This reliance on non-renewable energy sources 

does not promote lasting energy security because non-renewable energy sources are finite. Thus, 

the reliance on non-renewable energy sources contributes not only to climate change and 

impending environmental disaster, but also contributes to future global energy insecurity.  

The development of new technologies is essential to reduce contributions to climate 

change, ensure future global energy security, and improve the quality of life for the consumers 

which purchase these technologies. One direction for the improvement of renewable technologies 
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includes the development of ����
�������
���_<��
���	����
�� which can reduce consumer energy 

consumption. EC technologies are made up of materials which can change or bleach color, when 

they undergo an electron-transfer process.6 This change in color, particularly from a lighter to 

darker color, is useful in devices such as smart windows. When smart windows change from a 

light to dark color, this can influence the amount of solar radiation which penetrates through the 

glass and into the building. This increase or decrease of solar radiation can significantly reduce 

heating and cooling costs in buildings.7 

 A 2022 report by the International Energy Agency8 found that the heating and cooling of 

��
��
	��������	
�������?`�j���������� energy consumption. Thus, EC technologies like smart 

windows to reduce heating and cooling could dramatically decrease global energy consumption. 

Other EC technologies include smart displays can cycle between two different colored oxidized 

and reduced species.9  EC technologies can also be used in visualized energy storage where the 

charging and discharging a of a device show distinct color differences to alert the consumer to the 

battery life.  EC technologies can also be used in wearable electronics such as eyewear applications 

which can change from light to dark upon reduction or oxidation. Additionally, many EC 

technologies utilize a lower energy consumption relative to current displays available on the 

market such as organic light emitting diodes (OLED�s and light emitting diodes (LCD�s due to 

their ability to maintain an optical state without a continuous input of electrical power.10  Overall, 

emerging EC technology can be made to utilize less power,11 and can be paired with multiple 

substrates including glass,12 plastic,13 fibers,14 and metals15 which increases their range of 

versatility in a variety of applications. Thus, whether EC technologies are utilized to decrease 

energy consumption through controlling solar radiation in smart windows, or decrease energy 

consumption because they maintain an optical state without continuous electrical power as shown 

in displays and wearable electronics, EC technology can overall reduce energy consumption. This 
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decrease in energy consumption through the development of EC technologies can aid in providing 

future energy stability and reducing human contributions to climate change. 

 

1.2 Electrochromic Devices  

As previously discussed, electrochromic (EC��devices rely on a type of electrochemically 

driven redox process which changes the color, transmittance, and reflectivity within the device.9 

The device can undergo these redox processes as a result of the materials which make up the 

device. There are many types of materials which are incorporated into these devices. The most 

commonly cited materials are inorganic materials such as WO3,16 TiO2,17 NiO,18 polymers such as 

polythiophene,19–21 metal organic complexes,22,23 and small organic molecules such as viologens24 

and small organic redox dyes.25–27  

There are notable advantages and disadvantages when considering whether to use an 

inorganic, polymer, metal organic complex, or small organic molecule within a device. Some 

considerations for a device include the stability of the device, how intense the color is when in the 

reduced and oxidized species, and response speed when switching between reduced and oxidized 

states. Inorganic materials exhibit excellent photostability but lack intense coloration and exhibit 

a slow response speed when switching.28 Comparatively, polymers are easy to fabricate through 

solution processing techniques but it is difficult to achieve spectral purity, which limits their 

intense coloration within devices. 29,30 Unlike inorganic materials and polymers, small organic 

redox dyes can exhibit intense coloration but their small size and small corresponding weight leads 

to stability issues in within devices.31 However, small organic dyes can have their color fine-tuned 

through chemical functionalization9 which allows for a greater range of intense colors within the 

devices if stability issues can be accounted for. This manuscript will focus on adding to the body 
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of knowledge on materials used within these emerging technologies. In the next portion of this 

manuscript we will discuss the EC material, or small organic dye molecule called a �perylene 

diimide,” which we will utilize in our EC device in order to make contributions to this emerging 

and promising field.  

 

1.3 Perylene Diimides 

1.3.1 Introduction to Perylene Diimides 

Perylene-3,4,9,10-tetracarboxylic diimide and their derivatives, also referred to as perylene 

�

�
���� �/�;���� ���� a type of functionalized polycyclic aromatic hydrocarbon derived from 

3,4,9,10-Perylenetetracarboxylic dianhydride �/�<�=�. PDIs are robust organic chromophores 

which have garnered significant attention in both commercial and academic research.32,33 PDIs 

have been utilized since the 1950s as high performance dyes and pigments due to their exceptional 

chemical, photo, and thermal stability,33 as well as their high tinctorial strength that allows for hues 

ranging from red to purple.34 PDIs possess excellent chemical properties, such as good electron 

mobility, tunable absorption spectra, excellent stability to photooxidation,35 and high fluorescence 

quantum yields.32 This range of chemical properties make PDIs attractive for a variety of 

applications. For example, PDIs have been applied towards fingerprint detection,36 heparin 

detection,37 photodynamic therapy,38 and live cell staining.27 Additionally, due to their excellent 

optical properties and relatively high electron affinity,39,40 PDIs have been studied for use in 

photovoltaic applications,41–43 light emitting diodes,44,45 light-harvesting arrays,46–48 fluorescent 

solar collectors,49,50 organic field-effect transistors,51,52 and dye sensitized solar cells.53–55 Notably, 

�	������!��


	����%$j����
�
�	���
	����
	������	�

�	�����	
�������������
	���!���

	��/�;��56 
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Early derivatives of PTCDA, such as perylene tetracarboxylic acid dimethylimide, were 

used as vat dyes for textile fibers until 1950.57 In 1950, Harmon Colors devised a new method to 

convert vat dyes to pigments through reacting PTCDA with primary aliphatic or aromatic amines 

in high boiling solvents. These PTCDA derivatives and PDIs pigments were utilized as high 

performance dyes and pigments for industrial processes.58 They were attractive in these industrial 

processes due to their exceptional chemical, photo, and thermal stability,33 as well as their 

aforementioned high tinctorial strength,57 depending both on the chemical structure of the PDI and 

molecular packing within the solid state.59 Despite their exceptional chemical, photo, and thermal 

stability, as well as hue range, PDIs were limited in their utility outside of dyes and pigments, until 

precise structural manipulation could be achieved.  

While PDIs and PTCDAs have been used industrially for almost one hundred years, precise 

structural manipulation of the PDI moiety for other applications were only recently achieved. A 

common method to achieve the desired PDI derivative is to first synthesize its starting precursor 

PTCDA. PTCDA can be obtained in relatively high yield through the condensation reaction 

between PTCDA and an alkyl amine or analine.33,34 A common synthesis adapted from60 in Figure 

1 shows the formation of both perylene-3,4,9,10-
�
�������^��
���

�
����/�<�;���	��/�<�=��

Both PTCDI and PTCDA can be used as an excellent synthetic precursor to the desired 

functionality on the PDI. Further synthetic details on specific functionalization of PDIs will be 

discussed in the next portion of chapter.  
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Figure 1. Formation of Perylene-3,4,9,10-tetracarboxylic diimide (PTCDI) and 3,4,9,10-Perylene-
tetracarboxylic dianhydride (PTCDA), which were obtained industrially via the oxidation of acenaphthene to 

yield 1,8-napthalic anhydride. 1,8-napthalic anhydride was further reacted under basic conditions to yield 
naphthalene-1,8-dicarboxylic acid imide. The oxidative coupling of naphthalene-1,8-dicarboxylic acid imide 

yields Perylene-3,4,9,10-tetracarboxylic diimide (PTCDI) which can undergo hydrolysis to yield 3,4,9,10-
Perylene-tetracarboxylic dianhydride (PTCDA). This figure was adapted from.60 

1.3.2 Synthesis of Functionalized Perylene Diimides 

Despite their discovery in 1913 and utility as unique dyes and pigments by Harmon Colors, 

PDIs have only recently achieved precise structural manipulation within the last thirty years. Due 

to their ��	����
��������
��, PTCDA and most PDIs precursors are highly insoluble in typical 

organic solvents. This insolubility stems from ��
�����
���
	� of the aromatic rigid core in organic 

solvents. Thus, traditional organic synthetic methods which rely on solubility to synthesize and 
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isolate PDI precursors have not been successful. This inability to synthesize and isolate PDI 

precursors has stymied chemist’s attempts to precisely manipulate the structure of PDI to achieve 

specific desired chemical and physical properties. Given the exceptional chemical, photo, and 

thermal stability of early PTCDA derivatives observed by Harmon Colors in the 1950s, chemists’ 

inability to access these exceptional properties proved exceptionally frustrating given the potential 

of these PDI dyes and pigments. Thankfully, overcoming PTCDA and PDI precursors solubility 


������ �
���� ����� �
�
��

	�� 
��� ��	����
��� �� ���
��� ��� 
��
� �-�� �
���
	� is minimized. The 

��	����
��������
�����	�����
�
��
���
�������addition of bulky substituents which block ��
����

stacking. However, the type of functional group, which is added to PDI precursors, the order of 

��	�

�	�������!��
��������	��
�������

�	��	�
�����	����
��������
�������������	�
����

�	��when 

synthesizing PDIs. In this section of this manuscript, we will discuss the synthesis of the most 

relevant types PDIs and how various synthetic techniques are used to improve and overcome PDI 

precursor solubility issues to achieve specifically tailored PDIs for a variety of utilities across 

disciplines.  

1.3.3 Targeting Specific Functionality 

The excellent chemical properties of PDIs and their vast potential utility is largely due to 


��
������
������
'�

"������
���
���������/�;���
�
����	
�
	�����
�
������	����
�����������!�
����

of two naphthalene half units, providing three distinct regions for chemical modification, the bay 

�%�#�$�%&���imide, and ��
����&�|�}�%%��positions32,33,39 as shown in Figure 2. There are a variety of 

synthetic methods to add functionality to each position.  
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Figure 2. Perylene Diimide (PDI) labeled for the imide, bay (1,6,7,12), and ortho (2,5,8,11) positions with 
particular focus on the bay and ortho positions which are highlighted in red. 

���������%�#�$�%&��!��


�	�
��!����!��
������
�
�!��
�	
�!��


�	��

�
	�
���/�;���
�
���

The bay position is responsible for tuning the electrical and optical properties within the PDI due 

to the significant HOMO and LUMO coefficients at these positions as shown in Figure 3.39,60 The 

���


�	� ��� �� ��	�

	�� ��	�

�	��� ����!�� �
��
�
"��� 
��� ~�+��� �������� �� ����!

	�� ����!��

stabilize the LUMO.32  For both the HOMO and LUMO, adding functionality to the bay position 

generally follows multiple synthetic reactions in which bulky electron donating or electron 

withdrawing groups and other supramolecular structures can be added to the electron dense PDI ��

conjugated system.39  
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Figure 3. Highest occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO) are shown on the 
bottom and top respectively) for a Perylene Diimide (PDI) with cyclohexyl imide functionality with no bay or 
ortho functionality. 

The functionalization of the bay position often starts with halogenation reaction of PTCDA 

or PTCDI derivatives to achieve a halogenated product. This halogenated product can then 

undergo a further substitution reaction61 as the halide is far more reactive than the starting PTCDA

or PTCDI. The first halogenation of a PTCDI derivative was by BASF62 in 1989 in which a 

chlorinated N,N’-di-butylperylimide was used to form a tetrachloro- perylene diimide derivative. 

This tetrachloro- perylene diimide derivative can then undergo further nucleophilic displacement 

to add phenoxy functionality to the 1,6,7,12- position in relatively low yields. In addition to low 

yields, this chlorination reaction is not regiospecific and forms tri- and pentachloro-perylene 

diimide derivatives which cannot be easily separated.63 

In 1997, BASF improved their selection of halogens from chlorine to bromine through 

bromination of PTCDA64 to yield 1,7-dibromoperylene-3,4,9,10-tetracarboxylic dianhydride (1,7-

>�*/�<�=���Compared to chlorination, bromination overall had a much greater success rate at 
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product formation.65 Additionally, Osswald et al.66 determined that the larger the size of the 

halogen added to the bay position, the greater a  propeller-type distortion occurs which increases 

the dihedral angle between the 1,12 and 6,7 positions. This increased dihedral angle distorts the 

planar structure of the PDI core and has the additional benefit of increasing PDI solubility within 

organic solvents which may aid in purification. Additionally, the 1,7-Br-PTCDA provides an 

excellent starting compound for further nucleophilic or metal catalyzed cross-coupling reactions. 

Following this disclosure, researchers utilized the bromination procedure to functionalize the bay 

positions with numerous functional groups, including phenoxy, pyrrolidinyl, alkyl, aryl, and 

aryloxy groups, among others.32,33,39 

The imide position is not responsible for tuning the electrical and optical properties within 

the PDI because nodes in the HOMO and LUMO orbitals are centered at the imide nitrogen.67  

Instead, chemical modifications at the imide region are used to increase the solubility of PDIs in 

organic solvents.39 This increased solubility is important because PDIs and their precursors are 

notoriously insoluble in most organic solvents due to their tendency to aggregate via face-to-face 

�-�� �
���
	�� 32,33,39,68 ���� �-�� �
���
	�� 
�� �������� �������� ���
	�� ��	�

�	��

�� �
� 
��� 
�
de 

!��


�	�
�
�
�� 
���/�;���
���� 
���!��	��
	���
���
�����
�����
���
	����������Some of the most 

common imide substitution inlcudes bulky aryl groups, 2,6-diisopropylphenyl i.e., as well as linear 

and branched alkyl chains refered to as ���������
�
��.”69  

Functionalization at t��� ��
��� �&�|�}�%%�� !��


�	s are not well cited in literature as 

compared to the bay and imide position. Functionalization to the ortho position does not increase 

solubility of the PDI in organic solvents like functionalization of the imide position.32 The ortho 

position in specific tuning of the electrical and optical properties within the is comparatively less 

certain. However, the ortho position has been used to facilitate further specific functionalization 

around the PDI moiety. One publication cites directed ortho-metallation, followed by a halogen or 
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boron quench as an effective method to reduce the inherent reactivity within the PDI. This 

reduction in reactivity can aid in formation of specific regioisomers.39 The use of the ortho position 

for more specificity is also cited in other literature. The reaction of ortho-unfunctionalized PDIs 

with organophosphorous regent,70 and the reaction of n-heterocyclic carbene71 can be utilized to 

substitute halogen atoms on aromatic scaffolds. Yet, at this point, there is not a wide variety of 

publications on ortho substitution. 

 

1.3.4 Unexpected Discovery of Perylene Diimide Isomers 

In 2004 Würthner et al. discovered72 that the BASF bromination of PTCDA was not 

regioselective for 1,7-dibromo*PTCDA (1,7-Br-PT<�=�, but also lead to the formation of 1,6-

dibromo*PTCDA (1,6-Br-/�<�=� as well as the 1,6,7-tribromo-PTCDA (1,6,7-Br-/�<�=�. The 

1,6-Br-PTCDA, 1,7-PTCDA, and the 1,6,7-PTCDA occurred in a 76:20:4: ratio. Since 2004, a 

select number of publications described the isolation and comparison between the photo* and 

electrochemical properties of 1,6* and 1,7*PDI regioisomers with different substituents. These 

substituents include phenoxy,73 pyrrolidinyl,72,73 piperidinyl,74 aryl,75 fluorenyl,76 alkynyl,77 

alkyl,77 and thioether.78  

There are many potential synthetic avenues to achieve 1,6- and 1,7-PDI regioisomers with 

the desired bay or imide functionality. Many synthetic avenues start with bromination of PTCDA 

to form an isomeric mixture of Br-PTCDA72 (1,6-Br-PTCDA, 1,7-Br-PTCDA, 1,6,7-Br-PTCDA, 

and 1,6,7,12-Br-PTCDA��as shown in Figure 4. As previously mentioned, bromine provides an 

excellent starting compound for further nucleophilic or metal catalyzed cross-coupling reactions.65 

Figure 5. shows several different bay and imide functionalized 1,6- and 1,7-PDIs. Comparatively, 

1,6,7-PDI and 1,6,7,12-PDIs are rarely cited in literature relative to 1,6- and 1,7-PDI. This is 
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because the 1,6,7-PDI and 1,6,7,12-PDI occur in much lower yeilds in the intial bromination 

reaction72 with yeilds further decreasing with each additional synthetic step and purification 

processes. The purificaiton processes for PDI isomers will be discussed further in this chapter, but 

it is important to note that Figure 5. only compares 1,6- and 1,7-PDIs, and not 1,6,7- or 1,6,7,12-

PDIs.  

Figure 4. Bromination of PTCDA to form four distinct Br-PTCDA isomers, 1,6-Br-PTCDA, 1,7-Br-PTCDA, 
1,6,7-Br-PTCDA, and 1,6,7,12-Br-PTCDA adapted from. 72 

Following the bromination products, 1,6- and 1,7-Br-PTCDA are not separated at this stage 

in the synthesis reaction due to the insolubility of Br-PTCDA in organic solvents. As previously 

mentioned, PDIs and their precursors (Br-/�<�=�� ���� 	�
��
������ 
	�������� 
	� ���
� ����	
��

solvents due to their tendency to aggregate via face-to-������-���
���
	�� 32,33,39,68 �����-���
���
	��

is reduced because adding functionality at the imide position twists the PDI out of the plane in 

��
���
�����
�����
���
	�������������������
���!���

�	����/�;�!����������occurs after the addition 

of an imide substituent, and potentially a bay substituent. Regardless, the more functionality added 

(bay, 
�
��������'�	���
���� to distort the PDI out of plane, the more facile it is to separate out 

isomers either with column chromatography or recrystallization methods.78  

Depending on the desired imide, or bay functionality on the PDI, it may be more facile to 

add either an imide group first, or a bay group first to Br-PTCDA. In Figure 5 there are several 

different types of imide and bay functionalities for the regisisomers of 1,6- and 1,7-PDI. In the 
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first reaction scheme A, 1,6- and 1,7-PDI is functionalized with adamantyl bay substituents and 

varying butyl, ethylhexyl, and 2,4-dibutoxybenzyl imide substituents by Slater et al.78 In their 

paper Slater et al. do not discuss imide functionalization of Br-PTCDA, but instead focus on bay 

functionalization. To introduce the bay substituent, Slater et al. applied a modified palladium 

coupling synthesis from Kosugi et al.79 to introduce the adamantylthio unit into the perylene core. 

In the second reaction scheme B, 1,6- and 1,7-PDI is functionalized with various aryl bay 

substituents and a long chain octyl imide substituents by Dey et al.80 In their paper, Dey et al first 

add n-octylamine to the imide position following a simple reflux in propionic acid as outlined by 

a 2011 paper by Dubey et al.73 In their paper, Dubey et al. were able to produce the octyl-Br-PDI 

product in good yields, and isolate the 1,6- and 1,7- isomers through column chromatography to 

yield 1,6-, 1,7-, and even 1,6,7-Br-octyl-PDI products. As previously mentioned, adding imide 

functionality increases solubility of the PDI and allows for potential separation of isomers, but 

successful isolation of brominated isomers is not observed very frequently in literature. Many 

syntheses involving 1,6- and 1,7-PDI isomers involve separation as a final step after all 

functionalization. Thus, separation of these 1,6-, 1,7-, and 1,6,7-Br-octyl-PDI products is 

somewhat remarkable. After the 1,6-, 1,7-, and 1,6,7-Br-octyl-PDI were isolated, Dey et al. added 

various aryl functionality to the bay position through a series of Suzuki coupling reactions. In the 

third and fourth reaction schemes C and D, 1,6- and 1,7-PDI isomers are functionalized with a 4-

tert-butylphenoxy bay substituent in C and a 2,4-tert-butylphenoxy substituent in D, synthesized 

by Dubey et al. 73 Both 1,6- and 1,7-PDI in C and D have the same long chain octyl imide 

substituents  mentioned in B. After adding imide functionality, both the 4-tert-butylphenoxy 2,4-

tert-butylphenoxy substituent are added by nucelophilic substituetion reactions with the bromine 

atoms. In the fifth reaction scheme E, 1,6- and 1,7-PDI is functionalized with pyrrolidine aryl bay 

substituents and the same long chain octyl imide substituents mentioned in B, by Dubey et al.73 
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Similar to C and D, pyrrolidine is added with a nucelophilic substitution reaction. The sixth 

reaction scheme F, the 1,6- and 1,7-PDI is functionalized with a piperdinyl bay substituent and a 

varying cyclohexyl, butyl, and branched alkyl imide substituents by Fan et al.74 Neither the imide 

functionalization or bay functionalization is discussed in great detail, other than perhaps a 

replacement reaction of the bromine atoms on 1,6- and 1,7-Br-R-PDI with piperdinyl substituents. 

Finally, the seventh reaction scheme G, the 1,6- and 1,7-PDI is functionalized with a bulky 

triphenyl propyne and non-bulky hexyl bay substituent and a varying cyclohexyl, butyl, and 

branched pentane imide substituents by Handa et al.77 In their paper, Handa et al. first reacted 3-

aminopentane, to add 3-pentane to imide position. Bay functionality was added with standard 

Sonogashira coupling conditions.  
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Figure 5. Synthesis of several 1,6- and 1,7-PDI regioisomers adapted from previously published literature. 
The functional group added to the bay and imide position for the 1,6- and 1,7-PDIs are abbreviated in the 

figure as: bay group-imide group-PDI. A. 1,7- and 1,6-adamantl-Y-PDI synthesized by Slater et al.78 where Y 
denotes the imide group. B. 1,7- and 1,6-Ar-octyl-PDI by Dey et al.80 where Ar denotes the bay group which is 
an assortment of aryl functional groups. C. 1,7- and 1,6-tertbutylphenoxy-octyl-PDI by Dubey at al.73 D. 1,7- 
and 1,6-tert-butylphenoxy-octyl-PDI by Dubey at al.73 E. 1,7- and 1,6-pyrrolidine-octyl-PDI synthesized by 
Dubey at al.73F. 1,7- and 1,6-piperdinyl-R-PDI by Fan et al.74 where R denotes the imide group. G. 1,7- and 

1,6-3-pentamine-X-PDI Handa et al.77 where X denotes the bay group which is an assortment of alkynes. 

In summation, PDIs are an exceptionally versatile and exciting small organic molecule to 

utilize in a variety of applications. While PDIs have been used in industry for the better part of a 

century due to their exceptional chemical, photo, thermal stability,33 and high tinctorial strength 

that allows for hues ranging from red to purple,34 their tendency to �-���
�����
�

���
��
���

�

�

until recently. 32,33,39,68 The disclosure of the 1997 BASF patent64 has allowed for a synthetic 

renaissance of various bay, imide, and ortho functionalized PDIs. Of these functional groups, the 

bay position is perhaps the most important, as any functionality added at the bay position directly 



 

16 
 

 

interactions with the HOMO and LUMO coefficients at these positions.39,60 Due to the HOMO and 

LUMO coefficients at bay position, functionalization fine tunes the photophysical properties of 

the PDI. PDIs are an attractive material for EC technologies due to their high tinctorial strength34 

and due to the ability to fine tune the photophysical properties through bay functionalization. 

Additionally, the discovery of regiosiomers by Würthner et al.72 in 2004 allows for even more 

variety when utilizing PDIs in variety of applications. In this next secion of the manuscript, we 

will examine past work done with PDIs within the Dinolfo group and how these PDIs can be 

fabricated into a molecular assembly, or thin film, which has utility in a variety of applications 

including dye-��	�


"�������������<����	��_<�technologies.  

 

1.4 Prior Work on Perylene Diimides in the Dinolfo Group  

1.4.1 Functionalized Perylene Diimides  

/��
�������

��!�����	���

�
�����/�;���in the Dinolfo group48 has specialized in using 

PDIs to create panchromatic assemblies for light-harvesting arrays �)~=�� for use in dye-

sensitized cells (DS�<����	����

�
�
���!��
���	
���
�. To fabricate these panchromatic 

assemblies, the unique photophysical properties of three bay functionalized PDIs: p-(t-

��
���phenol (PhO-/�;���������	�
�
������
�-/�;���	��!�����
�
	���/���-/�;� are considered. 

These PDIs can be easily synthesized, as shown in Figure 6, and are similar to what is already 

cited in literature as shown in Figure 5. Additionally, they also demonstrate utility in LHAs due 

to their absorbance spectra spanning the visible portion of the electromagnetic spectra. The 

combined absorbance spectra of PhO-, Pyrr-, and Thio-PDI is shown in Figure 6. These PDIs are 

also attractive to use in LHAs as the synthesis of these PDIs is facile and fabricating these PDIs 

into an LHA is relatively easy as well. The propargyl group which is added to the PDI 



 

17 
 

 

derivatives in  Figure 6 is not added for stability or to increase the solubility of the PDI in 

organic solvents, but instead links together multiple PDIs in tandem to fabricate molecular 

assemblies through a process called copper azide-alkyne cycloaddition,81 or CuACC, click 

chemistry. CuAAC click chemistry was used to fabricate these molecular assemblies made of  

PhO-, Pyrr-, and Thio-PDI was completed previously in the Dinolfo group48 as shown in Figure 

7. The use of PhO-, Pyrr-, and Thio-PDI as building blocks within a molecular assembly has a 

variety of benefits. As previously discussed, PDIs possess high tinctorial strength34 which 

correspond to the intense color observed within the molecular assembly. As PhO-PDI is red, 

Pyrr-PDI is green, and Thio-PDI is purple, the corresponding molecular assembly comprised of 

PhO-PDI is red, Pyrr-PDI is green, and Thio-PDI is purple.  
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Figure 6. Synthesis of Propargyl -PDIs in which a Propargyl group is added to the imide position, and bay 
functionality includes p-(t-butyl)phenol (PhO-PDI), dodecanethiol (Thio-PDI) and pyrrolidine (Pyrr-PDI) 

adapted from. 48 
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Figure 7.A. Thin-film molecular assembly made from PhO-PDI, Thio-PDI, and Pyrr-PDI fabricated on a 
glass substrate. B. Visualization of a molecular assembly of PhO-PDI linked to Thio-PDI which is additionally 
linked to Pyrr-PDI through CuAAC click chemistry C. UV-Vis absorption profile for the thin-films of PhO-

PDI (red line), Pyrr-PDI (green line), and Thio-PDI (purple line) beneath the sum of each individual 
component film (black line). Figure was adapted from.48 

 
In addition to the high tinctorial strength of the PDI within the molecular assembly, other 

intrinsic properties of the PDI building blocks are also expressed within the molecular assembly. 

The intense color associated with each of the PDIs corresponds to a specific absorption spectra 

within the molecular assembly. These specific absorption spectra can be modified through 

combining different PDIs with the molecular assembly. For example, by linking together a PhO-

PDI to a Thio-PDI to a Pyrr-PDI within a molecular assembly, the individual absorption profile 

of PDI can be combined into a panchromatic absorption profile which is a sum of its individual 

PDI components. Figure 7A shows a photograph of each PDI fabricated on glass. The PhO-PDI 

molecular assembly is red, the Thio-PDI is purple, and the Pyrr-PDI is green. Figure 7B shows a 

visualization of the three PDIs linked in tandem through CuAAC click chemistry. Figure 7C 

shows the panchromatic absorption profile of the PDIs linked in tandem in Figure 7B. Thus, 

from past work within the Dinolfo group,48 the intrinsic properties of PDIs such as their high 
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tinctorial properties and corresponding absorption profile can be expressed within a molecular 

assembly through CuAAC click chemistry. The next portion of this manuscript will discuss how 

molecular assemblies can be fabricated through CuAAC click chemistry onto a self-assembled 

��	���������=+�� 

 

1.4.2 Self-Assembled Monolayers on Indium Tin Oxide 

To assemble multilayers into a surface, the surface must be modified chemically through 

the use of a self-������������	������� ��=+���SAMs are molecular layers that assemble on a 

surface through adsorption.82 There are three general parts to a SAM, the head group, the alkyl 

chain, and the terminal end group,83 as shown in Figure 8.  The head group is responsible for 

anchoring the molecule to the surface. The alkyl chain provides stability for the SAM via Van der 

Waals interactions and significantly influences the ordering of the SAM.84 The tail provides a 

location for further chemical reaction to attach other molecules to the SAM. Overall, SAM quality, 

or molecular surface coverage, is dependent on the solvent conditions and a variety of other 

factors.85 There are several different SAM preparations available in literature. The most common 

preparations include thiol, siloxane, and phosphonic acid. Thiol is often fabricated on gold through 

formation of the gold-sulfur bond. Siloxane SAMs, trihalo- and trialkoxysilanes are often 

fabricated on glass and silicon86 amongst other surfaces, through covalent adsorption processes 

onto the surface. Siloxane SAMs are highly dependent on water content, solvent, how degraded 

the solution is, the temperature, and deposition time. The mechanism for formation of siloxane 

SAMs is not yet well understood. Relative to thiol and siloxane, phosphonic acid generated SAMs 

creates a more robust monolayer than chemisorbed carboxylic acid. The annealing of the 

phosphonic acid maximizes the number of P-O bonds to the metal oxide lattice.87,88 Adsorption 
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kinetics and conditions for phosphonic acid have been investigated with organophosphonic acids 

on a variety of different oxide surfaces. The surface hydroxyl groups on the conductive oxide 

surface promote adsorption of the organophosphonate with adhesion of the phosphonate group 

based on acid-base interactions.  

 

Figure 8. Generic Self-Assembling Molecule (SAM).  

Previous work done by the Dinolfo group used siloxane SAMs,48,81,89,90 but gradually it 

was determined that molecular surface coverages were inconsistent and not well reproducible 

between batches of siloxane SAMs. Additionally, siloxane SAM preparation required an 

anhydrous, air-free environment in which the exchange between the hydroxyl groups on the 

surface and the siloxane required constant heating and a multiple step reaction.86 Comparatively, 

the phosphonic acid SAMs are a one-step reaction which is done under air at room temperature in 

only 24 hours.85 Most importantly, the phosphonic acid SAMs provide consistent surface coverage 

at a fraction of the effort required to fabricate siloxane SAMs. Thus, phosphonic acid SAMs were 

selected for multilayer assembly of the PDI multilayer LHA. 

Phosphonic acid SAMs can be fabricated on a variety of surfaces including glass, metal, 

metal-oxides, and semiconductors. Due to the versatility of surfaces which SAMs can be grown 

on, SAMs have potential applications in electronics and biological devices. Of these surfaces, 

;	�
��� �
	� �^
��� �;���� ���� !����!�� 
��� ����
��
� �

�

�� 
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�
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transparent conductive material which is widely used in optoelectronic devices as within plasmas, 

touch displays, liquid crystal displays, fluorescence microscopy, and in solar applications like 

����	
���
��
���



	���
�������)_���.91–93 Given the utility of ITOs in photovoltaic applications, 

its use as a transparent conductor, and relative facile nature of fabricating a SAM, we chose to 

grow our phosphonic acid SAMs on ITO for further fabrication multilayer assembly, or LHAs 

which is shown in Figure 9.  

 

 

Figure 9. General scheme for formation of phosphonic acid Self-Assembled Monolayer (SAM) on cleaned 
hydrolyzed Indium Tin Oxide (ITO) surface adapted from.85

1.4.3 Copper-Azide Alkyne Cycloaddition Click Chemistry 

Copper-="
���=���	��<�������


�	��<�==<����
�������

�	 is a specific subset of the 

1,3-Dipolar cycloaddition reaction, or Huisgen 1,3-dipolar reaction, in which an alkyne and azide 

react to form a five-membered heterocycle.94 The 1,3-dipolar cycloaddition reaction is a very 

kinetically stable reaction but exceedingly slow often requiring increased temperature and long 

reaction times to form the desired triazole.95–97  Comparatively, the CuACC click reaction, occurs 

when a 
���
	�������	���	����
!��

���"
�������
�
	�
���!����	��������<���;����
����
��
���������%��-

disubstituted[1,2,3]-triazole. The CuACC click reaction combines the kinetic stability of alkynes 

and azides in the 1,3-dipolar cycloaddition reaction with a Cu �;����
����
�
��
	�������
�������

�	�

rate 7 orders of magnitude.98 Thus, compared to the 1,3-dipolar cycloaddition reaction occurring 
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in hours or even days, the CuACC click reaction occurs in mere minute, increasing the reaction 

ate by several orders of magnitude. The CuACC click reaction is shown in Figure 10.  

 

Figure 10. General Copper(I) Azide-Alkyne Cycloaddtion (CuACC) reaction to form a 1,4-triazole. 

The extreme increase in the reaction rate of the 1,3-dipolar cycloaddition reaction with the 

<�� �;�� ��
����
� ���� �
��
� �����'��� �� Tornøe and Meldal,99 and Sharpless laboratories,100

independently. It was observed that the <��;��catalyst improved both the regioselectivity, and most 

notably, rate of the 1,3-dipolar cycloaddition reaction. The CuACC click reaction forms 1,4-

disubstituted[1,2,3]-triazole high yields which is stable due to its chemical inertness to most

processes such as oxidation, reduction, and hydrolysis.101 

The use of CuAAC click reactions to form triazoles are cited in a variety of publications. 

Some key publications in this field are included in the following. A 2003 publication by Kolb and 

Sharpless et al.102 �

���
����������<���;����
����
��
	�
���!����	��������
���
	������
���	���	���"
����

to form a 1,2,3-triazole. A 2007 communication by Binder et al.103 utilizes the CuAAC click 

reaction to grow polymeric substrates with control over ligand density within the polymer. A 2007 

review by Lutz et al.104 discusses the role of CuAAC click reactions to prepare triazole-containing 

dentrimers, protein conjugation with synthetic polymers,105 and the construction of highly 

functional nanomaterials, or SAMs, with application in molecular electronics, catalysts, or 

biosensors.106–110 Whether the utility of the CuACC click reaction is used in polymerization111,112

formation of dendrimers113,114 and gels,103 biochemical studies and drug discovery,102,115 in vivo 
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tagging,116,117 biomolecular ligation,118,119 and materials science, particularly the development of 

self-���������� ��	�������� ��=+���� 104,120clearly the CuAAC click reaction’s ability to form 

stable triazoles in mere minutes has utility across disciplines.  

1.4.4 Layer-by-Layer Thin-Film Assembly 

Applying the CuAAC click reaction, multilayers of propargyl functionalized PDIs, (PhO-

PDI, Pyrr-PDI, and Thio-/�;� were attached to a conductive ITO surface through a preprepared 

SAM as previously achieved in the Dinolfo group.48 All Prgyl-PDIs yielded ordered, reproducible, 

and uniform films providing a proof of concept. The multilayer assembly is formed through 

clicking a first layer of chromophore with alkyne functionality to an azide functionalized SAM 

through CuAAC reactions as shown in Figure 10. In Figure 10, a triazole is formed between the 

SAM and chromophore. This triazole formation between the chromophore and SAM is shown in 

Step 2 of Figure 11. Next, a linker with azide functionality is added to undergo the same CuAAC 

click reaction in which the alkyne of the chromophore already attached the SAM and the azide of 

the linker form a triazole. This is shown in Step 3 of Figure 11. Layers of additional chromophores 

are added between linkers in an alternating fashion shown through repeating Steps 2 and 3 in 

Figure 11. This repeat of clicking layers, linkers, and then layers again will be referred to as a 

layer-by-�������)�)�����

����������
��

�	���������� By using the CuAAC click reaction in the 

LbL assembly, the desired number of layers of chromophores can be achieved. These multiple 

layers of chromophores are what will be referred to as multilayer assembly. 
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Figure 11.  Layer-by-Layer assembly of Prgyl-PDIs using Copper-Azide Alkybe Cycloaddition reactions 
(CuAAC) on a Self-Assembled Monolayer (SAM) covalently attached to a conductive ITO surface adapted 

from.48

1.4.5 Reversible Two Electron Reduction of Perylene Diimide on Indium Tin 

Oxide Surface 

The multilayer assembly to form thin-films of Prgyl PDIs (PhO-PDI, Thio-PDI, and Pyrr-

/�;��can be grown and studied on conductive ITO. One method to study PDI thin-films involves 

whether PDI thin films can undergo reversible oxidation and reduction reactions. Cyclic 

voltammetry scans were preformed to observe two reversible one electron reduction peaks as 

shown Figure 12. Figure 12 �����<\���
�%�\X������%��&� 3, 4 and 5 bilayers in which the charge 

increases linearly per layer.121 
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Figure 12. Cyclic voltammetry scans of one through five bilayers of PhOPDI (top), Thiol-PDI (middle) and 
Pyrr-PDI (bottom) assembled on an ITO electrode. CVs were obtained at scan rate of 1 V /s 1 with 0.1 M 

TBAP in anhydrous acetonitrile as the electrolyte. The arrow shows the initial scan direction, adapted from.48 
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1.4.6 Thesis Outline 

Chapter 1 explored the need for new renewable energy technology to combat climate 

change and provide energy security for future populations. The new renewable energy technology 

proposed is the use of an arylene dye called perylene diimide which can be used in a variety of 

technologies including EC devices. Perylene d

�
�����/�;���!�������exceptional photophysical 

and photochemical properties32 due to their unique structure and distinct locations for 

��	�

�	��
"�

�	��
��������%�#�$�%&�����
����&�|�}�%%���	��
�
���!��


�	��32,33,39 Past work in PDIs 

have functionalized three specific subtypes of propargyl PDIs with bay functionalizations of p-(t-

��
���!��	��� �/��-/�;��� ������	�
�
��� ���
�-/�;�� �	�� !�����
�
	�� �/���-/�;��� ���� /��-PDI, 

Thio-PDI, and Pyrr-PDI can be grown in a bottom-up assembly method in conductive ITO surfaces 

through layer-by-layer �)�)�� assembly using CuAAC click reactions to yield ordered, 

reproducible, and uniform films.48 These films were tested to examine the reduction potentials, 

and all thin-films of Prgyl-PDIs (PhO-PDI, Thio-PDI, and Pyrr-/�;����	 undergo two-electron 

reduction through cyclic voltammetry measurements.  This thesis will further explore PDIs for 

utility as panchromatic assemblies of molecular multilayer thin-films. 

Chapter 2 and 3 will explore the fundamental photophysical differences between 

derivatives of N,N’-dipropylphenyl-�
��������
�
��!�����	� diimide. Taking inspiration from a 

select number of publications which described the isolation and comparison between the photo* 

and electrochemical properties of 1,6* and 1,7*PDI regioisomers with different substituents 

including phenoxy,73 pyrrolidinyl,72,73 piperidinyl,74 aryl,75 fluorenyl,76 alkynyl,77 alkyl,77 and 

thioether.78 We feel that we can add to this much larger body of knowledge with our derivatives of 

N,N’-dipropylphenyl-�
��������
�
��!�����	� diimide, here to referred to as 1,6-, 1,7-, and 1,6,7-

Thio-PDI. Chapter 2 will focus on characterization of these Thio derivatives (1,6-, 1,7-, and 1,6,7-

Thio-PDI�� ��
��� ��'�� 	�
� ���	� ��!��
��� 
	� �

���
���. Chapter 3 will explore how different 
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derivatives of Thio-PDI exhibit different photophysical properties, for example, noticeably 

different electronic absorption and emission spectra. While these Thio-PDI derivative studies are 

not immediately useful for examination of PDIs within an EC device, understanding the varying 

photophysical properties between three derivatives provides more variability in selection of PDI 

chromophores �

�
"���
	������
	��
���	����
�����������������	�


"�������������<����������	
c 

!��
�'��
�
�����/\����	�������
�������������������������	�/�;����
'�

'����	��/�;����
�
������.  

Chapter 4 will explore the utility of a phenoxy PDI (PhO-Ph-PDI������	�_<���'
���
�������

fabrication of five layers of PhO-Ph-PDI on a conductive ITO surface through layer-by-layer 

�)�)�� �����������
	��<�==<���
��� ����

�	�. This PhO-Ph-PDI will be studied as a type of 

panchromatic material for use in EC devices through a series of experiments. PhO-Ph-PDI was 

chemically reduced in THF using NaHg amalgam to provide a reference of neutral, singly reduced, 

and doubly reduced spectra which could be compared to the PhO-Ph-PDI thin film materials 

which is studied as an EC device. The chemical reduction of PhO-Ph-PDI will be compared to a 

series of PhO-Ph-PDI thin film experiments involving cyclic voltmammetry, 

spectroelectrochemical, and potential step spectroelectrochemical experiments. These experiments 

will examine the utility of PhO-Ph-PDI within an EC device, which should undergo a rapid and 

stable color change upon the reduction and oxidation of the PhO-Ph-PDI thin-film. Analysis of 

the PhO-Ph-PDI thin-film EC device provides another avenue for emerging research into EC 

devices which have been referenced to decrease energy consumption,7,10,11 and potentially provide 

greater future energy stability.  
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2. SYNTHESIS, ISOLATION, AND CHARCTERIZATION OF
THIO-PDI DERIVATIVES 

2.1 Synthesis of 1,6-, 1,7-, and 1,6,7-Thio-PDI Derivatives 

As previously mentioned, a select number of publications have described the isolation and 

comparison between the photo* and electrochemical properties of 1,6* and 1,7*PDI regioisomers 

with different substituents. These substituents include phenoxy,122 pyrrolidinyl,123 piperidinyl,124 

aryl,80 fluorenyl,76 alkynyl,125 alkyl, 125 and thioether.78 To add to this body of work we have 

synthesized two regioimers, 1,6- and 1,7-Thio-PDI, and one derivative, 1,6,7-Thio-PDI.126 For 

ease of understanding, all three Thio-PDIs will be refered to from here on in as, 1,6-, 1,7-, and 

1,6,7-Thio-PDI derivatives as shown in Figure 13.  

2.1.1 Chemical Synthesis of 1,6-, 1,7-, and 1,6,7-Thio-PDI Derivatives 

The 1,6-, 1,7-, and 1,6,7-Thio-PDI derivatives were functionalized with a 1,6-

diisopropylphenyl group and the bay position was functionalized with a dodecylthiol group. The 

added imide functionality of a 2,6-diisopropylphenyl was utlized to increase steric bulk on the PDI 

core which decreased �-���
���
	�����
�
�

	��
���/�;��������
����
���!��	��39,60 The dodecylthiol 

functionality was utilized at the bay position as the addition of sulfur at this position is far less 

cited in literature relative to other atoms such as oxygen48,122 and nitrogen.123 Recall that 

functionalization of the bay position tunes the photophysics of the PDI due to the significant 

HOMO and LUMO coefficients at these positions.127 

Portions of this chapter previously appeared from Riives, A. J.; Huang, Z.; Anderson, N. T.; Dinolfo, P. H. 
1,7-, 1,6, and 1,6,7- Derivatives of Dodecylthio Perylene Diimides: Synthesis, Characterization, and Comparison of 
Electrochemical and Optical Properties. J. Photochem. Photobiol. A Chem. 2023, 437, 114441. 
�

!��XX��
����X%`�%`%#X���/~���<~_+�&`&&�%%���%� 



30 

General Methods and Materials. 1H-NMR spectra were obtained on a Varian 500 MHz 

spectrometer and referenced to the solvent peak. LR and HR-ESI MS were obtained on a Thermo 

Electron Finnigan TSQ Quantum Ultra. Solvents, ACS grade or better, were purchased from 

Sigma Aldrich or Fischer Scientific and used as received unless specified otherwise. Brominated 

perylene-3,4,9,10-tetracarboxylic dianhydride (Br-PTCDA��was synthesized in a method similar 

what has previously been reported in literature64,127 and was available from previous projects.48

Imidization of Br-PTCDA. A suspension of Br-PTCDA �&�`�����?�#�������������
^����

��

2,6-�

��!��!���	��
	���&�&��)��%%�&}�������
	�!��!
�	
����
����`��)���	�������^����
�%�`�� C 

under nitrogen for 10 h. The reaction progress was monitored by thin layer chromatography 

(CHCl3 �

��%j�CH3OH����	��������
	� completion of the reaction, the solvent was evaporated. 

The crude product ����!��
�
�������
�
��*���������	�������
����!�����
	��chloroform. At this 

point, thin layer chromatography showed spots that corresponded to ��������	
, 1,7-Br-PDI, 

and 1,6,7-Br-PDI, but the derivatives were not resolved at this step. 1H NMR in CDCl3 was 

consistent with previous reports,127 and revealed 1,6-Br-PDI, 1,7-Br-PDI, and 1,6,7-Br-PDI 

isomers formed in a ratio of approximately 1:5:1. 1,6-Br-PDI and 1,7-Br-PDI LR-ESI �X"�

calculated for C48H41Br2N2O4 [MH]+ 867.14, found [MH]+ 867.15; 1,6,7-Br-PDI LR-ESI �X"�

calculated for C48H40Br3N2O4 [MH]+ 945.05, found [MH]+ 947.06.  

1,6-Thio�PDI, 1,7-Thio�PDI, and 1,6,7-Thio�PDI. A mixture of ����	
 derivatives (577.0 mg, 

`�##����������������
�
����`�$�#��)��?�%%�����������~��%``���������������������
��?`��)�

of pyridine and reflexed under nitrogen for 4 hours. The reaction mixture was poured into 200 ml 

���%`�j��'��~<���	�������^
���
����

���<+��	��
�������	
��layers dried with NaSO4. Isomeric 

products were separated via flash silica*gel column chromatography involving a 1:1 mixture of 
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DCM and hexanes, and finally preparatory thin layer chromatography involving a 4:1 mixture of 

DCM and hexanes.  

1,6-didodecylth���
�
������������������phenyl)-perylene diimide (1,6-Thiol-PDI): 1H NMR 

(500mHz, CDCl3���� ��}��%�����J ��}�`�~"��&~���}�}#�����J ��}�`�~"��&~���}�$$�����&~���7.51 (m, 

&~���$�?$�����J ��$���~"���~���?�&|��
�����$�?��&~���2.78 (m, 4~���&�#}��
������$�|��&~�� %�#}������~���

1.10-%��|�����##�~���)R-ESI MS m/z calculated for [MH]+ 1111.64, found [MH]+ 1111.64. HR-

ESI MS m/z calculated for [MH]+ 1111.6434, found [MH]+ 1111.6415 (1.7094 ppm��� 

1,7-di������������
�
������������������phenyl)-perylenediimide (1,7-Thiol-PDI): 1H NMR 

(500 mHz, CDCl3�: 8.94 (d, J ��}�`�~"��&~���}�}6 ����&~���}�$|�����J ��}�`�~"��&~���$�51 (t, J ��7.6 

Hz, 2~���$�?7 (d, J ��7.8 ~"���~�� ?�&#��
������$�����~�� &�$�������~�, 1.70 (m���~���%�10-1.07 (m, 

66 ~�. LR-ESI MS m/z calculated for [MH]+ 1111.64, found [MH]+ 1111.64. HR-ESI MS m/z 

calculated for [MH]+ 1111.6434, found [MH]+ 1111.6431 (1.5505 ppm��� 

1,6,7-tri������������
�
������������������phenyl)-perylenediimide (1,6,7-Thiol-PDI): 1H 

NMR (500 mHz, CDCl3�: 8.93 (d, J ��}�?�~"��%~���}�}|�����%~���}�$$�����?~���$�|%��
��&~��J ��}�`���

7.37 (d, J ��$�$�~"���~���?�?#�����%~���?�`$�����|~���&�$�|����!
�
���~���%�$}-`��#�����}��~���`�}#�

(t, J ��$�`���~���)R-ESI MS m/z calculated for [MH]+ 1311.80, found [MH]+ 1311.80. HR-ESI 

MS m/z calculated for [MH]+ 1311.8035, found [MH]+ 1311.8013 (1.6439 ppm�� 
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Figure 13. Synthesis of 1,6,7-Thio-PDI, 1,7-Thio-PDI, and 1,6-Thio-PDI, starting from ������	�, followed 
by imidization with diisopropylaniline, and finally substitution with dodecanethiol. 

2.2 Characterization Analysis of 1,6-, 1,7-, and 1,6,7-Thio PDI 

Derivatives 

��������2.2.1 NMR Analysis 

The purity of the three Thio-PDI derivatives was confirmed by 1H NMR spectra as shown 

in Figure 14. 1H NMR is particularly useful in the analysis of different PDI isomers by comparing 

the signals within the 8.7 – 9.0 ppm range that corresponds to the perylene bay protons, and 7.2-

7.6 ppm range for the diisopropylanaline additions at the imide positions. 1,7-Thio-PDI is 

identifiable from the other isomers through a doublet-singlet-������
� ��*�*��� �!�



	� pattern 

observed from 8.75 to 8.95 ppm. The two doublets correspond to the 5*H and 6*H positions and 

the singlet is assigned to 2*H next to the thio substitutions. The spectrum also shows well resolved 

peaks for the diisopropylaniline consistent with the C2 symmetric structure. This d*s*d pattern for 

the perylene bay protons has been previously reported for a variety of 1,7-PDI isomers.72,123,125

However, this is not the case for all varieties of PDI bay substituents as the addition of bulkier 

groups can shift the peaks, leading to a distortion in the expected d-s-d splitting pattern.73,124,128,129
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The 1,6-Thio-PDI shows a d*d*s pattern for the bay protons and a splitting of 

�

��!��!���	��
	��!���������
��
���������
������
������������������
�	��������
���$�%&�*H and 

}�%%�*H protons at 8.9 ppm display the roofing effect as the coupling constant between two peaks 

�}�~"��approaches the magnitude of the difference in chemical shift�� �%|�~"���1,6,7-Thio-PDI 

shows two doublet peaks for the 11*H and 12*H and singlets for the remaining bay protons, 

consistent with the expected structure. The diisopropylaniline peaks also slightly broader, as 

comparted with the 1,7-Thio-PDI, due to the asymmetry of the isomer. Compared to common 1,7-

substituted PDIs, splitting patterns of 1,6-PDI and 1,6,7-PDI are not as often reported in literature, 

as these isomers are not as readily isolated due to their aforementioned likelihood to occur in much 

lower yields relative to the 1,7-PDI derivative.72 

 

Figure 14. 1H NMR of 1,6-Thio-PDI, 1,7-Thio-PDI, and 1,6,7-Thio-PDI in CDCl3 highlighting the bay proton 
splitting pattern is located from around 8.7-9.0 ppm, and the diisopropyl proton splitting pattern is located 

from around 7.3-7.6 ppm. (spectra were referenced to the residual solvent peak CHCl3 at 7.26 ppm.). 
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2.2.2 Mass Spectroscopy Analysis 

Mass Spectrosco!���
���
�;	���
�	�_���
���!����;�	
"�

�	��_�;�������

�
"����������
����

characterization of the 1,6-, 1,7, and 1,6,7-Thio-PDI derivatives as shown in Figure 15, Figure 16, 

and Figure 17 respectively. The 1,6-Thio-PDI produced a a m/z calculated for [MH]+ 1111.64. 

HR-ESI MS m/z calculated for [MH]+ 1111.6434, found [MH]+ 1111.6415 (1.7094 ppm���1,7-

Thio-PDI produced a m/z calculated for [MH]+ 1111.64, found [MH]+ 1111.64. HR-ESI MS m/z 

calculated for [MH]+ 1111.6434, found [MH]+ 1111.6431 (1.5505 ppm��� �	�� 1,6,7-Thio-PDI 

calculated for [MH]+ 1311.80, found [MH]+ 1311.80. HR-ESI MS m/z calculated for [MH]+ 

1311.8035, found [MH]+ 1311.8013 (1.6439 ppm�������
���1,6-Thio-PDI, 1,7-Thio-PDI, 1,6,7-

Thio-PDI, there is good agreement between the calculated values for the [MH]+ and the found 

[MH],+ pointing to successful synthesis of all Thio PDI derivatives. 

Comparatively, mass spectroscopy ESI was also carried out on the Br-PDI sample which 

was reacted with deodecylthiol, and isolated to yeild the 1,6-Thio-PDI, 1,7-Thio-PDI, 1,6,7-Thio-

PDI derivatives. The Br-PDI contained a non-isolated mixture of ��������	
, 1,7-Br-PDI, and 

1,6,7-Br-PDI. The 1,6-Br-PDI and 1,7-Br-PDI LR-ESI �X"��������
�������<48H41Br2N2O4 [MH]+ 

867.14, found [MH]+ 867.15, and the 1,6,7-Br-PDI LR-ESI �X"��������
�������<48H40Br3N2O4 

[MH]+ 945.05, found [MH]+ 947.06 as shown in Figure 18.  
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Figure 15. HR (top) and LR (bottom) mass spectra of 1,6-Thio-PDI using Direct Infusion Electrospray 
Ionization (ESI). 
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Figure 16. HR (top) and LR (bottom) 1,7-Thio-PDI (right) using Direct Infusion Electrospray Ionization 
(ESI). 
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Figure 17. HR (top) and LR (bottom) mass spectra of 1,6,7-Thio-PDI using Direct Infusion Electrospray 

Ionization (ESI). 
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Figure 18. LR mass spectra using Direct Infusion Electrospray Ionization (ESI) Br-PDI showing a mixture of 
1,6-Br-PDI (m/z = 867), 1,7-Br-PDI (m/z = 867), and 1,6,7-Br-PDI (m/z = 945). 

2.3 Chapter Summary 

In summary, two regioimers, 1,6- and 1,7-Thio-PDI, and one derivative, 1,6,7-Thio-PDI 

were successfully synthesized by imidization of Br-PTCDA and subsequent substitution of 

bromine at the bay position with dodecylthiol. The  imide functionality of a 2,6-diisopropylphenyl 

was utlized to increase solubility of the PDI in organic solvents on the PDI core,39,69 and the bay 
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functionality of dodecylthiol was utilized as the addition of sulfur at this position is far less cited 

in literature relative to other atoms such as oxygen48,122 and nitrogen. The 1,6-, 1,7-, and 1,6,7-

Thio-PDI derivatives were characterized by 1H-NMR and low-resolution mass spectrometry.  The 

1H-NMR showed distinctly different splitting patterns for the bay protons between 1,6-, 1,7-, and 

1,6,7-Thio-PDI derivatives. The 1,7-Thio-PDI exhibited a d*s*d pattern for the perylene bay 

protons has been previously reported for a variety of 1,7-PDI isomers.30,35,37 The 1H-NMR bay 

proton splitting patterns for 1,6- and 1,6,7-Thio-PDIs are not as cited in literature, but are distinctly 

different between the derivatives. In addition to 1H-NMR, low-resolution mass spectrometry was 

used to determine purity for the 1,6-, 1,7-, and 1,6,7-Thio-PDI derivatives. Additionally, low-

resolution mass spectrometry was used to determine the ratios of the ��������	
, 1,7-Br-PDI 

precursors relative to the 1,6,7-Br-PDI. It was determined that the ratios were resolved as 

approximately 1:5:1 for ��������	
, 1,7-Br-PDI and 1,6,7-Br-PDI129 with the 1,7-Br-PDI being 

the preferred product. Given the successful synthesis, isolation, and characterization of 1,6-, 1,7-, 

and 1,6,7-Thio-PDI, photophysical and electrochemical analysis can commence.    
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3. PHOTOPHYSICAL AND ELECTROCHEMICAL ANALYSIS 
OF THIO-PDI DERIVATIVES  

 

 There are a small select number of publications in which 1,6- and 1,7-Thio-PDI 

regioisomers have been successfully isolated and characterized. These publications include 1,6- 

and 1,7- bay functionalized substituents with phenoxy,73 pyrrolidinyl,72,73 piperidinyl,74 aryl,75 

fluorenyl,76 alkynyl,77 alkyl,77 and thioether.78 Of these publications, only a few have studied 

whether different PDI regioisomers have differing photophysical and electrochemical properties. 

PDI regioisomers with slightly differing electrochemical and spectroscopic properties may offer 

more specificity in designing systems for optoelectronic applications, light-harvesting systems, 

novel materials, photosynthetic devices and more.73,75Thus it is important to utilize only 

regioisomerically pure materials within these applications. In this chapter we will study whether 

1,6-, 1,7-, and 1,6,7-Thio-PDI derivatives exhibit different photophysical electrochemical 

properties and compare any differences to what is available in literature for 1,6- and 1,7- PDI 

regioisomers.  

 

 

 

 

 

 

Portions of this chapter previously appeared from Riives, A. J.; Huang, Z.; Anderson, N. T.; Dinolfo, P. H. 
1,7-, 1,6, and 1,6,7- Derivatives of Dodecylthio Perylene Diimides: Synthesis, Characterization, and Comparison of 
Electrochemical and Optical Properties. J. Photochem. Photobiol. A Chem. 2023, 437, 114441. 
�
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3.1 Experimental Setup for Studies of PDI Derivatives 

3.1.1 Electronic Absorption and Emission Spectroscopy 

Electronic absorption and Emission Spectroscopy. �\*\
������
��	
�������!

�	��!��
��������

taken on a Perkin-_�����)�������|`��\*'
�� �!��
����
�� or an Agilent 8453A spectrometer 

running Olisworks software. Samples were background subtracted using a quartz cuvette. �
����*

state fluorescence spectra were taken on Horiba Fluorolog-3 Model FL3-21. Solution fluorescence 

spectra were obtained at a right-angle detection. Fluorescence lifetimes were measured by phase 

modulated frequency-domain lifetime using a Horiba FluoroLog-Tau3 spectrometer. To remove 

stray light and fluorescence from other sources, a 600 nm long pass filter was used on the detector 

side. All solutions were purged with nitrogen gas to remove oxygen prior to steady-state and 

lifetime fluorescence measurements. A selection of phase-modulated data and fits are included in 

the Supporting Information. 

3.1.2 Computational Details 

Computational Details. Geometry optimizations for the Thio*PDI derivatives were carried out 

��
	�� ��	�

�� ��	�

�	��� 
������ ������ ��� 
�!����	
��� 
	� �����
�	`9, revision D.01130 at the 

Computational Center for Nanotechnology Innovations at Rensselaer Polytechnic Institute. The 

CAM*B3LYP functional131 was used with the cc*pVTZ basis set for geometry optimizations in 

the gas phase, followed by optimizations that included the effect of solvation by THF using the 

self*consistent ����

�	� �
���� ��<{������!����
"�������	

	��������� �/<+�132 approach. The 

resulting structures were confirmed as minima using frequency calculations at the same level of 

theory. Single point energy and TDDFT calculations were performed on the solvent-phase 

optimized structure at the CAM*>?)@/Xmay*cc*!\��X/<+��~�� level of theory.  
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3.1.3 Chemical Reductions 

Chemical Reductions. Chemical reductions studies were carried out manner similar to a previous 

method,133 using a quartz cuvette with the 1 cm optical path length. Samples were prepared in a 

N2 purged glovebox in anhydrous THF. Chemical reduction was achieved by using small additions 

of Na�%`j�*Hg with a slight excess of 18-crown-6 added to aid in the solubility of Na+ ions under 

air-free conditions. Clean conversion between the different redox states was confirmed by the 

appearance of isosbestic points. 

3.2 Absorption 

Figure 19 shows relative variation in perceived color of the three PDIs derivatives. These 

dramatic color ranges underscore how the number of bay substituents and symmetry can lead to 

variations in perceived color ranging from a dark magenta for 1,6,7-Thio-PDI, to a violet purple 

for 1,7-Thio-PDI, to purple for 1,6-Thio-PDI. The normalized absorption and emission spectra of 

1,6-������	
, 1,7-������	
, and 1,6,7-Thio-PDI, recorded in range of solvents with varying 

polarity, is depicted in Figure 20. Both the docecylthio bay and diisopropylphenyl imide 

substituents aid in excellent solubility in the solvents used here and no evidence of aggregation 

was observed in the solvents employed here. 
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Figure 19. Visual representation of the perceived 1,6-, 1,7-, and 1,6,7-Thio-PDI in tetrahydrofuran. 

The absorption spectra for each Thio-PDI derivative is dominated by intense, broad 

absorptions in the 500*#``�	����	���
��
�����������
��
�

���-�* transitions. Similar absorption 

profiles have been observed for other bis*thio substituted PDIs.78 In toluene, the peak absorption 

for the S0-S1 transition for 1,6-Thio-PDI occurs at 562 nm, 574 nm for 1,7-Thio-PDI, and 584 nm 

for 1,6,7-Thio-PDI. The absorption profile for 1,7-Thio-PDI is the narrowest amongst the three 

derivatives and had a second prominent band at 425 nm. This second band is absent in 1,6-Thio-

PDI and 1,6,7-Thio-PDI, or likely redshifted relative to 1,7-Thio-PDI and overlapping S0-S1 

transition as predicted by TD*���� �������

�	�� �'
��� 
	������ ���� �!!��^
��
�� ?|� 
�� #`� 	��

bathochromic shift of these PDIs as compared to unsubstituted versions suggests the thio groups 

������
��
���������-donating than phenoxy groups, but less than pyrrolidino.60 Additionally, the 

broad nature of the absorption bands and lack of clear vibronic structure is consistent with a higher 

degree of twisting of the perylene core due to the larger sulfur groups.78 DFT modeling of the 

isomers showed a noticeably larger twist angle of the perylene core for 1,6,7-Thio-PDI, versus 

the other two (Table 1��� 

Previous reports comparing the absorption spectra of 1,6- and 1,7-PDI regioisomers have 

shown that depending on the electron donating or accepting ability of bay functionalization groups, 

absorption features vary between isomers. Dubey et al. isolated the 1,6- and 1,7- regioisomers of 

both phenoxy and pyrrolidino disubstituted PDIs.73 In both cases, the 1,7* isomers showed a 
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narrower S0-S1 transition in the visible range and a second prominent band towards the UV. Similar 

to ����������	
, their 1,6* isomers lacked the distinct higher energy transition but showed 

broader visible bands. Similar trends were also observed for 1,6- and 1,7-fluorenyl disubstituted 

PDIs in a variety of solvents.76 

 

Figure 20. Normalized absorption and emission spectra for 1,6-Thio-PDI (top), 1,7-Thio-PDI (middle), and 
1,6,7-Thio-PDI (bottom) in a range of solvents. Each emission spectra (ex 525nm) is scaled relative to the 

intensity of the sample taken in toluene. 

 



45 

3.3 Emission 

The normalized fluorescence emission spectra of 1,6-Thio-PDI, 1,7-Thio-PDI, and 1,6,7-

Thio-PDI were recorded in solvents of varying polarity and are included in Figure 20. and the 

relevant parameters are summarized in Table 1. Each emission spectra are scaled relative to the 

intensity of the sample taken in toluene, which showed the highest intensity among all the solvents. 

The emission spectra for each derivative shows a broad, relatively featureless band, with peak 

maxima at 668 nm for 1,6-Thio-PDI, 664 nm for 1,7-Thio-PDI, and 696 nm for 1,6,7-Thio-PDI 

in toluene. The Stokes shift also increases from 2,360 cm*1 for 1,7-Thio-PDI to 2,780 cm*1 for 

1,6,7-Thio-PDI.  

Table 1. Spectral parameters of 1,6-Thio-PDI, 1,7-Thio-PDI, and 1,6,7-Thio-PDI in toluene observed for all 
parameters such as lifetime (���!"#$%�#&!����� �'F), absorbance and emission peaks, and the calculated 

Stokes shift in wavenumbers (cm-1). The twist angle was calculated from DFT geometry optimized structures 
as the dihedral angle between the 6 and 7 (1 and 12) positions on the perylene core. 

absorption and emission parameters for Thio-PDI Derivatives. 

Derivative 
�Abs (nm, 

T��� 
�Em (nm, 

T��� 
Stokes 

(cm-1, T��� �F (T��� �F (T����	�� 
�F (DMF, 

	�� 
Twist angle 

��� 

1,6-������	
 562 668 2820 `�|����`�`% 6.3 � 0.34 2.1 � 0.12 22.5 

1,7-������	
 574 664 2360 `�}|�� 0.02 8.1 � 0.09 4.1 � 0.34 22.1 

1,6,7-������	
 582 696 2780 `�%#���`�`% ����� 0.01 &�`�� 0.11  23.2, 33.5 

3.4 Quantum Yield 

The fluorescence quantum yield, determined in toluene, was highest for 1,7-Thio-PDI (�F 

��`�}|����	������������
��`�|������1,6-Thio-PDI and 0.16 for 1,6,7-Thio-PDI. These values are 

intermediate between those typically observed for phenoxy and amine substituted PDIs.73 There 

are only a few reports comparing the quantum yield between 1,6* and 1,7*PDI regioisomers. 

Dubey et. al found a very small decrease in the quantum yield from a 1,7* to 1,6*regiosomers of 

��!��	�^��/�;��`��$�
��`��#�
	�
����	������
����������������
�����	�������pyrrolidine substituents 
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�`��� ���� %$�� `�$� ���� %#�� 73 ���� �
�� ���� ���	�� 
��
� 
��� ���	
��� �
���� ���� %�$*�
����*/�;�� �����

��	��������������
��	�
���%�#*�
���ers.80 The linear fits for the integrated fluorescence intensity vs. 

absorbance at excitation wavelength quantum yield are shown in Figure 21. 

Figure 21. Quantum yield data for 1,6-Thio-�	
!�'!*+;<�!>!+;++���!��?-Thio-�	
!�'!*+;@<!>!+;++���!$%�!����?-
Thio-�	
!�'!*+;��!>!+;++���!$��%[!\���!���!��$%�$���!]���$&�%�!�+�!�'!*�;++��!^	!��������$��!�_+!�'!

=0.63), $%�!`j$q�%�!��������$��!�'!*+;�{�;134,135 

3.5 Lifetime Measurements 

The excited state lifetimes for the 1,6-, 1,7- and 1,6,7-Thio-PDI were measured in toluene 

which gave the highest absorption intensity, and DMF which gave the lowest absorption intensity 

as shown in Figure 20, Figure 22, Figure 23, and Figure 24. For the 1,6-, 1,7-, and 1,6,7-Thio-

PDIs, the longest-lived excited state was observed in toluene, which gave excited state lifetimes 

of 6.3 ns � 0.34, 8.1 ns ��`�`�, and 4.4 ns � 0.01. The excited state lifetimes in DMF were far less 



47 

than those recorded in toluene. The excited state lifetimes for 1,6-, 1,7-, and 1,6,7-Thio-PDIs in 

DMF were 2.1 ns � 0.12, 4.1 ns � 0.34, and 2.0 ns � 0.11. Given the varying dielectric solvent 

parameters between toluene and DMF, namely the dipole moment, and the rate of relaxation from 

the ground to the excited states, the longer-lived excited states for toluene as compared to DMF 

correspond to what is expected. Interestingly, the difference between the excited state lifetimes 

between the 1,6-, 1,7-, and 1,6,7-Thio-PDI derivatives requires additional spectroscopic 

techniques to probe the excited state dynamics between these derivatives. 
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Figure 22. ]������%�$��|�!}��"#�%��-domain fluorescence lifetime measurements of 1,6-ThioPDI in Toluene 
�����!��}���&�!*!�;�!%��!~�!*!+;_@?{�!$%�!	��!������&�!��}���&�!*!�;�!%��!~�!*!�;{?��;!��$%�$��!��|�$���%!

parameters of dPhase = 0.5 and dMod = 0.01 were used to generate fit. 
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Figure 23. ]������%�$��|�!}��"#�%��-domain fluorescence lifetime measurements of 1,7-ThioPDI in Toluene 
�����!^�}���&�*!@;{!%��!~�!*!+;�<���!$%�!	��!������&�!^�}���&�!*!�;�!%��!~�!*+;_@{��;!����!��$%�$��!��|�$���%!

parameters of dPhase = 0.5 and dMod = 0.01 to generate fit. 
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Figure 24. ]������%�$��|�!}��"#�%��-domain fluorescence lifetime measurements of 1,6,7-ThioPDI in Toluene 
�^�}���&�*!�;�!%��!~�!*!+;_�@�!$%�!	��!�^�}���&�!*!�;+!%��!~�!*!1.107). Used standard deviation parameters of 

dPhase = 0.5 and dMod = 0.01 to generate fit. 
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3.6 Lippert-Mataga Approximations 

In order to gain further insight into the excited state properties of the different derivatives, 

the solvochromatic dependence of the absorption and emission spectra were analyzed by the 

Lippert-Mataga approximation to estimate the difference in dipole moment (��� between the 

ground (�g�� and excited state (�e�� '
�� ����

�	� %.136 In the Lippert-Mataga approximation, the 

Stokes shift (��� � ����������������!�����
��!��!��

�	���
��
������'�	
�orientation polarizability (��� 

��
���
����
���
	��������
������'�	
�������

'��
	��^��	���	���
����
�
����	�
�	
�� ���;	�����

�	�

1, h and c have their usual meanings as Plank’s constant and the speed of light, and ao is the radius 

of the cavity in which the fluorophore resides.  

��� � ��� = �
�	�
� � 
��

�
�� � ����
������ ��� � ���� = ���

�	�
� ��� �%� 

The Stokes shift for each of the isomers as a function of the solvent orientation 

polarizability (���� 
�� ����	� 
	�Figure 25. along with the linear regressions. The positive slope 

obtained for each of the derivative indicates that there is a larger excited state dipole moment than 

ground state dipole moment. 136 The resulting change in dipole moments for the three derivatives 

calculated from equation 1, and using a molecular radius estimated from DFT mo������'
���
	������

are shown in Table 2. The slope of the solvent dependence for ����������	
 is the largest relative 

to the other derivatives, predicting an 8.3 Debye the change in dipole moment. In comparison, the 

1,7-Thio-PDI and 1,6,7-Thio-PDI exhibit similar, but smaller dipole moment changes of 7.2 and 

7.1 Debye respectively. To the best of our knowledge, this is the first example comparing the 

change in dipole moment change of a tri-substituted PDI (1,6,7-Thio-PDI�. 
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Figure 25. Comparison of the Stokes shift (��� � ���) derived from the absorption and emission properties, 
versus the solvent orientation polarizability (��) for the three isomers. The dashed lines represent the linear 
regression according to the Lippert��$�$[$!$����j�&$���%!#����q�%[!�"#$���%!�;!	$�$!}��!1,6-Thio-PDI is 

shown in blue, ��?�������	
 in red, and ����?�������	
 in green. 

Table 2. Dipole moment changes d���|��!��!���!^��������$�$[$!analysis. 
^��������$�$[$!analysis 

PDI ��= �e-�g (Debye) 
%�#*��
�*/�; 8.3 ��`�8 
%�$*��
�*/�; 7.3 ��`�7 
%�#�$*��
�*/�; 7.1 ��`�9 

The change in dipole moments for these Thio*PDIs are comparable to others reported in 

the literature utilizing the Lippert-Mataga approximation where a comparison has been made 

��
���	�%�#*��	��%�$*����
�
��������=�%�#-difluorenyl-PDI, with swallowtail functionalities at the 

imide positions, exhibited a slightly larger dipole moment change of 9.64 D than the 1,7-

regioisomer (�� �� }�#|� ���76 Similarly, a dialkylamino*substituted PDI, with cyclohexyl 

functionalities at the imide position, exhibited a larger change in dipole moment for the 1,6- (12.7 

�� 
��	� 
��� %�$- /�;� �$��� ���137 These trends were also observed for octyleamino–substituted

PDIs.138 
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3.7 Density Functional Theory 

Density functional theory ������calculations were performed by Dr. Peter Dinolfo on the 

three Thio PDI derivatives to help understand any differences in excited state properties. The 

geometry of the derivativevs were optimized at the CAM->?)@/X��-pVTZ level using a polarized 

continuum model �/<+�� �

�� �~�� ��� 
��� ���'�	
�� �
	������ 

��� ��!�	��	
� ���� ��������

calculations were performed at the CAM->?)@/X���-cc-pVTZ level, with a PCM solvation 

model for THF, to predict the electronic absorption spectra and change in dipole moments. CAM-

B3LYP was chosen as the functional due to its ability to reasonably predict the charge transfer 

properties of electronic transitions and estimates for the dipole moments.131 

The optimized structures for the three derivatives, and their frontier molecular orbitals, are 

shown in Figure 28. and the twist angles of the perylene cores are included in Table 1. The perylene 

core of 1,6-������	
 is twisted along the N,N’ axis due to the presence of the bay thio groups, 

which extend to either side of the perylene plane. The slight asymmetry of substitution on one half 

of the perylene core results in a ground state dipole moment of 4.2 Debye oriented along the N,N’ 

axis, from the thio*functionalized side towards the unfunctionalized end. The perylene core of 1,7-

������	
 is also twisted, however the thioether groups now point towards one face of the 

perylene. This results in a dipole moment of 2.8 Debye oriented towards the thioether side, normal 

to the plane of the perylene core. The perylene core of 1,6,7-������	
 derivative shows the 

greatest degree of twist due to the proximity of the thioether groups at the 6 and 7 positions. This 

derivative has a 3.8 Debye dipole moment that nearly normal to the plane of the perylene, but tilted 

slight towards the 6,7* positions.  

The frontier molecular orbital diagrams are shown in Figure 26. and are consistent with 

typical DFT calculations of PDIs, with � delocalization across the core and lack of orbital density 

at the imide nitrogens. Figure 27. shows a plot of the energetic levels of the frontier molecular 
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orbitals for the three Thio*PDIs. Figure 28. shows the predicted electronic absorption spectra of 

the three isomers from TDDFT calculations. The TDDFT results qualitatively reproduce the 

visible absorption spectra of each of the isomers and help understand the differences between them. 

All three spectra are dominated by a singlet ���¡ transition (S0 ¢ S1�� in the 500 nm range, which 

are associate primarily with the HOMO and LUMO orbitals shown in Figure 26. and Table 3. The 

HOMO of both 1,6-������	
 and 1,7-������	
 contain significant contribution from the sulfur 

atoms, which is absent in the LUMOs. This suggests there is a small amount of charge transfer 

from the sulfur atoms of the thioether groups towards the perylene core and is consistent with the 

change in dipole moments estimated from the Lippert*Mataga approximation. The HOMO of 

1,6,7-������	
 only has significant contribution from the sulfur thio group in the 1 position. The 

twisting of the thio groups in the 6* and 7* positions, due to steric constrains, likely diminishes 

their sulfur orbital contribution to the HOMO.  

The TDDFT results predict the S0 ¢ S2 transition for ����������	
 and ����?�T�����	
 

in the 420 nm range. These transitions overlap with the S0 ¢ S1 states and likely explain the 

broader absorption features seen in Figure 28. The S0 ¢ S2 transition for ��?�T�����	
 is 

predicted to be at 360 nm for the 1,7* derivative and is consistent with the second higher energy 

absorption feature around 400 nm as seen in, as well as the narrower absorption band at 560 nm. 
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Figure 26. Optimized molecular structures and frontier molecular orbitals for the three isomers, 1,6-Thio-
PDI (left), 1,7-Thio-PDI (center), and 1,6,7-Thio-PDI (right). The highest occupied (HOMO) and lowest 

unoccupied molecular orbitals (LUMO) are shown on the bottom and top respectively. 

Figure 27. Comparison of the energetic levels of the frontier molecular orbitals of PDI, 1,6-Thio-PDI, ��?�
������	
, and ����?�������	
 calculated at the CAM�B3LYP/may-cc-pVTZ level, with PCM solvation for 

THF. 
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Figure 28. Predicted electronic absorption spectra of 1,6-Thio-PDI (top), 1,7-Thio-PDI (middle), and 1,6,7-
Thio-�	
!������&�!}��&!�		��!�$��#�$���%�!$�!���!�����{^���&$������������������!��|��!�}!������;!

The simulated absorption spectra were generated using a 2000 cm 1 bandwidth for all peaks. The solid 
vertical lines correspond to the oscillator strengths of the calculated singlet transitions. 

Table 3. Lowest-lying singlet excited states calculated for 1,6-Thio-�	
�!��?�������	
!$%�!����?�������	
!$�!
���!�����{^���may-cc-pVTZ level, with PCM solvation for THF. Vertical excitation energies (E), 

oscillator strengths (f), and dominant monoexcitations with contributions (weights) greater than 10% are 
indicated. 

Lowest-lying singlet excited states calculated for Thio-PDI derivatives 

PDI  State  
E 

�\��	�� ƒ  Description  

1,6-������	
  
S1 
S2 

&��%��|%�� 
&��$���%}� 

0.9603 
0.3569 

HOMO � )�+����$�$� 
HOMO (-%��� )�+����&�|� 

1,7-������	
  
S1 
S2 

&�?#��|&#� 
?�&#��?}`� 

0.9540 
0.0319 

HOMO � )�+����$�#� 
HOMO (-%��� )�+���}��`� 

1,6,7-Thio-PDI 
S1 
S2 

2.47 �|`&� 
?�`����`}� 

0.9067 
0.3430 

HOMO �)�+����$�|� 
HOMO (-%��� )�+����&��� 
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3.8 Electrochemical Measurements 

The electrochemical properties of the different derivatives were determined by cyclic 

'��
����
��� �<\�� 
	� 
�
�����������	�� =��� 
����� ��
�-PDIs undergo two electrochemically 

reversible reductions in the range -1 to -%���\�'���������	�X������
	
����������	�
n Table 4. and 

Figure 29. There are some subtle shifts in the potentials between derivatives, but the reductions 

follow trends reported for other PDI compounds.33,51,139–141 All three Thio*PDIs show a separation 

of approximately 330 mV between the E½
`X*% and E½

-%X-2 values. 

Figure 29. Cyclic Voltammetry (CV) scans for 1,6-Thio-PDI (top), 1,7-Thio-PDI (middle), and 1,6,7-Thio-PDI 
(bottom) at varying scan rates (0.10 V/s, 0.25 V/s, and 0.50V/s) to show the first and second reductions. CVs 

were obtained in 0.1 M of TBAPF6 in anhydrous tetrahydrofuran as the electrolyte. 
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Table 4. Electrochemical parameters for 1,6-, 1,7-, and 1,6,7-Thio-PDI derivatives. 

3.9 Chemical Reductions and CIE 

PDIs are known to produce anionic and dianonic redox states with vastly different 

electronic absorption spectra.78,142,143 In order to determine the absorption spectra of the different 

Thio*PDI derivatives, in situ chemical reduction with ���~���� 
	� 
���!����	������%}*crown*6, 

was employed to produce the singly and doubly reduced states. These conditions allowed for the 

clean conversion between redox states of the Thio*PDIs. The absorption spectra of the Thio-PDIs 

in THF and the corresponding visual color changes are shown in Figure 30.  The absorbance peaks 

of the neutral, singly reduced, and doubly reduced states follow a similar trend for all three Thio-

PDIs and are consistent with previously reported 1,6* and 1,7*di�����	
��
�
�*PDIs.78  

The absorbance spectra for neutral complexes in THF are dominated by the broad peaks in 

the 500*600 nm range, resulting in an intense magenta to purple color. Reduction of the Thio*

PDIs to the singly reduced state results in a significant red*shift of the main absorption bands to 

approximately 750 nm and increase in absorptivity. Additional lower intensity bands are also 

present from 800*1000 nm. Further reduction to the doubly reduced state results in a significant 

blue shift of the main absorption band back to the visible region, between 575*625 nm.  

Electrochemical Parameters for Thio-PDI Derivativesa 
E½ 

`X*1 E½ 
-%X-2 

1,6-Thio-PDI -1.21 -1.56
1,7-Thio-PDI -1.28 -1.62
1,6,7-Thio-PDI -1.15 -1.49
a V vs Fc`X¤ 



59 

Figure 30. �������

]!absorption spectra of 1,6-Thio-PDI (top), 1,7-Thio-PDI (middle) and 1,6,7-Thio-PDI 
(bottom) recorded in THF with 0.01 M 18-crown-6. The singly and doubly reduced states were generated by 

chemical reduction using Na(Hg). The spectra of neutral states are shown as solid purple line, the singly 
���#���!��$���!$�!�$����![���!��%���!$%�!���!��#���!���#���!��$���!$�!$!�$�����������!��#�!��%�;!
%��#���!\���!

the spectra are images of the cuvettes corresponding to the sample spectra. 

In addition to the absorption spectra, Figure 30. also includes photographs of the samples, 

taken during the reduction process, highlighting the perceptible color changes of the Thio-PDIs 

between the neutral, singly reduced, and doubly reduced states. While there were some slight 

variations in perceivable color across the different Thio-PDIs redox states, similar trends were 

observed.  The neutral state for all isomers shows a pink to purple color, the singly reduced state 

is light green or blue, and the doubly reduced state is dark blue. These color changes for the 1,6-, 
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1,7-, and 1,6,7-Thio-PDI correspond to what has been previous cited in literature in for 1,6- and 

1,7- bay substituted adamantylthio derivatives in which distinct visual color changes were 

observed for 1,6- and 1,7- with the doubly reduced state being a dark blue, which is similar to the 

doubly reduced Thio-PDIs.78 Figure 31. shows the <;_��<���
��
�	�;	
��	�

�	��������¥_���
����� 

1931 xy chromaticity diagram with the values calculated for each of the three Thio*PDI’s in the 

neutral, singly, and doubly reduced states. As expected, based on the similarities of images shown 

in Figure 30, the xy chromaticity values for the specific redox states are grouped together. The 

large difference in color between redox states highlights their potential use in electrochromic 

materials.  

Figure 31. CIE 1931 xy chromaticity diagram with points calculated for the neutral, singly and doubly 
reduced forms of the Thio�PDIs. 
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3.10  Chapter Summary 

There are significant differences in the absorption and emission spectra, the quantum yield, 

the excited state lifetimes, Lippert-Mataga and DFT excited state dipole moment between the 

derivatives of 1,6-, 1,7- and 1,6,7-Thio-PDI. Thus, there are clear indications that a change in the 

location of a functional group within the bay position of the PDI moiety has some, if not, 

significant effect on the photophysical properties of the PDI. Additionally, there are differences 

between the oxidation and reduction waves between the Thio-PDIs which all exhibit a reversible 

wave. This ability to reduce each PDI is also observed with the chemical reductions in which the 

1,6-, 1,7- and 1,6,7-Thio-PDI all achieve distinct coloration and show distinct corresponding 

peaks which are similarly calculated with the CIE model. Thus, the 1,6-, 1,7- and 1,6,7-Thio-PDI 

all exhibit different photophysical properties and simultaneously exhibit distinct coloration which 

may have potential to add additional specificity to organic photovoltaic devices as well as in 

electrochromic devices.  
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4. PERYLENE DIIMIDE MULTILAYER ASSEMBLIES IN
ELECTROCHROMIC MATERIALS 

/�����	�� �

�
���� �/�;��� ���� !���
�
	�� ��
��
���� ���� _< devices because they exhibit 

strong color, thermal stability, a high molar absorption coefficient, and they propensity to self-

assemble. Additionally, PDIs have high electron affinity due to the carbonyl groups on the PDI 

moiety. This electron affinity allows for the PDI moiety to be easily reduced and form stable 

radical anions and dianions.33,71,78,144–151 The reduction to produce radical anions and dianions can 

occur through chemical, electrochemical, and photochemical processes.139,152  

However, as previously discussed, small organic redox dyes like PDIs can exhibit intense 

coloration but their small size and small corresponding weight can lead to stability issues in EC 

devices.31 Keeping in mind the strengths and potential limitations of PDIs within EC devices, in 

this portion of the manuscript we will fabricate an EC device through the CuAAC click reactions 

linking together five layers of a phenoxy PDI (PhO-Ph-PDI�� �	
�� �� ��	���

'�� �������� ;���

surface to form a PhO-Ph-PDI thin-film. This PhO-Ph-PDI thin-film should act as an EC material 

given previous work in which PDIs are known for their high tinctorial strength,34 their ability to 

exhibit different colors from the neutral to reduced states as shown in chemical reduction of the 

Thio-PDIs, and undergo two electrochemically reversible reductions.126  
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4.1 General Preparation and Synthesis of Layers and Linkers for 

Multilayer Assembly 

Fabrication of the PhO-Ph-PDI thin-film EC device requires special consideration of the 

material which will be reduced and oxidized to form distinct colors. For simplicity, when referring 

to CuAAC click reactions, the PhO-Ph-PDI terminal alkyne linkages will be referred to as the 

layer within the thin film. Given that the CuAAC require both a terminal alkyne and azide to form 

the five membered triazole which clicks together both components, the azide used to covalently 

link together two different layers of PhO-Ph-PDI will be refer to as the linker. 

4.1.1 Selection of Layer and Linker in Multilayer Assembly 

���� !�����	�� �

�
��� �/�;�� !-(t-��
���!��	��� �

�� !��	�����
���	�� 
�
��� ��	�

�	��

��

(PhO-Ph-PDI��was synthesized for the multilayer fabrication of the PhO-Ph-PDI thin-film EC 

material. PhO-Ph-PDI was previously synthesized by former graduate students in the Dinolfo 

group, Guangyu Hu and Dr. Peter Palomaki. 81,153 As previously discussed, the PhO-Ph-PDI layer 

is clicked to the N3Mest linker through CuAAC click reactions. This CuAAC click reaction 

between the layer and linker was previously shown in Figure 10. with the multilayer assembly 

shown in Figure 11. However, unlike the propargyl imide functionality shown in Figure 11., the 

phenylacetylene imide functionality was selected for use in PhO-Ph-PDI, as Guangyu Hu, 

determined that the phenylacetylene imide functionality affects the multilayer growth through 

aggregation.153 The rigid phenylacetylene imide functionality tends to promote the formation of 

H-type aggregates, whereas the less rigid propargyl imide functionality tends to promote J-type

aggregates. H-type aggregates allow for a more upright structure within the multilayer assembly, 

and J-type aggregates lead to more of a tilting structure as shown in Figure 32. J-type aggregates 
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are preferred over H-type aggregates for use in electrochromic materials as a the less upright 

multilayer assembly can allow for better penetration of electrolyte through the thin-film assembly

to conductive surface. Better penetration of electrolyte should aid for the entire thin-film to be 

reduced to different states, and ideally different colors, which is an essential feature of an 

electrochromic material.     

The synthesis of PhO-Ph-PDI is shown in Figure 33. was carried out with no isolation of 

!����!�����
����
���	��������	
��

���
�!���
	��
��
���
	�����
�

�����/�;��
	�����

�	�����
���-��

stacking. As previously mentioned, increasing functionality around the PDI moiety, i.e. adding

both bay and imide functionality, particularly imide functionality, to distort the PDI core, improves 

�-�� �
���
	��� �	�� 
����� �����
�

��� ���� PhO-Ph-PDI product was isolated through a series of 

column chromatography with the purity of the PhO-Ph-PDI confirmed with 1H NMR in d-CDCl3 

as shown in Figure 35. 

Figure 32. J-type aggregation of a propargyl imide functionalized phenoxy PDI (PhO-Prgyl-PDI) (left) and 
H-type aggregation of a phenylacetylene imide functionalized phenoxy PDI (PhO-Ph-PDI) (right). Multilayer

assembly was grown on glass with an N3Mest linker. Figure was adapted from.153 
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As PhO-Ph-PDI was utilized as the layer in the multilayer assembly, and N3Mest was 

synthesized as the linker for the multilayer fabrication of the PhO-Ph-PDI thin-film EC material. 

The linker N3Mest was selected as Guangyu Hu, determined that N3Mest linker provided the best 

layer growth when compared to other azide functionalized linkers.153 The N3Mest linker has three 

azide locations for CuAAC click reactions with the terminal alkyne on the PhO-Ph-PDI. A 

common issue with other azide linkers involves their rotational flexibility with only two active 

azide sites. This flexibility may allow the linker to click with two different PDI layers within the 

multilayer assembly. This clicking of the linker to two different groups may render the linker 

unable to continue the multilayer growth. Comparatively, the N3Mest has three active azide sites 

which may aid in increasing layer growth if two of the azide groups click with two different PDI 

layers, the third azide group could be used to rejuvenate some of the lost functionality. The 

dendritic nature of the N3Mest may aid in reorienting the layer into a more upright position. The 

synthesis of N3Mest is shown in Figure 34. and the 1H NMR in d-CDCl3 is similar to what has 

previously been reported. 

4.1.2 Methods 

General Methods and Materials. 1H-NMR spectra were obtained on a Varian 500 MHz 

spectrometer and referenced to the solvent peak. LR and HR-ESI MS were obtained on a Thermo 

Electron Finnigan TSQ Quantum Ultra. Solvents, ACS grade or better, were purchased from 

Sigma Aldrich or Fischer Scientific and used as received unless specified otherwise.  

Synthesis of PhO-PTCDA. A suspension of 1,7-brominated perylene tetracarboxylic dianhydride 

(Br-/�<�=���`��`|����%�$�����������!��'
��������	
���
"�������������������
���
���	
�Dr. Peter 
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Palomaki. The Br-PTCDA   was reacted with 4-(tert-��
���!��	�� �%�&&����}�%�|������� 
	� 
���

presence of Cs2CO3 �%�##%� ��� |�%� ������ 
	� ���� ��������� �+�� ��� $`� �)��� The reaction was 

refluxed under N2 ���������=�
�������� 
��� ����

�	��
^
��������!������ 
	
����
��� �|`��)�� �	��

	��
���
"����

���
��
��~<�����%�+��%`�j����'��������	

����!~�����!!��^
��
����$��������������

The reaction mixture was stored for further workup.  

Synthesis of TMS-PhO-Ph-PDI. A suspension of 5,12-bis(4-(tert-��
���!��	�^���	
���¦&�%��-

def:6,5,10-d'e'f']diisochromene-1,3,8,10-tetraone (PhO-/�<�=�� �`��&}%� ��� �#�&&� ������ ����

reacted with 4-��
�
��
����
�����
��	����	
�
	���`�#�$����?�#}�������
	�
�� presence of zinc acetate 

�`���`����&��`�������
	�!��
�
	���?&��)����
���������	
��������^����
�%&`�� C under nitrogen for 

10 h. The reaction progress was measured via thin-������ ������
����!��� �%``� j� ��
����	��

�����
�����=�
���
�������

�	�����
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���!����
	�%``j���
����	�������
���������	�
������'���	����
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starting material. The remaining material was used without further purification. 

Synthesis of PhO-Ph-PDI. TMS-PhO-Ph-PDI �`�?%%���������������
����

��!�
���
�������
���

�%#?�&#� ���� &�}%� ������ �	�� %}-crown-#� �
���� �`�$&&� �)�� &�$?� ������ 
	� �~�� �|`� �)�� �	��

��
��	����|��)����
��������

������
��
��	����	

����	������}����
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�������

�	�!����������
	��

monitored by thin-������������
����!����%``j��������������=�
����}����
�������

�	��
^
��������

run through a short column using methylene chloride to remove the 18-crown-6 and any unreacted 

starting material. The potential PhO-Ph-PDI products were removed from the column and thin-

������������
����!������������
�������'��!��

���%``�j���
����	�������
�����=�!�eparatory thin-

layer chromatography was run on the potential PhO-Ph-/�;�!�����
�����
	��%``�j���
����	��

chloride. The top band was collected and dried under a high vacuum overnight before being 

prepped for a 1H NMR. (PhO-Ph-PDI): 1H NMR (500 mHz, CDCl3�: 9.29 (d, J ��8.3 ~"��&~���
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8.46 (d, J ��8.3 Hz, 2H ���8.21 (s��&~���$�55 (d, J ��7.6 Hz, 4~���$�?9 (d, J ��7.7 ~"���~�� 7.17 (d, 

���$�}�~"����~���$�`&��������$���~"����~���?�`$�����&~���%�&}�����%}�~�. The synthesis of PhO-Ph-

PDI is shown in Figure 33. and the 1H NMR in d-CDCl3 is shown in Figure 35 which is consistent 

with what has previously been reported.81 

Synthesis of 1,3,5-Tris(azidomethyl)benzene (N3Mest). 1,3,5-Tris(bromomethyl)benzene 

�%�``� ��� &�}`� ������ ���� ������ ���� ���
��� �"
��� �`�`$|� ��� %�%|� ������ 
	� 
��� !����	��� ���

���
�	

�
�����`��)���	��
�������

�	��
^
�������������^����	����	

����	 for 12 h. The reaction 

progress was monitored by thin-������ ������
����!��� �}�&�� ��
����	�� �����
���� ��^�	����� =�

column was run 8:2, methylene chloride: hexanes, and the first fraction was collected. After 

placing the products on the high vacuum overnight, a light-yellow oil was obtained for 1H NMR. 

1,3,5-Tris(azidomethyl)benzene (N3Mest): 1H NMR (500 mHz, (CD3�2CO���$�%&�����?~�����%}�

����#�~�. 

Self-Assembled Monolayer (SAM) Preparation. Indium �
	��^
����;������
������������
����

and the conductive side was tested with a multimeter. The ITO was sonicated in MeOH for ten 

minutes. After ten minutes the ITO was placed in a solution of K2CO3 in a 2:1 ratio of MeOH : 

water and sonicated for twenty minutes. After twenty minutes the ITO was rinsed with MeOH and 

placed in a 12-�"
���	�����!���!��	
����
������

�	�
	��+���%�|��+���

��
�����	���

'���
���

face up. The ITO was allowed to sit for 24 hours. After 24 hours the ITO was rinsed with DMF 

and dried under an air stream before being placed in a vacuum oven at 75 ¨<�
���		��������%�������

Multilayer Fabrication. Layer additions of PhO-Ph-PDI: a solution of DMF containing ~12j�

water, 2.9 mM of PDI, 0.9 mM CuSO4, 1 mM ��
����	"��
�
�"������
������
	���THPTA�, and 
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2.4 mM 2,5-di-tert-butyl-hydroquinone was placed in contact with one side of a SAM-

functionalized ITO and placed in a covered Petri dish in a 30 ¨C oven. After twenty minutes, the 

ITO was washed with acetone, DCM, MeOH, 1 mM disodium ethylenediaminetetraacetate in 1:1 

ethanol : DI water mixture, MeOH, and DI water.  

Linker additions of N3Mest��������

�	�����+�����	
�
	
	���%�j���
����&�&��+�����3Mest, 4.4 

mM CuSO4, 4.9 mM THPTA, and 8.9 mM sodium ascorbate was placed in contact with the dye 

side of the substrate and placed in a covered Petri dish in a 30 ¨C oven. After twenty minutes the 

slide was washed with the same solvents as above. 

Chemical Reductions. Chemical reductions studies were carried out manner similar to a previous 

method,53 using a quartz cuvette with the 1 cm optical path length. Solvents were anhydrous and 

deoxygenated. Samples were prepared in a N2 purged glovebox in anhydrous THF. Chemical 

reduction was achieved by using small additions of Na�%`j�*Hg with a slight excess of 18-crown-

6 added to aid in the solubility of Na+ ions under air-free conditions. Clean conversion between 

the different redox states was confirmed by the appearance of isosbestic points. 

Cyclic Voltammetry, Spectroelectrochemical Measurements, and Potential Step 

Spectroelectrochemistry Experiments. All electrochemical analysis measurements were 

completed with a three-electrode cell where the thin-film multilayer assembly was used as the 

working electrode, Ag wire was used as the reference electrode, and Pt was used as the counter 

electrode. Electrolyte use varied with the given experiment, but generally followed a 0.1 M 

��	��	
��

�	��

��
�������
��������
	��������	����
��
����������	
��X�������	�����!����=����\-

Vis electronic absorption spectra for the spectroelectrochemical and potential step 

spectroelectrochemistry experiments were taken on a Perkin-_����� )������ �|`� �\*'
��
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spectrometer or an Agilent 8453A spectrometer running Olisworks software. Samples were 

background subtracted using a quartz cuvette.  

Figure 33. PhO-Ph-PDI synthesis for click chemistry with the Br-PTCDA starting material previously 
synthesized by Dr. Peter Palomaki.81 

Figure 34. N3Mest linker synthesis from 1,3,5-tris(bromomethyl)benzene. 

4.1.3 NMR Analysis 

The 1H NMR of PhO-Ph-PDI as shown in Figure 35. and is similar to what has previously 

been reported in literature.81 Beauvillier et al.48 synthesized a bay functionalized p-(t-��
���!��	���

PDI with propargyl imide functionality (PhO-/�;�� 
	�
���� ��� 
��� !��	�����
���	�� 
�
���

functionality shown in PhO-Ph-PDI. For the PhO-Ph-PDI, the bay protons exhibit a doublet-
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doublet-singlet (d-d-����!�



	��!�

��	������'�������������
��}�&%�!!���<��!���

'�����
���/��-

PDI bay protons exhibit a doublet-doublet-singlet (d-d-����!�



	��!�

��	������'�����������%�
��

8.49 ppm. There are many other comparisons of bay protons with p-(t-b�
���!��	�� functionality 

in literature but with more than two bay functionalizations.  

The N3Mest, (1,3,5-
�
���"
����
������	"�	����������	�!��'
��������!��
���
	��

���
���48, 

but a 1H NMR in (CD3�2CO was completed for both the starting material 1,3,5-


�
���������
������	"�	���	��
���N3Mest linker for comparison of singlet peak shift between the 

protons nearest to the bromine substituent as compared to the azide substituent. The shift between 

the singlet pertaining to the protons nearest to the bromine substituent is 7.37 ppm, and for the 

azide is 7.12 ppm. The disappearance of the peak at 7.37 ppm was used to test for reaction 

completion.  

Figure 35. 1H NMR of PhO-Ph-PDI PDI in CDCl3 highlighting the aromatic proton splitting pattern which is 
located from around 7.0-10.5 ppm (spectra were referenced to the residual solvent peak CHCl3 at 7.26 ppm.). 



71 

4.2 Self-Assembled Monolayer Preparation 

Self-=���������+�	���������=+������!��!������	���	���

'��;	�
����
	��^
����;����

using the phosphonic acid method from,85 in which 12-azidododecylphosphonic acid was selected 

as the ��	������� 
	� ��
��� 
��� !�����	�� �

�
��� �/�;�� 
�
	-film will be assembled. The 12-

�"
���������!���!��	
�� ��
�� 
�� ���!�
���� ��� �	� �	����� ����!� �!���!��	
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��� �!�����

������������
	����	��
�
����"
�����������	�
	 Figure 36. The anchoring group of the phosphonic 

acid allows for multiple strong bonds between the metals and metal-oxide surfaces. The interaction 

usually results in the formation of a single monolayer in which any additional physiosorbed 

molecules can be easily rinsed off with solvent. For our purposes, the phosphonic acid head group 

forms a higher quality SAM on the ITO surface when compared to other SAM preparation 

involving silanes and thiols. In comparison to phosphonic acids, trialkyoxysilanes and 

trihalosilanes are prone to forming homocondensation products with Si-O-Si bonds,154 as well as 

exhibit lower hydrolytic stability when compared to phosphonic acid.155 Thiols, while they 

produce stable and ordered monolayers on gold, do not effectively functionalize with metal 

oxides.156–158 An additional benefit of using phosphonic acid in SAM preparation involves the high 

stability of phosphonic acid in air. Phosphonic acid modification of metal oxides do not involve 

an air sensitive process and can be prepared without the use of a Schlenk line, whereas thiols and 

silanes are both susceptible to oxidation. The preparation of our phosphonic acid SAM with 12-

azidododecylphosphonic acid is shown in Figure 36. 

While the anchoring group of 12-azidododecylphosphonic acid is utilized for a stable and 

���	
�������	��������	�
���;	�
����
	��^
����;�������������
����!����, or long chain alkyl, has 

been used to screen interactions of the interface between the added functionality to the SAM and 


����	�����
	������
��
���;���
	�
�
��������159Additionally, it is hypothesized that the spacer, or 
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alkyl chain, can influence surface reorganization as a function of monolayer viscosity. A more 

viscous monolayer made from a longer spacer may have a significant effect on the equilibrium 

structure of the SAM.  

Finally, the azide tail of 12-azidododecylphosphonic acid is utilized within the Copper-

="
���=���	��<�������


�	��<�==<����
�������

�	���
���	��"
���
�
���	��
���
	�������	�����

the functionalized PDI. The first click reaction between the azide tail of phosphonic acid SAM and 

alkyne functionality of the PDI is shown in Figure 36.  

Figure 36. Self-Assembled Monolayer (SAM) preparation for Layer-by-Layer Assembly with 1.5 mM of 12-
azidododecylphosphonic acid in THF. 

4.3 Multilayer Assembly of Perylene Diimide Thin-Film 

A multilayer thin-film of five layers of the PhO-Ph-PDI with N3Mest linker were 

constructed using Copper-Azide Alkyne <�������


�	��<�==<����
�������

�	.102 This thin-film 

was assembled via layer-by-�������)�)� method, alternating between layers (PhO-Ph-PDI���	��

�
	���������
���	���
	�����

��-up fabrication. This CuAAC LbL assembly of PhO-Ph-PDI and 

N3Mest linker is shown in Figure 37. In this CuAAC LbL assembly, the azide tail on the 
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phosphonic acid SAM reacts with the terminal alkyne on the PhO-Ph-PDI to form a triazole 

linkage between the phosphonic SAM and PhO-Ph-PDI ()�����%�������PhO-Ph-PDI Layer 1 

possess a terminal alkyne which reacts with the azide on the N3Mest to form a triazole linkage 

between Layer 1 and N3Mest �)
	����%� forming a bi-layer. These steps are repeated by CuAAC 

LbL assembly until five layers of PhO-Ph-PDI are fabricated on the ITO surface. This LbL 

fabrication technique can be used to produce an ordered, reproducible, and uniform films which 

can be easy tuned via selection of the chromophore used in the layers. In this manuscript, PhO-

Ph-PDI was used as the selected chromophore, but other chromophores can be used in LbL 

fabrication using the same methods. Figure 38. shows the absorbance used to follow growth of 

multilayers. The growth of the five layers of PhO-Ph-PDI linked through four triazole linkages, 

and four N3Mest linkers shows a consistent increase in absorbance with each layer reaction. Figure 

39. compares the reaction at each layer with the absorbance intensity at 523 nm showing a very

linear plot. Both Figure 38. and Figure 39. show that each layer reaction is indicative of linear 

growth. The linear growth of the five layers of PhO-Ph-PDI is similar to what has previously been 

reported in literature with PhO-Prgyl-PDI48 exhibiting the same absorbance profile. 
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Figure 37. Layer-by-layer (LbL) assembly through Copper-Azide Alkyne Cycloaddition (CuAAC) “click” 
reactions of PhO-Ph-PDI with mestylene linker to achieve multilayer assembly. 

Figure 38. Visible absorption profiles obtained during the growth of five bilayers of PhO-Ph-PDI with N3Mest 
linker. 
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Figure 39. Comparison of layer rxn vs. the intensity of the absorbance peak at the maximum at 523 nm. 

4.4 Electrochemical Analysis of the Perylene Thin-Film 

The electrochemical properties of the PhO-Ph-PDI thin-film were determined by cyclic 

'��
����
����<\��
	�tetrabutylammonium hexafluorophosphate (TBAPF6��
	�methylene chloride 

and acetonitrile, and tetramethylammonium hexafluorophosphate (TMeAPF6��
n acetonitrile. The 

TMeAPF6 electrolyte was not studied in methylene chloride due to its solubility issues. In both 

electrolyte and solvents, the PhO-Ph-PDI thin-film undergoes two reductions in the range -0.8 to 

-%�?�\�'���������	�X������
	
����������	�
	 Figure 40 and Figure 41. The first reduction peak is

observed at -0. 97 V, with the second reduction peak observed at -1.23 V. The E½
`X*% and E½

-%X-2 

values are -0.91 V and -1.15 V. The cyclic voltammetry data for the PhO-Ph-PDI thin-film in 

TBAPF6 and TMeAPF6 shows significant overlap between both reduction peaks. The first 

reduction between the neutral state and singly reduced state is far less prominent than the neutral 

state and the doubly reduced state.  
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Figure 40. Normalized Cyclic Voltammetry (CV) scans for five layers of PhO-Ph-PDI with mestylene linker 
assembled on an ITO electrode. CVs were normalized by dividing the resultant current by the scan rate . CVs 

were obtained at varying scan rates (0.025 V/s, 0.05 V/s, and 0.10 V/s) with 0.1 M of TBAPF6 in anhydrous 
methylene chloride as the electrolyte. 

Figure 41. Normalized Cyclic Voltammetry (CV) scans for five layers of PhO-Ph-PDI with mestylene linker 
assembled on an ITO electrode. CVs were normalized by dividing the resultant current by the scan rate. CVs 
were obtained at varying scan rates (0.10 V/s, and 0.25 V/s) with 0.1 M of TMeAPF6. and 0.1 M of TBAPF6 in 

anhydrous acetonitrile as the electrolyte. 
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The significant overlap between the first and second reduction peaks in the PhO-Ph-PDI 

thin-film is similar to what has been reported in literature for other PDI films. Ma et al.148 

fabricated two PDI films in order to study their electrochemical properties. One film, poly-Cl-PBI, 

film contains a PDI unit with chlorine substituents on the 1,6,7,12 bay positions and two peripheral 

carbazoles at each imide position. The second film, poly-PO-PBI, film contains a PDI unit with 

phenoxy substituents on the 1,6,7,12 bay positions and two peripheral carbazoles at each imide 

position. Both the poly-Cl-PBI film and poly-PO-PBI film exhibited electrochemical behavior 

with two reversible peaks, the first reduction potential observed at -0.62 V for poly-Cl-PBI and -

0.88 V for poly-PO-PBI, with the second reduction potential observed at -0.83 V for poly-Cl-PBI 

and -1.01 V for poly-PO-PBI. Both the poly-Cl-PBI and poly-PO-/>;������������	����
��=�X=�+. 

Comparatively, the poly-PO-PBI film exhibited a more negative applied potential relative to the 

poly-Cl-PBI potentially because the PO-PBI has a lower electron affinity within the core relative 

to the Cl-PBI. Büyük��«
 et al.151 synthesized a bay functionalized (4-��
��^�!��	�^��� 
�
���

substituted PDI with two 5-amino-1,10-phenanthroline substituents at each imide position, 

����
������
���� 
���	
�������� ����
��'��
����
��� �<\� (TBAPF6 
	���
����	�� �����
���������

carried out to yield a two reduction and two oxidation process. The E½
`X*% and E½

-%X-2 values were 

observed at -0.54 V and -0.73 V, respectively, which occurs at a more positive reduction potential 

than the PhO-Ph-PDI thin-film in which E½
`X*% and E½

-%X-2 values were observed at -0.91 V and -

1.15 V, respectively. 

While the PhO-Ph-PDI thin-film correlate with what has already been published in 

literature in terms of the location of the first and second reduction peaks148,151 the significant 

overlap between the first and second reduction peaks  show that clean conversion to reduced states 

was not achieved with TBAPF6 or TMeAPF6. Instead, PhO-Ph-PDI thin-films studied with 

TBAPF6 and TMeAPF6 showed a partial conversion to both the singly and doubly reduced state, 
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with the majority of the partial conversion favoring the doubly reduced state. Examination of these 

partial conversions were probed through calculations of surface coverages, charge, and percent 

conversions associated with the singly and doubly reduced state. These values are calculated from 

the cyclic voltammetry data in Figure 40 and Figure 41, and are summarized in Table 5.  

Table 5. Determination of conversion to singly and doubly reduced states by comparison of cyclic 
voltammetry peaks in varying electrolytes and solvents. 

Table 5 ���!���������������'����������������	��j���	'���
�	���
���	�
�������������

�	��

��+��4,+ associated with TMeAPF6 electrolyte in acetonitrile, to the ������� ��>��4,+ cation in 

acetonitrile and methylene chloride. For both TBAPF6 and TMeAPF6 in acetonitrile, the singly 

���������
�
��!����	
���	'���
�	������?�j���

����$�j���
	�������
�
����

��
������������������

state. Despite ��+��4,+ ��
	��������������

�	�����

'��
����>��4,+ neither cation size may have 

effectively been able to penetrate the PhO-Ph-PDI thin-film. One possible cause may involve 

aggregation effects within the film fabrication in which the PhO-Ph-PDI thin-film is packed so 



��
��� 
��
��

���� 
�����+��4
+ ��

�	������>��4

+ cannot successfully penetrate the film until a 

potential of -1.4 V is achieved which is associated with the formation of the doubly reduced state. 

Interestingly, changing the solvent from acetonitrile to methylene chloride for TBAPF6, increased 

Conversion to singly and doubly reduced states of PhO-Ph-PDI thin-film 

Suspected 
Reduced 

State 

TMeAPF6 TBAPF6

Acetonitrile Methylene Chloride Acetonitrile 

Surface 
Coverage 

-1 3.70x10�� �����X��2 1.94x10�� �����X��2 2.52x10�� �����X��2 

-2 1.95x10��  �����X��2 3.07x10�� �����X��2 9.27x10�� �����X��2 

Charge 
-1 1.01x10��C 1.37x10��C 1.59x10��C 
-2 6.20x10��C 2.21x10��C 5.88x10��C 

j�
Conversion 

-1 2.7 6.1 2.9 
-2 97.3 93.8 97.1 
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����
	������������!����	
���	'���
�	������?j�
��#j��¬�
�� ��>��4
+ ��������������
��	���+��4

+ 

using a less polar solvent like methylene chloride instead of a more polar solvent like acetonitrile 

may allow the cation to better penetrate and reduce the thin-film. 

4.5 Chemical Reduction and CIE 

To better probe the neutral, singly reduced, and doubly reduced species for the PhO-Ph-

PDI, in situ chemical reduction with ���~����
	�
���!����	������%}*crown*6, was employed to 

produce the singly and doubly reduced states. These conditions allowed for the clean conversion 

between redox states of the PhO-����	
. The absorption spectra of the neutral, singly reduced, 

and doubly reduced PhO-Ph-PDI in THF are shown in addition to the corresponding visual color 

changes are shown in Figure 43. The neutral species exhibits a peak at 537 nm with a shoulder at 

501 nm. The singly reduced species exhibits a peak at 720 nm with a smaller peak at 892 nm. 

Finally, the doubly reduced species is blue-shifted relative to the singly reduced species, and red-

shifted relative to the neutral species, but exhibits a peak at 607 nm with a small shoulder at 702 

nm.  

In comparison to the chemical reduction of PhO-Ph-PDI, the chemical reduction of the 

Thio-PDI derivatives in Figure 42. show similar trends. The 1,6-Thio-PDI, the neutral state 

exhibits a peak at 553 nm, the singly reduced state exhibits a dominant peak at 733 nm, and the 

doubly reduced state exhibits two peaks of equal height at 619 nm and 595 nm. The chemical 

reduction of 1,7-Thio-PDI, the neutral state exhibits a peak at 568 nm, the singly reduced state 

exhibits a dominant peak at 743 nm, and the doubly reduced state exhibits two peaks of nearly 

equal height at 595 nm and 620 nm. The chemical reduction of 1,6,7-Thio-PDI, the neutral state 

exhibits a peak at 575 nm, the singly reduced state exhibits a dominant peak at 757 nm with an 
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additional shoulder at 885 nm, and the doubly reduced state at 624 nm. Similar to PhO-Ph-PDI, 

the Thio-PDI derivatives all exhibit a red shift between the neutral and singly reduced species, and 

a blue shift between the singly reduced and doubly reduced species with the doubly reduced 

species slightly red shifted relative to the neutral species. 

Comparatively, Figure 43. shows the <;_��<���
��
�	�;	
��	�

�	��������¥_���
����� 1931 

xy chromaticity diagram with the values calculated for PhO-Ph-PDI in the neutral, singly and 

doubly reduced states mirror the chemical reduction data in Figure 43. These results are also 

mirrored in the CIE calculations for the Thio-PDI derivatives in Figure 31.  

Figure 42. �������

]!$��������%!������$!�}!PhO-Ph-PDI recorded in THF with 0.01 M 18-crown-6. The 
singly and doubly reduced state were generated by chemical reduction using Na(Hg). The spectra of neutral 
stat are shown as solid pink line, the singly reduced state as dashed �#�"#���� lines, and the doubly reduced 
state as a dashed blue line. Included with the spectra are images of the cuvettes corresponding to the sample 

spectra. 
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Figure 43. CIE 1931 xy chromaticity diagram with points calculated for the neutral, singly, and doubly 
reduced forms of PhO-Ph-PDI. 

4.6 Spectroelectrochemical Analysis of the PhO-Ph-PDI 

Multilayers 

Spectroelectrochemistry is a chemical technique which combines spectroscopy with 

electrochemistry. While, electrochemistry is used in a variety of disciplines including chemistry, 

biology, physics, materials study, information transfer,160 and can provide information on redox 

potentials, concentrations of analyte species, and elucidation of reaction mechanisms through 

kinetic analysis,161 is not suitable to identify unknown intermediates or products formed in redox 

reactions. Individually, both spectroscopy and electrochemistry have their utility, but together 

spectroelectrochemistry combines both reaction-oriented electrochemistry and species focused 

spectroscopy to provide a more qualitative and quantitative analysis of what is occurring on the 

electrode surface. 
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For bay-functionalized perylene diimides which can undergo a two-electron reduction 

process, spectroelectrochemical analysis reveals a few emerging trends from the neutral, to the 

singly reduced, to the doubly reduced state.  For a PDI synthesized ���>­�­���«
 et al.,151 the 

neutral species of the PDI exhibits a large peak at 599 nm. A reduction of the PDI to the singly 

reduced species shows a new peak at 800 nm. A second reduction of the PDI exhibits a peak at 

677 nm. Comparatively, for a PDI synthesized by Wu� rthner et al.,149 the neutral species appears 

at 585 nm. A reduction of the PDI to the singly reduced species shows a peak 792 nm, 977 nm, 

and 1085 nm. A second reduction of the PDI exhibits a peak at 678 nm. Generally, the peak 

associated with the neutral species undergoes a red-shift to the singly reduced form and a final 

blue-shift to the doubly reduced form. Both >­�­���«
 et al.,151 and Wu� rthner et al.,149 observed 

peaks mimicking the general trends observed for chemical reduction data, i.e. the aforementioned 

red-shift between the neutral and single reduced peak, and blue-shift between the singly reduced 

and doubly reduced peak. Additionally, both >­�­���«
 et al.,151 and Wu� rthner et al.,149 observed 

full conversion to the reduced states as evident by only observing peaks associated with each 

reduction.  

Spectroelectrochemical analysis was conducted on the PhO-Ph-PDI thin-film containing 

five bilayers as shown in Figure 44. In Figure 44 the spectroelectrochemical data was measured in 

TBAPF6 to study the penetration of the ��>��4
+ cation in the thin-film. In Figure 44, the 

spectroelectrochemical data was measured in TMeAPF6 to study the penetration of the ��+��4
+ 

For the spectroelectrochemical data, both films had applied potentials of -0.4V, -1.0 V and -1.4 V, 

when referenced 
��
����������	
��X�������	�����!��. These applied potentials of -0.4V, -1.0 V 

and -1.4 V are used to probe the neutral, singly reduced and doubly reduced species observed in 

the cyclic voltammetry data in Figure 40 and Figure 41. Both PhO-Ph-PDI thin-films studied with 

TBuAPF6 and TMeAPF6 exhibited a similar peak pattern to what was previously observed by 
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>­�­���«
 et al.151 and Wu� rthner et al.149 The reduction of the PhO-Ph-PDI neutral thin-film to 

the singly reduced species resulted in red-shift, and the reduction form singly reduced to doubly 

reduced species resulted in a blue-shift. However, even though the location of the neutral, singly 

reduced, and doubly reduced species were similar to what was observed in literature,149,151 and 

were consistent with the locations of peaks observed in the chemical reduction data in Figure 42., 

the intensity of the peaks was not consistent. The PhO-Ph-PDI thin-films should fully mimic the 

location and intensity of the peaks associated with the singly and doubly reduced states if the films 

are being reduced fully. However, neither the ��>��4
+ cation n��� 
��� ��+��4

+ cation fully 

mimicked the chemical reduction data. 

The PhO-Ph-PDI thin-film studied with the ��>��4
+ cation is shown in Figure 44. The 

potential of -0.4V volts shows a steep peak at 557 nm which is analogous to the chemical reduction 

data in Figure 42. with the neutral species exhibiting a peak at 537 nm. When a potential of -1.0 V 

was applied to access the singly reduced species as shown in Figure 44., the same peak at 557 nm 

is observed with the emergence of two new peaks 735 nm, and 950 nm. These two new emerging 

peaks are similar to the chemical reduction data and are indicative of the singly reduced species. 

However, the presence of the peak at 557 nm, which is indicative of the neutral species, indicates 

only a partial conversion to the singly reduced species. Comparatively, a potential of -1.4 V was 

applied to access the doubly reduced species. At -1.4 V a large peak at 557 nm and a smaller peak 

at 615 nm is observed. The smaller peak at 615 is analogous to the doubly reduced species as the 

chemical reduction data in Figure 42. shows a peak at 607 nm. However, the presence of the peak 

at 557 nm also indicates the presence of neutral species. Thus, like the singly reduced species 

probed at -1.0 V, the doubly reduced species at -1.4 V does not achieve full conversion to the 

doubly reduced species, but instead involves a mixed state between the desired reduced state and 

the neutral state.  
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Figure 44. UV-Vis absorption spectra of TBAPF6 (0.1 M) in methylene chloride (top) and TMeAPF6 (0.1 M) 
in acetonitrile referenced to ferrocene/ferrocenium using spectroelectrochemical methods at 273 K. 

The PhO-Ph-PDI thin-�
����
��
����

��
�����+��4
+ cation is shown in Figure 44. The 

potential of -0.4V volts shows a steep peak at 513 nm with a large shoulder. This peak is analogous 

to the chemical reduction data in Figure 42. with the neutral species exhibiting a peak at 537 nm. 

When a potential of -1.0 V was applied to access the singly reduced species as shown in Figure 

44, a peak is observed at 530 nm, 680 nm, and 902 nm. The peaks at 680 nm and 902 nm are 

indicative of the singly reduced species and are consistent with the chemical reduction data in 

Figure 42., but the peak at 530 nm is indicative of the still present neutral species. Comparatively, 

a potential of -1.4 V was applied to access the doubly reduced species. At -1.4 V a large peak is 

observed at 592 nm. This peak at 592 nm is similar to the doubly reduced peak in the chemical 

reduction data in Figure 42 and indicates a full reduction to the doubly reduced species. 
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�	�����!��
������
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�	��

��
�����>��4
+ cation only 

achieved partial reduction for the singly and doubly reduced states, and reduction with the N(Me4�+ 

only achieved partial reduction for the singly reduced state. To probe the partial conversion of 

singly and reduced �
�
������� 
�����>��4
+ �	����+��4

+ cation, Table 6. calculates what relative 

percentage is achieved for the reduced states when compared to the expected peak heights from 

the chemical reduction data in Figure 42. For 
��� ��>��4
+ cation, approximately 16-%$j�

��	'���
�	�
�����
�'�������
����
	�������������
�
���	��|#�j��������
�'�������
������������������
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��� <��!���

'����� ���� 
��� ��+��4
+ cation, 32-?�� j� ��	'���
�	� 
�� ���
�'��� ���� 
��� �
	����

�������� �
�
�� �	�� }}� j� ��� achieved for the doubly reduced state. Given that the 

�!��
������
������
������
�� ���� 
�����+��4
+ cation shows no peaks associated with the neutral 

species, it can assumed that 
�
��}}�j������
	'��'���������	'���
�	�
��
�������������������
�
���

����}}�j��onversion may be related  to other factors such as aggregation effects within the PhO-

Ph-PDI thin-film or the comparison of the chemical reduction data which was measured in 

solution, and the spectroelectrochemical data which involves the PhO-Ph-PDI thin-film. What is 

most interesting is a much higher conversion to the singly and doubly reduced state is observed 

with the smaller ��+��4
+ cation, 32-?��j��	��}}�j��������!�����
��
������������>��4

+ cation, 16-

%$j��	��|#�j�������� 
���������� 
��� ����������+��4
+ cation may penetrate the thin-film more 

�����

'����
��	�
������������>��4
+ cation, leading to better conversion to the desired reduced state. 
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Table 6. Conversion to singly and doubly reduced states by comparison of spectroelectrochemical (SEC) 
peaks to chemical reduction (CR) peaks. 

 
 

4.7 Potential Step Experiments 

 To probe the nature of the singly and doubly reduced states observed in the 

spectroelectrochemical measurements, a series of potential step experiments were carried out. 

These potential step experiments measure current as measured as a function of time.162 In these 

experiments, a square-wave potential is applied to the working electrode with the assumption that 

the measured current changes in relation to the diffusion of a bulk analyte to the sensor surface.163 

By measuring the change in current over time, the diffusion of a species within the PhO-Ph-PDI 

thin-films can be probed. As previously discussed, the cyclic voltammetry data in shows that only 

��!��

�����	'���
�	�����?j��������
�'������ ��
��
�����+��4
+ ��

�	��	����>��4

+ cation in the 

PhO-Ph-PDI thin-film as shown in Table 5. ����?�j���	'���
�	�
��
����
	�������������
�
������

have been due to aggregation effects or the charging of the charged at a faster rate than the charge 

can diffuse through the thin-film, resulting in a mixed reduced state. Additionally, the 

spectroelectrochemcial analysis, which occurs on a much slower timescale than the cyclic 

'��
����
����
��
�������������
����
���
	��
��
���+��4
+ ��

�	����
�'�����}}�j���	'���
�	�
��

the singly reduced stat��������!�����
��
���|#�j������'����

��
�����>��4
+ cation as shown in 

Comparison of conversion to singly and doubly reduced states 

Potential 
�\�  

TBAPF6
 TMeAPF6

 

Peak �	�� 
SEC Peak
CR Peak  

j��<�	'���
�	 
relative to CR /�����	�� 

SEC Peak
CR Peak  

j��Conversion 
relative to CR 

-0.4 V 560 1 100 j 508 1 100 
-1.0 V 

 
753 
920 

0.16 
0.17 

%#�j 
%$�j 

672 
899 

0.34 
0.32 

?�j 
?&j 

-1.4 V 618 0.56 56j 590 0.88 }}j 
a V vs Fc`X¤ 
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Table 6. Potential step experiments should better elucidate the relationship between the size of the 

electrolyte in penetration of the PhO-Ph-PDI thin-film, the stability, and potential utility of the 

PhO-Ph-PDI thin-film as electrochromic devices.  

 Potential step experiments were used to monitor the stability of the PhO-Ph-PDI thin-film 

in TBAPF6 and TMeAPF6 by examining how fast these films can be switched from different 

potentials. The applied potential was switched between -0.4 V to -1.0 V to switch between the 

neutral and the singly reduced state as shown in Figure 45 for TBAPF6, and Figure 48 for 

TMeAPF6. The potential was switched between -0.4 V to -1.4 V to switch between the neutral and 

the doubly reduced state as shown in Figure 46 for TBAPF6, and Figure 49 for TMeAPF6. The 

potential was switched between -1.0 V and -1.4 V to switch between the singly reduced and doubly 

reduced state as shown in Figure 47 for TBAPF6, and Figure 50 for TMeAPF6. All potentials were 

referenced to 
����������	�X�������	
�����uple. The selected wavelengths in Figure 45-Figure 50 

correspond to the peaks associated with the neutral, singly, and doubly reduced states within the 

spectroelectrochemical data in Figure 44. The onset of a potential associated with a specific state 

should result in an increase in the corresponding absorbance peak associated with that state. For 

example, the chemical reduction of PhO-Ph-PDI in Figure 42 predicts a peak associated with the 

singly reduced state near 735 nm. Thus, when this wavelength of 735 nm is set and a potential of 

-1.0 V is applied, a corresponding increase in absorbance should mirror the intensity of the 

absorbance observed within the chemical reduction data in Figure 42 and the 

spectroelectrochemical data in Figure 44. This mirroring indicates full conversion to the singly 

reduced state. If the intensity of the absorbance profile is less intense than expected, or if the shape 

of the absorbance does not follow the applied potential square wave, or if the charging current 

shows a delay in discharging, these factors may indicate the resistance, a limitation in the charge 

pushed through the PhO-Ph-PDI thin-film, or a lack of faradic response due to other factors. 
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Figure 45. Potential Step Spectroelectrochemistry experiment -0.4 to -1.0 volts with TBAPF6 referenced to the 
ferrocenium/ferrocene couple \����!���!�����!�"#$��-wave applied potential, (middle) resultant change in 

current, and (bottom) is the resultant change in absorbance. 
 

 

 

Figure 46. Potential Step Spectroelectrochemistry experiment -0.4 to -1.4 volts with TBAPF6 referenced to the 
ferrocenium/ferrocene couple \����!���!�����!�"#$��-wave applied potential, (middle) resultant change in 

current, and (bottom) is the resultant change in absorbance. 
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Figure 47. Potential Step Spectroelectrochemistry experiment -1.0 to -1.4 volts with TBAPF6 referenced to the 
ferrocenium/ferrocene couple \����!���!�����!�"#$��-wave applied potential, (middle) resultant change in 

current, and (bottom) is the resultant change in absorbance. 

 

Figure 48. Potential Step Spectroelectrochemistry experiment -0.4 to -1.0 volts with TMeAPF6  referenced to 
the ferrocenium/ferrocene couple \����!���!�����!�"#$��-wave applied potential, (middle) resultant change in 

current, and (bottom) is the resultant change in absorbance. 
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Figure 49. Potential Step Spectroelectrochemistry experiment -0.4 to -1.4 volts with TMeAPF6 referenced to 

the ferrocenium/ferrocene couple \����!���!�����!�"#$��-wave applied potential, (middle) resultant change in 
current, and (bottom) is the resultant change in absorbance. 

 

Figure 50. Potential Step Spectroelectrochemistry experiment -1.0 to -1.4 volts with TMeAPF6 referenced to 
the ferrocenium/ferrocene couple \����!���!�����!�"#$��-wave applied potential, (middle) resultant change in 

current, and (bottom) is the resultant change in absorbance. 
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 Switching from the neutral state at -0.4 V to the doubly reduced state at -1.4 V, a positive 

increase in absorbance is observed for the corresponding wavelengths associated with the doubly 

reduced state at approximately 615 nm for the TBAPF6 electrolyte as shown in Figure 46 and 607 

nm with the TMeAPF6 in Figure 49. Interestingly, the shape of the absorbance profile associated 

with 615 nm and 607 nm indicates a delay in the full charging of the thin-film even after the applied 

potential has made a full switch. This is most pronounced with the absorbance peaks 607 nm with 

the TMeAPF6 which show an obvious curvature to the absorbance peak indicating slower kinetics 

than observed for the absorbance profile associated with 615 nm for TBAPF6. Examination of the 

resultant current at 615 nm for TBAPF6 and 607 nm with the TMeAPF6 shows a gradual decay 

which is consistent with the absorbance profile for both. 

 Switching from the neutral state at -0.4 V to the singly reduced state at -1.0 V, a positive 

increase in absorbance is observed for the corresponding wavelengths associated with the doubly 

reduced state at approximately 735 nm for the TBAPF6 electrolyte as shown in Figure 45, and 719 

nm with the TMeAPF6 in Figure 48. Interestingly, for the TMeAPF6 in Figure 48, the relative 

intensity is far less than for the TBAPF6. However, this decrease in intensity could be due to the 

general degradation of the PhO-Ph-PDI thin-film over all of the switching experiments as the 

TMeAPF6 in Figure 48 underwent more several more experiments than the TMeAPF6 in Figure 

48. General degradation of the thin-film is a general consideration for electrochromic materials. 

Examination of the absorbance peaks for both the TBAPF6 and TMeAPF6 show little curvature 

relative to the doubly reduced state in Figure 46. This is consistent with the current as the discharge 

seems also relatively immediate. This reduced curvature in the absorbance peak, and thus, sluggish 

kinetics, may be due to the lower percentage of singly reduced species formed relative to the 

doubly reduced species as seen in the cyclic voltammetry data in Table 5 and the 

spectroelectrochemical data in Table 6. The cyclic voltammetry data in Figure 41 almost indicates 
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that the singly reduced species occurs in such minute amounts that it can almost be considered an 

intermediate between the neutral and doubly reduced species, thus reduction to this intermediate 

singly reduced species would occur on a much faster timescale relative to the doubly reduced 

species. 

 The relationship between the fraction of singly reduced species and fraction of doubly 

reduced species is further explored in switching from the singly reduced state at -1.0 V to the 

doubly reduced state at -1.4 V at approximately 615 nm and 735 nm for the TBuAPF6 electrolyte, 

and  607 nm and 719 nm for the TMeAPF6 electrolyte as shown in Figure 50. Perhaps, as expected, 

the absorbance peaks associated with the doubly reduced state are more intense than the 

absorbance peaks associated with the singly reduced state for both the TBuAPF6 and the TMeAPF6 

electrolyte. For both electrolytes there is also a curvature to the absorbance peaks associated with 

the singly and doubly reduced profiles indicating slower kinetics that do not fully follow the 

switching potentials. This is particularly pronounced with the switching from -1.0 V to -1.4 V for 

TBuAPF6 in Figure 47. which shows an increase in absorbance at -1.0 V and then an immediate 

decay even at the wavelength of 735 nm which is associated with the singly reduced state in the 

chemical reduction data in Figure 42. This immediate decay from the singly reduced to the doubly 

reduced state is consistent with the lower surface coverages and percent conversion to the singly 

reduced state for the TBuAPF6 relative to the TMeAPF6 in Table 6. 

4.8 Concluding Remarks  

 In this chapter, a PhO-Ph-PDI thin-film was fabricated to observe the possible use of the 

PhO-Ph-PDI thin-film in an EC device. The PhO-Ph-PDI and N3Mest linker were synthesized 

and characterized with 1H NMR. The thin-film multilayer assembly was fabricated on an Indium 

�
	��^
����;���������������;���
����	���

'���	��
��	�!���	
���
���������

��	�
�������
��
�������



 

93 
 

 

use in EC devices. CuAAC click chemistry was used to fabricate a five layered PhO-Ph-PDI thin-

film using a layer-by-������ �)�)�� ��������� technique. The layers of PhO-Ph-PDI thin-film 

showed a linear and reproducible growth as observed by UV-Vis absorbance measurements. 

 The study of the PhO-Ph-PDI thin-film in an EC device required initial study of the 

electrochemical properties of the PhO-Ph-PDI thin film. The first study utilized cyclic 

voltammetry measurements with TBAPF6 and TMeAPF6 to study if a smaller cation size led to 

better penetration of the thin films. The cyclic voltammetry �<\���
��
������
���PhO-Ph-PDI thin-

film showed reduction potentials associated with the neutral state (-0.4 \������
	�������������
�
��

(-1.0  \����	��������������������
�
���-1.4 \� when referenced to fer����	�X�������	
�������^�

couple. CV studies indicated that there was no clean conversion to the singly or doubly reduced 

states regardless of electrolyte size, as both TBAPF6 and TMeAPF6 �^�
�

�����?�j���	'���
�	�
��

the singly reduced state in acetonitrile. However, TBAPF6 in methylene chloride increased the rate 

�����	'���
�	������?�j�
	����
�	

�
���
��#�j�
	���
����	�������
����
�!��
	��
��
�����	���	'���
�	�

requires not only a small electrolyte to penetrate the thin-film, but a less polar solvent like 

��
����	�������
���
�������������
�����j���	'���
�	�
��
���singly reduced state. 

 Chemical Reductions were used to better probe the neutral, singly reduced, and doubly 

reduced state for the PhO-Ph-PDI thin-film. The chemical reduction of PhO-Ph-PDI showed full 

reduction from the neutral to the singly and doubly reduced species as well as the corresponding 

absorption peaks associated with each state. The full reduction of PhO-Ph-PDI showed a variety 

of color change between the neutral and reduced states which corresponded to the CIE calculation. 

Applying the CIE calculation and peak information from the chemical reduction data, in theory, 

the PhO-Ph-PDI should be able to be achieve neutral, singly reduced, and doubly reduced states. 

 With the chemical reduction peaks for the neutral, singly reduced, and doubly reduced 

species, spectroelectrochemical measurements were conducted in the hopes of mimicking the 
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chemical reduction data. Similar to the CV studies, the spectroelectrochemical measurements were 

carried out both in TBAPF6 and TMeAPF6 to further study if a smaller cation size led to better 

penetration of the thin-films, and if full conversion can be achieved like the chemical reduction 

data. While neither the butyl or methyl cation led to full conversion of the suspected singly reduced 

state for the PhO-Ph-PDI thin-film, the methyl cation was able to promote full conversion 

between the neutral and doubly reduced species. This full conversion to the doubly reduced state 

with the smaller methyl cation indicates that a smaller size cation may better penetrate the PhO-

Ph-PDI thin-film than the larger butyl cation. 

 Further study of the effects of cation size were applied to potential step 

spectroelectrochemical studies in which an applied potential cycled rapidly between two suspected 

states. These states could be neutral to the singly reduced state, neutral to the doubly reduced state, 

and singly reduced to the doubly reduced state. Potential-step spectroelectrochemistry data 

revealed that neither the butyl nor the methyl cation was able to fully achieve the singly reduced 

species, as similarly observed in the spectroelectrochemical data, but there was full conversion 

observed from the neutral to the doubly reduced state. Thus, from the spectroelectrochemical data 

and potential step spectroelectrochemical data, the smaller methyl cation size allowed for better 

penetration of the thin-film relative to the larger butyl cation. Therefore, like the use of a less polar 
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��!����
�����
�����j���	'���
�	�
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������������
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����������'���
	�
���<\��
��
����
���

use of a smaller cation size to better penetrate the thin-film seems to also be an important 

determinant for development of EC materials. 

 The lack of full conversion to the singly reduced species for either the ��>��4
+ or ��+��4

+  

cation was not a desired outcome for the PhO-Ph-PDI thin-film as an EC device. Ideally, an EC 

device should switch rapidly from different colored states and retain stability through the switching 

process. As previously discussed, the PhO-Ph-PDI thin-film is likely not being fully reduced 
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throughout the entire multilayer assembly. With the use of less polar solvents and smaller sized 

electrolytes, the singly and doubly reduced states may achieve a higher percent conversion, and 

maybe even a full conversion to the doubly reduced state, but overall the PhO-Ph-PDI thin-film 

currently is not well suited as an EC device. One possibility that full conversion was not reached 

for either electrolyte may be that the structure of the PhO-Ph-PDI thin-film in which the molecular 

assemblies packed too closely together to allow effective cation penetration. A synthetic approach 

to combat this tight packing will be discussed in the future directions of this manuscript.  
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5. CONCLUSION 

In conclusion, to combat climate change and provide for future energy security as non-

renewable energy sources are depleted, more energy efficient technologies need to be developed. 

One energy efficient technology is ����
�������
�� �_<��devices which can undergo an intense 

color change as the result of an electron-transfer process.6 Current EC devices are already cited at 

reducing energy use in heating and cooling buildings7 ��
��������	
�����?`�j������������	�����

consumption. Additionally, EC devices can utilize a lower energy consumption relative to current 

displays due to their ability to maintain an optical state without a continuous input of electrical 

power.10 Aside from their reduction in energy consumption, EC devices have the added benefit of 

utility in improving consumer daily life as in visualized energy storage and wearable electronics.  

There are several types of EC devices, but small organic molecule based EC devices are 

perhaps some of the most promising emerging technologies as small organic molecules can exhibit 

intense coloration, and chemical functionalization can allow for more photophysical specificity, if 

the stability31 issues associated with small organic molecules can be overcome. The small organic 

molecule that was selected for study within an EC device was a perylene diimide �/�;�.  PDIs 

have exceptional chemical, photo, thermal stability,33 high tinctorial strength,34 and 

functionalization of the bay position fine tunes the photophysical properties of the PDI. 39,60 It is 

the functionalization of the PDI to achieve specific photophysical properties which makes PDIs so 

attractive for EC devices and other technologies, as the individual photophysical properties of the 

PDI should be imparted onto the photophysical properties of the technology which they make up. 

    To add to the body of knowledge on PDIs and potential PDI based EC devices and other 

technologies, we have completed two different studies involving functionalized PDIs. In the first 

study, we synthesized three derivatives of a Thio-PDI, 1,6-, 1,7-, and 1,6,7-Thio-PDI. The 1,6-, 
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1,7-, and 1,6,7-Thio-PDIs were synthesized and isolated to observe if different derivatives 

displayed different photophysical properties similar to what had already been reported in literature 

between different 1,6- and 1,7- PDI regioisomers. We concluded that the 1,6-, 1,7-, and 1,6,7-

Thio-PDIs exhibited varying photophysical properties such as Stokes shift, quantum yield, excited 

state lifetimes, differing reversible reduction potentials, different colors observed with reduced 

states, differing ground to excited state dipole moments, and different excited state properties as 
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�!��
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����
����������	
���

exists only a handful of publications which describe the different photophysical properties of 1,6- 

and 1,7- regioisomers and derivatives. With the 1,6-, 1,7-, and 1,6,7-Thio-PDIs we are 

contributing to a body of work on derivatives, isomers, and regioisomers of varying PDIs. This 

body of work is important because the unique photophysical properties of PDI regioisomers and 

derivatives allows for more flexibility in the design of technologies which utilize these PDI 

materials. Differing reversible reduction potentials and different colors observed with reduced 

states make PDIs attractive in EC devices which require both intense color at different reduced or 

oxidized states, and reversibility. Aside from EC devices, PDIs have also been cited in 

photovoltaic, chemical switching devices, optoelectronic devices, photovoltaic cells, gas sensing 

devices, display devices, smart-windows, and EC mirrors.145,164–167  

The second study involved the synthesis of a p-(t-��
���!��	����

��!��	�����
���	��
�
���

functionality (PhO-Ph-PDI���	��mestylene linker were synthesized for the multilayer fabrication 

of the PhO-Ph-PDI thin-film EC material. PhO-Ph-PDI thin-film was grown with mestylene 

linker to form five uniform and ordered bilayers using Copper-Azide Alkyne Cycloaddition 

�<�==<����
�������

�	102 to assemble via layer-by-�������)�)����
��	�

	�������� on an ITO. The 

thin-film exhibited H-type aggregation with closely packed molecular assemblies on the ITO.  
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 The electrochemical properties of the PhO-Ph-PDI thin-film were observed through 

several methods including chemical reduction, and cyclic voltammetry �<\�, 

spectroelectrochemistry, and potential step spectroelectrochemistry. The chemical reduction of the 

PhO-Ph-PDI in solution indicated a clean conversion between a neutral, singly reduced, and 

doubly reduced states can be achieved with three distinct corresponding color changes for each 

state. In comparison, CVs of the PhO-Ph-PDI thin-film in two different sized electrolytes, 

TBAPF6 or the TMeAPF6, showed that clean conversion to the singly or doubly reduced state was 

not achieved for either electrolyte. Instead, percent conversions were calculated from the CV data 

�	��

�������
���
	���
��
��	���?�j���	'���
�	������chieved for both mixed states in which ~ 97 

j�
	����
�	

�
����~���'��, 
�
��!����	
���	'���
�	���	
��!�
��#�j������>=/�6 in a less polar 

methylene chloride. CV studies of the PhO-Ph-PDI thin-films determined that clean conversions 

to reduced states may increase for less polar solvents like methylene chloride. In comparison to 

CVs, spectroelectrochemistry and potential step spectroelectrochemistry allowed for full 

conversion to the doubly reduced state for the TMeAPF6 electrolyte, unlike the partial conversion 

for the larger TBuAPF6. Additionally potential step spectroelectrochemistry showed that the thin-

films were relatively stable throughout the potential jumps as no degradation was observed in the 

corresponding absorbance or current data. However, like the spectroelectrochemical data, the  

potential step spectroelectrochemistry showed that there is not a clean conversion to the singly 

reduced state for either the smaller TMeAPF6 electrolyte, or the larger TBuAPF6. For both 

electrolytes, when switching from potentials associated with the neutral and doubly reduced to the 

singly reduced potential, there is an observed gradual decay in the current or gradual increase in 

the absorbance. These results indicate a mixed reduced state or the possible brief formation of the 

singly reduced state while between the neutral and more stable doubly reduced state.  
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As a whole, PhO-Ph-PDI thin-film as an EC device requires the meeting a few criteria. 

As an EC device, the PhO-Ph-PDI thin-film should exhibit intense colors when switching 

between neutral and reduced states. The EC thin-film should rapidly switch between the different 

neutral and reduced states and exhibit an immediate color change. The EC thin-film should also 

maintain stability over time without any degradation in color or consumer utility. The PhO-Ph-

PDI can achieve three distinct colors associated with the neutral, singly reduced, and doubly 

reduced state in solution which underlies its potential use in EC devices. However, the inability to 

fully reduce the PhO-Ph-PDI film to the singly reduced state really reduces the real-world utility 

of this device if only two out of the three switching states can be achieved. One potential possibility 

is that the structure of the PhO-Ph-PDI thin-film may have the molecular assemblies packed too 

closely together to allow effective cation penetration. In conclusion, the use of PDIs in EC 

technologies for reducing energy consumption and improving global energy security, is far from 

immediate, but given the functionalization of the bay position to tailor the photophysics, and the 

intense corresponding colors which they exhibit relative to other chromophores, PDIs are still a 

fascinating potential avenue to research. If solubility and the structures of the PDI based thin-films 

can be optimized to allow electrolyte penetration, then PDIs have a wide variety of potential 

applications in EC devices and other emerging technologies.  
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6. FUTURE STUDIES 

 PDIs have exceptional chemical, photo, thermal stability,33high tinctorial strength,34 and 

functionalization of the bay position fine tunes the photophysical properties of the PDI. 39,60 

However PDIs, and other small organic redox molecules are known to have stability issues within 

devices due to their small size.31 Additionally, it was determined that the PhO-Ph-PDI thin-film 

was potentially too tightly packed as a molecular assembly for even the smallest electrolyte, 

TMeAPF6, to effectively penetrate and reduce the thin-film fully. This lack of penetration of the 

thin-film led to partial reduction of the thin-film instead of clean reductions from the neutral, to 

singly reduced, to double reduced state. Immediate improvements to this project would first 

involve a more ordered and less tightly packed molecular assembly which can allow electrolyte 

penetration more readily. 

 One potential method to improve ordering and allow for better electrolyte penetration 

would be through fabricating PDIs within larger structures such as polymers or metal organic 

complexes instead of small organic redox molecules. As previously discussed, every EC 

technology has its advantages and disadvantages whether the EC device is fabricated from 

inorganic, polymer, metal organic complexes, or small organic complexes. Recall that inorganic 

materials exhibit excellent photostability but lack intense coloration and exhibit a slow response 

speed when switching.28 Comparatively, polymers are easy to fabricate through solution 

processing techniques but it is difficult to achieve spectral purity, which limits their intense 

coloration within devices. 29,30 

 An example of combining PDIs with a larger structure involves the fabrication of robust 

polyimide film onto a conductive ITO surface from a solution of 

�
��
�
!��	����
	�� perylene diimide by electrochemical polymerization by Hsaio et. al.168 This 
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thin-film was able to undergo reversible oxidation and reduction processes and achieve excellent 

coloration and good cycling stability over many oxidation and reduction cycles. The 

triphenylamine ��/=�� was selected in this thin-film as TPA is an electron rich, hole majority 

carrier in optoelectronics,169 which can easily be oxidized to form stable radical cations if the para 

position on the phenyl ring is protected with an electron withdrawing group170 such as a PDI. Thus, 

Hsaio et. al. were able to protect TPA from undergoing the formation of unstable radicals with the 

use of PDI attachment, while the electrochemical polymerization provided a facile method to 

directly synthesize and fabricate the polymer thin-film on the electrochemically active surface. 

The use of the PDI to stabilize the reduction and oxidation process of the EC thin-film, and the 

polymerization technique to form facile and stable thin-films are one example of fabricating PDIs 

within larger structures to overcome some of the thin-film assembly disorder of the PDI while 

imbuing the device with the desirable characteristics of the PDI such as color and functionalization 

to achieve specific photophysical properties. 
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