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ABSTRACT 

Chemisorption of an organic monolayer to tune the surface properties of a transparent conductive 

oxide (TCO) electrode can improve the performance of organic electronic devices that rely on efficient 

charge transfer between an organic active layer and a TCO contact. Here a series of perylene diimides 

(PDIs) was synthesized and used to study relationships between monolayer structure/properties and 

electron transfer kinetics at PDI-modified indium tin oxide (ITO) electrodes. In these PDI molecules, 

one of the imide substituents is a benzene ring bearing a phosphonic acid (PA) and the other is a bulky 

aryl group that is twisted out of the plane of the PDI core. The size of the bulky aryl group and the 

substitution of the benzene ring bearing the PA were both varied which altered the extent of aggregation 

when these molecules were absorbed as monolayer films (MLs) on ITO, as revealed by both attenuated 

total reflectance (ATR) and total internal reflection fluorescence (TIRF) spectra. Polarized ATR 

measurements indicate that in these MLs, the long axis of the PDI core is tilted at an angle of 33˚-42˚ 

relative to the surface normal; the tilt angle increased as the degree of bulky substitution increased. Rate 

constants for electron transfer (ks,opt) between these redox-active modifiers and ITO were determined by 

potential-modulated ATR spectroscopy. As the degree of PDI aggregation was reduced, ks,opt declined 

which is attributed to a reduction in the lateral electron self-exchange rate between adsorbed PDI 

molecules, as well as the heterogeneous conductivity of the ITO electrode surface. Photoelectrochemical 

measurements using a dissolved aluminum phthalocyanine as an electron donor showed that ITO 

modified with any of these PDIs is a more effective electron-collecting electrode than bare ITO. 

 

Keywords: perylene diimide, phosphonic acid, electrochemistry, electron transfer, indium-tin oxide, 
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organic electronics, electron self-exchange, potential-modulated ATR spectroscopy 

 

INTRODUCTION 

Transparent conductive oxides (TCOs) are essential electrode materials for applications in organic 

electronics, such as organic photovoltaics (OPVs),1-4 organic thin-film transistors,5 organic 

light-emitting diodes,6,7 and perovskite solar cells.8 Understanding and controlling the surface properties 

of TCO electrodes can improve the performance of these types of devices.2,4,7 As a consequence, 

strategies to modify TCOs have been developed, such as chemisorption of an organic monolayer to tune 

the TCO surface composition,3,9,10 surface free energy,1,2,4,11-13 work function,1,2,11-13 and chemical 

stability.6,14 For example, Khodabakhsh et al.2 reported that the power conversion efficiency (PCE) of a 

CuPc:C60 (copper phthalocyanine:fullerene) heterojunction solar cell increases to 1.27% when the 

indium tin oxide (ITO) contact is modified with 4-chloro-benzoyl-chloride, compared with 0.16% using 

non-modified ITO and 0.81% using PEDOT:PSS-modified ITO. The enhancement was attributed to a 

greater short circuit current (JSC), courtesy of an enhanced interfacial electron-transfer (ET) rate at the 

anode resulting from a shift in the ITO work function, which lowered the injection barrier between the 

electrode Fermi level and the CuPc HOMO.2  

Redox-active modifiers offer the possibility of further enhancing the charge-collection efficiency at 

a TCO/organic interface by serving as a “mediator” layer with a tunable redox potential that can be 

matched to the relevant charge-transport energy levels.3,15 Lin et al.15 used redox-active zinc 

phthalocyanine phosphonic acids (ZnPcPAs) to modify ITO electrodes that were tested as bottom 

contacts in CuPc/C60 planar heterojunction solar cells. ZnPcPA-modified cells outperformed cells 
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prepared using ITO modified with redox-inactive alkyl phosphonic acids.15 Song et al.4 showed that 

diarylamine chlorosilane (Ar2N-(CH2)n-SiCl3, Ar = 3,4-difluorophenyl) redox-active modifiers can serve 

as a hole-selective interfacial layer on an ITO electrode in bulk-heterojunction OPVs; the PCE of these 

devices was slightly higher than that of devices in which PEDOT:PSS was utilized as the interfacial 

layer.4 These and other papers15-21 have demonstrated that the molecular design of a redox-active 

modifier, such as the type, position and length of its bridging moiety and the presence of solubilizing 

groups or bulky substituents, may significantly affect the charge-collection kinetics and efficiency at 

modified TCO surfaces, because these structural parameters dictate properties such as molecular 

orientation, tunneling distance, degree of aggregation, and/or interface dipole magnitude and orientation.  

The solid-state electron affinities (EA) and solution reduction potentials of 

perylene-3,4,9,10-tetracarboxylic acid diimides: (perylene diimides, PDIs) are well matched to those of 

some acceptor materials (such as fullerenes) commonly used in organic electronic devices,22-24 

suggesting their use as redox-active modifiers in these devices. Furthermore, PDI redox potentials can 

be tuned, most effectively through substitutions at the “bay” (1,6,7,12) and/or “ortho” (2,5,8,11) 

positions, allowing them to be energetically matched to different active-layer and TCO materials.25,26 In 

a recent study,27 we began examining the properties of PDI monolayers tethered to ITO via phosphonic 

acid (PA) anchoring groups. ET rate constants exceeding 103 s–1 were measured for PDI-PA monolayers 

on ITO, and a dependence on the bridge length, which dictated the tunneling distance, was demonstrated. 

The UV-visible absorption spectra of these films showed that the PDI molecules were highly 

aggregated.  

Here we report an assessment of the effects of aggregation on ET behavior, for which a series of 
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new asymmetric PDI-PA modifiers was synthesized and characterized. The new molecules, 

(phenyl)2-PDI-PA, (terphenyl)2-PDI-PA and (terphenyl)2-PDI-IP-PA, are shown in Figure 1, along with 

the previously described PDI-phenyl-PA27 (which in this paper is named alkyl-PDI-PA). These 

molecules are designed to have different degrees of aggregation when deposited as a monolayer film on 

an ITO electrode. Replacing the C11 chains on alkyl-PDI-PA with phenyl and terphenyl substituents 

that are necessarily twisted out of the plane of the perylene core is expected to reduce the intermolecular 

interactions in (phenyl)2-PDI-PA and (terphenyl)2-PDI-PA films (see space-filling models in Figure S1). 

(Terphenyl)2-PDI-IP-PA differs from (terphenyl)2-PDI-PA in the presence of diisopropyl substitution of 

the phenylene group that links the PDI to the PA binding group; this modification is expected to twist 

the bridging group out of the plane of the perylene core, further reducing intermolecular interactions. 

Although aggregation can be controlled by substitution at other positions,28,29 the LUMO is 

characterized by a nodal plane that passes through the imide nitrogen atoms;25 thus, in the absence of 

strong inductive effects, modifications can be made at these positions without simultaneously altering 

the energy levels of the PDI.  

Monolayers of these molecules adsorbed on ITO were characterized using a variety of techniques to 

assess relationships between film structure and ET kinetics. As the number and size of the substituents 

on the PDI modifier increased, both the degree of aggregation and the ET rate constant decreased; the 

latter result is attributed to a lower rate of electron self-exchange between adsorbed molecules. Overall, 

these results provide guidance for further development of redox-active adsorbates designed to modulate 

charge transfer at TCO contacts in organic electronic devices. 
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Figure 1. The four PDI-PA molecules used in this study with different imide substituents to control the degree of 

aggregation. 

 

EXPERIMENTAL SECTION 

Preparation of PDI films on ITO 

ITO on Schott BoroFloat glass with a layer thickness of ca. 150 nm and a sheet resistance of 20-30 

Ω•cm-2 was purchased from Thin Film Devices. ITO sheets were cut into 1 in. × 3 in. slides, for ATR 

and TIRF experiments, or 1/2 in. × 1/2 in. slides for electrochemical experiments. ITO slides were 

cleaned, stored, and activated as described previously.27 

PDI-PA molecules were synthesized, as outlined in Scheme 1, with the detailed procedures and 

relevant spectra presented in the Supporting Information (SI). Alkyl-PDI-PA films were prepared by 

adsorption from solution using the same protocol described in the previous paper.27 To prepare 

(phenyl)2-PDI-PA, (terphenyl)2-PDI-PA and (terphenyl)2-PDI-IP-PA films, activated ITO slides were 

immersed into a 20 µM solution of the respective molecule in tetrahydrofuran (THF) at room 
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temperature for 2 h, then rinsed with a copious amount of THF and dried with either flowing N2 (for 

electrochemical measurements) or in air (for ATR measurements) before characterization. 

Fluorescence emission spectroscopy 

Fluorescence emission measurements were performed with a custom-built, total internal reflection 

fluorescence (TIRF) microscope assembled around a Nikon Diaphot. The 488 nm line of an argon ion 

laser (5500AWC-00C, Ion Laser Technology) was directed through a half wave Fresnel rhomb (Karl 

Lambrecht, MFRC-10-UN-580,) to select transverse magnetic (TM) polarized excitation. The beam was 

coupled into the internal reflection element (IRE) mounted in a flow cell using a BK7 prism. The IRE 

was an ITO slide with an adsorbed PDI film. Fluorescence emission was collected using a 10x objective 

and passed through a 620 ± 90 nm bandpass filter (Omega Optical), then coupled into a monochromator 

(Spectra Pro 275, Acton Research) and detected using a PMT (Thorn EMI 9816B; Products for Research 

TE104RF housing and S504 power supply) and a photon counter (Stanford Research Systems SR400). 

Immediately after each measurement on a PDI-PA film, a dextran-fluorescein dye solution (ca. 5 mM in 

water) was injected into the flow cell and the fluorescence intensity was measured. This procedure was 

performed to account for differences in excitation power and collection efficiency, allowing the spectra 

of PDI-PA films measured in separate experiments to be quantitatively compared. 
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Scheme 1. Overview of the perylene diimide synthesis.* 

	  

* (a) 4-Dimethylaminopyridine, imidazole/toluene, 140 oC, overnight. (b) PdCl2(dppf).CH2Cl2, toluene, methanol, 1-GEN or 

2-GEN. (c) i) Toluene, 95 oC; ii) p-toluenesulfonic acid, 95 oC, 5 hours. (d) i) 5 or 6, aniline, zinc acetate, imidazole/toluene, 

140 oC, 3 hours; ii) bromotrimethylsilane, dichloromethane, room temperature, 24-72 hours. (e) i) 6, aniline, propanoic acid, 

160 oC, overnight. (f) (i) Bromotrimethyl silane, dichloromethane, room temperature, overnight; ii) water/THF with a few 

drops of hydrochloric acid. 
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Cyclic voltammetry 

Cyclic voltammetry (CV) was performed with a standard three-electrode configuration as described 

previously.27 The nonaqueous Ag/AgNO3 (0.01 M) pseudo-reference electrode was calibrated with the 

ferrocene/ferrocenium (Fc/Fc+) redox couple; the midpoint potential was measured to be 0.11 V which 

was assumed to be -5.1 eV vs. vacuum.30 Tetrabutylammonium perchlorate (TBAP) solution (0.1 M) in 

acetonitrile was used as the supporting electrolyte; it was deoxygenated with a gentle flow of Ar for 1 h 

inside the fully assembled electrochemical cell in a glove bag, also filled with Ar. All CV measurements 

were performed immediately after deoxygenation to minimize the effect of dissolved O2. The PDI-PAs 

are insoluble in acetonitrile, which eliminated the possibility of desorption during the electrochemical 

measurements. 

ATR spectroscopy 

Steady-state ATR spectroscopy and spectroelectrochemistry were performed using a custom-built, 

broadband instrument described in previous publications,16,31 using ITO slides as planar waveguides. 

The mean tilt angle of the absorbance dipoles in PDI films was determined using polarized ATR 

spectroscopy, as described previously.15,16,32 ATR spectra acquired as a function of potential applied to 

the ITO slide (the working electrode) were measured using TM polarized light following procedures 

described previously.27  

PM-ATR spectroscopy 

Detailed descriptions of the PM-ATR instrument and the theory underlying PM-ATR and its use for 

determining ET rate constants for redox-active thin films have been published.16,31,33-35 Briefly, a 

sinusoidally modulated potential was applied to the PDI-modified ITO slide (the working electrode with 
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an active area of 0.8 cm2 defined by a silicone gasket) centered around the midpoint potential (Edc) for 

the redox couple. Collimated, TM polarized light was coupled into/out of the waveguide using two BK7 

prisms positioned 20 mm apart. The internal reflection angle was 73-74˚, which generated two total 

internal reflections at the ITO/solution interface. The Edc was -0.84 V vs. the Ag/AgNO3 

pseudo-reference electrode and the sinusoidally modulated voltage (Eac) was 20 mVrms (0.028 V 

peak-to-peak). The in-phase (Re(Rac)) and out-of-phase (Im(Rac)) electroreflectance (ER) signals were 

measured at 460 nm as a function of modulation frequency. The ET rate constant (ks,opt) was calculated 

from ks,opt = 0.5ω2RsCdl, where ω is the frequency at which the reflectance signal is completely out of 

phase (Re(Rac) = 0), Rs is the solution resistance, and Cdl is the double-layer capacitance. Rs and Cdl were 

measured by electrochemical impedance spectroscopy using an EG&G Model 263A 

potentiostat/galvanostat coupled with a Model 1025 frequency response detector operated with 

PowerSuite software (Princeton Applied Research) in the same ATR spectroelectrochemical flow cell 

used for the PM-ATR measurements.  

Photoelectrochemistry 

Photoelectrochemical measurements were performed using the same three-electrode cell used for 

the CV measurements, with an ITO slide as the working electrode, a Pt wire as the counter electrode, 

and a AgCl-coated silver wire (Ag/AgCl) as the pseudo-reference electrode.27 The Ag/AgCl electrode 

was calibrated with the Fc/Fc+ redox couple for which the measured midpoint potential was 0.49 V. The 

electrolyte solution was 0.1 M TBAP in acetonitrile containing 500 µM of aluminum phthalocyanine 

hydroxide (AlOHPc) as the electron donor. Additional experimental details are given in the previous 

publication.27   
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RESULTS AND DISCUSSION  

Synthesis of PDI-PA molecules 

Alkyl-PDI-PA was synthesized as previously described.27 The synthesis of the new PDI-PAs is 

shown in Scheme 1. The asymmetry necessary for the synthesis of these molecules was introduced by 

use of the perylene mixed diester / anhydride 1, which was prepared following a pathway reported by 

Xue et al.;36 the reactivity difference between its anhydride and ester moieties is sufficiently large to 

allow nucleophilic attack by an amine to selectively take place at the anhydride. Thus, imidization of 1 

with 2,6-dibromo-4-butylaniline, in the presence of imidazole and toluene at high temperatures, yielded 

the common intermediate 2. Typical imidization reactions are carried out at higher temperatures (>180 

˚C) and with prolonged reaction times (up to 24 h); under such conditions, for example, condensation of 

2,6-diisopropyl aniline with perylene dianhydride yields the corresponding diimide in >60% yield.37	  

However, debromination of 2 is observed at high temperature and so lower reaction temperatures, 

130-140 ˚C, were used here to limit this side reaction; the lower temperatures, and likely the 

deactivation of the amine by its bromo substituents, result in a relatively low isolated yield of 26%. The 

boronic esters 1-GEN and 2-GEN, which were prepared following procedures by Ranta et al.38 and 

Finke et al.,39 respectively, were coupled to 2 via Suzuki coupling reactions to obtain 3 and 4 in 

moderate yields. Hydrolysis of intermediates 3 and 4 with p-toluenesulfonic acid gave the anhydrides 5 

and 6, which, upon imidization with the appropriate aniline phosphonates, followed by ester hydrolysis 

with bromotrimethyl silane, yielded the desired PDIs. 

Electrochemical properties, molecular orientation, and surface coverage of PDI films 

The CVs of the four types of PDI-PA films deposited on ITO electrodes are shown in Figure 2. All 
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showed the expected pair of one-electron reduction processes typical of PDIs in solution and similar to 

results presented in our previous study of PDI-PAs on ITO.31 The midpoint reduction potentials (E0’)	  for 

the four types of films, listed in Table 1, are very similar and also are consistent with the literature data 

for dissolved PDIs,25,26 indicating that the redox thermodynamics of the PDI moiety are not significantly 

altered by immobilization on ITO or the introduction of phenyl, terphenyl, and/or diisopropyl 

substituents. However, the substituents did have a measurable effect on the cathodic peak width. The full 

width at half maxima (FWHM) of both peaks are listed in Table S1 and show that their width decreased 

as the size of the PDI increased. Thus a greater dispersion in reduction potentials is correlated with a 

greater degree of PDI intermolecular interactions, evidence for which is provided below. 

The electroactive surface coverages (Γ) for PDI-PA films, listed in Table 1, were estimated by 

voltammetric integration of both reduction peaks and assuming an overall two-electron reduction. A 

decrease in Γ was observed as bulky substituents were added to the PDI core, which is qualitatively 

consistent with the expectation that the surface-projected area per adsorbed molecule will increase 

through the series of: alkyl-PDI-PA, (phenyl)2-PDI-PA, (terphenyl)2-PDI-PA ≈ (terphenyl)2-PDI-IP-PA. 
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Figure 2. Representative cyclic voltammograms of four types of PDI-PA films on ITO electrodes. The electrolyte was 0.1 M 

TBAP in acetonitrile, and the scan rate was 0.5 V/s. The substantially higher current for alkyl-PDI-PA relative to the other 

three films is due to the correspondingly higher electroactive surface coverage (Table 1). 

 

Table 1. Electroactive surface coverage (Γ), monolayer percentage, and reduction midpoint potentials (E0’) for four types of 

PDI-PA films on ITO.a 

 
alkyl-PDI-PAb (phenyl)2-PDI-PA (terphenyl)2-PDI-PA (terphenyl)2-PDI-IP-PA 

Γ (10-11 mol/cm2) 11 ± 2 4.2 ± 0.3 3.1 ± 0.4 3.2 ± 0.2 

Monolayer 
percentage 

120 ± 22 % 80 ± 6 % 78 ± 10 % 81 ± 5 % 

E0’ (1st, V vs. 
Ag/AgNO3) 

-0.91 ± 0.04 V -0.86 ± 0.02 V -0.84 ± 0.03 V -0.84 ± 0.01 V 

E0’(2nd, V vs. 
Ag/AgNO3) 

-1.15 ± 0.05 V -1.14 ± 0.04 V -1.12 ± 0.04 V 1.13 ± 0.03 V 

a n ≥ 4 for all measurements. 

b From reference 27. 
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Figure 3A shows TM-polarized and transverse electric- (TE-) polarized ATR spectra of the four 

types of PDI-PA films.	   Molecular orientation in these films was assessed from the dichroic ratio 

determined from integration of the TE- and TM-polarized absorbance bands (over 450-550 nm), and 

assuming that the PDI absorption transition dipole is aligned with the long molecular axis.40,41 Table 2 

summarizes the mean tilt angles (θ) between the PDI long molecular axis and surface normal for the four 

types of films. The θ range, 33-42˚, reflects a predominately out-of-plane orientation in all four films, 

which is consistent with the previous study of alkyl-PDI-PA and its biphenyl-bridged analogue.27 

Previous studies11 of structurally simpler aryl-PAs (e.g., phenyl-PA) on ITO and indium zinc oxide have 

reported much smaller tilt angles (< 30˚). To our knowledge, only one other orientation study of an 

extended “rigid rod” aryl PA adsorbed to a TCO has been published. Gundlach et al.42 reported a tilt 

angle of 66˚ for a perylene attached to TiO2 via a rigid, three-ring bridge with a PA anchor. Their result 

and ours suggest that relative to phenyl-PAs, PAs bearing larger aromatic ring systems adopt a more 

tilted orientation when bound to TCOs. 
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Figure 3. A) ATR spectra of PDI-PA films on ITO in TM (solid lines) and TE (dashed lines) polarizations: alkyl-PDI-PA 

(black lines), (phenyl)2-PDI-PA film (red lines), (terphenyl)2-PDI-PA (blue lines), and (terphenyl)2-PDI-IP-PA (green lines). 

B) Normalized TIRF spectra of the four types of PDI-PA films on ITO. 
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Table 2. Ratio of 0-0/0-1 absorbance bands (A0-0/A0-1 ), tilt angle (θ), and ET rate constant (ks,opt) for four types of PDI-PA 

films on ITO.a 

 
alkyl-PDI-PAc (phenyl)2-PDI-PA (terphenyl)2-PDI-PA (terphenyl)2-PDI-IP-PA 

A0-0/A0-1
 b 0.36 ± 0.02 0.62 ± 0.04 0.85 ± 0.05 0.98 ± 0.03 

tilt angle (θ) 33° ± 4° 38° ± 2° 41° ± 3° 42° ± 2° 

ks,opt (s-1)d (1.4 ± 0.3) × 104 (1.9 ± 0.7) × 103 (1.2 ± 0.1) × 103 (1.0 ± 0.3) × 103 

a n ≥ 4 for all measurements. 

b Obtained from the TM-polarized ATR spectra. 

c From reference 27. 

d These rate constants were measured at an applied potential of -0.84 V vs. Ag/AgNO3 which corresponds to the first 

reduction reaction. The Rs and Cdl values used to calculate ks,opt for these films are listed in Table S2. 

 

Table 2 also shows that θ increases as the degree of substitution increases, which is attributed to a 

difference in the degree of PDI aggregation. Cofacial π-π interactions among adjacent PDIs bound to 

ITO via phenyl-PA groups may favor a more out-of-plane orientation (i.e., more upright where 

presumably a higher degree of such interactions are achievable), and thus a smaller θ value. Conversely, 

bulky substituent groups disrupt these interactions; this is discussed further below. 

The tilt angles were used in combination with MM2 energy minimization (Chembio 3D, 

PerkinElmer) to estimate the projected molecular area of each type of PDI modifier adsorbed to a planar 

surface via its PA group. The projected areas are: 180 Å2/molecule for alkyl-PDI-PA, 315 Å2/molecule 

for (phenyl)2-PDI-PA, 418 Å2/molecule for (terphenyl)2-PDI-PA, and 420 Å2/molecule for 

(terphenyl)2-PDI-IP-PA. The trend in these values is consistent with the 3.5-fold variation in Γ shown in 
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Table 1. These projected area estimates along with the Γ values were then used to estimate the percent 

monolayer coverages, also listed in Table 1. The coverage is about one monolayer for all four PDI 

films.43 

Degree of aggregation in PDI films  

ATR and TIRF spectroscopies were used to characterize the degree of aggregation in the four types 

of PDI-PA films. PDI aggregation is known to cause broadening of the UV-visible absorbance bands 

and can be characterized by the ratio of the 0-0 (ca. 525 nm) to the 0-1 (ca. 488 nm) vibronic bands 

within the S0-S1 manifold.44-47 A 0-0/0-1 band ratio close to 1.6 is considered to be monomeric.45,48,49 

Here a 0-0/0-1 band ratio of 1.6 was measured for all four PDI-PAs when dissolved in the solvents from 

which they were adsorbed to ITO (Figure S3 in SI), indicating they are essentially fully monomeric prior 

to film formation. Comparing the spectra in Figure 3A to the solution spectra shows that immobilization 

on ITO produced significant spectral changes, including band broadening, hypsochromic shifts, and 

decreases in the 0-0/0-1 band ratios, all of which are indicative of H-aggregate formation.45,50,51 

Although aggregation is evident in all four film types, the degree varied. As increasingly bulky 

substituents were added to the PDI core, the vibronic bands became narrower and better resolved, and 

the 0-0 band became more prominent. The 0-0/0-1 band ratios extracted from the TM-polarized spectra 

(listed in Table 2; the TM data were used due to a higher signal to noise ratio) increased from 0.36 for 

alkyl-PDI-PA films to 0.98 for (terphenyl)2-PDI-IP-PA films, showing an inverse correlation between 

the size of the bulky substituents and the degree of aggregation.   

TIRF spectra of the four types of PDI-PA films on ITO are shown in Figure 3B. The spectra were 

normalized to Γ for each film and then, for comparison purposes, normalized to the highest intensity in 
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the (terphenyl)2-PDI-PA spectrum. The spectra, therefore, reflect relative fluorescence quantum 

efficiencies. None of the films showed monomeric-like emission which is distinguished by three, 

well-resolved vibronic bands in the 500-650 nm regime;52-55 instead a featureless broad band at 550-800 

nm that is characteristic of aggregation was observed in each case. However, as the size/number of 

substituents increased through the series of alkyl-PDI-PA, (phenyl)2-PDI-PA, (terphenyl)2-PDI-PA, and 

(terphenyl)2-PDI-IP-PA: a) the peak emission wavelength blue-shifted by ca. 0.15 eV (from 640 nm to 

593 nm); and b) the fluorescence quantum efficiency increased, which is indicative of a lower degree of 

self-quenching. Both the hypsochromic shift52,55 and the change in quantum yield44,47 are consistent with 

the UV-visible data and show that introduction of phenyl, terphenyl, and/or diisopropyl substituents to 

the PDI core markedly decreased aggregation in monolayer films of these molecules on ITO. 

Spectroelectrochemistry of PDI films 

TM-polarized ATR spectra of (terphenyl)2-PDI-IP-PA, (terphenyl)2-PDI-PA, and (phenyl)2-PDI-PA 

films acquired as a function of the potential applied to the ITO electrode are shown in the left panels of 

Figure S4. The spectroelectrochemical behavior of all three films was very similar to that of 

alkyl-PDI-PA presented in the previous paper.27 The PDI anion radical absorption bands appeared at 

wavelengths longer than 600 nm when the potential was stepped from -0.6 V to -1.1 V vs. Ag/AgNO3, 

while PDI dianion absorption bands arose in the 500-600 nm region at more negative potentials. The 

complete bleach of the neutral-state absorbance bands indicates that nearly all adsorbed PDI molecules 

in these films were electrochemically active; thus the Γ values listed in Table 1 represent the total 

surface coverage for each film. The absorbance vs. applied potential at discrete wavelengths assigned to 

PDI (460 nm) and PDI2- (569 nm)56-58 is plotted in the right panels of Figure S4. Fitting these curves 
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provided estimates of E0’ for the first and second reductions in each type of film. These values are listed 

in Table S3 and are consistent with the values determined by cyclic voltammetry. 

Electron-transfer kinetics at the PDI film/ITO interface 

ET rate constants for (terphenyl)2-PDI-IP-PA, (terphenyl)2-PDI-PA, and (phenyl)2-PDI-PA films on 

ITO were measured using PM-ATR at applied potentials corresponding to the first reduction reaction. 

Table 2 lists the ks,opt values along with the rate constant for alkyl-PDI-PA films reported in the previous 

paper.27 These data exhibit a clear trend: a higher degree of PDI aggregation resulted in a faster ET 

process. Three possible explanations for this trend are:  

a) A more aggregated film has a higher extent of extended π-π conjugation, and this may lower the 

reorganization energy for electron transfer.16,55,59,60 However, intermolecular coupling sufficiently strong 

to significantly reduce the reorganization energy might also be expected to be accompanied by a shift in 

redox potential; e.g., a phthalocyanine dimer is more readily oxidized than the corresponding 

monomer.16 The data in Tables 1 and S3 show that the E0’ values for the four types of PDI molecules are 

statistically equivalent; thus it unlikely that differences in reorganization energy are the source of the 

difference in the ks,opt values in Table 2.  

b) We assume that a through-bond pathway dominates tunneling between the PDI moiety and the 

ITO electrode, and thus the tunneling distance (r) is the same for all four films.61 However, if direct 

through-space tunneling occurs, r depends on θ and thus differences in θ could affect ET kinetics.15,16,27 

To assess this possibility, r values were estimated for θ values of 33° and 42° which are the respective 

mean tilt angles for alkyl-PDI-PA and (terphenyl)2-PDI-IP-PA films (Table 2). Standard ET rate 

constants (𝑘!,! ) were then calculated from 𝑘!,! = 𝑘!  𝑒!!!! ,  where βr is the exponential decay 
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coefficient, assumed here to be 0.28 Å-1,27 and 𝑘!  is the extrapolated value of the rate constant for r = 

0.62 This analysis predicts a 1.1-fold increase in the rate constant when the tilt angle is increased from 33° 

to 42°. The opposite trend was observed here: ks,opt for (terphenyl)2-PDI-IP-PA was 14-fold less than 

ks,opt for alkyl-PDI-PA (Table 2). Thus the differences in molecular orientation among these films are not 

the cause of the differences in ET kinetics. 

c) In a more highly aggregated film, the spacing between adjacent PDI molecular cores is smaller, 

which is anticipated to enhance the rate of intermolecular electron self-exchange between surface-bound 

PDI•– and PDI species.63,64 Studies of the conductivity of air-plasma etched ITO show that the surface is 

quite heterogeneous and electrical ‘hot spots’ are discernible.65 MacDonald et al. reported that these 

electrical hot spots also are detectable when a 20 nm thick layer of copper phthalocyanine (CuPc) is 

deposited on ITO.66 These studies suggest that the PDI/ITO ET reaction will be much faster at those 

hotspots. For PDI-PAs not directly bound at hot spots, direct electron exchange with the ITO will be 

much slower, and the dominant mechanism for ET is likely to involve both lateral self exchange 

(PDI/PDI•– transfer) and exchange between a PDI at a hot spot and ITO. Accordingly we hypothesize 

that the differences in observed rate constants reflect differences in the rates of intermolecular electron 

self-exchange. This hypothesis is consistent with a number of studies showing that the rate of lateral 

electron self-exchange in redox-active films on TCOs is enhanced as the surface coverage of the 

modifier is increased.67-70 Although it provides a reasonable explanation for the data, this hypothesis 

remains to be tested and will be the subject of future studies. It also suggests that the intermolecular 

electron self-exchange rate in alkyl-PDI-PA films might be further increased by removing the C11 

chains to increase the degree of aggregation. Removing the chains, however, would make this molecule 
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less soluble (possibly insoluble)27 and hence incompatible with adsorption from solution. 

Photoelectrochemical measurements of PDI films 

To assess PDI modifier films as “ET mediator” layers, photoelectrochemical measurements were 

performed using dissolved AlOHPc as an electron donor. An energy level diagram of the 

photoelectrochemical cell is presented in the SI of the previous paper.27	  Electron transfer to the PDI-PA 

film was photo-initiated by excitation of AlOHPc at 632.8 nm, a wavelength at which PDI does not 

absorb. Figure S5 shows an example of the photocurrent measured as a function of applied potential for 

a (terphenyl)2-PDI-PA-modified ITO electrode. Based on the results from scans of photocurrent vs. 

applied potential, a holding potential of 0.6 V vs. Ag/AgCl (-5.2 eV vs. vacuum) was selected for the 

photocurrent measurements.  

Previously we showed that coating the ITO electrode with a alkyl-PDI-PA film increased the 

photocurrent ca. 7-fold relative to bare ITO. Here similar behavior was observed for the films formed 

from the three bulkier PDI-PAs (Figure 4). The enhancements in photocurrent were ca. 4- to 7-fold vs. 

bare ITO bare, with the variations in this range being statistically insignificant. Control experiments 

showed that AlOHPc adsorption on bare ITO and PDI-modified ITO electrodes was minimal. These 

results demonstrate that PDI acts as an ET mediator between AlOHPc and ITO, regardless of the extent 

of aggregation. 
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Figure 4. Photocurrent produced by the four PDI-modified electrodes and bare ITO, obtained from photoelectrochemical 

measurements as described in the text. Error bars indicate one standard deviation. The data for alkyl-PDI-PA and bare ITO 

are from the previous paper.27 

CONCLUSIONS 

The effects of molecular aggregation in PDI-PA monolayer films on ITO on ET reactions across 

PDI/ITO interfaces was investigated. By introducing bulky substituents at the imide position of PDI, 

aggregation was systematically reduced without changing the electronic properties or significantly 

altering the molecular orientation. ET rate constants decreased as the degree of PDI aggregation was 

reduced, which is hypothesized to be due to a lower rate of electron self-exchange rate between PDI 

molecules. Photoelectrochemical measurements showed that modification of ITO electrodes with 

PDI-PA films enhanced the electron collection efficiency across the AlOHPc/ITO interface, which is 

attributed to the PDI-PA film acting as an ET mediator. Overall, these results show how structural 

variables can be tuned to control ET kinetics at redox-active organic/ITO interfaces, and they should aid 

future efforts to molecularly engineer these types of interfaces for use in organic electronic devices. 
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SUPPORTING INFORMATION AVAILABLE 

Detailed synthesis procedures, NMR spectra, HPLC purification procedures and results, spectral, 

electrochemical, and impedance characterization of PDI-PA films, absorbance spectra of dissolved PDIs, 

and photoelectrochemical data. This material is available free of charge via the Internet at 

http://pubs.acs.org.    
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