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Abstract

Understanding and manipulating the miscibility of donor and acceptor components in 

the active layer morphology is important to optimize the longevity of organic photovoltaic 

devices and control power conversion efficiency. In pursuit of this goal, a “porphyrin-

capped” poly(3-hexylthiophene) was synthesized to take advantage of strong 

porphyrin:fullerene intermolecular interactions that modify fullerene miscibility in the 

active layer. End-functionalized poly(3-hexylthiophene) was synthesized via catalyst 

transfer polymerization and subsequently functionalized with a porphyrin moiety via post-

polymerization modification. UV-vis spectroscopy and X-ray diffraction measurements 

show that the porphyrin-functionalized poly(3-hexylthiophene) exhibits increased 

intermolecular interactions with phenyl-C61-butyric acid methyl ester in the solid state 
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compared to unfunctionalized poly(3-hexylthiophene) without sacrificing microstructure 

ordering that facilitates optimal charge transport properties. Additionally, differential 

scanning calorimetry revealed porphyrin-functionalized poly(3-hexylthiophene) 

crystallization decreased only slightly (1 – 6%) compared to unfunctionalized poly(3-

hexylthiophenes) while increasing fullerene miscibility by 55%. Preliminary organic 

photovoltaic device results indicate device power conversion efficiency is sensitive to 

additive loading levels, as evident by a slight increase in power conversion efficiency at 

low additive loading levels but a continuous decrease with increased loading levels. While 

the increased fullerene miscibility is not balanced with significant increases in power 

conversion efficiency, this approach suggests that integrating non-bonded interaction 

potentials is a useful pathway for manipulating the morphology of the bulk heterojunction 

thin film, and porphyrin-functionalized poly(3-hexylthiophenes) may be useful additives 

in that regard. 

Introduction

The last two decades have witnessed a variety of gains in the performance of organic 

photovoltaic devices (OPVs) through the design of new materials, device architectures, and 

advanced manufacturing techniques that have culminated in devices exceeding 11% 

efficiency in polymer:fullerene blends and approaching 17% for polymer:non-fullerene 

acceptor blends.1-4 Additionally, solution-processed organic tandem solar cells have 

surpassed 17% efficiency.5 Nevertheless, there remains strong demand for new strategies 

to control the morphological intricacies of bulk heterojunction (BHJ) active layers that are 

responsible for charge generation, separation, and extraction at their respective electrodes. 
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Because it dictates active layer morphology, optimizing miscibility between donor 

polymers and acceptor fullerenes is important for realizing efficient device operation and 

longevity.6  In this vein, numerous reports have emerged that focus on the growing class 

of polymeric additives designed to improve electronic and/or morphological properties of 

classic OPV systems, such as those featuring poly(3-hexylthiophene) (P3HT) and phenyl-

C61-butyric acid methyl ester (PCBM) as the donor and acceptor, respectively.7-14 

In thinking about strategies for effective additive design,15 it is reasonable to 

contemplate a molecular engineering approach whereby specific intermolecular 

interactions are encoded,16 in this instance, as a way to control morphology. Following that 

line of thinking, porphyrins emerge as attractive candidates as a component of functional 

BHJ additives due to their favorable absorption properties and strong π-π interaction with 

fullerene-based acceptors.17,18 In addition to influencing and stabilizing the BHJ 

morphology, the strong interactions between the fullerene and the electropositive 

porphyrin center18 may promote efficient electron-transfer at donor-acceptor interfaces.19 

While porphyrins are compatible with many solvents and materials commonly used 

for OPV device fabrication, porphyrin-based devices reported to date exhibit limited power 

conversion efficiencies due to the strong propensity of porphyrins to crystallize into small 

recombination centers or phase separate completely.20-22 Functional groups on the 

porphyrin ring can be tailored to increase23 or decrease24-28 crystallization tendencies. 

Along these lines, the incorporation of porphyrins as pendant groups in donor-type 

polymers or fullerene-based acceptor nanoparticles has been shown to only modestly 

influence on the optical properties of the porphyrins or the resulting BHJ films.23-33 

Porphyrin-based additives that are designed to limit porphyrin aggregation or induce self-
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assembly into organized macroscale structures have been shown to improve and stabilize 

the morphological structure of BHJ thin films.28-30,34 Moreover, Bronstein and coworkers 

showed that extended thermal annealing treatments did not lead to coarsening of the BHJ 

film morphology, which allowed higher PCE to be retained relative to films without the 

porphyrin-based additive.34 These beneficial morphological attributes suggests that 

harnessing attractive porphyrin-fullerene interactions provide a conceptually useful 

strategy to address key obstacles that hinder the development of commercially viable OPV 

devices.  

Porphyrin-containing additives may beneficially impact the electronic properties of 

BHJ films, including extending singlet exciton diffusion lengths that increase the 

probability of exciton dissociation at the donor-acceptor interface. For example, Walter et 

al. demonstrated that modest modifications to the length of alkyl solubilizing chain on 

carboalkoxy groups at the periphery of porphyrin macrocycles distinctly affects the exciton 

diffusion length.28,35 Specifically, by increasing the length of alkyl chains decorating the 

periphery of carboalkoxyphenyl porphyrin macrocycles, exciton diffusion lengths are 

increased from 15 nm to 20-25 nm,27 which is analogous to exciton diffusion lengths 

measured for thin films consisting of self-assembled porphyrin derivatives,36-38 and 

significantly longer than many state-of-the-art donor-type conjugated polymers.39  These 

studies add motivation to the use of porphyrin-based materials as additives in BHJ blends. 

Inspired by our previous work with low molecular weight P3HT additives8,9 and 

interfacially-active, surfactant-like P3HT block copolymers,10 we hypothesized that 

miscibility could be readily manipulated by incorporating non-bonding intermolecular 

interactions into the additive design. Herein, we present a useful route for synthesizing a 
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surfactant-like porphyrin-functionalized P3HT via a post-polymerization modification 

strategy using chlorosilanes. The approach allows the parent P3HT and porphyrin to be 

characterized rigorously before coupling, thereby affording detailed information regarding 

size, regioregularity (of the P3HT), and chemical functionality. UV-vis spectroscopy, X-

ray diffraction, and differential scanning calorimetry (DSC) measurements are used to 

show that the porphyrin-functionalized P3HT interacts with PCBM, which ultimately 

increases miscibility without sacrificing polymer crystallinity. Finally, PP-P3HT additives 

are incorporated into OPV devices at various loading levels to examine their influence on 

device performance.

Results & Discussion

The full synthetic approach used to generate porphyrin-capped P3HT is presented in 

Scheme 1. This strategy was developed after screening several approaches to couple the 

monofunctional porphyrin with end-functionalized P3HTs, including various metal-

catalyzed reactions and hydrosilylations involving different bases. In short, the coupling 

between the –OH functional group of 5-(4-hydroxyphenyl)-10,15,20-tris(p-toyl)porphyrin 

(HOTTP) and a chlorosilane located at the end of the P3HT chain was found to be efficient 

when imidazole was used as the base, resulting in a porphyrin-capped P3HT with a number 

average molecular weight (Mn) of 5.7 kg/mol, a dispersity a dispersity (Đ = Mw/Mn) of Đ 

= 1.13, and an estimated regioregularity of 91% (See ESI). For convenience, we refer to 

the porphyrin-capped P3HT chains as PP-P3HT. 
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Scheme 1. Synthesis of the monofunctional porphyrin, 5-(4-hydroxyphenyl)-10,15,20-
tristolylporphyrin, or HOTTP (top), regioregular, allyl-terminated poly(3-hexylthiophene) 
(middle), and the coupling reaction used to create porphyrin-functionalized P3HTs 
(bottom), which are identified at PP-P3HT.

Successful coupling of the hydroxyphenyl porphyrin to the P3HT chain-end was 

evident from size-exclusion chromatography measurements that show that PP-P3HT has a 

slightly shorter retention time and a slightly higher dispersity compared to the 

unfunctionalized P3HT. (See Figure S5.) Stronger evidence of coupling is derived from 

analyzing the 1H-NMR spectrum of the material recovered after extraction with 

chloroform. As shown in Figure 1, NMR spectra of the PP-P3HT and of the parent 

porphyrin, HOTTP, show distinct changes in the modes assigned to the hydroxyl-

substituted phenyl ring. Specifically, the position of the doublet arising from the protons 

of PP-P3HT that are proximal to the inner porphyrin ring is shifted upfield (to 7.8 ppm 
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from 7.15 ppm), and the pair of protons distal from the inner porphyrin ring also are shifted 

upfield to 8.45 ppm from 8.05 ppm. The absence of peaks in the product spectrum 

corresponding to free HOTTP and imidazole indicate that the acetone wash successfully 

removes these two starting materials. 

Figure 1. NMR of HOTTP (bottom) and PP-P3HT recovered after extraction from 
chloroform (top). Color coding is used consistently to identify the peaks corresponding to 
the protons on the hydroxy-containing phenyl group. The protons of the hydroxyphenyl 
ring proximal to the inner porphyrin ring (blue) shift from 7.15 to 7.8 ppm while the protons 
adjacent to the hydroxy group (red) shift upfield from 8.05 ppm to 8.45 ppm.

Encouraged by indications of successful coupling of the porphyrin macrocycle to the 

P3HT chain end, MALDI-TOF mass spectrometry and 1H NMR were used to quantify the 

extent of end-group functionalization. As shown in Figure S6, the allyl-functionalized 

P3HT was synthesized with 90% mono-allyl, 3% di-allyl, and 7% unfunctionalized end-

groups. The aliphatic region of the 1H NMR spectra provides additional insights regarding 
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successful coupling. (See Figure S3.) The presence of predominately mono-functional allyl 

P3HT is also confirmed by the observation of a broad multiplet centered ~ 2.55 ppm in the 

1H NMR spectrum of allyl-P3HT, which is shown as the black trace in Figure S3. This 

multiplet corresponds to the -methylene protons in hexyl chains of thiophene rings at 

chain ends and it is an established feature of mono-functionalized P3HTs.40,41 

Following the hydrosilylation reaction and functionalization with HOTTP, the broad 

multiplet evolves into two triplets at 2.51 and 2.56 ppm, indicating a high degree of 

functionalization at one end of the P3HT chain, yielding PP-P3HT. This is shown as the 

red trace in the overlaid 1H NMR spectra of Figure S3. The degree of functionalization can 

be quantified by calculating the fraction of protons attributed to methylene protons at the 

P3HT chain ends and the aryl protons adjacent to the silyl ether linkage forming connection 

to the porphyrin macrocycle in PP-P3HT. This ratio is computed from integrated areas 

determined from 1H NMR spectroscopy. As shown in Figure S4, integration of the triplets 

at 2.51 and 2.56 ppm due to -methylenes of chain end repeat units and the peak at 8.45 

ppm, which corresponds to the aryl protons adjacent to silyl ether linkage indicates a 1:1 

ratio between these end group signatures. This result provides strong evidence of a very 

high degree of porphyrin functionalization in the isolated, purified PP-P3HT product.  

UV-Vis spectroscopy was used to examine the optical transitions of HOTTP, allyl-

P3HT, and PP-P3HT in solution and as thin films. The UV-Vis spectra for HOTTP, allyl-

P3HT, and PP-P3HT in chloroform are shown in Figure 2. It is well known that 

regioregular P3HT in solution absorbs across the wavelength range 350 nm < λ < 525 nm 

and there are no significant shoulders or sharp peaks. The spectrum of HOTTP exhibits a 

Soret band at λ ≈ 420 nm as well as four distinct Q-bands at λ = 510, 550, 585, and 640 
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nm. The UV-Vis spectrum of the porphyrin-capped P3HT (PP-P3HT), exhibits traits of 

both the monofunctional porphyrin and the allyl-P3HT, which corroborates successful 

coupling of the porphyrin and the hydrosilylated P3HT. Also evident in the spectrum for 

PP-P3HT is the Soret band of the porphyrin at λ ≈ 420 nm. The inset plot in Figure 2 

provides a clearer view of the Q-bands Q1 and Q2, which are located at λ ≈ 600 nm and λ 

≈ 650 nm. These are consistent with the Q bands for the monofunctional porphyrin, but 

they are absent in the allyl-P3HT. This finding offers additional support for the contention 

that the coupling reaction between HOTTP and the hydrosilylated P3HT was successful. 

Figure 2. UV-vis spectra of HOTTP (red), allyl-P3HT (blue), and PP-P3HT additive 
(black) in chloroform show distinct characteristics of the parent materials and signatures 
of both in the coupled product. Inset: Zoom-in of the region from 500-700 nm shows the 
presence of Q1 and Q2 bands in PP-P3HT.

UV-Vis spectra of annealed allyl- and PP-P3HT films are shown in Figure 3(a). The 

spectra of the annealed allyl-P3HT film is red-shifted and shows vibronic shoulders at λ ≈ 

550 nm and λ ≈ 615 nm. These vibronic features occur due to cofacial -stacking and 

interchain absorbance contributions, respectively, and are well-established absorbance 

features of regioregular P3HT.42,43 Additionally, the increased overlap of the π-orbitals of 

the thiophene rings that are due to π-stacking in semi-crystalline domains of P3HT chains 
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is known to increase the charge carrier mobility.44,45 The intrachain interactions are further 

analyzed by fitting the H-aggregate region of the UV-vis spectra of annealed allyl-P3HT 

and PP-P3HT films using the weakly interacting H-aggregate model developed by Spano 

to determine the exciton bandwidth.46-48 (See Figure S7 for plots with the corresponding 

fits.) The exciton bandwidth for PP-P3HT (W = 0.163 eV) is higher than allyl-P3HT (W = 

0.141 eV), which indicates that introducing the porphyrin at the P3HT chain end slightly 

disrupts the intrachain ordering and reduces the effective conjugation length in the solid 

state.47 Nonetheless, the fact that these signatures also are present in the spectrum of the 

annealed PP-P3HT suggests that the porphyrin moiety at the chain end does not prevent 

crystallization of the P3HT chains. This is important, as a recent report by Chevrier et al. 

demonstrates that the molar ratio of porphyrin in a P3HT-block-poly(porphyrin) copolymer 

affects the ability of the P3HT chains to crystallize. Specifically, a high porphyrin:P3HT 

molar ratio in the P3HT-block-poly(porphyrin) copolymer inhibits interchain interactions 

that promote the overlap of the π-orbitals, which ultimately reduces the density of 

crystalline domains that are essential for charge transport.49 

Figure 3. (a) UV-Vis absorbance spectra comparing allyl-P3HT (black) and PP-P3HT 
(red) as annealed films. (b) Comparison of UV-vis spectra acquired from a PP-P3HT in 
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chloroform solution (black), an annealed thin film (red), and an annealed film consisting 
of a 1:1 blend of PP-P3HT and PCBM (blue).

Figure 3(b) presents the absorbance behavior of PP-P3HT in solution, as a thin film, 

and as a thin film containing PCBM (1:1 blend by mass). A comparison of the spectra 

acquired from PP-P3HT in solution and as an annealed thin film shows that the Soret band 

appearing at λ ≈ 440 nm is red-shifted by 20 nm due to an increase of π-π interactions that 

are a result of porphyrin stacking in the solid state.35 The spectrum of the PP-P3HT thin 

film also shows signatures that are consistent with P3HT crystallization. Specifically, there 

is a splitting of the -* transition, a large red-shift of the absorbance maximum from λ ≈ 

450 nm to λ ≈ 550 nm, and the appearance of a vibronic shoulder (at λ ≈ 600 nm). Upon 

the addition of PCBM to generate PP-P3HT:PCBM blends, shoulders at λ ≈ 555 nm and λ 

≈ 605 nm, which correspond to interactions between π-stacks due to crystallization of 

P3HT chains, remain unaffected because PCBM is excluded from the crystalline regions 

of P3HT.47 The spectrum acquired for the blend also shows that in the presence of PCBM, 

the -* absorbance transition of P3HT is slightly blue-shifted compared to annealed PP-

P3HT film due to the miscibility of PCBM and P3HT, which decreases the intra- and inter-

chain organization of P3HT.50 The strong peak at λ ≈ 335 nm results from the strong 

absorption of PCBM aggregates.50-52 Because the incorporation of a porphyrin end group 

on P3HT is motivated by the idea of harnessing the strong interactions between the 

porphyrin center and PCBM as a means to modify miscibility and potentially to stabilize 

donor-acceptor interfaces, it is encouraging to see a larger red-shift of the Soret band in the 

PP-P3HT:PCBM blend in comparison to a pristine PP-P3HT film. This large red shift 
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arises due to strong π-π interactions between PCBM fullerenes and the porphyrin 

macrocycle, which effectively reduce the energy level of the Soret band of the macrocycle.

Differential scanning calorimetry (DSC) was used to investigate the effect of 

porphyrin functionalization on the thermal properties of the conjugated polymer system. 

As a point of reference, the allyl-P3HT shows a melting temperature, Tm, of 189.4 °C, 

which is consistent with literature reports for low MW P3HTs.53 After coupling with the 

porphyrin, the Tm decreases to 181.8 °C, which suggests that the porphyrin macrocycle 

tends to disrupt, but does not defeat, the ability of P3HT chains to crystallize. This 

observation also is in good agreement with the previously discussed UV-vis results. 

The effect of the porphyrin-capped P3HT on thermal properties of P3HT-PCBM 

blends was assessed by making DSC measurements on blends containing different levels 

of either the allyl-P3HT or the PP-P3HT. For these studies, the allyl-P3HT or PP-P3HT 

were incorporated into BHJ films at loading levels ranging from 1 wt.% to 20 wt.% while 

maintaining the total P3HT:PCBM mass ratio at 1:1. Table 1 summarizes the Tm values 

extracted from these DSC measurements. The crystalline fraction of P3HT, Wc, was 

calculated for each sample using Equation 1:

f

m
c ΔH

ΔH
W  (1)

Here, ΔHm is the measured heat of melting of P3HT and ΔHf is the heat fusion of 

100% crystalline P3HT. To calculate the level of crystallinity, we use the specific enthalpy 

of fusion reported by Snyder and coworkers, who used DSC and 13C NMR measurements 

to determine the heat of fusion per crystalline repeat unit to be 49  2 J/g.54 The resulting 

values of percent crystallinity of the ternary blends are presented in Table 1. Although other 

reports have suggested Δ Hf values of P3HT to be as high as 99 J/g55 or, more 
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conservatively, 37 J/g,56 the value reported by Snyder and coworkers takes into account 

P3HT crystal size, which is often overlooked when quantifying enthalpy of fusion, and as 

a result, is taken as a more accurate representation of the crystalline nature of P3HT.

Table 1. Thermal properties and crystallinity of P3HT:PCBM (1:1 by mass) blends as a 
function of additive type and loading level of the additive. 

Loading Tm ΔHm
aWcAdditive (wt. %) (°C) (J/g) (%)

Control -- 186.1 8.34 17
1 187.7 8.45 17
5 183.4 8.05 16
10 184.7 7.49 15allyl-P3HT

20 182.1 8.15 17
1 182.2 6.85 14
5 181.1 7.18 15
10 178.9 7.95 16PP-P3HT

20 181.0 5.22 11
aCrystallinity was calculated using heat of fusion (ΔHf) value of 49  2 J/g.54

The control 1:1 blend of P3HT and PCBM that contained no PP-P3HT or allyl-P3HT 

additives had a P3HT crystallinity of 17% (based on calculations using heat of fusion 

calculated by Snyder and coworkers) and a Tm = 186 °C. The 1:1 P3HT:PCBM blends 

containing allyl-P3HT as the additive showed Tm values of ≈ 182-187 C that correspond 

to a Wc of ~15-17% for each of the additive loading levels, suggesting these additives do 

not significantly affect the crystallinity of P3HT.  On the other hand, blends containing the 

PP-P3HT additives exhibit slight decreases in P3HT crystallinity, as evident by Wc ranging 

from 11% to 16%. The systematic differences between the allyl-P3HT and PP-P3HT 

sample sets suggest the difference in size and sterics of end groups is causing the observed 

changes in P3HT crystallinity. Additionally, the slight broadening of the dispersity (
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) of PP-P3HT compared to allyl-P3HT may be affecting the degree of crystallinity 𝑀𝑤 𝑀𝑛

because both end-functional P3HT additives have comparable molecular weights and 

regioregularity.54 In combination, the results of the neat allyl-P3HT and PP-P3HT indicate 

that the porphyrin functionality of PP-P3HT does not inhibit P3HT crystallization by itself, 

but can reduce the polymer crystallinity when used as an additive in P3HT-PCBM blends. 

No evidence of melting of PCBM crystals was observed in any of the DSC thermograms, 

likely because PCBM crystals melt above the upper limit of our scans (270 °C).

To more directly probe end-group effects on PCBM miscibility within the allyl- and 

PP-P3HT polymers, additional DSC measurements were used to determine the Flory-

Huggins interaction parameter. In these efforts, small amounts of PCBM were added to 

allyl-P3HT and PP-P3HT, and changes in Tm were measured. Upon addition of PCBM, the 

melting temperature of the allyl-P3HTs change from 189.4 °C for pure allyl-P3HT to 182.0 

°C for a blend containing 20 wt.% PCBM. For the corresponding blends made with the PP-

P3HT additive, the Tm decreases from 181.8 °C for pure PP-P3HT to 160.7 °C at 20 wt.% 

PCBM. While the change in Tm of the blend containing the allyl-P3HT is modest, the larger 

change in Tm observed for blends containing PP-P3HT suggests that PCBM is interacting 

more strongly with PP-P3HTs. 

The Flory-Huggins interaction parameter, χ, was calculated for each blend (PCBM + 

additive) to quantify the morphological impact of the strong interactions between PP and 

PCBM. Calculations were based on melting-point depression theory, which has been used 

to examine how χ of P3HT/PCBM blends changes as a function of P3HT molecular weight 

or regioregularity.53,57 Plots of (1/  - 1/ ) as a function of the volume fraction of PCBM, 𝑇𝑚 𝑇°
𝑚

Φs, are shown in Figure 4 for blends of PCBM with either allyl-P3HT or PP-P3HT. Values 
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of χ were extracted by fitting this data using Equation 2 with χ as the only adjustable 

parameter.

 (2)
1

𝑇𝑚
―

1
𝑇°

𝑚
 =  

𝑅
∆𝐻𝑓

𝜐𝑚

𝜐𝑠
[𝜙𝑠 ― 𝜒𝜙2

𝑠]

Here,  is the melting point of pure polymer, R is the gas constant, υm is the molar 𝑇°
𝑚

volume of P3HT monomer (υm,P3HT = 151 cm3/mol)58 and υs is the molar volume of solvent 

(υs,PCBM = 607 cm3/mol).59 Using this approach, χ values of 0.68 and 0.38 describing the 

miscibility of allyl-P3HT and PP-P3HT, respectively, in PCBM were obtained. The value 

of χ = 0.68 characterizing the enthalpy of mixing between allyl-P3HT and PCBM is similar 

to χ for blends of P3HT and PCBM reported by Russel et al.53 and Gomez et al.57 The 

significant decrease in χ for the PP-P3HT/PCBM blends suggests that π-stacking 

interactions between porphyrin end groups and PCBM fullerenes enhances miscibility 

relative to the allyl-P3HT/PCBM blend system. This increased miscibility accounts for the 

observed reduction in P3HT crystallinity in the BHJ blends observed in the DSC 

measurements described earlier. This reduction in χ also is consistent with the idea that 

these porphyrin-terminated P3HTs have surfactant-like character, which enables them to 

modify and mediate interactions across interfaces between donor- and acceptor-rich 

domains within BHJ blends.
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Figure 4. Plot of (1/  - 1/ ) as a function of ΦPCBM, which is used to calculate χ for 𝑇𝑚 𝑇°
𝑚

blends of PP-P3HT (black) and allyl-P3HT (blue) with PCBM. The solid lines represent 
best-fit lines that describe the data.

Figure 5. Azimuthally averaged diffraction patterns for allyl-P3HT (black), PP-P3HT 
(red), and the monofunctional porphyrin HOTTP (blue). P3HT diffraction peaks are 
observed for both allyl-P3HT and PP-P3HT, indicating the porphyrin end group does not 
completely disrupt P3HT crystallization. No porphyrin diffraction peaks are observed in 
PP-P3HT films.
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X-ray diffraction measurements were used to examine the impact of incorporating a 

porphyrin as an end-group on P3HT crystallinity. The diffraction patterns for thermally 

annealed films of allyl-P3HT, PP-P3HT, and HOTTP are shown in Figure 5. The 

diffraction pattern of HOTTP shows a strong peak at scattering wavevector q = 0.68 Å-1 

that corresponds to the stacking of the porphyrin macrocycles. The absence of this 

diffraction peak in the neat PP-P3HT film confirms that the P3HT chain prevents crystal 

formation (stacking) of the porphyrin macrocycles. The diffraction patterns of the end-

functionalized P3HT films exhibit peaks at q = 0.39 Å-1 that correspond to (100) reflections 

from the stacking of hexyl side chains in P3HT crystals. The P3HT films also contain an 

intense peak at q = 1.94 Å-1, which is the signature of (010) π-π stacking of crystalline 

P3HT domains. Compared to the allyl-P3HT, the intensity of the (100) peak of PP-P3HT 

is reduced and the peak is broadened slightly and shifted to lower diffraction angles. We 

speculate that the shorter allyl group at the end of P3HT chains enable larger crystals to 

form than in P3HT with large porphyrin end groups, leading to sharper diffraction peaks. 

This contention agrees with the melting point depression measured by DSC. In addition, 

other reports link decreases in diffraction peak intensity and d-spacing to decreases in 

regioregularity of P3HT.60,61 The presence of the (100) peak at q = 0.39 Å-1 in the PP-P3HT 

film offers further support that the porphyrin end group is not preventing the crystallization 

of the P3HT chains. This may be advantageous because it suggests that the surfactant-like 

PP-P3HTs may be able to straddle donor-acceptor interfaces, rather than phase separate or 

crystallize with other porphyrin macrocycles. The ability of these shorter P3HT chains to 

participate in crystal formation with larger P3HTs, as well as favorable HOMO/LUMO 

level alignment between P3HT, porphyrins, and PCBM (see Figure S8),35,62 provides a 
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direct connection through which charge transfer from the PCBM acceptor through the 

porphyrin ring and to the conductive (crystalline) regions of the P3HT matrix can occur.  

Current-voltage (J-V) curves from a set of preliminary device studies that incorporate 

PP-P3HT at different loading levels under light and dark conditions are shown in Figure 6. 

Under forward bias, the dark curves measured for the PP-P3HT containing devices exhibit 

a clear decrease in current suggesting an increase in series resistance through the device. 

The measured diode currents are lower for the PP-P3HT containing devices, which also 

suggests that the PP-P3HTs are increasing the resistance of the devices. Average 

performance data extracted from measurements made on six replicate devices containing 

PP-P3HT additives at different loading levels ranging from 1.0 wt.% to 20 wt.% under 

illumination are shown in Table 2. Two significant traits are immediately apparent: First, 

there is a significant increase in the JSC, from an average of 7.88 mA/cm2 for the control 

devices to an average of 10.48 mA/cm2 for devices containing 1% loading of the PP-P3HT. 

Second, the shape of the J-V curves progressively changes as PP-P3HT additive loading 

level is increased, which translates into a decrease in the fill factor (FF) of the device. It is 

also noted that the VOC remains relatively constant at ~0.55-0.57 V for the control devices 

and devices having low loading levels of PP-P3HT (specifically, 1 wt.% and 5wt.% PP-

P3HT), but VOC decreases markedly at the highest loadings of 10 and 20 wt.% PP-P3HT. 

The precipitous drop in performance at high loading levels is likely due to the sizeable 

reduction in effective molecular weight of P3HT, which has a strong influence on BHJ 

device performance.63-65 To gain perspective on this, the effective P3HT molecular weight 

was calculated by assuming that the matrix P3HT (Mw = 77.5 kg/mol, Ð = 1.9; See ESI) 

was described by a Schulz-Zimm distribution while the PP-P3HT additive was treated as 
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monodisperse with a molecular weight equal with that measured for the allyl-P3HT (3 

kg/mol; See ESI). As anticipated, at 10wt.% and 20wt.% loading of a 3.0 kg/mol P3HT, 

the effective number-average molecular weight is dramatically lowered to 18.8 kg/mol and 

13.0 kg/mol, respectively, while the dispersity is increased to 3.72 and 4.96, respectively. 

These devices also show J-V characteristics that are consistent with increases in series 

resistance, perhaps due to interfacial resistance.66 The performance of the devices 

constituted at 1 wt.% and 5 wt.% may be hampered for two reasons. First, the loss of 

conjugation in the alkyl silane linkage connecting the P3HT and porphyrin is likely 

deleterious to OPV performance. Second, the increased miscibility of fullerene in the BHJ 

blend could lead to lower domain purities and increase charge recombination processes.6 

Both are responsible for the increased resistance and decreased FF measured in the devices.

Figure 6. Current density versus voltage plots for bulk heterojunction devices containing 
increasing amounts of PP-P3HT additive under dark (left) and illuminated (right) 
conditions.
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Table 2. Summary of performance characteristics of P3HT:PCBM BHJ devices containing 
porphyrin-capped P3HTs as a function of additive loading level.a

PP-P3HT 
Loading JSC VOC FF PCESample
(wt.%) (mA/cm2) (V) (%)

Control -- 7.88 ± 0.03 0.57 ± 0.01 0.47 ± 0.01 2.07 ± 0.01
PP-P3HT1 1.0 10.48 ± 0.03 0.57 ± 0.01 0.35 ± 0.01 2.10 ± 0.01
PP-P3HT5 5.0 7.93 ± 0.04 0.55 ± 0.01 0.29 ± 0.01 1.25 ± 0.01
PP-P3HT10 10.0 6.27 ± 0.03 0.47 ± 0.01 0.22 ± 0.01 0.64 ± 0.01
PP-P3HT20 20.0 3.85 ± 0.03 0.45 ± 0.01 0.19 ± 0.01 0.33 ± 0.01

a Average and standard deviation are based on six replicate devices.

Conclusions

Post-polymerization modification is used to attach a porphyrin macrocycle on a 

monofunctional P3HT, and a variety of characterizations are used to assess the impact on 

tendencies to self-assembly through crystallization as well as miscibility with PCBM and 

morphology of BHJ-like thin films. XRD and DSC measurements of the porphyrin-

functionalized macromolecule indicate that the P3HT chain suppresses porphyrin 

crystallization, but P3HT crystallization, which is driven by cofacial π-stacking 

interactions, is not prohibited. In blends, the strong interactions between PCBM fullerenes 

and porphyrin macrocycles leads to a red-shift of the porphyrin Soret band and reduces the 

melting temperature of the crystalline P3HT regions. The interactions between PCBM 

fullerene and porphyrin also enhance miscibility: the Flory-Huggins interaction parameter 

decreases from 0.68 for blends made with allyl-P3HT to 0.38 for those constituted with the 

PP-terminated P3HTs. 

Despite several promising attributes, incorporating PP-P3HTs as additives into BHJ 

devices generally decreases device performance, with the devices containing 1.0 wt.% 

loading of PP-P3HT being the exception. While this may not be unexpected given the 
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relatively large loading levels probed and low molecular weight of the PP-P3HT, the high 

JSC of devices made at 1.0 wt.% loading level suggest that the increased photon absorption 

characteristics, miscibility, and morphological changes associated with the design of the 

surfactant-like additive PP-P3HT additive have the potential to improve device 

performance. While a suite of device optimization studies would be beneficial, it is likely 

that there are design implications, too. For example, the reduction in performance at higher 

loading levels may be due to the break in electronic communication (conjugation) between 

the P3HT chain and porphyrin macrocycle or/and a result of the enhancement in miscibility, 

which promotes charge recombination. Nevertheless, the results in aggregate point to clear 

potential of porphyrins to affect BHJ morphology through strong non-bonded interactions 

and underscore the sensitivity of BHJ systems to the molecular design of the porphyrin-

functionalized additives. 
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