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Microcrystal electron diffraction, grazing incidence wide-angle scattering, and UV-Vis 

spectroscopy were used to determine the unit cell structure and the relative composition of 

dimethylated diketopyrrolopyrrole (MeDPP) H- and J-polymorphs within thin films subjected 

to vapor solvent annealing (VSA) for different times. Electronic structure and excited state 

deactivation pathways of the different polymorphs were examined by transient absorption 

spectroscopy, conductive probe atomic force microscopy, and molecular modeling. We find VSA 

initially converts amorphous films into mixtures of H- and J-polymorphs and promotes further 

conversion from H to J with longer VSA times. Though both polymorphs exhibit efficient SF to 

form coupled triplets, free triplet yields are higher in J-polymorph films compared to mixed films 

because coupling in J-aggregates is lower, and, in turn, more favorable for triplet decoupling.

Graphical Abstract

Introduction

Organic dyes that undergo singlet fission (SF) can overcome the Shockley-Queisser 

efficiency limit1 imposed on single band gap photovoltaics by ~10% when adopted as 

sensitizers, and as a consequence are the subject of substantial current research.2–3 SF 

is a multiexciton process where photoexcitation of electronically coupled chromophores 

generates a singlet exciton S1 that undergoes a spin-allowed relaxation process to a triplet 

pair multiexciton state 1(T1T1), which can subsequently decouple to form free triplets 2 

x (T1) (Eq. 1).4 Following decoupling, these triplets can be harvested via charge/exciton 

transfer5–7 or used for photocatalysis8.

S1 T1T1 2 x T1 Eq. 1

Despite the potential benefits of SF chromophores, their incorporation into devices has been 

hampered by several unresolved challenges and an incomplete understanding of the factors 

that lead to efficient (T1) formation. Each step in SF is sensitively dependent on the detailed 

chemical and electronic characteristics of the system, including the molecular orbitals 

involved in spin-orbital coupling, singlet and triplet exciton energies, and chromophore 
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packing morphology. As such, maximizing (T1) yields and lifetimes requires understanding 

both the energetic and geometric factors that affect triplet yield. Generally, dimeric dyes are 

prepared to control geometry and their photophysics are studied in solution. These studies 

confirmed the expected trend that the decrease in the electronic coupling, VST, between 

S1 and 1(T1T1) reduces 1(T1T1) yields. However, too strong VST mitigates subsequent 

decoupling into (T1)9–17. This implies that there is an optimal, ‘Goldilocks coupling’ 

– not too strong and not too weak – that maximizes (T1) yield for a particular dye. 

Drawbacks of this approach, however, are that dye structure and energetics of molecular 

orbitals are both changing, making it difficult to isolate the effect of VST from other 

effects, especially when actual molecular structures differ significantly from computational 

ones optimized for the ground electronic state. In addition, to investigate how molecular 

arrangement affects excited state deactivation, only well-characterized molecular packing 

geometries should vary, thereby providing a means to isolate coupling effects. As such, 

polymorphic SF dyes are favorable candidates for investigating these questions because 

the effects of VST, arising from different packing arrangements, can be separated more 

easily from those that arise from alterations in electronic states and molecular structure. 

The few studies of SF in polymorphic materials, such as tetracene18 and pentacene19, 

have revealed that the effects of polymorphism on SF may not agree with theory or 

computational results, and predicting whether a system undergoes SF via charge transfer 

(mediated) or a superexchange mechanism (direct) is still a major challenge20. Further, it 

is also difficult to predict the effect of polymorphism on SF yields as in the case with 1,3-

diphenylisobenzofuran polymorphs,21 where yields differ by orders of magnitude. Because 

of difficulty in growing sizeable single crystals of each polymorph for X-ray diffraction 

analysis, packing information remained elusive in most studies.

In an important series of studies for understanding the effect of coupling on 

SF, Wasielewski22 and Michl23 investigated how substituents on the nitrogens of 

diketopyrrolopyrroles (DPPs) influence SF yield. DPPs are an attractive class of 

chromophores for the active layers of photovoltaics24–26 because they are stable in ambient 

conditions, have relatively high extinction coefficients, and have highly tunable structures 

that permit control of solubility, molecular packing in films, electronic energy levels, 

and, importantly, they undergo SF because triplet energies are roughly half their singlet 

state value.2, 27–33 One of the derivatives used in both studies, di-N-methylated DPP 

(MeDPP), exhibited nearly 200% (T1T1) yield, but only after vapor solvent annealing 

(VSA). Wasielewski reports from grazing incidence wide-angle X-ray scattering (GIWAXS) 

data that “The unannealed film of MeDPP has an additional peak at 9.7° compared to the 

calculated powder pattern, which disappears upon solvent vapor annealing. This peak most 

likely results from a polymorph that is then converted to the single crystal structure upon 

annealing”22, but the additional polymorph was unsolved and its SF behavior undetermined. 

Identifying and directly comparing the structures and photophysical data of the solved 

and unsolved polymorphs could provide invaluable insight into how packing geometry 

and coupling affect yields in each step of the SF process. Here we employ microcrystal 

electron-diffraction (MicroED) to solve both MeDPP polymorphs, including the polymorph 

that occurs prior to VSA, and show that the elusive MeDPP polymorph has dominant 

characteristics of an H-aggregate. VSA converts both amorphous and H-aggregate MeDPP 
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into J-aggregates. The relative proportions of H- and J-aggregates in films were determined 

using GIWAXS, UV-vis spectroscopy, and scanning probe methods. Transient absorption 

(TA) and molecular modeling were used to quantify SF efficiencies and coupling constants, 

VST, respectively. We found that both H- and J-aggregates undergo efficient SF to form 

(T1T1), but H-aggregates yield fewer (T1) likely because of a higher VST.

Methods

MicroED uses a TEM to determine crystal structures from the diffraction of crystallites 

with micrometer or nanometer edge lengths, and is advantageous because it circumvents the 

need for the large crystals required in conventional single-crystal X-ray analysis.34–37 We 

recently validated the utility of this method for determining the crystal structures of organic 

semiconductors, including those containing DPP groups,38 and here we use MicroED to 

show that two distinct polymorphs exist in the MeDPP films and determine the unit-cell 

structures of both. TEM grids were prepared by drop-casting a 10 mM solution of MeDPP in 

PhMe onto continuous carbon grids. Some grids were investigated as-deposited while others 

were exposed to CH2Cl2 vapor for 1 hour. The unannealed grids possess small crystallites 

of two distinct polymorphs (Figure S2), whereas the annealed sample possessed only a 

single polymorph, which was also found in the unannealed sample. The unit cells of both 

polymorphs (Figure 1A) were solved by direct methods from their MicroED diffraction 

patterns to reveal H-type and J-type aggregates, the latter of which is exclusively present on 

the annealed grids and matches the previously reported structures22, 39. Both unit cells have 

herringbone geometries possessing two molecules of MeDPP in a P21/n space group, though 

conversion from H- to J-aggregate requires one of the two molecules in the antiparallel-

stacked H-aggregate unit cell to convert into a parallel, slip-stacked geometry. The unit 

cell for J-aggregates is composed of slip-stacked MeDPP molecules with π∙∙∙π stacking 

distances of 3.3 Å and centroid offsets of 3.2 Å and 1.6 Å for Δx and Δy, respectively. The 

antiparallel H-aggregates have π∙∙∙π stacking distances of 3.4 Å and centroid offsets of 0.51 

Å and 0.46 Å for Δx and Δy, respectively.

MeDPP films were prepared, and they were studied by GIWAXS with different VSA times 

to monitor the dynamics of interconversion of the polymorphs within the films. MeDPP thin 

films (216 ± 18 nm) were prepared by thermal evaporation at a rate of 0.5 Å∙s−1 onto clean 

glass slides, and VSA was carried out by exposing the films to CH2Cl2 vapor for 1 to 60 

minutes. GIWAXS 2D integration reveals the disappearance of a q-space signal near 0.7 

Å−1 (Figure 1B & S3) with increasing VSA time, indicating a conversion of one polymorph 

into another. By comparing the calculated powder pattern from the MicroED solved crystal 

structures to the GIWAXS 1D integrated intensity vs. q,38 the fading intensities are assigned 

to the MeDPP H-aggregate and remaining intensities to the J-aggregate (Figure 1C). Further, 

we can assign unit-cell orientation with respect to the substrate normal (Figure 1D), and both 

aggregates have a preferred orientation with respect to the surface.

UV-Vis spectroscopy was performed to estimate composition on the thin films, which 

progressively turned from purple to pink with increasing VSA times (0 – 60 min) (Figure 

2A). MeDPP films were exposed to CH2Cl2 for different times, and UV-Vis spectra were 

taken at each time point (Figure 2B). Following ~50 min of annealing, the film color stopped 
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changing, indicating that the film had reached an equilibrium structure. The peaks, λ1 and 

λ2, red-shifted 10 and 11 nm, respectively, in going from 1 min to 60 min VSA time. 

Red shifting and increasing λ1:λ2 peak intensities have been correlated previously to the 

formation of J-aggregates.40–41 With the exception of the spectra for the film taken prior 

to annealing, all spectra pass through isosbestic points, indicating gradual changes that 

shift oscillator strengths, which are likely from gradual shifting in the structure from H- to 

J-aggregates. The lower intensity of the spectrum taken prior to annealing is attributed to 

the presence of a third component – amorphous MeDPP – in the film. This interpretation 

is supported by variable temperature UV-Vis studies on MeDPP solutions (Figure S6). As 

dilute MeDPP solutions in PhMe are heated, the extinction coefficients decrease, and the 

maxima shift hypsochromically. These spectral changes have been previously correlated 

with DPP disaggregation42 thus further confirming that the low intensity of the unannealed 

film is the result of the presence of amorphous MeDPP, which disappears immediately 

upon beginning the VSA process. These data are further supported by conductive probe 

atomic force microscopy (CP-AFM) and scanning tunneling microscopy/scanning tunneling 

spectroscopy (STM/STS). Samples were prepared by briefly thermally evaporating MeDPP 

at a rate of 0.5 Å∙s−1 onto Au (111) surfaces, and some were treated with 60 min VSA. 

Unannealed samples were composed of a uniform, amorphous MeDPP film (0.5−0.6 nm) 

with a few MeDPP aggregates (~8 nm) on the top of the film, while annealed films 

coalesce into similarly sized aggregates (Figure S9), again suggesting that amorphous 

MeDPP is converted into crystalline aggregates by VSA. STS measurements show 60 min 

VSA films have max conductivity when positively biased while unannealed films show 

max conductivity when negatively biased (Figure S10). This indicates the change in the 

alignment of the frontier orbitals to a stronger π∙∙∙π interaction that occurs upon crystallite 

formation, which shift the transport through LUMO more favorably at a positive tip bias. 

The relative H:J composition of the films were estimated (Figure S7 & S8) by assuming 

the 60 min VSA films possessed exclusively J-aggregates. This is supported by the fact that 

there is no detectable H-aggregate GIWAXS signal in 60 min VSA films, whereas all films 

exposed to CH2Cl2 vapor were composed of only H- and J-aggregates (Figure 3 bottom, S7, 

and S8).

Femtosecond (fs) and nanosecond (ns) TA spectroscopy were used to probe the SF dynamics 

and triplet yields in MeDPP films with different VSA times. For fs-TA measurements, 

films were excited at 500 nm under low fluence conditions (35 μJ/cm2) that minimize the 

singlet-singlet exciton annihilation (Figures S17 and S18), yielding a total excitation density 

on the order of 1018 cm–3. For ns-TA measurements, the excitation density was increased 

to ~ 1019 cm–3 to obtain larger triplet signals at long time scales. The 1(T1T1) and (T1) 

lifetimes were determined from global analysis of the ns-TA data. Representative data for 

the as-deposited and annealed (60 min) films are shown in Figure 4, while data from other 

VSA time films are given in Figure S12.

Results and Discussion

TA spectra show a broad excited state absorption (ESA) for wavelengths longer than 620 

nm, which is assigned to the singlet state (Figures 4A and 4B). For as-deposited films 

of MeDPP, the ground state bleach (GSB) consists of a feature that matches the steady 
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state absorption at around 570 nm, and an additional red-shifted peak that we assign to 

stimulated emission. In as-deposited films, the broad ESA of singlet state (S1*) cools within 

1.6 ± 0.2 ps to a relaxed singlet state (S1) (red trace in Figure 4C), followed by 1(T1T1) 

formation in 30.6 ± 0.2 ps. A net blue-shift occurs for the GSB features during the singlet 

state cooling process, corresponding to the loss of stimulated emission. The triplet signal is 

characterized by a positive excited state absorption signal near 550 nm that overlaps with the 

negative GSB feature and decays on much longer time scales. The triplet state is assigned 

by comparison to the triplet state generated by sensitization experiments in the spin-coated 

films (Figure S14). For annealed films, a three-state kinetic model was also used to fit the 

TA data (Figure 4D). Here, for 60 min VSA film, the (S1*) cools in 1.7 ± 0.1 ps and 1(T1T1) 

forms in 23.3 ± 0.6 ps, in agreement with previous reports.22 Similar to the as-deposited 

film, an obvious blue-shift of the GSB from 595 nm to 585 nm is observed in the 60 min 

VSA film during the cooling process, while other features (e.g. at 540 nm) remain constant. 

We observe some enhancement of the singlet excited state absorption in the NIR region, 

suggesting a slightly different morphology than was previously observed.22 For all annealed 

films, 1(T1T1) forms in the timescale 22−24 ps, faster than the as-deposited film, indicating 

that the annealing process forms polymorphs that favor SF.

The decay of 1(T1T1) and (T1) are determined using ns-TA measurements. Based on the 

global analysis (Figure S11 and S13), the triplet decay was decomposed into a fast (~50 

ns) and a slow (~500 ns) component, which can be attributed to the 1(T1T1)-to-(T1) and 

(T1) decay, respectively. The 1(T1T1) yields of all the films are shown in Figure 3, which 

are determined by the modified ground state bleach method described previously (details 

in SI).22, 30, 43 Based on this methodology, we separately obtain the quantum yield of the 
1(T1T1) and (T1) (Figure 3). 1(T1T1) yield from SF of the unannealed film is lower, around 

90%, and then plateaus at ~100% for all the annealed MeDPP films (Figure 3 top). Given the 

conversion of amorphous material to H/J in the first minute, these data imply that both J- and 

H- aggregates are efficient in 1(T1T1) generation, the first step of SF.

In contrast, the (T1) yields exhibit a notable increase with increasing VSA time until 

plateauing near 15 min VSA (Figure 3 middle). The initial increase in the first minute 

may be explained by conversion of any amorphous MeDPP to the H/J mixture, but the 

continued increase after one minute, given the growing proportion of J-aggregates, implies 

that J-aggregates are more efficient at decoupling triplets. This can be explained by the 

difference in VST values between the nearest neighbors obtained through modeling (Figure 

S19) because H-aggregates (157.56 meV) couple more strongly than J-aggregates (59.51 

meV). Both types of aggregates possess adequate VST to promote efficient SF to form 
1(T1T1), but the lower value of VST for J-aggregate allows more efficient decoupling to form 

(T1), with yields as high as 106%.

Conclusion

Upon VSA, MeDPP films composed of multiple polymorphs were converted to 

predominantly J-aggregates. Though both H- and J-aggregates comparably and efficiently 

form 1(T1T1) via SF, the lower VST of J-aggregate relative to the H-aggregate results in 

higher (T1) yields. By comparing SF dynamics in polymorphs of the same material, these 
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studies provide a more complete understanding of the subtle structure-activity relationships 

that drive efficient (T1) generation, which could lead the way to more efficient photovoltaics 

that incorporate SF dyes as sensitizers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) MicroED determined crystal structures for H- and J-aggregate MeDPP (Atom colors: 

H-aggregate C, grey or green; J-aggregate C, grey or orange; N, blue; O, red.; S, sulfur). 

(B) GIWAXS scattering pattern of thermally evaporated MeDPP films before and after vapor 

solvent annealing (VSA) in CH2Cl2. (C) Comparison of calculated powder patterns from 

MicroED solved H- (i) and J- (ii) aggregates with GIWAXS 1D integrated intensity of thin 

films without (iii) and with (iv) VSA. (D) MeDPP unit cell packing of H- and J-aggregates 

depicted as they are oriented with respect to substrate surface normal.
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Figure 2. 
(A) Optical images of films MeDPP (216 ± 18 nm) as they are exposed to CH2Cl2 vapor 

for different times. (B) UV-Vis absorption spectra of MeDPP films with exposure to CH2Cl2 

vapor for different times.
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Figure 3. 
Correlating SF efficiencies to %J-aggregation in VSA thin films. (Bottom) %J composition, 

(middle) free triplet (T1) quantum yields, and (top) coupled triplet 1(T1T1) quantum yields 

as a function of VSA time.
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Figure 4. 
(A) Fs- and ns-TA of as-deposited MeDPP film, (B) fs- and ns-TA of 60 min VSA MeDPP 

film, (C) global analysis of fs-TA data for as-deposited MeDPP film, and (D) global analysis 

of fs-TA data for 60 min VSA MeDPP film. Fs-TA kinetics from global analyses are shown 

as singlet state (S1*) (black), relaxed singlet state (S1) (red), and coupled triplet state 1(T1T1) 

(blue).
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