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Conspectus:

Symmetry breaking charge transfer (SBCT) is a process in which a pair of identical 

chromophores absorb a photon and use its energy to transfer an electron from one chromophore to 

the other, breaking the symmetry of the chromophore pair. This excited state phenomenon is 

observed in photosynthetic organisms where it enables efficient formation of separated charges 

that ultimately catalyze biosynthesis. SBCT has also been proposed as a means for developing 

photovoltaics and photocatalytic systems that operate with minimal energy loss. It is known that 

SBCT in both biological and artificial systems is in part made possible by the local environment 

in which it occurs, which can move to stabilize the asymmetric SBCT state. However, how 

environmental degrees of freedom act in concert with steric and structural constraints placed on a 

chromophore pair to dictate its ability to generate long-lived charge pairs via SBCT remain open 

topics of investigation.

In this work we compare a broad series of dipyrrin dimers that are linked by distinct 

bridging groups to discern how the spatial separation and mutual orientation of linked 

chromophores and the structural flexibility of their linker each impact SBCT efficiency. Across 

this material set, we observe a general trend that SBCT is accelerated as the spatial separation 

between dimer chromophores decreases, consistent with the expectation that the electronic 

coupling between these units varies exponentially with their separation. However, one key 

observation is that the rate of charge recombination following SBCT was found to slow with 

decreasing interchromophore separation, rather than speed up. This stems from an enhancement 

of the dimers’ structural rigidity due to increasing steric repulsion as the length of their linker 

shrinks. This rigidity further inhibits charge recombination in systems where symmetry has already 

enforced zero HOMO-LUMO overlap. Additionally, for the forward transfer the active torsion is
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shown to increase LUMO-LUMO coupling, allowing for faster SECT within bridging groups.

By understanding trends for how rates of SECT and charge recombination depend on a 

dimer’s internal structure and their environment, we identify design guidelines for creating 

artificial systems for driving sustained light-induced charge separation. Such systems can find 

application in solar energy technologies and photocatalytic applications but can serve as a model 

for light-induced charge separation in biological systems.
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Introduction

In nature, several organisms employ solar energy toward biosynthesis. Photosystem II (PS 

II) in plants4-6 and the photosystems of Rhodobacter sphaeroides5,7-10 and Rhodopseudomonas 

viridis10,11 are some of the most studied photosynthetic systems for converting solar energy into 

chemical fuels. These systems contain light-harvesting centers (LHCs) and reaction centers (RCs) 

that work in tandem to synthesize adenosine triphosphate (ATP)4 from light-generated excitations 

by using them to drive unidirectional charge transfer4,5. Within PS II’s RC resides a chlorophyll 

dimer surrounded by a pair of accessory chlorophylls and pheophytins. This multiplex is held in a 

C2 symmetry by the protein frame, though only one side is active in electron transfer4. The RC’s 

central dimer is typically referred to as a ‘special pair’ as the two cofacial chlorophylls are spatially 

arranged in a manner that allows them to use energy delivered to the RC from the LHC to drive 

charge separation.

Generation of ATP by RCs is incredibly efficient. In plants, this process occurs with 90% 

thermodynamic efficiency4 while bacteria achieve 100% quantum efficiency for charge transfer 

per photon absorbed12,13. Their impressive ability to separate charge suggests photosynthetic RCs 

can serve as a functional model for artificial systems that harvest light to produce solar fuels. A 

RC’s special pair uses its environmental asymmetry to enable light-driven charge transfer, 

breaking the pair’s symmetry. As this charge transfer produces an electron and hole sufficiently 

uncoupled to behave independently, it is referred to as symmetry breaking charge separation 

(SBCS).

Synthetic approaches have been used to explore SBCS to further our understanding of this 

process and advance our ability to create systems that readily separate charge12,14-18. Several 

asymmetric donor-acceptor (D-A) systems have been made where electron and hole transfer are
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Figure 1: (a) Intramolecular charge transfer (ICT), where the “donor’ chromophore is initially 
excited (D*) followed by electron transfer to an acceptor (A) leaving D (b) Symmetry breaking 
charge transfer (SECT) between a set of identical chromophore s (Ch) such as anthracene. In weakly 
coupled dimers, light absorption generally excites one member of the dimer pair (Ch*), producing 
a localized excited state (LE) that undergoes SECT to form a cation (Ch+) and anion (Ch ). (c) 
Cartoon highlighting the exchange of electrons between orbitals needed for SECT and CR within 
a minimal four-electron model. While SECT driven by electron transfer involves LUMO-LUMO 
spatial overlap, CR is instead dependent on HOMO-LUMO overlap, suggesting bridge design can 
be used to enhance the former and suppress the latter. We note that a complementary pathway 
leading to the SECT state can be achieved via hole transfer from Ch* to Cho, which depends on 
HOMO-HOMO overlap.

energetically dictated to be unidirectional (D-A + hv -> +D-A")14 19 24. Such intramolecular charge 

transfer (ICT) systems generally employ differences in redox properties of the electron donor and 

acceptor to conduct electrons and holes along distinct, unidirectional paths (Figure la).

However, ICT has also been achieved in entirely symmetric molecular dimers (Figure lb).

6



Upon absorption of a photon, weakly coupled dimers form an excited state which dynamically 

localizes on one chromophore (Ch) of the molecular pair, rapidly producing a localized excited 

state (LE), Figure 1c, rather than one that extends over the full dimer. Isolated, these systems lack 

a mechanism for charge separation as there is no means to stabilize the separated anion and cation. 

Rather, fluctuations in the local solvent environment surrounding the dimer create an asymmetry 

in its two units that can drive separation and stabilize the resulting radical anion (Ch-) and radical 

cation (Ch+) as depicted in Figure 1c. In this sense, these symmetric systems are not unlike the 

special pair, wherein the protein scaffold holding the pair provides an asymmetric energy gradient 

that separates charge. We refer to this type of ICT in symmetric dimers as symmetry breaking 

charge transfer (SBCT). Unlike the special pair, if there is no medium to collect the resultant 

charges, they will recombine (CR) back to the ground state. The SBCT state in Figure 1c is shown 

as a singlet, but its triplet form is close in energy, facilitating intersystem crossing (ISC).2,25-27 In 

some cases the triplet SBCT state can relax to a Ch localized triplet (vide infra).

While related, experimentalists have used the emission properties of the charge transfer 

state produced by a dimer to distinguish SBCT and SBCS.21,28 SBCT typically yields an emissive 

charge transfer state while SBCS often produces a charge-separated state that decays only non- 

radiatively. This distinction partially reflects the degree of coupling between the spatially separated 

electron and hole. SBCS generally produces electrons and holes that are fully decoupled and 

behave independently while SBCT produces electron-hole pairs that remain weakly coupled and 

can be thought of as Wannier-Mott or charge transfer excitons. Herein, SBCS will be treated 

throughout this review as a type of SBCT, where the resulting charges are in the “decoupled” limit.
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Here, we explore how the formation rate and longevity of SBCT states created between 

dipyrrin dimers is dictated by their structure. Though dimer environment plays a large role in 

SBCT as it can tune the energy of the initial LE and final SBCT states, dimer intramolecular 

structure can manipulate activation barriers that affect mechanistic pathways toward SBCT as well 

as the decay of the SBCT state via charge recombination. As depicted in Figure 1c, for instance, 

we see that charge transfer requires spatial overlap between the valence orbitals of the coupled 

chromophores (either LUMO-LUMO or HOMO-HOMO overlap). Additionally, charge 

recombination, which may impact the lifetime of the SBCT state, is also dependent on orbital 

overlap of the resultant cation and anion (HOMO-LUMO overlap). This implies that the spatial 

separation and relative orientation of dimers engaging in SBCT play significant roles in dictating 

the rate and longevity of charge separation.

We note coupled dimers similar to those we investigate here have shown great promise as 

systems for achieving intramolecular singlet fission29-34,35,35 As electronic coupling mediated by 

charge transfer often plays a key role in enabling singlet fission, we anticipate the principles we 

highlight below for creating systems that exhibit prolonged charge separation via SBCT can be 

extended to generate materials that efficiently produce triplet exciton pairs for applications in 

energy conversion and quantum information.

A Brief Review of SBCT in 9,9’-Bianthryl

Among compounds that undergo SBCT, 9,9'-binathryl (BA) is perhaps the most studied. 

Emission spectra of BA show a strong solvent dependence indicative of ICT 22,36-38 that can be 

viewed via femtosecond transient absorption (TA)22,37 and time-resolved photoluminescence 

spectroscopy38. In nonpolar solvents, emission spectra of BA are broadened and do not resemble 

their corresponding absorption lineshapes. This broadening has been attributed to torsion about the
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dihedral angle on the bridge between the two anthracene planes,22,36 a motion observed using 10 

fs pulses39. While anthracene lacks a static dipole moment in the Si state, flash-photolysis time- 

resolved microwave conductivity experiments indicate BA develops a significant static dipole 

moment in its excited state, even when it is dissolved in nonpolar solvents.40 BA’s dipole in its LE 

state has been attributed to it containing charge resonance contributions (Ch+-Ch- and Ch--Ch+) 

whose degeneracy is lifted by intramolecular torsion and solvent fluctuations, producing a net 

dipole moment in excited BA40. Fluorescence upconversion experiments coupled to molecular 

dynamics (MD) simulations have also explored the nature of these stabilizing solvent fluctuations, 

showing that solvent molecules modulate SBCT by reorienting to induce local electric fields.41 

Once formed, the dipole moment associated with the SBCT state stabilizes these solvent 

arrangements, making reformation of the LE state unfavorable.

It has been shown that BA’s torsional angle is an active coordinate toward SBCT,22,39,41 as 

illustrated in Figure 2, which shows a cartoon highlighting how the energy of the LE and SBCT 

states change as a function of this angle. When placed in its LE state, BA favors a twisted structure 

with minima at ~60° and 120° 22,39,41 While initial work suggested that the SBCT state adopted 

similar minima,21,29 recent work by Lee et. al. using quantum-mechanical molecular dynamic 

simulations showed that the SBCT state instead adopts a torsional angle of 90° with a large 

distribution of about ±10°, which matches BA’s ground state where explicit MeCN molecules were 

allowed to rotate, driving SBCT.41 These differences in potential energy minima suggest torsional 

motion is needed to transition the LE state to the SBCT state in concert with solvent reorientation.

Moreover, near-infrared pump-probe anisotropy experiments42 coupled to time-resolved 

microwave conductivity experiments40 suggest formation of a unique excited state prior to SBCT
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Figure 2: Cartoon illustration of potential energy surfaces for the LE state (blue) and SECT state 
(red) of BA. A representative PCX state surface is not shown here as calculations are not available.

that is distinct from the LE state. In nonpolar solvents, BA does not evolve beyond population of 

this intermediate state while in polar media SECT continues to completion42. This intermediate 

has been denoted as a partial charge transfer (PCX) state and is comprised of a charge transfer state 

that is strongly coupled to the LE state where the transition dipole moment was found to be along 

BA’s meso bridge. PCX formation is proposed to be driven by a transient, unequal interaction of 

BA’s anthracene moieties with their solvent environment.42-43 Thus, the proposed mechanism for 

SECT in BA in a solvating environment is formation of an LE state that evolves to a PCX state 

from which complete charge transfer occurs (LE D PCX D SECT)42-44. Taken together, these 

findings highlight that a solvent can play an active role in SECT by stabilizing key charge- 

separated intermediates as a dimer evolves in its structure over time. Several other systems have 

been explored for the application of SECT including perylene28-45-46 and perylene diimide17 dimers
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as well as certain Donor-Acceptor-Donor15 (or Acceptor-Donor-Acceptor47) systems. However, 

BA is a historical model system for SBCT and is the most relatable system to aid in explaining the 

observations described in the following sections.

SBCT in Dipyrrin Dimers

Boron dipyrromethene (BODIPY) dyes are known for their tunability, high molar 

absorptivity, long-lived excited states48, and quasi-reversible redox potentials49, making them 

excellent candidates for light-harvesting applications that require SBCT. Prior work from our 

groups have shown dimers structurally similar to BA, prepared with either DIPYR (borondifluoro 

dipyridylmethene)50 or BODIPY,1,3 undergo either PCT or full SBCT depending on their structure 

and local environment. In these dimers the meso-positions of the chromophores can be bridged by 

a single bond as in bis-DIPYR and mnB or by a phenylene spacer as in mnPh (Scheme 1). 

Importantly, even minor structural changes greatly impact the ability of a BODIPY pair to 

interconvert between LE and SBCT states. This provides a chemical handle by which rates for 

SBCT, CR, and formation of key states such as triplets,2,27 can be manipulated to meet the demands 

of a given application. For example, torsion of the chromophores about their connecting bridge 

can be sterically constrained to extend the lifetime of SBCT states (vide infra). Likewise, through- 

bond coupling, which is dependent on orbital overlap and impacts the rate of SBCT, can be 

adjusted through linking bridge design1 or even outright eliminated via use of simple ions, such as 

Zn2+, as linkers2,3,51 (zDIP, Scheme 1).
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Scheme 1. Materials investigated in this report.

Ri R2 Ri R2 Ri R2
zDIP2 H Hm4B H H

m8B Me H

m4Ph H H 

m8Ph Me H zDIP3 Me H
e4m8B Me Et e4m8Ph Me Et

Prior work by our group investigated SECT within imB and imPh' We found SECT was 

significantly faster in imB than imPh and ascribed this to the shorter distance separating imB’s 

BODIPY units. However, the lifetime of the SECT state in imB was much longer than in imPh 

which is counterintuitive as the shorter distance between imB’s chromophores should better favor 

charge recombination. Rather, we attributed the fast charge recombination of nuPh’s SECT state 

to rotation of the phenylene bridge, which can facilitate nonradiative decay. Below, we test this 

hypothesis by exploring systems where steric constraints limit bridge rotation.

We have also looked at a series of zDIPs (Scheme 1) where formation of a SECT state 

was identified by spectroelectrochemistry and femtosecond-to-millisecond TA2. Reported zDIPs 

were discussed in terms of their solvent-dependent excited state properties as a function of 

substitution on the dippyrinato ligands (DIP)52. In another study zDIP2 was used to probe how the 

free energy difference between the SECT and LE states (AG°sbct) changed with solvent dielectric
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to identify a local environment that gave no driving force for their interconversion (i.e. AG0sbct = 

0 for the LE ^ SBCT reaction).3 This was found for a mixture of 20% tetrahydrofuran (THF) to 

80% cyclohexane (CHX) with an Et(30) ~ 34.

Herein, we expand upon this work by comparing the ground-state structure and 

photoexcited dynamics of six BODIPY dimers, three directly linked through their meso positions 

(Scheme 1: m4B, m8B, e4m8B) and three incorporating a phenylene bridge between the dimers 

(Scheme 1: m4Ph, m8Ph, e4m8Ph). Due to steric hindrance, the BODIPY units of mnB are held 

in near orthogonal configurations while the phenylene bridge in mnPh both increases dimer spatial 

separation and allows the BODIPY dyes to occupy a common plane. We also compare the 

dynamics of mnB and mnPh to analogous zinc-bridged dipyrrinato dimers (zDIP2/zDIP3) that 

afford a similar spatial separation between dipyrrin chromophores but orient them in a rigid, 

orthogonal geometry.

Interchromophore Separation

Chromophore spatial separation within a molecular dimer is expected to play a major role 

in SBCT21,53. Electron transfer is promoted by orbital overlap, which has an exponential 

dependence on donor and acceptor separation54-56. Going from mnB to zDIP to mnPh, the center 

to center distance of each dimer increases from 4.5 A to 6.4 A to 8.8 A. To begin, we compare 

m8B, zDIP2 and m8Ph to assess the impact of interchromophore spatial separation on SBCT in 

systems with a similar degree of steric encumbrance.
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Figure 3: (a) Jablonskii diagram for SECT showing the impact of solvent polarity. LE states 
produced by light can undergo SECT (ksBcr) or return to the ground state via radiative (kn) and 
nonradiative (knr) decay channels. As solvent polarity is increased, the SECT state is stabilized, 
making its formation from the LE state exoergic. From the SECT state, the system can decay 
radiatively (krrec) and nonradiatively (knrrec). (b-e) Absorption and emission spectra of (b) 1,3,5,7- 
tetramethyl-8-phenyl-BODIPY, (c) m*B, (d) zDIP2, and (e) m*Ph Absorption spectra of all four 
systems are similar. Emission spectra of m*B are solvatochromically-shifted, indicating an 
emissive SECT state, while zDIP2 and m%Ph emission is dominated by their LE states.

Steady-state absorption spectra of msB, zDIP2 and msPh provide insight into interdimer 

electronic coupling (Figures 3b-e). Spectra of msPh (Figure 3e) are similar to the 1,3,5,7- 

tetramethyl-8-phenyl-BODIPY monomer (Figure 3b), indicating minimal electronic coupling 

between msPh’s phenylene-bridged BODIPY chromophores. This behavior can be contrasted with 

that of msB (Figure 3c), which contains identical chromophores but lacks the central phenyl ring 

of msPh. Absorption spectra of msB are bathochromically shifted with respect to that of msPh, 

suggesting enhanced interchromophore coupling within msB stemming from the proximity of its 

BODIPY units. This spectral redshift is seen for all mnB dimers (Figure SI). Absorption spectra
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Table 1: Photophysical Properties of Dipyrrin Dimers.

1,3,5,7-Me4~ Cyclohexane 502 514 465 0.56
8-Phenyl- THF 501 512 429 0.52
BODIPY MeCN 497 509 474 0.62

Toluene 533(544) 577 1,051 0.62"
m4B DCM 530(543) 619 2,261 0.087*

MeCN 527 (541) — 0.008

Toluene 515 540 899 0.095*
m4Ph DCM 513 538 905 0.069*

MeCN 508 531 853 0.010

Cyclohexane 514 566 1,787
2 806 0.70

THF 515 602 (646) 3 218 0.14m„ DCM 512 613 (647) 4 127 0.14
MeCN 515 654 0.014

Toluene 503 520 650 0.52
m8Ph DCM 501 513 (520) 729 0.31

MeCN 495 520 971 0.027

Toluene 543 592 1,524
e4m8B DCM 541 634 2,711 —

MeCN 538 684 3,967

Toluene 525 546 732 0.67
e4m8Ph DCM 526 544 629 0.52

MeCN 520 538 643 0.017

Cyclohexane 493 506 521 0.66b
zDIP2 THF 493 507 560 0.09b

MeCN 490 508 723 0.005

Cyclohexane 489 507 726 0.16b
zDIP3 THF 489 511 880 0.15b

DCM 488 509(653) 845 0.02b
Ref. '.

bRef. 2

of zDIP2 exhibit a slight blue shift (~50 meV) relative to the BODIPY monomer, msPh, and msB

(Figure 3d, Table 1). While spectra of all three dimers display slight spectral shifts relative to

their parent monomer, the absorption profile of each shows a vibronic progression resembling that

of the monomer, suggesting the dimers possess an absorptive LE state similar in character to the
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excited monomer.

Steady-state emission spectra were recorded to assess charge transfer in these systems 

(Figure 3b, right). Population transfer from the LE state to an emissive, low-energy state will yield 

a large emission Stokes shift relative to the parent monomer. If this emissive state carries 

significant SBCT character, placing the dimer in a polar solvent will further redshift the emission 

(Figure 3a, krrec) and broaden its linewidth relative to that of the monomer21,22. This behavior is 

observed for m8B (Figure 3c), whose emission spectra show a progressive bathochromic shift 

with increasing solvent polarity, signaling formation of an emissive SBCT state.

If SBCT instead results in charges that are decoupled from one another, recombination 

will likely proceed nonradiatively21 (Figure 3a, knrrec), yielding a decrease in dimer 

photoluminescence quantum yield (Opl) with increasing stability of the SBCT state. zDIP2 and 

m8Ph display emission spectra that are near mirror images of the LE state absorption with a small 

Stokes shift, suggesting emission originates from the LE state itself (Figure 3a, kfi + knr). This LE 

emission Opl decreases with increasing solvent polarity, indicating competition between LE 

emission and SBCT.

By increasing the BODIPY separation, the coupling between the radical pair produced by 

SBCT weakens. This can allow population of other states, such as triplet levels, in addition to 

nonradiative charge recombination (Figure 3a, knrrec). Weak coupling among separated charges 

in the zinc- and phenyl-bridged systems could allow radical-pair or spin-orbit ISC to a triplet state 

while more strongly coupled systems may favor charge recombination to the ground state27. 

Distinction of such scenarios requires tracking the excited state dynamics of each dimer, which is 

most readily achieved with femtosecond TA.
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Figure 4. (a) TA spectra of mgPh in toluene where SECT is not observed, giving only the LE state 
transient spectrum, (b) TA spectra of m*Ph in acetonitrile, where m*Ph shows growth of a new 
ESA feature indicating SECT, (c) The SECT rate, ksscr, versus interchromophore separation in 
acetonitrile. The solid line shows the expected exponential decrease in this rate with increasing 
interchromophore separation, (d) Decay rate of the SECT state, krec, (krec = krrec + knrrec,, Fig. 2a) 
primarily by charge recombination, as a function of interchromophore separation. The solid line is 
a guide to the eye. In c and d, squares, circles and triangles denote the directly linked, zinc-bridged 
and phenylene-bridged dimers, respectively. Filled shapes represent dimers with methyl 
substituents on the 1 and 7 position of the BODIPY core, while open symbols correspond to dimers 
with methyl substituents at the 1, 3, 5 and 7 positions of the BODIPY core. This shows an 
unexpected result as closely spaced dimers undergo charge recombination more slowly than further 
spaced dimers.

Figures 4a and 4b plot TA spectra of msPh in toluene and acetonitrile (MeCN), 

respectively, following excitation at 500 nm. At short time delays, a strong negative signal is seen 

at 490 nm that corresponds to the dimer’s ground state bleach (GSB) and signifies formation of 

excited molecules. An additional negative shoulder at -525 nm denotes stimulated emission (SE) 

that indicates these molecules are in the LE state. In toluene, the TA spectra remain invariant as a
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function of time. In MeCN, however, the SE feature disappears while the GSB is unchanged. The 

disappearance is associated with a rise in a new excited state absorption (ESA) superimposed with 

the SE, signaling a transition from the LE state to a new excited state we have previously identified 

as the SBCT state1,19.

Figures 4c and 4d summarize rates for formation and decay of the SBCT state, ksBCT and 

krec (krec = krrec + knrrec), extracted from TA data recorded in MeCN for several dyads with 

differing interchromophore separation (Table 2). Though the rates of SBCT and recombination 

will depend on the change in free energy between the LE and SBCT states (AG°SCT), and SBCT 

and ground states (AG°R), respectively, it can be seen in Table S1 (Supporting Information) that 

the effect of substitution changes are modest (the respective driving force varies only by ~100 

meV for a single solvent). Changing the chromophore separation of the BODIPY chromophores 

also changes the energy of the SBCT state because of the decreasing Coulomb stabilization 

between the anion and cation portions of the charge separated state. Calculations suggest that the 

driving force is consequently reapportioned between the two charge transfer processes but again 

only by ~100 meV.

In polar MeCN, the SBCT state is highly stabilized and TA spectra are best fitted by a 

model that postulates population transfer from the LE state to SBCT state (LE □ SBCT) followed 

by decay of the SBCT state to either the ground or, in the case of zDIPs, additionally to a triplet 

state2. For less polar solvents, backward electron transfer to return the system to the LE state, kBET, 

also needs to be considered. It is relevant only for the smaller values of AG°SCT (<200 meV, and 

fully described in Kellogg et. al3 in the context of zDIP2); it is included in the model when an 

equilibrium between LE and SBCT state is required to achieve a good fit the spectral data.

As expected, kSBCT decreases with increasing interchromophore spatial separation (Figure
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4c) which is accompanied by smaller driving force (Table S1). kSBCT for m4B, zDIP2, and m4Ph 

exhibit an exponential dependence on interchromophore separation, while m8B, zDIP3 and m8Ph 

do not follow a single exponential decay which may relate to an observed intermediate PCT state 

(see detail in the SI). Moving to less polar solvents, kSBCT slows for each dyad (Table 2) as 

nonpolar solvents are less able to reorganize to stabilize the SBCT state. However, for a given 

solvent, the overall trend of kSBCT (decreasing as interchromophore separation increases while 

driving force is simultaneously reduced) is maintained (see SI for TA spectra); SBCT is dependent 

on orbital overlap and driving force, and thus both are disfavored by increasing dimer separation.

We would also expect the mnB dimers to show the fastest krec among our dimer series as 

the resulting electron and hole are held in the closest proximity to one another, aiding their 

recombination. Energetics in this case should work in the same direction: the steady-state 

absorption and emission spectra (Table 1) show the mnB dimers have their LE state closer to the 

ground state relative to mnPh dimers; furthermore, the calculated AG°SCT (Table S1) show SBCT 

states lie lower still for the mnB dimers than the mnPh dimers. Taken together, Ais smallest 

for the mnB dimers and so a faster knrrec would be expected by the energy gap law (if energetics 

alone were considered). However, in all solvents increasing interchromophore separation showed 

behavior opposite to expectations. As interchromophore separation is increased, knrrec increases 

(the lifetime of the SBCT state decreases). In polar MeCN for example, this effect is significant as 

the m8B SBCT state exhibits a 2 ns lifetime that is about 2x longer than zDIP2 (0.9 ns) and 9x 

longer than that of m8Ph (0.2 ns).
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Table 2: Kinetic rates for transitions between excited states of dipyrrin dimers determined by 
femtosecond TA, time-resolved and steady state fluorescence.

Toluene 6.5±2 ——

m4B DCM
Acetonitrile

1±1
<0.2

7000±14
650±30b

m8B

Cyclohexane
Toluene

THE
Acetonitrile

7±1
1.4±0.2
0.8±0.2

9900±200*
12100±200
9780±20

2000±100

Toluene — 9400±500* --

e4m8B DCM
Acetonitrile

1.3±0.1
0.8±0.3

9400±500
1700±90

Toluene — — 845'
m4Ph DCM

Acetonitrile
18±5

4.5±1 34±5b
1000'

Toluene — — 4700±90

m8Ph DCM

Acetonitrile

130±20
(140±20)

50±10 200±80b

5170±10

Toluene — — 6810±60
e4m8Ph DCM

Acetonitrile
140±40 (240±80) 

75±10 280±30b
7240±140

Cyclohexane2 —— —— 4800±300

zDIP2 Toluene2 9±2(16±2) 4000±500 3900±300
THE3

Acetonitrile2
2±0.2 (27±7) 

1.1±0.3
2200±140
900±100

4400±20

Cyclohexane2 — — 1400±300
zDIP3 Toluene2

Acetonitrile2
2.3±1 (11.2±3) 

1.0±0.5
2500±300
1400±100

2100±200

Reference citations to previously published data are given.

* This inverse rate refers to decay of the PCT state; a full SECT state is not observed in cyclohexane. 

a Decay rates from the SECT and LE states were measured using time-resolved fluorescence. 

b Determined using Transient Absorption

Clearly, interchromophore spatial separation alone is not a sufficient predictor for the decay 

rate of the SECT state. The zinc-bridged dipyrrin systems are a classic case of an SBCS system,
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where the resulting charges are fully decoupled as the zinc acts as an electronically non-interacting 

spacer that prevents any through-bond linkage of the dipyrrins. The zDIP systems show population 

of a triplet state following SBCT2,27, which is encompassed in knrrec, whereas m8Ph and m8B decay 

directly to the ground state. Decay to a triplet state close in energy to the SBCT state may 

rationalize why zDIP2 exhibits a faster than expected value for krec but does not explain the fast 

decay rate of m8Ph relative to the directly linked mnB dimers.

A key difference is recombination is required to take place from a more or less orthogonal 

geometry (minimum in the SBCT state surface, Figure 2) whereas spatial overlap can be 

modulated for the initial SBCT process by motion on the LE surface. The orthogonal dimer 

orientation for both mnB and zDIP systems can reduce the potential for achieving such overlap, 

thereby slowing the rate of charge recombination relative to mnPh, whereas the BODIPY building 

blocks are closer to a more coplanar arrangement. We test this hypothesis below by modifying the 

structure of these dimers with steric groups that impact their ability to twist about their meso 

linkage.

Structural Rigidity and Chromophore Configuration

We have identified a decrease in the SBCT state lifetime with increasing chromophore 

separation that runs counter to expectation (Figure 4d). Here, we discuss the role of molecular 

conformation on interchromophore wavefunction overlap, which modulates the rate of decay from 

the SBCT state (krec). Examining Figure 1c, we see that within a minimal 4-electron model both 

ksBCT and knrrec are expected to be dependent on the spatial overlap of the frontier orbitals of the 

dimer but exhibit different dependencies on the overlaps between pairs of orbitals. While ksBCT is 

dependent on both the LUMO-LUMO and HOMO-HOMO overlap of the pair, knrrec instead 

depends on the dimer’s HOMO-LUMO overlap. Due to the different symmetries of these orbitals,
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this suggests that geometries may be found that maximize ksncr while suppressing knrrec.

To identify structures enhancing ksBcr over knrrec, we used DFT to compute the frontier 

orbitals of imB as a function of its torsion angle. A diabatization procedure was used to project 

these orbitals onto linear combinations of the HOMO and LUMO orbitals of the BODIPY 

monomer to deduce how coupling between the HOMO and LUMO orbitals of the imB dimer 

change with torsion angle (Figure 5). Note that we find the HOMO and LUMO of the BODIPY 

monomer to be very similar to SOMOs of its radical cation and anion states, indicating that we can 

use coupling between the HOMO and LUMO to examine the impact of torsion on both SECT and 

charge recombination.

30 40 50 60 70 80 90
HOMO Torsion Angle [degrees]

Figure 5: (Left) DFT calculations of the HOMO and LUMO of the ground state BODIPY dyads 
using cam-B3LYP. (Right) Coupling strength as a function of torsional angle. Though both the 
HOMO-HOMO and LUMO-LUMO coupling depend on the torsional angle, the HOMO-LUMO 
coupling is zero for all angles. The distance between the two dyads is fixed at 1.4 A, so the above 
illustration should be taken as qualitative as the electronic coupling will be distance dependent.

We find that the LUMO-LUMO coupling is minimal when irnB’s dihedral angle is 90° 

while coupling between the HOMO orbitals of the BODIPY fragments is maximized at this angle. 

This suggests SECT involving the transfer of an electron across the bridge from the excited
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fragment in a rigidly held dimer is suppressed while hole transfer may be possible. Interestingly, 

we find that as the torsion angle decreases, the HOMO-HOMO coupling decreases while the 

LUMO-LUMO coupling increases. Notably however, the LUMO-LUMO coupling increase 

outpaces the HOMO-HOMO coupling decrease, suggesting that relaxation of the dimer torsional 

rigidity should enhance the rate of SBCT. This is supported by observations for bis-DIPYR and 

bis-a-DIPYR systems50 where the systems of interest were dispersed into a polymer matrix with a 

similar dielectric to toluene and THF, respectively. With the matrix impeding torsion of the 

dimers, SBCT was very slow.

Examining the HOMO-LUMO coupling, we find that the opposite symmetry of the HOMO 

and LUMO orbitals ensures that this coupling is zero regardless of m4B’s torsion angle. This 

implies that unlike SBCT, torsion-induced variation in the rate of charge recombination does not 

stem from changes in orbital overlap of the BODIPY fragment units. Rather, the dominant 

mechanism by which torsion impacts nonradiative decay is by bringing the ground state into 

energetic resonance with the SBCT state (Figure 2, Figure S1). At such a point, other internal 

vibrational degrees of freedom can act to nonadiabatically couple these two states, leading to the 

return of population to the ground state. Vibrational degrees of freedom of SBCT have been studied 

using time resolved infrared spectroscopy15,47,57; this probe was used to examine how structural 

fluctuations give different pathways to SBCT and subsequent recombination. The addition of steric 

groups that hinder rotation along the meso linkage will stiffen the SBCT potential and reduce the 

ability of the dimer to access geometries where return to the ground state is possible, thereby

slowing knrrec.

To experimentally test these hypotheses regarding the impact of interdimer rotation on 

ksBCT and knrrec, we increased the steric rigidity of meso-bridged BODIPY dimers by substituting
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methyl groups that hinder dihedral rotation about the C - C bond tethering directly linked dimers 

(m8B, e4m8B) and rotation about the bridge of phenylene-linked systems (m8Ph, e4m8Ph). The 

structural rigidity of the directly linked dimers is apparent in their steady-state spectra. m4B’s 

absorption spectra (Figure S1) have a primary absorption peak (Xmaxi, Table 1) with a weaker red 

shoulder (Xmax2, Table 1) resembling the spectral pattern of an H-aggregate. This reflects excitonic 

splitting from coupling of the BODIPY transition moments, signaling that its chromophores are 

not orthogonal. This contrasts with m8B and e4m8B, where only a single transition appears in their 

absorption spectra, which is to be expected if the two transition dipoles are rigorously orthogonal 

to each other.

With increasing steric hindrance about the meso bridge, directly linked dimers show a 

decrease in their SBCT rate (Figure 6). The reduced rate of SBCT in the more rigid BODIPY 

dimers implies surface crossing to the SBCT state is disfavored as the LUMO-LUMO overlap is 

greatly reduced. Though the HOMO-HOMO overlap increases, the relative HOMO-HOMO 

coupling strength is significantly less than LUMO-LUMO overlap for the less sterically 

constrained compounds, resulting in a kSBCT nearly an order of magnitude slower in m8B and 

e4m8B (0.8 ps, MeCN) relative to m4B (0.1 ps, MeCN). While kSBCT is slower in the rigid, directly 

linked dyads, the lifetime of their SBCT state is also longer (Figure 6). In MeCN, krec is almost 

three times slower in m8B (2 ns) and e4m8B (1.7 ns) than m4B (0.65 ns). These observations are 

consistent with our hypothesis that systems with higher torsional rigidity will exhibit longer SBCT 

state lifetimes because of a higher barrier to reaching resonance between the ground and SBCT 

surfaces.

With the mnPh dimers, increasing steric crowding diminishes the ease of bridge rotation 

and thus through bond coupling between pendant BODIPY chromophores. In Figure 6 we see
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that for msPh this both reduces ksBcr and increases the longevity of the SECT state. In MeCN, 

the time constants for SECT in imPh and msPh differ by an order of magnitude, 4.5 ps and 50 ps, 

respectively. By fixing the phenylene bridge to be orthogonal to the BODIPY planes, ksBcr is 

slowed as the through-bond HOMO-HOMO and LUMO-LUMO interaction is decreased. As with 

the directly linked dimers, the lifetime of the SBCT state also increases (slower krec) with 

decreasing torsional freedom, from 34 ps to 200 ps moving from imPh to msPh.37 46 While we are 

able to reduce krec for the phenylene-bridged dimers, they still exhibit the shortest SBCT lifetimes 

by about an order of magnitude relative to the directly linked and zinc-bridged dimers. This may 

stem from vibrational modes along the phenylene bridge which further de-symmetrizes the excited 

system, mediating charge transfer.

Time (ps)

Figure 6: SBCT state population as a function of time for imB (black solid line), m*B (green solid 
line), imPh (red dashed line) and m*Ph (blue dashed line) taken from global analysis fits of SBCT 
in MeCN (see Supporting Information).
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Our results indicate that the rate of SBCT and longevity of the resultant charge-separated 

state can be tuned independently. This is shown in Figure 4 and 6, where the rate of SBCT scales 

with interchromophore spatial separation but is modified by the torsional rigidity of the dimer.

Summary & Outlook

The excited state and electrochemical properties of dipyrrins make them advantageous 

platforms for organic photovoltaic and solar fuel generation via artificial photosynthesis. We have 

found SBCT efficiency to be dependent on several intramolecular properties, including interdimer 

spatial separation as well as chromophore electronic coupling introduced by variations in chemical 

bonding and molecular structure. The SBCT state lifetime is not simply dependent on interdimer 

separation but requires careful analysis of vibronic coupling to non-totally symmetric vibrational 

modes to induce coupling. Importantly, a rigidly orthogonal dimer, even at close proximity, can 

give rise to long-lived SBCT states. We have observed orthogonal BODIPY dimers showing a 

figure of merit of koR/kSBox between 1,400 - 4,000 in acetonitrile, similar to recently reported for 

similarly configured PDI-dimers.18 In some cases we observe an intermediate PCT state for 

directly linked systems; this is well known for the BA system and fully discussed in the SI and 

may impact SBCT formation. These design principles can be used to design new molecular 

systems that rapidly form long-lived, spatially separated charges upon photoexcitation.

Supporting Information Available

Description of experimental and theoretical methods, global target analysis, calculation forAG°SCT 

and , and calculations for orbital overlap and ground state potential energy surfaces (PES) as 

a function of dihedral angle of the BODIPY dyads and separate *.xyz files used for these orbital 

overlap and ground state PES calculations. Steady-state absorption, emission and transient
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absorption spectra of BOD IP Y dimers and their fits using global target analysis. Discussion of an 

observed PCT state in transient measurements.
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