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are selectively programmed
Excitonic systems depend sensitively on intermolecular couplings between
constituent dyes, which are a function of their distances and relative orientations.

Here, we developed a high-throughput platform to program couplings using DNA

origami and tailored dye-oligonucleotide synthesis. We used ultrafast

spectroscopy, electron microscopy, and molecular dynamics simulations to

characterize the sculpted excitonic photoproducts. Leveraging the

programmability and rigidity of DNA origami, these systems can be designed for a

wide range of functionality, including excimer formation, charge transfer, and

exciton transport.
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Sculpting photoproducts with DNA origami

Jeffrey Gorman,1,5 Stephanie M. Hart,2,5 Torsten John,1,3 Maria A. Castellanos,2 Dvir Harris,2

Molly F. Parsons,1 James L. Banal,1 Adam P. Willard,2,* Gabriela S. Schlau-Cohen,2,*

and Mark Bathe1,4,*
THE BIGGER PICTURE

Enhancing the efficiency of solar

light harvesting and electronics is

essential to reducing our carbon

footprint. Effectively managing

excitons, the carriers of electronic

energy at the molecular scale, is

central to this mission. Sculpting

the fate of excitons, whether

transforming into charges or high

spin states, depends sensitively

on the spatial organization of the

constituent molecular dyes.

Although natural photosynthetic

systems control dye coupling with

protein scaffolds, synthetically

replicating the structural precision

of proteins has been a long-

standing challenge. In this study,
SUMMARY

Natural light-harvesting systems spatially organize densely packed
dyes in different configurations to either transport excitons or
convert them into charged photoproducts, with high efficiency. In
contrast, artificial photosystems like organic solar cells and light-
emitting diodes lack this fine structural control, limiting their effi-
ciency. Thus, biomimetic multi-dye systems are needed to organize
dyes with the sub-nanometer spatial control required to ‘‘sculpt’’ re-
sulting photoproducts. Here, we synthesize 11 distinct perylene dii-
mide (PDI) dimers integrated into DNA origami nanostructures and
identify dimer architectures that offer discrete control over exciton
transport versus charge separation. The large structural space and
site tunability of origami uniquely provide controlled PDI dimer
packing to form distinct excimer photoproducts that are sensitive
to interdye configurations. In the future, this platform will enable
large-scale programmed assembly of dyes mimicking natural sys-
tems to sculpt distinct photophysical products needed for a broad
range of optoelectronic devices, including solar energy converters
and quantum information processors.
we used self-assembled DNA as

the control medium for synthetic

dye molecules to generate

desired excitonic photoproducts.

This pre-programmed precision

establishes a foundation for

tailored dye interactions,

enhancing functionality for

excitonic computing, sensing, and

biomimetic light-harvesting

assemblies.
INTRODUCTION

The functions of photovoltaics, light-emitting diodes, and photochemical reactions

broadly rely on a myriad of photoinduced product states, which generate outcomes

including photons,1,2 heat,3–6 or charge-separated excited states.7,8 In dye-based sys-

tems, these product states often leverage delocalized excited states, called exci-

tons,1,8–56 which evolve into product states selected through the nature of interdye

coupling. For example, exciton transport is driven by long-range dipolar coupling,

whereas exciton evolution into free charges for photochemical conversion is realized

by shorter-range, charge-transfer (CT) coupling. Importantly, subtle structural changes

within optically active materials can result in entirely distinct photophysical products.

In photosynthesis, nature converts light into chemical fuel by spatially organizing in-

terdye couplings using a protein environment. Mimicking nature’s ability to select

for either exciton transport or CT via a local multi-dye structure offers the potential

to unlock new design principles for organic solar cells. For example, organic systems

could absorb, collect, and split excitons using the same dye moiety via symmetry-

breakking CT (SBCT) and minimize energy loss and recombination.57,58 However,

these devices and their pre-specified product states require precise control over

the spatial positioning and resultant coupling between numerous dyes.59

A number of synthetic strategies have attempted to realize high efficiency artificial

light harvesting through multi-dye positional control. Simple, covalent dimers can
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be used to alter interdye coupling to select for product states.58–64 However, match-

ing the size and variability realized by natural protein-pigment complexes using co-

valent chemistry is impractical, considering their low solubility, low synthetic yield,

and limited structural control.61,65 The larger scale of natural systems has been

achieved with polymers, which can support multiple dyes along their flexible back-

bone,12–20,66,67 or amphiphilic dyes, which can self-assemble to produce extended

aggregates.21–26 However, both approaches suffer from polydispersity in the result-

ing multi-dye assemblies. Alternatively, metal- or covalent-organic frameworks

(MOFs/COFs) can enable well-defined sub-nm scale dye arrays27,28 but are confined

to specific geometries that limit the range of available couplings. Finally, proteins

can provide a ‘‘scaffold’’ for non-uniform arrays,29–31 but dye addition typically oc-

curs after protein folding, which restricts the accessible locations and number of

sites. Thus, robust synthetic strategies for the interdye distances and couplings

needed to replicate the function of natural-light-harvesting systems remain an

outstanding challenge.

Nucleic acid nanotechnology offers the synthetic capability to orchestrate the spatial

arrangement of molecules within hybridized DNA sequences, including dye dipole

orientational control, using predictable Watson-Crick base pairing.32,33 Incorpo-

rating perylene diimides (PDIs) into DNA sequences could offer the spatial control

over multi-dye organization and, therefore, couplings needed to generate charges,

excimers, and other product states via rational design. Numerous studies have

demonstrated the effectiveness of using DNA for multi-dye assembly,34–49 including

strongly coupled dyes that undergo exciton evolution.50–56,68–76 However, the incor-

poration of multiple dyes can destabilize the DNA duplex by disrupting base pairing.

To address this, multi-duplex34,77–81 and higher rigidity DNA motifs74,75,82–84 have

been explored that distribute dyes across numerous duplexes, including with

DNA origami.85–94 However, these reports have mostly focused on commercial

dyes that lack the energetics needed for CT.

PDIs represent one exemplary class of promising dyes that can access numerous

product states, including SBCT, excimers, and others.58,95–98 However, control

over their distinct product states has been hampered by the inability to program

PDIs into different, specific structures and their resulting couplings.60–62 For

example, cofacial, slip-stacked PDI dimers mediate SBCT through enhanced CT

coupling,58,99 whereas highly rotated dimers form excimers.100,101 Despite their util-

ity, synthetic approaches broadly remain limited in their control over multi-dye orga-

nizations of PDIs, tetracenes, diketopyrrolopyrroles, etc.,59,72,102 which is needed to

program distinct photoproducts.

Here, we achieve spatial control over distinct exciton product states by templating

PDIs on DNA origami (Figure 1). Toward this end, we leverage programmable

DNA synthesis to identify three specific, functional dimer architectures: a strongly

coupled SBCT-active slip stack, an energy-transfer-active non-cofacial system, and

an excimer-active rotated dimer system. Combining time-resolved spectroscopy

with molecular dynamics (MD) and quantum chemical calculations, we find that

DNA synthesis with single-nucleotide (nt) precision can be exploited to shift CT-

mediated photoproducts, namely to sculpt photoproducts by structural reorganiza-

tion of PDI dimers in a more rapid and straightforward manner than can be achieved

using covalent strategies. This work offers a pathway for high-throughput screening

of DNA origami templated dye assemblies to discover excited-state evolution via

rationally designed multi-dye scaffolding, enabling the precise installation of

controlled dyes and their photoproducts. Selective control over CT coupling
1554 Chem 10, 1553–1575, May 9, 2024
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Figure 1. Schematic overview and workflow

(A) In the light-harvesting complex 1 reaction center (LH1-RC),103 the bacteriochlorophyll dyes (purple) assemble into a dense ring structure organized

by the protein scaffold (gray). Outer dyes are optimized for energy transfer, while the central reaction center form charges by charge transfer (CT). Our

bio-inspired DNA nanotechnology approach aims to self-assemble perylene diimide (PDI) dimers (purple) on a DNA origami (gray), which similarly

forms charges by CT, energy transfer by weakly coupled dyes, and strongly coupled excimers. Cartoons of required dimer structures for these

photoproducts are shown.

(B) Synthetic design and photoproduct discovery in this work. We installed multiple PDIs in a DNA sequence library that were assembled in DNA

duplexes, six-helix bundles (6HBs), and hexagonal origami. This enables precise, programmed, and multivalent dye positions. The DNA library was

screened by molecular dynamics (MD) simulations and density functional theory (DFT) calculations, spectroscopy, and cryogenic electron microscopy

(cryo-EM). Library members that yielded photoproduct hits were modeled by MD, and we found that optimal PDI dimer geometries were replicated on

these DNA origami structures.
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provides an attractive platform, integrating both exciton and CT design for

advanced excitonic circuits in synthetic light-harvesting systems.

RESULTS

Design of origami-compatible PDIs

Although PDI-DNA conjugate synthesis has been demonstrated previously,52,104–110

hydrophobicity in those studies led to uncontrolled aggregation. To address this, we

targeted a hydrophilic PDI via four ortho-ethylphosphonate groups111 that were

compatible with single-stranded DNA (ssDNA) synthesis (Figure 2A).112 Ortho-func-

tionalization has been implicated in slip-stacked PDI dimers, which we identified as a

target structure for SBCT.58,98 Finding that the DNA-free dye analog yielded a non-

aggregating PDI in water (Figure S1), we next redesigned the dye (Figure S2) for

insertion into the phosphodiester backbone of ssDNA (Figure 2A) by using solid-

phase oligonucleotide synthesis (SPOS).
Chem 10, 1553–1575, May 9, 2024 1555
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Figure 2. Assembling PDI on duplex and origami array platforms

(A) Duplex DNA schematic with PDI inserted in the backbone (purple). Inset: representative molecular dynamics (MD) structures with highlighted

transition dipoles and highest occupied molecular orbital diagrams by density functional theory (DFT).

(B) Electronic coupling is programmed by varying the base sequence separation across different structures. In duplexes, PDIs are separated on the same

(n nt-duplex) or opposite strands (opp-duplex) by predefined nucleotide spacing.

(C) Peak-normalized steady-state absorption of PDIs in duplexes showing greater electronic coupling with shorter nucleotide separation.

(D) Origami array schematic with PDI insertion. Each six-helix bundle (6HB) rod-like array is assembled in a one-pot reaction that includes 20 unique,

abiotic PDI-labeled staple strands. The resulting 6HB origami contains 10 repeat units, each containing a PDI dimer (purple dots) in the cavity. Inset:

representative MD structure of a single dimer, with transition dipoles highlighted, and highest occupied molecular orbital diagrams.

(E) Select 2D strand routing. PDI dimers are tuned by their base-pair separation nD encoded in the PDI-staple nucleotide sequences over multiple

duplexes. For each 6HB, all 10 PDI dimer staple positions are simultaneously tuned. For clarity, only 3 local helices are shown.

(F) Peak-normalized steady-state absorption of PDIs in origami showing greater electronic coupling with shorter nucleotide separation.
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To confirm that our PDI-DNA assembly could control aggregation, we first built

monomer constructs (mono-duplex) generated by structuring a single PDI within

ssDNA, hybridized with a complementary non-dye-containing ssDNA that should

yield no excitonic coupling (Figure 2B). PDI strands efficiently formed duplexes by

gel analysis (Figure S3). To track the effectiveness of our control, the relative exci-

tonic coupling of the mono-duplex was analyzed using steady-state absorbance

(Figure 2C). Reproduction of the natural vibronic progression of a PDI monomer,

specifically 0–0 (18,655 cm�1) and 0–1 (20,050 cm�1), arising from coupling of the

electronic transition to the 1,400-cm�1 symmetric vinyl stretching mode,113,114 sug-

gested that the ortho phosphonate groups of the PDI did not alter its electronic

structure significantly, in contrast to bay-modified PDIs.115 This negative control

showed a vibronic progression that is typical of an unaggregated PDI. This result

confirmed that our PDI derivatives could only be aggregated in a controllable

fashion, without off-target hydrophobicity-induced excitonic coupling.

Controlling PDI coupling with DNA templating

Having established that a single PDI could be programmed, we next sought to

extend and test our ability to organize dimers. We rationally controlled the positions
1556 Chem 10, 1553–1575, May 9, 2024
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of PDIs within each ssDNA and its local DNA sequence by using SPOS (Figure 2B).

The first configuration templated PDI dimers on opposite sides of the DNA duplex

(opp-duplex), similar to previous work.106,110,116 The second configuration tem-

plated two PDIs consecutively (0 nt duplex) or separated by 1-, 3-, or 5-nt spacers

(1 nt duplex, 3 nt duplex, or 5 nt duplex, respectively) along the same ssDNA and

hybridized to form the double-stranded DNA (dsDNA) duplex (Figure 2C). Nt-

controlled spacings are particularly attractive, as SPOS produce sequence variants

in parallel.72,73 We annealed each strand with its complement to produce a library

of duplexes to explore multiple dimer configurations that could mimic the target

slip-stacked and twisted dimer conformations.

To validate our predefined PDI dimer control, we analyzed the absorbance spectra

of all PDI dimers, as any changes would provide clear signatures consistent with

excitonic coupling. Previous work showed that the PDI vibronic peak ratio directly

reports on coupling strength.58,60,61,63,99,102,117–120 In all dimers described in our

work, the oscillator strength of the 0–0 vibronic band was redistributed to the 0–

1 band, which is a spectroscopic signature characteristic of cofacial aggregates,

also referred to as an H-like aggregate structure.102,118 The opp-duplex construct

exhibited the strongest excitonic coupling, as observed in its high 0–1/0–0 ratio

(�2-fold increase relative to the monomer) compared with the consecutive PDI di-

mers on the same strand in the 0 nt duplex (�1.5-fold increase relative to the

monomer; Figure 2C). Larger inversion of vibronic peaks has commonly been

ascribed to greater orbital overlap between cofacially assembled PDIs in aggre-

gates.121 The nt-spaced constructs showed recovery of the 0–1 and 0–0 vibronic

band intensities of the monomer as the number of nt spacers increased, with full

recovery of the vibronic bands achieved using 5-nt spacers. Unlike our previous

work on zwitterionic-modified duplex constructs,73 these results suggest that the

DNA duplex can overcome the stacking energy of the modified PDI dimers and

that inter-construct aggregation, as observed in unmodified duplex-bound PDIs,

does not occur here.104,110 Our results show that phosphonate-PDI derivatives

are good candidates for programmed PDI excitonic coupling and ensure that

coupling between PDIs is a function of DNA assembly only, not overpowered by

dye hydrophobicity.

DNA-origami-directed exciton coupling

Single duplex scaffolds are too small to organize tens to hundreds of dyes reliably, as

multiple insertions can destabilize duplex stability.37 Although multiple PDIs have

been inserted into DNA, many of these still aggregate in ‘‘monomeric’’ systems or

struggle to form extended assemblies.52 To move toward larger biomimetic scales,

we integrated these PDI assemblies into higher-order six-helix-bundle (6HB) DNA

origami, with 20 PDIs per assembly (Figure 2D). To achieve this, we designed a set

of ssDNA that repeated their self-assembled structure every 42 nts, i.e., every four

complete turns of a dsDNA to retain a straight 6HB design (Figures S4–S10; Data S1).

6HBs are composed of six intertwined DNA helices to form a rigid cylinder,32,33,122

reliably built using the DNA origami technique. In this approach, a long ssDNA scaf-

fold is folded by many shorter, synthetic ssDNAs termed ‘‘staples,’’ which are base-

complementary to remote regions of the scaffold, effectively folding the system into

a rigid cylinder. To explore the available PDI interactions and their photophysics, we

used a series of PDI-dimer configurations in the larger available structural space of a

6HB to find intermolecular couplings that facilitated excimer formation and CT. We

expected the 6HB motif to be a good choice for organic dye photophysics because

its �2-nm inner cavity matches the limit of non-negligible excitonic coupling.123
Chem 10, 1553–1575, May 9, 2024 1557
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Because DNA origami is typically queried in a relatively dilute solution (<1 mM), sin-

gle PDI dimers per origami would be too sparse for spectroscopic investigations. To

address this issue, we created an array of decoupled 10 dimers along a 6HB (Fig-

ure 2D). Within the current design construct, it is important to note that the scaffold

sequence is essentially non-repeating, so that even though strand positions and

crossovers of each repeat unit are nearly identical, the local base sequence varies

between segments. For PDI placement, we selected positions to self-assemble after

annealing onto the inner surface of the 6HB cavity (Figure 2D). For each construct, we

selected rigid PDI positions across neighboring helices in the 6HB. This strategy was

chosen so each helix only contained a single-nt substitution per PDI to maintain

duplex stability. In addition, the PDI sites were located at the center of the staple se-

quences, far from their 50 or 30 staple termini, which are prone to local DNA melting/

unwinding.124 Increased PDI density meant <200 nM origami concentrations were

required for all optical measurements, dilute enough to avoid gelation.125,126

Using these design elements to screen for long- and short-range excitonic coupling,

we fabricated a series of DNA origami constructs with PDI dimers that were sepa-

rated by up to 5 nts: 0D, 2D, 3D, 4D, and 5D-6HB. Here, the ‘‘D’’ nomenclature desig-

nated the base-pair (bp) separation between two PDIs along the long axis of the

nanotube (Figure 2E). These distances were chosen to match those explored on du-

plexes. Additionally, neighboring helices in 6HBs twist away from one another, lead-

ing to larger pitching/angular separation of PDI dimers across two helices, with the

5D separation representing the furthest available distance before each dye is dis-

played on opposite sides of the 6HB cavity. As a control, we generated a mono-

6HB containing 20 PDIs, with every PDI well-separated by R23 bps (�8 nm) that

should remain uncoupled if the coupling was solely DNA encoded.

To validate that the 6HB annealed and assembled correctly, we characterized con-

structs by agarose gel electrophoresis (AGE) and transmission electron microscopy

(TEM). AGE revealed a gel band shift when comparing the unhybridized scaffold to

the fully assembled origami mix across all samples, consistent with fully self-assem-

bled origami (Figure S11). All 6HBs were assembled and purified in high yield >77%

(Table S1). We achieved complete separation of low-molecular-weight excess sta-

ples in the crude mixture from the purified folded origami by using molecular-

weight-cutoff spin filtration. TEM imaging revealed assembly of �150-nm rod-like

structures, as expected, and PDI-modified 6HBs were essentially identical to the

substituted 6HB analog by both AGE and TEM (Figures S11–S18).

To investigate whether inserting PDIs disrupted origami self-assembly, we interro-

gated the global melting temperature of the 6HBs, where a significant reduction

in melting temperature would indicate that PDIs were inhibiting or limiting hybridi-

zation. Thermal melting curves confirmed structural stability in the sequence design,

showing no change or destabilization between unlabeled-6HB and PDI-labeled 6HB

constructs (Figure S19). In contrast, PDI-duplex structures were significantly destabi-

lized by PDI insertion (Figure S20), highlighting the structural benefit of origami to-

ward larger-scale dye assembly. Consistent with the target design, the mono-6HB

control yielded a monomeric absorption spectrum indicative of non-aggregated

PDIs (Figure 2F). PDI dimers 0–5D-6HB showed a redistribution of 0–0 and 0–1 oscil-

lator strengths, with 0D-6HB and 2D-6HB constructs exhibiting the highest 0–1/0–

0 vibronic intensity ratio (�1.4-fold increase relative to the monomer). Notably,

absorbance measurements of the unhybridized PDI-ssDNA staples, which

comprised the dimers in the 6HB constructs, exhibited only monomeric absorbance

spectra (Figure S21) across the same 100- to 500-nM concentration regime of the
1558 Chem 10, 1553–1575, May 9, 2024
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origami studied here. This indicated that DNA origami scaffolds specifically tem-

plated the excitonic coupling observed by the PDI dimers.

In contrast to opp-duplex, the 0–1/0–0 vibronic intensity ratio of the 0D-6HB was

lower, suggesting weaker excitonic coupling. However, the origin of the observed

lower excitonic coupling may result from the complex interplay of excitonic and

vibrational interactions in PDI dimers, which is highly sensitive to the relative

displacement, angle, and distance between p-stacked PDIs, as described previ-

ously.102,118,121 Further, as we observed previously for squaraines,73 interference

between long-range Coulombic and short-range CT interactions could also

contribute to the differences in the excitonic coupling between the constructs.117

Characterizing target PDI dimer structures on DNA

Although absorptive changes in aggregates indicate their coupling, to obtain a

clearer picture of how PDIs might stack and the impact on exciton evolution, we per-

formed all-atomMD simulations of 0D-, 2D-, and 4D-6HBs, and opp- and 0 nt-duplex

structures, in triplicate (Figures S22–S31; Videos S1, S2, S3, S4, S5, S6, S7, S8, S9,

S10, S11, S12, S13, S14, and S15). Specifically, we explored DNAdesigns that gener-

ated: slip-stacked PDI dimers, which we anticipated would yield SBCT; non-overlap-

ping dimers, which we expected to support energy transfer; and rotated PDIs to

form excimers. These simulations revealed a propensity for p-stacking across all

simulated constructs, with center-of-mass (COM) distances between each dye

yielding �4 Å, typical of aggregated PDIs.127 We identified the 0 nt-duplex as an

SBCT candidate because of its small 17� G 5� rotational offset and slip-stacked pack-

ing configuration. We note, some MD replicates yielded interdye COM distances

>1.4 nm (Figures S30 and S31) within the simulation time that were inconsistent

with the strong excitonic coupling observed in their steady-state spectra in Figure 2C

and were therefore discarded from our structural analysis. We speculate this may be

a function of the very different starting geometries used in our simulations to avoid

potential bias in the PDI temporal p-stacking assembly. Nonetheless, the observed

disorder indicated a broad configuration space with multiple subpopulations of PDI

dimers, a phenomenon that aligned with our time-resolved experiments, vide infra.

For the larger 6HBs, simulations were performed using a single 42-bp repeat unit

with a single PDI pair to exploit linearly repeating symmetry to reduce computational

cost. This was contrasted with the 10 PDI pairs that were equally spaced across the

one-dimensional (1D) origami rod in all wet experiments. Nevertheless, the 42-bp

model still necessitated a sizable simulation box that constrained the overall simula-

tion time. Once again, we noticed variations in MD replicate trajectories that we

tentatively attributed to different PDI starting configurations influencing the

pathway of p-stacking. We note that the observed heterogeneity in 0- and 2D-

6HBs was considerably lower than in the duplexes, alluding to clear dimer subpop-

ulations in these systems. Whereas no cofacial interactions were observed in 4D-6HB

(COM > 14 Å) despite the close PDI placement within the sequence, the 0D-6HB

construct achieved similarly stacked configurations, with a COM z 4.7 Å. As ex-

pected, increasing base separation in the 2D-6HB construct reduced similar cofacial

interactions (COM z 5.5 Å). Although observed p-stacking distances were similar

among 6HB and duplexes, 6HB structures yielded larger rotational offsets than their

duplex counterparts. Hence, we anticipated excimers might emerge in these

origami structures.

To compare the MD simulations with experiments, and validate whether we have

control over where PDIs are displayed on the 6HB surface, we employed cryogenic

electron microscopy (cryo-EM) to extract the PDI structure in the 6HB origami.
Chem 10, 1553–1575, May 9, 2024 1559
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Cryo-EM required a higher concentration (>950 nM), which led to some aggrega-

tion of origami observed by AGE (Figure S11). However, we do not expect that ag-

gregation impacted PDI photophysics, which were interrogated at considerably

lower concentrations of �250 nM, and given that any inter-origami PDI interactions

would be >4 nm apart. Direct reconstruction of a single 1D rod-like PDI-6HB failed

due to challenging image alignment of the symmetric object. To improve image

alignment and reconstruction, we instead implemented a two-dimensional (2D)

hexagonal honeycomb origami structure (Figures S32 and S33; Table S16; Data

S2), which we previously found yielded cryo-EM reconstruction of up to 1.4 nm res-

olution.128 We characterized the hexagonal origami in line with our PDI-6HBs,

again observing aggregation by AGE in these high-concentration samples

(Figures S34 and S35). We highlight, each edge of the hexagonal mesh is

composed of a 6HB rod, interconnected by unhybridized strand vertices. To repli-

cate the PDI environment described earlier in the 6HB rods, we swapped a single

0D-6HB PDI dimer into a spoke of the hexagonal origami, with the same PDI-

labeled staple routing topology as described for the 1D 6HB-rod for all optical

measurements in this work. To further improve image alignment, this hexagonal

origami was augmented with a symmetry-breaking C1 handle. We elucidated

the 0D-PDIs conformation within the 6HB edge via three-dimensional (3D) recon-

struction (Figure S36). We observed local asymmetric density at the locus of the

two PDIs on the origami, a result of the larger steric bulk and chemical size of

the dyes compared with a single nt. To benchmark this, we used rigid-body fitting

of a hexagonal origami model from a coarse-grained DNA model (oxDNA) MD

simulations129 to the cryo-EM density of the 0D-6HB, observing reasonable struc-

tural overlap where the PDIs were positioned. This result indicated that the two

PDIs in 0D were displayed on the inside of the 6HB cavity, as initially designed

and resulting from the MD simulations. Unfortunately, the cryo-EM resolution

was not high enough to discern specific atomic features or infer dye orientations

and distances. Moreover, cryo-EM analysis was impossible with single, small,

and less globally rigid duplex structures, as is typical. We anticipate that improved

origami design and reconstruction algorithms might in the future enable increased

structural resolution together with unambiguous identification of dimer structures.

Tracking excited-state properties in PDI-DNA origami

Excimer species can be identified by their distinct emission spectra (Figures 3A and

3B). The uncoupled mono-6HB control exhibited vibronically well-resolved emission

peaks, mirror-imaged from its absorption spectra. However, 0–3D-6HB dimers

yielded new, broader, featureless, and red-shifted emissive species. These spectra

are typically assigned to H-type PDIs,121 which may emit via their excimer

state.59,130,131 Although excimers have been reported in a number of polydisperse

PDI structures,52,104,110,132 these studied lacked the fine structural control offered

by DNA origami. To quantify the extent of this excimer population and coupling,

we decomposed the emission spectra into a two-state model of Frenkel exciton

and excimer emission species (Figure 3C), plotted against approximate exciton

coupling values (Jexp) extracted from the linear absorption spectra (Figure S37).

We found that excimer population and exciton coupling were proportional to PDI

separation (D) on the 6HB origami, consistent with significant interdye orbital over-

lap indicated by MD simulations. Excimers form as a result of excitonic coupling that

splits the monomeric S1 state into lower, dark (H-type) and upper, bright (J-type) en-

ergy levels.133,134 Although H-type optical transitions are symmetry-forbidden, this

selection rule is lifted in highly rotated excited PDIs, which yields this diagnostic

emission.100 The versatility of PDI placement provided by origami attenuated

coupling and orbital overlap with only a few nt spacings, and became negligible
1560 Chem 10, 1553–1575, May 9, 2024



Transition Energy (x 10⁴ cm-1)

Transition Energy (x 10⁴ cm-1)

N
or

m
al

iz
ed

    
  M

ax
 C

ou
nt

s
N

or
m

al
iz

ed
    

  M
ax

 C
ou

nt
s

1.4 1.81.60.0

0.5

1.0

A

B

0 200 600

Ex
ci

m
er

/F
re

nk
el

 B
an

d 
R

at
io

Jexp (cm-1)

0

0.4

0.8

400

C

Duplexes

6H
Bs

0 1 3 5Opp Mono

3

2

1

0

  (
%

)
F

0 2 3 4 5Mono

3

2

1

0

  (
%

)
F

1.4 1.81.60.0

0.5

1.0

Mono
5

3
2
0

Opp

Mono

0nt
1nt
3nt
5nt

6HB

Duplex

Figure 3. Steady-state characterization

(A) (Left) Area-normalized emission spectra of PDI-6HBs produce a red-shifted and broader

excimer emission at small PDI-PDI distances (smaller D). (Right) PDI-6HB photoluminescence

quantum efficiency (FF). Error bars are the standard deviation of three replicates. Consistently

smaller FF are observed at smaller PDI separation concomitant with larger symmetry-forbidden

excimer-state population.

(B) (Left) In contrast, emission spectra of duplex PDI dimers show negligible excimer emission even

at a minimal PDI separation. (Right) PDI-duplex FF shows less correlation based on PDI separation.

(C) Excimer/Frenkel emission peak height ratio for 6HB and duplex PDI dimers. There is a strong

correlation between experimental excitonic coupling (Jexp) and measured excimer emission in 6HB

dimers, with enhanced excimer emission at increasing Jexp. In contrast, the excimer/Frenkel

emission ratio is unchanged with respect to Jexp in duplexes. lexcit = 465 nm. (Inset) Simulated MD

and DFT structures of 6HB and duplex dimers at highest coupling strengths.
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in 4D-6HB and 5D-6HB. However, we anticipate the reduced coupling, while retain-

ing close (<1.5 nm COM) PDI sequence position in 4D-6HB, would support energy

transfer, as we previously reported with cyanines.72,135

In contrast, no excimer emission was observed on duplexes, even with strongly

coupled opp- and 0 nt-duplexes (Figure 3B). We speculated that the lack of duplex

excimer emission was a result of a more slip-stacked structure, observed in MD and

density functional theory (DFT) studies. Further, slip stacking has been implicated in

reduced excimer emission in PDIs.58,98,99 Importantly, these two distinct structures

were achieved with the same dye moiety, showing that control between rotated

and slip-stacked geometry was specifically enabled by the versatility of PDI-posi-

tional control via DNA assembly. Interestingly, we found that photoluminescence

quantum yields (FF) of origami structures were programmable and increased with
Chem 10, 1553–1575, May 9, 2024 1561
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(A–C) Histograms compiled using DFT calculations on Jtotal, Jexcitonic, and JCT performed on the

final 2-ns of the MD simulations for (A) 0 nt-duplex, (B) opp-duplex, and (C) 0D-6HB all reveal a

broad range of couplings. Trends in total coupling strength were well matched to our vibronic

lineshapes observed in our absorption spectra analysis.

(D) Solvent-accessible surface areas (SASAs) of PDIs from triplicated MD simulations highlight

greater exposure to water in PDI duplexes compared with 0D- and 2D-6HBs. Error bars were small

owing to relatively constant values during the simulation.
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dimer spacing in PDI-6HBs (Figure 3A), but not in PDI duplexes (Figure 3B), which

further exemplifies the fine control over PDI structure provided by origami. See sup-

plemental information section S7 for further FF discussion.

To unify our analysis, comparing 6HBs and duplexes for controlling coupling, we

quantified the vibronic absorption lineshapes and excimer emission together (Fig-

ure 3C). We extracted the experimental coupling values Jexp from the vibrational am-

plitudes of the absorption spectra of the PDIs on 6HBs and duplexes (supplemental

information section S8). Jexp of 273 cm�1 for 0D-6HB and 2D-6HB were consistent

with previously reported values for excimer-generating PDIs.119 The orbital overlap

and dipolar interactions were reduced as PDI separated along the DNA origami, Jexp
values and excimer populations fell linearly in the 0–5D-6HB series. Interestingly, no

such correlation was evident in duplexes, despite similar excitonic coupling

strengths. This suggests distinct exciton evolution pathways between the excimer-

active 6HBs versus duplexes. The lack of spectral shifts, despite strong coupling in

PDI duplexes, hinted at SBCT photoproduct formation.

To parse the impact of Coulombic and CT coupling individually and gain a clearer

picture of the structural effects of slip-stacked and rotated PDIs in 6HBs and du-

plexes, we used quantummechanical (QM) calculations on select MD configurations

(Figures 4 and S38–S43). We selected PDI dimer structures for which the calculated

total coupling (Jtotal) most closely matched the trends observed experimentally, Jexp
1562 Chem 10, 1553–1575, May 9, 2024
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in Figures 2C and 2F. These spectra were fit to well-established theoretical models

for PDI vibronic band ratios.118 We proceeded with the MD replicates that best rep-

resented the excitonic couplings observed in our steady-state spectra in Figures 2A

and 2B, but the breadth of these structures clearly alluded to significant heteroge-

neity in the simulated systems. The most strongly coupled structures, opp-duplex,

0 nt-duplex, and 0D-6HB, are shown in Figures 4A–4C.

To illustrate the impact of DNA scaffolding on the electronic properties of PDI di-

mers, we calculated the distribution of both Coulombic (Jexc) and CT (JCT) coupling.

Given that multilayer origami structures consist of multiple interconnected duplexes

that impart both mechanical rigidity and additional molecular DNA surface and vol-

ume for dyes to interact with,136 we anticipated that the 6HB constructs would

display less overall heterogeneity in the photoproduct states formed.137 Because

solvent-accessible surface area (SASA) values report on the relative degree of sol-

vent exposure of the dye to water (Figure 4D), we used SASA as a proxy for how con-

formationally labile the PDIs were as a function of their scaffolding DNA architecture.

We observed a lower SASA for the PDIs in the 6HB structures 0D-6HB and 2D-6HB

compared with duplexes (Figure S44) because they were, on average, associated

more tightly with the DNA origami surface and positioned between two neighboring

helices. In contrast, PDIs in duplexes protruded out from the DNA structure, with

greater solvent exposure, indicating that the duplexes could not easily accommo-

date their large steric bulk. However, the broad heterogeneity observed in the

DFT results of PDI-6HB dimers was inconsistent with the reduced conformational dy-

namics of the dyes that was introduced by their scaffolding on DNA origami. We

speculate the static disorder observed in the simulations of opp-duplex and 2D-

6HB constructs might originate from local sequence sterics more than time-depen-

dent nanoscale fluctuations of the molecular environment, and therefore has sub-

stantial impact on the time-resolved spectroscopic analysis. Turning our attention

to CT interactions, we note that CT states are stabilized in high-dielectric constant

solvents such as water. The lower SASAs of the PDI aggregates in the 6HBs than

in the duplexes were likely to significantly impact product state formation between

CT and other product states, requiring pump-probe spectroscopy for quantification

of these effects.

Femtosecond excimer and CT state formation

Having clearly established the formation of excimers in rotated PDIs on DNA

origami, we turned to femtosecond transient absorption (fs-TA) spectroscopy to

track the temporal evolution of excitonic states capable of identifying dark SBCT

states in our structures. First, we analyzed the photoexcited mono-duplex control.

The ground-state bleach and stimulated emission (GSB and SE) signatures were

reflective of the vibronic progression of PDI, and broad excited-state absorption

(ESA) corresponded to the S1-SN transition 13,750–15,600 cm�1 (Figure S45), which

decayed on a�30-ps timescale. We assigned this process to hole transfer from elec-

tron-donating purine bases (adenine or guanine) to the electron-withdrawing PDI

dye, based on previous reports.105,138 We expect that this process produced an in-

termediate radical pair after transfer, where a radical anion sits on the PDI and a

cation on a purine. However, the PDI radical ESA peak was outside of our detection

range. Furthermore, the PDI is a strong electron acceptor,139 which can form low en-

ergy singlet CT states that couple strongly to the ground state, accelerating recom-

bination.138 Hence, we and others105,127,140 observed rapid CT decay and did not

detect the radical pair spectrum. To confirm this assignment, we undertook control

experiments. We synthesized a purine-free (thymine-only) PDI-ssDNA sequence

where hole transfer is thermodynamically disfavored. For this sequence, the single
Chem 10, 1553–1575, May 9, 2024 1563
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(A) DNA construct design.

(B) Transient absorption spectra (t = 3 ps) for duplex and 6HB-bound dimers.

(C) Opp-duplex-bound dimer and 0D-6HB-bound dimer SBCT rise kinetics extracted from decay-

associated spectra (DAS). Cation band (dashed) and S1-SN or excimer band (solid).

(D) Recovered timescales of cation formation plotted against DFT calculated JCT for duplexes and

6HBs from MD simulations (error bars are the standard deviation of three replicates from transient

abosrption experiments).

(E) DFT-calculated CT coupling as a function of rotation between geometry-optimized PDI dimers

constrained to a 4-Å vertical separation. Representative structures are highlighted.
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excited state did not decay by CT (Figures S46–S49), and our DNA-free PDI and the

thymine-only control gave near-identical singlet exciton decay rates. These results

were consistent with a purine-dependent hole-transfer process in the mono-duplex.

The strong excitonic coupling and slip stacking had suggested that SBCT may be

active dimers structured in opp- and 0 nt-duplex (Figures 5A and 5B). GSB and SE

features were characteristic of coupled dimer vibronic progression. However, in

addition to the broad low energy S1-SN transition, the ESA also showed a sharp

peak centered at 16,300 cm�1. We identified this feature as the PDI radical cation,

as has been observed previously.58,59,61,102 We assigned this formation to SBCT,

where the delocalized excited singlet state evolves into a polarized anion-cation

pair, despite no initial driving force for separation in group-state energy levels.59,63

To further confirm this PDI cation assignment, we performed chemical oxidation of a

DNA-free PDI dye control by SbCl5 in dichloromethane to generate the radical

cation species and observed the same absorptive feature at �16,300 cm�1 (Fig-

ure S50). The presence of the early-time cation ESA indicated that exciton quenching

by hole transfer (as seen in the mono-duplex) could not be the dominant decay

pathway in the opp- and 0 nt-duplexes, which would instead produce exclusively a

PDI anion that rapidly decays and not the growing cation feature observed. The

PDI anion excited-state absorption features occurred at the red edge of our exper-

imental spectrum and were not observed above the S1-SN transition in our measure-

ments. The absence of probe intensity at 720 nm aligned with the lower intensity

boundary of our optical probe, limiting identification. Additionally, the radical anion
1564 Chem 10, 1553–1575, May 9, 2024
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feature in SBCT, as noted in prior reports,105 was broad and lacked distinct features,

making its identification challenging through our spectral or kinetic analysis. None-

theless, ESA of the cation instead pointed toward delocalization of the excited state

over two PDIs, characteristic of an SBCT state.59

Interestingly, while we had confirmed excimer formation by emission, in the strongly

coupled 0D-6HB construct, we observed spectroscopic ESA signatures of both the

cation (16,300 cm�1) and an enhanced intensity in the 15,500–13,800 cm�1 region

(Figure 5B). The former feature indicated SBCT-like processes, while we assigned

this latter feature to excimer formation, matching the steady-state emission spectra.

As we increased interdimer spacing in 2D-6HB (Figure S51), the intensity of both the

excimer and cation bands decreased, reflecting conversion to more monomer-like

product states composed of simply an excited singlet. This trend continued for

the 4D-6HB (Figure S49), which reverted to near-complete monomer-like transient

absorption features, pointing to minimal interdimer coupling. For the distance-

dependent 6HB dimer series, the trends in transient features reflected those

observed in the steady state, where strongly coupled configurations gave rise to

bimolecular product states, namely excimers and SBCT states, while weakly coupled

configurations showed monomer-like character. This point further emphasized the

degree of spatial control when using DNA origami scaffolds to direct the formation

of these varying photophysical states.

SBCT and excimer states can be strongly interrelated.59 Excimers result from strong

coupling between singlet and CT states, while SBCT-producing systems are formed

from charge stabilization resulting in an excited state with dominant charge-reso-

nance character. Hence, SBCT-active systems are often found in high polar solvents,

like water. We note, excimers have been implicated as an intermediate for SBCT and

singlet fission photoproducts.65,130 Stabilization of CT states in covalent, cofacial,60

or orthogonal141 PDI dimers has previously been invoked to rationalize differing

exciton evolution as a function of solvents. In low dielectric solvents (e.g., toluene),

CT-stabilization and more Frenkel and charge mixing had generated excimers,

which was attenuated in high-dielectric solvents (e.g., benzonitrile). Additionally,

dielectric effects promoting SBCT have even been found in solid-state PDIs that

possess highly polar side chains.142 Further, accurate thermodynamic analysis of

CT-active DNA-dye systems required fitting of the local dielectric constant on

DNA that was considerably lower than bulk water.143,144 In this report, less-exposed

(low SASA) PDI-6HBs experienced a lower local environmental polarity around the

dyes (see Figures 4D and S44). Further, the solvation shield in our 6HBs and its

low-polarity environment may contribute to greater stabilization of the CT state in

0D- and 2D-6HBs and more mixing between Frenkel and CT states. Taken together,

the local, less-polar origami environment plays a role in our observed excimer pop-

ulation in our 6HBs.

To better correlate the relationship between SBCT and excimer states in our sys-

tems, we quantified the extent of excimer and CT character using global analysis

for the opp-duplex and the 0D-6HB dimers. Here, the frequency- and time-depen-

dent spectra (Figures 5B and 5C) were fitted to a two-component parallel model al-

lowing for the extraction of both short-time (15- to 50-ps timescale) and long-time

(400- 900-ps timescale) decay-associated spectra (DAS). The observation of both

features at early times (t = 3 ps) in the spectrum (Figure S51) suggested that the

long-time analysis was dominated by independent decay routes, in line with a par-

allel global model. This analysis excluded the first 2-ps of data to avoid over-param-

eterizing the global model. For all dimers in both duplexes and 6HBs, the short-time
Chem 10, 1553–1575, May 9, 2024 1565
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DAS component reflected a more excimer-like product spectrum with a larger inten-

sity from 15,500 to 13,800 cm�1. The long-time component retained greater inten-

sity of the narrow 16,300-cm�1 ESA band, indicative of greater CT character. For

both the 0- and 2D-6HBs, the excimers exhibited a larger relative amplitude at early

times than for the duplexes (Figure S51), which were dominated by the cation peak.

We speculate that the static disorder of the DNA environment plays a large role in

the generation of these different photoproducts, giving rise to the parallel decay

in the model. Past reports on DNA-dye duplexes,72,145,146 tiles,74,83 and

origami89,147,148 indicated that small sequence changes can influence photoprod-

ucts. Although we designed our constructs for consistency in the origami strand

crossovers, termini, dye positions, and orientations of the PDI dimers across all 10

repeat units in the 6HBs, achieving identical nt sequences in each repeat unit is infea-

sible. This limitation arises in part from the requirement that the DNA origami scaf-

fold must be variable along its length, without repetitive sequences, to fold uniquely

into a single target shape.32 Assembled structural subunits are anticipated to differ

slightly within each repeat unit due to these sequence differences, as well as subtle

variations in twist,149 and therefore likely contribute at least in part to heterogeneous

PDI dimer structures within the same origami. Furthermore, dynamic fluctuations in

PDI stacking and their association with the fluctuating DNA environment likely also

contribute to the observed heterogeneity. Dynamic heterogeneity in a phosphate-

linked PDI, which shares similarities with our work,150 showed that PDIs slide across

one another every 1–2 ns�1. However, we speculate that the sterics of the four ethyl-

phosphonate groups in the present constructs may slow these dynamics. Further,

dsDNA exhibits dynamic ‘‘DNA breathing’’ motions, exhibiting ms bp fluctua-

tions,151,152 which are capable of temporal cyanine dimer separation.74 However,

PDI dimers have considerably higher affinities153 than cyanines,154 which may

reduce such breathing dynamics in the present work.

The cation rise time (Figure 5C), which corresponds to the rate of SBCT production

and scales with strongly coupled dimer configuration, was also extracted from our

data. Here, the 0D-6HB construct showed the fastest rate of cation formation in a

time of 150 fs, while the opp-duplex dimer showed the slowest cation formation

time of 800 fs. The lack of inverse correlation between population (from DAS inten-

sity) and cation rise time further suggested that excimer and cation product state for-

mation occurred in parallel for different subpopulations, as they were not competi-

tive processes for deactivation of the initially excited state. Although the excimer

band appeared instantaneously with excitation, the cation band grew on the hun-

dreds-of-fs timescale. We did not observe concomitant decay of the excimer or

S1-SN features on this timescale. This finding suggested that the formation of these

product states occurred through parallel pathways, according to heterogeneous

configurations within the ensemble of DNA scaffolds, and indicates subpopulations

of rotated and slipped PDI structures.

To aid in quantifying the functional differences between the coupled dimer assem-

blies (opp- and 0 nt-duplexes and 0D-, 2D-, and 4D-6HBs), we compared the relative

magnitudes of interdye coupling. First, we examined how the cation formation rate

scaled as a function of coupling (Figure 5D), inferred from fitting the MD and DFT

analyses. In our simulations, increasing coupling in 6HBs correlated strongly with

increasing excimer population, while strong duplex coupling remained excimer

free. For the 6HB assemblies, the cation formation rate showed a moderate positive

correlation to the interdimer coupling. In contrast, the duplex assemblies showed a

considerably steeper positive correlation, suggesting that they were in different re-

gimes of driving forces according to the donor-acceptor coupling and solvation
1566 Chem 10, 1553–1575, May 9, 2024
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energy, consistent with the diverging excimer and SBCT formation trends in Fig-

ure 5C. To quantify the dominant character of each product state for the dimer as-

semblies, we compared the ratio of cation intensity in the long-time DAS to the ex-

cimer intensity in the short-time DAS, shown in Figure S52. Here, we note, the

overlapping excimer and S1-SN ESA bands complicated this quantification. Howev-

er, the trends shown support the time-resolved and steady-state spectra, where the

duplex dimers were dominated by only SBCT character, while the 6HB dimers ex-

hibited both SBCT and excimer formation.

To better illustrate the effect of PDI rotation on electronic coupling, we calculated

JCT (Figure 5E) and Jexc (Figure S52) for a pair of geometry-optimized PDIs as a sim-

ple toy model. We constrained simulations to a 4.0-Å p-distance and varied rota-

tional angle, defined by the vector spanning the opposing N atoms in the PDI mole-

cule, roughly aligning with the dipole moment vector. The resulting surface shows

that short-range JCT was highly sensitive to the molecular packing geometry, as it

relied on constructive or destructive interference between frontier molecular orbitals

of neighboring molecules. Recent developments have highlighted the importance

of CT-induced photophysics in generating excimers, singlet fission, and SBCT prod-

ucts.60,65,155 Maximal JCT occurred at 0� when PDIs were aligned, as parallel stacking

leads to near-perfect frontier molecular orbital overlap betweenmolecules, falling to

zero when PDIs were fully orthogonal. Although we observed a consistent decrease

of CT coupling up to an angle of �30�, where destructive interference drives JCT to

zero, a local maximum appeared at an offset of �65�, coinciding with a slight align-

ment of the aromatic rings. Jexc was maximal at 0� rotation (Figure S42) and weak-

ened as the rotation angle was increased, reaching zero when the dyes were stacked

orthogonally.

Finally, we compare our simplified toy model as a function of rotation to the coupling

distributions from the MD simulations. The representative structures of 0 nt-duplex,

opp-duplex, and 0D-6HB are highlighted, with angles of 17.6�, 31.1�, and 61.7�,
respectively (Figure 5E). The duplex populations generally occupied a smaller rotation

angle and therefore the largest Jexc across all constructs alongside reasonable CT cou-

plings, and these results are consistent with our identification of the SBCT-active slip-

stacked arrangement initially targeted. On the other hand, the 0D-6HB dimer was

located at a region with smaller Jexc, but at a local maxima for JCT. We speculate

that this unexpected CT coupling enhancement may also contribute to the observed

SBCT, alongside targeted excimer formation, in our fs-TA experiments.
DISCUSSION

We sought to program distinct PDI dimer geometries to control their photoproducts

within the context of DNA origami. DNA origami offers a versatile dye scaffolding

platform that can in principle host hundreds to thousands of dyes, like natural

light-harvesting systems, yet with full synthetic control over dye placements to con-

trol photoproducts and their functionality. Although previous studies demonstrated

DNA-based structural control to generate desired product states for a few

dyes,51,72–75,156,157 they have not yet replicated the function nor scale of natural sys-

tems. The 6HB-based DNA origami system reported here provides a step in this di-

rection, offering discrete control over dye separation and geometric rotation, which

were, together with systematic structure-based screening, used to realize excimer-

active PDI dimers with fine-control over CT coupling in the context of a large-scale

DNA-based structural scaffold (Figures 2D and 5E). Specifically, our approach com-

bined the broad chemical toolkit offered by synthetic DNA chemistry with sub-nm
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spatial control using DNA origami. The 6HB scaffold also introduced control over

solvation that directly impacted the product states, with SBCT having a clear solva-

tion dependence, favored in more-polar, higher-dielectric environments, where

exciton states and intermediates with CT character are stabilized.33 Importantly,

this local polarity control could be leveraged in the future to exploit CT coupling

needed for singlet fission in PDIs and, more broadly, for other dyes. Taken together,

DNA origami offers unique synthetic control over dimer geometry and local solvent

environment, in addition to full control over 3D scaffold geometry,158–162 providing

a platform with the ability to select emergent product states for an excitonic system.

Critically, the 6HB structure enabled the construction of photoactive systems on a

larger scale than the individual photoactive PDI dimer itself, spatially organizing 20

PDI dyes stably despite the large number of dye substitutions, which would be infea-

sible with individual duplexes of DNA. High mechanical rigidity of 6HBs, reflected in a

persistence length that reaches several micrometers as opposed to �50 nm for a

duplex, endows additional stability to the structure and function of eventual artifi-

cial-light-harvesting systems fabricated with this approach.136 Future work to

accommodate hundreds of dyes offers a blueprint toward building functional multi-

dye assemblies approaching the size of nature’s light-harvesting complexes. Bench-

marking this system, LH2 in purple Rhodobacter sphaeroides achieves a relatively

high dye per protein volume density (0.28 nm�3),163 while our PDI-6HBs yielded a

PDI:DNA density of 0.01 nm�3. This was in the order of allophycocyanin164 and peri-

dinin-chlorophyll-proteins165 (�0.05 nm�3) but considerably less than the Fenna-

Matthews-Olsen166 or LH1/2103 (0.18–0.38 nm�3) (Table S15). Although our primary

focus was on dimeric systems to control photoproducts, with the ultimate goal of

achieving size and control parity between nature’s photosystems and our optoelec-

tronic dyes, we anticipate that higher PDI loading can be achieved in the future by

functionalizing all six helices to reduce the scale of the 42-nt repeating motif. At pre-

sent, this report focuses on dimeric interactions that do not require such high packing

densities and coupling betweenmany closely packed dyes, but larger aggregatesmay

be targeted in future work. Further, we anticipate that our designer approach and

workflow can also be used to build naive DNA-origami-scaffolded libraries that display

many non-nucleosidic molecules for high-throughput photophysical optimization.

Our work demonstrated that the programming of origami structures plays a crucial

role in determining the ultimate fate of an exciton into CT or excimers, solely based

on the local nucleic acid environment and analogous to the structural proteins in

photosynthesis. Notably, we show the programmability of these nucleic acid envi-

ronments to search for specific dye packing geometries that dictate the photo-

product states, and this now establishes design principles for constructing more

intricate and multifunctional systems. Specifically, we have replicated the exciton

evolution to SBCT observed in nature’s special pair for photochemistry, but using

PDI molecules typically employed in optoelectronic devices. We have showcased

how these photoproducts can be rationally attenuated by dye position within a 5

D/nts region (�1.7 nm) on 6HBs. These weakly coupled but close 4D-6HB structures

may be used to create densely packed PDI arrays, suited instead for optimizing en-

ergy transfer in large antennae complexes that funnel into our excimer or CT-active

dimers, which are designs challenging to envision with duplexes, polymers, or am-

phiphiles. The multifaceted photophysics in PDI-6HBs show evident parallels with

chlorophyll-protein systems, both being capable of positioning a limited set of

dye moieties into distinct structures to program exciton evolution into different

states for dilute light collection, exciton transport, and SBCT. To fully achieve this

in the context of DNA origami, future work should focus on how to interconnect
1568 Chem 10, 1553–1575, May 9, 2024
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these distinct structures into fully functional excitonic circuits that absorb light and

create charges on the same 6HB. Future efforts to diversify the repertoire of modi-

fied nucleic acids capable of this will be highly beneficial. Although DNA nanostruc-

tures boast a simple, programmable assembly, protein and liposomal systems

benefit from a suite of 22 proteinogenic amino acids available for building, in

contrast with the mere 4 standard nucleobases in DNA. This manifests in a broader

range of dielectric and hydrophobic environments in protein-dye assemblies, which

further modulates couplings, efficiencies, and photoproduct formation. Integrating

modified nucleobases and backbones may be a valuable approach to match amino

acid scope. Further, electron-accepting dyes, as highlighted in this study, can

engage in hole transfer with G (potentially adenine) nucleobases, competing with

exciton evolution. Once more, unnatural base modifications could provide a strat-

egy to mitigate these effects. Existing DNA systems fall short of replicating the com-

plex function of natural photosynthetic systems that convert solar energy through

photoredox chemistry. Effectively integrating coupled chemical reactions and di-

recting the transport of their reagents and products poses a substantial design chal-

lenge for origami.
Conclusions

A series of biomimetic DNA nanostructures with multiple conjugated PDI dyes have

been synthesized, characterized, and shown to select for either CT or excimer photo-

product states, as a function of DNA design. Significant control of CT coupling was

demonstrated through dye placement across a 5-nt PDI dimer distance and drasti-

cally altered the fate of exciton evolution. The DNA origami structure was mechan-

ically rigid and capable of supporting multiple dye modifications into the phosphate

backbone. These initial demonstrations laid the ground work for the development of

artificial light-harvesting systems that could absorb diffuse light with dense arrays of

weakly coupled aggregates and convert these excitons into free charges at strongly

coupled dimer sites to power photochemical work.
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