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Adam P. Willard, *a Mark Bathe *b and Gabriela S. Schlau-Cohen *a

Strongly-coupled multichromophoric assemblies orchestrate the absorption, transport, and conversion of

photonic energy in natural and synthetic systems. Programming these functionalities involves the

production of materials in which chromophore placement is precisely controlled. DNA nanomaterials

have emerged as a programmable scaffold that introduces the control necessary to select desired

excitonic properties. While the ability to control photophysical processes, such as energy transport, has

been established, similar control over photochemical processes, such as interchromophore charge

transfer, has not been demonstrated in DNA. In particular, charge transfer requires the presence of

close-range interchromophoric interactions, which have a particularly steep distance dependence, but

are required for eventual energy conversion. Here, we report a DNA-chromophore platform in which

long-range excitonic couplings and short-range charge-transfer couplings can be tailored. Using

combinatorial screening, we discovered chromophore geometries that enhance or suppress

photochemistry. We combined spectroscopic and computational results to establish the presence of

symmetry-breaking charge transfer in DNA-scaffolded squaraines, which had not been previously

achieved in these chromophores. Our results demonstrate that the geometric control introduced

through the DNA can access otherwise inaccessible processes and program the evolution of excitonic

states of molecular chromophores, opening up opportunities for designer photoactive materials for light

harvesting and computation.
1 Introduction

Molecular chromophores mediate the absorption and evolution
of photonic energy for a wide range of phenomena including
photovoltaics, chemical conversion, and communication.1–3 In
photoactive materials, coupling between chromophores
enables delocalized electronic excitations, i.e. excitons,4,5 and
drives the transport of energy and charge carriers within
nanoscale systems. Long-range excitonic coupling can be
systematically varied in multiple synthetic systems.6–8 However,
short-range effects, including charge-transfer coupling and
electrostatic interactions, are non-negligible, particularly at
distances approaching the p–p interaction distances for
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conjugated chromophores in both dimer and higher-order
aggregate assemblies.9–13 The balance between long-range and
short-range couplings has been examined in covalent chromo-
phore dimers as a strategy to control singlet ssion, and exci-
mer and charge-transfer state formation.11,14–25 However, the
geometries of these small molecules have been limited by
synthetic constraints, which, in turn, limited the ability to select
for desired functionality.9,10 Here, we introduce DNA as a scaf-
fold for exible and programmable dimer geometries. The DNA
scaffold also affords easy integration of the coupled chromo-
phores into higher-order assemblies for functional materials,
which has not been possible with small-molecule systems.

The delity of base pairing in DNA can be exploited for the
design and production of highly specic nanoscale struc-
tures.26–29 Covalent incorporation of molecular chromophores
into synthetic DNA sequences allows for the precise selection of
the orientation, position, and number of chromophores upon
assembly.26,30–34 DNA-based multichromophore systems have
been used to control the excited state evolution, including
energy transfer pathways and non-radiative decay time-
scales.35–40 Functional charge separation, a key target for pho-
tocatalysis and photovoltaic conversion, has also been achieved
through hole transfer to the DNA itself.41–43 In previous work,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the inherent coupling between the properties of the DNA bases
and charge-carrier generation and direction limits full spatio-
temporal control over charge transport throughout the DNA
scaffold. Directed charge transport through incorporated chro-
mophores has the potential to deliver charge carriers to desired
sites for functional applications through decoupling of the DNA
scaffold from the charge transfer process. However, charge
transfer has not yet been demonstrated exclusively within the
synthetic chromophores on DNA, limiting the ability to intro-
duce controlled photochemistry into these programmable
materials.

In this work, we report DNA scaffolded squaraines as a plat-
form for controllable symmetry-breaking charge transfer. We
incorporated zwitterionic squaraine chromophores into DNA
strands and synthesized distinct geometries of strongly-coupled
dimers that were screened using high-throughput spectroscopic
approaches. Using a combined experimental and theoretical
approach, we established that the DNA scaffold can affect the
strength of long-range (excitonic) and short-range (charge-
transfer and electrostatic) interactions, and the subsequent
picosecond timescale charge-transfer process. Sequence
dependence and corresponding simulations revealed signi-
cant electrostatic interaction energy between neighboring
chromophores, on the order of the base pair hydrogen bond
strength, which can be overcome through selection of the DNA
scaffold. The level of control over coupling established here
provides designer strategies towards combining light harvest-
ing and charge separation machinery that can be integrated
into higher-order functional assemblies.
Fig. 1 Squaraine modified DNA scaffolds. (A) Scheme for DNA assemb
generated by combining one chromophore containing strand (with squar
that is either totally complementary or contains one to three self-com
combining two chromophore-containing strands with one squaraine o
duplexes with a squaraine dimer separated by 0 to 3 nucleotides (serial D
strand of DNA separated by 0 to 2 nucleotides (parallel D0–D2 duplexes
single-stranded DNA (squaraines separated by 0 or 3 nucleotides, D0 or D
strands with 1 to 3 self-complementary stem loops (stem loop-1 throug

© 2022 The Author(s). Published by the Royal Society of Chemistry
2 Results
2.1 Construction and characterization of squaraine DNA
constructs

We controlled the spatial position and relative orientation of
zwitterionic squaraine chromophores (Fig. 1A), known for their
susceptibility to electron donating and accepting groups.44 We
attached the chromophores onto a DNA scaffold using phos-
phoramidite chemistry, which tethers the indolenine squaraine
molecule through the two hexyl linkers (Fig. 1A).45–47 The double
tether connes both the position and relative orientation of the
squaraine within the scaffold, contrasting the amine-reactive
conjugation strategies used previously to introduce a single
oppy tether.39,48,49 We observed a small hypsochromic shi in
the steady-state absorbance and uorescence spectra of the
squaraine-DNA construct relative to the free squaraine dye in
solution. The quantum yield of the squaraine monomer on DNA
in 1� phosphate-buffered saline (PBS) was 0.25 and was
retained relative to the free-dye squaraine in ethanol, which is
0.26 (ESI Fig. S32†).

Strongly-coupled molecular assemblies of squaraine dimers,
subject to both long-range and short-range interactions, were
built in various geometries and scaffolds to introduce a range of
excitonic properties. To investigate the large congurational
space of dimer organizations, we synthesized and characterized
the DNA constructs using high-throughput spectroscopic
methods. Single-stranded DNA (ssDNA) was synthesized (ESI
Table 1†) and hybridized with complementary strands in three
strategies, as shown in Fig. 1A (ESI Table 2†). In the rst
ly (arrows shown on 3′ end). Serial and stem loop arrangements are
ainemonomer or dimer) with one non-chromophore containing strand
plementary stem loop structures. Parallel dimers are generated by
n each strand, thus forming a dimer only in duplex form. (B) Serial

0–D3 duplex). (C) Parallel duplexes formed with one squaraine on each
). (D) Stem loop constructs generated by combining dimer containing
3) and hybridized with non-chromophore containing complementary
h stem loop-3) to form stem loop constructs.

Chem. Sci., 2022, 13, 13020–13031 | 13021
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strategy, two squaraines were incorporated into ssDNA with 0 to
3 bases inserted between the chromophores (chromophore
serial D0–D3 ssDNA) and hybridized with their non-
chromophore containing complementary pairs (complemen-
tary serial D0–D3 ssDNA) to form serial D0–D3 duplexes. In the
second strategy, chromophore-containing serial strands (chro-
mophore serial D0–D3 ssDNA) were hybridized with comple-
mentary strands that contained one to three 10-base stem-loops
(complementary stem loop-1 through stem loop-3 ssDNA). This
enabled formation of stem loop constructs according to the
number of stem loops (e.g., 3) and the number of bases sepa-
rating the squaraine dimers (e.g., D0), such as the stem loop-3
D0 construct shown in the center of Fig. 1D. In total, the ve
chromophore-containing strands (monomer and D0–D3
dimers) hybridized with the eight complementary strands
allowed for the generation of 40 distinct architectures. For the
third strategy one squaraine was incorporated into ssDNA
(chromophore parallel D0–D2 ssDNA A) and hybridized with
a second squaraine-containing strand (chromophore parallel
D0–D2 ssDNA B) generating parallel duplexes with a zero to two
nucleotide offset between the chromophores (parallel D0–D2
duplexes), giving rise to three additional constructs. For the
varying duplexes and stem-loop constructs examined, the same
local sequences were used for both monomers and dimers to
ensure that the resulting photophysics originated from
Fig. 2 Tuning squaraine dimer photophysics. (A) Absorption spectra of
shown in Fig. 1. (B) Extraction of vibronic peak ratio between the 0–0 and
Serial and parallel duplexes and stem loop-3 constructs are shown in ma
of squaraine monomer and dimer modified DNA scaffolds. Y-axis corre
complementary strand (non-chromophore containing strand for seria
duplexes and stem loop constructs were screened through measuremen
spectrum derived vibronic band ratio (circle size). (D) Quantum yield for D
and stem loop-3 constructs.

13022 | Chem. Sci., 2022, 13, 13020–13031
interchromophore coupling, and not from interactions with the
DNA scaffold.

The absorption spectra of all constructs exhibited a 0–
0 (16 300 cm−1) and a 0–1 (17 000 cm−1) vibronic band, also
present in the monomer spectrum (Fig. 2A). A redistribution in
oscillator strength from the 0–0 to the 0–1 vibronic band and
a hypsochromic shi in the transition energy relative to the
monomer are characteristic signatures for strongly coupled
dimers stacked cofacially, which is known as an H-type aggre-
gate.7 In particular, the redistribution in oscillator strength,
quantied as the 0–0 to 0–1 band ratio, provides a relative
measure for electronic coupling and was calculated for all
dimeric constructs (Fig. 1B–D). While a range of band ratios was
observed, most dimers exhibited values of �0.3–0.7, consistent
with strong coupling. In strongly-coupled assemblies, changes
in emissive properties reect the presence of distinct photo-
physical pathways that emerge from interchromophore inter-
actions. To evaluate these interactions, the quantum yield was
measured for all samples, and exhibited trends similar to the
vibronic band ratio. The redistribution of oscillator strength
observed in the strongly-coupled congurations reported here
is 1.8-fold greater than that previously reported for squaraine
dimers scaffolded by a Holliday junction.39,48,50 This observation
indicates signicantly stronger coupling was achieved, and
highlights the sensitivity of these coupled chromophores to
their local scaffold conguration.
squaraine monomers and dimer duplexes and stem loop constructs
0–1 bands (n00/n01) shown as a function of DNA construct on the x-axis.
roon, blue, and gray, respectively. (C) High throughput characterization
sponds to chromophore containing strand and x-axis corresponds to
l and stem loop, chromophore containing for parallel). Hybridized
t of the quantum yield relative to the monomer (color) and absorption
NA scaffoldedmonomers and dimers within serial and parallel duplexes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Excitonic and charge-transfer interactions in squaraine dimer duplexes. Correlation plots, represented by kernel density estimation,
between excitonic and charge-transfer coupling for serial D0 (A) and parallel D0 (B) duplex dimers (population contour spacing at D0.015 and
D0.05 for serial and parallel, respectively). (C) Calculated interaction potential energy surface for squaraine separation (black line) and distribution
of squaraine dimer interchromophore distance for serial and parallel dimers derived from molecular dynamics simulations.
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To disentangle the nature of the intradimer interactions,
three of the strongly coupled dimers were compared in more
detail: the stem loop-3 D0 construct, the chromophore serial D0
strand hybridized with the complementary stem loop-3 strand;
serial D0 duplex, the chromophore serial D0 strand hybridized
with the complementary serial D0 strand; and parallel D0
duplex, comprised of two complementary strands each con-
taining a single squaraine. Of the hybridized structures, the
redistribution of oscillator strength and spectral shi was the
largest for the parallel dimers and smallest for the serial dimers,
suggesting that the coupling was the strongest and weakest,
respectively. The difference in response among these three
dimers demonstrates the variety of interactions that can be
accessed within the strong-coupling limit. The uorescence was
almost completely quenched with a near-zero quantum yield
(0.003–0.008) for all three strongly coupled dimers. While H-
aggregates are expected to have moderately reduced quantum
yields,6,7,10 themeasured quantum yields were nearly two orders-
of-magnitude lower than the monomer. Furthermore, the exci-
tation spectra of the dsDNA squaraine dimers were similar to
the dsDNA monomer absorption, indicating that the remaining
emission originated from the monomer subpopulation (ESI
Fig. S34†). Both of these observations indicate a deviation from
the radiative yield of typical H-aggregates,10 in contrast to
previous work on DNA-scaffolded cyanine chromophores.37 The
unexpectedly strong quenching suggests additional photo-
physics occurring within squaraines, such as the formation of
an optically dark state, e.g., a charge-transfer state, or the acti-
vation of an additional non-radiative pathway.
2.2 Balance between intradimer charge-transfer and
excitonic coupling

The design of the serial and parallel D0 duplexes—with the
chromophores localized on the same or opposing strands,
respectively—allows for the study of the interplay between
excitonic and charge-transfer interactions present across
distinct package geometries. We characterized these interac-
tions in greater detail by employing molecular dynamics (MD)
and quantum chemical calculations. All-atom models of both
DNA-squaraine structures in explicit solvent were constructed
© 2022 The Author(s). Published by the Royal Society of Chemistry
and simulated using classical MD (ESI Section S5 and Fig. S18†).
Snapshots of the simulated trajectories can be seen in Fig. 1B
and C for the serial and parallel D0 duplexes, respectively.
Quantum chemical calculations were performed on isolated
squaraine dimer congurations extracted from the MD simu-
lations. These calculations were analyzed to quantify the long-
range excitonic coupling and short-range charge-transfer
coupling (shown in Fig. 3A and B). The excitonic coupling was
determined by explicitly calculating two-electron integrals
between monomer transition dipoles obtained using time-
dependent density functional theory (TDDFT) with the Tamn–
Dancoff approximation (eqn (1)). Charge-transfer coupling was
calculated from electron and hole transfer integrals via DFT
calculations13 (eqn (2)).

The simulation results yielded average long-range excitonic
couplings, Vexcitonic ¼ 207 and 319 cm−1, and short-range
charge-transfer couplings, VCT ¼ −199 and −45 cm−1, for the
serial and parallel D0 duplexes, respectively. The larger exci-
tonic coupling for the parallel dimer compared to the serial
dimer is consistent with their relative 0–0/0–1 vibronic band
ratios (Fig. 2). Owing to the sub-50 cm−1 charge-transfer
coupling in comparison to the excitonic coupling, the parallel
D0 dimer excitonic coupling can be adequately described using
Kasha's theory, which treats excitonic interactions only. In
contrast, a description for the serial D0 dimer must include
both excitonic and charge-transfer contributions.10 The
observed charge-transfer coupling could explain why the 0–0/0–
1 band ratio of the serial dimer is closer to that of the monomer
(Fig. 2B). Based on the relative phase of the molecular orbitals
for each monomer, we determined the charge-transfer coupling
was negative, while the excitonic coupling is positive as ex-
pected for an H-type dimer. The opposite signs of the excitonic
and charge-transfer couplings result in destructive interference
between the two contributions, similar to previously examined
null aggregates.11,22

Serial and parallel duplex dimers exhibited signicantly
different charge-transfer couplings. One possible explanation
for this difference is the apparent p-stacked structure that
forms more frequently on the serial dimer. While the intra-
molecular distance for the parallel dimer is only slightly longer
than that for the serial (Fig. 3C and ESI Fig. S19†), we observed
Chem. Sci., 2022, 13, 13020–13031 | 13023
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the monomers in this conguration were twisted relative to
each other, resulting in weaker orbital overlap. Horizontal
displacement on serial p-stacked aggregates was, on the other
hand, observed to decrease the long-range interaction while
maintaining strong orbital overlap. The parallel conguration
resulted in an orientation with less probability of dark state
formation, while also generating stronger excitonic coupling.
Thus the parallel conguration selects for more excitonic and
less charge-transfer character, whereas the serial conguration
has near-equal couplings for both processes.

2.3 Intradimer attraction

In addition to the short-range charge-transfer coupling, closely
spaced chromophores are subject to attractive molecular forces.
In particular, the electron polarizability of zwitterionic chro-
mophores contributes to their propensity for charge separation
yet can lead to intermolecular electrostatic interactions. To
estimate the effective strength of interchromophore forces, we
performed umbrella sampling calculations on the isolated
dimer in liquid water (Fig. 3C). We compared these interaction
energies with the DNA hydrogen bonding free energy, which is
typically more dominant than base p-stacking energy.51 The
potential energy surface for the dimer revealed an intermolec-
ular interaction energy of DG ¼ −4.6 kcal mol−1 which is lower
than the guanine-cytosine hydrogen bond strength (DG ¼
−5.5 kcal mol−1) and slightly higher than the adenine–thymine
hydrogen bond strength (DG ¼ −4.3 kcal mol−1) under similar
conditions.52,53 This suggests that the free-energy of intradimer
interactions is sufficient to potentially disrupt the stability of
canonical base–pair interactions of DNA. While the energetics
of the DNA duplex interactions involve contributions beyond
simple base-pairing hydrogen bond strengths, this analysis
points to the critical role intradimer forces play driving the
spatial conguration of strongly-coupled dimers. These results,
in conjunction with analysis of the charge-transfer coupling
effects, point to the complex interplay between long and short-
range intradimer interaction in the strong coupling limit.

2.4 Dependence of dimer interactions on DNA architectures

To disentangle this complex interplay, we examined additional
congurations from the high-throughput synthesis in which
nucleotide separations were inserted between the chromo-
phores, which is expected to introduce geometric changes that
alter the magnitude of both short-range and long-range
couplings.37 The stem loop-3 D3 construct (with three 10-base
stem-loops) was identied as having the weakest coupling
among the congurations generated. The stem loop-3 D3
construct exhibited a recovery of the 0–0 oscillator strength
towards a monomer-like species and a 18-fold enhancement in
quantum yield relative to the stem loop-3 D0 construct. The 0–0/
0–1 ratio and quantum yields of the stem loop-3 D3 construct
were still below those of the stem loop-3 monomer construct
(Fig. 2C and D and ESI Tables S2, S9 and S10†), suggesting that
residual coupling persisted. In contrast to the stem loop-3
motif, signicantly smaller changes in spectral features were
observed for the duplex congurations. To examine the changes
13024 | Chem. Sci., 2022, 13, 13020–13031
in coupling, we plotted the 0–0/0–1 band ratio upon insertion of
nucleotide spacers (Fig. 2B). In the serial duplex dimers, the
progression from D0 to D3 resulted in a 0–0/0–1 band ratio
increase of only 4%, whereas, in the parallel duplex dimers, the
progression from D0 to D2 led to a 38% increase. The quantum
yield for all duplex scaffolded dimers was less than 0.01, sug-
gesting signicant dark state character across all constructs
(Fig. 2D).

The stem loop-3 D3 construct differed from the serial D3
duplex in complementary strand only, yet showed a signicantly
higher 0–0/0–1 band ratio and quantum yield. Simple structural
models of DNA predict increased intradimer distances, and
thus weaker coupling, upon nucleotide insertion. For the serial
dimers, the similar vibronic band ratios suggest similar
coupling strengths for all constructs, inconsistent with model
predictions. These results point to a distinct structural organi-
zation, such as the intervening bases separating from the
canonical duplex, for example, by looping out from the back-
bone. The similar spectra also contrast with duplex-scaffolded
cationic cyanine chromophores, where a progression from
0 to 3 base separation led to a 133% enhancement of the 0–1/0–
1 band ratio and recovery of the monomer spectrum.37 The
minimal changes observed for the squaraine dimer duplexes is
likely due to the presence of electrostatic attractions between
the zwitterionic squaraines that were overcome by mechanical
force imposed by the stem loop-3 construct. Similarly, in
previous work the DNA scaffold exerted mechanical force to
tune the interactions, and thereby photophysics, of incorpo-
rated chromophores.38 Therefore, the intradimer attractions
can play an important role in controlling the dimer
conguration.
2.5 Observation of symmetry-breaking charge transfer

To identify the photoinduced excited-state pathways that
emerge in the coupled chromophores, we performed femto-
second time-resolved transient absorption spectroscopy on the
DNA-scaffolded squaraine assemblies. The evolution of the
transient spectra was quantied by tting the kinetics at the
peak maxima. Transient absorption spectra of the stem loop-3
monomer construct are shown in Fig. 4A and ESI Section
7.2.† A signicant ground state bleach (GSB) feature dominated
the spectra at 15 570 cm−1, the 0–0 energy in the absorption
spectrum, with two excited-state absorption (ESA) features at
18 600 cm−1 and 20 500 cm−1, likely corresponding to a mani-
fold of S1 to SN transitions. All features decayed on a timescale
similar to the uorescence lifetime (ESI Section 3†), and thus
are ascribed to the S1 state.

Signicant differences in the spectra and dynamics were
observed for the stem loop-3 D0 construct, where strong
coupling is present. The transient spectra were also dominated
by GSB features, but at 16 000 cm−1 and 16 800 cm−1, which
match the transition energies of the absorption spectrum for
this sample (Fig. 4B). The lower energy 0–0 band exhibited
a biexponential decay with timescales of 12 ps and 1.1 ns, likely
corresponding to photoisomerization and decay of a weakly
coupled sub-population. The higher energy 0–1 band decayed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Signatures of symmetry-breaking charge transfer state forma-
tion. Femtosecond transient absorption spectra for the stem loop-3
constructs (A) monomer and (B) D0 dimer upon excitation centered at
17 700 cm−1. Chemically generated cation shown in orange, dashed
(normalized to CT peak in 1 ps transient spectrum). (C) Schematics of
stem loop-3 constructs. (D) Transient absorption derived traces for the
stem loop-3 D0 dimer construct (normalized change in absorbance
DA/A set to 1 for S1–SN ESA band). Traces are shown as charge-transfer
(CT state) at 20 500 cm−1 for 0% DMF (orange) and 30% DMF (light
orange) and S1–SN ESA band at 19 000 cm−1 for 0% DMF (green) and
30% DMF (light green). Fits are shown in black.
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largely monoexponentially on a 35 ps timescale. The
19 000 cm−1 ESA, corresponding to the S1 to SN transitions,
decayed on multiple timescales, including a 1.8 ps component
and components similar to the GSB decay (ESI Section 7.3†).

The higher energy ESA band at 20 500 cm−1 grew in on a 2.2
ps timescale, similar to the fast component of the lower energy
ESA decay and then decayed biexponentially on picosecond
timescales with the GSB decay. The electrochemically generated
cation and anion absorbs between 20 000 cm−1 and
22 000 cm−1.54 The higher energy ESA band in this spectral
region was therefore assigned to direct observation of
symmetry-breaking charge transfer. This was further conrmed
through oxidation of the squaraine dye, generating cation
signatures shown in Fig. 4B. The concomitant rise of this band
and decay of the S1 to SN ESA indicated charge transfer occurs
from the S1 state. No similar signatures were observed in the
monomer spectra, indicating a bimolecular process. The pres-
ence of charge transfer suggested that the rapid decay of the 0–1
GSB band is likely due to recombination, consistent with the
dark state character identied through the quantum yield of the
dimers. In previous work on more weakly-coupled DNA-scaf-
folded squaraine dimers, an optically-dark excited state was
also observed, but with no cationic features.39,55 While charge-
transfer interactions in self-assembled squaraine lms were
suggested to play a role in intermolecular coupling,56,57 here, we
report the rst direct observation of photoinduced charge-
transfer signatures in squaraine dimer assemblies.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Reducing the solvent polarity generally increases the energy of
the charge-transfer state with respect to neutral decay pathways,
thus disfavoring symmetry-breaking charge transfer. The pres-
ence of charge transfer was further established by comparing the
photophysical properties of the stem loop-3 scaffolded monomer
and D0 dimer in a 1� PBS solution with those in 30% dime-
thylformamide (DMF). The stem loop-3 monomer construct
absorption bathochromically shied by 50 cm−1 in DMF, but the
vibronic 0–0/0–1 band ratio and excited-state lifetime did not
change (ESI Fig. S24 and S36, Table S10†), suggesting the
monomer photophysics were not affected by DMF. For the stem
loop-3 D0 construct, the addition of DMF led to an increase in 0–
0/0–1 band ratio, indicating a decrease in the magnitude of
electronic coupling. The cation peak also exhibited minimal
growth and, correspondingly, a 1.6-fold slower S1 to SN ESA decay
was observed (Fig. 4D). The decrease in charge-transfer state
formation typically results from reduced charge-transfer coupling
owing to the solvent polarity. However, the decreased electronic
coupling could also give rise to the observed effects. Increased
intersystem crossing or photoisomerization could decrease the
level of cation formation, but these two pathways were experi-
mentally excluded (ESI Section 8†).
2.6 Steering charge-transfer formation using DNA scaffolds

To examine how chromophore conguration dictates
symmetry-breaking charge transfer, we compared the dynamics
of all nine dimer geometries shown in Fig. 5. Due to overlapping
S1 to SN and cation ESA features at 20 500 cm−1, the charge-
transfer timescale is best compared through the short time-
scale component of the decay of the 19 000 cm−1 ESA band
(Fig. 5). Whereas the stem loop-3 D0 construct exhibited rapid
charge-transfer on the 2 ps timescale, the stem loop-3 D3
construct exhibited a charge-transfer timescale of only 12 ps
(Fig. 5A and B). Minimal growth of the cation peak was also
observed. Commensurate with these ultrafast results, the
quantum yield of the stem loop-3 D3 construct is 18-fold higher
than the stem loop-3 D0 construct. These spectroscopic signa-
tures indicate limited charge-transfer character in the stem
loop-3 D3 constructs, likely due to the ability of the three stem
loop motifs to introduce physical separation between the
chromophores. These differences between the stem loop-3 D0
and stem loop-3 D3 constructs establish the ability of DNA
scaffolds to suppress charge-transfer coupling and its effects
while retaining a network of excitonically coupled
chromophores.

In contrast to the stem loop-3 constructs, the serial and
parallel duplexes exhibited minimal changes in charge-transfer
state formation according to DNA sequence. Despite variations
in calculated charge-transfer coupling, both the serial and
parallelD0 duplexes exhibited charge-transfer timescale of�2 ps.
Their similar timescales suggest their rates may be dominated by
additional parameters affecting charge transfer, including reor-
ganization energy and the timescale of uctuations in the
coupling (Fig. 5C and E). The duplex motifs showed minimal
scaling with increased nucleotide separation for charge-transfer
state formation, consistent with the trends in the absorption
Chem. Sci., 2022, 13, 13020–13031 | 13025
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Fig. 5 Scaffold dependent charge-transfer state formation. (A) Tran-
sient absorption derived kinetic traces for the S1–SN ESA band
(19 000 cm−1) and the charge-transfer (CT) ESA band (20 500 cm−1)
for the stem loop-3 constructs with D0 and D3 dimer separation
(excitation centered at 17 700 cm−1). Fits are shown in black.
(Normalized change in absorbance DA/A set to 1 for S1–SN ESA band.)
(B) Short-timescale component recovered from decay of the S1–SN
ESA band corresponding to the CT formation timescale. (C)–(F)
Kinetics and timescales for serial (D0 and D3 dimers) and parallel (D0
and D2 dimers) duplexes. (G) Change in the n00/n01 vibronic band ratio
from the absorption spectrum (solid) and 19 000 cm−1 ESA decay
timescale (sshort, outline) under the addition of 30% DMF such that
a value of 1.0 corresponds to no solvent dependent change.

13026 | Chem. Sci., 2022, 13, 13020–13031
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spectra. Given the typical exponential distance scaling of 0.2–
0.3 nm for intermolecular charge transfer, one would expect the
charge-transfer timescale to increase by over an order of magni-
tude across the series from D0 to D3 congurations.58,59 However,
the charge-transfer timescale only minimally increased from 2.2
ps to 3.4 ps from the D0 to D3 serial duplexes and exhibited non-
monotonic scaling in the 2–4 ps range for the D0 to D2 parallel
duplexes (ESI Section 7.4†). These minimal changes and anom-
alous scaling of the duplex motifs are indicative of the intra-
dimer electrostatic attraction that is overcome in the case of
the stem loop-3 construct, consistent with the large interaction
energy calculated in Fig. 3C.

Finally, we examined how the local solvent environment
inuences the charge transfer properties of the dimer and the
sensitivity of this effect to geometry. We quantied the solvent
dependence of the coupling and charge-transfer state formation
by extracting the vibronic band ratio and charge transfer time-
scale (Fig. 5G and ESI Tables S11 and S12†). In all cases, these
two trends were consistent, and so we focus our discussion on
the charge-transfer timescale. While the stem loop-3 D0
construct showed �1.6-fold slower charge transfer upon the
addition of 30% DMF, the stem loop-3 D3 construct did not
show a signicant decrease. Likely, the D3 conguration over-
comes the hydrophobic p stacking of the squaraines present in
the D0 conguration, and thus exhibits minimal changes
according to solvent polarity. The serial D0 duplex exhibited 1.8-
fold slower charge-transfer state formation in DMF, whereas the
parallel D0 duplex exhibited only a�25% slower charge-transfer
timescale. Much like the steady state optical properties and
charge-transfer timescales, the solvent-dependent behavior
scales minimally with nucleotide separation distance for both
types of dimers. The differences between the serial and parallel
duplex constructs further highlight the ability of the scaffold to
tune local interactions and in turn mediate exciton dynamics in
strongly-coupled assemblies.
3 Discussion

Strongly-coupled chromophores can be subject to effects
beyond a Kasha-type picture of excitonic coupling, particularly
through short-range interactions. Similar to excitonic coupling,
charge-transfer coupling is sensitive to the spatial relationships
of chromophores within an aggregate but with a steeper
distance dependence owing to its reliance on molecular orbital
overlap.9,10 Charge-transfer coupling is oen implicated in
photoinduced charge carrier generation, thus suggesting
control over short-range interactions is necessary for functional
photochemical conversion.11,60 While squaraines have long
been a promising candidate for photoinduced charge carrier
generation due to their zwitterionic nature, previous studies
were only able to identify charge-transfer character rather than
charge separation for carrier generation. Here, we used the
nanoscale positioning of chromophores uniquely accessible via
DNA scaffolds to demonstrate symmetry-breaking charge
transfer in squaraine dimers, which was not accessible for
covalently bound dimers (Fig. 4B and D).25,61,62
© 2022 The Author(s). Published by the Royal Society of Chemistry
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DNA-basedmaterials offer the nanoscale structural precision
required to tune short-range interactions. Using this tunability,
we designed and screened 35 dimer geometries (Fig. 2C) in
a high-throughput manner. Through this study, congurations
of dimers with maximal and minimal charge transfer character
were identied. Therefore, the functionality for charge transfer
can easily be tuned exclusively through changes to the non-
chromophore containing elements of the DNA scaffold. For
example, the serial D3 duplex and stem loop-3 D3 construct
exhibited 3.4 ps and 12 ps timescales of charge separation,
respectively, yet differed only in the complementary strand,
thereby establishing the role of DNA hybridization structure in
controlling photoproduct formation. Furthermore, these
complementary strands can easily be exchanged on a �seconds
timescale to switch between photochemical modalities.
Emulating ideas from an optical transistor, this also builds
a framework for use as a molecular switch for photoinduced
charge carriers. While DNA-scaffolded cyanines have been
developed and optimized for energy transfer,35,37,55,63,64 this work
establishes that the DNA scaffold can also incorporate photo-
active elements for charge separation, thus laying the ground-
work for dual light harvesting and charge separation nanoscale
machinery similar to photosynthetic proteins.

Remarkably, symmetry-breaking charge transfer was
observed on similar timescales for the serial and parallel dimers
(Fig. 5D and F), despite charge-transfer coupling that varied by
4-fold (Fig. 3A and B). The high polarizability of the zwitterionic
squaraine chromophores leads to a propensity for charge
separation, yet, in this close packed geometry, also induces
electrostatic attractions between the chromophores. Indeed, the
large �5 kcal mol−1 interaction energy (Fig. 3C) overcomes
traditional base–pair interactions for many scaffold architec-
tures. Thus, the electrostatics involving the chromophores
themselves are an important design consideration in gener-
ating construct geometries for charge separation and transport.
Despite the complex mixture of excitonic coupling, charge-
transfer coupling, and electrostatic attraction in the dimers,
the exibility and programmability of the DNA scaffold allowed
for the synthesis of optically active materials with desired
excitonic properties.

4 Conclusion

We demonstrated the use of DNA scaffolds as a strategy to control
the photochemistry of strongly-coupled squaraine chromo-
phores. In this study, the spatial organization imposed by varying
DNA motifs examined in a high-throughput manner provided
a synthetic knob to control the interplay between excitonic
coupling, charge-transfer coupling, and electrostatic attractions
in squaraine dimers. Computational results established the
presence of a complex mixture of intradimer interactions, while
femtosecond transient absorption spectroscopy revealed signa-
tures of symmetry-breaking charge transfer, which had not been
previously observed in squaraines. The ability to control photo-
chemistry using DNA scaffolds enables their attachment in
higher-order nanostructures formed by DNA origami.65,66 The
combination of chemical modication and structural control
© 2022 The Author(s). Published by the Royal Society of Chemistry
easily implemented on DNA provides a diverse molecular toolbox
for the fabrication of higher-order circuits with desired excitonic
properties. We anticipate that the advances we have shown here
will provide new opportunities to discretely program the elec-
tronic structure of individual aggregates, paving the way for the
application of DNA-scaffolded materials in devices.

5 Methods
5.1 Synthesis of squaraine-modied DNA strands

The oligonucleotides were prepared via automated oligonucle-
otide synthesis on an Applied Biosystems 394-DNA/RNA
synthesizer. UltraMild phosphoramidites and supports from
Glen Research were used for the synthesis. Squaraine phos-
phoramidites and similar DNA sequences with anking A and C
deoxynucleotides were used as previously described, ensuring
that nucleotide identity did not modulate the resulting photo-
physics.45 Cleavage from the solid support and nal depro-
tection were done by treatment with tert-
butylamine:methanol:water (1 : 1 : 2 by volume) at 55 �C over-
night. All squaraine-modied oligonucleotides were puried by
ion-pair reversed-phase high-performance liquid chromatog-
raphy: Column: Supelco apHera™ column C4 polymer, 250 mm
� 4.6 mm, 5 mm particle size; aqueous mobile phase: 0.1 M
triethylammonium acetate (pH 7.1); organic mobile phase:
acetonitrile; temperature: elution at 40 �C; method: linear
gradient 0–100% acetonitrile over 20 minutes.

Canonical ssDNA sequences were purchased from Integrated
DNA Technologies (Coralville, IA) as desalted and received as
dried pellets. The concentrations of all strands were normalized
to 500 mM using 100 mM phosphate buffer (pH 7.4) and stored
at −20 �C until further use.

5.2 Quantum yield measurements

Quantum yield (FF) measurements were performed using cresyl
violet perchlorate (Millipore Sigma, catalog number: 255246) in
HPLC-grade ethanol as standard (FF ¼ 58% determined using
the integrating sphere method). Samples and cresyl violet
standards were excited at lexc ¼ 590 nm and the resulting
uorescence was collected at lems ¼ 600–800 nm. Concentra-
tions of samples were kept at 0.5 mM in 1� PBS.

5.3 Theoretical model

The squaraine dimers were modeled with a Frenkel–Holstein
type model, which includes an electronic Hamiltonian and
coupling to a phonon bath. Here the coupling between chro-
mophores is captured by the sum of excitonic (long-range) and
charge-transfer (short-range) terms. Further details are given in
Section 3 of the ESI.† Briey, using time-dependent density
functional theory (TDDFT) with the Tamn–Dancoff approxi-
mation, the excitonic coupling can be described through two-
electron transfer integrals,

Vexcitonic ¼
X
i;a;j;b

c
ð1Þ
i;a c

ð2Þ
j;b

h
2
�
j
ð1Þ
i jð1Þ

a

���jð2Þ
j j

ð2Þ
b

�
�
�
j
ð1Þ
i j

ð2Þ
j

���jð2Þ
a j

ð1Þ
b

�i
:

(1)
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where j(1)
i represents the orbital i in monomer 1. The CIS

coefficient, describing excitation of a single electron from an
occupied orbital i to a virtual orbital a is given by c(1)i,a. The rst
term is referred as a Coulomb integral,
ðjija

��jjjbÞ ¼
Ð
dr1dr2j*

i ðr1Þjaðr1Þr�112j*
j ðr2Þjbðr2Þ, while

(JiJjjJaJb) is an exchange integral.
The charge-transfer coupling was calculated through the

electron and hole integrals, te and th,

VCT z � 2
teth

ð3CT � 3FEÞ; (2)

where 3CT and 3FE are the energies of the charge-transfer state
and the Frenkel exciton, respectively. Then energy of the charge-
transfer state was expressed in terms of the energy difference
between the unbound charge-transfer pair, 3unbCT , and the
coulombic binding energy, UCT,

3CT ¼ 3unbCT − UCT. (3)

U ¼ 3unbCT − 3FE corresponds to the binding energy of the local
excitation and was taken to be constant at 0.7 eV.13 The total
coupling is then given as the sum of excitonic and charge-
transfer terms,

Vtotal ¼ Vexcitonic + VCT. (4)
5.4 Molecular dynamics simulations

A force eld for the squaraine molecule and hexyl linkers was
generated through optimization with the restricted Hartree-
Fock method and 6-31G(d) basis set, as included in the Q-
chem soware.67 Simulations of the DNA-scaffolded dimer
constructs were prepared using the PyMol soware68 from the
DNA duplex and squaraine optimized structures. The B-form
DNA duplex was modeled with the nucleic acid builder (NAB)
from AmberTools.69 All-atom molecular dynamics (MD) simu-
lations were performed on the DNA-squaraine constructs using
the soware Amber18 (ref. 69) with the GAFF2 force eld. The
structures were solvated in TIP3P water molecules, and
a distance of 12 Å with respect to the solvent box. Explicit Na+

ions were added to neutralize the DNA, and Cl− ions were added
to set a concentration of 100 mM NaCl, according to experi-
mental conditions. Periodic boundary conditions were applied
on all MD simulations, and the SHAKE algorithm was used to
constrain the H atoms to their equilibrium bond length. A 12 Å
cutoff was used to calculate the van der Waals energies, while
the Particle Mesh Ewald (PME) method was employed to
calculate full electrostatics. The simulations were carried out in
a NPT ensemble using the Langevin thermostat for temperature
control with a collision frequency of 5 ps−1, and the Berendsen
barostat for pressure control, with a reference pressure of 1 bar.

Minimization of the constrained system was carried before
the production simulation for 5000 steps. Then, the constrained
system was slowly heated to 300 K for a total time of 20 ps and
time-step 2 fs, and then le to equilibrate at constant temper-
ature for 2 ns. The production dynamics were then generated at
13028 | Chem. Sci., 2022, 13, 13020–13031
300 K for a total time of 5 ns with 2 fs time step, which is within
the timescale where CT effects were detected in the experiment.
The serial dimer simulations were done on duplicate, while the
parallel dimer coordinates were averaged over 3 trajectories for
5 ns each. Additional details including a description of the
umbrella sampling calculations is given in Sections 4 and 5 of
the ESI.†

5.5 Ultrafast transient absorption spectroscopy

The broadband transient absorption set-up is described else-
where.70,71 Briey, the output of a Ti:sapphire regenerative
amplier (Coherent Libra, 5 kHz) was used to generate a white
light supercontinuum by passing the 800 nm light through
a pressurized argon gas chamber (20 psi). Chirped mirrors
(ultrafast innovations GmbH, −40 fs2 mm−1 GVD compensa-
tion per double bounce) were used to compress the pump to
a duration of 14 fs. The pump was spectrally ltered to 560 nm
using a Schott glass lter (7.5 nJ pulse−1). The broadband probe
pulse spanned 480–780 nm (18 pJ pulse−1). Spectra were
collected on a line CCD (e2v AViiVA) coupled to a 2.5 kHz
chopper to collect spectra with the “pump on” and “pump off”.
Samples were contained in a 2 mm cuvette with a continuous
stirring solution.

Data availability

All the data les used to generate the plots in this manuscript
are available from the authors upon request.
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