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Abstract

The metal-ligand charge transfer (3MLCT) and the phosphorescence-quenching

metal-centered (3MC) states of the helicate and mesocate conformers of a double-

stranded dinuclear polypyridylruthenium(II) complex have been investigated using ul-

trafast transient absorption spectroscopy. At 294 K, transient signals of the helicate

decayed significantly slower than the mesocate, whereas at 77 K, no clear contrast in

kinetics was observed. Contributions to excited-state decay from high-lying 3MLCT

states were identified at both temperatures. Spectroscopic data (294 K) suggest that

the 3MC state of the helicate lies above the 3MLCT and the reverse is true for the

mesocate; this was further validated by DFT calculations. The stabilization of the

3MC state relative to the 3MLCT state in the mesocate was explained by a reduction

in ligand field strength due to distortion near the ligand bridge which causes further

deviation from octahedral geometry compared to the helicate. This work illustrates

how minor structural di↵erences can significantly influence excited state dynamics.
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Introduction

Transition metal complexes have been widely studied for applications in photochemistry,

materials sciences, electronics, and related fields.1–4 This is partially due to their structure,

which can be precisely controlled to tune excitation transition energies and optimize solubility

while maintaining chemical inertness in the excited state.5–7 The long-lived excited states and

red emission of polypyridylruthenium(II) complexes a↵ord advantages in applications such

as biological imaging, and their photophysical properties have therefore been widely stud-

ied.8–10 Excitation of the absorption band centered at 450 nm excites the 1MLCT state, which

is followed by fast intersystem crossing (ISC, ⌧ ⇠ 100 fs) to the red-emitting 3MLCT state

(�max ⇠ 600 nm).11–13 This lowest 3MLCT is actually a manifold of closely-spaced states that

have small energy splittings. These closely-spaced states overlap and are therefore insepara-

ble at non-cryogenic temperatures.14,15 However, not all polypyridylruthenium(II) complexes

have desirable red-emission at ambient temperatures; most bis(tridentate)ruthenium(II) e.g.

[Ru(II)(tpy)2]2+ (tpy = 2;2’;6’,2”-terpyridine) complexes have very low emission quantum

yield at room temperature. Kinetic investigations on such complexes16,17 suggest lumines-

cence quenching occurs when the 3MLCT approaches resonance with a 3MC state (5t2g1eg,

this state is also noted interchangeably as the dd state).18,19 Other studies have proposed

an additional pathway: deactivation through a higher 3MLCT state with greater singlet

character that lies ca. 500 cm�1 above the lowest 3MLCT state.12,20

Ultrafast photophysical studies of multinuclear ruthenium compounds have received less

attention compared to their mononuclear counterparts, however, these systems are seeing

renewed interest as advances in ligand engineering have a↵orded dinuclear complexes with

specific DNA selectivity, and pH sensitivity.21–24 In cases where the two ruthenium atoms

are linked by a conjugated bridge, these complexes may exhibit electronic coupling between

the two centers, acting like molecular “wires”, with applications that may include light-

harvesting materials.25,26 27,28 Another variation involves a multidentate template ligand that

binds to both metal centers at the same time. If two or more such ligands are used to bind to
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two metal centers, the complex may be formed in two diastereoisomers: the helicate and the

mesocate.29 The former structure resembles the natural helix shape of DNA and the latter

structure has the two ligands on opposite faces of the metal ions. Photophysical properties

of helicate and mesocate dinuclear metal complexes are rarely reported, with one example

published by Shankar et al., showing structure-dependent luminescent properties.30

In 2019, Flint et al. reported the synthesis of double-stranded di-ruthenium(II) com-

plexes in both the helicate and the mesocate diastereoisomers, based on the ligand 1,2-bis{5-

(500-methyl-2,20:60,200-terpyridinyl)}ethane.31These compounds have potential applications for

targeted cancer therapy as selective binding and cytotoxicity in colorectal cancer cells have

been demonstrated in similar ruthenium-containing linear helicates and mesocates.32 In this

report, we investigate the e↵ect of ligand-binding geometry on the photophysical properties

of these double-stranded dinuclear Ru(II) complexes with temperature-dependent transient

absorption spectroscopy (TAS), and employ computational chemistry to explore the molec-

ular origin of the key observations. Whilst at 77 K, the two isomers do not show a clear

contrast in the kinetics, at room temperature, the excited state of the mesocate decayed

much faster than the helicate. Equilibrium constants extracted from the global targeted

analysis and triplet state energies calculated using DFT showed that 3MC lies below the

3MLCT for the mesocate, leading to faster deactivation of the 3MLCT. The reverse is found

for the helicate.

Results and discussion

Steady-state spectroscopy

The absorption (at room temperature) and emission spectra at 77 K of the two complexes in

n-butyronitrile (Fig. 1) are structurally similar. In the visible region, the absorption bands

are broad and lie between 400 nm and 600 nm peaking at 475 nm (" > 10000 cm�1M�1).

These are assigned to vibronic states of the lowest 1MLCT  GS transition.2,33 Excitation
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spectra (SI Section 1) extracted from the excitation-emission matrices showed that this broad

peak consists of three bands centered at 442 nm, 475 nm, and 515 nm, respectively, which are

attributed to the vibrational energy levels of the lowest singlet (vibronic energy level spacing

⇠1600 cm�1). Based on TD-DFT simulated spectra and calculated molecular orbitals (SI

Section 2.5), the visible-region absorption band consists of multiple transitions from metal-

based d orbitals of di↵erent symmetries to ⇡⇤ orbitals located on the ligands. The nature of

these transitions is discussed in further detail in the following section. The emission at 77

K shows a vibronic progression of three peaks for the 3MLCT ! GS transition with central

wavelengths 602 nm, 643 nm, and 702 nm.

Figure 1: a) Steady-state absorption spectra of helicate and mesocate forms of the dinuclear
[Ru(II)(tpy)2]2+ derivatives in n-butyronitrile. b) Normalized emission spectra at 77 K in
n-butyronitrile glass (�ex = 477 nm).
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Transient Absorption Spectroscopy (TAS)

TAS spectra of the helicate and the mesocate at 294 K and 77 K are shown in Fig. 2 a) and

e) and Fig. 3 a) and d). The negative ground state bleach (GSB) is observed below 540 nm,

while a broad excited-state absorption (ESA) spanning the red to the near IR (NIR) region

is assigned to a ligand-metal charge transfer (LMCT) transition.19,34–36 Previous studies em-

ploying transient absorption37 and spectro-electrochemistry38 on conjugated bridge systems

showed similar absorption maxima in the NIR region, arising from either excited state de-

localization or intervalence charge transfer; both processes involve the one-electron reduced

⇡⇤ orbital on the ligand. The transient signal of the mesocate decays much faster compared

to the helicate. In both cases, the spectral features change with time. The shoulder-like

feature from 550 nm to 590 nm and the ESA peak at 800 nm becomes less pronounced at

longer delay times and cannot be described by a single component.

6
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Figure 2: Room temperature TA data of the helicate a) - d) and the mesocate e) - h) in
deaerated acetonitrile (�ex = 440 nm). For c) and g) the normalized population refers to the
fractional contribution of the SADS to the overall kinetics

Previous work16,18 has shown that a pre-equilibrium step exists between the 3MLCT

and the 3MC states, with the close-lying 3MLCT states behaving as a single entity at room

temperature. Those data were fit with a three-state model, 3MLCT
k1*)
k2

3MC
k3�! GS. Our

experimental data were globally fitted with this kinetic scheme, however, this model did not

provide a good fit (SI Section 3.6 and Fig. S17). The data were better described with an

additional independent decay channel with spectral characteristics of the 3MLCT state, here

labelled 3MLCT B (Scheme 1).

7

https://doi.org/10.26434/chemrxiv-2023-1rzqx ORCID: https://orcid.org/0000-0003-4453-9713 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-1rzqx
https://orcid.org/0000-0003-4453-9713
https://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1: The kinetic scheme used to fit room temperature TAS data (energy levels are
placed qualitatively; the % assigns a fractional splitting to 3MLCT A after intersystem
crossing and the remaining decay is via 3MLCT B.

Additional terms that couple this state to either 3MLCT A or 3MC led to unreliable

fitting results, so were not included. In many polypyridylruthenium(II) complexes, a higher

3MLCT state has been shown to contribute to non-radiative decay based on results of fitting

data using temperature-dependent single-exponential decay components with rates described

by Arrhenius-type equations.39,40 The inclusion of 3MLCT B is used to account for this de-

activation pathway via the higher 3MLCT state. The timescale of the ISC process is within

the time-resolution of the measurement, so the initial excited-state population is considered

to immediately populate either 3MLCT state A or state B. The initial fractional population

was included as a constrained parameter (see SI Section 3.2 for fitting details). Fig. 2 b)

and f) show the species-associated decay spectra (SADS) from the targeted global fitting of

the helicate and the mesocate, respectively, with fitted decay traces at selected wavelengths

in the bleach and ESA region presented in d) and h). The best-fit rate parameters from this

model are presented in Table 1.

Table 1: Rate parameters of transient absorption fitting (room temperature)

k1 (1010 s�1) k2 (1010 s�1) k3 (1010 s�1) k4 (108 s�1) % in MLCT A b Keq

Helicate 3.73 (0.01)a 4.24 (0.01) 1.02 (0.01) 1.25 (0.08) 71 (0.1) 0.88
Mesocate 9.36 (0.01) 5.61 (0.01) 2.23 (0.01) 2.63 (0.14) 80 (0.1) 1.67

a 2� confidence bounds are given by covariance matrix where applicable.
b % is determined by the relative contribution of the SADS to the overall kinetics

The kinetic analysis and DFT results both suggest that the 3MLCT and 3MC states are
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energetically close together. The equilibrium constant for 3MLCT A
k1*)
k2

3MC (Keq = k1/k2)

is 0.88 for the helicate and 1.67 for the mesocate, and the population of the 3MC state is

either lower or of similar magnitude compared to the population of the 3MLCT at all delay

times (Fig. 2 c) and g)). Therefore, the SADS in blue likely represents the equilibrium

mixture with the population mostly in the 3MLCT state, and that in red represents the

population in the 3MC state.

In the region below 600 nm in the SADS, the ESA overlaps the GSB features, and due

to the bandwidth limit of the probe and excitation scatter, the assignments of the nature

of states is di�cult based on GSB features. The rationale for assigning the SADS with

more 3MC character is as follows. Excitation delocalization or charge transfer involving ⇡⇤

orbitals on the ligand is sometimes evident by a characteristic feature at 800 nm, which is

absent here.37 The broad ESA spanning this spectral region with low intensity is tentatively

assigned to spin-allowed transitions of the 3MC state, and the lowered transition strengths is

consistent with the elongated Ru-N bonds in the 3MC state.19 Negligible ligand dissociation

was observed when comparing steady-state absorption spectra before and after prolonged

photo-illumination, suggesting the SADS does not represent a photo-decomposition product

(SI Section 3.4). Additionally, the rate of relaxation to the ground state (k3) falls in the

range reported for 3MC states for a variety of Ru polypyridyl complexes.41

The third component (yellow in Fig. 2 and Fig. 3) extracted has a maximum at ⇠ 800

nm and red-weighted ESA, which decays with a rate constant of ⇠ 108 s�1. The presence of

this absorption maximum (characteristic of the one-electron reduced ligand) suggests that

it is most likely a 3MLCT state rather than a 3MC state. It should be noted that while

the targeted kinetic model used here only fits a percentage contribution and a ground-state

relaxation pathway for the 3MLCT B state, inter-conversion between this state and the

lower 3MLCT A state could occur at room temperature. The decay rate of the parallel

channel (3MLCT B) is most likely limited by the barrier-crossing process from the lower

3MLCT state which is within the range 107 ⇠ 108 s�1 reported for a series of [Ru(tpy)2]2+
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derivatives, which is slow compared to the timescale of the observed dynamics.12,39,40,42

Additionally, the calculated potential energy curve from the 3MLCT state to the 3MC

state (details of calculation/interpolation methods are provided in SI Section 2.4) presented

in Fig. 4 shows a smaller upper bound of the crossing barrier (�ETS in Fig. 2) for the

mesocate compared to the helicate, as well as a smaller gap to the ground state energy

curve. The faster rate parameters k1 (Arrhenius-type behavior) and k3 (energy gap law) are

qualitatively consistent with the computational result. The di↵erence between the triplet

manifolds of the helicate and the mesocate is subtle but perceptible. Keq < 1 places the 3MC

state above the 3MLCT state for the helicate and the reverse for the mesocate, again, consis-

tent with computational results. Previous studies have suggested that torsional strain posed

by ligands that distorts the complex from a perfectly octahedral coordination environment

will weaken the ligand field strengths and stabilize the 3MC state.16 Indeed, by examining

the crystal and DFT-optimized ground-state structures, the mesocate is more distorted as

the N-Ru-N angle from the one axial nitrogen to the nitrogen nearest the ethylene bridge

on the opposite ligand is 99o for the helicate, but is 105o for the mesocate. An unstrained

octahedral environment will have an angle close to 90o and for the monomeric Ru[(tpy)]2]2+

structure optimized with the same level of theory, this angle is 100o. Additionally, in the

DFT optimized ground state geometry, the Ru-N bond length to the nitrogen closest to the

bridge is ⇠ 0.015 Å longer in the mesocate compared to the helicate; this also indicates that

the mesocate structure causes the coordination environment to further deviate from octa-

hedral (calculated and crystallography bond lengths and angles can be found in SI Section

2.1).

We also performed TAS at 77 K to further investigate the 3MLCT states that are ther-

mally populated and overlapping at room temperature (Fig. 3). Note that the timescale of

these low temperature measurements is longer than at room temperature (Fig. 2). Identifica-

tion of states is aided by restricted population transfer to the 3MC state at low temperature,

isolating the 3MLCT manifold.43,44 For [Ru(tpy)2]2+, a complex related to the monomeric
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unit of the two conformers, only one 3MLCT structure was observed by a previous compu-

tational study.45 However, it is well accepted in the literature that the lowest 3MLCT state

is split into many near-degenerate states by SOC.14,15,39

Figure 3: Cryogenic TA data of the helicate a) - c) and the mesocate d) - f) in glassy n-
butyronitrile at 77K (�ex = 477 nm). Note that lowered transmission of probe intensity in
the NIR region does not give su�cient signal-to-noise ratio to resolve kinetics in this region,
so the data are only presented up to 750 nm

.

The TA di↵erence spectra at 77 K are slightly di↵erent from the room temperature equiv-

alents. From 1 ps to several ns, there is little change in the GSB intensity, while the the

ESA in the 600 nm to 700 nm region decreases in intensity. Both complexes have faster

decay rates (⇠ 5 ⇥ 105 s�1) than typically reported for [Ru(II)(tpy)2]2+ at 77 K.12,46 The

transient kinetics are not well-described by mono- or bi-exponential models. This points to

the possibility that multiple almost isoenergetic states are accessed in the triplet manifold
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even without much thermal energy (kT = 53.5 cm�1 at 77 K). Using a parallel triple ex-

ponential relaxation model, three non-equivalent SADS were extracted with 3MLCT ESA

features (Fig. 3 b) and e)), and the decay traces showing the fit at selected wavelengths are

presented in c) and f)). The fastest decaying ESA component (k1) covers the full spectral

window, with the absorption feature spanning the bleach region. An equivalent process was

not observed in the room-temperature data, likely due to overlap with competing 3MLCT

decay pathways. We speculate that it may arise from constrained ligand dynamics at low-

temperature, or the appearance of a previously undetermined intermediate state, however,

further investigation is required. Two further components with similar ESA features are

revealed from data fitting, with decay rates of ⇠ 106 s�1 (k2) and ⇠ 105 s�1 (k3). The k2

component includes both ESA and GSB relaxation, which is attributed to relaxation via

3MLCT states within the manifold with greater singlet character.40 The final decay compo-

nent (k3), spectrally distinct from k2, is attributed to the remaining 3MLCT manifold states

undergoing non-radiative de-activation and phosphorescence.

Phosphorescence decay kinetics were also obtained at 77 K for both complexes. Reason-

able fits of the data were obtained using three exponential components with rate constants

of ⇠ 4 ⇥ 106, ⇠ 5 ⇥ 105, and ⇠ 1 ⇥ 105 (Table S10). The 3MC state is not expected

to be thermally populated at 77 K, and the similarity in kinetics between the two com-

plexes suggests that the 3MLCT transitions are of the same nature for both compounds. k2

obtained from the TA measurements is in general agreement with the fastest decay com-

ponent of the emission data (accounting for the ⇠10 ns response time of the time-resolved

emission instrument), while k3 from TA e↵ectively tracks the average dynamics of the SOC

states with µs lifetimes, with small di↵erences arising from the detection modes (ESA vs

emission). SOC-corrected triplet energies were calculated with several di↵erent functionals

(BP86,47 and PBE048) in ORCA,49 and the adjacent states were found to have splittings

smaller than 50 cm �1, making them impossible to resolve spectrally with our apparatus (SI

Section 2.7). Another interesting feature is that the transient spectra of the mesocate showed

12

https://doi.org/10.26434/chemrxiv-2023-1rzqx ORCID: https://orcid.org/0000-0003-4453-9713 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-1rzqx
https://orcid.org/0000-0003-4453-9713
https://creativecommons.org/licenses/by-nc-nd/4.0/


more distinct shoulder-like features at ⇠ 530 nm. It is likely that the transient spectra of the

two non-equivalent MLCT states (separated by 215 cm�1) are overlapped due to geometric

asymmetry.

Table 2: TA decay parameters based on a triple exponential analysis

parameters k1 (108 s�1) k2 (106 s�1) k3 (105 s�1)
Helicate 14.587 (0.001)a 6.77 (0.75) 1.57 (0.06)
Mesocate 5.247 (0.001) 2.43 (0.15) 1.22 (0.03)
a 2� confidence bounds are given by covariance matrix

DFT calculations

The ground state singlet and triplet geometries (3MLCT and 3MC) for both complexes were

optimized with PBE0/def2-SVP48 with GD3 dispersion50 in the Conductor-like Polarizable

Continuum Model (CPCM) n-butyronitrile environment (no imaginary frequencies present)

using the Gaussian16 program package.51 The PBE0 functional has previously been shown

to predict physical parameters of Ru(II) complexes with reasonable accuracy verified by com-

parison with X-ray crystallography structures.52–54 Optimized ground state geometries are

compared against the crystal structure in Table S1; the Ru-N bond lengths obtained from

DFT structures are generally shorter than those in the crystal structure, but the deviations

in bond lengths between calculated and crystal structures are mostly less than 1%. The Ru-

Ru distance for the helicate is 1.65 Å shorter than the mesocate. CPCM of the compounds

in acetonitrile and gas phase structures were also calculated; no significant di↵erences in

the structures and energies were observed by changing CPCM solvent from n-butyronitrile

to acetonitrile, but the gas phase 3MLCT states generally have shorter Ru-N bond lengths

(Table S2). The lowest triplet states have a Ru-N distance slightly elongated by ⇠ 0.04 Å,

the opposite Ru-N bond is shortened very slightly by 0.015 Å which is similar to other Ru

polypyridyl complexes reported previously optimized with double-hybrid functionals.15,45,46

Both the bond length change and the Mulliken spin densities (⇠0.9) are located on a single

ruthenium center, suggesting that the calculated triplet is localized, and of 3MLCT charac-
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ter.41 This is further validated upon examining the natural transition orbitals of the adiabatic

3MLCT!GS transition (SI Section 2.6). Vertical transition energies were calculated using

the DFT (UPBE0) optimized 3MLCT and GS geometries, electronic energies, and zero-point

energy (ZPE) corrections. Similar to experimental results, the predicted emission energies

of the two complexes are almost identical with similar bond displacements. However, the

optimized 3MC (dd) states were noticeably di↵erent between the isomers. The helicate 3MC

state adopted a structure with an axial Ru-N bond 0.121 Å longer than the 3MLCT state,

and it is energetically above the 3MLCT state. Smaller bond elongation occurs on both axial

Ru-N bonds for the mesocate, with the dd state lying below the 3MLCT state. This axial

distortion is expected to be stabilized by the Jahn-Teller e↵ect since in the 3MC state the eg

orbital is asymmetrically occupied.55 An attempt was made to use the Ru-N bond lengths

converged for the mesocate as the starting geometry for the helicate, and the structure con-

verged back to the 3MLCT state. The reverse was also done and led to convergence failure

of the mesocate structure or the structure converged back to the 3MLCT state. Fig. 4 shows

TD-DFT (green) and self-consistent field (SCF) interpolated energies (purple curve) from

the 3MLCT state to the 3MC state for the helicate in sub-figure b) and for the mesocate in

d). The horizontal axis represents the change in the molecular geometry and is normalized.

The 3MLCT state is reached with smaller geometry distortion and further displacement leads

to the 3MC state with the �ETS being an upper limit of the energy barrier for intercon-

version between the two states. �ET�T , the energy di↵erence between the 3MC state and

the 3MLCT state, shows that the 3MC state lies 850 cm�1 above the 3MLCT state for the

helicate. For the mesocate, the 3MC state is 520 cm�1 below the 3MLCT state. At the 3MC

geometry, the energy separation between the triplet energy curve and the ground state is

significantly smaller for the mesocate compared to the helicate (the TD-DFT interpolated

curve of the triplet state crosses with the interpolated curve of the singlet ground state - this

normally suggests photo-dissociation, but negligible photo-dissociation has been observed

experimentally (see SI section 3.4)).
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Figure 4: The structures of helicate a) and mesocate c) with the interpolated ground state
and triplet state potential energy curves using TD-PBE0/def2SVP (green) and ground state
SCF PBE0/def2SVP (purple) in b) and d) for the two complexes, respectively. The first
point on each graph is based on the ground state SCF energy of the S0 state and TD-
PBE0/def2-SVP calculation to the first excited triplet state.

The nature of electronic transitions was further investigated by TD-DFT (TD-PBE0/def2-

SVP) calculations. The MOs involved in the singlet-singlet transitions (1MLCT GS) with

appreciable oscillator strengths are presented in the SI Section 2.5. The occupied orbitals

are metal-based t2g orbitals and the unoccupied orbitals are mostly of ⇡⇤ character on the

ligand with the orbitals at lower energies mixed with d orbitals. The mixing of ⇡⇤ with

d orbitals has been reported for polypyridylruthenium(II) complexes in Khon-Sham orbital

calculations.45 For the helicate, the orbitals involved are delocalized across both Ru centers

but for the mesocate, the orbitals are mostly localized on one center.

The natural transition orbitals (NTOs) for the vertical excitation from the ground state

to the optimized triplet states show that the 3MLCT! GS transition is localized on a single

Ru center. For the helicate, the energy separation of the triplet states located on the two

centers is very small ⇠ 30 cm�1. For the mesocate, the separation is about 215 cm�1, (SI
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Section 2.6) and is likely due to the 0.003 Å di↵erence in Ru-N bond lengths between the

two centers (Table S1).

Conclusions

In summary, the photophysics of the helicate and the mesocate diastereoisomers of double-

stranded polypyridylruthenium(II) complexes have been characterized at room temperature

and cryogenic temperatures. We show the luminescence quenching at room temperature

arises from an energetically proximal 3MC state and a higher 3MLCT state with greater

singlet character. The mesocate was more distorted from the octahedral coordination envi-

ronment near the bridge, resulting in the 3MC state lying below the lowest 3MLCT state,

causing faster excited-state relaxation. Calculated relative energies between the triplet 3MC

and 3MLCT states were in qualitative agreement with fitted rate constants. TAS and time-

resolved emission experiments at 77 K also resolved 3MLCT states related to each other by

SOC, with one order of magnitude di↵erence in the rate of decay. Some spectral features in

transient measurements hinted at excited state delocalization or charge transfer, however,

further investigation is required. This work could be useful for exploring di↵erent ligand engi-

neering strategies for dinuclear metal complexes to subtly tune their photophysical properties

to suit applications in biological imaging or targeted cancer detection or therapy.

Experimental details

General:

The complexes were prepared using previously reported methods.31 Spectroscopy grade ace-

tonitrile (Sigma Aldrich) was used for room-temperature transient absorption measurements.

The solvent n-butyronitrile (Sigma Aldrich) was checked to ensure no impurities a↵ected ex-

perimental results by performing TA and steady-state measurements on the solvent only

at both room temperature and 77K. Solvent glass scattered light (time-independent) was
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subtracted for cryogenic data analysis. All experiments except steady-state absorption were

done with ⇠200 µM de-aerated solutions in graded-seal 2mm path length cuvettes and the

absorption at the excitation wavelength was ⇠0.25. For cryogenic measurements, the sam-

ples were cooled with a liquid nitrogen cryostat (Optistat DN, Oxford Instruments) with the

liquid nitrogen valve open to constantly cool the sample at 77K during measurements.

Steady-state spectroscopy:

Steady-state absorption spectra were recorded from ⇠50 µM samples in aerated n-

butyronitrile in 1 cm path-length quartz cuvettes using a UV-vis spectrometer (Cary 50

Bio) with (scan rate 300 nm/min, averaging time 0.10 s, bandwidth 1 nm).

Steady-state emission spectra and excitation-emission matrices were measured in syn-

chronous scan mode for cryogenically cooled samples with a commercial fluorimeter (Cary

Eclipse, PMT voltage 600 V, excitation and emission bandwidths 10 nm, scan rate 120

nm/min). The emission spectra were obtained by front-face measurements where the 2 mm

path-length graded-seal quartz cuvette was placed at 45 degrees relative to the excitation

beam.

Transient absorption measurements:

TA experiments were performed with a home-built pump-probe spectrometer based on

a dual amplifier arrangement (details see SI Section 3.1). This ensured exactly the same

excitation pulse conditions were used for all TA timescales. Room temperature measurements

were performed at a pulse repetition rate of 50kHz with mechanical delay only (35 nJ/pulse;

pump, probe spot sizes in FWHM: 480 and 175 µm). 77K measurements were carried out

at 5kHz pulse repetition rate with both mechanical and electronic delays (40 nJ/pulse for

the mesocate and 60 nJ/pulse for the helicate; pump, probe spot sizes in FWHM: 490 and

190 µm).

Emission decay measurements:

The experimental setup used for time-resolved emission measurements is described else-

where.56 The excitation power was 15.5 mW at 10 Hz at 477 nm (spot size ⇠ 0.4 cm FWHM,
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1.5 mJ/pulse).
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