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The coupling of excitons in Ti-conjugated molecules to high-frequency vibrational
modes, particularly carbon-carbon stretch modes (1,000-1,600 cm™) has been

thought to be unavoidable'?. These high-frequency modes accelerate non-radiative
losses and limit the performance of light-emitting diodes, fluorescent biomarkers
and photovoltaic devices. Here, by combining broadband impulsive vibrational
spectroscopy, first-principles modelling and synthetic chemistry, we explore
exciton-vibration couplingin a range of i-conjugated molecules. We uncover two
designrules that decouple excitons from high-frequency vibrations. First, when the
exciton wavefunction has a substantial charge-transfer character with spatially
disjoint electron and hole densities, we find that high-frequency modes can be
localized to either the donor or acceptor moiety, so that they do not significantly
perturb the exciton energy or its spatial distribution. Second, it is possible to select
materials such that the participating molecular orbitals have asymmetry-imposed
non-bonding character and are, thus, decoupled from the high-frequency vibrational
modes that modulate the t-bond order. We exemplify both these design rules by
creating a series of spin radical systems that have very efficient near-infrared emission
(680-800 nm) from charge-transfer excitons. We show that these systems have
substantial coupling to vibrational modes only below 250 cm™, frequencies that are
too low to allow fast non-radiative decay. This enables non-radiative decay rates to be
suppressed by nearly two orders of magnitude in comparison to m-conjugated
molecules with similar bandgaps. Our results show that losses due to coupling to
high-frequency modes need not be afundamental property of these systems.

Inthe limit of weak electronic coupling between the ground and excited
electronicstates, the rate of non-radiative recombination (k,,) as afunc-
tion of the energy gap AE between the excited and ground electronic
states can be written as***

_ctem™? CAE| ((AE )
km—ih(thE)l/zexp o In S A 1 @)

where Cis the effective electronic coupling matrix element and A; cor-
responds to the reorganization energy associated with the driving
modes that promote® non-radiative relaxation. Equation (1) formalizes
the energy-gap law, which predicts anincrease in non-radiative decay
rate with a decreasing energy gap.

High-frequency molecular vibrations (1,000-1,600 cm™) are
ubiquitous in t-conjugated organic molecules and are strongly cou-
pled to electronic excited states where they directly modulate the

mi-bond order. This is particularly problematic when the energy gap
is directly coupled to t-bonding alternations, such as the phenylene
ring-stretching mode®. On the other hand, low-frequency modes of
less than 500 cm™ are associated with high-mass displacementand are
structurally delocalized in nature. These modes contribute less to fast
non-radiative decay, which is captured by the w term in equation (1).
This termis the frequency of the promoting vibrational mode. Thus,
exciton-vibration coupling to high-frequency modes, as generally
observed for molecular systems’ ™, causes rapid non-radiative decay
dynamics. The key question is, therefore, whether we can decouple
excitons from high-frequency vibrations in organic molecules.

Radicals as an efficient NIR emitter

We have selected a few examples of recently developed near-infrared
(NIR) organic emitters that appear to violate the energy-gap law. We
begin by focusing onan emerging family of spin-1/2 radical molecular

'Cavendish Laboratory, University of Cambridge, Cambridge, UK. 2KBR, Inc., NASA Ames Research Center, Moffett Field, CA, USA. *Materials Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA, USA. *Yusuf Hamied Department of Chemistry, University of Cambridge, Cambridge, UK. *State Key Laboratory of Supramolecular Structure and Materials, College of
Chemistry, Jilin University, Changchun, China. ®Department of Chemistry, Swansea University, Swansea, UK. "Department of Materials Science and Metallurgy, University of Cambridge,

Cambridge, UK. ®e-mail: ar525@cam.ac.uk

Nature | Vol 629 | 9 May 2024 | 355


https://doi.org/10.1038/s41586-024-07246-x
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07246-x&domain=pdf
mailto:ar525@cam.ac.uk

Article

a Cc;njlt:gated hongo}folymer Spin-1/2 radical emitter d Vibrational frequency (cm™)
6 13 6 13
2 500 750 1,000 1,250 1,500
I\ -\ CI cl Clcl 50 \ ' ) A d
s N7 S, \q ﬁ/ _ 10", 7
CeHys CI Icn l lcu ] £
-P3HT 3 3
@ = 4%, low energy gap £ 0
Laser dye 2 109 TTM-3PCz
o v
~.© ,g g
g 104 §
B
N TTM-3NCz TTM-3PCz K
@ =86% @ =60% £ 40
Rhodamine 6G (r6G) low energy gap low energy gap =z 1074
@ = 95%, high energy gap
b \ m-P3HT | € rr-P3HT rr-P3HT
non 2
r6G r6G r6G
E)
s
@ [
N S E
S TTM-3NCz S TTM-3NCz [l TTM-3NCz
g I
Q Il
< | |
TTM-3PCz TTM-3PCz
T T T T T - v‘ ,&A = — T
350 450 750 100 500 1,000 1,500 250 500 750 1 000 1 250 1, 500
Wavelength (nm) Time delay (fs) Vibrational frequency (cm=")

Fig.1|Vibrational coherence as a probe of exciton-vibration coupling.
a,Molecular structures of the conjugated polymer (rr-P3HT), alaser dye
(rhodamine 6G or r6G), two conventional organic semiconductors and spin-1/2
radical emitters (TTM-3PCzand TTM-3NCz), which are both state-of-the-art
deep-red/NIR emitters. The name of the moleculeis highlighted inred if the
corresponding emission maxima are above 650 nm. The maximum reported
PLQEs, ®, areindicated. Note that rhodamine 6G has a high PLQE despite strong
coupling to high-frequency modes due to the high energy-gap emission.

b, Absorptionspectraand the transitioninvolved forimpulsive excitation. The
grey rectangular box indicates the spectral profile of the impulsive pump used
to excitethesamples. ¢, Vibrational coherence extracted from excited-state
signal.d (bottom), The corresponding excited-state Raman spectra obtained
after time-resolution correction for rr-P3HT (grey), rhodamine 6G (black),
TTM-3NCz (orange) and TTM-3PCz (red). d (top), Theoretically calculated

semiconductors, as these have some of the highest values for the pho-
toluminescence quantum efficiency (PLQE) and electroluminescence
quantum efficiency (EQEg,) reported for organic systems. These mol-
ecules consist of a doublet spin unit (TTM), which acts as an electron
acceptor covalently linked to a donor unit, and an N-arylated carba-
zole moiety (TTM-3PCz and TTM-3NCz); see Fig. 1a. Both materials
show strong luminescence from an intra-molecular charge-transfer
exciton'?®, The lowest optical excitation for absorption and emission
isthe charge-transfer transition within the spin doublet manifold. With
the correct tuning of the charge-transfer energetics and overlap, effi-
cientemission canbe achieved™. For these materials, excitation within
the doublet manifold avoids access to higher multiplicity spin states
and eliminates the problems due to the formation of triplet excitons
in conventional closed-shell organic emitters. These systems have a
very high NIRPLQE. For example, for TTM-3NCz, itis above 85% for the
solid-state blends used in organic light-emitting diode host CBP for
emission at 710 nm (ref.12). The key question is how these systems can
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non-radiative decay rate (from equation (1) using DFT and TDDFT) plotted
against the vibrational frequency for TTM-3PCz excitons assuming the
corresponding vibrational mode as the main deactivation pathway. The black
circlesindicate the normal modes of the TTM-3PCz molecule. The probe
windows for the vibrational coherence shownin care as follows: rr-P3HT,
700-710 nm (stimulated emission)*; rhodamine 6G, 560-570 nm (stimulated
emission); TTM-3NCz, 650-710 nm (excited-state photo-induced absorption
plusstimulated emission) and TTM-3PCz: 660-670 nm (excited-state photo-
induced absorptionand stimulated emission convoluted). The further analysis
inSupplementary Informationsections 5and 6 investigates the origin of the
vibrational coherence for TTM-3PCz molecules, which confirms that high-
frequency decoupled vibrational coupling corresponds to the transition
involvedinluminescence. Allsamples were measured in solution except for
P3HT (Methods). a.u., arbitrary units.

achieve such ahighluminescenceyieldin the NIR and, thus, seemingly
violate the energy-gap law.

Toanswer this question, we compared these materials with arange of
conventional organic molecules: regioregular poly(3-hexylthiophene)
or rr-P3HT, a well-studied semiconductor homopolymer with alow
PLQE of less than 5% at 680 nm, and the laser dye rhodamine 6G (r6G),
which emits brightly at a relatively higher energy gap (PLQE = 94% at
550 nm).

Impulsive vibrational spectroscopy

We probe the vibrational couplinginthe excited electronic state of these
organic molecules by employing resonantimpulsive vibrational spec-
troscopy (IVS; Methods and Supplementary Information section 18)".

Figure 1b shows the absorption spectra of the organic molecules
investigated as well as the spectral range of the ultrafast pump pulse
used in our IVS studies (grey rectangle, 8.8 fs, centred at 575 nm).



For rr-P3HT and r6G, the pump pulse was resonant with a Tt > * tran-
sition. By contrast, for TTM-3PCz and TTM-3NCz, the pump pulse
was resonant with a charge-transfer transition, which corresponds
toadoubletexcitation (D, ~> D,) from the 3PCz/3NCz-centred highest
occupied molecular orbital (HOMO) to a TTM-centred singly occupied
molecular orbital (SOMO)™.

Following resonant impulsive excitation by the pump pulse, the
early-time electronic population dynamics exhibits distinct oscillatory
modulations across the entire visible probe region for allinvestigated
molecules (see Extended Data Figs. 1c,d and 4a for wavelength-resolved
analysis of TTM-3PCzand TTM-3NCz, respectively). Figure 1c displays
theisolated excited-state vibrational coherences, and Fig.1d (bottom)
shows the time-resolution-corrected excited-state Raman spectrum
of the corresponding time-domain data from Fig. 1c for each mole-
cule (see Methods for details). we observe in rr-P3HT a pronounced
vibrational mode at1,441 cm™, whichis due to the C=C ring-stretching
mode in this conjugated polymer system’. Rhodamine 6G has a series
of high-frequency modes (1,356,1,504 and 1,647 cm™) corresponding
to localized C-C and C=C stretching motions.

By contrast, the excited-state vibrational spectra of TTM-3PCz and
TTM-3NCz have only one prominent mode (232 cm™), whichis in the
range of frequencies associated with torsional motions of the TTM to
3PCz/3NCzmoiety (see Extended DataFig. 3 for acomplete analysis of
low-frequency modes and theoretically calculated exciton-vibration
coupling constants).

These results suggest that two different regimes for exciton-
phonon coupling operate in the materials studied here. For the con-
jugated homopolymer (rr-P3HT) and laser dye (rhodamine 6G), the
photo-excited transition leads to the formation of excitons coupled
to high-frequency C-C and C=C stretching modes, as is convention-
ally expected for organic systems. However, the lowest lying excitons
of TTM-3PCz and TTM-3NCz, which are associated with the charge-
transfer D, > D, transition, are decoupled from these high-frequency
modes.

The effect of this vibrational decoupling on the non-radiative loss
is dramatic. This isillustrated in the top panel of Fig. 1d, which shows
the non-radiative decay rate along each normal mode coordinate cal-
culated using density functional theory (DFT). It can be seen that the
high-frequency modeslead to significantly faster rates of non-radiative
recombination. For instance, taking AE=14,437 cm™ (1.79 eV) and a
reorganization energy of 1,105 cm™ (0.137 eV) (Supplementary Infor-
mation section 12), for TTM-3PCz, a representative high-frequency
1,560 cm™ mode leads to anon-radiative rate approximately 10" times
faster that of the low-frequency 230 cm™ mode. In typical organic sys-
tems withalowbandgap, this would lead to rapid non-radiative losses.
However, the key point hereisthat TTM-3PCzand TTM-3NCzshow no
coupling to these high-frequency modes.

Band-selective impulsive excitation

Having probed the charge-transfer type D, - D, transitions in radi-
cal molecules, we now turn our attention to the higher D, > D, transi-
tion, which does notinvolve charge-transfer excitons'**. Studying this
transition, therefore, allowed us to compare the vibrational coupling
between the charge-transfer and non-charge-transfer transitions of the
same molecule. Here, we focus on the novel radical molecule TTM-TPA,
which has a donor-acceptor structural motif like those of TTM-3PCz
and TTM-3NCzbut has atriphenylamine (TPA) group as electron donor
instead of the N-aryl carbazole (PCz/NCz) group (Fig.2a). Asshownin
Fig.2a and like TTM-3PCz (ref. 12), the lowest-energy electronic tran-
sition (D, »> D,) in TTM-TPA corresponds to a charge-transfer excita-
tion from the TPA-centred HOMO (donor) to the TTM-centred SOMO
(acceptor), as revealed by time-dependent DFT (TDDFT) calculations
(Extended Data Table 2). The second lowest-energy transition (D, > D)
involves frontier molecular orbitals sitting predominantly on the TTM

part (HOMO-2to SOMO), corresponding to spatially overlapping orbit-
als, which is consistent with similar derivations?. As illustrated in
Fig.2b, the charge-transfer character of the lowest-energy absorption
band (approximately 700 nm, D, > D,) shows the expected solvatochro-
mic redshift, whereas the higher energy absorption band (approxi-
mately 500 nm, D, - D,) is barely affected by the solvent polarity. As TPA
has a higher-lying HOMO compared to 3PCz (ref.17), the charge-transfer
transition is redshifted while it maintains a nearly similar energy for
the local exciton transition in TTM-TPA (Fig. 2b). This greater energy
separationbetween the charge-transfer and non-charge-transfer transi-
tions allows us to compare their vibrational coupling more cleanly than
would be possible in TTM-3PCz. We excited the charge-transfer state
with a pump pulse centred at 725 nm (pulse P;, 12 fs, Fig. 2b), whereas
thelocal exciton state was excited with apump pulse centred at 575 nm
(pulse P,, 15 fs, Fig. 2b).

Photo-excitation of TTM-TPAinto D, with pulse P, yielded vibrational
coherenceslikethose of the previously observed charge-transfer exci-
tons of TTM-3PCz and TTM-3NCz. Here, the excited-state impulsive
vibrational spectrum is again dominated by low-frequency modes
(228 cm™) with a minor contribution from high-frequency modes in
therange1,100-1,650 cm™ (magenta, Fig. 2c). Photo-excitationinto the
non-charge-transfer exciton state through pulse P, populated the D,
state, whichrapidly cooled to the D, state with a time constant of 670 fs
(see Extended Data Fig. 5 for the electronic and vibrational dynamics
of D, > D, cooling). Figure 2c (purple) shows the corresponding vibra-
tional spectrum obtained directly after photo-excitationinto D,, which
exhibits significantly enhanced coupling to high-frequency modes at
1,272,1,520and 1,565 cm™, instark contrast to the spectrum obtained for
D, (Fig.2c, magenta; see Extended Data Fig. 6 for awavelength-resolved
analysis). Taken together, this selective photo-excitation reveals that
the charge-transfer (D) and non-charge-transfer exciton (D,) states
exhibit large differences in their coupling to the vibrational modes,
even within the same molecule.

First-principles modelling

We performed first-principles spin-unrestricted DFT and TDDFT cal-
culations to quantify the exciton-vibration coupling™®° using the
Huang-Rhys factor (S,,) for the D, > D, (charge-transfer) and D, > D,
(non-charge-transfer) electronic transitions:

Frout) _ p-sut)\
Sev<,-><k>=[%], (i=Do>Dy/Dy>Dy). ()

EZ84% and £.24 are the excitation energies for an electronic tran-
sition (/) upon displacing the equilibrium geometry by a small dimen-
sionless quantity (+6u, — 6u) along the kth normalmode with frequency
w, inthe harmonic limit.

We computed S, (w) for the normal modes of TTM-TPA associated
withboththeD, - D, (charge-transfer) and D, - D, (non-charge-transfer)
excitations. Theresults are showninFig. 2d for the key high-frequency
vibrational modes in the experimental data, namely1,273,1,522,1,561
and1,572 cm™. The calculations show that for all high-frequency modes,
the vibrational couplingis significantly reduced for the charge-transfer
exciton (Fig.2d, magenta) compared to the non-charge transfer exciton
(Fig. 2d, purple), in line with the experimental observations

To better understand how these vibrational modes affect the elec-
tronic structure of TTM-TPA, we computed the exciton wavefunction
(p) as well as the change in the wavefunction due to displacement
along a normal mode, {Ap},. Figure 2f,g shows these differential
wavefunction plots {Ap},, for the normal mode with a frequency of
1,561 cm™, which is associated with C-C and C=C stretching vibra-
tions localized primarily on the TTM moiety (Fig. 2e). This mode is
strongly presentinthe experimental data (1,565 cm™, Fig. 2c) and also
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Fig.2|Isolation of the vibrational coupling for the charge-transfer and
non-charge-transfer excitons of an efficient doublet emitter.a, Chemical
structure of the novel NIR emitter TTM-TPA and its molecular orbital diagram
highlighting the two lowest-energy transitions used in the band-selective
excitationindicated by the purple and magentaarrows. The energy levelsinthe
molecular orbital diagram are notto scale. b, Steady-state absorption spectra of
TTM-TPAindifferent solvents with variable polarity (f: cyclohexane > CHCI; >
tetrahydrofuran). The magentaand purple areas indicate the spectral profile of
theimpulsive pumps (P,and P,) used to excite the different bands. ¢, Excited-
state vibrational spectraobtained fromvibrational coherence generated at
early timescales (100-1,250 fs) upon exciting with the magentaand purple

dominates the theoretically calculated exciton-vibration coupling
plot (Fig. 2d).

TDDFT calculations reveal that excitation to D, localizes the wave-
functiononto TTM (p, Fig. 2f, top), asexpected for alocal non-charge-
transfer excitonic state'. Figure 2f (bottom) shows how the exciton
density onthe molecule varies owing to perturbations of the molecular
geometry along the 1,561 cm™ mode, which s represented by {Ap}; 5.
Displacement along this normal mode leads to large changesinthe D,
excitonwavefunction, indicating strong coupling of the high-frequency
vibrational modes to the non-charge-transfer exciton wavefunction.
We then compare this to the exciton density arising from D, > D,
(Fig. 2g, top), which leads to a delocalized wavefunction over the
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impulsive pumps.d, Theoretically calculated exciton-vibration coupling
parameter, the so-called Huang-Rhys factor (S, (k)), for the D, > D,and D, > D,
electronictransitions of TTM-TPA in the high-frequency regime for the
experimentally obtained modes. CT, charge transfer. e, Vector displacement
diagram of the high-frequency breathingmode with frequency 1,561 cm™
plotted onthe optimized geometry of TTM-TPA. f,g (top), Exciton wavefunction
(transition density) p for the D, (non-charge-transfer exciton) transition (f) and
the D, (charge-transfer exciton) transition (g). f,g (bottom), differential exciton
wavefunction (transition density) upon displacementalong the 1,561 cm™ mode
{Ap}se1em ', plotted for the D, (non-charge-transfer exciton) transition (f) and the
D, (charge-transfer exciton) transition (g).

whole molecule with disjoint electron and hole densities. Critically, the
exciton density upon perturbation along the 1,561 cm™ normal mode
({Ap} 1561, Fig. 2g, bottom) shows very little change for the D, exciton, in
marked contrastto theresults for the D, exciton. This shows the strong
suppression of exciton-vibration coupling for the charge-transfer-type
D, exciton. Extended Data Fig. 7 presents similar results for all the other
experimentally obtained high-frequency vibrational modes.

To get acomplete mode-resolved picture, we also calculated the
parameterq):}f, whichisdefined as the ratio of the vibrational reorgani-
zationenergy® (A,) associated with all high-frequency normal modes
(1,000-2,000 cm™) to the low-frequency modes (100-1,000 cm™) for
aparticular electronic transition:
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APDC-DTPA and 4CzIPN. The three-pulse IVS experiment on 4CzIPN solution
isdetailed in Supplementary Informationsection 7. ¢, Experimentally obtained
non-radiative rates of the studied low energy-gap molecules. Orange circles
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As displayed in Extended Data Fig. 8a,b, ¢f}' for the non-charge-
transfer-typeD,stateis2.4 times higher thanforthe charge-transfer-type
D, state, in agreement with the experimental results in Fig. 2d.

Thermally activated delayed fluorescence

We next examined how other low-bandgap organic systems, espe-
cially those with a variable charge-transfer character in the exciton
coupling tovibrations (Fig. 3a). We selected APDC-DTPA (refs.22-24)
as an example of a highly efficient NIR-emitting thermally activated
delayed fluorescence (TADF) system (PLQE = 63% at 687 nm)*. Here,

Vibrational frequency (cm=')

and TTM-3PCz (radical) obtained from first-principles DFT. The hole-accepting
orbitals of both TADF (HOMO of APDC-DTPA) and the radical (HOMO of
TTM-TPA) arelocalized on the central Natom with anon-bonding character,
whichisreflectedinthe lower coupling to the high-frequency phenylic
ring-stretching modes. The electron-accepting level of the radical (SOMO of
TTM-TPA) has anon-bonding character and suppressed high-frequency
couplingwithrespect toits HOMO, whereas for the TADF structures, the
hole-acceptinglevel (HOMO of APDC-DTPA) makes asignificant orbital
contributionin the vicinity of the planar mbonds and shows reasonable
high-frequency coupling.

the electronic excitation promotes an electron from the HOMO cen-
tred at TPA to the lowest unoccupied molecular orbital (LUMO) at an
acenaphthene-based acceptor core (APDC). We also studied a classic
green-emitting TADF system, 4CzIPN, which has a higher energy gap
(refs. 25-29; PLQE = 94% at 550 nm). The key design feature of TADF
systems, as first developed by Adachi and co-workers?, is the intro-
duction of adonor-acceptor character such that the charge-transfer
excitonhasaspatially reduced electron-hole overlap that reduces the
singlet-triplet exchange energy.

AsshowninFig.3b, the excited-state vibrational spectrum of APDC-
DTPA exhibits vibrational activity only in the lower-frequency regime
(183,290,324, 557,587,678 and 735 cm™), which is associated with more
delocalized torsional modes in the system. Similarly, 4CzIPN shows
strong coupling to low-frequency torsional modes (157, 244, 429, 521
and 562 cm™) with anominal contribution from high-frequency modes.

Once again, we observed that electronic transitions featuring astrong
charge-transfer character and non-planar molecular geometry, which
lead to spatially separated and disjoint HOMO/SOMO or the LUMO,
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asseenfor APDC-DTPA, 4CzIPN, TTM-3PCz, TTM-3NCzand TTM-TPA,
give rise to excitons that do not couple to high-frequency modes.

Figure 3c summarizes the non-radiative decay rates for all the deep-
red/NIR-emitting molecules studied here, whichwere based onradiative
lifetime and PLQE measurements. These measurements directly show
that the suppression of coupling to high-frequency modes, as measured
byIVS (Figs.1d, 2cand 3b), resultsin alower non-radiative decay ratein
doubletand TADF systems. This contrasts with non-fullerene acceptor
systems, which have higher rates of non-radiative decay and which we
found have strong coupling to high-frequency modes, as presented
in Extended Data Fig. 2 and Supplementary Information section 21.
By contrast, the TADF and radical emitters show greatly suppressed
non-radiative rates, matching the lack of coupling to high-frequency
modes observed by IVS.

This is also in agreement with our calculations, which show a
supressed contribution of the high-frequency normal modes to the
vibrational reorganization energy for the charge-transfer excitons
studied here (TTM-3PCz and APDC-DTPA), in comparison to the non-
charge-transfer excitons (TTM and pentacene), in agreement with
non-adiabatic calculations® (Extended Data Fig. 8c), which is further
supported experimentally by solvent polarity-dependent IVS meas-
urements (Supplementary Information section 19). Taken together,
the calculations support the experimental observation of suppressed
high-frequency vibrational activity of the excited electronic state for
charge-transfer excitations.

Intuitively, ageneral proposition to understand these results can be
understood as follows. The charge-transfer excitation in non-planar
molecules (radicals and TADF) provides spatially separated electrons
(HOMOs/SOMOs) and holes (LUMOs) across the molecular backbone
(Figs. 2g, 3d). Simultaneous changes to both the electron and hole
wavefunctions dueto highly localized high-frequency carbon-carbon
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Wavenumber (cm™)

Wavenumber (cm™)

tothe adjacent phenylring of the M,TTMradical core. e,f, Vibrational coupling
parameters for the N-non-bonding (e) and it (f) molecular orbitals of phenyl-
carbazole (PCz).g,h, Time-resolution-corrected excited-state Raman spectra
of M,TTM-3PCz (g) and M,TTM-2PCz (h). The selected probe windows are the
blue edges of the photo-induced absorption (680-700 nm for M,TTM-3PCz
and 680-700 nm for M,TTM-2PCz; see Extended Data Fig. 9 for awavelength-
resolved analysis).

stretching motion, therefore, result in a smaller effect compared
to planar excitonic systems, which exhibit strongly overlapping
HOMOs and LUMOs with high electronic densities in the vicinity of
these high-frequency nuclear oscillations. We note that although the
non-fullerene acceptor systems have a donor-acceptor structural
motif, due to their coplanar geometry and strong electronic conjuga-
tion through the fused rings, the HOMO and LUMO strongly overlap
in space, unlike the radicals and TADF, so that the dipole oscillator
strength of the lowest-energy transition in these materialsis very high,
asrequired for their use in photovoltaics.

Non-bonding-type electron and hole levels

Comparing the measured impulsive vibrational spectra of the radi-
cal emitters with the TADF molecules (Figs. 1d and 3b), it can be seen
that although the TADF molecules do not couple to vibrations of more
than 1,000 cm™, the radicals do not couple to modes of more than
240 cm™ Theradical emitters also display lower rates of non-radiative
recombination than the TADF systems, asshownin Fig. 3cand, thus, go
beyond what these TADF systems can achieve in terms of supressing
non-radiative recombination. This suggests that somethingelseis also
supressing the coupling to high-frequency modes in radical systems
in comparison to TADF systems.

Figure 3d shows the results of first-principles calculations for the
vibrational coupling to the hole and electron levels in APDC-DTPA
(TADF molecule) and TTM-TPA (radical molecules). In both TADF and
radical systems, TPA and N-aryl-carbazole (Cz) are widely adopted
as donors?"”*°, These donor moieties have nitrogen p,centred non-
bonding-type HOMO. As can be seen in Fig. 3d, these levels are not
strongly coupled to high-frequency phenyl ring-stretching vibra-
tions. The degree of further localization of the non-bonding-type



HOMO on the nitrogen atom depends on the non-planarity of the
nitrogen p, orbital to the adjacent mt systems imposed by steric hin-
drance® (Supplementary Information section 14). It can be seen that
for the electron level of the TADF molecule, the LUMO does show
coupling to high-frequency vibrations, but for the radical systems,
the electron-accepting SOMO level, localized on the TTM moiety’s
central sp? carbon atom, has a non-bonding character? and does not
show strong coupling to high-frequency vibrational modes. This
implies that both the electron and hole levels for the radical systems
have a non-bonding character, whereas only the hole levels have this
non-bonding character in TADF systems (Fig. 3d). This may explain
the weaker coupling to high-frequency vibrations (Figs. 1d and 3b)
and the lower non-radiative recombination rate in the radical systems
compared to the TADF systems.

Totest thishypothesis, we designed two radical molecules to tune the
participation of the non-bonding character in the emitting electronic
transition. As can be seenin Fig. 4a,b, M,TTM-3PCz and M,TTM-2PCz
aretworegio-isomers of the dimesitylated-TTM linked through either
the 3 or 2 positions of phenylcarbazole (PCz). This regioselective linking
between donor and acceptor leads to dramatic changes in the photo-
luminescence efficiencies (for M,TTM-3PCz, PLQE = 92% with a photo-
luminescence lifetime of15.2 ns, whereas for M,TTM-2PCz, PLQE = 14%
with aphotoluminescence lifetime of 3.2 ns) and a very large difference
inthe non-radiative rate (Extended Data Fig. 9d). As can be visualized
inFig. 4c,d, from an electronic structure point of view, the molecules
are differentiated because either the N-non-bonding type HOMO
(for M,TTM-3PCz) or the carbazole-mt-type HOMO-1 (for M,TTM-2PCz)
are delocalized onto the adjacent phenyl ring of the M,TTM moiety.
On the basis of our hypothesis of the importance of the non-bonding
character in suppressing coupling to high-frequency vibrations, we
would predict that M,TTM-3PCz should show reduced coupling to
high-frequency modesin comparisonto M,TTM-2PCz (Fig. 4e-f). This
predictionis verified in theimpulsive vibrational spectrain Fig.4g-h,
as M,TTM-3PCz has stronger coupling to the carbazole ring-stretching
node at1,612 cm™ because the hole-accepting level has a carbazole-tt
character (see Extended Data Fig. 9c for wavelength-resolved data).
This tuning of the coupling to high-frequency modes through the par-
ticipation of non-bonding levels in the electronic transitions allowed
ustoachieve an even lower non-radiative rate (Fig. 3c) and near-unity
PLQE at 680 nm. This shows that combining a charge-transfer charac-
ter with non-bonding orbitals is the key to decoupling excitons from
higher-frequency vibrations (over 250 cm™) and that a charge-transfer
character alone is not sufficient.

Conclusions and outlook

Takentogether, our experiments and calculations provide amechanistic
picture for how to decouple excitons fromvibrational modes in organic
systems. If an exciton wavefunction has a substantial charge-transfer
character and the electron and hole wavefunctions are spatially sepa-
rated, localized high-frequency modes (over 1,000 cm™) do not sig-
nificantly perturb its energy or its spatial distribution (experimental
datain Figs. 1d and 2c and calculations in Fig. 2d,f,g). As depicted in
Figs. 2 and 3, spatially separated disjoint hole (HOMO) and electron
(LUMO) pairs can be generated by having a non-coplanar electron-
rich (donor) and an electron-deficient (acceptor) moiety in a mole-
cule, although this comes at the expense of a lower radiative rate.
The selection of moieties with non-bonding electronic levels, such
as the hole-accepting TPA, arylated carbazole (HOMO) and the
electron-accepting TTM-donor radicals (SOMO), further decouplesthe
exciton from high-frequency vibrations (over 250 cm™). Consequently,
non-radiative decay channels, which are dominated by high-frequency
modes in organic molecules, can be efficiently suppressed.

This mechanism explains the high luminescence efficiency of the
low-bandgap TTM-donor-based radical molecules as well as some

low-bandgap TADF systems, for which the charge-transfer excita-
tions are the lowest excited state. Our results also explain the appar-
ent contradictioninthe performance of these materials, for which the
charge-transfer character of the electronic transition leads to areduced
oscillator strength and reduced radiative rate (Extended Data Table 1),
which would normally be associated with a lower luminescence effi-
ciency®*®, However, the suppression of non-radiative decay pathways
duetothe charge-transfer character of the excitations and non-bonding
nature of the levels, as demonstrated here, overcomes this and enables
high luminescence efficiency from these states.

This hasimportantimplications for the design of organic emitters
for organic light-emitting diodes and NIR fluorescent markers for
biological applications. The proposed design principles also openup
new possibilities for organic photovoltaics, by allowing efficient radia-
tive recombination in organic photovoltaics (such as achieved with
metal-halide perovskites or GaAs solar cells) to boost the open-circuit
voltage, the major outstanding challenge in the field***. This could ena-
ble device efficiencies well above 20% in future organic photovoltaics.
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Methods

Materials

TTM-3PCz and TTM-3NCz were synthesized by the Suzuki coupling
reaction as reported earlier'?. The synthetic route of the novel radical
TTM-TPA is extensively discussed in Supplementary Information sec-
tion 1. M,TTM-3PCz was synthesized following the recently reported
Suzuki coupling and radical conversion procedures, and the novel
radical M,TTM-2PCz was prepared by the same procedures, which
are discussed in Supplementary Information section 17. APDC-DTPA,
4CzIPN, rr-P3HT, rhodamine 6G, pentacene, ITIC,10-4Cl, o-IDTBR, Y5,
Y6 and Y7 were obtained from Lumtec, Ossilaand Merck. The impulsive
measurements of all samples were done in solution except for rr-P3HT.
To prevent rr-P3HT from burning on the cuvette wall (in solution),
aspin-coated thin-film measurement was done. Insolution, it can show
PLQE =33% with a blueshifted emission compared to films. The higher
PLQE in solution can be ascribed to an avoidance of interchain-state
formation and a high gap emission.

Impulsive vibrational spectroscopy

InIVS, an ultrafast pump pulse (sub-15 fs) resonant with the optical
gapimpulsively generates vibrational coherence inthe photo-excited
state of a material, which evolves in time according to the underlying
excited-state potential energy surface. Theimpulsive response of the
systemwasrecorded by atime-delayed probe pulse that was spectrally
tuned to probe excited-state resonances. The so-obtained vibrational
coherence manifested as oscillatory modulations superimposed on
top of thesample’s transient population dynamics and provided direct
access to the excited-state Raman spectrum of the material with a
Fourier transformation. The IVS experiments were performed with a
home-built set-up* seeded by acommercially available Yb:KGW ampli-
fier laser (PHAROS, Light Conversion, 1,030 nm, 38 kHzand 15W). A
chirped white light continuum (WLC) spanning from 530 to 950 nm
was used as a probe pulse. This was generated by focusing a part of the
fundamental beam onto a3 mm YAG crystal and collimating afterit. The
impulsive pump pulses were generated by anon-collinear optical para-
metricamplifier (NOPA), as reported previously®. The second- (515 nm)
and third-harmonic (343 nm) pulses required to pump the NOPAs were
generated with an automatic harmonic generator (HIRO, Light Conver-
sion). The impulsive pump (experiments reported in Fig. 2) and P, pulse
fortheband-selective experiment were generated with a NOPA seeded
by1030-WLC and amplified by the third harmonic (343 nm). The P, pulse
for the band-selective experiment was generated with a NOPA seeded
by 1030-WLC and amplified by the second harmonic (515 nm). Pump
pulses were compressed using a pair of chirped mirrors in combination
withwedge prisms (Layertec). The spatio-temporal profile of the pulses
was measured with asecond-harmonic generation frequency-resolved
optical gating (Supplementary Information section 3 and Extended
Data Fig. 6). A chopper wheel in the pump beam path modulated the
pump beam at 9 kHz to generate differential transmission spectra.
The pump-probe delay was set by a computer-controlled piezoelec-
tric translation stage (PhysikInstrumente) with a step size of 4 fs. The
pump and probe polarizations were parallel. The transmitted probe
was recorded by agrating spectrometer equipped withaSiline camera
(Entwicklungsbiiro Stresing) operating at 38 kHz with a 550 nm blazed
grating. Solution samples were measuredin aflow cell cuvette with an
ultrathin wall aperture (Starna, Far UV Quartz, path length of 0.2 mm).
Pulse compression was performed after a quartz coverslip (170 pm)
was placed in the beam path of the frequency-resolved optical gating
to compensate for the dispersion produced by the cuvette wall.

Time-domain vibrational data analysis

After correcting for the chirp and subtracting the background, the
kinetic traces for each probe wavelength were truncated to exclude
time delays of less than100 fs to prevent contamination from coherent

artefacts. We subsequently extracted the residual oscillations from
the convoluted kinetic traces after globally fitting the electronic dynam-
ics by asum of two exponential decaying functions with an offset over
the whole spectral range. A series of signal-processing techniques were
employed to convert the oscillatory time-domain signals to the fre-
quency domain, including apodization (Kaiser-Bessel window, f=1),
zero-padding and a fast Fourier transformation (FFT). Before we pro-
duced the intensity spectra, the [FFT| amplitude was multiplied by a
frequency-dependent scaling function to remove time-resolution
artefacts (the time-resolution correction method is described in detail
in Supplementary Information section 3.2).

Computational methods

To study the ground state properties of the different molecules, we
performed DFT calculations, employing the B3LYP hybrid functional
and cc-pVDZ basis set as implemented within the software NWChem
(ref. 39). For the open-shell systems discussed in this work, we per-
formed spin-unrestricted DFT calculations, setting the multiplicity
totwo (doublet state). To compute the vibrational properties and the
effect of vibrations on excited states, we coupled our molecular DFT
calculations to finite displacement methods®. Excited-state proper-
tieswere computed by TDDFT ontop of the previously calculated DFT
ground states using the B3LYP exchange-correlation functionaland the
same basis set asabove. We verified for each of the studied open-shell
systems that the computed ground and excited states did not suffer
from spin contamination*,
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Extended DataFig.2|Probe-wavelength-resolved resonant-1VS studies
onnon-fullerene acceptor (NFA) moleculesin chloroformsolution.
Wavelength-resolved impulsive Raman map of aITIC,b10-4Cl, co-IDTBR,

dY5,eY6,fY7. Transient absorption spectraat1-2 picosecond are plottedinthe

rightinset of every panel. We note that while the NFAs have adonor-acceptor

structural motif, due to coplanar geometry and strong electronic conjugation
through the fused rings, the HOMO and LUMO strongly overlap in space so that
the dipole oscillator strength of the lowest energy transition in these materials
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isvery high, asrequired for their usein photovoltaics (see the frontier MOs in
Supplementary Information section10). We also note that in many of these
molecules the excitonis delocalised across alarge spatial extent (greater
than for the APDC-DTPA and TTM-3PCz molecules), but that this overall
delocalisation does not suppress coupling to high-frequency modes
significantly (Supplementary Information section 21) nor reduced resultant
non-radiative recombination rate (Fig. 3c).
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Extended DataFig. 3 | Analysis of the exciton-vibration coupling constant TTM-3PCz, cvector displacement diagram of the normal modes with
of TTM-3PCz and assignment of strongly coupled mode to the excited calculated frequency 156,202,204 cm™ which correspond to experimentally
state. a, Excited-state Raman map of TTM-3PCzin CHCI,, b Calculated obtained 150,232 cm™mode. The description of this figure is discussed in

Hung-Rhys factorassociated with the lowest energy transition (D, > D,) of further detail in Supplementary Information (Section 9).
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Extended DataFig. 4 |Probe-wavelength-resolved IVS studiesona, TTM-
3NCz (CHCl;) and b, 4CzIPN (toluene). (I) Chemical structure, (II) probe
wavelength-resolved impulsive Raman map, (Ill) excited-state Raman spectra
shown for representative probe wavelength (625-635 nm for TTM-3NCzand
870-880 nm for 4CzIPN). Black asterisk (*) corresponds to the solvent modes.
The experiment performed on4CzIPN, isa3-optical pulse IVS experiment due
to the spectralbandwidth limitation of directimpulsive excitation high-energy
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transitions (>2.4 eV, see methods). 4CzIPN (toluene) is excited to 1CT state with
450 nm (200 fs) pulse followed by inducing vibrational coherence (VC) with
850 nm-centred broadband (8.5 fs) impulsive pulse, 500 fs after initial
photo-excitation. The impulsive pulse spectrally overlaps with the excited
state absorption of 4CzIPN observed >550 nm. The result shown for 4CzIPN,
wasrecordedin1 mm pathlength cuvette. This experimentis analysed in
further detail in Supplementary information (Section 7).
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Extended DataFig. 5|Electronic and Vibrational dynamics of internal
conversion from D, to D, state of TTM-TPA. a) transient absorption signalin
the form of differential transmission (AT/T) upon photo-excitation with P, and
P, pump pulse atdifferent time delays (the purple shaded area: P, excitation;
and magentaline: P, excitation). b) electronic population dynamics of the D,
exciton for arepresentative wavelength (790-800 nm) which turns out to be
670 +125fs. (The methodis describedin Slsection 8). ¢, d, the spectraobtained
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fromthevibrational coherence at early time (150-1500 fs) and later time
(650-2000 fs)inband selective excitation experiment with c) P, excitation
and d) P, excitation at representative probe wavelength (710-750 nm). It is
importantto note thatavery closeresemblance of the later time spectra of P,
excitation and early time spectra of the P, excitation is consistent with this
barrierless and coherentinternal conversion process from D, toD,.
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Extended DataFig. 6 |Bandselective Impulsive vibrational spectroscopy
of TTM-TPA. aTemporal profile of the pulse P,and P, used inband selective
experiment to excite charge transfer and local exciton-rich excited state
respectively. b, Vibrational coherence generated after photo-excitation with P,

and P, pulseforarepresentative probe window (680-700 nm). ¢,d, Wavelength-

resolved impulsive Raman map (time-resolution corrected) of TTM-TPA
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followingimpulsive photo-excitation by c) the P, pulse to the D, rich state
and d) the P, pulse to the D, state; The diagonal stripsin the d, arise due to the
interference scattering with the P, pump. The fact that, the dominance of the
high-frequency oscillations (time-period =20-30 fs) is highly pronounced in
the D,state evenafter photo-excited with the slower pump pulse, strongly
supportthe dataand calculation presentedin the Fig. 2.
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M,TTM-2PCzobtained from TDDFT with experimental absorption spectra.

b, Frontier molecular orbitals of the M,TTM-3PCzand M,TTM-2PCz and the
arrowsindicate lowest bright charge-transfer transition. ¢, The wavelength
resolved impulsive vibrational maps of M,TTM-3PCzand M,TTM-2PCzin
CHClI,. d, radiative and non-radiative rate of the isomers obtained from PLQE
and photoluminescence decay rates (see Extended Data Fig. 10 for details).
Itisimportant to note that depending onattachment on 2 or 3 positions of the
phenyl-carbazole (PCz), the HOMO (N-nonbonding) and HOMO-1 (carbazole-1)
molecular orbitals have different extent of leakage into the phenyl ring of the
M,TTM.HOMO-1(carbazole-m) orbitalsis delocalised to the adjacent phenyl
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ring ofthe M,TTMin M,TTM-2PCz whereas for M,TTM-3PCz, HOMO
(N-nonbonding) shows the similar phenomenon. N-nonbonding type HOMO
for M,TTM-2PCz and i-type HOMO-1for M,TTM-3PCz are extremely localised
onthe carbazole as the corresponding molecular orbitals have weak orbital
coefficient onthelinking carbonatom. As the electron accepting level (SOMO)
islocated onthe M,TTM core, only delocalised occupied orbitals makes charge-
transfer electronic transitions with non-negligible transition dipole moment
which explains the placement of the arrows in the Extended Data Fig. 9b. Also
duetotheleakage ontheadjacent phenylring of M,TTM, N-nonbonding and
the carbazole-mt molecular orbitals has higher orbital energy in M,TTM-3PCz
and M,TTM-2PCzrespectively incomparison to alternative isomer (Extended
DataFig.9b). That explains the smallest energy gap between two lowest energy
transitions for M,TTM-2PCz (Extended Data Fig. 9b).
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Extended Data Table 1| Experimentally obtained non-radiative rates of the studied molecules

kr
Svstem Aem T )] kr_ knr_
y nm)  (ns) %)  (105s) (10°s™) Tnr
TTM-3PCz 695 222  653/46° 21 24 085
TTM-3NCz 707 172  86°/49° 28 29 096
M,TTM-3PCz 680 152 92 61 5 122
M,TTM-2PCz | 685 3.2 14 43 265  0.16
Deep-
red
emission ' Appc-DTPA 687 11.2 63 57 32 1.78
10-4Cl 678 1.8 36 200 356  0.56
o-IDTBR 750 16 19 119 506 = 0.23
ITIC 740 04 2 50 2450  0.02
TTM-TPA 800 84 24 29 90 032
NIR Y5 789 0.7 5 71 1357 0.05
emission
Y6 797 141 8 73 836  0.08

Aem: PL maxima; T: PL lifetime; ®: PLQE; kr: radiative rate; knr: non-radiative rate. (a: 3wt% in CBP blend, b: Toluene solution). The ratio of kr/knr gives an estimate of how efficient radiative decay
pathways are in comparisons to non-radiative decay pathways.
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Extended Data Table 2 | Experimental and calculated (TDDFT) values of the three lowest energy transition of TTM-TPA

. Calculated
Experimental i
. transition energy

Absorption (nm) (nm)
718

670 (Do— D)
463

495 (Do— Dy)
433 441

Orbital excitation contribution (%)

192 beta (HOMO)— 193 beta (SOMO): 97%

190 beta (HOMO-2) — 193 beta (SOMO): 80%

) ):
189 beta (HOMO-3) — 193 beta (SOMO): 10%
)

( (

( (
189 beta (HOMO-3) — 193 beta (SOMO): 69%
190 beta (HOMO-2) — 193 beta (SOMO): 15%
192 alpha (HOMO) —195 alpha (LUMO+1): 4%

D,~>D, and D,~> D, electronic transitions correspond to two lowest energy transitions.
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