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Breaking the Limit - Synthesis and Properties of p-Amino-
Triazatriangulenium, the Most Stable Carbenium Ion
Marko H. Nowack[a], Gennaro Pescitelli[b], Arianna Lanza[a], Bo W. Laursen[a]*

Highly stabilized tris(dialkylamino)-triazatriangulenium (A-TATA+) and tris(methoxy)-triazatriangulenium (MeO-TATA+) 
carbenium ions have been synthesized and characterized as fluorescent dyes. As a result of the extensive delocalization of 
positive charge in the planar triangulenium system and the presence of six strongly electron-donating groups, these new 
carbenium ions display extreme cation stability. A linear correlation between cation stability (pKR+) and reduction potential 
(Ered) has been established for the trianguleniums, leading to an estimated pKR+ value of 32 for A-TATA+, making A-TATA+ the 
most stable carbenium ion reported to date, surpassing the previous record by 7 pKR+ units. Furthermore A-TATA+ displays 
unique dye properties in the blue spectral region, with intense absorption at 447 nm (ε = 84000 cm−1 M−1), and a high 
fluorescence quantum yield at 460 nm (ϕf = 45%).

Introduction
Stabilized carbenium ions such as triarylmethyliums, 

xantheniums, and acridiniums  are organic compounds of great 
scientific and commercial importance.3 They are extensively 
used as textile and laser dyes, and are prevalent among the 
brightest fluorescent probes and cellular stains used for 
bioimaging and assays.4-6 The attractive spectral and 
photophysical properties of the carbenium ions originate from 
a conjugated π-system with an odd number of sp2 centers that 
results in red-shifted spectra and high absorption coefficients in 
moderate-sized conjugated chromophore structures.4, 7-9 
Spectral properties are readily tuned by position and 
electronegativity of substituents, such as the bridging group in 
rhodamine-type dyes.10 This is highlighted by the pioneering 
work from several researchers on the diversification of the 
rhodamine scaffold, toward red-shifted fluorescent probes 
(Figure 1a).11-16 The cationic π-systems are in general electron 
deficient, which makes them strong one-electron acceptors in 
the excited state and thus useful as oxidative photocatalysts.17-

21 In particular, acridinium systems have found use for a 
multitude of oxidative photoredox catalyzed reactions (Figure 
1b). For these applications, tuning of the redox potentials is a 
key feature that is achieved by adding groups either stabilizing 
or destabilizing the carbenium system.22-26 Stabilized carbenium 
ions have also seen applications in symmetrical organic redox 
flow batteries, where the excellent electrochemical stability 
makes them promising materials (Figure 1c).27-30 For this and 
other redox applications, the number and nature of donor 

atoms/groups (mainly O and N) controls the electron affinity of 
the carbenium ion and thus the redox potential.31 It is not only 
the one-electron reduction/oxidation that is important for 
carbenium ions; nucleophilic addition of anions to the cationic 
dyes is also a key feature that leads to breaking of conjugation 
and formation of non-colored leuco adducts.32-35 This feature 
has been explored e.g. in fluorogenic rhodamine probes 
switched on at low pH or by interactions with various analytes. 
Also, in this case tuning of the cation stability is a vital design 
parameter. For the redox related applications, the relevant 
measure of cation stability is the reduction potential (Ered) while 
the cation stability towards nucleophiles is measured by the 
pKR+ value, that quantifies the equilibrium between a 
carbenium ion and the corresponding alcohol (carbinol) formed 
by addition of hydroxide ions.36 The pKR+ values of carbenium 
ions have been extensively used to rank their stabilities, and are 
essential to evaluate stability towards nucleophiles, thus 
determining the operating conditions for dyes, probes, and 
catalysts.1, 31, 37-40

Stabilized carbenium ions owe their stability to the addition 
of electron-donating groups, delocalizing the positive charge. 
Historically, (Figure 1d) this has been accomplished either by p-
functionalization, exemplified by crystal violet, or by o-fusion of 
neighboring aryl groups via heteroatom bridges, exemplified by 
the acridinium and TriOxaTriangulenium (TOTA+) ions. The 
threefold bridging and extended conjugation of the 
triangulenium salts (Figure 1d) make them among the most 
stable carbenium ions reported in the literature to date. The 
positive charge is delocalized onto the heterocyclic framework 
as a consequence of the electron-donating bridging 
heteroatoms, which planarize and rigidify the structure, leading 
to exceptional stabilities and bright fluorescence. The 
trianguleniums are named according to the identity of the 
bridging heteroatoms, as follows: 

a.Department of Chemistry, University of Copenhagen, Universitetsparken 5, 2100, 
Copenhagen Ø, Denmark. E-mail: bwl@chem.ku.dk

b.Dipartimento di Chimica e Chimica Industriale, Università di Pisa, Via Giuseppe 
Moruzzi 13, 56124 Pisa, Italy

Supplementary Information available. See DOI: 10.1039/x0xx00000x

Page 1 of 11 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/6
/2

02
6 

4:
48

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SC01535B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01535b


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

OO

O

N

N

N

N

N

N RR

R

N

N

N RR

R
N N

N

TATA+

pKR+ = 23

TOTA+

pKR+ = 9

Crystal Violet
pKR+ = 9

A-TATA+

pKR+ = 32

R

R

RR

R

R

RR

R

R

R

R

Stable Carbenium Ions
p-Functionalized o-Fused Combined

This work

(MeOPh)3C+

pKR+ = 1

OMe

OMe

MeO

Increasing Stability

In
cr

ea
si

ng
S

ta
bi

lit
y

N

N

N RR

R
MeO OMe

OMe

MeO-TATA+

pKR+ = 26

Carbenium Ion Applications
Bioimaging Dyes

Photoredox Catalysis

Organic Redox Flow Batteries

NR2H NR2
h

+

N R
R

NR
R

CO2


O
NHR

Si N R
R

NR
R

CO2


O
NHR

O N R
R

NR
R

CO2


O
NHR

abs (nm)

549 646608

NO

N

Pr

Pr

NO

N

Pr

Pr

NO

N

Pr

Pr

e e
E = 1.30 V E = 1.06 V

C CC

N
Ph

Mes

t-But-Bu

a)

b)

c)

d)

Figure 1. Highlighted applications of carbenium ions. a) Rhodamine dyes for bioimaging applications (R = alkyl), b) acridiniums as photooxidants in photoredox catalysis, 
and c) stabilized carbenium ions as electrolytes in organic redox flow batteries. d) General structures and pKR+ values for p-functionalized and o-fused stable carbenium 
ions (R = alkyl). The combination of these two strategies is explored for the TriAzaTriangulenium (TATA+) scaffold to synthesize highly stabilized carbenium ions with 
the highest recorded pKR+ values in literature. Anions are omitted for clarity.

TriOxaTriangulenium (TOTA+), AzaDioxaTriangulenium 
(ADOTA+), DiAzaOxaTriangulenium (DAOTA+), and 
TriAzaTriangulenium (TATA+).1 High chemical stability and 
tunable optical and redox properties have paved the way for 
their applications as fluorescent dyes with a wide array of 
implementations, including pH probes and sensors,41-45 chiral 
emitters,46-49 fluorescence lifetime probes for proton 
transfer,50, 51 and G-quadruplex DNA.52-56 In recent years, the 
applications have expanded into photoredox catalysis,57-64 CO2 
reduction,65-67 hydrogen production,68, 69 and electrolytes in 
organic redox flow batteries.27-30, 70 The planar cationic nature 
of trianguleniums has been used to create ionic assemblies for 
applications as solid-state optical materials.71-75 We have 
previously combined p-functionalization with o-fusion to 
synthesize tris(dialkylAmino)-TOTA+ (A-TOTA+) and 
tris(dialkylAmino)-ADOTA+ (A-ADOTA+), leading to more highly 
stabilized carbenium ions.38, 40 Among the triangulenium salts, 
TATA+ and A-ADOTA+ are the most stable carbenium ions 
reported to date, with pKR+ values of 23 and 25, respectively.1, 

40 Further stabilizing the triangulenium ions is critical for 
expanding their use as catalysts under highly basic and/or 
nucleophilic conditions, extending the redox window for energy 
storage applications, and lowering the reduction potential to 
increase the potency as photoreductants.

To create further stabilized triangulenium salts, we 
envisioned the extension of the TATA+ scaffold with electron-
donating groups in the p-positions. However, it turns out that 
this cannot be realized through conventional nucleophilic 
aromatic substitution (SNAr) reactions on the tris(2,4,6-
trimethoxyphenyl)carbenium precursor as realized for A-
ADOTA+ and all other trianguleniums.40 The very successful SNAr 

synthesis strategy for trianguleniums is driven by the electron 
deficiency of the cationic substrates. However, as the cation 
stability increases the electrophilic reactivity decreases, with 
substitutions becoming fully suppressed for A-ADOTA+ (pKR+ = 
25), setting a limit for this synthetic strategy. Therefore, we 
explored different avenues, inspired by recent literature on the 
Ir-catalyzed borylation of triangulenium species.76-78 This led to 
the successful synthesis of p-substituted TATA+ derivatives 
tris(dialkylAmino)-TriAzaTriangulenium (A-TATA+) and 
tris(Methoxy)-TriAzaTriangulenium (MeO-TATA+).

Results and Discussion
Synthesis and Solid-State Structure Analysis

Starting from N-octyl-TATA+, the p-borylated species (3) was 
obtained in excellent yield through Ir-catalyzed borylation with 
bis(1,5-cyclooctadiene)di-µ-methoxydiiridium(I) 
([Ir(cod)OMe]2) and 3,4,7,8-tetramethyl-1,10-phenanthroline 
(Me4phen) as the catalyst system (Scheme 1a).76 From here, 
several attempts were made at Chan-Lam couplings with 
pyrrolidine to obtain the A-TATA+ framework directly from 3. 
However, they were not successful due to competing oxidation 
and protodeborylation reactions which led to complex mixtures 
of products. Therefore, other strategies were explored, starting 
with oxidation of the boronic esters and ion exchange with KPF6 
to yield the poorly soluble tris(hydroxy)-TATA+ (4). From here, 
alkylation with methyl iodide and Cs2CO3 as the base yielded 
tris(methoxy)-TATA+ (MeO-TATA+, 2). Triflation of tris(hydroxy)-
TATA+ 4 using trifluoromethanesulfonic anhydride (Tf2O) and 
pyridine as the base was achieved to afford the reactive 
tris(TfO)-TATA+ (5). A threefold SNAr reaction with pyrrolidine in 
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anhydrous THF was possible with careful exclusion of water to 
form tris(pyrrolidine)-TATA+ (A-TATA+, 1). The compound was 
purified by column chromatography to remove the undesired S-
O scission hydroxy-byproducts formed during the reaction. The 
crystal structure of MeO-TATA+ (2) was determined by electron 
diffraction (SI§1.9), on microcrystals obtained by layering a 
CHCl3 solution with i-PrOH, followed by slow diffusion at −25 °C. 
The experimental solid-state structure of MeO-TATA•PF6 
confirms the planarity of the triangulenium core (Figure S56). In 
the crystal structure, MeO-TATA+ (2) packs in slipped stacks of 
dimers with two distinct interplanar distances of 3.48 Å and 
3.58 Å (Scheme 1c and Figure S56). Layers of parallel stacks are 
separated by the kinked octyl chains that form hydrophobic 
layers between the layers of stacked TATA+ cores. This crystal 
packing is in contrast to the parent TATA+, which persistently 

forms 2D layers of TATA+-dimers with inter planar distances of 
3.38 Å separated by layers of straight interdigitated alkyl chains 
(Scheme 1b).1, 79, 80 We tentatively assign the difference in solid-
-state packing to the increased footprint of the planar TATA+ 
core due to the added methoxy-groups, which reduce the 
relative volume of the alkyl chains thus, inducing their bending 
and the tilting of the TATA+ dimers in the ionic layers. 
Carbocation Stability Studies

With the p-substituted TATA+ dyes 1 and 2 in hand, we set out 
to characterize their cation stabilities. In previous work, a 
solvent system of DMSO and H2O with tetramethylammonium 
hydroxide as the hydroxide source was used to determine 
quantitative pKR+ values for stable carbenium ions.1, 38, 40, 81-84 
This system is, however, not applicable for pKR+ values above 25 

Scheme 1. a) Synthesis of the p-substituted triangulenium dyes A-TATA+ (1) and MeO-TATA+ (2). b) Crystal packing of TATA•BF4 (redrawn from CIF file: CCDC 148692).1 
c) Crystal packing of MeO-TATA•PF6.
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due to competing irreversible reactions at the carbenium ions.40 
Therefore, we first sought to probe the chemical stability of the 
p-substituted A-TATA+ using a qualitative method. The dyes 
TATA+ and A-TATA+ were dissolved in MeOH in a cuvette, where 
an excess of the strong hydride donor NaBH4 was subsequently 
added. Absorption spectra as a function of time after addition 
of NaBH4 are shown in Figure 2 aiming to follow the addition of 
hydride to the cation in solution (C+ + H− → C-H). TATA+ is slowly 
reduced to the colorless TATA-H upon reaction with NaBH4, as 
indicated by the decrease in absorption at 525 nm, while A-
TATA+ is not affected by the addition of NaBH4, clearly 
demonstrating the enhanced chemical stability of A-TATA+, 
suggesting a significantly higher pKR+ than TATA+ (pKR+ = 23.4). 
This enhanced cation stability is also expected to be reflected in 
a more negative reduction potential. 

We conducted cyclic voltammetry and differential pulse 
voltammetry experiments in MeCN with tetrabutylammonium 
hexafluorophosphate (TBAPF6, c = 0.1 M) as the electrolyte to 
determine the Ered of the trianguleniums presented herein, 
varying the scan rate from 0.1 to 1 V s−1 (SI§1.3). The normalized 
voltammograms at scan-rates where reduction is quasi-

reversible are shown in Figure 3. The voltammograms show 
clear shifts in the reduction potentials due to the addition of 
electron-donating groups in the p-positions of TATA+, with Ered 
shifted by 300 mV for MeO-TATA+ (2) and by as much as 700 mV 
for A-TATA+ (1). This is a clear demonstration of the large cation-
stabilizing effect of the p-donor groups and highlights potential 
applications of A-TATA+ as a stronger electron donor for 
photoredox catalysis.66-69 

The one-electron reduction potential and the pKR+ value are 
both measures of carbenium ion stabilities, and work by 
Okamoto et al. suggests a correlation between the two 
parameters for structurally related tropyllium ions.85 The 
reduction potential can be considered to reflect mainly two 
terms: the electron affinity governed by the molecular 
structure, and the change in solvation energy between the 
cation and the neutral radical.86 The pKR+ value has an additional 
term, which depends on the strain energy difference between 
the cation and the carbinol product.85, 86 Within a family of 
compounds, like the trianguleniums, the solvation and strain 
energies are expected to be similar due to the comparable 
structure of the compounds, so Ered and the pKR+ values should 
be proportional. To probe this proportional nature, the pKR+ and 
Ered values for several families of carbenium ions were plotted 
(SI§1.4). These relationships are linear, though each with 
different slopes (Figure S21), suggesting Ered and pKR+ values are 
indeed proportional within families of carbenium ions. To 
explore the correlation between reduction potentials and pKR+ 
values for the trianguleniums, reported pKR+ values were 
plotted as a function of Ered determined by cyclic voltammetry 
in MeCN with TBAPF6 (0.1 M) as the supporting electrolyte 
(electrochemical data is reported in SI§1.3).1, 37, 38, 40 The 
proportional nature between pKR+ and Ered is clearly illustrated 
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Figure 2. Absorption spectra of the triangulenium dyes TATA+ a) and A-TATA+ b) in 
MeOH after addition of solid NaBH4 at consecutive time points up to 60 min. 
Anions are omitted for clarity.
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at quasi-reversible scan-rates. Recorded in MeCN at rt with TBAPF6 (c = 0.1 M) as 
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Ø = 2 mm; RE, Ag/Ag+; CE, Pt wire. All potentials are recorded vs. Fc/Fc+ and 
converted to SCE by addition of 380 mV.2
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in Figure 4b, showcasing a near-perfect linear relationship 
between the two parameters. The linear relationship for the 
trianguleniums allows us to estimate the pKR+ values for the p-
substituted TATA+ dyes MeO-TATA+ (2) and A-TATA+ (1) to be 26 
and 32, respectively. The obtained pKR+ values are far higher 
than any previously reported pKR+ values and clearly outside the 
range that can be measured experimentally with previously 
developed methods. To consolidate these findings and further 
investigate the cation stabilities of the trianguleniums, we 
approached the problem from a computational standpoint. The 
Gibbs free energy for the carbinol-forming reaction (C+ + OH− ⇌ 
COH) was determined at DFT level of theory (SI§1.6, Table S7). 
The pKR+ values for the trianguleniums were plotted as a 
function of the computed ΔG values (Figure 4c). These 
parameters are also linearly correlated, suggesting the 
estimated pKR+ values for A-TATA+ and MeO-TATA+ based on 
Ered are valid. These stability constants are the highest for any 
carbenium ion reported in the literature to our knowledge, 
making A-TATA+ the most stable carbenium ion reported to 
date. With this extension of the triangulenium family we can 
start to analyze and quantify the effects of p-substituents and 
bridging heteroatoms on the cation stability and reduction 
potentials (data collected in Table S4).1, 37, 38, 40 Comparing 
TATA+ (pKR+ = 23) to TOTA+ (pKR+ = 9) the effect of N vs. O 
bridging is clear, increasing the stability by 14 units on the pKR+ 

scale. This effect is somewhat smaller for p-substitution as 
demonstrated by TOTA+ (pKR+ = 9) vs. A-TOTA+ (pKR+ = 19), 
where adding electron-donating amines increases the stability 
by 10 units on the pKR+ scale. Adding three p-amino groups to 
TATA+, giving A-TATA+ (pKR+ = 32), raises the pKR+ by another 9 

pKR+ units indicating that the effects are additive and largely 
independent of the triangulenium core. To further explore the 
relationship between cation stability and electronic structure of 
the trianguleniums, the charge distribution on the central 
carbon atom was calculated using the DDEC6 charge-
partitioning scheme (Table S8).87-89 DDEC6 is a modern and 
efficient net atomic charge (NAC) scheme that avoids 
inconsistencies between symmetry-related atoms and is 
tailored to provide an accurate description of ‘buried’ atoms. 
Plotting the atomic charge as a function of the pKR+ values for 
the trianguleniums reveals two linearly correlated populations 
(Figure 4d), one with the strictly o-fused trianguleniums and 
one with the p-amino functionalized. The single case of p-
methoxy triangulenium (2) falls in between. These results 
suggest that the impact of p-functionalization of the 
triangulenium system on Ered and pKR+ goes beyond simple 
charge delocalization. For instance, A-TATA+ and TATA+ have 
similar partial charges (+0.099 and +0.105, respectively) on the 
central carbon despite pKR+ values differing by 9 units. In fact, 
the main effect of p-amino substituents consists in raising both 
HOMO and LUMO energies, to different extents but in a 
correlated way, with respect to the unsubstituted analogs 
(Figure 5). According to DFT calculations, HOMO and LUMO 
destabilization amounts to 0.57 eV and 0.91 eV, respectively, 
going from TATA+ to A-TATA+, consistent with the respective 
increase in pKR+ and |Ered| values

Optical Properties

The triangulenium family of carbenium ions is characterized by 
their exceptional cation stability combined with very favorable 
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optical properties, enabling their applications as fluorescent 
dyes and probes, as well as photoredox catalysts.62 
Trianguleniums without p-donor groups display unique 
photophysical properties with long fluorescence lifetimes (τ > 
20 ns in the case of ADOTA+ and DAOTA+) which have been key 
to many fluorescence assays and imaging applications.52, 54-56, 90-

96 The introduction of p-amino groups in A-TOTA+ and A-
ADOTA+, on the other hand, leads to high molar absorption 
coefficients and short lifetimes (τ  4 ns) akin to rhodamines, 
and these dyes are used as chemically stable, bright fluorescent 
labels.97 Therefore, we investigated the photophysical 
properties of the new triangulenium dyes MeO-TATA+ (2) and 

A-TATA+ (1) in CH2Cl2, and compared them to the parent TATA+ 
fluorophore (SI§1.5). The normalized absorption spectra and 
the emission spectra scaled to the fluorescence quantum yields 
are shown in Figure 6. Detailed emission and excitation spectra 
are provided in SI§1.5.1. The absorption coefficients, 
fluorescence lifetimes, fluorescence quantum yields, and 
associated rate constants are given in Table 1, with additional 
data provided in SI§1.5.2 and SI§1.5.3. 

From the absorption spectra, we observe a clear blue-shift 
in the absorption maxima as stronger electron donors are 
introduced in the p-positions, with A-TATA+ having an 
absorption maximum at 447 nm. The shift in absorption maxima 
is well reproduced by TD-DFT calculations (CAM-B3LYP/def2-

TZVP/PCM level, Table S9, Figure S41). The same trend is 
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Table 1. Optical properties for the trianguleniums in CH2Cl2. Molar absorption coefficient (ε), fluorescence quantum yield (Φf), average fluorescence lifetime (τavg.) in CH2Cl2, along 
with the calculated rate constants for radiative (kf) and non-radiative (knr) processes.

observed in the emission spectra, drastically blue-shifting the 
fluorescence with increasing electron donor strength. 
Interestingly, the fluorescence quantum yield increases two-
fold from TATA+ to A-TATA+ (from 20% to 45%). This is 
accompanied by a decrease in fluorescence lifetime from 6.6 to 
2.7 ns for A-TATA+, reflecting a fivefold increase in the radiative 
rate constant (kf) from 3.0 × 107 to 16 × 107 s-1. The non-radiative 
rate constant (knr) increases marginally from 12 × 107 to 20 × 
107 s−1, suggesting that p-functionalization also introduces 
additional non-radiative decay pathways. 

All told, the introduction of electron donating groups in the 
p-positions makes the TATA+ scaffold a more efficient 
fluorophore with significantly blue-shifted optical properties. 
Excitation at 447 nm with a high molar absorption coefficient, 
good ϕf, and a small Stokes shift is rare for carbenium ions, and 
suggests that A-TATA+ derivatives could find applications in 
imaging and bioassays, especially when modified for water 
solubility and bioconjugation, or in other applications where 
cationic chromophores are needed.72, 101, 102 This spectral range 
is usually reserved for coumarins,5, 103 substituted pyrenes,104-

106 and multiple-resonant emitters for OLEDs.107 The changes in 
the optical properties can be rationalized using Dewar’s 
perturbation molecular orbital theory approach, which has 
proven to be a good model for trianguleniums and related 
systems.108 The pair of HOMO orbitals of TATA+ has a node in 
the para positions (Figure 5). Thus, introduction of electron-
donating groups will predominantly destabilize the LUMO, and 
to a lesser extent the HOMO, leading to a blue-shift in the 
optical properties, namely S0-S1 and S1-S0 transitions, which are 
mainly associated with HOMO-LUMO single (de-)excitations. 
This explanation agrees with the redox properties, where A-
TATA+’s Ered is significantly more negative (ΔE = −0.7 V, Figure 3) 
compared to TATA+, while the oxidation potential is less 
affected (ΔE = −0.33 V, Table S1). These values agree with the 
shift in absorption maxima of 0.4 eV.

Conclusions
In summary, we have presented herein the synthesis of TATA+ 
derivatives with electron-donating groups (methoxy and amino) 
in the p-positions. These new trianguleniums MeO-TATA+ (2) 
and A-TATA+ (1) are among the most stable carbenium ions, 
with A-TATA+ having the highest cation stability ever reported 
with a pKR+ value of 32. The stability is accompanied by an 
exceptionally low Ered = −1.94 V vs. SCE, suggesting that A-TATA+ 

has potential applications as a photoreducant in photoredox 
catalysis. The new trianguleniums show promising dye 
properties with intense absorption in the blue region of the 
visible spectrum at 447 nm (ε = 84000 M−1 cm−1) and efficient 
fluorescence at 460 nm (ϕf = 45%) in CH2Cl2 solution. 
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ε [M−1 cm−1] λabs / λemi [nm] τavg [ns] ϕf [%]a kf [107 s−1] knr [107 s−1]
TATA+ 19 000 525/548 6.6 21 3.2 12

MeO-TATA+ (2) 26 000 463/485 4.6 28 6.0 16
A-TATA+ (1) 84 000 447/460 2.7 45 17 20

A-TOTA+ 132 000b 472/495 3.0 93 31 2
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aQuantum yields are determined relative to Coumarin-153 in EtOH (ϕf = 54%).98 For TATA+ the quantum yield was determined relative to Rho-6G in EtOH (ϕf = 94%).99 
bData from Laursen et al.100 cData from Laursen and Sørensen.40
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Data availability
The supporting data has been provided as part of the Supplementary information. Supplementary information: 
Experimental details and synthetic procedures, NMR spectra, HRMS spectra, detailed absorption and emission spectra 
of new compounds. see DOI: https://doi.org/10.1039/x0xx00000x. Crystallographic data for MeO-TATA+ (2) has been 
deposited at the CCDC under [CCDC 2524713] and can be obtained from The Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/structures. 
The authors have cited additional references within the Supporting Information.109-122 
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