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ABSTRACT: Nitroaromatic compounds are inherently nonfluorescent, and the subpico-
second lifetimes of the singlet excited states of many small nitrated polycyclic aromatic
hydrocarbons, such as nitronaphthalenes, render them unfeasible for photosensitizers and
photo-oxidants, despite their immensely beneficial reduction potentials. This article reports
up to a 7000-fold increase in the singlet-excited-state lifetime of 1-nitronaphthalene upon
attaching an amine or an N-amide to the ring lacking the nitro group. Varying the charge-
transfer (CT) character of the excited states and the medium polarity balances the decay
rates along the radiative and the two nonradiative pathways and can make these
nitronaphthalene derivatives fluoresce. The strong electron-donating amine suppresses
intersystem crossing (ISC) but accommodates CT pathways of nonradiate deactivation.
Conversely, the N-amide does not induce a pronounced CT character but slows down ISC
enough to achieve relatively long lifetimes of the singlet excited state. These paradigms are
key for the pursuit of electron-deficient (n-type) organic conjugates with promising optical
characteristics.

Organic aromatic compounds are building blocks for a
wide variety of p-type materials and potent photo-

reductants. Conversely, n-type organic conjugates are few and
far between.1−9 The electron-withdrawing strength of nitro
groups makes them promising substituents for attaining such
n-type systems. Nitro groups induce positive shifts in the
reduction potentials of polycyclic aromatic hydrocarbons, such
as pyrene, that exceed 1 V.10−14 The shifts induced by nitrile
and carbonyls range between 0.2 and 0.7 V.15,16

Optically excited states of most nitro-organic compounds,
however, undergo fast nonradiative decays. That is, nitro
groups are efficient fluorescence quenchers, rendering these
compounds unfeasible for a wide range of applications such as
photosensitization and photo-oxidation. Therefore, under-
standing how to make nitro polycyclic aromatics fluoresce is
crucial for photonics, electronics, and energy science.
Nitro groups usually induce high densities of ππ* and nπ*

states with different multiplicity, providing pathways for
efficient intersystem crossing (ISC), i.e., triplet formation.17−21

Introducing a charge-transfer (CT) character in the singlet or
triplet excited states can decrease the spin−orbit coupling
(SOC) between them and reduce the ISC rates.22 Many of the
fluorescent nitro compounds, indeed, carry electron-donating
moieties21,23−26 or are built on large polycyclic cores that are
electron donors themselves.27 A nitro-induced strong CT
character also leads to nonfluorescent excited states with
negligible overlaps between their natural transition orbitals
(NTOs), resulting in slow radiative decay.20,28 Furthermore,
medium polarity stabilizes such CT states, bringing them close

to the ground state, which favors internal conversion (IC), and
enhances the nonradiative decay rates.20 As we recently
reported, f rustrated photochemistry, involving the formation of
intramolecular covalent bonds in the excited state that break
upon relaxation to the ground state, is another pathway of
fluorescence quenching induced by the strongly polarizing
capabilities of nitro groups.29 This conundrum of excited-state
CT that reduces ISC, while augmenting IC deactivation via
back CT or f rustrated photochemistry, raises the question of
how much CT character is too much.
Nitroaromatics actually fluoresce.30 With fluorescence

quantum yields (ϕf) smaller than 10−4, and singlet-excited-
state lifetimes (τ) shorter than a few picoseconds, however,
nitroaromatics are practically nonfluorescent. Nitronaphtha-
lenes (NNs) are among the smallest electron-deficient
aromatic compounds, exhibiting ISC on time scales of ∼100
fs,31 which has made them a classic illustration of how a nitro
group induces efficient triplet formation. Therefore, making
NNs fluorescent is as challenging as it is crucial for paving
pathways to electron-deficient nitroaromatics with long-lived
singlet excited states.
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In the 1960s, Corkill and Graham-Bryce reported the
emission of amino derivatives of mono- and dinitronaph-
thalenes in frozen alcohols.32 These compounds are weakly
emissive even in a solid media at cryogenic temperatures, and
2-, 4-, and 5-amino-1-nitronaphthalene exhibit detectable
phosphorescence, rather than fluorescence, under such
conditions,32 which is common for nitronaphthalenes.33 A
procedure for the synthesis of 3,7-diamino-1,5-dinitronaph-
thalene reports recrystallization leading to the formation of
fluorescent dark prisms, but without any further photophysical
studies and proofs.34 Attaching nitrophenyl groups to
naphthalene offers weakened electronic coupling between the
nitro groups and the polycyclic hydrocarbon core, resulting in
fluorescence quantum yields between about 0.01 and 0.1 and
excited-state lifetimes between abut 0.2 and 2 ns.35 Push−pull
conjugates of naphthalene oligomers with an amine and a nitro
group at their termini show a reasonable ϕf of about 0.01 only
when their size extends to four units, thus ensuring weakened
electronic coupling of the terminal nitro group with the NTOs
for the radiative deactivation.36 Such strategies of weakening
the electronic coupling with the nitro groups in order to
suppress their detrimental effects on the photophysics also
diminish the benefits from their electron-withdrawing strength
for the electronic properties of the chromophores. Further-
more, the added conformational degrees of freedom from
biaryl or oligomethine linkers with nitrophenyls induce
alternative IC pathways for efficient nonradiative decay
through conical intersection between the potential-energy
surfaces of the S1 and S0 states (involving back CT or f rustrated
photochemistry, for example), as the strong dependence of ϕf
on the medium viscosity reveals.29,37,38

Hence, it is crucial to pursue organic dyes with the nitro
groups directly attached to their chromophore cores. As Peon
et al. demonstrated, however, placing an electron-donating
group at position 4 of 1-nitronaphthelene (1, Chart 1) only
marginally improves its fluorescence. The 4-amino and 4-
methoxy derivatives of 1 show biexponential fluorescence

decays with major components of ∼0.1 ps and minor ones of
∼2 ps or less.43 Placing electron-donating substituents on the
ring that has the nitro group, therefore, is not truly beneficial
for extending the lifetimes of the singlet-excited states of NNs.
On the other hand, will attaching electron-donating sub-
stituents to the ring without the nitro group favorably impact
the NN photophysics? This study pursues answers to this
question by focusing on NN with electron-donating groups
attached to position 5 (Chart 1).
Avoiding nitro groups all together has led to some broadly

used biological photoprobes based on naphthalene push−pull
configuration that manifest fluorescence with high ϕf from
states with a pronounced CT character. Carbonyl groups tend
to drive triplet formation in quantitative yields, and alkanionyls
of naphthalene are no exception. Inducing a CT character in
the singlet excited state of such compounds can suppress their
propensity for ISC and result in strongly fluorescent dyes, such
as 1-[6-(dimethylamino)-2-naphthalenyl]-1-propanone (pro-
dan).44−46 5-(Dimethylamino)naphthalene-1-sulfonamide
(dansylamide) presents another example of an immensely
popular fluorescent photoprobe with a naphthalene push−pull
architecture (Chart 1).47,48 Carbonyls and sulfonamides, on
the other hand, are considerably weaker electron-withdrawing
substituents than the nitro group,49 and with reduction
potentials of about −2.1 V vs SCE, prodan and dansylamide
are pronouncedly weaker electron acceptors than nitro-
naphthalenes (Chart 1).41,42

Therefore, making nitronaphthalenes and other nitro-
aromatics fluoresce is still a key challenge for molecular
photonics. Attaching nitro groups directly to the condensed
polycyclic cores of the chromophores is most beneficial for the
pursuit of electron-deficient nitroaromatics. Concurrently,
electron-donating substituents can prevent the nonradiative
deactivation that the nitro groups induce. Placing these
electron-donating substituents on the same ring where the
nitro group is, however, does not prove beneficial for NNs.
Herein, we show dramatic improvement of NN fluorescence

by adding an electron-donating group to position 5, i.e., to the
ring of 1 that does not bear the nitro group. It induces up to a
7000-fold increase in τ. Polar media enhances the nonradiative
decay of the 5-amino NN (2, Chart 1). As a weaker electron
donating group than the amine, an N-amide at position 5 (3,
Chart 1) substantially decreases the polarity dependence of τ
and ϕf. Therefore, attaching the auxiliary electron-donating
substituents to rings without nitro groups is essential for
extending the lifetimes of the singlet-excited states of such
nitroaromatic chromophores.
The nitro group causes about a 1.4-V positive shift in the

reduction potential of naphthalene (Chart 1, Figure 1), which
is enormous, making 1 a potent electron acceptor and a
photooxidant in its S1 state. Incorporation of an amine or an
N-amide alters EX| X•−

(1/2) by less than 0.1 V (Chart 1, Figure 1).
While the electron-donating substituents at position 5 have a

negligible effect on the potency of 1 as an electron acceptor,
they strongly affect its photophysics. 2 absorbs around 400 nm
and shows a broad fluorescence band that shifts from 600 to
700 nm upon increasing solvent polarity (Figure 2a). The 400
nm band, originating from amine-nitro push−pull interactions,
is weakly solvatochromic with extinction coefficients 4-to-6
fold smaller than those for 4-amino NN (Figure 3a, Table 1);53

i.e., moving the amine from position 4 to 5 weakens its
coupling with the nitro group.

Chart 1. Nitronaphthalenes with Electron-Donating
Groups, along with Examples of Broadly Used Push−Pull
Naphthalene Dyesa

aThe reduction potentials of 1, 2, and 3, EX| X•−
(1/2) / V vs SCE, measured

for acetonitrile (Figure 1), are listed in the parentheses. For
naphthalene and 1-methylnaphthalene, EX| X•−

(1/2) ≈ −2.5 V vs
SCE;39,40 for dansylamide, EX| X•−

(1/2) ≈ −2.05 V vs SCE;41 and for
prodan, EX| X•−

(1/2) ≈ −2.09 V vs SCE.42
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Even at micromolar concentrations, 2 aggregates. These
aggregates exhibit huge Stokes’ shifts (Δ ) that exceed 1 eV.
Decreasing the concentration of 2, C(2), induces a growth of
an emission band at ∼450 nm, ascribed to the monomer
fluorescence (Figure 2b,c). At concentrations smaller than
about 100 μM, the monomer and the aggregates of 2
contribute to its absorption spectra. The excitation spectra
for the two emission bands greatly overlap. The absorption,
however, closely resembles the excitation spectrum for the
bathochromic emission (Figure 2b,c). Within the working

micromolar concentration ranges, therefore, 2 exists predom-
inantly as an aggregate.
For toluene, the ϕf of 2 is ∼0.01 and τ ≈ 0.7 ns. Both

drastically decrease with an increase in solvent polarity. It
reveals a polarity-induced increase in nonradiative decay
constant (knd) from 109 to 1011 s−1, while the radiative-decay
rate constant (kf) remains around 107 s−1 (Figure 3c,d).
Replacing the amine with an N-amide, 3, yields similar

spectral features that are hypsochromically shifted by ∼50 nm,
vs those of 2 (Figure 2d−f). 3 exhibits weaker monomer
emission than 2. Attached via their carbonyl carbons, amides
can serve as weakly electron-withdrawing substituents.12,23

When attached via their nitrogens, as in 3, the same amides act
as electron-donating substituents.12,23 Unlike 2, the aggregate
band of 3 in low-polarity solvents shows concentration
dependence.
The most important feature of the N-amide substituent is

the suppression of the solvent dependence of ϕf and τ (Figure
3c, Table 1). For toluene, a ϕf of 3 is more than an order of
magnitude smaller than that of 2 and kf(3) < kf(2) while knd(3)
≈ knd(2). An increase in medium polarity does not affect the kf
of 3. Solvent changes from toluene to CH2Cl2 slightly diminish
knd(3). A further increase in the polarity to CH3CN induces a
4-fold increase in knd(3) (Figure 3d, Table 1). Hence, two
opposing polarity effects are at play for 3.
The relatively small polarity dependence of the Stokes’ shifts

(Figure 3a,b) reveals that the emissive S1 states of 2 and 3 do
not have much larger electric dipoles than their ground states.
The polarity-induced increase in knd of 2, however, suggests
decay via a state with a pronounced CT character.

Figure 1. Dependence of the half-wave potentials, E(1/2), of 1, 2, and 3
(extracted from their cyclic voltammograms) on the electrolyte
concentration, Cel, in CH3CN. The supporting electrolyte is
N(n-C4H9)4PF6. The dotted lines represent extrapolations to Cel =
0 yield estimates of E(1/2) of 1, 2, and 3 for neat acetonitrile.50,51

Figure 2. Optical absorption and fluorescence of 2 and 3. (a,d) Absorption and emission spectra for different solvents. The fluorescence is divided
by (1−10−A(λex)); thus, the spectra have areas under them proportional to ϕf, and they are plotted in logarithmic scales for improved visualization.
The concentrations of 2, C(2), are 18 μM for toluene, 140 μM for CHCl3 and CH2Cl2, and 150 μM for CH3CN, and the concentrations of 3, C(3),
are 130 μM for toluene and CHCl3, 510 μM for CH2Cl2, and 180 μM for CH3CN. (b,c,e,f) Concentration dependence of the fluorescence spectra
(with normalized areas), along with the excitation spectra recorded at the short-wavelength and long-wavelength bands ascribed to emission from
monomers and aggregates (for 2, λex = 410 nm; and for 3, λex = 350 nm).
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Following femtosecond ISC, the picosecond Tn → T1
relaxation of 1 leads to the rise of a 600 nm broad T1
transient absorption (TA) band.54,55 In contrast, photo-
excitation of 2 and 3 leads to the formation of a locally
excited state, S1

(LE), that exhibits strong TA at 450−500 nm,
along with stimulated emission (SE) at 550−650 nm (Figure
4a,b). 2 shows the rise of a weak, broad TA band around 550
nm, which accompanies not only the decay of S1

(LE) but also a
hypsochromic shift of its 450 nm band and a bathochromic
shift of the SE. Solvent polarity enhances the formation of this
broad TA feature (Figure 4a,c). For 2 in CH3CN, it appears
within the instrument-response time and dominates the TA
spectra (Figure 4a). This 550 nm band differs from the long-
lived T1 TA and most likely corresponds to a singlet-excited
state with an enhanced CT character responsible for the
solvent-induced increase in knd. For all solvents, the decay of
S1

(LE) and S1
(CT) of 2 does not lead to long-lived broad TA

bands characteristic for T1 absorption of NNs. Therefore,
S1

(CT) → S0 IC dominates the nonradiative deactivation of 2.
For CH3CN, the TA behavior of 3 is similar to that of 2 for

less polar solvents (Figure 4a,b). For toluene, CHCl3, and

CH2Cl2, however, the decay of S1
(LE) of 3 accompanies a rise of

long-lived TA, ascribed to T1 → Tn, with a relatively large
amplitude, without apparent accumulation of S1

(CT) (Figure
4b). For nonpolar media, ISC dominates the nonradiative
deactivation of 3. But even then, due to the weakly electron-
donating N-amide, the ISC rates for 3 are orders of magnitude
smaller than those for 1. A further increase in solvent polarity
lowers the energy of S1

(CT) of 3. It enhances the IC to S0 and
knd of 3. Even though, at the working concentrations, these
NNs exist as aggregates, our findings show important general
paradigms of how to make nitroaromatics fluoresce.
To gain insight into the excited-state dynamics of the

monomeric forms of 2 and 3, we resort to time-dependent
density-functional theory (TDDFT) with toluene and
acetonitrile solvation media as implemented by the polarizable
continuum model (PCM) for optimizing the S0 and S1
structures and by the conductor-like screening model
(COSMO) for calculating the transition energies, oscillator
strength, and SOC matrix elements. As expected, adding
electron-donating groups to NN increases its ground-state
dipole, μ0, from 5.6 D for 1 to more than 7 D for 2 and 3 in
toluene (Figure 5a). While increasing the medium polarity
increases the magnitudes of the dipoles due to the Onsager
fields in the solvation cavities,56 the μ0 values of 1, 2, and 3 in
acetonitrile show the same trends as in toluene.
Photoexcitation of 2 leads to a Franck−Condon (FC) state,

S1
(FC), with a pronounced CT character. The magnitude of the

dipole of this FC state, μ(FC)*, in toluene and acetonitrile is
about twice as large as |μ0| (Figure 5a). The S1

(FC) state of 3
also has CT character, but not as pronounced as that of 2,
which is consistent with the smaller electron-donating
strengths of the N-amide in comparison to that of the amine.
For 3, the ratio |μ(FC)*|/|μ0| is about 1.5 for the two
implemented solvation media. In contrast, 1 forms a S1

(FC)

state with |μ(FC)*| > |μ0| in acetonitrile, but in toluene |μ(FC)*|
≈ |μ0|.
The dipole moments of the optimized S1 states, μ*, of 2 and

3 are quite smaller than |μ(FC)*| (Figure 5a). This loss of CT
character upon the S1

(FC) → S1 relaxation is consistent with the
experimentally observed small dependence of Δ on the
solvent polarity (Figure 3b); i.e., the computed Δμ = |μ*| −
|μ0| values are about 1 D for 2 and 3 in toluene and
acetonitrile. For 2, an increase in medium polarity enhances
the charge separation in its S1 state, which affects the oscillator
strength of the S1 → S0 radiative transition and drastically
decreases the computed rate constants, kf

(DFT), upon transition
from toluene to acetonitrile (Table 1). Decreasing the
electron-withdrawing strength of the group at position 5
makes kf

(DFT) invariant to solvent polarity, as the results for 3
reveal (Table 1). For comparison, the S1 → S0 oscillator
strength and kf

(DFT) of 1 are abysmally small, both solvating
media (Figure 5a), and comparable to those of 2 in
acetonitrile.
These findings show the effects of the electron-donating

groups on the radiative-deactivation dynamics of NN. They are
consistent with the experimentally observed polarity-induced
quenching of the fluorescence of 2, and not of 3. Nevertheless,
fluorescence quenching results not only from a decrease in
radiative decay rates but also from an increase in the rates of
nonradiative deactivation. Focusing on ISC, we examine the
SOC between the S1 states and the triplet ones with lower
energy. While the S1 states of the three NNs are ππ* in nature,
what sets 2 and 3 apart from 1 is the symmetry of their Tj

Figure 3. Dependence of excited-state properties of 2 and 3 on
solvent polarity as represented by the Onsager function: f O(x) = 2(x
− 1)/(2x + 1), fO(ε, n

2) = fO(ε) − fO(n
2). (a) Energies of the

absorption maxima, abs, obtained from absorption and excitation
spectra, and fluorescence maxima, f, from emission spectra. (b)
Stokes’ shifts, Δ = abs − f. (c) Fluorescence quantum yields, ϕf,
and S1 lifetimes, τ, for the aggregated species that dominate the
photophysics. (d) Rate constants of the radiative, kf, and nonradiative,
knd, decays.
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states. The nitro group in S1 of 1 assumes symmetrically
distorted pyramidal conformation regardless of the solvent
polarity, which agrees well with previous DFT and ab initio
studies of NNs.57−59 This distorted structure induces an nπ*
character into the low lying triplet states, resulting in large
SOC and subpicosecond ISC (Table 1).
In contrast, the nitro group of S1 of 2 in toluene is planar,

resulting in ππ* symmetry of the low-lying triplet states, a
small SOC (Figure 5a), and a relatively slow ISC (Table 1).
Implementing acetonitrile as a solvation medium, on the other
hand, induces distortion of the nitro group in the S1 state of 2,
similar to what we observe for 1, and opens channels for fast
ISC. Therefore, enhanced triplet formation is responsible for
the polarity-induced quenching of the fluorescence of 2 in its
monomeric form. Conversely, the rates of ISC mediated by the
monomer of 3 in toluene and acetonitrile differ by less than a
factor of 2 (Table 1). Furthermore, they are larger than those
for 2 and smaller than those for 1 (Table 1).
The same TDDFT analysis of a noncovalent dimer of 2, i.e.,

(2)2, reveals different trends from those for its monomer. The
huge Stokes’ shift places the optimized S1 state of the dimer
under its T2 one, and the small S1−T1 SOC results in
nanosecond ISC regardless of the medium polarity (Table 1).
Varying the solvation media affects the structure of the dimer.
The dipoles of the S0, S1

(FC), and S1 states of (2)2 in toluene
are 2.3, 5.5, and 3.3 D, respectively, and for acetonitrile are 0.0,
0.2, and 2.4 D (Figure 5b). That is, an increase in solvent
polarity favors S0 structures with quadrupole symmetry and no
net dipole moment. This symmetry breaks in the S1 state of
(2)2, which relaxes to dipolar structures with a CT character.

An increase in medium polarity increases the difference
between the dipoles of the S0 and the S1 state, Δμ = |μ*| −
|μ0|. This solvent effect on the structure of the dimer and its
Δμ further enhances the polarity-induced decrease in the
energy gap between the ground and the excited state of (2)2.
Narrowing the S0−S1 energy gap can considerably enhance the
IC pathway of deactivation and account for the observed
polarity-induced quenching of the aggregate fluorescence of 2.
Dimerization of 3 weakens the S1−Tj SOC, leading to a

decrease in the ISC rates of the monomer by 1 to 2 orders of
magnitude, which is more pronounced for the polar
acetonitrile than for the nonpolar toluene (Table 1). This
finding represents an example of how the aggregate suppresses
triplet formation.
This TDDFT analysis does not claim that the structures of

the experimentally observed aggregates of 2 and 3 are dimers.
In fact, the concentration dependence of the aggregate
fluorescence of 3 in low-polarity solvents (Figure 2e) indicates
the presence of a mixture of multimers. Furthermore, TA
spectroscopy reveals transitions involving two transients in the
singlet manifold ascribed as S1

(LE) and S1
(CT) (Figure 4a,b).

The TDDFT optimized S1 states of the dimers have a CT
character larger than that of the S0 ones. Also, the TDDFT-
calculated radiative-decay rate constants, kf

(DFT), for the dimers
are considerably smaller than the kf values obtained from the
spectroscopy analysis (Table 1). While these considerations
suggest that the theoretically optimized S1 states are
representative of the experimentally observed S1

(CT) ones,
such an assignment warrants a great degree of caution because
of the lack of evidence that the aggregates of 2 and 3 are

Table 1. Photophysical Properties of 2 and 3 for Aprotic Solvents with Different Polarity

2 3

C6H5CH3 CH3CN C6H5CH3 CH3CN

ε/M−1 cm−1a 2900 2700 3600 3300

abs/eV
b 3.06 2.95 3.35 3.39

(2.90) (3.03) (3.75) (367)

f/eV
b 2.00 1.75 2.10 2.00

(2.75) (2.68) (2.96) (2.93)

Δ /eVc 1.06 1.20 1.25 1.39
(0.15) (0.35) (0.79) (0.75)

ϕf × 103d 9.6 ± 0.9 0.03 ± 0.02 0.49 ± 0.19 0.42 ± 0.13
τ/pse 660 ± 150 3.4 ± 2.8 280 ± 30 190 ± 20

(720 ± 5)
kf × 10−8/s−1f 0.13 ± 0.01 0.088 ± 0.038 0.018 0.023
kf
(DFT) × 10−8/s−1g 0.02 0.003 0.002 0.01

(0.6) (0.0004) (1.0) (1.0)
knd × 10−8/s−1f 14 2900 36 53
kISC

(DFT) × 10−8/s−1g 23; S1→T1 3.3; S1→T1 600; S1→T3 70; S1→T3

(310; S1→T2) (1400; S1→T1) (3700; S1→T3) (2100; S1→T2)
aMolar extinction coefficients at the absorption maxima. b abs, the positions of the absorption maxima, and f, the positions of the fluorescence
maxima of the aggregates. The positions of the spectral maxima for the monomeric species are in parentheses, as determined from the high-energy
emission band and the excitation spectra for the high-energy emission band. Transition dipole moment (TDM) corrections were applied to the
recorded spectra and plotted vs abscissas in energy units52 for determining the absorption and emission maxima. cStokes’ shifts, Δ = abs − f
(the values in the parentheses are for the monomeric species). dFluorescence quantum yields obtained from the long-wavelength aggregate broad
emission bands. eIntensity-averaged excited-state lifetimes of the aggregate obtained from the global fits of transient absorption data, τ̅LE. The values
in the parentheses are τ̅ obtained from fluorescence decays, recorded using TCSPC. fRate constants of radiative and nonradiative decay, i.e., kf =
ϕfτ

−1 and knd = (1 − ϕf)τ
−1, of the aggregates of 2 and 3. For small emission quantum yields, i.e., for (1 − ϕf) ≈ 1, knd ≈ τ−1. For 2 in toluene, and

3 in chlorinated solvents, we use the lifetimes obtained from fluorescence decays. For the rest of the samples, the S1
(LE) lifetimes obtained from TA

global fits. gRate constants of radiative decay, kf
(DFT), and ISC, kISC

(DFT), obtained from TDDFT analysis with Tamm−Dancoff approximation
(TDA) at the COSMO/wB97X/TZP level of theory. The values are for noncovalent dimers, and the numbers in the parentheses represent results
for the monomeric forms of 2 and 3. The values of kISC

(DFT) are for the fastest of the multiple S1 → Tj transitions, as indicated. An increase in SOC
and a decrease in the S1−Tj energy difference enhances kISC.
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actually dimers. Nevertheless, interrogating structures with the
smallest degree of aggregation, i.e., dimers, reveals key trends
about the effects of aggregation on the photophysics of these
NN derivatives that are consistent with the experimental TA
observations.
For TA spectroscopy, the concentration of the NN samples

exceeds 0.5 mM in order to attain sufficient optical density at
the excitation wavelength for the 2 mm optical path length.
Such high concentrations warrant attributing the trends
revealed by the TA dynamics to aggregates of the NN
derivatives. Changing the solvents can alter the degree of
aggregation and the optical properties of the probed samples.
Do the observed TA trends, therefore, originate from effects of
medium polarity or from solvent-induced changes in the
degree of aggregation? While converting dimers to larger
multimers will affect the excited-state dynamics of these
compounds, we focus on kinetic trends that span over orders
of magnitude, for which the degree of aggregation might not be
plausible to account. Furthermore, the TDDFT analysis of the
dimers of 2 and 3 agree well with the experimentally obtained
trends that correlate with solvent polarity.
The TDDFT analysis shows that the polarity-induced

quenching of the monomer fluorescence of 2 results from
enhancement of ISC rates. For (2)2, on the other hand, IC
appears to account for the decrease in its S1 lifetime in polar
media. The TA spectra of 2 (representative of its aggregate) do
not show the formation of triplets in any of the solvents

(Figure 4a). This experimental result is consistent with
efficient S1 → S0 IC and with the TDDFT findings for (2)2
(Table 1, Figure 5b).
The TDDFT analysis also reveals that the monomer of 3

undergoes ISC with rates on the order of 1011 s−1 that are
practically the same for the acetonitrile and toluene PCM
(Table 1). Conversely, the computed ISC rate constant for the
dimer of 3, i.e., (3)2, is about 6 × 1010 s−1 for toluene and
decreases by an order of magnitude when we change the
solvation media to acetonitrile (Table 1). The results for (3)2
are consistent with the TA dynamics of 3, which is
representative of its aggregate form. The relative TA amplitude
of the formed long-lived triplet decreases with an increase in
solvent polarity (Figure 4b). This trend is consistent with a
polarity-induced decrease in the ISC rates and an increase in
the IC rates.
Medium polarity, along with the electron-donating strength

of a substituent and its position relative to the nitro group,
governs the deactivation dynamics of S1. Even a weakly
electron-donating group at position 5 induces sufficient CT
character in the S1 state to suppress its SOC with the Tj states
and slow down ISC, e.g., from 100 fs for 1 to hundreds of
picoseconds for 3. Increasing the electron-donating strength of
the group at position 5 and aggregation further slows down
ISC. Strong electron-donating groups also lower the S1

(CT)

state sufficiently close to the potential-energy surface of S0 and
provide pathways for efficient IC.20 Placing an electron-
donating group at position 4, while opening pathways for IC,
does not efficiently suppress ISC.43 These findings illustrate

Figure 4. TA dynamics of 2 and 3 in solvents with different polarity
(λex = 400 nm, 4 μJ per pulse). TA spectra of (a) 2 (700 μM) and (b)
3 (2 mM). TA decays of the S1 states (with ordinates in logarithmic
scales) of (c) 2, recorded at 454 nm for toluene, 450 nm for CHCl3
and CH2Cl2, and 630 nm for CH3CN, and (d) 3, recorded at 450 nm
for toluene and CHCl3 and 460 nm for CH2Cl2 and CH3CN.

Figure 5. Jablonski diagrams depicting the excited-state dynamics of
(a) 1, 2, and 3 monomers and (b) their dimers, as revealed by
(TDA)-TDDFT analysis at the wB97X/TZP level of theory with
toluene solvent implemented within the COSMO model. Under the
labels of the singlet states, their permanent electric dipoles are listed in
parentheses. The oscillators strengths of the absorption, hνabs, and
fluorescence, hνfl, transitions are listed in parentheses along the
corresponding arrows. For each S1 → Tj ISC transition, the value the
SOC matrix element (in cm−1) is listed in parentheses.
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the multifaceted complexity of how nitro groups affect emissive
singlet-excited states. These trends reveal key paradigms for
broadly implementable molecular designs of electron-deficient,
i.e., n-type, organic sensitizers and potent photo-oxidants.
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