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ABSTRACT: Understanding and controlling spin dynamics in
organic semiconductors is of significant technological interest.
We present a comprehensive joint experimental and computa-
tional study elucidating excited-state dynamics and kinetics of
oligothiophenes covalently linked to two radicals. The syn-
thesis, steady-state, and ultrafast photophysics, magnetic
properties, computational modeling, and single crystal X-ray
diffraction of a series of oligothiophenes with appended
nitronyl nitroxide (NN) diradicals (RAx and RBx) are
presented. We show that incorporation of the diradicals results
in an intriguing molecular packing that is reminiscent of organic
cages, unusual excited-state dynamics, and interesting photo-
physical and magnetic properties. We find an increase in the distance and dihedral angle between the diradical rings and the
oligothiophene core result in weak antiferromagnetic interactions. Single crystal X-ray diffraction and computational modeling
suggest that efficient conjugation along the backbone leads to an efficient spin-polarization transfer. Insertion of p-phenylene
linkers that separate the oligothiophene core from the NN radical component by an average of only 4.3 Å results in a decrease in
orbital overlap between the chromophore and singly occupied molecular orbital of the two NN radicals and a weak spin
polarization along the thiophene core. Computations also predict a biradical ground state with a small singlet−triplet energy gap
(ΔEST) of 0.6 kcal/mol or less, where the triplet lies above the singlet, suggesting that in some of these molecules both the
singlet and triplet states are thermally populated. Together, the steady-state optical absorption, computational study, and
ultrafast transient absorption suggest enhanced internal conversion is the dominant pathway for rapid decay in RAx and RBx
diradical series due to two major factors: (i) incorporation of the radicals results in new low-lying singlet and triplet states (S1/
T1) that act as “trap states”; and (ii) generation of multiple singlet and triplet states that are essentially degenerate in energy.
Since incorporation of NN diradicals leads to more than 20 low-lying near degenerate singlet, triplet and quintet states, both
intersystem crossing and internal conversion become viable decay mechanisms for the decay of the Sn and Tn states back to the
S0 and T0. These results establish and correlate structural and electronic parameters that impact spin coupling, spin
delocalization, and determine general trends in predicting energy levels of excited states.

■ INTRODUCTION

Controlling electron spin dynamics is of significant funda-
mental and technological interests in organic semiconductors
for molecular probing,1−3 spin-catalysis,4 light-emitting di-
odes,5−7 photovoltaic devices,8,9 and information technolo-
gies.10−12 Photoexcitation of organic semiconductors typically
generates singlet (spin 0) states, which can be converted to
triplet (spin 1) states via intersystem crossing (ISC). However,
due to the spin selection rules, triplet formation is typically
slow, and the deactivation often does not involve emission of a
photon.13 Triplets possess attractive properties such as low-
lying energy levels,14 long lifetime,15 and extended diffusion

length,13 all of which are crucial in long-range energy and/or
charge transfer schemes.13,16−19

Strategies to promote generation of triplet excitons
predominately rely either on incorporation of heavy atoms
into chromophores20,21 or singlet fission.22 Design of heavy-
atom free organic compounds that result in enhanced ISC
(EISC) is of great interest but remains a significant challenge.
While singlet fission does not require heavy atoms, it is only

Received: August 8, 2018
Revised: October 15, 2018
Published: October 16, 2018

Article

pubs.acs.org/cmCite This: Chem. Mater. 2018, 30, 7840−7851

© 2018 American Chemical Society 7840 DOI: 10.1021/acs.chemmater.8b03366
Chem. Mater. 2018, 30, 7840−7851

D
o
w

n
lo

ad
ed

 b
y
 R

IC
E

 U
N

IV
 a

t 
2
1
:2

3
:0

4
:6

4
2
 o

n
 M

ay
 2

9
, 
2
0
1
9

fr
o
m

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/d
o
i/

1
0
.1

0
2
1
/a

cs
.c

h
em

m
at

er
.8

b
0
3
3
6
6
.



observed in a handful of rigid and flat chromophores such as
pentacene,23 where energy of the triplet excited state (T1)
needs to be equivalent to half the energy of singlet excited state
(S1).

22,24−26

In principle, incorporation of persistent radicals could also
overcome the spin-forbidden nature of intersystem crossing13

and provide an alternative opportunity for triplet sensitiza-
tion.16,27,28 Previous studies have shown that interactions
between persistent radicals such as nitroxide and a
chromophore result in fluorescence quenching of the
chromophore.29,30 The fluorescence quenching was attributed
to the interactions of the excited singlet state of the organic
chromophore with the persistent radicals.31 In some cases,
these interactions can result in coupling of electron spin of the
radical that may lead to a series of spin states with various spin
multiplicities.32−36 Indeed, photoresponsive small molecules
bearing stable radicals have illustrated inter-37,38 or intra-
molecular29,31 spin-based properties.37,38 However, most of the
early work focused on noncovalent radical and photoexcited
chromophores39−41 or ferromagnetism in conjugated polymers
from intramolecular spin-exchange.42−46 Thus, incorporation
of persistent radicals to organic chromophores is expected to
be a facile approach to control spin polarization in organic
semiconductors, modulating excited states and ISC to harvest
triplet energy for various technological applications.16,17

Generally, in the absence of a radical, emissive decay from
singlet excited state of molecule A (1A*) to the ground state 1A
is the major pathway. The spin-forbidden ISC to the triplet
excited state (3A*) is typically inefficient.47 However, addition
of a pendant radical R introduces various alternative possible
decay pathways (Figure 1). A rapid depletion of 1A* and its

fluorescence quenching are commonly attributed to at least
one of the following four photophysical mechanisms: (1)
energy transfer (EnT) via Förster or Dexter process, (2)
electron transfer (ET), (3) electron exchange-induced
enhanced intersystem crossing (EISC), and (4) enhanced
internal conversion (EIC). EnT from 1A* to R that forms an
excited radical (R*) is typically presumed insignificant due to
the low oscillator strength of their lowest energy n−π*
transition.31 ET between 1A* and R can occur given
appropriately matched redox potentials and can be exper-
imentally verified by solvent dependence.48,49 While studies
have reported ET between nitroxide radicals and fullerene
triplet states by noncovalent interactions,50,51 interestingly only
recently a study has demonstrated ET between phenoxyl
radical to electron-deficient perylene diimide (PDI) due to the
intramolecular charge transfer.52 ET is commonly investigated
in radical−donor−acceptor triad ensembles.53−57 More
recently, an internal ET between nitroxide radical side chains

and electrochemically oxidized polythiophene backbone was
reported.58

Incorporation of radicals may also lead to EIC, a mechanism
that is less observed and studied. EIC is a competing process to
EISC that leads to the recovery of the ground state 1A.
Therefore, if the goal is to harvest triplets, then the
nonradiative EIC is an undesired process because the
excitation energy dissipates in the form of heat. However,
EIC can be useful in fluorescence sensing schemes or
protecting unstable chromophores from photobleaching. For
example, incorporation of a persistent radical to pentacene
resulted in a dramatic improvement in the photostability as a
result of deactivating the S1 state of pentacene.

59 Surprisingly,
only two examples have reported the quenching of the singlet
state primarily due to EIC. The first example is fluorescamine
dye with appended nitroxide radicals,60 where the absence of
triplet−triplet absorption and the unlikely energy transfer lead
to the conclusion of EIC. The second example is the case of
rubrene in the presence of TEMPO,61 where the quenching of
excited singlet state was attributed to EIC. The case of rubrene
is contrary to most acenes where the presence of radicals is
reported to result in large triplet yields.59,62

Paramagnetic radicals can enhance spin−orbit coupling and
ISC, thus accelerating the formerly spin-forbidden process.4

Most of the early work focused on interaction of freely
diffusing radicals and chromophores in solutions.39,63,64

Recently, radical-induced EISC has been demonstrated in
few rigid chromophores including acenes,35,62 fullerenes,33,65

PDIs,66,67 porphyrins,36,68,69 BODIPYs,27,70 and conjugated
polymers.44,71 Although these studies suggest radical−
chromophore distance may influence the effectiveness of
EISC, many essential structural factors such as conjugation
length, type/number of radicals, electronic coupling, and
geometrical influence have not been considered and are not
entirely examined or understood. For example, the presence of
a radical led to an entirely different quenching pathway in two
separate studies of pentacene-nitroxides, where radical-induced
EISC and singlet fission dominated in one case,62 and in a
separate case, the radical selectively interacted with triplet.72 In
the case of PDI-nitroxide radical, efficient EISC was observed
in nonpolar solvent such as toluene, but ET was the major
pathway in polar solvent such as THF.66 These studies suggest
that multiple photophysical mechanisms may compete in the
same molecule and can greatly be influenced by many factors,
thus highlighting the need for greater fundamental under-
standing of factors that influence and promote EIC or EISC.
Furthermore, there are no obvious design rules based on
structural or electronic parameters that are required to
promote either an EIC or EISC mechanism or how to
engineer excited state energy levels upon photoexcitation by
incorporation of radicals.
Oligothiophenes and polythiophenes are among the well-

studied class of organic semiconductors due to their strong
absorption of visible light, ease of band structure engineering,73

and strong self-assembly into nanostructure domains.74,75

Polyalkylthiophenes are relatively stable and highly compatible
with high-throughput production techniques, making them
highly relevant for technological applications in field-effect
transistors, sensors, and photovoltaics. Systematic studies of
oligothiophenes have revealed that conjugation length of five
or more repeating thiophene units can resemble the photo-
physical properties of polythiophenes.76−78 Thus, we choose to
study oligothiophenes with appended diradicals, to serve as a

Figure 1. Common photophysical mechanisms for radical-induced
decay pathways.
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model system in probing excited-state dynamics, and to
elucidate factors that promote either EIC or EISC.
In this Article, we report the synthesis, steady-state and

ultrafast photophysics, magnetic properties, and single crystal
X-ray diffraction of a series of oligothiophenes (OTx) and
oligothiophenes with appended nitronyl nitroxide (NN)
radicals (RAx and RBx) (Figure 2a). We employ computa-

tional modeling to establish a correlation of structural and
electronic parameters that impact spin coupling and spin
delocalization and determine general trends in predicting
energy levels of excited-state and to further corroborate optical
and ultrafast spectroscopy results. The design of RAx involves
a progressive increase in the number of thiophene rings
ranging from 2 to 6 covalently sandwiched between two NN
radicals at α-terminal positions of the OT. In the RBx series,
an additional p-phenylene linker was placed between the OT
core and NN rings. This design allows us to elucidate
structural factors such as conjugation length, electronic
coupling, and geometrical influence on spin polarization and
photoexcited spin state in organic semiconductors and gain
fundamental understanding of photophysical processes that are
unique to covalently joint radical−semiconductors chromo-
phores. Our hypotheses are (i) incorporation of persistent
radicals into π-conjugated organic semiconductors would result
in spin coupling through π-conjugation and thus facilitate
either EISC or EIC (Figure 2b); and (ii) the effectiveness of
EISC or EIC will depend on the orbital overlap between the
excited chromophore and singly occupied molecular orbital
(SOMO) of the two NN radicals.

■ SYNTHESIS OF OT−NN DIRADICALS

Scheme 1 outlines the synthetic strategy to RAx and RBx
series. Briefly, dialdehyde A2 was prepared by deprotonation of
bithiophene using n-BuLi followed by quenching with DMF.
Compound A2 was converted to RA2 diradical in 27% yield in
two steps: condensation with hydroxylamine 1 to form an
aminoacetal intermediate, followed by oxidation with sodium

periodate.79 The poor solubility of longer OT without alkyl
chains hindered further synthetic modifications and spectro-
scopic measurements; thus, we introduced n-hexyl chains to
the backbone of oligothiophene diradicals. Hexyl side chains
were installed in the head-to-head position of bithiophene
rings using bis(trimethyltin) bithiophene 2. This monomer
served as a common precursor and a central building block for
all other diradicals. Stille cross-coupling of 2 and a specific
bromoaryl aldehyde 3a−e afforded dialdehyde precursors A4,
A6, B2, B4, and B6 in 36−51% yields as orange to red crystals.
The dialdehydes were first converted to aminoacetal
intermediates by condensation with 1. The aminoacetal
intermediates were obtained as pale-yellow solids soluble in
polar organic solvents. 1H NMR of the crude condensation
aminoacetal products in d6-DMSO indicated the conversion
from aldehyde (10 ppm) to aminoacetal (4.5 ppm). Oxidation
of the aminoacetal intermediates with sodium periodate
completed the synthetic sequence of diradicals and afforded
RA4, RA6, RB2, RB4, and RB6 in overall two-step yields of
24−46%. The diradicals were purified by column chromatog-
raphy and obtained as dark green solids or crystals and
characterized by mass spectrometry. All of the oligothiophene
diradicals are generally stable when stored below 0 °C in the
dark for at least a few months in solutions or as solids.

■ MAGNETIC PROPERTIES

Continuous-wave electron paramagnetic resonance (EPR)
experiments at X-band (9.45 GHz) have been conducted on
all diradicals and a phenyl nitronyl nitroxide (PhNN)
monoradical (Figure S1). The EPR spectrum of PhNN
represents an isolated radical, with a line shape that indicates
two equivalent hyperfine couplings of the electron (S = 1/2)
with the two 14N nuclei (I = 1). The increase in the number of
features and broadening in the RA2 spectrum, with respect to
PhNN, indicates an intramolecular electron−electron (e−e)
interaction, which is consistent with the proposed structure
and diradical nature of RA2. A relatively strong dipolar e−e
interaction in RA2 is indicated by the presence of a forbidden,

Figure 2. (a) Structures of oligothiophenes and diradicals. (b)
Schematic energy diagram of diradicals, illustrating the photo-
excitation and major decay processes of EIC (dotted arrows) and
EISC (dashed arrows).

Scheme 1. Synthesis of Oligothiophene−Diradical RAx and
RBx Series
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Δms = 2, “half-field transition” (HFT), centered at 168.0 mT
(Figure S1c,d). The intensity of the HFT is proportional to 1/
r6, where r is the interspin distance.80,81 The observation of the
HFT for RA2, but not for RA4 and RA6, is consistent with the
small r value (∼9.8 Å between N−N bridgehead positions,
from the crystal structure), relative to RA4 (r ≈ 19 Å) and
RA6 (r ≈ 24.8 Å). The broad, derivative line shape observed
for RA4, RA6, RB2, and RB4 is attributed to aggregation of
these molecules in the frozen solid state in the CHCl3/toluene
solvent system used for the EPR measurements, possibly
promoted by interactions of the hexyl chains. In contrast, RB6
presents an EPR spectrum comparable to PhNN, as expected
for the relatively large separation of the nitronyl nitroxide
radical centers, r ≈ 33.4 Å. The extended length and possible
staggered, or off-axis, interactions among the six hexyl moieties
in RB6 may lead to separation of the radical centers.
To further study the intramolecular radical interactions,

magnetic susceptibility (χ) of crystalline RA6 was also
obtained on a superconducting quantum interference device
(SQUID) magnetometer, in the temperature range of 6−300
K at a constant magnetic field of 500 Oe. The magnetic
susceptibility of RA6 increased as the temperature decreased
(Figure S2a), with no significant difference between zero-field
cooled and field cooled profiles. According to the Curie−Weiss
law, exchange interaction (θ) can be calculated based on the
linear χ−1−T plot (Figure S2b). Compared to the strong
antiferromagnetic interactions in the thiophene−NN diradical
(θ = −115 K) and bithiophene−NN diradical (θ = −7.5 K)
analogs,82 the two NN radicals in RA6 exhibited a much
smaller antiferromagnetic interaction (θ = −0.58 K) due to the
longer interspin distance.

■ CRYSTAL STRUCTURES

Understanding the molecular packing, topology, and orienta-
tion of the diradicals with respect to each other and with
respect to the π-conjugated system would provide a
fundamental understanding on the structural orientation and
on the role of noncovalent interactions on spin-exchange and
spin-alignment in organic semiconductors. Thus, we have
obtained and investigated single-crystal X-ray structures of
three oligothiophene-diradical oligomers RA2, RA6, and RB4.
Single crystal X-ray diffraction of RA2 revealed a relatively

planar backbone of oligothiophene with a torsion angle of
0.46° (Figure S3). The thiophene rings are relatively coplanar
with the NN radical rings with a torsion angle of 1.95°. The
small torsion angle provides efficient conjugation along the
backbone thus facilitating reasonable spin-polarization transfer
from the NN radical units to the bithiophene chromophore as
observed from EPR results.
RA6 forms an asymmetric triclinic unit cell that contains two

molecules with considerably different geometry (Figure 3a). In
contrast to RA2, incorporations of long hexyl chains in the
head-to-head position in the middle of RA6 backbone results
in a significant twist in the backbone resulting in a torsion
angle of 64.57°. Each two adjacent thiophene rings are in an s-
trans conformation with respect to the C−C single bond.
Although the core thiophene units are highly twisted, the
terminal thiophene units are relatively coplanar with NN rings
with a torsion angle of 4°. The other conformation has a
smaller central torsion angle of 38.54° (Figure S4), but the two
pairs of thiophene rings involving C9−C10 and C17−C18
adopt the s-cis conformation around the C−C single bond to
accommodate the bulky hexyl groups. Two RA6 molecules in

an asymmetric unit embrace each other perpendicularly with a
C13a−C14a−C13b−C14b dihedral angle of 92.97°. Both
show an overall “saddle” shape with the saddle point at the
middle of C13−C14. The thiophene rings of RA6 form a face-
to-face π-stacking with the adjacent asymmetric unit along the
c-axis with an intermolecular distance of 3.43 Å (Figure 3c).
The π-stacking also results in strong intermolecular coupling
between the two NN−NN nitroxide radicals leading to 3.33 Å
O···O distance between radicals across adjacent crystallo-
graphic unit cells. These interactions combined with the planar
conformation between the NN radicals play a significant role in

Figure 3. Molecular structures of (a) RA6 and (b) RB4 drawn as ball
and stick models. (c) Crystal packing of RA6 viewed down the a-axis,
illustrating π-stacking along the 001 direction. (d) Crystal packing of
RB4 viewed down the c-axis, illustrating face-to-edge stacking that led
to hexagonal voids.
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facilitating spin-coupling between the NN radicals and the
terminal thiophene as predicted by computational modeling
discussed later in the Computational Modeling Section.
RB4 crystal presents an intriguing yet complicated crystal

packing system that is very reminiscent of organic cages. The
crystal packing is different from the previous oligomers and is
classified as a rhombohedral (R-3) trigonal crystal system. An
asymmetric unit of triclinic RB4 crystal contains one molecule
(Figure 3b). RB4 exhibit both a face-to-edge stacking (Figure
3d) and a slipped face-to-face stacking (Figure S6). The edge
of the NN radical unit in RB4 points to the phenylene ring,
forming a face-to-edge configuration. Six RB4 molecules in a
unit cell organize in this fashion to form a closed shape three-
dimensional hexagon, analogous to the cyclohexane chair
conformation. This leads to a massive void with a 32.527 Å
diameter surrounded by the hexyl chains. Oligothiophene core
rings form a slipped face-to-face π-stacking along the c-axis
with a relatively large intermolecular distance of 3.834 Å,
suggesting an inefficient π−π overlap. Similar to RA6, the
largest torsion angle of 74.68° was found at the center of RB4
presumably due to the head-to-head incorporation of the hexyl
side chains. Interestingly, incorporation of the hexyl side chains
in a tail-to-tail position into the two terminal thiophene units
produces limited to no torsion in the molecular packing
(torsion angle of −1.36°), resulting in relatively coplanar units.
In RB4, the phenyl NN radicals are out of plane relative to the
core oligothiophene units due to the torsion introduced by the
p-phenylene linker (torsion angle of 42°), thus preventing any
interactions between two adjacent NN diradicals on
neighboring oligothiophenes or between the NN radicals and
neighboring oligothiophene π-system, which is in stark contrast
to RA2 and RA6. Furthermore, the p-phenylene linker
separates the oligothiophene core from the NN radical
component by an average of 4.3 Å. The edge of the radical
unit in one RB4 molecule points to the face of the phenylene
rings in another molecule to form a face-to-edge orientation.

■ STEADY-STATE OPTICAL SPECTRA

The steady-state absorption and emission data of OTx, RAx,
and RBx series in dilute toluene solution are shown in Figure 4

and summarized in Table 1. OTx series show one main
absorption peak with absorption maximum (λmax) at 305−390
nm assigned to the π−π* transition. As expected, an increase
in the conjugated length in the OTx series results in a clear
red-shift in the absorption. In contrast, both RAx and RBx
show two main absorption peaks (Figure 4): the peak with λmax

at 365−425 nm is attributed primarily to the π−π* transition,

and weak absorption peaks are observed at 639−707 nm with
vibronic structures. The low-energy absorption peaks are
unique to OT−NN radicals, which may suggest they
correspond to n−π* transition and have previously been
assigned to that transition.62,83 However, an increase in the
solvent dielectric (PhMe, THF, and MeCN) did not result in a
hypsochromic shift as typically observed with n−π* transitions.
In general, incorporation of the diradicals to oligothiophene
RAx series leads to a bathochromic shift in λmax by 30−100
nm. This red-shift is attributed to a direct conjugation with the
double NN radical units. This is further supported by the
crystal structures of RA2 and RA6, which show that the NN
radical rings are essentially coplanar with adjacent thiophene
rings, thus contributing to significant orbital overlap. However,
the λmax in all three RBx radicals appeared blue-shifted
compared to the RAx counterparts with the same number of
thiophenes. This blue shift can be explained by the crystal
structure of RB4, which shows a large torsion angle of 74.68°
at the center of RB4 thereby reducing the effective conjugation
length.
All of the OTx series show optical photoluminescence (PL)

with a significant red-shift in the emission maximum and an
increase in fluorescence quantum yield (ϕF) as a result of an
increase in the number of thiophene rings (Table 1),
corresponding to a similar trend reported for similar
oligothiophenes.77,78 The low ϕF of OT2 is attributed to an
efficient ISC from S1 to T4.

84,85 However, incorporation of
diradicals into OT results in complete quenching of
fluorescence in RAx and RBx (Figure S7). Detailed
mechanisms are studied by computational modeling and TA
spectroscopy and discussed in the following sections.

■ COMPUTATIONAL MODELING

Density functional theory (DFT) and second-order multi-
reference perturbation theory based on the driven similarity
renormalization group (DSRG-MRPT2)86,87 were employed
to study structural and electronic factors that influence spin-
coupling and predict excited-state energy levels. In the OT−
NN diradicals, coupling of the unpaired spins on the two NN
radicals (2NN) will yield a near-degenerate singlet or triplet
ground state, depending on the sign of the spin-exchange
coupling. The low-lying excited states of OT−NN formally
arise from the mixing of singlet and triplet excited OT
(1OT*/3OT*) and two 2NN radicals to generate a variety of

Figure 4. Steady-state optical absorption spectra of (a) RAx and (b)
RBx series in PhMe, and enlarged NN radical absorption features near
700 nm (insets).

Table 1. Spectral Profiles of OT Nonradicals and Diradicals
in PhMea

cpd λmax (nm) εOT (M−1cm−1) λNN (nm) λmax
em (nm) ϕF

OT2 305 1.17 × 104 367 0.016

OT4 344 3.36 × 104 478 0.16

OT6 390 5.11 × 104 512 0.43

RA2 402 3.83 × 104 686

RA4 393 3.69 × 104 693

RA6 425 5.35 × 104 707

RB2 365 5.15 × 104 653

RB4 379 3.25 × 104 639

RB6 376 1.38 × 105 650
aNotes: λOT and εOT are the wavelength and extinction coefficient of
the peak associated with the OT core, respectively. λNN is the peak
wavelength associated with the NN radical. ϕF is the fluorescence
quantum yield calibrated with rhodamine 6G (ϕF = 0.95 in EtOH).
Fluorescence of the diradicals are too weak to be recognized.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b03366
Chem. Mater. 2018, 30, 7840−7851

7844



states of singlet (S, spin 0), triplet (T, spin 1), and quintet
(Qu, spin 2) multiplicities.35,36 Because DFT cannot correctly
describe the multideterminant nature of these states,
computations of the relative energies of RAx and RBx species
were performed with the DSRG-MRPT2 approach (see
Supporting Information for details).
Geometries and spin densities for selected RAx and RBx

species were obtained with DFT using B3LYP functional88,89

and the def2-SVP basis set.90 To simplify the computational
modeling of these species, we omitted the hexyl side chains.
Due to the small singlet−triplet gap of these species, all DFT
computations targeted the lowest triplet spin state. The
HOMO and LUMO from DFT of all four oligothiophene-
diradicals (RA2, RA4, RB2, and RB4) are delocalized on the
oligothiophene cores, whereas the two SOMOs are localized
mainly on the nitroxide five-membered NN ring (Figures 5 and

S8). Interestingly, the calculated spin density distributions of
RA2 and RA4 reveal some delocalization of the spin density
along the thiophene units adjacent to the NN five-membered
rings, although the largest spin coefficients are found on the
NN−radical substituents (Figures 5 and S8). In contrast, the
spin density on RB2 and RB4 does not extend to the
thiophene units but rather is localized on the NN unit with
minor contribution on the adjacent p-phenylene unit. This
suggests that the delocalization of spin density is confined to a
very short distance of 4.3 Å despite the conjugated nature of
the p-phenylene ring. These results are also consistent with
experimental results obtained from crystal structure X-ray
diffraction, which indicates a torsion angle of 42° between the
p-phenylene ring and the radical units that would quench
electron delocalization.
It is noteworthy that DSRG-MRPT2 predicts for RA2, RA4,

and RA6 very small singlet−triplet energy gaps (ΔEST = ET −

ES) of +0.57, +0.06, and −0.03 kcal/mol, respectively. The
larger ΔEST of RA2 is corroborated by strong spin interactions
observed in the EPR and the relatively high antiferromagnetic
coupling measured with SQUID, suggesting that the thiophene
rings facilitate strong spin coupling between the two NN rings.
In the case of RA4 and RA6, the small ΔEST implies that at
298 K the population of the S0 and T0 states is near statistical.
The small singlet−triplet gap of these diradicals is in

accordance with topological effects on radical interactions
where coupling strength decreases rapidly with long interspin
distance.71,91 The radicals in RA6 are 24 Å apart and therefore
in a weak coupling regime,92,93 a result consistent with the
small degree of exchange interactions between the two
unpaired electrons observed in EPR experiments.
Predicted excited-state energy levels of OTx (OT2, OT4,

and OT6) and RAx (RA2, RA4, and RA6) computed with the
DSRG-MRPT2 are shown in Figures 6 and S9. In accordance

with experimental results, an increase in conjugation length of
OTx leads to a decrease in energy levels of the first singlet and
triplet excited states. We also note that the S1 and T1 energy
levels calculated for OT6 (Figure 6) correspond well to the
value measured in absorption and PL (Table 1) spectra and
reported in the literature.84 As expected for a closed-shell
structure, the quintet excited state Qu1 of OT6 is substantially
higher in energy than S1 or T1 (>5 eV).
In stark contrast, incorporation of diradicals results in

complicated energy diagrams for RAx series with a number of
additional singlet, triplet, and quintet states that are close in
energy (Figures 6 and S9). For example, while OT2 shows
only three excited states below 5 eV, incorporation of the NN
radicals (RA2) results in more than 20 low-lying near-
degenerate singlet and triplet states (Figure S9). This suggests
that both ISC and IC are viable decay mechanisms and that,
perhaps, competition between the two leads to diminishing
EISC in RA2. The calculated vertical excitation energies of
RA2 are also consistent with the experimental absorption
energies. The most intense transitions are found at higher
energies ( fosc = 1.169 at 336 nm) and correspond to an OT
π−π* excitation, whereas the lowest-energy transitions are
weaker ( fosc = 0.039 at 401 nm, fosc = 0.005 at 503 nm) and
show contributions from multiple excitations (e.g., π-SOMO,
SOMO-π*).
In the case of RA6, DSRG-MRPT2 computations assigned

the experimental absorption maximum (λmax = 425 nm) to an
OT π−π* excitation (Table S6). Since S0 and T0 are both
populated at room temperature, this band is predicted to be a
statistical mixture of the S0−S5 (singlet manifold) and the T0−

T9 (triplet manifold) transitions. Various lower excited states
can provide many decay pathways from S5 and T9. The S4 state
has a 3OT* character and opposite spins on the NN radicals,
while the low-lying singlet excited states S1−S3 involve charge
transfer (CT) between OT and NN. Similar electronic
configurations were found for triplet states T2−T3, and the
first triplet excited state T1 corresponds to the 3OT* with two

Figure 5. Molecular orbitals and spin density of triplet RA2 and RB2,
obtained from B3LYP/def2-SVP level computations (hexyl groups
omitted).

Figure 6. Energy diagram of OT6 and RA6 computed at the DSRG-
MRPT2/def2-SVP level. Energies corresponding to 400 nm (blue)
and 650 nm (red) photoexcitation are indicated with dotted lines.
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radicals of opposite spin. The first quintet state Qu1 has almost
identical energy to S1/T1 and consists of 3OT* with spin
aligned with that of the two radicals. To understand the
importance of the side chains in RA6, we studied a model in
which the hexyl groups are replaced with methyl groups.
Introduction of the methyl groups leads to a large twist in the
molecular backbone (torsion angle of 51.1°), which is in good
agreement with the one observed in the crystal structure.
However, the electronic properties are nearly unchanged:
excitation energies of the RA6 model shift at most by 0.2 eV
when the methyl groups are introduced. For other OT−NN
radicals, computations also revealed the degenerate singlet/
triplet ground states and additional excited states (Figure S9).
For example, the lowest excited states of RA4 consist of the
near-degenerate S1, T1, and Qu1, all found around 2 eV above
the ground state. Although with different spin multiplicities,
these excited states may not be well distinguished from each
other in optical spectra.66

Overall, our computational results suggest that the NN
radicals provide many possible routes for both EIC and EISC,
thus quenching the original OT fluorescence. The additional
low-lying singlet states allow extra decay pathways after direct
excitation of 1OT*. Meanwhile, excited states in triplet or
quintet manifold with similar energy could facilitate the ISC
from the singlet states.

■ TRANSIENT ABSORPTION

To further understand the fluorescence quenching in
oligothiophene diradicals and to probe the excited-state
dynamics and kinetics of RAx and RBx, we used femtosecond
and nanosecond transient-absorption (TA) spectroscopy,
correlated with steady-state photophysics, molecular packing
from the single-crystal X-ray diffraction, and the computational
study. We initially investigated the photoexcitation of the OTx
as a reference to compare to oligothiophene−diradicals series
(RAx and RBx). Figure S10 shows the photoexcitation of OT
series, exemplified by OT6, with 400 nm laser pulse generating
the ground state bleaching (overlapped with pump wave-
length) and stimulated emission at 450−600 nm as negative
features. Decay of S1 would follow the common pathways for
closed-shell molecules: return to ground state S0 via
fluorescence and internal conversion, or cross to T1 via ISC.
The transient spectra of the OTx series was fit into two
exponential decay components (Table 2): a faster decay
component associated with a broad absorption band with a
maximum near 850 nm (τ = 361 ps), and a slower component
that emerged at 695 nm and continued to rise throughout 1 ns
after photoexcitation. In nanosecond TA spectra of OT6, this
690 nm peak persisted through a decay time constant of τ =

1.54 μs and was the only main feature observed at the μs-time
scale. The 850 nm peak corresponds to the singlet excited state
(1*OT) absorption of OT6, while the 695 nm peak was
identified as the triplet excited state (3*OT) absorption.77

Transient spectra of OT2 and OT4 were obtained in a similar
manner and show essentially the same trend. In general, the
1*OT decay time constant (τ) increased by 10-fold as the
number of oligothiophene units increased in the OTx series,
while the 3*OT decay time constant decreased by up to 10-
fold (Table 2). These results are consistent with literature
values of nonalkyl OTx, which have no apparent solvent
dependence.70 That is, an increase in OTx length results in a
decrease in the rate constant of ISC (kISC),

77 thus leading to
longer 1*OTx lifetime and high fluorescence quantum yield
(ϕF) in OT6 compared to that of OT2. For example, OT2
exhibits the longest 3*OT lifetime in the OTx series due to the
large T1−S0 energy gap and reduced Franck−Condon
overlap.77

The femtosecond and nanosecond TA spectra and kinetics
of RAx and RBx are shown in Figures 7 and S11. Decay

constants of RAx and RBx series are summarized in Table 2.
Photoexcitation of RAx and RBx with 400 nm excitation laser
generated a sharp negative peak in the range of 400−450 nm,
corresponding to the ground state bleach and weak stimulated
emission at 450−550 nm as negative features (Figures 7 and
S11). In general, the stimulated emission of RAx and RBx was
significantly weaker than that in OTx and only existed through
the very early stage (<1 ps) as an implication of the rapid initial
decay. This is consistent with the effective quenching observed
by steady-state PL. The negative stimulated emission feature
was noticeably more prominent in the RBx series than RAx,
indicative of strong OT−NN electronic coupling in RAx as
predicted by the computation study and elucidated by the
single crystal X-ray diffraction.
Based on the experimental and predicted excited-state

energy levels, photoexcitation with the 400 nm laser would
populate high singlet-excited state (Sn) instead of S1 (the

Table 2. Transient Absorption Kinetics in PhMe at 293 K

cpd τ1 (ps) τ2 (ps) τ3 (ns) λ for τ3 (nm)

OT2 4677 1.46 × 10577 380

OT4 49077 4.80 × 10477 560

OT6 361 ± 4 1540 ± 10 690

RA2 0.243 ± 0.013 272 ± 6 105 ± 40 420

RA4 0.543 ± 0.053 468 ± 5 353 ± 613 680

RA6 0.474 ± 0.019 324 ± 8 192 ± 8 760

RB2 0.651 ± 0.08 399 ± 3 n/a n/a

RB4 1.09 ± 0.04 346 ± 7 29.7 ± 136.5 690

RB6 3.12 ± 0.14 450 ± 11 27.0 ± 4.1 730

Figure 7. Femtosecond transient absorption spectra at indicated times
of (a) RA6 and (b) RB4 in PhMe following a 400 nm laser pulse. (c)
RA6 in PhMe following a 650 nm laser pulse. (d) Comparison of
decay kinetic profiles of RA6 obtained in THF and PhMe.
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lowest excited-state energy level) in both RAx and RBx. For
example, in the case of RA6, the directly populated state would
be S5 as predicted by DFT calculations (Figure 5). In the
femtosecond TA spectra of RAx and RBx exemplified by RA6
(Figure 7a), the negative feature of emission centered at 510
nm disappeared within 1 ps, an implication of rapid depletion
of S5. Meanwhile, the initial absorption at 665 nm seen in
Figure 7a emerged within the instrument response time (∼100
fs) and gave way to a broad positive feature across almost the
entire spectral window up to 1200 nm (Figure S12a). This
could be the transition feature of S1 to Sn. The TA spectra after
1 ps appeared differently from the early stage, suggesting
depopulation of S5 by EIC or EISC. A simultaneous rise was
observed at 567 and 837 nm before the full recovery of ground
state bleaching at 445 nm within 1 ns.
Figure 7d shows kinetics of RA6 at 665 nm fits a double

component exponential decay with time constants of τ1 =
0.474 ps and τ2 = 324 ps. Decay constants and kinetics of RA6
are summarized in Table 2. Kinetics of the 567 nm peak fit a
monoexponential decay of 473 ps and is largely synchronized
with the slower decay process observed at 665 nm. Features
observed at 950 nm (Figure S12a) were fitted with the
biexponential decay time constants of 0.795 and 522 ps at 950
nm and generally in line with the same kinetics of the 665 nm.
Decay time constants τ1 and τ2 calculated for RA6 are faster by
900-fold and 8 × 103-fold, respectively, compared to the
intrinsic singlet lifetime of OT6 (361 ps). Time constant of τ1
is more consistent with IC time scale and presumably
corresponds to the decay of S5 to S1. We further attribute τ2
to the nonradiative decay of S1 to S0. To further verify this
assignment and study the nature of the λNN peaks at 700 nm
observed in the steady-state optical absorption, we probed
RA6 with a 650 nm excitation laser (Figure 7c). Higher
concentration (×10) and more powerful laser pulse (×103)
were required to compensate for the low extinction coefficient
(∼102 M−1 cm−1). Spectral profiles throughout the measure-
ment consistent with the late (>2 ps) spectra observed using
400 nm excitation laser were also observed (Figure 7c). Lack
of early stage emission with 1 ps suggests that photoexcitation
at 650 nm is unable to access the S5 state. This is further
evidence that photoexcitation at 400 nm of RA6 leads to S5−S1
transition, followed by a decay of S5 to S1 and then to S0 by
internal conversion. Thus, we assign the λNN absorption peak
at 700 nm to the S0−S1 transition. It is noteworthy that the
stimulated emission of the RAx and RBx series arises only from
higher energy wavelength of 450−550 nm rather than the weak
low energy λNN absorption at 639−707 nm, which appears to
be an exception to Kasha’s rule.94 As the typical exception of
this rule, azulene is similar to these oligothiophene−diradicals
in the way of having a small S0−S1 gap and a large S1−Sn gap
(Sn as the state directly accessed by 400 nm excitation).95 The
energetically close S1 and ground state facilitates rapid
nonradiative decay of S1, while the majority of the slower
radiative process takes place from the higher excited state Sn.
Similarly, rapid initial decay (τ1 = 0.2−3.2 ps) was observed

in all RAx and RBx diradicals, compared to the intrinsic
lifetime of 1OT* (46−490 ps).77 In contrast to OTx, an
increase in the number of thiophenes in RAx did not influence
the excited state spectral features or decay time constants. In
contrast, an increase in the number of thiophenes in the RBx
series (Figure 7b) resulted in a progressive decrease in τ1 decay
time constant and was slower than RAx by factors of 2−7.
From a molecular structure perspective, this can be attributed

to the additional p-phenylene spacers and hexyl groups. Each
p-phenylene in RBx increases OT−NN distance by 4.3 Å,
while both p-phenylene and hexyl groups can disrupt the
conjugation, reducing the OT−NN electronic coupling and
therefore the impact of radicals to the excited OT.
Nanosecond TA spectra of RAx and RBx radicals were also

recorded to probe the possible EISC to T1 or Qu1 excited
states. In all six molecules of oligothiophene−diradicals with
the exception of RA6, only residual features of the S1 decay
with a subnanosecond time constant τ2 were observed as a
result of early photoexcitation at the 400 nm (Figures S12b
and S13). In the case of RA6, while the S1 decay with a
subnanosecond time constant τ2 was the dominant feature
(Figure S12b), a long-lived (τ3 = 192 ns) positive feature with
a very low amplitude at 760 nm appeared at 3 ns. We assign
this long-lived feature to 3OT* in RA6. We note that the 3OT*
in RA6 is significantly red-shifted compared to 3OT* in OT6,
presumably due to extended conjugation with NN radicals.
Radicals are also known to accelerate the triplet decay,62,72 so
τ3 is reasonable for the

3OT* component in RA6, even though
it is shorter than the OT6 counterpart. In the biexponential
fitting, the τ3 component only made up less than 5% of the
amplitude, and the remainder was from the τ2 component.
Moreover, the ground state has almost fully recovered by the
time S1 features vanished, further indicating the minority of the
τ3 component. In the nanosecond TA spectra of all other
oligothiophene−diradicals, this τ3 process was essentially
indistinguishable from the background. These results suggested
that EISC cannot be a major decay pathway in RAx and RBx
series.
Other photophysical mechanisms discussed in the intro-

duction are also evaluated based on results of OT−NN
radicals. Among all common pathways, singlet fission is
unlikely due to the low concentration for fluorescence
measurements (<10−4 M) and long intermolecular distance.23

The effectiveness of Förster resonance energy transfer (FRET)
is primarily determined by the spectral overlap between the
donor emission and acceptor absorption.96 Only OT6 has a
moderately high ϕF (0.43) and spectral overlap, but the low
extinction coefficient of λNN disfavors FRET. For the same
reason, Dexter-type EnT is also unlikely despite the short OT−
NN distance.66

Electron transfer typically exhibits strong solvent depend-
ence;66,67 therefore, tuning the solvent polarity could
effectively probe whether ET is operative in the nonradiative
decay of excited states. The CS free energy change (ΔGCS) in
PhMe and THF was calculated for RA6 from the Rehm−

Weller equation (eq S1).97 CS free energy change for RA6 is
found to be thermodynamically more favorable in THF (ΔGCS

= −0.99 eV) than in nonpolar PhMe (ΔGCS = −0.21 eV), and
both are in Marcus normal region. Furthermore, decay kinetics
profile in THF and PhMe are essentially identical (Figure 7d).
In addition, if there was ET between the oligothiophene and
the NN radical rings, one would expect that features in the TA
spectra and time constants would shift as a function of
increasing the number of thiophenes due to distinct OT radical
cation features reported previously.98 Thus, we rule out the
possibility of ET as a major mechanism for fluorescence
quenching.
Together, the steady-state optical absorption, computation

study, and ultrafast transient absorption suggest EIC is
responsible for the rapid decay in RAx and RBx diradical
series with very minimal ISC 3OT* formation in RA6. There

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b03366
Chem. Mater. 2018, 30, 7840−7851

7847



are two major factors that contributed to EIC as a result of
incorporation of the diradicals: (i) coupling of the NN radicals
and oligothiophene results in new low-lying singlet and triplet
states that act as “trap states” and contribute to making EIC
the dominant decay pathway rather than ISC. (ii) The
incorporation of the diradicals generates multiple Sn and Tn

states that are near-degenerate in energy as predicted by the
computation study (Figures 6 and S9). Even if there is ISC
from Sn to Tm, Tm decays back very fast to T1 and eventually to
T0 via IC. This is illustrated by the example of OT2 and its
analogue RA2. In the case of bithiophene OT2, ISC is
essentially quantitative without incorporation of diradicals, and
that is largely due to the small energy gap between S1 and T3.

84

However, RA2/RB2 diradicals show very short-lived species,
suggesting that either the low-lying S1 provides a more
favorable pathway with no change in spin multiplicity or a
change in spin multiplicity to Tn decays to the ground state by
IC.
In general, RBx shows slower EIC compared to RAx. This

observation can be explained by the computational study and
molecular packing from the single-crystal X-ray diffraction
where additional phenylene ring spacer limits spin-polarization
to the OT core. These results suggest that for efficient spin-
polarization to occur one or more of the following require-
ments are needed: (1) significant orbital overlap between the
π-system and the radical centers is required, (2) short distance
between the radical and π-system need to be maintained (<4.3
Å), and (3) intermolecular interactions between the radical
centers and the OT π-system must occur.

■ CONCLUSIONS

In summary, we synthesized a series of oligothiophenes and
oligothiophenes with covalently linked nitronyl nitroxide
diradicals. Incorporation of the diradicals results in unusual
excited-state dynamics and interesting photophysical and
magnetic properties. In all cases, incorporation of NN
diradicals results in fluorescence quenching. A computational
study predicted that the OT−NN series have very small
singlet−triplet energy gaps, where the largest ΔEST is
predicated in RA2 and is corroborated by strong spin
interactions observed in the EPR and the relatively high
antiferromagnetic coupling measured with SQUID, suggesting
that the thiophene rings facilitate strong spin coupling between
the two NN rings. In contrast, an increase in the distance
between the diradicals results in small ΔEST, which implies that
at 298 K the population of the S0 and T0 states is near
statistical, consistent with the small degree of exchange
interactions between the two unpaired electrons observed in
EPR and SQUID experiments. Incorporation of the NN
diradicals results in more than 20 low-lying near-degenerate
singlet (spin 0), triplet (spin 1), and quintet (spin 2). Optical
spectral results concluded that the absorption with low
extinction coefficient associated with NN was the transition
to low-lying singlet and triplet states. Due to the electronic
coupling in OT−NN diradicals, the OT associated absorption
was no longer the transition from ground state to S1, but to a
higher singlet state, such as S5 of RA6. The S1 and several other
low-lying states provide several pathways to deactivate S5. The
increased OT−NN distance in RBx by a phenyl unit reduced
the electronic coupling and led to slower decay. Although the
lowest quintet Qu1 state lies slightly below S1 and T1, no
definitive 3OT* optical absorption feature was observed from
nanosecond TA spectra of the diradicals.
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