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Conjugated molecules bearing carbonyl groups typically exhibit weak fluorescence emission due to the
presence of a non-radiative n—r* transition state. Strong fluorescence emission from n—n* chromophores
has been sought through the use of synthetic approaches that incorporate strong electron donors, such as
amines, into the conjugated structures. As an alternative to these existing approaches, we investigated two
charge-transfer strategies using a series of 1-benzopyran-2-one (coumarin) derivatives. The first strategy
involved attaching chromophoric aryl moieties at the 7 position of coumarin. This molecular control
produced two effects: the n—r* transition state was destabilized and an intramolecular charge-transfer (ICT)
state was generated. The photoluminescence quantum yields (PLQYs) of the bichromophoric dyads
increased with the m-conjugation length of the aryl groups, and a PLQY as high as 0.80 was achieved. The
second strategy facilitated exciplex fluorescence in poly(N-vinylcarbazole) (PVK) films within which coumarin
derivatives have been molecularly dispersed. A thermodynamic analysis based on electrochemical data
indicated that exciplex generation involved electron transfer from PVK to photoexcited coumarin molecules.

Received 13th February 2016, Exciplex fluorescence was uniquely advantageous in its ability to tune the fluorescence emission color upon

Accepted 5th April 2016 addition of electron donors having oxidation potentials less positive than that of PVK. Mechanistic studies,
including femtosecond laser flash photolysis, were conducted to identify the molecular parameters that

governed the two fluorescence properties. A mechanistic understanding may provide useful insights into the
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Introduction

A variety of fluorescent compounds have been developed based
on the 1-benzopyran-2-one (coumarin) platform."* This platform
is non-fluorescent and provides a photoluminescence quantum
yield (PLQY) below 0.001 in cyclohexane.** The non-emissive
properties of coumarin originate from the presence of a
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development of electrofluorescent materials that harness triplet as well as singlet excitons.

carbonyl moiety. The photophysical mechanism by which carbonyl
groups quench fluorescence emission remains an intensive research
subject. Previous studies provided evidence that the n-n* transition
in the carbonyl group plays a central role in quenching radiation
through adiabatic relaxation,” intersystem crossing,® vibronic
deactivation,” and irreversible ring opening of the lactone.”
Strong emission may be achieved by modifying coumarin to
incorporate electron-donating groups, such as amino and hydroxyl
groups. This modification facilitates strong charge separation,
generating an emissive intramolecular charge-transfer (ICT) state.
Synthetic modifications involve condensation reactions that require
boiling temperatures and strong acids. Although recent advances
have introduced significant versatility into the syntheses of modified
coumarins,”®**® molecular libraries have not been fully developed.
Furthermore, the amino and hydroxyl groups render the coumarin
fluorescence emission extremely sensitive to substitution patterns
and the rigidity and the Lewis acidity of the medium." Therefore,
the development of versatile principles for harnessing fluorescence
emission from a non-emissive coumarin backbone continues to
pose significant challenges.

One potential approach to addressing this challenge may
involve replacing the amino and hydroxyl groups with aryl units.

This journal is © The Royal Society of Chemistry 2016
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Aromatic hydrocarbons with extended n conjugation can donate
electrons to the electron-deficient coumarin upon photoexcitation,
promoting an ICT transition. Depending on the oxidation
potentials of the aromatic units, the ICT transition state may
be located below the n-n* transition state. Aromatic units with
low band gap energies may align energetically with the coumarin
levels to enable this radiative process. This ICT fluorescence is
advantageous over the fluorescence produced by other coumarin
derivatives bearing amino or hydroxyl groups. The fluorescence
transition probability may be enhanced because the ICT transi-
tion state involves an allowed n-m* transition in the aromatic
component. In addition, this strategy does not rely on the use of
heteroatoms with lone-pair electrons, obviating the dependence
of the fluorescence emission on the solvent medium. Facilitated
ICT fluorescence is enabled by introducing aromatic units with
judiciously controlled oxidation potentials and n-n* transition
energies.

An alternative approach to harnessing the fluorescence emission
of a non-emissive coumarin backbone involves enabling exciplex
formation. Exciplexes are excited-state bimolecular complexes
formed during excited-state electron transfer.”® The energy level
of an exciplex, which is defined by the difference between the
electrochemical potentials of an electron donor and an electron
acceptor, is usually located below the excitonic states of the
individual molecules.>"**> Exciplex fluorescence offers a viable
strategy for harnessing the excited-state energy of the non-emissive
n-m* transition state in coumarin. Previous studies have identified
exciplex fluorescence in binary mixtures of semiconducting polymers
and electron-deficient materials, such as poly(benzothiadiazole),****
poly(benzobisthiazole),”* poly(quinoline),>*® cyano-substituted
poly( p-phenylenevinylene),?”*® 1,4-dicyanobenzene,” a cyclo-
metalated Ir(m) complex,®® and derivatives of cyano-substituted
stilbene,®" diaryloxadiazole,** quinoxaline,>® phenanthroline,**
and benzanthrone.”® Recent studies suggested that exciplex
formation played a decisive role in electroluminescence.*®"
We envisioned that an electron-deficient coumarin could produce
exciplex when embedded in electron-rich polymers, such as
poly(N-vinylcarbazole) (PVK). Indeed, a positive driving force as
large as 0.66 eV was calculated for electron transfer from PVK to
the lowest singlet excited state of coumarin (vide infra). However,
to our surprise, few examples of exciplexes in coumarin com-
pounds have been reported to date, and all the previous reports
lacked spectroscopic studies.>”>°

Herein, we report the execution of two prototypical strategies for
turning on the fluorescence of coumarin derivatives (Scheme 1).
Photoinduced charge transfer was exploited in bichromophoric
dyads involving coumarin and aromatic hydrocarbons, as well as
in PVK films molecularly doped with a series of coumarins, to
obtain strong fluorescence emission. A series of coumarin
compounds with aryl rings of increasing m conjugation lengths
were prepared (Fig. 1), and their ICT and exciplex fluorescence
behaviors were systematically investigated. A photoluminescence
quantum yield as high as 0.80 was obtained using the ICT
approach. The exciplex strategy enabled strong and color-tuned
fluorescence emission without synthetically modifying the
coumarins. Mechanistic studies, including femtosecond laser
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Scheme 1 Two molecular strategies for achieving strong fluorescence
emission from non-fluorescent n—n* fluorophores.

(o] H,S0,, 120 °C
Br OH OH O Br 0o

Pd(PPhg)s, THF:2 N KCOs(aq) ‘ (34%)

reflux, Ar 2 days
@B(OH)Z B(OH)Z O@ B(OH),

<

O AC

(28%)

fluid solution
(cyclohexane)
r* ICT
solid solution
(PVK)
exciplex ICT

Fig. 1 Syntheses and fluorescence emission properties of the coumarin
compounds.

flash photolysis experiments and quantum chemical calculations
based on time-dependent density functional theory, were conducted
to characterize the structure-property relationships that governed
the intramolecular and intermolecular charge-transfer fluorescence.
Our studies provide valuable insights into the future development of
electrofluorescent materials.

Results and discussion
Molecular design and synthesis

Fig. 1 depicts the chemical structures of the coumarin molecules
examined in this study. A series of coumarin compounds were
designed to incorporate aryl rings with increasing m-conjugation
lengths. Phenyl (PC), 1-naphthyl (NC), and 9-anthryl (AC) moieties
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were introduced at the 7 position of 1-benzopyran-2-one (C).
Structural control was used to precisely tailor the electrochemical
potentials of the resulting bichromophoric coumarins. Specifically,
variations in the aryl groups decreased the ground-state oxidation
potential (E,,) in the following order: C > PC > NC > AC, without
significantly altering the ground-state reduction potential (Eeq) of
the coumarin derivatives. As a consequence, the ICT transition
state energy, which was primarily estimated based on Eox — Ered,
decreased from PC to AC. This energetic shift eventually situated
the ICT transition state below the non-fluorescent n-n* transition
state, thereby activating a fluorescence channel.

Synthetic control over the excited states was designed based
on quantum chemical calculations using time-dependent density
functional theory (TD-DFT, CAM-B3LYP/6-311+G(d,p)/TD-CAM-
B3LYP/6-311+G(d,p):CPCM(THF)). Twenty singlet and triplet states
were modeled, and their electronic energies are depicted in Fig. 2.
The lowest singlet states (S;) were predicted to predominantly
possess m-m* character, except for AC, due to the use of the
conductor-like polarizable continuum model (CPCM) para-
meterized for polar THF. The orthogonal disposition of the aryl
ring and the coumarin plane disrupted conjugation across the
entire molecule and localized the n-n* transition within the
coumarin moiety (ESL{ Fig. S1). Interestingly, increased 7 con-
jugation in the aryl ring increased the singlet n-n* transition
energies, likely due to stabilization of the non-bonding orbital on
the carbonyl group. In contrast, the ICT transition energies
decreased with the conjugation length. This trend persisted
across the coumarin series and eventually the lowest singlet
state in AC was predominantly ICT in nature. A summary of the
TD-DFT calculation results for C, PC, NC, and AC is listed in the
ESI, T Table S1.

Control over the aryl group was intimately linked to the
formation of the exciplex. Because the excited-state reduction
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Fig. 2 Schematic representation of the calculated (CAM-B3LYP/6-311+
G(d,p)//TD-CAM-B3LYP/6-311+G(d,p): CPCM(THF)) energies of the singlet
(S) and triplet (T) excited states of the coumarin compounds. Red and blue
bars indicate n—n* and ICT transition states, respectively.
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potential (E..q*) was estimated as E..q — band gap energy, the
evolution of the aryl groups from phenyl (PC) to 9-anthryl (AC) led
to a cathodic shift in E..q*. The free energy change for electron
transfer from PVK to the excited-state coumarin compounds (AGey)
was calculated using AGer = —e[E(PVK) — Eq*(coumarin)].
Therefore, AC, which was characterized by the smallest E.q*, was
expected to be least predisposed to exciplex formation, whereas C,
characterized by the largest bandgap energy (i.e., the largest E..q4*),
favored exciplex formation.

The molecules were synthesized through a two-step procedure,
which included a Pechmann condensation of m-bromophenol and
malic acid, followed by Pd(0)-catalyzed Suzuki-Miyaura coupling
using commercially available aryl boronic acid. The purified
compounds were characterized by multi-nuclear NMR spectro-
scopy, high-resolution mass spectrometry, and elemental analysis.
The characterization data were fully consistent with the proposed
structures. The synthetic details and structural identification results
are summarized in Experimental details.

Fluorescence turn-on by intramolecular charge transfer

With the exception of AC, the coumarin derivatives were minimally
fluorescent in cyclohexane solutions at 298 K. This observation was
consistent with the calculated predictions and previous studies,
which suggested that a non-radiative n-rn* transition provided
the dominant channel for excited-state relaxation in non-polar
solvents.>* Indeed, the photoluminescence quantum yield
(PLQY, 9,10-diphenylanthracene standard) remained as low as
0.005 for C. The PLQY value increased in proportion to the
conjugation length of the aryl ring (Table 1). An identical trend
was found in the photoluminescence lifetimes (z,ps) recorded at
the photoluminescence peak wavelengths after picosecond
pulsed photoexcitation at 377 nm (Table 1). t,ps increased from
0.098 ns for C to 2.8 ns for AC. The increase was ascribed to the
diminished influence of the non-emissive n—-n* transition, as
predicted by the TD-DFT calculations. The non-radiative rates
(kary knr = (1 — PLQY)/70ps) decreased as the number of fused
phenyl rings in the aryl groups increased: C, 1.0 x 10'° s™*; PC,
8.2 x 10° s™% NC, 2.6 x 10° s™% and AC, 7.1 x 10" s~ %,

The fluorescence properties of AC differed markedly from
those of the other coumarin compounds. The photoluminescence
emission spectrum exhibited a large 2300 cm ™ bathochromic shift
relative to the spectra of the other coumarin compounds (Fig. 3).
The spectral profile of AC was broad, unlike the vibronically
resolved fluorescence spectrum of 9,10-diphenylanthracene. These
properties suggested that an ICT transition was responsible for the
observed fluorescence of AC. Strong solvatochromism, as demon-
strated by the Lippert-Mataga plot, corroborated this hypothesis
(ESLt Fig. S2). It should be noted, however, that the extent of the
solvatochromic shift was not as large as the shifts observed for
conventional coumarin molecules bearing strong electron donors.>
Cyclic and differential pulse voltammetry measurements revealed a
cathodic shift in the oxidation potential of AC (E, = 1.24 V vs. SCE)
relative to the E,, values (1.60-2.27 V vs. SCE) of the other coumarin
compounds (Table 1; see the ESIT Fig. S3 for the cyclic and
differential pulse voltammograms), further supporting the
presence of ICT fluorescence. The ICT fluorescence was very

This journal is © The Royal Society of Chemistry 2016
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Table 1 Photophysical and electrochemical data obtained from the coumarin compounds in the fluid and solid solution states

Fluid solution Solid solution®

;Labsb one Erede
(nm; &, 10* M~ em™)  AEp(eV) (Vvs. SCE) (Vvs. SCE) Jems’ (nm) PLQY? 755 (0S)  Jems (nm)  PLQY” Tave® (11S)
Cc  311(0.53) 2.73° 2.27 -1.75 388 0.005 0.098 458 0.02 + 0.002 23
PC 327 (1.57) 2.55¢ 1.86 —1.66 396 0.012 0.12 469 0.05 + 0.002 24
NC 327 (1.50) 2.557 1.60 -1.68 402 0.081 0.36 468 0.04 +£0.01 21
AC 385 (0.61) N.A. 1.24 -1.67 444 0.80 2.8 457 0.18 + 0.006 3.1

710 wt% in PVK, 298 K. © 10 uM in cyclohexane solutions, 298 K. € 50 pM in 2-MeTHF, 78 K. 4 50 uM in jodoethane, 78 K. ¢ Determined by cyclic and
differential pulse voltammetry using 2.0 mM CH;CN solutions containing 0.10 M TBAPFs. Pt working and counter electrodes, and an Ag/AgNO; pseudo
reference electrode were employed. Scan rate = 0.10 V s~ (cyclic voltammetry) and 4.0 mV s~* (differential pulse voltammetry)./ Photoluminescence
quantum yields were determined relative to that of a 9,10-diphenylanthracene standard (toluene, PLQY = 1.00).>” ¢ Photoluminescence decay traces for
50 WM coumarin compounds in Ar-saturated toluene solutions or PVK films doped with 10 wt% coumarin compounds were monitored at the emission
maximum after picosecond pulsed laser photoexcitation at 377 nm. The photoluminescence lifetime (tps) values were determined through nonlinear least-

squares fits to monoexponential (toluene solutions) or triexponential (PVK films) decay models. The weighted average lifetime (t.,g) of triexponential decay
traces was calculated using Ta, = (> ast7)/(>ast) ({ = 1-3), where @; and t; are the pre-exponential factor and the time constant, respectively.
" Photoluminescence quantum yields determined absolutely by integrating over a sphere. The measurements were performed in triplicate.
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Fig. 3 Photoluminescence spectra of the coumarin compounds in fluid
(10 uM in cyclohexane (black)) or solid (10 wt% in PMMA (blue) and PVK
(red)) solutions. The fluorescence spectrum of 9,10-diphenylanthracene is
shown for comparison (dotted black curve). The spectra obtained in
cyclohexane were truncated due to a significant overlap with the excita-
tion beam (375 nm).

bright, with a PLQY as high as 0.80. This unusually high PLQY
value can be ascribed to effective suppression of non-radiative
transition. Indeed, the k,, value (7.1 x 10’ s~ ') was two orders
of magnitude smaller than the values (10°-10'° s™') obtained
for the other coumarins. It is likely that the non-radiative
control dominated over weak radiative transition of the ICT
fluorescence. Taken together, these results demonstrated that
the incorporation of anthracene boosted the fluorescence
intensity by activating an ICT transition.

Fluorescence turn-on by exciplex formation

The non-fluorescent coumarin compounds, C, PC, and NC, became
emissive when they were doped into PVK at 10 wt% (Fig. 1).

This journal is © The Royal Society of Chemistry 2016

As shown in Fig. 3, the fluorescence peak wavelengths (Lems)
exhibited bathochromic shifts of 3500-3900 cm ™" relative to
the solution spectra. The shifts did not result from planariza-
tion of the m frameworks in the solid state because much
smaller bathochromic shifts of 300-700 em ™" were observed
in poly(methyl methacrylate) (PMMA) films doped with C, PC,
or NC at identical doping concentrations (10 wt%). The PLQY
values determined absolutely by integrating over a sphere were
0.02, 0.05, and 0.04 for C, PC, and NC, respectively. These
values were one order of magnitude better than the PLQY
values obtained in cyclohexane solutions. By contrast, the PLQY
values of the PMMA films containing 10 wt% coumarin com-
pounds were relatively low: C, 0; PC, 0.019; and NC, 0.027,
suggesting that rigidification did not significantly contribute to
the fluorescence observed in the PVK films.”®

The Jems and PLQY values obtained from the PVK films were
compared with the values obtained from the cyclohexane solu-
tions and from the PMMA films, suggesting that the fluores-
cence emission did not originate from an excitonic state (a n-n*
transition state or an ICT transition state) in the coumarin
compounds. The photoluminescence peak wavelengths varied
linearly with the difference between E,(PVK) (1.18 V vs. SCE)*°
and the ground-state reduction potential (E,eq: C, —1.75 V; PC,
—1.66 V; NC, —1.68 V vs. SCE) of the coumarin derivatives
(Table 1). The UV-vis absorption spectrum of C in the 2-MeTHF
solution (10 uM) was compared with the spectra obtained from
the PMMA (10 wt%) and PVK (10 wt%) solid solutions to reveal
the absence of ground-state charge-transfer interactions
between the coumarin derivatives and PVK (Fig. 4).

To gain additional information about the nature of the
fluorescence emission, photoluminescence decays were monitored
for the coumarin-doped (10 wt%) PVK films at the emission peak
wavelengths after picosecond pulsed laser photoexcitation at
377 nm. The decay trace of a PVK film containing NC exhibited
a multi-exponential decay behavior (Fig. 5). This multiphasic decay
markedly differed from those of NC in a fluid solution (50 uM in
Ar-saturated toluene) and a PMMA film (10 wt%), which adhered
to a monoexponential decay model with 7,55 values in the
subnanosecond ranges. A weighted average photoluminescence

J. Mater. Chem. C, 2016, 4, 4556-4567 | 4559
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Fig. 4 UV-vis absorption spectra of C measured in fluid (10 pM in
2-MeTHF (solid black line)) or solid (10 wt% in PMMA (dotted grey line)
or PVK (dashed black line)) solutions. The absorption spectrum of PVK
(dashed grey line) is included for comparison. See the ESI, Fig. S4 for the
spectra of the other compounds.

lifetime of the PVK film of NC was 21 ns, being two orders of
magnitude longer than those of the solution (0.36 ns; Table 1).
The transient photophysical properties were consistent with
the previous observations of exciplex fluorescence.”**'*%%! The
exciplex fluorescence featured several unique properties: (1)
prolonged lifetimes of the emissive state, and (2) emission color
which was determined by the relative position of electrochemical
potentials of individual components (i.e., coumarin and PVK).
Inspection of Table 1 reveals interesting trends; the 7,5 values of
the fluid solutions increased with the m conjugation lengths of
the aryl ring (C, 0.098 ns; PC, 0.12 ns; NC, 0.36 ns; and AC, 2.8 ns).
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Fig. 5 Photoluminescence decay traces of NC after picosecond pulsed laser
excitation at 377 nm (pulse duration = 8 ps): black, 50 uM in an Ar-saturated
toluene solution; blue, 10 wt% in a PMMA film; and red, 10 wt% in a PVK film.
The grey curves are non-linear least squares fits to monoexponential (black and
blue) and triexponential (red) decay models. Refer to the ESI,f Fig. S5 for the
decay traces of C, PC and AC, and Table 1 for the fit results.
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This observation could be explained on the basis of the decreasing
contribution of n-n* transition for the coumarin compounds with
n-extended rings, as explained earlier. The influence of the fluores-
cence quenching n—r* transition was suppressed in PVK, because
emissive exciplex species provided the lowest energy path for
excited-state relaxation. In fact, such non-radiative control yielded
the observed trend in the ratio of PLQY(PVK)/PLQY(cyclohexane).
For instance, C with the strong quenching contribution by n-n*
transition in fluid solutions showed the largest value for the ratio
(12) of PLQY(PVK)/PLQY(cyclohexane). The ratio decreased with the
conjugation length of the aryl rings: PC, 4.2; NC, 0.49. In the case of
AC, the fluorescence properties were not affected by PVK. The
emission peak wavelength of the PVK film (10 wt% doping ratio,
457 nm) did not exhibit a significant bathochromic shift from
that (444 nm) of the cyclohexane solution. Similarly, the 7, value
(3.1 ns) was nearly identical to that obtained in the cyclohexane
solution (2.8 ns). Time-resolved photoluminescence spectra of
PVK films doped with either 10 wt% PC or 10 wt% AC revealed
contrasting behaviors (Fig. 6). The retention of the fluorescence
properties may be indicative of the absence of the exciplex
channel in AC.

Fluorescence utility of the exciplex of the coumarin compounds
was demonstrated by emission color tuning. PVK films containing
10 wt% C were additionally doped with several electron donors
(30 wt%) having the E, values smaller than that of PVK:
1,2-dimethylindole (DMI), 1.06 V; N,N-dimethylaniline (DMA),
0.77 V; and N,N-dimethyl-p-toluidine (DMT), 0.72 V (all potentials
are vs. SCE).°> As shown in Fig. 7a, the exciplex fluorescence
emission of the ternary mixtures shifted bathochromically with
decreasing E of the electron donors. Indeed, the fluorescence
peak energies exhibited linear proportionality to the values of
Eo(donor) — E.q(C) (Fig. 7b). The photoluminescence decay
traces monitored at the emission peak wavelengths followed a
triexponential decay model, as seen for the binary mixture of C
and PVK. The weighted average values of the photoluminescence
decay were as long as 8.3 ns, 13.8 ns, and 9.2 ns for
1,2-dimethylindole, N,N-dimethylaniline, and N,N-dimethyl-p-
toluidine, respectively (ESL Fig. S7). These results unambiguously
demonstrated that the exciplex is the origin of fluorescence
emission, and provided a versatile strategy to tailor fluorescence
emission.

Photophysical monitoring of the excited-state processes

Having demonstrated the ICT and exciplex emission, we sought
to investigate the photophysical processes. Scheme 2 depicts
the plausible mechanisms for the photophysical processes in
AC (i.e., ICT fluorescence) and PVK films containing PC (i.e.,
exciplex fluorescence). In both cases, the charge transfer provides
fluorescence channels that can harvest the excited-state energy of
the n-m*transition state. It should be noted that, without the new
channels mediated by charge transfer, the n-n* transition state
relaxes to the ground state non-radiatively.

The steady-state and transient photoluminescence results
revealed that the ICT transition state is responsible for the
fluorescence emission of AC. To directly probe the ICT process,
femtosecond laser flash photolysis experiments were performed.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Time-resolved photoluminescence spectra of PVK films doped
with 10 wt% PC (a) and 10 wt% AC (b) after picosecond pulsed laser
excitation at 377 nm.

The transient absorption spectra of toluene solutions of AC
(O.D. = 0.2 at 350 nm) were acquired after femtosecond pulsed
laser photoexcitation at 350 nm. As shown in Fig. 8a, a strong
absorption band at 620 nm appeared at a rise time of 0.78 ps,

View Article Online

Journal of Materials Chemistry C

(a) (b)
2
g .
g - 21500
£ PVK-+DM|-» DMA-= DMT -~
8 PVK PVK PVK E
§ 1.0 5
@ 5 21000
8 5
£ [ [ ]
E 5
= ~
2 3
S 5 @ 20500
[=% c
S
2 2 [}
N R
© £ 20000
E u °
2
0.0

24 25 26 27 28 29 30
E (donor) - £_(C) (V)

400 450 500 550 600 650
Wavelength (nm)
Fig. 7 (a) Photoluminescence spectra of PVK films doped with 10 wt% C
and a 30 wt% electron donor. Electron donors: DMI, 1,2-dimethylindole;
DMA, N,N-dimethylaniline; and DMT, N,N-dimethyl-p-toluidine. The inset
photograph shows the fluorescence emission of the PVK films of 10 wt% C
in the absence (far left) and presence of DMI, DMA, and DMT (from the
second left). (b) Plot of the fluorescence peak wavelength energies and the
difference between the ground-state oxidation potentials of the electron
donors (E,x(donor)) and the ground-state reduction potentials of C (E,4(C)).

and decayed with a time constant of 1.2 ns. The 620 nm band was
due to the radical cation of the coumarin moiety,® while the
anthracene radical cation was shown at 720 nm as a shoulder
band.®*"*’ The rise (0.78 ps) and decay (1.2 ns) times may correspond
to the time required for relaxation to the lowest ICT transition and
ground states, respectively. The latter time constant was indistin-
guishable from the photoluminescence lifetime of AC recorded in
toluene (2.8 ns), further supporting this notion. By contrast, the
transient absorption spectra of the other coumarin compounds
differed from that of AC, and included a transient absorption band
at 550 nm. The 550 nm absorption bands were long-lived and did
not decay appreciably until 3000 ps (ESLT Fig. S8).
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local excited-state of AC 1pC*
'AC* (= [An-CT) (346 eV)
ICT transition state ker RIP
IcT An®—C&] —AGgr 13[PCe-.--PVK*] .
An (3.09eV) (284eV) exciplex
g Ic —— [PC3-PVK¥]
== T 2.64
1SC_ k(exciton) 3pC @
3ACt (255¢v) |/ ker N
fon o
k K k K" i
nr r r o k(exciplex) PC
kx(exciton) k. (exciplex)

Scheme 2 Plausible mechanisms for (a) the ICT fluorescence of AC and (b) generation and relaxation of the exciplex in PVK films doped with PC upon
photoexcitation: ISC, intersystem crossing; IC, internal conversion; RIP, radical ion pair; k.., the rate constant for non-radiative decay of the singlet local
excited state of AC; k', the rate constant for non-radiative decay of the triplet local excited state of AC; k,, the rate constant for radiative decay of the ICT
transition state of AC; k", the rate constant for non-radiative decay of the ICT transition state of AC; k,(exciton), the rate constant for radiative decay of
PC; knr(exciton), the rate constant for non-radiative decay of PC; k., the rate constant for photoinduced electron transfer from PVK to PC; kcr’, the rate
constant for charge recombination to the triplet state of PC; kcg, the rate constant for charge recombination to the ground state of PC; k.(exciplex), the
rate constant for radiative decay of the exciplex; and k. (exciplex), the rate constant for non-radiative decay of the exciplex.
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Fig. 8 Femtosecond laser flash photolysis of a toluene solution of AC
(O.D. = 0.2 at 350 nm, 2 mm pathlength). (a) Transient absorption spectra
recorded at 2, 100 and 3000 ps after photoexcitation at 350 nm. (b) Rising
traces of the transient absorption at 620 nm and the nonlinear least
squares fit. (c) Decay traces of the transient absorption at 650 nm and
the nonlinear least squares fit. See the ESI, Fig. S8 for the laser flash
photolysis results obtained from C, PC and NC.

Photoexcitation under UV irradiation (365 nm) produced
excited states in both PC (PC*) and PVK (PVK*); however,
electron transfer was only allowed from the ground state of
PVK to PC* due to a positive driving force (i.e., —AGer) 0of 0.62 eV,
which was determined by the difference between the E..q* of PC
and E,, of PVK. Other coumarin derivatives also displayed a
positive driving force for the photoinduced reductive electron
transfer from PVK: 0.66 eV (C), 0.57 eV (NC), and 0.24 eV (AC). By
contrast, electron transfer from the coumarin derivative to the
excited state of PVK (PVK*) was forbidden due to the negative
driving force (—AG.r = —0.10 eV to —0.19 eV). The photoinduced
electron transfer produced a radical ion pair ([PC* PVK*'])
consisting of a one-electron reduced PC species (PC* ") and a
one-electron oxidized PVK species (PVK®'). We attempted to
determine the rate constant for intermolecular electron trans-
fer using transient photoluminescence techniques by adding
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N-ethylcarbazole into the coumarin solutions; however, the
experiments were hampered by a significant overlap between
the fluorescence spectra of N-ethylcarbazole and the coumarin
derivatives. Femtosecond laser flash photolysis revealed an
ultrafast increase in the PVK®' signal within the temporal
resolution of the instrument (vide infra), indicating the
presence of forward electron transfer. Once the [PC* PVK*']
has been generated, it underwent charge recombination to
produce ground states (CR in Scheme 2b) in PC and PVK or a
triplet excited state (CR’ in Scheme 2b) in PC. An alternative
pathway may involve the formation of a fluorescent exciplex.
Although the limited spectral resolution impeded discrimina-
tion among these three processes, we detected the transient
absorption band of PVK*" at 770 nm in PVK films composed of
10 wt% PC after femtosecond pulsed laser photoexcitation at
350 nm (Fig. 9a). A high-energy absorption band at 490 nm
corresponded to a triplet transition (T; — T,) in PC.” These
assignments were consistent with those reported previously.®>°%7°
The observation of the PVK*" species enabled us to follow the decay
of [PC*"PVK®"]. As shown in Fig. 9b, the transient absorption
of PVK*" underwent biexponential decay with a weighted average
rate (Kgecay(RIP)) Of 2.6 x 10° 5. The Kgecay(RIP) corresponded
to a sum of rate constants for charge recombination to the
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Fig. 9 Femtosecond laser flash photolysis of a PVK film doped with
10 wt% PC. (a) Transient absorption spectra recorded at 1, 25, 100, and
1000 ps after photoexcitation at 350 nm. The absorption band indicated by
an asterisk (*) corresponds to the Ty — T, transition in PC. (b) Decay traces
of the transient absorption at 765 nm and a nonlinear least squares fit to a
biexponential decay model. See the ESI{ Fig. SO for the laser flash
photolysis results obtained from C, NC, and AC.
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Table 2 Summary of the rate values characterizing the photophysical
processes in the PVK films containing the coumarin compounds

. a . b
Exciton Exciplex aeens(RIP)
(107 s7Y) kot (107 s7Y) kS (107 s7Y) ko (107 s7Y) (107 s7Y)
C 0 14 0.26 4.1 9.8
PC 0.23 12 0.21 4.0 2.6
NC 14 38 0.16 4.6 3.8
AC 24 35 N.A. N.A. N.A.

¢ 10 wt% in PMMA films, 298 K. ? 10 wt% in PVK films, 298 K. ¢ Decay
rate of the radical ion pair of PVK and coumarin compound species,
determined by laser flash photolysis after femtosecond laser photo-
excitation of the PVK films containing 10 wt% coumarin compounds at
330 nm (C) and 350 nm (PC, NC, and AC). ¢ Radiative rate constant,
ke = PLQY/%obs: PLQY = 0 (C), 0.019 #+ 0.0008 (PC), 0.27 4 0.007 (NC), and
0.41 + 0.002 (AC); Tops = 7.4 ns (C), 8.4 ns (PC), 1.9 ns (NC), and 1.7 ns
(AC). ¢ Non-radiative rate constant, kn, = (1 — PLQY)/Tons. / Radiative
rate constant, k, = PLQY/t,ps: See Table 1 for the PLQY and 7,p,¢ values.
¢ Non-radiative rate constant, k,; = (1 — PLQY)/tops-

ground state (kcr in Scheme 2b) and the triplet state (kcrs in
Scheme 2b) and conversion to the exciplex. The decay rate
exceeded the radiative (k(exciplex), 2.1 x 10° s~") and non-radiative
(knr(exciplex), 4.0 x 107 s™) decay rates of the exciplex of PC by
three and two orders of magnitudes, respectively (Table 2),
indicating that charge recombination was faster than the relaxa-
tion of the exciplex. Similarly, the kgecay(RIP) values of C and NC
were as large as 9.8 x 10° s™" and 3.8 x 10° s, respectively
(Table 2). Unlike the transient absorption spectra of C, PC, and
NC compounds, the transient absorption spectrum of PVK films
of AC lacked the PVK** band (ESI,} Fig. S9). This observation
indicated that intermolecular electron transfer between PVK and
AC was suppressed, despite the positive driving force (0.24 eV),
most likely due to the presence of ICT transition.

It should be noted that the decay rates were proportional to the
free energy change for back electron transfer within the radical ion
pair to yield the ground states (AGge1(G): C, —2.93 eV; PC, —2.84 eV;
NC, —2.86 eV). The AGgr(G) values were calculated using the
relationship, AGger(G) = —e:[Ereq(coumarin) — E.(PVK)], where e is
the elementary charge of an electron. The free energy change for
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Fig. 10 Plots of the free energy change for charge recombination within
the radical ion pair [PC* PVK**] to the ground (AGger(G)) and triplet
(AGget(T)) states of the coumarin compounds as a function of the rate
constant for the decay of the radical ion pair (kgecay(RIP)).
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charge recombination to the triplet state of coumarin (AGger(T):
C, —0.20 eV; PC, —0.29 eV; NC, —0.31 eV) was calculated from the
difference between —AGg.r(G) and the triplet state energies (AEy)
of the coumarin compounds. The AEr values were determined
from the low temperature (78 K) phosphorescence spectra collected
from solutions containing 50 uM C in 2-MeTHF or 50 uM PC or NC
in iodoethane (ESL{ Fig. S5). As shown in Fig. 10, the kgecay(RIP)
varied linearly with AGg{(G) but not with AGger(T). Taken together,
these results suggest that the favored relaxation process for the
photo-produced radical ion pair involved non-radiative charge
recombination to the ground state, which occurred in the
Marcus-normal region of electron transfer.

Summary and conclusions

n-1* chromophores are considered to be weak fluorophores,
because they undergo fast non-radiative relaxation. The utility
of n-n* fluorophores has not been appreciated, and successful
applications of these compounds are scarce, with the exception of
coumarin compounds bearing strong electron donors. We sought
to improve the fluorescence properties of n—-n* fluorophores by
implementing two photophysical design strategies. These strategies
promoted intra- and intermolecular charge transfer to electron-
deficient n-n* fluorophores, and generated an ICT transition state
and an exciplex, both of which were fluorescent. The archetype
1-benzopyran-2-one (coumarin) was chosen as a model platform.
Aryl rings, including phenyl (PC), 1-naphthyl (NC), and 9-anthryl
(AC), were introduced at the 7 position of coumarin. AC was found
to display strong ICT fluorescence emission, whereas the fluores-
cence intensities of coumarin and the other derivatives were very
low. The increase in fluorescence was ascribed to the reordering of
the electronic states through the generation of an ICT transition
state and destabilization of the n-n* transition state. The weakly
emissive C, PC, and NC became highly fluorescent when doped
into PVK films. The fluorescence originated from the exciplex, as
demonstrated by the mechanistic studies. Femtosecond laser
flash photolysis experiments enabled us to directly identify the
electron-transfer species generated during the exciplex de-excitation
processes. The relationship between the electron-transfer rates and
the driving force for electron transfer revealed that fast charge
recombination provided the dominant relaxation pathway. This
establishment delivered valuable insights that further improved the
fluorescence properties. Recent studies have described the utility of
electron-transfer species as emitting centers,” ' whereas the
molecular principles underlying high-efficiency exciplex fluores-
cence have yet to be fully established. We hope that the results
presented here will provide useful insights into the future utiliza-
tion of charge-transfer fluorescence.

Experimental details
Synthetic methods

Commercially available chemicals were used as received. All
glassware, syringes, and magnetic stir bars were thoroughly
dried in a convection oven. Reactions were monitored using
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thin layer chromatography (TLC) using commercial TLC plates
(silica gel 60 F254, Merck Co.). Silica gel column chromatography
was performed with silica gel 60 (particle size 0.063-0.200 mm,
Merck Co.). 'H and *C NMR spectra were collected using Bruket,
Ultrashield 300, 400, and 500 NMR spectrometers and were
referenced to TMS. High-resolution mass spectra were acquired
using JEOL, JMS-600W/JMS-700GC and Applied Biosystems, Tempo
Nano HPLC/QSTAR Elite spectrometers. Elemental analysis was
performed using a CE Instrument, EA1110 instrument.

Synthesis of 7-bromocoumarin. To a mixture of 3-bromophenol
(5.00 g, 28.9 mmol) and pr-malic acid (2.60 g, 19.4 mmol) at 0 °C
was added dropwise 98% H,SO, (6.5 mL). The resulting solution
was heated at 120 °C for 6 h. The reaction mixture was poured into
crushed ice, and the precipitated solids were collected by filtration.
The filter cake was washed thoroughly with water to remove
residual H,SO,. The solid was dissolved in CH,Cl,, dried over
anhydrous MgSO,, and concentrated under vacuum. Silica gel
column purification with CH,Cl, : n-hexane = 1:1 (v/v) yielded a
white powder in a 34% yield. "H NMR (400 MHz, CDCl;) &: 6.44
(d, J = 9.6 Hz, 1H), 7.337.43 (m, 2H), 7.52 (d, J = 2.0 Hz, 1H), 7.66
(d, J = 9.6 Hz, 1H). >C NMR (75 MHz, CDCl;) J: 117.01, 117.90,
120.29, 125.93, 128.02, 128.97, 142.92, 154.40, 160.01.

Synthesis of PC. 7-Bromocoumarin (0.300 g, 1.33 mmol),
phenylboronic acid (0.195 g, 1.60 mmol), and tetrakis(triphenyl-
phosphine)palladium(0) (0.077 g, 0.07 mmol) were added into
a 100 mL round-bottom flask. The reaction mixtures were
dissolved in THF:2 N K,COs (aq.) (2:1, v/v) and refluxed for
2 days. The cooled reaction mixture was poured onto water, and
extracted with CH,Cl, (100 mL x four times). The organic layer
was dried over anhydrous MgSO, and concentrated. Silica gel
column chromatography was performed while increasing the
polarity of the eluents from CH,Cl,:n-hexane = 1:2 (v/v) to
CH,Cl,:n-hexane = 1:1 (v/v) to furnish a yellow powder in a
52% yield. "H NMR (300 MHz, CDCl;) d: 6.44 (d, J = 9.5 Hz, 1H),
7.42-7.56 (m, 6H), 7.62-7.65 (m, 2H), 7.75 (d, J = 9.5 Hz, 1H).
3C NMR (126 MHz, CDCL;) : 115.26, 116.54, 118.02, 123.53,
127.43, 128.33, 128.75, 129.29, 139.38, 143.25, 145.29, 154.73,
161.01. HR MS (FAB', m-NBA): caled for Cy5H,40, (M + HJY),
223.0759; found, 223.0765. Anal. calcd for C,5H;,0,: C, 81.07; H,
4.54. Found: C, 81.02; H, 4.51.

Synthesis of NC. The procedure used for the synthesis of PC
was employed for the synthesis of NC, using 1-naphthylboronic
acid in place of phenylboronic acid. A white solid (85%) was
obtained. "H NMR (400 MHz, CDCl;) d: 6.48 (d, J = 9.6 Hz, 1H),
7.43-7.57 (m, 6H), 7.60 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 9.6 Hz,
1H), 7.86 (d, J = 8.4 Hz, 1H), 7.93 (t, J = 6.4 Hz, 2H). *C NMR
(126 MHz, CDCl,) &: 116.78, 118.07, 118.43, 125.53, 126.30,
126.67, 126.76, 127.29, 127.79, 128.70, 128.85, 131.27, 134.03,
138.39, 143.34, 145.14, 154.27, 160.97. HR MS (FAB*, m-NBA):
caled for C1oH;,0, (M + HJY), 273.0916; found, 273.0914. Anal.
caled for Cy9H,,0,: C, 83.81; H, 4.44. Found: C, 83.81; H, 4.44.

Synthesis of AC. The identical procedure used for the
synthesis of PC was employed for the synthesis of AC, using
9-anthrylboronic acid in place of phenylboronic acid. A yellow
powder (28%) was obtained. 'H NMR (300 MHz, CDCI,)
d: 6.55 (d, J = 9.6 Hz, 1H), 7.35-7.41 (m, 3H), 7.46-7.51 (m, 3H),
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7.59-7.62 (m, 2H), 7.70 (d, J = 7.5 Hz, 1H), 7.88 (d, J = 9.6 Hz, 1H),
8.08 (d, J = 8.4 Hz, 2H), 8.56 (s, 1H). *C NMR (126 MHz, CDCl,)
§: 117.00, 118.31, 119.79, 125.43, 126.12, 126.17, 127.68, 127.93,
128.69, 129.96, 131.40, 134.62, 143.40, 143.44, 154.29, 160.87. HR
MS (FAB', m-NBA): caled for C,H,4,0, ([M + H]'), 323.1072; found,
323.1072. Anal. caled for C,3H;,0,: C, 85.70; H, 4.38. Found:
C, 85.70; H, 4.40.

Characterization

Steady-state UV-vis absorption measurements. UV-vis absorp-
tion spectra were collected using an Agilent, Cary 300 spectro-
photometer at 298 K. 10 uM or 50 pM solutions were freshly
prepared prior to collecting the measurements. Polymer films
were spin-coated onto 1 cm X 1 cm quartz plates, using an
EPLEX, SPIN-1200D spin coater. 1,2-Dichloroethane solutions
containing 10 wt% PVK or PMMA and coumarin compounds
(10 wt% relative to polymer) were sonicated for more than 30 min.
The polymer solutions were passed through a membrane filter
(pore size = 8.0 um) to remove insoluble particulates.

Steady-state photoluminescence measurements. Photo-
luminescence spectra were obtained using a PTI, Quanta Master
400 scanning spectrofluorimeter at 298 K. The 10 pM solutions or
the polymer films containing 10 wt% dopants were used for the
measurements. The relative photoluminescence quantum yields
(PLQYs) of the solutions were determined according to the following
standard equation: PLQY = PLQY et X (Wlef) X (AreflA) X (/Mer)’,
where 4, I, and n are the absorbance at the excitation wavelength,
integrated photoluminescence intensity, and the refractive index
of the solvent, respectively. 9,10-Diphenylanthracene in toluene
solution was used as the external reference (PLQY,ef = 1.00).°” The
PLQY values of the polymer films were determined by integrating
over a sphere (PTI), according to the manufacturer’s protocol.

Photoluminescence lifetime measurements. 50 uM solutions in
Ar-saturated cyclohexane and polymer films doped with 10 wt%
coumarin compounds were used to determine the photo-
luminescence lifetimes of the coumarin compounds. Photo-
luminescence decay traces were acquired using time-correlated
single-photon-counting (TCSPC) techniques using a PicoQuant,
FluoTime 200 instrument after picosecond pulsed laser excita-
tion. A 377 nm diode laser (PicoQuant, Germany) was used as
the excitation source. The photoluminescence signals were
collected through an automated motorized monochromator.
Photoluminescence decay profiles were analyzed (OriginPro
8.0, OriginLab) using single or multi exponential decay models.

Cyclic voltammetry. Cyclic voltammograms of the deaerated
CH;CN solutions (3 mL) containing 2.0 mM coumarin com-
pounds and 0.10 M TBAPF, supporting electrolyte were collected
at 298 K using a CHI630B instrument (CH Instruments).
A conventional three-electrode cell was used with a platinum
working electrode and a platinum wire as a counter electrode.
The potentials were recorded with respect to the Ag/AgNO;
(0.010 M) pseudo reference electrode and were adjusted to the
corresponding values against SCE by adding 0.29 V. The scan
rate was 0.10 Vs~ .

Differential pulse voltammetry. Differential pulse voltammo-
grams for the deaerated CH3;CN solutions (3 mL) containing

This journal is © The Royal Society of Chemistry 2016
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2.0 mM coumarin compounds and 0.10 M TBAPF, supporting
electrolyte were obtained at 298 K using a CHI630B instrument
(CH Instruments). A conventional three-electrode cell was used
with a platinum working electrode and a platinum wire as a
counter electrode. The potentials were recorded with respect to
the Ag/AgNO; (0.010 M) pseudo reference electrode and were
adjusted to the corresponding values against SCE by adding
0.29 V. The scan rate was 4.0 mV s~ .

DFT/TD-DFT calculations. Quantum chemical calculations
based on density functional theory (DFT) were carried out using
the Gaussian 09 program.'®! Geometry optimization and single
point calculations of the model structures were performed
using the long range corrected version of B3LYP using the
Coulomb-attenuating method (CAM-B3LYP) and the 6-311+G(d,p)
basis set. The polarizable continuum model (CPCM), para-
meterized for THF, was applied during the geometry optimiza-
tion step. Frequency calculations were subsequently performed
to assess the stability of the convergence. The TD-DFT calcula-
tions were applied to the optimized geometries using the
same functionals and basis sets that were used for geometry
optimization. The polarizable continuum model (CPCM) para-
meterized for THF was applied to account for solvation effects.
The twenty lowest singlet and triplet states were calculated and
analyzed.

Femtosecond laser flash photolysis. Femtosecond transient
absorption spectroscopy experiments were conducted using
an ultrafast source, Integra-C (Quantronix Corp.), an optical
parametric amplifier, TOPAS (Light Conversion Ltd), and a
commercially available optical detection system, Helios, pro-
vided by Ultrafast Systems LLC. The source of the pump and
probe pulses was the fundamental output of Integra-C
(780 nm, 2 mJ per pulse and FWHM = 130 fs) at a repetition
rate of 1 kHz. A 75% portion of the fundamental output of the
laser was introduced into TOPAS, which includes optical
frequency mixers that can tune the output over the range
285-1660 nm. The rest of the output was used to generate
white light. Prior to generating the probe continuum, a
variable neutral density filter was inserted into the path to
obtain a stable continuum, and the laser pulse was fed to a
delay line that provided an experimental time window of
3.2 ns with a maximum step resolution of 7 fs. An excitation
wavelength of 350 nm in the TOPAS output was selected as the
pump beam. Because this TOPAS output consisted of the
desired wavelength as well as the other unnecessary wave-
lengths, the latter were deflected using a wedge prism with a
wedge angle of 18°. The desired beam was used to irradiate
the sample film with a spot size of 1 mm diameter. The beam
merged with the white probe pulse at small angles (<10°).
After passing through the film, the probe beam was focused
onto a fiber optic cable connected to a CCD spectrograph to
record the time-resolved spectra (470-800 nm). Typically,
3000 excitation pulses were averaged over 3 s to obtain the
transient spectrum at a set delay time. Kinetic traces at
appropriate wavelengths were assembled from the time-
resolved spectral data. All measurements were conducted at
room temperature, 298 K.
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