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Light emitting diodes (LEDs) with low colour temperatures (CTs) have been proved to be physiologically-
friendly light sources. However, there are few reports on the photophysical properties of luminescent
materials with CTs lower than candlelight. Herein, one- and two-photon optical properties of four
fluorenone-based conjugated oligomers have been systemically investigated. By using a sum-over-
essential states (SOS) approach, we obtained the transition dipole moments and two-photon absorption
(TPA) cross sections. The triphenylamine end-capped oligomer exhibits reddish orange luminescence
with extremely low colour temperature of 1686 K, which is much lower than that of candlelight.
Fluorene—ethylene units serving as m-spacers could weaken the role of electron-donating units and
effectively enhance the TPA performance of oligomers. Our results provide an effective way for the
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Introduction

Colour temperature (CT) is a characteristic of visible light that
has important applications in lighting, photography,
manufacturing and other fields." Interestingly, higher colour
temperatures (CTs) exhibit cooler colours, while lower CTs
exhibit warmer colours. Therefore, different CTs produce
different effects on human physiology and psychology, which
may be harmful or beneficial.>* Among many types of light
sources, light emitting diodes (LEDs) are attracting consider-
able attention because their luminescence is similar to natural
light sources. LEDs with low CTs are proven to be helpful in
protecting the ocular surface, ameliorating insomnia,
promoting the secretion of melatonin and glutamate, acceler-
ating wound healing and hair regeneration, and are very suit-
able as healthy indoor light sources.**

With the continuous improvement of people's requirements
for life quality, creating human-friendly LEDs with low CTs like
sunset or candlelight is highly desirable. In recent years, Jou
et al.,® Gong et al.” and Korshunov et al.® reported candle light-
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design and optimization of universal light-emitting material candidates in optoelectronic devices.

style organic LEDs with CTs as low as 1900 K, 1843 K and 1722
K, respectively. However, there are few reports on the photo-
physical properties of luminescent materials with CTs lower
than candlelight, so it is necessary to further strengthen the
basic research on the preparation strategies and photophysical
mechanisms of such materials. More noteworthy, if such
materials also have good two-photon absorption (TPA) charac-
teristics, they will have wider potentials in the fields of two-
photon fluorescence microscopy, optical data storage and
thermodynamic therapy.

Herein, we compare the photophysical properties of four

fluorenone-based conjugated oligomers: 2,7-di(4-
(diphenylamino)styryl)-9-fluorenone  (#1), 2,7-di((E)-2-(10-
octyl-10H-phenothiazin-3-yl)vinyl)-9-fluorenone  (#2), 2,7-

di((E)-2-(7-(4-(diphenylamino)styryl)-9,9-dioctyl-9H-fluoren-2-
ylvinyl)-9-fluorenone (#3) and 2,7-di((£)-2-(9,9-dioctyl-7-((E)-2-
(10-octyl-10H-phenothiazin-3-yl)vinyl)-9H-fluoren-2-yl)vinyl)-9-
fluorenone (#4). The structure-property relationships are
analyzed by performing a variety of steady-state and transient
spectral measurements. Meanwhile, the transition dipole
moments and TPA cross sections are simulated by using sum-
over-essential states (SOS) approach. We observe that the
electron-donating and withdrawing groups directly linked
oligomers present CTs lower than 1700 K, while the incorpo-
ration of spacer units could weaken the role of electron-
donating groups and effectively enhance the TPA perfor-
mance of oligomers. It is hoped that our research will provide
suitable candidates for the design and fabrication of light-
emitting materials in photoelectric devices with low CTs and
good two-photon performance.
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Experimental
Materials

The conjugated oligomers #1, #2, #3 and #4 were synthesized
following Heck reaction,” and the synthetic procedures have
been described in detail previously.'®** As seen in Fig. 1, for #1
and #2, triphenylamine and phenothiazine serve as the
electron-donating groups, are linked to fluorenone directly.
While for #3 and #4, fluorene-ethylene units are inserted
between electron-donating and withdrawing groups. Toluene
solutions with concentrations at 5 x 10> and 5 x 10~ * M were
prepared for one- and two-photon measurements, respectively.
All the measurements were carried out at room temperature,
with the samples placed in 3 mm path length quartz cells.

Measurements

Mass spectra were performed on Agilent 1100 MS series and
AXIMA CFR matrix assisted laser desorption ionization/time of
flight (MALDI/TOF) mass spectrometer. The 'H-NMR spectra
were recorded in CDCl; on a 500 MHz NMR spectrometer (JEOL,
JNM-500EX). C, H and N elemental analyses were taken on
a elemental analyzer (PerkinElmer, 240C). The infrared (IR)
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Fig. 1 The MALDI/TOF MS spectra of compound #1-#4 with 1,8,9-
trinydroxyanthracene as a matrix.
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spectra were measured using a FT-IR spectrometer (Bruker,
VERTEX 80v) by incorporating samples in KBr disks. The steady-
state absorption spectra were measured by a bi-pass fiber
spectrometer (Avantes, AvaSpec-2048). One-photon fluores-
cence (OPF) measurements were carried out by use of a fiber
optic spectrometer (Ocean Optics 4000). Two-photon fluores-
cence (TPF) and two-colour pump-probe experiments were
carried out with Ti:sapphire mode-lock femtosecond laser
system (Coherent), which consists of pumping source (Verdi-
V5), oscillator stage (Mira 900), amplifier stage (Legend Elite)
and optical parametric amplifier (Topas). The centered wave-
length of the pulses from the oscillator stage is 800 nm, with
average power of 600 mW, repetition rate of 76 MHz, and pulse
width of 110 fs. When the pulses passed through the amplifier
stage, the repetition rate becomes 1 kHz, and the single pulse
energy becomes 3.5 mJ.

Results and discussion

The structures of the conjugated oligomers were characterized
by MALDI/TOF mass spectroscopy, 'H-NMR, elemental analysis
and IR spectra. By utilizing 1,8,9-trihydroxyanthracene as
a matrix, molecular ion peaks of target molecules could be
clearly observed, as shown in Fig. 1. However, due to the exis-
tence of oxygen free radicals in the environment, which are easy
to bind with lone-pair electrons on phenothiazine units, regular
oxygen-rich molecular ion peaks could be observed in #2 and
#4. The data of "H-NMR and elemental analysis are available in
the ESI (S1f). The 500 MHz '"H-NMR spectra exhibit that no
signal corresponding to the protons in cis-double bonds at
6.5 ppm appeared in all the target compounds (Fig. S1, ESIt).
Fig. 2 shows the IR spectra of compound #1-#4. The
frequencies and assignments of characteristic vibrational peaks
are listed in Table 1. The oligomers exhibit obvious CH,
asymmetrical stretching (v,s CH,) and symmetrical stretching
(vs CH,) vibration intensity due to their massive methylene
groups. When fluorene-ethylene units are introduced into #1
and #2, the characteristic peaks of keto-carbonyl (v C=0)* are
weakened obviously, implying that spacer groups inhibited the
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Fig. 2 IR spectra of compound #1-#4.
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Table1 Characteristic vibrational frequencies and their assignment of
oligomers

1

Vibrational frequencies/cm™" (relative strength/%)

Assignment  #1 #2 #3 #4

Uas CH, 2923 (9.9) 2925 (20.6) 2925 (13.6) 2924 (12.5)
vs CH, 2855 (7.4) 2851 (11.0) 2854 (8.5) 2851 (8.2)
v C=0 1715 (10.1) 1707 (15.8) 1719 (6.1) 1703 (6.1)
v C=C 1635 (27.4) 1630 (24.2) 1635 (29.4) 1634 (27.9)
845 CH; 1463 (8.3) 1467 (43.4) 1457 (3.3) 1461 (11.9)
65 CH; 1385 (14.3) 1385 (6.4) 1385 (14.3) 1382 (11.1)
6 =C-H 964 (5.5) 958 (8.4) 960 (2.5) 960 (5.1)

6 =C-H 754 (5.9) 739 (8.6) 753 (1.9) 741 (5.4)

v C-N 1281 (9.5) 1247 (10.3) 1270 (1.3) 1246 (2.6)

vibration ability of the electron-withdrawing groups. Besides,
the stretching vibration peaks of C=C (v C=C) are enhanced
with C=C prolonging. The characteristic C-N stretching (v C-N)
frequencies show a red-shift with the electron-donating groups
change from triphenylamine to phenothiazine, and the peak
intensities are strongly weakened by the introduction of spacer
groups. The characteristic band of thiophene is located around
600-800 cm ™. It is noteworthy that the oligomers exhibit IR
absorption bands near 960 cm™' arising from the wagging
vibration of the ¢rans-double bond (CH=CH),"* but no charac-
teristic absorption was observed at the vibration position of the
cis-double bond at 830 cm ™. Therefore, we confirm that all the
double bonds in the synthesized oligomers are ¢rans configu-
rations. The trans-form compounds have good planarity, which
is beneficial to the improvement of the fluorescence property.
The steady-state absorption spectra of oligomers dissolved in
toluene (5 x 10~> M) are shown in Fig. 3. Absorption bands in
the ultraviolet region around 320 nm should be ascribed to the
n-m* transitions of heteroatoms in triphenylamine and

Abs/OD
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Fig. 3 Steady-state absorption spectra of compound #1-#4. The
solid lines represent the fitted Gaussian line-shape.
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phenothiazine moieties, the high intensity peaks near 420 nm
can be assigned to mw-m* electronic transitions of the conjugated
molecules,”® and the 480-500 nm shoulder bands could be
attributed to intramolecular charge transfer (ICT) from
electron-donating to withdrawing groups.'®'” Spectral parame-
ters obtained by employing multi-peaks Gaussian fit are
summarized in Table S1 (ESIT). The n-7* band of #2 possesses
larger percentage owing to the electron-rich nitrogen and sulfur
heteroatoms which favor n-m* transition. It is worth noting that
#2 also exhibits larger area percentage of ICT, as compared with
#1, indicating the electron-donating ability of phenothiazine is
stronger than that of triphenylamine, due to its electron-rich
tricyclic heteroarene with nonplanar butterfly structure.*®
However, the insertion of fluorene-ethylene units resulted in
a much smaller ICT area percentage for #3 and #4, because of
the spacer groups effectively increase the conjugated length of
the molecule, making the distance between the electron-
donating and withdrawing groups obviously larger. The
similar spectral parameters between #3 and #4 also indicate
that the fluorene-ethylene spacer groups can eliminate the
difference between the spectral behaviors of oligomers with
different electron-donating groups. The normalized steady-state
absorption and OPF spectra are together shown in Fig. S2 (ESIT)
for comparison, with the corresponding linear optical parame-
ters summarized in Table S2 (ESIt). Compared to #1 and #2, the
absorption maximum of #3 and #4 shows a red-shift of ~15 nm,
indicating a more conjugated feature. The OPF spectra of #1
and #2 exhibit structureless band, and there is a 10 nm bath-
ochromic shift with the electron-donating groups change from
triphenylamine to phenothiazine, which could be attributed to
the enhancement of the ICT. When it comes to #3 and #4,
introducing of spacer groups resulted in blue-shift of the
emission peak, in accompany with a new emerging shoulder
band at ~610 nm, which may originate from the fluorene-based
characteristic emission. The Stokes shift presents a trend of #2 >
#1 > #3 = #4, indicating an enhanced ICT character'® occurs in
phenothiazine end-capped oligomer #2, and the ICT between
electron-donating and withdrawing groups could be inhibited
by the inserted m-spacer groups. The optical bandgap
EgP* shows opposite trend of #2 < #1 < #3 = #t4, which further
validates the above inference.

#1 and #2 exhibited reddish orange luminescence with
spectral maxima at 597 and 607 nm, respectively. With the
incorporation of fluorene-ethylene spacers, the emission
maxima of #3 and #4 were hypsochromic shifted by 24 and
36 nm respectively relative to #1 and #2, and the luminescence
colour became yellowish orange. The colour coordinates of
oligomers in International Commission on Illumination (CIE)
are presented in Fig. 4. The colour coordinates are located near
the border of CIE, which is indicative of high colour saturation.
Through the coordinates, correlated CTs of #1-#4 are calculated
to be 1686, 1699, 2350 and 2331 K. #1 and #2 present extremely
low CTs, which are even lower than those of matchstick flame,
candlelight and sunset/sunrise (1700-1800 K). Although the CTs
of #3 and #4 are higher as compared with #1 and #2, they are
still lower than those of incandescent light bulb, studio lamps
and photofloods (2700-3300 K). Meanwhile, #3 and #4 exhibit

RSC Adv, 2023, 13, 5317-5323 | 5319
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Fig. 4 CIE coordinates and CTs of #1-#4.

about 2.5-2.6 times enhancement in the whole emission
intensity owing to the incorporation of w-spacer units.

We have demonstrated that these oligomers are suitable
candidates for low CT optoelectronic devices. Furthermore, if
these materials also have excellent TPA properties, they will
have wider applications in many fields. To investigate the
nonlinear optical properties, we measure the TPF spectra at
different laser intensities from 35 to 80 pJ under the femto-
second laser pulses of 800 nm. Fig. 5(a) shows the normalized
TPF spectra of oligomers in toluene (5 x 10~* M). The TPF
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Fig. 5 (a) Normalized TPF spectra of #1-#4 (5 x 10~* M); (b) TPF
intensity of #1-#4 at different laser intensities over a range of 35-80
uJ; (c) TPF intensity as a function of the square of laser intensity.
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maxima are located at 605, 610, 574 and 574 nm for #1, #2, #3
and #4 respectively, which are slightly red-shifted relative to
those of OPF, because of the reabsorption effect.* The spectral
line shapes of TPF are the same as those of the OPF, suggesting
that the emission state does not change and that we can
simulate the nonlinear optical parameters by linear optical
spectra. The plots of integrated TPF intensity versus sample
number are depicted in Fig. 5(b). For all the oligomers, the TPF
intensities are gradually increased with increasing laser inten-
sity. At the same laser intensity, the stronger ICT character of #2
leads to fluorescence quenching compared to #1, due to the
stronger electron-donating capacity of phenothiazine units.
However, the difference between the TPF intensity of #3 and #4
is much smaller than that between #1 and #2 when the fluo-
rene-ethylene spacers were introduced. More importantly, the
TPF intensity could be significantly enhanced with the increase
of conjugated length. The laser intensity-dependent integrated
TPF intensity of oligomers is shown in Fig. 5(c). A clear linear
dependence of the TPF intensity on the square of laser intensity
is strong indication that the 800 nm excited fluorescence could
be assigned to TPA process. According to the slopes of linear
fitted lines, the TPF efficiency of #3 and #4 increases about 2.4-
and 3.8-fold compared to their counterparts without fluorene-
ethylene spacers. Meanwhile, the difference of TPF efficiency
between triphenylamine and phenothiazine end-capped oligo-
mers is significantly reduced, and the ratios before and after the
introduction of 7t-spacers are 3:2 (#1:#2) and 10:11 (#3: #4),
respectively.

TPA cross section is an important parameter in quantifying
the TPA abilities of compounds.***> Since TPF and OPF come
from the same emission state as mentioned above, linear
absorption spectra can be used to simulate the TPA cross
section and other corresponding parameters of oligomers by
exploiting SOS approach derived from semi-classical time-
dependent perturbation theory.”® All calculations are per-
formed in centimeter-gram-second system of electromagnetic
units. Assuming that the absorption spectra exhibit Gaussian

line-shape***®
14 —V 2
exp{—4ln2( o ) } 1)
FOm

41n2 Aom
g()m(V) = = ﬁ

where Aom, I'om and vo, are the peak height, full width at half-
maximum and peak frequency in the fitted Gaussian line-shape.
Moreover, Iy, corresponds to the damping constant of the m
state, vom corresponds to the transition frequency between the
m and the ground state.

Assuming the excitation light is linearly polarized and
therefore the dipole moments are parallel, the transition dipole
moment of transition from the ground to m state can be
calculated using:*®

fom = 3 e gmax__Lom N )
A w2 91 2) 2 von
where omg° is the maximum one-photon absorption cross
section that can be calculated by ojng* = ¢ In 10/N,, where ¢ is the
molar absorption coefficient, N, is the Avogadro's constant.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The absorption spectra are well fitted with sum of multi-
Gaussian, as shown by the solid lines in Fig. 3. According to
the results of Gaussian fitting, we assume that the oligomers
whose electron-donating and withdrawing moiety connected
directly have one initial state (|Sy)), one intermediate state (|Sy))
and four final states (|S,)-|Ss)), while the spacer introduced
counterparts have one initial state (|S,)), one intermediate state
(IS1)) and three final states (|S,)—|S4)). Then the TPA cross
section can be expressed as:*’

(2r)* vy? " [

2 2
i i1 |10t | Tom
2 2
ST (Ch) (VOI - Vp) + 1—~012 m=2

o@ — ]
(V()m - 2Vp> + FOmZ

(3)

where v, is the frequency of laser, |t1m| = |tlom — #o1|- The ob-
tained spectroscopic parameters are summarized in Table 2.

The multi-energy-level diagrams for compound #1-#4 under
the SOS approach are depicted in Fig. 6. Consistent with the
absorption spectra, the |S;) state represents the ICT state, while
the higher states represent the localized-excited states. The
transition dipole moments between the |S,) and |S;) (uo1) are
lower for #3 and #4, probably due to the introduction of fluo-
rene-ethylene spacer, whose electron-donating ability is weaker
than that of triphenylamine and phenothiazine, thus inhibiting
the interaction between electron-donating and withdrawing
groups. However, the u,;3 and uq, are higher for #3 and #4,
because of their larger conjugated length.”® The values of
theoretical TPA cross section (o+*)) obtained using eqn (3) are
986, 754, 1658, 1766 GM, the experimental TPA cross section
(05®) values achieved by z-scan technique in previous
studies™** are also listed in Table 2 for comparison. It is
obvious that the incorporating of fluorene-ethylene units could
lead to 170-230% enhancement of TPA cross section.

After a molecule is in thermodynamic equilibrium with the
solvent, it will relax to an ICT state. The relaxation process of
ICT state is accompanied by fluorescence emission and usually
completed in hundreds of picoseconds. To better understand

Table 2 Spectroscopic parameters obtained by the SOS approach,
employing the multi-energy-level diagram

TPA parameters #1 #2 #3 #4
vgr/em ™t 20553 20 684 20462 20 467
Voo/em ™t 24113 24416 23330 23236
vos/em ™! 25990 27368 24 885 24577
Voa/em ™t 31526 31437 31399 30778
vos/em ™! 32625 32162

Toi/em™ 3437 3594 2404 2534
Tppfem™ 1987 2554 1905 1577
Tos/em™ 3414 2707 3979 3998
TosJem ™t 3589 3817 4083 4095
Tos/em™ 1390 1635

os/debye 9.8 9.8 7.4 7.3
Uqp/debye 3.6 5.0 2.9 0.3
wiz/debye 4.8 0.8 11.1 12.2
w14/debye 1.8 1.6 2.6 2.7
uys/debye 6.0 4.1

or®/GM 986 754 1658 1766
ox®/GM 884 781 1759 1743

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Multi-energy-level diagrams for compound #1-#4 used to
describe the TPA process under the SOS approach.

the ICT dynamics influenced by the electron-donating capacity
and T-spacer units, two-color pump-probe experiment has been
performed. Schematic illustration of the two-color pump-probe
system is shown in Fig. 7(a). The amplified 800 nm laser beam is
separated into two beams. The stronger one pumps the Topas
which serves as a tunable source, and the other one is used as
the probe beam. The pump beam is chopped with a chopper at
a rate of 410 Hz and focused onto the sample cuvette after
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D
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Fig. 7 (a) Schematic of the two-colour pump—probe system. BS is
beam splitter; M;—M; are mirrors; C is chopper; L is convex len; S is
sample; and D is photodiode detector; (b) two-color pump—probe
dynamics for sample solutions at excitation of 410 nm.
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passing through an optical delay line (ODL), the probe beam is
also focused and overlapped with the pump beam. The signal of
transmittance change is collected by a photodiode connected
with a lock-in amplifier (SR830 DSP) and finally recorded on
a computer. Photoexcitation is carried out at 410 nm, corre-
sponding the lowest energy mw—mt* transition.”® The absorption
decay traces were measured with a probe wavelength at 800 nm.
The results of two-color pump-probe dynamics together with
fitting curves are shown in Fig. 7(b). Logarithm of the decay
time is taken as the abscissa. Considering the multiformity of
transient decay processes, we exploit the stretched exponen-
tial,”® which can be expressed as:

AOD xexp [ - (%) a] (4)

where t is the time, 7 is the lifetime of the transients, and « is the
stretching exponent. So the mean lifetime ((r)) can be calcu-
lated by using function of (1) = (t/a)I'(1/a), I'(1/a) can be
derived from gamma function.’® The fitted lifetime results
attributed to ICT are as follows: 287 ps (#1), 234 ps (#2), 267 ps
(#3) and 268 ps (#4). The phenothiazine end-capped oligomer #2
shows shorter decay time than its triphenylamine end-capped
counterpart #1, it is evident that the ICT is enhanced and
accelerated due to the increase of electron-donating ability.
However, #3 and #4 show an interesting result that their mean
lifetimes are extremely similar. The reason for this phenom-
enon is that the inserted fluorene-ethylene moieties weaken the
role of electron-donating groups and inhibited the ICT behavior
to some extent.

Conclusions

In summary, one- and two-photon optical properties of four
fluorenone-based conjugated oligomers have been experimen-
tally and theoretically analysed in detail. The emission of tri-
phenylamine and phenothiazine end-capped oligomers could
present extremely low CTs, which are even lower than 1700 K.
The spectral line-shape, peak position, TPF efficiency and ICT
lifetime are all modulated by electron-donating capacity and
introduction of m-spacer units. The TPA cross section and other
corresponding parameters of oligomers have been calculated
exploiting SOS approach. The results suggest that phenothia-
zine groups with stronger electron-donating ability could
increase the ICT behavior of oligomers in which the electron-
donating and withdrawing groups are directly linked.
However, the introduction of fluorene-ethylene spacers could
inhibit the interaction between electron-donating and with-
drawing groups. Because of the larger conjugated length, fluo-
rene—ethylene spacers could also effectively enhance the TPA
performance of oligomers. This study would be helpful for the
design and optimization of photoelectric materials with both
low colour temperature and excellent two-photon optical
properties.
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