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a b s t r a c t

Experimental and theoretical studies on the donor-dependent optical characteristics of two D–p–A–p–D
type linear fluorenone-based conjugated oligomers are presented, where fluorene and triphenylamine act
as the donors, respectively. Because of the strong electron-donating ability, the triphenylamine chro-
mophores lead to red-shifts of spectral features, shorten the excited state lifetime, and enhance the
two-photon fluorescence efficiency and two-photon absorption cross-section in comparison with fluo-
rene groups. Quantum chemical calculations provide complementary information regarding the molecu-
lar structures and the frontier orbitals, which can provide a deep insight into the electronic structure and
properties of oligomers.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction tro, pyridine, and benzothiazole) have been chosen to synthesize
Donor–acceptor (D–A) type p-conjugated organic oligomers
have attracted much attention [1–6], because of their strong nonlin-
ear optical properties, which can be used in the fields of two-photon
fluorescence microscopy [7], three-dimensional (3D) optical data
storage and fabrication [8–10], optical limiting [11], and photody-
namic therapy [12], etc. Over the past two decades, organic mole-
cules with excellent two-photon properties have developed
significantly [13,14]. Mono-dispersed p-conjugated oligomer is
one of the important model molecules that could be used to under-
stand the structure–property relationship of organic materials
[15,16]. It has been recognized that the two-photon optical proper-
ties of materials should be affected by the donor–acceptor strength,
the molecular structure, the conjugation length and the intramolec-
ular charge transfer (ICT), etc. [17–19]. The D–A p-conjugated oligo-
mers usually have two types of molecular structures: asymmetrical
D–p–A type and symmetrical D–p–A–p–D or A–p–D–p–A type, and
their corresponding optical properties can be easily tuned by the
introduction of different donor or acceptor moieties. A variety of
functional donors (such as dimethylamino, diphenylamino, carbaz-
oles, pyrroles, and dialkylamino) and acceptors (such as ketone, ni-
ll rights reserved.
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molecules with strong nonlinear properties [20–22]. It has been
reported that through introducing donors with strong electron-
donating ability, the nonlinear optical parameters of molecules can
be improved [23,24]. Additionally, symmetricalp-conjugated motifs
bearing strong electron donor groups have revealed efficient two-
photon absorption (TPA) properties [25,26] due to the facilitation
of charge transfer between the donor substituents and the acceptor
center. Therefore, further investigation on the symmetrical D–A lin-
ear oligomers with different donor groups is essential.

In this study, we compare the effects of donors on the linear and
nonlinear optical characteristics of two novel D–p–A–p–D type flu-
orenone-based conjugated oligomers with fluorene [27] and tri-
phenylamine as the donors (Fig. 1) by using various optical
measurement techniques, including steady-state spectral mea-
surement, time-correlated single-photon counting (TCSPC) tech-
nique, two-photon fluorescence (TPF) and femtosecond open
aperture z-scan technique. We observe that the triphenylamine
group with strong electron-donating capability may lead to red-
shifts of spectral features through lowering the p–p⁄ transition en-
ergy and increase the Stokes shift due to the enhancement of ICT,
which are in good agreement with the theoretical calculation.
Meanwhile, the triphenylamine group could improve the TPF effi-
ciency and TPA cross-section of these p-conjugated oligomers.
2. Materials and optical measurements

The oligomers were synthesized via Heck reaction [28]. For F–
FO–F, a mixture of E–OFV1 [29] (1.36 g, 3.26 mmol), 2,7-dibromo
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Fig. 1. Molecular structures of F–FO–F and TPA–FO–TPA, together with their optimized ground state geometries as predicted by quantum chemical calculation.

Fig. 2. Absorption and emission spectra of F–FO–F and TPA–FO–TPA (5 � 10�5 M).
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fluorenone (0.51 g, 1.50 mmol), tetrabutylammonium bromide
(1.10 g, 3.20 mmol), anhydrous potassium carbonate (0.90 g,
6.50 mmol) and Pd (OAc)2 (20 mg, 0.089 mmol) was added into
10 mL anhydrous DMF. The mixture was heated at 110 �C for
10 h under nitrogen atmosphere. After being poured into 400 mL
water, the mixture was extracted with CH2Cl2 (3 � 50 mL). The or-
ganic liquid was washed with brine and then dried with anhydrous
MgSO4. After the solvent was removed, the crude product was
purified by column chromatography (silica gel, petroleum ether/
dichloromethane 5:1) and recrystallized from ethanol/THF to give
red powder. Yield: 76%. Mp: 118–120 �C. 1H NMR (500 MHz,
CDCl3) d 7.91 (s, 2H), 7.71–7.65 (m, 4H), 7.60 (d, J = 7.7 Hz, 2H),
7.53–7.46 (m, 6H), 7.36–7.32 (m, 3H), 7.31–7.26 (m, 5H), 7.16 (d,
J = 16.2 Hz, 2H), 2.04–1.95 (m, 8H), 1.21–1.03 (m, 40H), 0.81 (t,
J = 7.1 Hz, 12H), 0.69–0.60 (m, 8H). IR (KBr, cm�1): 2954, 2926,
2853, 1713, 1637, 1465, 1385, 962, 740. Elemental analysis calcu-
lated for C75H92O: C, 89.23; H, 9.19; O, 1.58. Found: C, 89.32; H,
9.02. MS, m/z: cal: 1009.5, found: 1009.7. TPA–FO–TPA was ob-
tained from N-phenyl-N-(4-vinylphenyl) benzenamine [30] and
2,7-dibromo fluorenone following the general procedure for F–
FO–F. The crude product was purified by column chromatography
(silica gel, petroleum ether/dichloromethane 7:2) and recrystal-
lized from ethanol/THF to give dark red powder. Yield: 77%. Mp:
>200 �C. 1H NMR (500 MHz, CDCl3) d 7.82 (s, 2H), 7.51 (d,
J = 9.3 Hz, 2H), 7.44 (d, J = 7.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 4H),
7.30–7.26 (m, 6H), 7.26 (s, 2H), 7.14–7.10 (m, 10H), 7.07–7.02
(m, 8H), 6.97 (d, J = 16.2 Hz, 2H). IR (KBr, cm�1): 2958, 2923,
2855, 1715, 1635, 1463, 1385, 1281, 964, 754. Elemental analysis
calculated for C53H 38N2O: C, 88.55; H, 5.33; N, 3.90; O, 2.23.
Found: C, 88.62; H, 5.26; N, 3.86. MS, m/z: cal: 718.9, found: 718.9.

Both oligomers were dissolved in toluene solution with concen-
trations of 5 � 10�5 and 5 � 10�4 M, for linear and nonlinear
optical measurements, respectively. The samples were placed in
a 2 mm thick quartz cuvette for the optical measurements.
Steady-state absorption spectra were measured with a UV–Vis
spectrophotometer (Purkinje, TU-1810PC). One and two-photon
fluorescence measurements were carried out by using a CCD detec-
tor (Ocean Optics, USB4000). Time-dependent fluorescence kinet-
ics at 600 nm was detected by a time-correlated single-photon
counting spectrometer (Edinburgh, mini-s), with the excitation
wavelength of 405 nm (Edinburgh, EPL-405). A mode-lock Ti:sap-
phire femtosecond laser (Coherent) was used for nonlinear optical
measurements. The amplified pulses were obtained at 1 kHz,
800 nm, 130 fs, and 2.2 mJ. TPA cross-section measurements were
carried out by employing the open aperture z-scan technique with
a focal length of lens of 100 mm, a pulse energy of �250 nJ, and the
laser beam was modulated with an optical chopper at a rate of
�500 Hz. The signals were measured by a photodiode and then
travel through a lock-in amplifier (SR830, DSP), which is able to
obviously suppress noise outside a narrow frequency interval,
before they reach the computer.
3. Results and discussion

Fig. 2 shows the steady-state absorption and one-photon fluo-
rescence (OPF) spectra of oligomers in toluene (5 � 10�5 M). The
absorption spectra of each oligomer is characterized by two bands.
The high-energy absorption band at around 400 nm can be as-
signed to the p–p⁄ electronic transitions of conjugated molecules,
and the less intense one in the low-energy region could be attrib-
uted to the charge transfer (CT) processes [31,32]. The absorption
peaks of F–FO–F appear at 392 and 483 nm, and those of TPA–
FO–TPA are at 409 and 496 nm, respectively. Apparently, the
absorption peaks of triphenylamine end-capped oligomer red-shift
about 17 and 13 nm respectively, in comparison with those of flu-
orene end-capped oligomer, through lowering the p–p⁄ transition
energy and enhancing the intramolecular CT character [33]. Similar
to the absorption spectra, the OPF spectra of TPA–FO–TPA
also exhibits a red-shifted spectral feature compared to that of
F–FO–F. According to the absorption and OPF spectra, we observe
that the Stokes shift of TPA–FO–TPA is 10 nm larger than that of
F–FO–F, indicating an enhanced ICT character [34] occurs in
TPA–FO–TPA. In order to further understand the information of
oligomers in excited state, TCSPC technique has been performed
to detect the OPF kinetics of F–FO–F and TPA–FO–TPA. Photoexci-
tation is carried out at 405 nm, corresponding to the lowest energy
p–p⁄ transition [35], and the corresponding OPF relaxation curves
at 600 nm are presented in Fig. 3, which exhibit mono-exponential
decay. Through fitting the experimental data, we obtain lifetimes



(A) (B)

Fig. 4. (A) Normalized two-photon fluorescence spectra of F–FO–F and TPA–FO–
TPA (5 � 10�4 M) and (B) two-photon induced fluorescence measurements as a
function of laser power.

Fig. 5. Open aperture z-scan curves for F–FO–F and TPA–FO–TPA. (5 � 10�4 M).
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of 3.0 and 1.9 ns for F–FO–F and TPA–FO–TPA, respectively. It sug-
gests that the triphenylamine group, which bears a stronger elec-
tron-donating ability than fluorene group, is able to shorten the
fluorescence lifetime.

Under the excitation of femtosecond laser pulses at 800 nm, an
intense photoluminescence (PL) was observed in the oligomer
solution with concentration of 5 � 10�4 M. As seen in Fig. 4A, The
emission maximums are located at 575 and 605 nm for F–FO–F
and TPA–FO–TPA, respectively. Thus, compared to OPF spectra,
the emission peaks in PL spectra excited with 800 nm femtosecond
laser are red-shifted by 5 and 8 nm. This phenomenon could be ex-
plained by a volume reabsorption effect, as the concentration of
solutions used in the multi-photon excitation is much higher
[36]. The integral intensity of multi-photon fluorescence is linearly
dependent on the square of the excitation intensity, as shown in
Fig. 4B, thereby confirming the TPA process. It is obvious that the
linear fitted line of TPA–FO–TPA shows a larger slope than that
of F–FO–F, indicating that the triphenylamine group is able to en-
hance the TPF efficiency, and the TPF efficiency of TPA–FO–TPA is
calculated to be almost 1.8 times higher than F–FO–F.

The nonlinear absorption coefficients were measured by the
femtosecond open aperture z-scan technique at 800 nm, and the
results are shown in Fig. 5. Nonlinear optical measurements were
made under nonresonant excitation since the absorption bands
of two oligomers are located in the range between 350 and
580 nm, being transparent in the near infrared region [37]. The
curves exhibit a decrease of transmittance at positions (Z) near
the focus, which is attributed to the TPA effect. Besides, we also
took a measurement on neat toluene with an energy of 245 nJ,
and the result shows that there is no effect of the laser beam on
the solvent as seen in Fig. 5. Therefore, the influence of the solvent
nonlinearity could be excluded. The TPA coefficient b of two fluore-
none-based oligomers can be obtained by fitting the experimental
results with equation [38]:

Tðz; S ¼ 1Þ ¼
X1
m¼0

½�q0ðz;0Þ�
m

ðmþ 1Þ3=2 ð1Þ

where q0ðzÞ ¼ bI0= 1þ z2=z2
0

� �
; z0 ¼ kx2

0=2 is the Rayleigh length,
k = 2p/k is the wave vector, x0 is beam waist radius of Gaussian
pulse, and I0 is the pulse irradiance. The obtained values are sum-
marized in Table 1. The TPA cross-section r can be calculated using
r = hmb/N, where N is the number of molecules per cm3, and r is ex-
pressed in Göppert-Mayer units (GM), with 1 GM = 1 � 10�50 cm4 s
molecule�1 photon�1. Both the oligomers show considerable TPA
cross-sections, the calculated r values of F–FO–F and TPA–FO–
TPA are 626 and 884 GM, respectively, and the latter is almost 1.4
Fig. 3. Fluorescence dynamics (dot lines) and exponentially fitted lines (solid) of F–
FO–F and TPA–FO–TPA (5 � 10�5 M).
times larger than the former. This result indicates that the triphen-
ylamine unit acting as a more electron-rich moiety is benefit for the
enhancement of TPA cross-section.

In an effort to understand the basic photo-physical properties of
these two conjugated oligomers at the molecular level, quantum
chemical calculations based on density functional theory (DFT)
were used to calculate the electronic structures and investigate
the ground to excited state transitions. Fig. 1 shows the optimized
ground state geometries of F–FO–F and TPA–FO–TPA obtained
with the B3LYP/3-21G basis set [39–41]. Apparently, both oligo-
mers show a good coplanarity between the fluorenone subunit
and the donor moieties according to the quantum chemical calcu-
lation results, indicating that p-electrons in the two oligomers
could be delocalized throughout the molecules, due to their p-
conjugated system. Fig. 6 shows the plots of the representative
frontier molecular orbitals in the ground states of F–FO–F and
TPA–FO–TPA. In both molecules, the LUMO levels are nearly com-
pletely localized on the fluorenone moiety, while the HOMO levels
are almost delocalized over the whole molecules. This indicates
that the HOMO–LUMO transitions involve a significant ICT
character besides the p–p⁄ transitions. Because of the strong
electron-donating capability, the electron density in HOMO of
TPA–FO–TPA is much richer than that of F–FO–F, this characteris-
tic may be used to understand the red-shift spectral behavior in the
absorption and OPF spectra.

The calculated LUMO levels for compounds F–FO–F and TPA–
FO–TPA are �2.412 and �2.324 eV, respectively, which are close
to that of fluorenone unit (�2.518 eV). The HOMO levels for them



Table 1
Photo-physical parameters of two novel oligomers in toluene.

Oligomers kabs
max=nm kem

max=nm Eopt
g =eV Stokes shift/

nm
b/
10�2 cm GW�1

r/
GM

F–FO–F 392 570 2.397 178 0.76 626
TPA–FO–TPA 409 597 2.299 188 1.07 884

Fig. 6. HOMO and LUMO orbitals in the optimized ground state structure of (A) F–
FO–F and (B) TPA–FO–TPA.
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are �5.209 and �4.847 eV, indicating that the triphenylamine unit
is able to obviously increase the position of HOMO level. This im-
plies that variation of photo-physical properties of total oligomers
can be determined by donor group. The calculated HOMO–LUMO
gaps (Eg) for p-electron conjugative molecules F–FO–F and TPA–
FO–TPA are 2.797 and 2.523 eV, respectively, and the variation
trend of Eg is in agreement with that of the experimental data

Eoptg

� �
shown in Table 1, which were determined from the inter-

section of normalized absorption and emission spectra. The results
indicate that the HOMO–LUMO gap of the D–A type oligomers
could decrease with the increasing electron-donating capability,
that is to say, the triphenylamine donors can lead to a larger elec-
tron delocalization effect. Overall, the DFT calculations on the two
oligomers discussed above provide deep insight into their elec-
tronic structures and properties.
4. Conclusion

We have studied the donor-dependent photo-physical proper-
ties of two D–p–A–p–D type fluorenone-based conjugated oligo-
mers in detail. The experimental results show that the
triphenylamine groups acting as strong electron donors could
lead to red-shifts of spectral features by lowering the p–p⁄tran-
sition energy, and increase the Stokes shift due to the enhance-
ment of ICT. Meanwhile, the triphenylamine groups can also
improve the two-photon optical properties involving TPF effi-
ciency and TPA cross-section. What’s more, DFT calculations
could offer a better understanding of the electronic structure
and properties of oligomers. In a word, this study would be
helpful for the easy adjustment of optical properties of oligomers
and the better exploration of novel compounds with strong non-
linear behavior.
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