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We compare the effects of fluorene–ethylene (FE) spacers on the photo-physical properties of fluorenone-
based conjugated olig omers. The introduction of FE spacer could modulate the steady-state spectra and 
weaken the difference between donor-dependen t spectral features. Meanwhile, the qua ntum chemical 
calculations exhibit that the electron transition mechanism modulated by FE unit is variable with the 
donor of oligomers. The FE p-spacer mainly rises the HOMO and facilitates the electron delocalization 
in the fluorene end-capped oligomer, while it lowers the LUMO and enhances the donor effect in the tri- 
phenylamine end-capped one. The time-resolved fluorescence measure ment exhibits that the difference 
between donor-depend ent excited state lifetimes of olig omers becomes less obvious after the introduc- 
tion of FE units. Moreover, the nonlinear optical measurements show that the FE spacer is able to improve 
the two-photon fluorescence efficiency and enhance the two-photon absorption cross-section of oligo- 
mers simultaneously, but the difference in two-photon characteristics between oligomers with different 
donors is also decreased. 

� 2013 Elsevier B.V. All rights reserved. 
1. Introduction 

Tw o- ph oto n abs or pt io n (TPA ) is a non li ne ar op ti cal pr oce ss in 
wh ic h tw o ph oto ns are abs or be d si mu lt ane ous ly , ex ci ti ng the mo le -
cu le s to a hi ghe r- en er gy st ate , wit h th e en er gy be in g eq ua l to the 
su m of th e ph ot on en er gi es . Ev er si nc e, or gan ic mo le cu le s wi th TP A
be ha vio r ha ve at tra ct ed mu ch att ent io n du e to the ir po ten tia l app li ca- 
ti ons in 3D mi cro -f abr ic ati on an d opt ic al da ta st ora ge [1 –4], op tic al 
li mi ti ng [5 ,6 ], two -p hot on fluor es cen ce mi cro sc op y [7 ] an d ph oto dy -
na mi c th er ap y [8 ], et c. Th ere fo re , mu ch eff or t has be en de vo ted to th e
de si gn and sy nt hes is of mo le cul es wi th la rg e TPA cr os s- se cti on . The p-
co nj ug at ed oli gom er is on e of the im po rt ant mo de l mo le cu le s, wh ic h
in clu de s di po la r, qu ad ru po la r, oc tu po la r, an d mu lt ip ol ar st ru ct ur es 
[9 –11 ]. Am ong th es e st ru ctu re s, th e qua dr upo la r D–p–A–p–D mo tif 
(D, A and p ar e el ec tr on do no r, ac cep to r an d bri dg e gr oup s re sp ec -
ti vel y) is hi gh li ght ed du e to it s exc el le nt TP A pr op er ty [1 2]. Re cen tly ,
pe opl e re co gn iz e tha t th e TP A pr ope rt ie s co uld de pe nd on ma ny ot her 
fa ct or s, su ch as the in tr amo le cu la r cha rg e tra ns fer (ICT ) ch ar ac te r, th e
do nor –acc ept or st re ng th , the mo le cu la r st ru ct ure , an d p-b ri dg e
ll rights reserved. 
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gro up s [1 3, 14] . Th er ef or e, ma ny li ne ar co nj ug at ed ol ig ome rs ha ve 
bee n sy nth esi ze d wi th va ri ou s p-c on ju ga ted sp ac ers , do no r or ac ce p- 
tor su bst it uen ts [1 5–17 ]. Pre vi ous re po rt s po in t ou t th at th e co pl ana -
ri ty of the p-c onj ug at ed sp ac er s and th e ext en si on of p-s ys te m bo th 
im pr ov e th e TP A cro ss -s ec tio ns [1 8,1 9]. Mo re ov er, th e in tr odu ct io n
of p-s pa ce rs is on e of the mo st ef fec tiv e me tho ds to si mu lt an eo usl y
ach ie ve th e im pr ove me nt of mo le cu la r co pl ana ri ty an d p-s ys tem .
Con se qu ent ly , in or de r to un de rs tan d the eff ec t of p-s pa cer s on the 
opt ic al pr op er tie s of li ne ar con ju ga ted ol ig om ers in de tai l, we com -
pa re the ph ot o- ph ys ic al ch ar ac te ri st ic s of fo ur nov el fluore no ne -
bas ed ol ig ome rs (as se en in Fi g. 1) in ex pe ri me nta l and th eor et ic al as- 
pe ct s. Af te r the in tr od uc ti on of FE sp ac er s bet we en th e te rm in al do no r
gro up s an d th e fluor en on e co re , we sy nt hes iz ed tw o ne w li nea r ol ig -
ome rs 2, 7-d i((E)-2-(7- ((E)-2- (9, 9-d io ct yl -9 H-fluor en -2 -y l)vin yl )-
9,9 -d io cty l- 9H-fluo re n- 2- yl )vin yl )-9- fluor en on e (F–F–FO –F–F, #3)
and 2, 7- di ((E)-2- (7-(4- (di ph en yl ami no)st yr yl )-9,9 -d io ct yl -9 H-fluo -
re n- 2- yl )vin yl )-9- fluore no ne (TP A–F–FO –F–TP A, #4). In co mp ar is on 
wit h 2, 7- di ((E)-2- (9,9 -d io cty l- 9H-fluo re n- 2- yl )vin yl )-9- fluore no ne 
(F–FO –F, #1) an d 2,7 -d i(4-(di ph en yl am in o)st yr yl )-9- fluore no ne 
(TP A–FO –TP A, #2) as pr ev io us ly re po rt ed [2 0] , th e co pl an ar it y an d
p-c on ju ga ted sy st em of #3 and #4 hav e be en ob vi ou sl y im pr ov ed. 

In this paper, we make a detailed comparison of the FE unit 
depende nt photo-physical properties of oligomers with different 
donors by using of steady-st ate spectral measureme nts, time-cor- 
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Fig. 1. Molecular structures of F–FO–F (#1), TPA–FO–TPA (#2), F–F–FO–F–F (#3) and TPA–F–FO–F–TPA (#4), together with their optimized ground state geometries as 
predicted by quantum chemical calculation. 
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related single-photon counting (TCSPC) technique, two-photon 
fluorescence (TPF) and femtosecon d open aperture z-scan tech- 
nique. Meanwhi le, accordin g to the quantum chemical calculation, 
we detailedly elaborate the electronic transition mechanism of 
oligomers, which is benefit for us to further understand the exper- 
imental results. 
2. Materials and experiment al measurement s

All the oligomers were synthesized via Heck reaction [21], and 
the synthetic procedures of #1 and #2 have been reported in our 
previous work [20]. #3 was obtained from E-OFV2 [22] and 2,7-di- 
bromo fluorenone following the general procedure for #1. The 
crude product was purified by column chromatogr aphy (silica
gel, petroleum ether/dichlo romethane 2:1) and recrystallized from 
ethanol/THF to give red powder. Yield: 68%. Mp: 144–146 �C. 1H
NMR (500 MHz, CDCl 3) d 7.93 (s, 2H), 7.72–7.66 (m, 8H), 7.62 (d,
J =7.0 Hz, 2H), 7.56–7.49 (m, 14H), 7.36–7.26 (m, 12H), 7.18 (d,
J = 16.1 Hz, 2H), 2.08–1.96 (m, 16H), 1.21–1.04 (m, 80H), 0.82–
0.78 (m, 24H), 0.72–0.61 (m, 16H). IR (KBr, cm �1): 2955, 2925, 
2853, 1711, 1635, 1464, 1385, 963, 881, 738. Elemental analysis 
calculated for C137H176O: C, 89.48; H, 9.65; O, 0.87. Found: C, 
89.57; H, 9.56. MS, m/z: cal: 1838.9, found: 1838.6. #4 was also 
synthesized following the similar procedure as that of #1. The 
crude product was purified by column chromatogr aphy (silica
gel, petroleum ether/dichlo romethane 7:2) and recrystallized from 
ethanol/THF to give orange–red powder. Yield: 70%. Mp: >200 �C.
1H NMR (500 MHz, CDCl 3) d 7.93 (s, 2H), 7.69–7.65 (m, 4H), 7.62 
(d, J = 7.6 Hz, 2H), 7.50 (dd, J = 10.3, 7.6 Hz, 8H), 7.47–7.42 (m,
6H), 7.32–7.26 (m, 10H), 7.20–7.03 (m, 22H), 2.09–1.98 (m, 8H),
1.22–1.06 (m, 40H), 0.81 (t, J = 7.1 Hz, 12H), 0.70 (s, 8H). IR (KBr,
cm�1): 2956, 2925, 2854, 1719, 1457, 1385, 960, 880, 753. Elemen- 
tal analysis calculated for C115H122N2O: C, 89.21; H, 7.94; N, 1.81; 
O, 1.03. Found: C, 89.33; H, 7.86; N, 1.76. MS, m/z: cal: 1548.2, 
found: 1548.8. 

Toluene solutions of all the oligomers were prepared at concen- 
trations of 5 � 10�5 and 5 � 10�4 M, for linear and nonlinear opti- 
cal measureme nts, respectively. Steady-state absorption spectra 
were measured using a UV–Vis spectrophot ometer (Purkinje, TU- 
1810PC). One- and two-photon emission spectra were acquired 
using a fiber optic spectrometer (Ocean Optics, USB4000). Fluores- 
cence dynamics at 600 nm was determined by a time-correla ted 
single-ph oton counting spectromete r (Edinburgh, mini- s), with 
an excitation waveleng th of 405 nm (Edinburgh, EPL-405). Nonlin- 
ear optical measurements were performed using a mode-lock 
Ti:sapphi re femtosecon d laser system (Coherent), from where 
2.2 mJ, 130 fs pulses at 800 nm with a repetition rate of 1 kHz 
can be obtained. The TPA cross-sec tions were measure d by the 
femtosecon d open aperture z-scan technique, details of the mea- 
suremen ts have been reported before [20]. All optical measure- 
ments were carried out at room temperature , with the samples 
placed in a quartz cuvette (optical path: 2 mm).
3. Results and discussion 

The steady-state absorption and one-photon fluorescence (OPF)
spectra of these oligomers in toluene are shown in Fig. 2. All the 
oligomers show two obvious absorption features: the first absorp- 
tion band (P1) with lower intensity in the red region of the absorp- 
tion spectra could be assigned to the ICT transition between the 
donor moieties and the fluorenone acceptor, while the second 
absorption peak (P2) with higher intensity may be attributed to 
the p–p� electronic transitions of the conjugat ed molecules [23].
As seen in Table 1, compared with #1 and #2, the P2 bands of #3
and #4 show red-shifts of 27 and 15 nm. Meanwhile, the P1 and
P2 bands for #2 show red-shifts of 13 and 17 nm, in comparison 
with those of #1. We can observe that the P1 band of #4 located
around 500 nm is almost invariable, and the correspond ing P2 band
is red-shifted only 5 nm as compared to those of #3. What’s more, 
the molar absorption coefficients of #3 and #4 increase to 
1.73 � 105 and 1.57 � 105 cm�1 M�1, which are almost two times 
higher than those of #1 (8.54 � 104 cm�1 M�1) and #2
(7.50 � 104 cm�1 M�1), benefiting from the extension of p-conju-
gated system. In addition, the OPF intensity of oligomers bearing 
fluorene and triphenylam ine donors obviously enhances after they 
are linked with the FE spacer. The emission peak of #3 red-shift s



Table 1
Photo-physical parameters of fluorenone-based linear conjugated oligomers. 

Oligomers F–FO–F TPA–FO–TPA F–F–FO–F–F TPA–F–FO–F–TPA

kabs/nm 392 409 419 424 
kOPF/nm 570 597 572 573 
Stokes shift/nm 178 188 153 149 
sf/ns 3.0 1.9 2.6 2.5 
kTPF/nm 575 605 574 574 
b/10�2 cm GW �1 0.76 1.07 1.89 2.13 
r(2)/GM 626 884 1561 1759 

Fig. 3. Values of HOMO and LUMO for #1, #2, #3 and #4.

Fig. 2. Steady-state absorption and emission spectra of #1, #2, #3 and #4 in toluene (5.0 � 10�5 M).
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about 2 nm, meanwhile that of #4 shifts about 24 nm in the oppo- 
site direction. It is interestingly found that the emission peaks of 
#3 and #4 are almost at the same position of �572 nm, even 
though they have different donors. We can also confirm that the 
Stokes shifts, given by the wavelength difference between the 
absorption and emission maximum of oligomers , obviously de- 
crease from 178 (#1) to 153 (#3) nm, and from 188 (#2) to 149 
(#4) nm. The difference of Stokes shift between #3 and #4 be-
comes further low and decreases from 10 to 4 nm by comparison 
to that between #1 and #2.

In an effort to understand the p-spacer dependent optical and 
electronic properties of these linear conjugated oligomers at the 
molecular level, quantum chemical calculation based on DFT was 
used to calculate the electroni c structures and investiga te the 
ground to excited state transitions. Fig. 1 have shown the opti- 
mized ground state geometries of #1, #2, #3 and #4 obtained with 
the B3LYP [24]/3-21G basis set. Apparently, the introduction of p-
spacer leads to the extension of p-conjugated system and is benefit
for the delocalization of p-electron over the whole oligomers. 
Moreover, the coplanar conformation of molecules is sufficiently
maintained by the introduct ion of FE spacer, which means that 
the coplanar p-spacer could further facilitate the p-electron
delocalization.

The calculated HOMO and LUMO energy levels of #1, #2, #3 and
#4 are summari zed in Fig. 3. The HOMO levels for compounds #3
and #4 are �5.025 and �4.786 eV, respectively , and the LUMO lev- 
els for them are �2.429 and �2.480 eV. When FE spacer is intro- 
duced, for oligomers with fluorene donor, the LUMO is almost 
invariable (�0.017 eV), but the HOMO obviously rises �0.184 eV. 
For the oligomers with triphenylamin e donor, the HOMO varies a
little (�0.061 eV), but the LUMO apparently decrease s �0.156 eV. 
Apparently, the molecular frontier orbitals could narrow the band 
gap of fluorene and triphenylamin e end-capped oligomers, even 
though their origins are obviously different. FE spacer mainly rises 
the HOMO of fluorene end-capped oligomer, while lowers the 
LUMO of triphenyl amine end-capped one. 

Fig. 4 shows the plots of the representat ive molecular frontier 
orbitals in the ground states of #3 and #4. In both oligomers, the 
LUMO levels are localized in the fluorenone moiety, but the distri- 
butions of HOMO levels have differenc e. The HOMO of #3 is almost 
delocalized over the whole molecule, which is similar to that of #1
[20], but that of #4 mainly distributes in the triphenylam ine and FE 
moieties and only a little part of it is localized in the fluorenone
unit. The results indicate that the HOMO–LUMO transitions in both 
oligomers show a significant ICT character, which is in agreement 
with the steady-st ate spectra. The distributions of electron cloud 
further confirm that the effect of p-spacer on fluorene end-capped 
oligomer facilitates the electron delocalization, while that on tri- 
phenylamine end-capped oligomer could enhance the role of do- 



(A)

(B)

Fig. 6. Normalized two-photon fluorescence (TPF) spectra of (A) #1 and #2; (B) #3
and #4 in toluene (5.0 � 10�4 M) excited by femtosecond laser pulses at 800 nm. 
Insets: the linear dependence of TPF intensity on the square of excitation power for 
(A) #1 (solid square) and #2 (solid circle); (B) #3 (solid inverted triangle) and #4
(solid star).

(A)

(B)

Fig. 5. Time-dependent fluorescence kinetics (dot lines) at 600 nm and mono- 
exponentially fitted lines (solid) of (A) #1 and #2 (B) #3 and #4 with a
concentration of 5.0 � 10�5 M at the excitation wavelength of 405 nm. 

Fig. 4. HOMO and LUMO orbitals in the optimized ground state structure of #3 and 
#4.
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nor. Moreover, the p-spacer unit in #4, acting as a part of donor, 
could participate in the ICT transition. Even though the photophys- 
ical properties of oligomers with different donors are both 
enhanced obviously by introducing the FE spacer, and their differ- 
ence in optical properties are weakened in a certain extent, the cal- 
culations confirm that their origins are much different. The DFT 
calculations on the four compounds discussed above provide deep 
insight into the variation of electronic structures and propertie s in- 
duced by the p-spacer unit. 

The excited state lifetimes of these oligomers are measured by 
employing TCSPC technique, with an excitation waveleng th at 
405 nm. All the oligomers exhibit a mono-exponenti al decay as 
seen in Fig. 5, and the lifetime values can be obtained by fitting
experimental data with a mono-expo nential function. The life- 
times of #1 and #2 are 3.0 and 1.9 ns, respectively , and those of 
#3 and #4 are 2.6 and 2.5 ns respectively, which become similar 
to each other. In a word, the introduction of FE spacer could really 
improve the optical properties of oligomer, meanwhile weaken the 
difference between the oligomer with fluorene and that with tri- 
phenylamine donors simultaneously .

Similar to the previous report [20], we again observe the fluo-
rescence emission of these oligomers under the excitatio n of fem- 
tosecond pulses at 800 nm, and the peak wavelengths are listed in 
Table 1. As shown in Fig. 6, the emission spectra of #3 and #4 show
similar spectral behavior to that of the OPF spectra, implying that 
their emission mechanism may be much similar to the single pho- 
ton transition. The insets show linear dependence of the integral 
fluorescence intensity on the square of the excitation energies, 
which again confirm that the TPA process should be responsible 
for the 800 nm excited fluorescence. As seen from the slope in 
the inset of Fig. 6, the TPF efficiency of #3 and #4 is 3.7 and 2.5 
times higher than that of #1 and #2, respectively , which is benefit
from the extension of p-conjugated system. Additionally , we can 
also calculate that the ratio of TPF efficiency of #2 to #1 is 9:5, 
and that of #4 to #3 is 6:5, suggesting that the difference of TPF 
efficiency between #3 and #4 is obviously less than that between 
#1 and #2.



(A)

(B)

Fig. 7. Open aperture z-scan profiles and fitting lines (solid) for (A) #1 and #2; (B)
#3 and #4 in toluene (5.0 � 10�4 M), with the pulse energy of �250 nJ. 
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Their TPA cross-sections have been further determined by using 
femtosecon d open aperture z-scan techniqu e at 800 nm. As seen in 
Fig. 7, we exclude the influence of the solvent nonlinearity by 
detecting the z-scan signature of neat toluene. The z-scan results 
for these oligomers in toluene are also shown in Fig. 7. The nonlin- 
ear absorption coefficient (b) and TPA cross-sec tion (r(2)) can be 
calculated using the same method as described in our last work 
[20]. The obtained b and r(2) values are summarized in Table 1.
All the oligomers show considerable TPA cross-sec tions, and it is 
clearly seen that the TPA cross-sectio ns of FE p-bridged oligomers 
are 2.5 and 2 times higher than their ethenylene p-bridged coun- 
terparts. This observation indicates that the introduction of FE 
spacer plays an important role in enhancing the TPA cross-sectio n, 
due to the extension of p-conjugated system. As shown in our pre- 
vious work, the TPA cross-sec tion of #2 (884 GM) is 1.4 times high- 
er than that of #1 (626 GM). However , when FE spacer is 
introduced, the r(2) value of #4 (1759 GM) is similar to that of 
#3 (1561 GM, r(2) is only 1.1 times smaller). Apparently, the FE 
p-spacer would enhance the TPA cross-sectio n, at the same time 
as weakening the difference between donor-depend ent oligomers. 
And this situation is similar to those in the linear optical measure- 
ments, indicating that the FE spacer could weaken the effect of do- 
nor units on the optical properties. 

4. Conclusion 

We have systematically compare d the p-spacer dependent opti- 
cal properties of novel fluorenone-based conjugated oligomers 
with different donors in detail. The FE spacer could modulate the 
steady-st ate spectral feature, increase the TPF efficiency and en- 
hance the TPA cross-section due to the extended p-system. Mean- 
while, the introduction of fluorene–ethylene (FE) spacer is able to 
narrow the difference in optical properties between oligomers 
with different donors. DFT calculations offer a better understand -
ing of the p-spacer depende nt electronic structure s and properties, 
and show that the mechanism s responsible for the similar experi- 
mental optical features of the two FE p-bridged oligomers are dif- 
ferent. This study could provide a useful guideline for the 
modulation and design of novel p-conjugated oligomers with en- 
hanced TPA propertie s. 
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