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a b s t r a c t

The electronic absorption and emission spectra and fluorescence lifetimes of four pentiptycene-derived
1,4-bis(phenylethynyl)benzenes 2–5 and three segments of 2 (i.e., compounds 6–8) in MTHF at a variety
of temperature between 80 and 300 K are reported. Compound 2 is an ethynylene-bridged pentiptycene
trimer with octyloxy substituents at the two terminals. Compounds 3–5 differ from 2 only in the middle
ring, which is a triptycene (3), a tetramethylphenylene (4), or the parent phenylene group (5). Despite the
different ground-state conformer distribution in solutions, there is only a small difference in fluorescence
properties for 2–5 at room temperature due to fast excited-state planarization reaction. However, in the
solvent glass at low temperatures the planarization reaction is restricted with an extent depending on
the middle-ring substituents. The well-resolved spectra and decay times for the planar and the twisted
-Phenyleneethynylene conformers of 2 allow one to deduce the excited-state planarization barrier (3.0 kcal/mol) and the overall
phenylene torsional barrier (8.5 kcal/mol). These values are larger than those (0.47 and 3.54 kcal/mol,
respectively) predicted by the AM1 and ZINDO/S calculations. The similarities in photophysical behavior
between the twisted form of 2 and the model compounds 7 and 8 suggest that the former possesses
large dihedral angles between the central and either one or both of the neighboring phenylene rings.
Our results provide the first experimental approach toward the evaluation of the excited-state torsional

eeth
barrier for the p-phenylen

. Introduction

Poly(p-phenyleneethynylene)s (PPEs) are rigid rod-shaped
nd highly fluorescent �-conjugated systems that have found
reat utilities in the construction of ultra-sensitive fluorescent
hemosensors [1–7] and blue light-emitting materials [7–10]. To
nderstand the intrinsic intrachain conformation effect on the flu-
rescence properties, model compounds such as diphenylacetylene
11–13], 1,4-bis(phenylethynyl)benzene (1) [14–19], and the longer
ligomers [19–25] have been extensively investigated. The results
f theoretical studies have suggested that in both the ground (S0)
nd the lowest singlet excited-state (S1) the energy minimum and
aximum correspond to the planar and the orthogonally twisted

eometry (e.g., 1-coplanar vs 1-twisted-a, Scheme 1), respectively
15,18,19]. However, the much larger phenylene torsional energy in

1 vs S0 leads to a larger band gap for the twisted vs the planar form.
ore precisely, the torsional barrier in S0 is lower than 1 kcal/mol,

ndicating the presence of a continuum of rotational conformers,
ut in S1 the barrier is as high as 10 kcal/mol for 1 on the basis of the

∗ Corresponding author. Tel.: +886 2 3366 1649; fax: +886 2 2363 6359.
E-mail address: jsyang@ntu.edu.tw (J.-S. Yang).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.01.002
ynylene systems.
© 2009 Elsevier B.V. All rights reserved.

AM1 and ZINDO calculations. Such a deep and smooth excited-state
potential energy surface would drive all the excited twisted con-
formers (e.g., 1-twisted-a and 1-twisted-b) toward the planar form
in unconstrained media, which accounts for the observation of only
a single emitting species [17,21]. Recent computational studies have
confirmed that coupling of the torsional motions to the electronic
excitation dominates the spectroscopic features [24,25]. In addi-
tion, substitutions on the phenylene rings could significantly affect
the torsional barrier in the S0 and/or S1 states [13,19]. Nonetheless,
to date the corresponding experimental evaluation of the excited-
state torsional barrier is void due to the lack of either well-resolved
absorption spectra for the planar vs the twisted conformers or direct
fluorescence information about the twisted transition structures.

We have recently shown that introduction of the bulky iptycene
substituents to each of the phenylene groups of 1 (i.e., the pentip-
tycene derivative 2) not only perturbs the potential energy surface
but also creates local minima for the twisted conformers in both
the S0 and S1 states [26]. The resulting activated excited-state pla-

narization process could then be inhibited at low temperatures
(i.e., 130 K or lower), and thus the photophysical data of two dis-
tinct conformers (or conformer domains) of 2 were independently
obtained. Although the exact conformations of the two fluorescing
species were not identified, the data suggested that one is located

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:jsyang@ntu.edu.tw
dx.doi.org/10.1016/j.jphotochem.2009.01.002
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the eluent afforded the white solid of compound 3 with a yield
Scheme 1.

ear the excited-state global minimum (we refer it to the “pla-
ar” form, although it might not be completely coplanar) and the
ther possesses large dihedral angles between neighboring pheny-

ene rings (the twisted form). As compared to the planar form, the
wisted one displays blue-shifted absorption and emission, com-
arable fluorescence quantum yield, and longer lifetimes. Since the
lanarization reaction is the only activated singlet state decay pro-
ess for the twisted form, the planarization barrier (Ea) might be
etermined from nonlinear fitting of its temperature-dependent
inglet lifetimes using Eq. (1) [27,28]:

f(T) = 1
[˙k + A exp(−Ea/RT)]

(1)

here �k is the sum of all nonactivated processes (fluorescence
nd intersystem crossing), and A and Ea are the preexponential
nd activation energy, respectively, for the activated process. This
ethod has been successfully employed in a variety of aryl sub-

tituted alkenes to retrieve the activation parameters for the C C
orsions [27–29]. In conjunction with the 0–0 transition energies for
oth the planar (E00, planar) and the twisted (E00, twisted) forms and
he ground-state energy difference for the twisted vs the planar
orm (Ept), the excited-state torsional barrier (E∗

a) on going from the
lanar to the twisted form can be experimentally evaluated (Fig. 1)
n the basis of Eq. (2):

∗
a = Ea + E00, twisted + Ept − E00, planar (2)

rovided that the dihedral angle in the twisted form is close to 90◦,
he barrier E∗

a would correspond to the overall torsional barrier in

1.

With the above-mentioned strategy in mind, we have carried
ut an investigation of the temperature-dependent absorption and
uorescence spectra and singlet lifetimes of 2 and three related
ompounds (3–5, Chart 1), where the size of substituents in the

ig. 1. An approach toward experimental evaluation of the phenylene torsional bar-
ier (E∗

a) of 1,4-bis(phenylethynyl)benzenes in the lowest singlet excited-state (S1)
hrough the determination of the 0–0 transition energies for the planar and the
wisted conformers (E00, planar and E00, twisted) and the planarization barrier (Ea). The
round-state energy difference (Ept) between the planar and the twisted conformers
an be estimated through AM1 calculations.
otobiology A: Chemistry 207 (2009) 38–46 39

middle ring is reduced. To gain more information on the twisted
form of 2, the corresponding studies on its segments 6–8 have also
been performed. In conjunction with AM1 and ZINDO calculations,
our results reported herein show that reducing the bulkiness of
the middle-ring substituents lowers the excited-state planariza-
tion barrier but not necessarily the overall torsional barrier. The
determined excited-state torsional barrier for 2 is approximately
8.5 kcal/mol in 2-methyltetrahydrofuran (MTHF), providing the first
experimental evaluation of the excited-state torsional barrier for
p-phenyleneethynylene �-conjugated systems.

2. Experimental

2.1. Synthesis

Solvents for organic synthesis were reagent grade or HPLC
grade, but all were HPLC grade for spectra and quantum yield
measurements. MTHF was dried by sodium metal and distilled
before use. All other compounds were purchased from commercial
sources and were used as received. Analytical TLC was performed
on commercial Merck plates coated with silica gel 60 F254. For
flash chromatography Merck Silica gel Si 60 (0.0603–0.2000 mm)
was employed. The synthesis of 2 and 6–8 has been reported
[4,26] and that of 3–5 is outlined in Scheme 2 with 6 as the com-
mon starting material. The Sonogashira coupling reactions between
6 and the corresponding diiodoarenes afforded the desired 1,4-
bis(phenylethynyl)benzenes 3–5. Whereas both 1,4-diiodobenzene
and 2,3,5,6-tetramethyl-1,4-diiodobenzene are commercially avail-
able, the 2,5-diiodotriptycene (9) was prepared according to the
method reported in the literature [30]. A typical procedure for the
Sonogashira coupling reaction represented by the case of 3 is shown
below and followed by the structural characterization data of 3–5.

Compound 3. A mixture of 6 (0.05 g, 0.09 mmol), 9 (0.02 g,
0.04 mmol), Pd(PPh3)4, (0.02 g, 0.02 mmol), 10 mL of benzene, and
5 mL of diisopropylamine was heated to 85 ◦C for 24 h under argon.
The solution was cooled and then diluted with CH2Cl2. The residue
was filtered off and the filtrate was concentrated under reduced
pressure. Column chromatography with CH Cl /hexane (1:2) as
of 89%. mp: >350 ◦C; 1H NMR (400 MHz, CDCl3):0.99 (t, J = 6.8 Hz,
6H), 1.42–1.56 (m, 16H), 1.73 (quin, J = 7.6 Hz, 4H), 2.08 (tt, J = 7.6
and 6.8 Hz, 4H), 4.05 (t, J = 6.8 Hz, 4H), 5.79 (s, 4H), 6.13 (s, 4H),

Scheme 2.
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.52 (s, 2H), 7.01–7.06 (m, 16H), 7.18–7.20 (m, 4H), 7.40–7.42 (m,
H), 7.52–7.54 (m, 8H), 7.57 (s, 2H), 7.72–7.74 (m, 7H) ppm; 13C
MR (100 MHz, CDCl3): 14.2, 22.7, 26.4, 29.4, 29.6, 30.6, 30.9, 32.0,
8.4, 52.6(2C), 89.9, 92.3, 110.9, 119.2, 123.6, 123.9, 124.2, 125.4(2C),
25.9, 128.3, 135.7, 144.8, 145.1(2C), 146.0, 147.4, 150.1 ppm; IR
KBr): 3067, 2925, 2853, 1713, 1458, 1299, 1278 cm−1; FAB-HRMS
alcd for C108H86O2: 1414.6628, found: 1414.6614.

Compound 4. mp: >350 ◦C; 1H NMR (500 MHz, CDCl3):0.95 (t,
= 6.5 Hz, 6H), 1.38–1.55 (m, 16H), 1.67 (quin, J = 7.6 Hz, 4H), 2.02 (tt,
= 7.6 and 6.5 Hz, 4H),2.97 (s, 12H), 3.98 (t, J = 6.5 Hz, 4H), 5.72 (s,
H), 6.01 (s, 4H), 6.94–7.02 (m, 16H), 7.34–7.35 (m, 8H), 7.37–7.39
m, 8H) ppm; 13C NMR (125 MHz, CDCl3): 14.2, 19.2, 22.7, 26.4, 29.4,
9.6, 30.6, 30.9, 31.9, 48.3, 52.6, 93.7, 94.5, 111.6, 123.5, 123.9, 124.2,
25.3(2C), 135.5, 135.9, 145.0, 145.2, 145.7, 149.7 ppm; IR (KBr):
065, 2924, 2853, 1713, 1460, 1300, 1275 cm−1; FAB-HRMS calcd
or C98H86O2: 1294.6628, found: 1294.6643.

Compound 5. mp: >350 ◦C; 1H NMR (500 MHz, CDCl3):0.97 (t,
= 6.7 Hz, 6H), 1.39–1.56 (m, 16H), 1.69 (quin, J = 7.6 Hz, 4H), 2.03
tt, J = 7.6 and 6.7 Hz, 4H), 3.99 (t, J = 6.7 Hz, 4H), 5.72 (s, 4H), 5.92
s, 4H), 6.96–7.01 (m, 16H), 7.34–7.36 (m, 8H), 7.43–7.45 (m, 8H),
.91 (s, 4H) ppm; 13C NMR (125 MHz, CDCl3): 14.2, 22.7, 26.4, 29.4,
9.6, 30.6, 31.9, 48.3, 52.5, 87.2, 94.5, 110.7, 123.5, 123.7, 124.0,
25.2, 125.3, 131.9, 135.5, 145.0, 145.1, 146.0, 150.0 ppm; IR (KBr):
068, 2926, 2851, 2357, 1457, 1298, 1272 cm−1; FAB-HRMS calcd for
94H78O2: 1238.6002, found: 1238.5980.
.2. Spectral measurements

1H and 13C NMR spectra were recorded in CDCl3 solution using
ruker DRX-400 or DRX-500 spectrometers with the chloroform

1H: ı 7.24 ppm; 13C: ı 77.00 ppm) peaks as internal standards.
Infrared spectra were recorded on a Nicolet MAGNA-IR 550 spec-
trometer. Mass spectra were collected by the Instrumentation
Center of National Central University. UV–vis absorption spectra
were obtained using a Cary 300 double-beam spectrophotome-
ter. Fluorescence spectra were recorded on an Edinburgh FLS920
spectrometer and corrected for the response of the detector. A
N2-bubbled solution of anthracene in hexane (˚f = 0.27) [31] was
used as a standard for the fluorescence quantum yield determi-
nations of 2–8 under ambient atmosphere with solvent refractive
index correction. The optical density of all solutions was about
0.1 at the wavelength of excitation, and an error of ±10% is esti-
mated for the fluorescence quantum yields. Fluorescence decays
of 2–8 under ambient atmosphere were measured by means of an
Edinburgh FLS920 spectrometer with a gated hydrogen arc lamp,
using a scatter solution to profile the instrument response func-
tion. The goodness of the nonlinear least-squares fit was judged by
the reduced �2 value (<1.2 in all cases), the randomness of the resid-
uals, and the autocorrelation function. The temperature-dependent
absorption and fluorescence spectra and fluorescence decays were
measured in an Oxford OptistatDN cryostat with an ITC502 tem-
perature controller. AM1 [32] and ZINDO [33] calculations were
preformed on a PC cluster using the algorithms supplied with the
package of Gaussian 03 revision B.02, a product of Gaussian Inc. [34].

3. Results and discussion
3.1. Gas-phase rotational potentials

The structures of compounds 2–5 differ only in the substituents
of their middle phenylene rings. Whereas the middle phenylene
ring is a bulky pentiptycene group in 2, it is a triptycene in 3,
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ig. 2. Calculated gas-phase rotational potentials of (a) 2′ , (b) 3′ , (c) 4′ , and (d) 5′ in
ith the ZINDO algorithm. Curves of square and triangle symbols correspond to the

tetramethylphenylene in 4, and a parent phenylene in 5. Sub-
tituents can affect the electronic nature of the �-conjugated
,4-bis(phenylethynyl)benzene backbone through both electronic
nd steric interactions. As a result, both factors should be taken into
ccount in discussing the differences in photophysical properties
mong 2–5.

To gain preliminary information on the effect of substituents on
he rotational potentials of 2–5 in the ground and excited states,
alculations based on the AM1 and ZINDO algorithms have been
erformed. To expedite the calculations, the terminal octyl groups
ere replaced by methyl groups, and the corresponding com-
ounds were named 2′–5′ [35]. The rotational potential of 2′–5′ in
0 was calculated in two different situations: namely, either the
entral-ring or the external-ring torsions (Fig. 2). For the case of
entral-ring torsion, the two external conjugated phenylene rings
as maintained coplanar while constraining the dihedral angle

�1) formed by the central aryl group to various increments of 5◦

rom the coplanar (�1 = 0◦) to the perpendicular (�1 = 90◦) form.
he same strategy applies to the external-ring torsion (�2 = 0–90◦)
y maintaining the other two neighboring phenylene rings (i.e., the
entral and the other external rings) coplanar. The excited-state

otential was built by adding the ZINDO-derived vertical excita-
ion energies to the ground-state potential. It should be noted
hat the potential energy surface for dihedral angles between 90◦

nd 180◦ would be a mirror image of that from 0◦ to 90◦, and so
n for further rotations due to the symmetric molecular struc-
ound-state (AM1) and in the first excited-state. Transition energies were calculated
al (�1) and the external-ring (�2) rotations.

tures in 2′–5′. The results suggest that reducing the bulkiness of
the middle ring results in a flatter potential energy surface in S0
and a smoother surface in S1. In addition, the central-ring rota-
tion encounters a larger barrier than the external-ring rotation
in both S0 and S1. For example, in the case of 2′, the barrier
for the central- vs external-ring torsion is 2.59 vs 1.17 kcal/mol
in S0 and 3.54 vs 1.66 kcal/mol in S1. Apparently, the neighbor-
ing pentiptycene–pentiptycene interactions play an important role
in the rotational potentials, and the more of such interactions
leads to larger torsional barriers. It should also be noted that only
2′ out of 2′–5′ was calculated to possess an excited-state local
minimum in the twisted region, and thus a more efficient pla-
narization reaction is expected for 3–5. The calculated ground-state
central-ring torsional barrier is in the order 2′ (2.59 kcal/mol) > 4′

(0.89 kcal/mol) > 3′ (0.58 kcal/mol) > 5′ (0.065 kcal/mol). In contrast,
the calculated excited-state central-ring torsional barrier is the low-
est for 2′ and in the order 4′ (5.45 kcal/mol) > 5′ (5.11 kcal/mol) > 3′

(4.88 kcal/mol) > 2′ (3.54 kcal/mol).

3.2. Photophysical properties
Fig. 3 shows the normalized absorption spectra of 2–5 in hex-
ane and MTHF at room temperature. While broad absorption bands
are observed for all cases, the spectra for 2 are apparently more
structured and somewhat narrower than those for 3–5. Previous
studies [26] on 2 have suggested that the vibrational band at 354 nm
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Fig. 3. Normalized absorption spectra of 2–5 in (a) hexane and (b) MTHF.

orresponds to the 0–0 transition of the planar conformers, because
his band mirrors the 0–0 fluorescence band recorded at room
emperature. The absorption band at 333 nm, which is of higher
ntensity and blue-shifted by ca. 20 nm as compared to the 354-nm
and, is more likely from a coincidental overlapping of the 0–1 tran-
ition of the planar form and the 0–0 transition of the twisted form,
s the vibronic spacing observed in the fluorescence spectrum of the
ormer and the difference in the 0–0 fluorescence bands for the two
ifferent forms are both ca. 20 nm (vide infra). Like the case of 2, the
54-nm band is significant for 3 in hexane but it becomes vague in
THF. In contrast, the absorption profiles for 4 and 5 in both hexane

nd MTHF do not have a resolved band near 354 nm, which resem-
les that of 1 in cyclohexane [17]. The latter is known to have a
early flat ground-state potential energy surface and thus a contin-
um of conformers. Since the 354-nm band results from the planar
onformers, spectra of low intensity around 354 nm should indicate
low population of the planar conformers. Indeed, recent computa-

ional fittings of the observed absorption spectra for a series of alkyl
ubstituted p-phenyleneethynylene (PE) oligomers, which possess
rotational potential similar to 1, 4, and 5, have revealed that the
opulation of conformers for the trimer system builds up at a dihe-
ral angle around 45◦ rather than 0◦ (the coplanar form) due to
he entropy effect [25]. Our calculated results (Fig. 2) are also qual-
tatively consistent with the relative shape of absorption spectra,
ince a flatter ground-state potential energy surface would lead to
wider distribution of rotational conformers and less population
f the planar form. Thus, the distinct spectral features for 2 as com-
ared to 1, 4, and 5 clearly show that the interactions between the
eighboring bulky pentiptycene groups significantly perturb the
round-state conformer distribution. Regarding the solvent effect,

able 1
hotophysical data of compounds 2–5 in hexane (Hex) and 2-methyltetrahydrofuran (MT

ompound Solvent �abs (nm)a

Hex 333 (354)
MTHF 334 (354)d

Hex 332 (354)
MTHF 335 (354)

Hex 337
MTHF 337

Hex 335
MTHF 335

a The second vibronic band or shoulder is given in parentheses.
b Excitation wavelength is 338 nm.
c The values given in parentheses are determined with excitation at 355 nm.
d From ref. [26].
Fig. 4. Normalized fluorescence spectra of 2–5 in (a) hexane and (b) MTHF.

the relative intensity for the 354-nm vs 334-nm band decreases
on going from hexane to MTHF for 2 and 3, but an opposite trend,
albeit to a less extent, is found for 4 and 5. Evidently, the ground-
state conformer distribution is solvent-dependent, and the solvent
effect in turn depends on the substituents.

Fig. 4 shows the normalized fluorescence spectra of 2–5 in hex-
ane and MTHF. Unlike the structureless absorption spectra in some
cases, all the fluorescence spectra display vibrational structures.
In addition, the spectral profiles of 2–5 in the same solvent are
rather similar. In conjunction with the monoexponential fluores-
cence decay times for all cases, a single emitting species for 2–5
at room temperature is indicated. Previous studies on 1, 2, and
the related PE oligomers have suggested that the emitting species
should be the planarized conformers due to fast excited-state tor-
sional relaxation [17,21,26].

Table 1 reports the maxima of absorption (�abs) and fluo-
rescence (�fl), fluorescence decay times (�fl), and fluorescence
quantum yields (˚fl) for 2–5 in hexane and MTHF at room temper-
ature (ca. 296 K). There is only a small variation in the absorption
(333–337 nm) and fluorescence maxima (366–375 nm) among 2–5,
having 2 and 4 located at the lower and the higher limits, respec-
tively. Similar situation is also found for their fluorescence quantum
yields: namely, the difference in ˚fl is small (0.63–0.82), and the
values for 2 and 4 correspond to the lower and the upper values,
respectively. The fluorescence lifetimes are essentially the same for
all cases (0.71 ± 0.06 ns) in terms of the resolution of our apparatus
fl fl fl
the order of ∼1 × 109 s−1 for all four compounds.

We also found that the fluorescence quantum yield but not the
fluorescence spectrum is excitation wavelength (�ex)-dependent,
and larger yields are observed when the excitation is at longer

HF) at room temperature (ca. 296 K).

�fl (nm) �fl (ns)b ˚fl
b,c

366 (387) 0.74 0.66
366 (387)d 0.65d 0.63d (0.73)

368 (389) 0.71 0.72
369 (388) 0.74 0.71 (0.83)

374 (395) 0.75 0.82
375 (395) 0.76 0.74 (0.84)

369 (388) 0.73 0.77
370 (388) 0.77 0.75 (0.91)
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Fig. 5. Temperature dependence of (a–e) absorption and (f–j) fluorescence spectra
J.-S. Yang et al. / Journal of Photochemistry a

avelength (Table 1). For example, the ˚fl values for 2 in MTHF
re 0.63 and 0.73 with the �ex being 338 and 355 nm, respectively.
ince the shorter is the �ex, the more is the twisted conformers
xcited, the decreased fluorescence quantum yield with 338 vs
55 nm might suggest that additional nonradiative decays occur
or the twisted conformers during the planarization process. We
reviously compared the fluorescence quantum yield of the pla-
ar and the twisted conformers by using the value of ˚fl = 0.63 for
he former and argued that the former is slightly weaker in flu-
rescence than the latter [26]. With the more appropriate value
f ˚fl = 0.73 for the planar form, we should conclude that the pla-
ar form is somewhat stronger in fluorescence than the twisted

orm. On the basis of the stronger phosphorescence recorded for
he twisted vs the planar form at 80 K (vide infra), we could ascribe
he planarization-induced nonradiative decay to intersystem cross-
ng. It is known that structural twisting could facilitate spin-orbit
oupling in S1 and thus the intersystem crossing toward the triplet
xcited states [27,28].

.3. Torsional barriers

As outlined by Fig. 1 and Eq. (2), to experimentally deduce the
xcited-state phenylene torsional barrier E∗

a, we need to know about
he planarization barrier Ea, the individual 0–0 transition energy
or both the planar and the twisted form (E00, planar and E00, twisted),
nd their ground-state energy difference Ept. The planarization bar-
ier could be derived on the basis of Eq. (1) provided that the
ifetimes of the twisted forms can be obtained over a reasonable
ange of the investigated temperatures. The 0–0 transition energies
ould be obtained provided that the low-temperature fluorescence
pectra display well-resolved bands for the twisted conformers.
ccordingly, the absorption and fluorescence spectra (Fig. 5) and

he fluorescence decay curves (Fig. 6) of 2–5 in MTHF in the tem-
erature range of 80–300 K have been recorded at an interval of
0 K [36]. It should be noted that the fluorescence spectra were col-

ected by selective excitation of mainly the twisted conformers at a
avelength near the blue edge of the absorption band (i.e., 302 nm).

n addition, the temperature-dependent spectra but not the fluo-
escence lifetimes of 2 have been previously reported [26]. For the
urpose of better comparison, the spectra of 2 are also presented

n Fig. 5 along with those for 3–5.
Since the low-energy part of the absorption spectra (>345 nm)

esults from the planar conformers (vide supra), its weight in the
bsorption band of 290–370 nm could be a simple guideline for
udging the temperature effect on the distribution of conformers
n S0. For 2, lowering the temperature reduces the population of
he planar form, as evidenced by the decreased intensity of the
54-nm band along with the increased intensity of the blue side
round 310 nm. An opposite behavior is displayed by 5, which dis-
lays a new long-wavelength band at 362 nm and a slight reduction

n intensity for the blue side of the absorption profile upon lowering
he temperature. On the other hand, compound 3 displays a two-
taged absorption response to temperature. From 300 to 120 K, it
ehaves in a way similar to 5 (i.e., an increase of the planar form), but

t is more like the case of 2 (i.e., a decrease of the planar form) from
20 to 80 K. Since the glass transition temperature for MTHF is 137 K,
t appears that the planar conformer of 3 is very sensitive to the
nvironment, particularly the fluidity of the solvent molecules. In
he case of 4, the structureless absorption profile observed at room
emperature remains and is slightly blue-shifted at lower temper-
tures, indicating that the planar form of 4 is rather unfavorable in

0. Indeed, among 2′–5′ the planar form of 4′ is the one most away
rom the calculated energy minimum (Fig. 2).

According to our previous studies on 2 [26], the temperature-
ependent fluorescence spectra in Fig. 5 could provide a direct
lue about the relative efficiency of the excited-state planarization

(�ex = 302 nm) for (a, f) 2, (b, g) 3, (c, h) 4, (d, i) 5, and 8 (e, j) in MTHF at 20-K intervals,
respectively, between 80 and 300 K.
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Fig. 6. Temperature dependence of the fluorescence decay curves and lifetimes for
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a) 2 (�ex = 337 nm; �em = 368 nm) and (b) 3 (�ex = 330 nm; �em = 368 nm) in MTHF at
0-K intervals between 80 and 300 K. Inset shows both the temperature-dependent
nd temperature-independent fluorescence lifetimes and the nonlinear fits of the
ormer data to Eq. (1).

eaction for the twisted conformers of 2–5. More specifically, the
66-nm band for the spectrum of 2 at 300 K has been assigned to
he 0–0 band of the planar form and the 346-nm band at 80 K to that
f the twisted conformers. Thus, the relative intensity of the 80-K vs
he 300-K 0–0 band (I80/I300) upon calibration with the absorbance
ould be an indication of the inhibition power of the solvent glass

n the excited-state planarization relaxation of 2–5. In other words,
he more efficient is the planarization reaction, the smaller is the
atio of I80/I300, which is 2 > 3 > 4–5. The significant reduction in
he 346-nm band on going from 2 to 3 would also indicate a large
ecrease in their planarization barrier Ea. The emission from the
wisted conformers is further reduced and the 0–0 band is poorly
efined for both 4 and 5. It should be noted that at 300 K there still
xists some residual emission from the twisted conformers in the
ases of 2 and 3. In addition, phosphorescence is observed for 2 and
in the solvent glass with an intensity 2 > 3 but it is negligible for
and 5. The phosphorescence is weaker for the same compound

pon excitation at longer wavelengths, where the excited species
onsists of more of the planar conformers. Evidently, the twisted
onformers have larger phosphorescence quantum efficiency.

Among 2–5, only 2 displays a significant dependence of the
ecay profiles on temperature. Fig. 6 shows the two typical results
epresented by 2 and 3. The decay profiles for 2 at temperatures
ower than 240 K are biexponential, where one of the lifetimes is
early constant (0.7 ± 0.1 ns) over the range of temperatures and
he other becomes longer with increased weight at lower temper-
tures. The former and the latter can be attributed to the planar
nd the twisted conformers, respectively. Nonlinear fitting of the
emperature-dependent data leads to a planarization barrier of
.0 kcal/mol with a preexponential factor of 5.4 × 1011. This pla-
arization barrier is much larger than the prediction (0.47 kcal/mol

or the central-ring rotation) of the ZINDO calculation (Fig. 2a). The
tting-derived rate constants (�k) for the nonactivated processes

s 1.81 × 108, which is somewhat larger than the fluorescence rate
onstant 1.20 × 108 obtained from the fluorescence quantum yield
nd lifetimes. Thus, other nonactivated decay processes are also
resent. As indicated by the observation of phosphorescence at

ow temperatures, the intersystem crossing toward the triplet states
ight be responsible.

Another parameter needed for the evaluation of the excited-
tate phenylene torsional barrier for 2 is the difference in the

round-state energy between the twisted and the planar conformer
Ept). However, the current experimental data do not allow us to
etrieve this information. In this context, a value of 1.0 kcal/mol
or Ept as suggested by the AM1 calculations (vide supra) is thus
dopted [26,37]. The resulting excited-state phenylene torsional
otobiology A: Chemistry 207 (2009) 38–46

barrier for 2 is ca. 8.5 kcal/mol [38]. This value is larger than the
calculated value 3.5 kcal/mol (the central-ring torsion, Fig. 2a) by
as much as 5.0 kcal/mol. Thus, it appears that the ZINDO method
underestimates the excited-state torsional barrier. Indeed, in a
recent report on the excited-state torsional barrier for the diethoxy
substituted 1,4-bis(phenylethynyl)benzene 10 the ZINDO method
led to a smaller value (9.9 kcal/mol) than the TDDFT method
(15 kcal/mol) [19]. Another important and probably the dominant
factor that is responsible for the discrepancy between the calculated
and experimental values is the neglected solvent-rotor frictions in
the gas-phase calculation. The paddlewheel-shaped pentiptycene
group is expected to encounter significant resistance during rota-
tion in solutions, and the magnitude of resistance should be larger in
more viscous solvents. Since lowering the temperature of solutions
also increases the solvent viscosity, the determined experimental
value might reflect the torsional barrier in MTHF at low tempera-
tures more than at room temperature.

Unlike the case of 2, the fluorescence decays of 3–5 are essen-
tially monoexponential at all temperatures and the lifetimes are
nearly temperature independent. The absence of the temperature-
dependent lifetime data and thus the information about the
planarization barriers for 3–5 precludes further experimental anal-
ysis of their excited-state phenylene torsional barriers in terms of
Eq. (2). Nonetheless, a minor component with a lifetime of 1.0, 2.4,
and 2.5 ns can be deconvoluted for 3, 4, and 5, respectively, at 80 K
when the emission wavelength was monitored at the blue edge
of the spectra (i.e., below 350 nm). Provided that the minor compo-
nent corresponds to the twisted conformers, the lifetimes are much
shorter than that for 2 (5.5 ns), consistent with the more efficient
planarization relaxation processes for 3–5. Remind that the calcu-
lated excited-state phenylene torsional barrier is larger for 3′–5′ vs
2′ (Fig. 2) and that the calculated value for the parent compound 1
is even larger (∼10 kcal/mol) [15]. If these calculations are correct,
the excited-state torsional barrier is lower for those with bulkier
substituents due to destabilization of the planarized conformations.

3.4. Twisted conformations

To identify the structural nature of the twisted conformers of 2
that is responsible for the observed fluorescence at low tempera-
tures, we have carried out the same spectroscopic investigation of
three model compounds 6–8. As illustrated in Scheme 1, the PE con-
jugated backbone in 2 would contain two different de-conjugated
moieties, corresponding to segments 6 and 7, if the geometry of
the PE backbone is 1-twisted-a-like (i.e., 2-twisted-a). In contrast, it
would contain the segments 6 and 8 if the twisted form is 1-twisted-
b-like (i.e., 2-twisted-b). Thus, comparison of the photophysical
behavior of the twisted form of 2 with that of 6–8 should be infor-
mative.

Table 2 shows the photophysical data of 2 and 6–8 in MTHF
at 80, 140, and 300 K. For compounds 6 and 7, lowering the
temperature leads to a slight sharpening but nearly no shift of the
0–0 absorption band and a small blue shift (∼7 nm) of the fluores-
cence spectra (spectra not shown). Since both 6 and 7 are free of

rotational conformers, the blue shift can be attributed to changes
in the rates of solvent relaxation. The temperature effect on the
fluorescence lifetimes is essentially negligible. Both the absorption
and fluorescence spectra are more red-shifted for 7 vs 6, which
suggest that energy transfer could occur from the segment 6 to the
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Table 2
Photophysical data of compounds 2 and 6–8 in 2-methyltetrahydrofuran (MTHF) at 80, 140, and 300 K.

Compound T (K) �abs (nm)a �ex (nm)b �fl (nm) �fl (ns) ˚fl

2 80 333 302 346 (358) 5.5
140 333 (352) 302 348 (359) 0.7, 5.2
300 334 (354)c 302 366 (387)c 0.7c 0.63d

6 80 306 (295) 290 310 (322) 6.3
140 306 (295) 290 313 (324) 6.0
300 307 (296) 290 316 6.0 0.59e

7 80 331 317 337 (351) 5.5
140 331 317 341 (353) 5.6
300 330 317 344 6.0 0.82f

8 80 322 (305) 302 345 (359) 5.6
140 328 (309) 302 349 (362) 5.6
300 329 (310) 302 352 4.5 0.58f

a The second vibronic band or shoulder is given in parentheses.
b Excitation wavelength for fluorescence spectra and lifetimes.
c From ref. [26].
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d �ex = 338 nm.
e �ex = 290 nm.
f �ex = 323 nm.

egment 7 in 2-twisted-a and thus the segment 7 would dominate
he emission due to its lower energy state. It is interesting to note
hat the photophysical properties of 7, particularly the fluorescence
ifetime and the 0–0 absorption band, are very similar to those of
he twisted form of 2. In the case of the two-ring system 8, the
emperature effect on the absorption spectra is significant, where
he 0–0 band intensity at 329 nm decreases and new blue-shifted
ands at 322 and 305 nm grow up upon lowering the temperature
Fig. 5e). Apparently, like the cases of 2 and 3, the population of the
wisted conformers of 8 increases at low temperatures. However,
nlike the cases of 2 and 3, the fluorescence spectra show only a
mall blue shift (∼7 nm) at 80 vs 300 K (Fig. 5j). In conjunction with
he facts that (a) the fluorescence lifetime decreases upon raising
he temperature and that (b) at 80 K the fluorescence lifetime of 8 is
gain the same as that of 2 and 7, we conclude that the fluorescence
f 8 at 80 K is dominated by the unrelaxed twisted conformers,
hich contain segments 6 and 7. Since the calculated rotational

otentials for 8 (figure not shown) are very similar to those for 2
ith the external-ring rotation (i.e., �2, Fig. 2a) with an inherent

lanarization barrier of 0.17 kcal/mol, the restriction of rotation for
he twisted form of 8 at 80 K is mainly due to the large rotational
riction of the bulky pentiptycene ring. It should be noted that
hese data were obtained with photoexcitation at the wavelengths
hat mainly the twisted species absorb. In the case of 2, the excited
wisted species could be 2-twisted-a and 2-twisted-b, and thus
oth species could contribute to the observed 346-nm emission
and for 2 at 80 K with the emitter being segments 7 and 8, respec-
ively. Nonetheless, this does not affect the two-state (twisted vs
lanar) model discussed in Fig. 1, as the planarization relaxation

rom either twisted form differs only in the ring that rotates. It
s the central-ring for 2-twisted-a but the external-ring for 2-
wisted-b. Since the calculations (Fig. 2a) suggest that the inherent
lanarization barrier might not be the same for the two forms, the
xperimental value could be considered as an average one.

. Conclusion

The dependence of the ground-state distribution of rotational
onformers and the excited-state phenylene torsional barriers

or p-phenyleneethynylene (PE) systems on the substituents
as been demonstrated based on the pentiptycene-derived 1,4-
is(phenylethynyl)benzenes 2–5. Whereas there is only one
mitting species for all cases at room temperature due to fast
xcited-state planarization relaxation for the twisted conformers,

[

emission from the structurally unrelaxed twisted conformers are
present in the MTHF glass at 80 K. The efficiency of planarization
relaxation is in the order 2 < 3 < 4–5, consistent with the decreased
trend in the bulkiness of the central-ring substituents and thus
the inherent planarization barrier (minor factor) and the rotational
frictions in solutions (major factor). The unique substituent effect
in 2 leads to a narrower conformer distribution in S0 and S1. The
well-resolved fluorescence spectra and lifetimes for the twisted
conformers of 2 at low temperatures provide a unique opportunity
for experimental evaluation of the barriers for the planarization
relaxation and phenylene torsions in the singlet excited-state. On
the basis of the model compounds 6–8, the geometry of the conju-
gated backbone in the fluorescent twisted form of 2 at 80 K is similar
to 1-twisted-a and 1-twisted-b (Scheme 1), and the fluorescence
is from the segments 7 and 8, respectively. The phenomenon of
excitation wavelength-dependent fluorescence quantum yield for
2–5 indicates that the planar conformers are inherently stronger
fluorescent than the twisted form in PE systems, presumably due
to less efficient intersystem crossing toward the triplet state. The
information provided herein might prove of value for the design of
new PE-based � systems of the desired electronic properties.
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