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a b s t r a c t

The Cadiot–Chodkiewicz type C2-elongation of p-tolylacetylene followed by dimerization of the resulted
diyne p-CH3C6H4(C C)2TMS (1) gave thermally stable octatetrayne p-CH3C6H4(C C)4-p-C6H4CH3 (2)
as light yellow powder in 75% yield. Compound 2 was characterized by spectroscopic methods and X-
ray crystallography. Careful analysis of the crystal data revealed high degree of chain linearity with a
potential for 1,n-topochemical polymerization. Next, photophysical properties of 2 were studied in details
by experimental and advanced theoretical methods (ab initio HF as well as DFT calculations involving both
the ground and excited state geometry optimization). These properties are similar to the properties of the
parent polyyne C6H5(C C)4C6H5 previously described in literature (in particular, the lowest electronic
excited singlet state (S1) of 2 is a dark state). This was confirmed by the experimental facts, namely, few
progressions of the stretching mode (ag) of the polyyne chain, starting from different “false origins” lying
rystal structure below the second excited (bright) state (S2), were observed in the fluorescence excitation spectrum. The
red shift of the electronic spectra (155 cm−1 and 300 cm−1 for absorption and fluorescence, respectively)
and an increase of an energy gap between S1 and S2 states by 450 cm−1 are the effects of methylation of
C6H5(C C)4C6H5 to 2. Theoretical results showed that in the excited state of 2 a shortening of single bonds
and elongation of triple bonds occurred. This is in accordance with an observation of a long progression
of the stretching vibration mode in the experimental absorption spectrum of 2. Besides that, stretching

hain
vibration of the polyyne c

. Introduction

Long chain organic, organometallic and metal-containing
olyynes have attracted a lot of attention within the last two
ecades. This interest results from high potential of such com-
ounds as nanoscale electronic devices [1] as well as models for
arbyne, a yet unknown carbon allotrope [2]. The already synthe-
ized compounds were thoroughly characterized and especially
nteresting were those with electrochemically active metal end-
aps, which enable the compounds to exist in more than one
xidation state [3].
Nevertheless, purely organic polyynes are also being intensively
nvestigated. Many of them occur naturally [4] and have biologi-
al activity but they also bear an enormous potential as electronic
evices due to their unique electronic and optical properties [5].

∗ Corresponding author at: Faculty of Chemistry, University of Wrocław, Joliot-
urie 14, 50-383 Wrocław, Poland. Tel.: +48 71 375 71 22; fax: +48 71 328 23 48.

E-mail address: szaf@wchuwr.pl (S. Szafert).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.10.023
is also active in the fluorescence spectra.
© 2010 Elsevier B.V. All rights reserved.

From these reasons their photophysical properties are being exten-
sively investigated [6].

Current investigations especially focus on the excited state
properties of polyynes in an aim to search for a new type of nanos-
tructural architectures that occur in a form of simple molecular
wires or constitute building blocks of more complicated carbon
networks [7]. Such architectures may show a nonlinear optical
response [8]. Hence, effects of optical excitation in such structures
are, in our opinion, extremely important to be recognized [9].

Recently, attention was mostly focused on the systematic
observations of changes in absorption and emission spectra of
diphenylpolyynes affected by the length of the polyyne chain
[9–11]. The character of the fluorescent state was considered
in terms of the two lower lying excited states, separated by
a small energy gap. One of these two states is optically dark,

while the second is a bright one. The photophysical properties of
diphenylpolyynes (similarly to other classes of molecules charac-
terized by such a system of states) [12–16] strongly depend on the
mutual ordering and the electronic couplings between these two
states.

dx.doi.org/10.1016/j.jphotochem.2010.10.023
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:szaf@wchuwr.pl
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00 I. Deperasińska et al. / Journal of Photochemistr

In the present work the synthesis, X-ray crystal structure and
bsorption, emission and excitation emission spectra of 1,8-di(p-
olyl)-1,3,5,7-octatetrayne are discussed. The data are compared
ith those reported by Nagano who described photophysical
roperties of a series of �,�-diphenylpolyynes C6H5(C C)nC6H5
n = 1–6) [10].

. Experimental

.1. Syntheses and characterization

All reactions were conducted under N2 using standard Schlenk
echniques. Solvents were treated as follows: hexane, distilled from
a; CH2Cl2 and acetone, distilled from P2O5; THF, predried over
aOH and then distilled from Na/benzophenone; CDCl3, vacuum

ransferred from CaH2; C6D6, vacuum transferred from Na. p-
H3C6H4C CH (97%), n-BuLi (2.26 M in hexanes), CuCl (99.995+%),
uI (99.999%), EtNH2 (2.0 M in THF), tetramethylethylenediamine
TMEDA; 99%; distilled from NaOH) and tetrabutylammonium
uoride (TBAF; 1.0 M in THF) were obtained from Aldrich and
sed without further purification unless stated otherwise. ClSiMe3
Fluka, 99%) was used as received. TMSC CI was prepared following
he known protocol for related compounds [17].

Infrared spectra were recorded in a KBr cell or in solution on a
ruker 66/s FTIR spectrophotometer. NMR spectra were obtained
n a BRUKER ESP 300E and 500 spectrometer. GC–MS analyses were
ecorded on a gas chromatograph with a mass detector HP 5971A
nd an infrared detector HP5965B (Hewlett Packard). Microanal-
ses were conducted with an ARL Model 3410 + ICP spectrometer
Fisons Instruments) and a VarioEL III CHNS (both in-house).

.2. p-CH3C6H4C CC CTMS (1)

A Schlenk flask was charged with 15 mL of THF and 0.35 mL
2.677 mmol) of 4-ethynyltoluene (p-CH3C6H4C CH) and cooled
o −45 ◦C. Then 1.30 mL (2.26 M, 2.945 mmol, 1.1 eq.) of n-BuLi was
dded dropwise. After 1 h 0.561 g (2.945 mmol) of CuI was added.
he mixture was warmed up to −10 ◦C. When CuI was completely
issolved temperature was lowered to −45 ◦C again and 8 mL of
tNH2 and 0.452 mL (2.945 mmol) of TMSC CI was slowly added
ith stirring. After 1 h cold bath was removed and the mixture was

tirred at room temperature for another hour. Solvent was evapo-
ated by oil pump vacuum. The residue was dissolved and filtered
hrough a silica gel pad (5 cm, hexanes/CH2Cl2, v/v, 10:1). Solvent
as removed to give 1 as a yellow-brown thick liquid (85%, 0.483 g,

.275 mmol).
1H NMR (300 MHz, CDCl3): ı = 7.37 (d, JHH = 8 Hz, 2H, C6H4), 7.10

d, JHH = 8 Hz, 2H, C6H4), 2.33 (s, 3H, CH3), 0.22 (s, 9H, TMS).
IR (cm−1, THF): �C C = 2204 vs, 2104 s.

.3. p-CH3C6H4(C C)4-p-C6H4CH3 (2)

A Schlenk flask was charged with 0.220 g (1.036 mmol) of 1
nd 10 mL of acetone. The solution was purged with N2 and wet
BAF (1.0 M solution in THF; 0.21 mL; 0.207 mmol; 20 mol %) was
dded dropwise. After 20 min 0.13 mL (1.036 mmol) of ClSiMe3 was
ntroduced. After 15 min O2 was bubbled through the solution for
0 min. In a separate Schlenk flask 0.989 g (10.000 mmol) of CuCl
nd 0.60 mL of TMEDA (4.000 mmol) were mixed in 5 mL of acetone.
blue supernatant that emerged after 0.5 h was added in portions
o the first Schlenk flask. O2 was bubbled through the reaction. After
h solvent was removed by oil pump vacuum. The residue was
issolved in minimum of CH2Cl2 and filtered through 10 cm plug
f alumina and then through 10 cm plug of celite (washed with
exanes). Solvent was removed by oil pump vacuum. Pale-yellow
hotobiology A: Chemistry 217 (2011) 299–307

crystals were obtained from hexanes/CH2Cl2 mixture in 75% yield
(0.108 g, 0.388 mmol). Product was stored at −20 ◦C.

1H NMR (300 MHz, C6D6): ı = 7.20−6.62 (m, 8H, 2C6H4), 1.87 (s,
6H, 2CH3).

13C{1H} NMR (75 MHz, C6D6): ı = 133.4, 129.4, 128.3, 118.3 (8C,
2C6H4), 78.7, 74.7, 67.8, 64.7 (4C, C CC C), 21.4 (2C, 2CH3).

EA calc. (%) for C22H14 (278.35): C 94.93, H 5.07; found. C 95.03,
H 5.01.

IR (cm−1, KBr): �C C = 2198 vs, 2094 s.
MS: 278 (M+).
p.t.t.(I) = 120 ◦C (nematic); p.t.t.(II) = 156 ◦C (polymerization).

2.4. Electronic absorption spectra

Electronic absorption spectra in solution were recorded on a
CARY-50 UV-VIS (Varian) spectrometer at a concentration of about
10−5 M. The solvents used in absorption and emission experiments:
2,2,4-trimethylpentane, methylcyclohexane (MCH), and acetoni-
trile were of spectroscopic grade and used as purchased (Merck,
Uvasol) except for acetonitrile which was dried over the molecular
sieves prior to use.

2.5. Steady state emission spectroscopy

Emission spectra were recorded on a FLS920 combined flu-
orescence lifetime and steady state spectrometer (Edinburgh
Instruments Ltd.) using as an excitation source Xe900, 450 W steady
state xenon lamp (ozone free) with a computer controlled excita-
tion shutter and spectral bandwidth of ≤5 nm for both excitation
and emission spectra. Luminescence was detected using a red sen-
sitive (185–850 nm) single photon counting photomultiplier tube
(R928-Hamamatsu) in Peltier cooled housing. For the emission
spectra the optical density was kept at ∼0.2 (path length 1 cm) to
avoid reabsorption and inner filter effects. Spectra were corrected
for detector response and excitation source. The concentration of
solutions was about 10−5 M. Excitation spectra were corrected for
differences in excitation intensity by means of a reference photo-
multiplier.

2.6. Time-resolved emission spectroscopy

Decay curves were recorded using a nanosecond time-
correlated single photon counting (TCSPC) option of FSL920 setup
(Edinburgh Instruments Ltd.). Excitation was provided by a nF900
nitrogen filled nanosecond flashlamp under computer control with
typical pulses width of 1 ns, pulse repetition rate typically of 40 kHz
and possibility of measuring decays from 100 ps to 50 �s. Data
acquisition ensured a Plug-in PC Card Model TCC900 with max-
imum count rate of 3 MHz, time channels per curve up to 4096,
and minimum time per channel of 610 fs. A Hamamatsu (R928-
Hamamatsu) in Peltier cooled housing was used as detector.

2.7. Theoretical methods

All calculations presented in this work have been performed by
ab initio HF and CIS methods as well as by DFT B3LYP and TD-DFT
B3LYP in different basis sets (cc-pVDZ and 6-31G(d,p)) in Gaussian
98W [18] and Turbomole [19] packets of programs. The later one
permits for excited state optimization by TD-DFT [20] method. For
all energy minima, both in the ground and excited state, a full set
positive frequency vibrations has been found.
2.8. Details of X-ray data collection and reduction

X-ray diffraction data were collected using a KUMA KM4 CCD (ω
scan technique) diffractometer equipped with an Oxford cryosys-
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Table 1
Crystallographic data for 2.

Complex 2

Chemical formula C22H14

Formula weight 278.33
Temp [K] 100 (2)
Space group C2/c
a [Å] 7.529 (3)
b [Å] 17.983 (8)
c [Å] 11.677 (6)
ˇ [◦] 94.73 (5)
V [Å3] 1575.6 (12)
Z 4
� [g/cm3] 1.173

F
C

Scheme 1.

em cryostream cooler. The space groups were determined from
ystematic absences and subsequent least-squares refinement.
orentz and polarization corrections were applied [21]. The struc-
ures were solved by direct methods and refined by full-matrix
east-squares on F2 using the SHELXTL package [22]. Non-hydrogen
toms were refined with anisotropic thermal parameters. Hydro-
en atom positions were calculated and added to the structure
actor calculations, but were not refined. CCDC-752527 for 2 con-
ains the supplementary crystallographic data for this paper. These
ata can be obtained free of charge from The Cambridge Crystallo-
raphic Data Centre via www.ccdc.cam.ac.uk/data request/cif.

. Results

.1. Synthesis

Synthesis of 1,8-di(p-tolyl)-1,3,5,7-octatetrayne followed the
lready described procedure for other octatetraynes. As shown in
cheme 1 terminal p-tolylacetylene was first transformed via cop-
er catalyzed Cadiot–Chodkiewicz cross coupling with IC CTMS

nto diyne p-CH3C6H4C CC CTMS (1) [3g,23]. Workup by col-
mn chromatography gave 1 as a yellow–brown thick liquid

n 85% yield. One of the obvious approaches to 1,8-di(p-tolyl)-
,3,5,7-octatetrayne was deprotection of 1 to terminal diyne
-CH3C6H4C CC CH (3) and then its oxidative homocoupling. In
rder to avoid isolation and purification of terminal diyne 3 which,
s many others, could appear unstable, we decided to proceed with
protocol that includes in situ deprotection that is immediately

ollowed by addition of ClSiMe3 (as an F− ion scavenger) and then
uCl/TMEDA/O2 system for oxidative homocoupling [3i,24]. Reac-
ion workup on alumina and celite resulted in yellow powder which

as recrystallized from a mixture of hexanes/CH2Cl2 to yield pale-

ellow crystals of 2 in 75% yield.
Compounds 1 and 2 were characterized by IR and 1H NMR spec-

roscopy which were routine. Their IR spectra (KBr) showed two
C C bands at 2204 (vs) and 2104 (s) cm−1 for 1 and at 2198 (vs)

ig. 1. View of 2. Selected bond lengths (Å) and angles (◦): C(1)–C(11) 1.434(3), C
(11)–C(1)–C(2) 179.4(3), C(1)–C(2)–C(3) 179.1(3), C(2)–C(3)–C(4) 178.9(2), C(3)–C(4)–C
� (Mo K�) [mm−1] 0.066
R1 (%) (>2�) 0.0751
wR2 (%) (>2�) 0.1298

and 2094 (s) cm−1 for 2. The 1H NMR spectra revealed signals of the
diagnostic CH3 group at ı = 2.33 and 1.87 ppm for 1 and 2, respec-
tively. Spectrum of 1 exhibited also the signal of TMS group at
0.22 ppm. The 13C NMR of 2 showed a signal of the CH3 carbon at
21.4 ppm and four signals of the chain carbon atoms at 78.7, 74.7,
67.8, and 64.7 ppm. Its mass spectrum showed an intense parent ion
(100%) and gave correct microanalysis. The compound also showed
phase transformation after melting at 120 ◦C to nematic phase and
then polymerized at 156 ◦C.

3.2. X-ray crystal structure

The crystal structures of 2 was determined as outlined in Table 1
and described in Section 2. A view of the molecule is presented in

Fig. 1.

The molecule lies at the two-fold axis what enables a twist of
the two phenyl rings by 19.7◦. The bond lengths within the carbon
chain are 1.216(3) and 1.218(3) Å for the triple bonds C(1) C(2)
and C(3) C(4) and 1.361(3) and 1.358(4) Å for the single bonds

(1)–C(2) 1.216(3), C(2)–C(3) 1.361(3), C(3)–C(4) 1.218(3), C(4)–C(4A) 1.358(4),
(4A) 179.43(15).

http://www.ccdc.cam.ac.uk/data_request/cif
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Fig. 2. Example of a packing diagram for 2. Packing parameters: closest
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trimethylpentane or strongly polar acetonitrile presents similar
features.

All these spectra of 2 are only slightly different from those for
C6H5(C C)4C6H5 [10]. Thus, due to methylation, the maximum of
absorption (24,955 cm−1) and fluorescence (20,160 cm−1) bands of
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absorption                                                    

                                excitation                       fluorescence
hain–chain contact 4.168 Å, ϕ = 18.1◦ , offset distance = 11.099 Å, fractional off-
et = 0.94. Distances for potential 1,4-topochemical polymerization: C4AA-C1D
.893 Å; C4AA-C1E 5.056 Å.

(2)–C(3) and C(4)–C(4A). These values are typical and are similar
o those observed for other tetraynes [25].

Although C8 chains are long enough to perform a distinctive
eformation the one in 2 shows high degree of linearity as evi-
enced by the close correspondence of the C(11)–C(11A) distance
11.813 Å) with the sum of all the bond lengths within the carbon
hain (11.816 Å) corresponding to the contraction of 0.0% [25,26].
igh degree of linearity is also nicely “visualized” by the high aver-
ge value of the chain C–C–C bond angles of 179.1◦.

Next a potential of 2 for the 1,n-topochemical crystal-to-crystal
olymerization was established. The compound 2 crystallizes in
he monoclinic system in the C2/c space group. As a consequence,
ts molecules pack to form one set of parallel chains as shown in
ig. 2. First the closest chain–chain separation was analyzed [25].
lthough the endgroups are not particularly bulky it appeared to
e 4.168 Å, which is higher than the sum of Van der Waals radii
3.56 Å). The distance is associated with ϕ angle and an offset

alue (a measure of the mutual position of neighboring chains)
f 18.1◦ and 11.099 Å (fractional offset 0.94), which is not far off
rom the value for an ideal candidate for the 1,8-topochemical poly-

erization (optimum geometrical conditions are: ϕ angle = ca. 21◦,
wavenumber [cm -1]

Fig. 3. Absorption spectrum of 2 in methylcyclohexane.

carbon–carbon distance = ca. 3.5 Å). The slightly longer distances
that are associated with atom positioning for 1,4-topochemical
polymerization are larger and equal 4.893 Å (C4AA-C1D) and
5.056 Å (C4AA-C1E). The packing parameters for 2 are summarized
in Fig. 2 caption.

3.3. Absorption, excitation fluorescence, and fluorescence spectra

The spectral characteristics of 2 are given in Figs. 3 and 4.
They show its room temperature absorption spectrum and the
low temperature (77 K) fluorescence and excitation fluorescence
spectra in methylcyclohexane. It was also established that 2 does
not exhibit any solvatochromic effect and in both apolar 2,2,4-
Fig. 4. Low temperature (77 K) fluorescence (exc = 400 nm) and excitation fluores-
cence spectra (exc = 400, em = 455 nm) of 2 in methylcyclohexane. For comparison,
the room temperature absorption spectrum (part of spectrum in Fig. 3) is also pre-
sented.



I. Deperasińska et al. / Journal of Photochemistry and Photobiology A: Chemistry 217 (2011) 299–307 303

F ogeth
( -th el
e s that
e s.

2
c
t
t
b

2
t
t
t
i
s
p
b
i

C
s
m
f

p
q
o

3

3

s
t
m
i
a
t
m

between molecule in the ground S0 state (denoted symbolically as
{Rg(S0)}) and in the excited S1 and S2 states (denoted as {Re(S1)}
and {Re(S2)}) while differences between the molecular geometries
corresponding to both considered excited states are rather small.

Table 2
The ground state (S0) interatomic distances in polyyne chain calculated by DFT
B3LYP/cc-pVDZ and HF/cc-pVDZ methods in comparison to the experimental data
(see Fig. 1).

Pair of atoms in
polyyne chain (for
labels see Fig. 1)

Interatomic distances in [Å]

Experiment
Calculation results

DFT HF
ig. 5. Potential energy surfaces of 2 in its ground and electronic excited states (left) t
right). {Ri(Sk)} represents the set of geometry parameters for energy minimum in k
nergy minimum of S0 is clearly different from those of {Re(S1)}and {Re(S2)}. Beside
xcited states, are similar. The dashed arrows characterize the forbidden transition

are blue shifted by about 155 cm−1 and 300 cm−1, respectively,
ompared to C6H5(C C)4C6H5. In excitation fluorescence spectra,
here are only slight differences between the maxima of both sys-
ems (∼20–80 cm−1) and similarities are mainly concerned with
and structure and intensity distribution.

Peak spacing in the absorption band of 2 is 2035 cm−1 relative to
050 cm−1 in C6H5(C C)4C6H5 whereas in the fluorescence spectra
hese values are 2136 cm−1 and 2150 cm−1, respectively. Finally, in
he low temperature excitation fluorescence spectrum of 2, vibra-
ion of 2050 cm−1 in comparison to 2080 cm−1 for C6H5(C C)4C6H5
s observed. These frequencies are assigned to the symmetric
tretching modes of polyyne chain for excited and ground states of
olyynes. Likewise in C6H5(C C)4C6H5, no mirror symmetry image
etween excitation fluorescence and the fluorescence spectra of 2

s observed.
In the discussion of experimental results obtained for

6H5(C C)4C6H5 [10], a model with two closely lying excited
tates: dark 1A and bright 1B1u was proposed. Semiempirical for-
ula adapted there has been derived from the free electron theory

or a one-dimensional box [27].
In the present work, we verify this model on the basis of com-

utational results that we have obtained using more advanced
uantum-chemical calculations involving not only the ground state
ptimization but also excited state optimization of 2.

.4. Theoretical calculations

.4.1. General characteristics
The calculations involving the ground state optimization (S0

tate) and excited state optimization of the two lower-lying elec-
ronic excited states (S1, S2) both for 2 and C6H5(C C)4C6H5
olecules have been performed using ab initio HF and DFT method
n few typical basis sets. We started our calculations without
ny indication of the symmetry of 2 and the results showed
he molecule to have C1 symmetry. However in practice the

olecular orbitals and other properties of 2 are very similar to
er with electronic configurations that contribute to its two lowest excited electronic
ectronic state with k = S0, S1, S2. One may notice, that {Rg(S0)} corresponding to the
, the both {Re(S1)} and {Re(S2)} sets, corresponding to the minima of energy in the

those for C6H5(C C)4C6H5 with D2h symmetry. The results for
C6H5(C C)4C6H5 molecule are not presented here, because – sim-
ilarly as the experimental results – they are very similar to the
results for 2 and were used only for comparison. In particular, the
comparison of calculated vibration modes for C6H5(C C)4C6H5 (as
the molecule of higher symmetry than 2) with vibration modes cal-
culated for 2 was used for identification of b1g type modes which act
as coupling modes between two lowest electronic excited states.

Excited state optimization aimed to establish the changes of
molecular geometry of 2 in its electronic excited states in com-
parison to the ground state and how the mutual energetic ordering
of its optimized excited states looks like.

The calculated potential energy surfaces for 2 are qualitatively
presented in Fig. 5 (a more detailed data will be given in Tables 2–4).
This picture is common for the ab initio HF and DFT calculations. It
demonstrates that large differences in molecular geometry exist
C(1)–C(11) 1.434 1.421 1.439
C(1)–C(2) 1.216 1.230 1.198
C(2)–C(3) 1.361 1.354 1.383
C(3)–C(4) 1.218 1.236 1.200
C(4)–C(4A) 1.358 1.348 1.380
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Table 3
The calculated bond lengths in polyyne chain of 2 in the ground state (Rg) and in the excited electronic state (Re) and differences between them (�R = Re − Rg). The calculations
are performed by DFT and TD DFT B3LYP/cc-pVDZ, HF and the CIS/cc-pVDZ methods. All lengths are given in [Å].

Pair of atoms in polyyne chain (for labels see Fig. 1) DFT and TD DFT B3LYP HF and CIS

Rg Re �R Rg Re �R

C(1)–C(11) 1.421 1.410 −0.011 1.439 1.429 −0.010
1.257
1.315
1.286
1.296
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Observation of vibronic structures associated with other vibrations
(with a smaller � values) requires a change of experimental con-
ditions for registration of better resolved spectra. However, the
calculated value of � parameter for 2050 cm−1 is larger than the
experimentally determined one what may denote that the real dif-
C(1)–C(2) 1.230
C(2)–C(3) 1.354
C(3)–C(4) 1.236
C(4)–C(4A) 1.348

t is also noted (by doted arrows) that the optical transition to the
1 excited state is forbidden (and therefore it is a dark state). How-
ver, in reality, due to the coupling between electronic states, such
ransitions are possible and observed [12–16].

Electronic configurations describing the two excited states (S1
nd S2) of 2 are illustrated also in Fig. 5. One may easily notice
hat they result from excitation between the two highest occu-
ied (HOMO-1 and HOMO) and two lowest unoccupied (LUMO and
UMO+1) molecular orbitals. Despite that all of them are of the �-
ype orbitals, they are lying in two perpendicular molecular planes
nd correspond to b3g, b2g, b3u and b2u orbitals in D2h group of
ymmetry for unmethylated diphenylpolyynes [9–11]. As is seen
rom Fig. 5, the dark S1 state is the result of an electron transition
etween the b2g → b2u orbitals, whereas the bright S2 state results
rom excitation between b3g → b2u and b2g → b3u orbitals These two
tates correspond to the 1Au and 1B1u states in D2h group of sym-
etry for unmethylated diphenylpolyynes [9–11]. It is known that

he coupling between states of such symmetry can be induced by
ibrations of b1g type symmetry [12–16].

.4.2. Optimized geometries
The more detailed calculation results for the ground and

xcited state geometry of the polyyne chain in 2 are presented
n Tables 2 and 3. In Table 2, a comparison between the ground
tate calculated and experimental bond lengths obtained in this
ork (see Fig. 1) is presented. This comparison shows that the cal-

ulations nicely reproduce the experimental data for interatomic
istances in polyyne chain of 2 and that the bond lengths calcu-

ated by the DFT method are closer to experimental values than
hose calculated by the HF method. The calculated angle between
he two phenyl rings is practically equal to zero, while in the crys-
al it is about 20◦. Such the difference might be related to packing
ffect in the crystal of 2.

Table 3 illustrates the geometry differences between the ground
tate and the excited states (the calculated geometry parameters
or both excited states are quite resembling and differences do not
xceed 0.004 Å).

Generally, it is clear from the results presented in Table 3 that
eometry differences between the ground and excited state are

ignificant. One should notice that in electronic excited states of
, a shortening of single bonds and elongation of triple bonds
akes place. According to calculations results, these changes are
o large, that in the framework of DFT method the triple bond
(3)–C(4) becomes almost equal to the single bond C(4)–C(4A) (see

able 4
ransition energies and oscillator strengths calculated for excitation and emission of
uorescence of 2 (calculations by TDDFT B3LYP/cc-pVDZ and CIS/cc-pVDZ methods).

Transition TD DFT B3LYP CIS

�E [eV] f �E [eV] f

S0 → S1 2.741 0.000 3.925 0.000
S0 → S2 2.754 0.458 4.055 0.280
S1 → S0 2.338 0.000 2.723 0.000
S2 → S0 2.412 0.413 2.972 0.155
0.027 1.198 1.222 0.024
−0.039 1.383 1.335 −0.048

0.050 1.200 1.259 0.059
−0.052 1.380 1.306 −0.074

Table 3 for details). Such result is intriguing and it requires further
experimental investigations. Presently, some estimations can be
obtained from the analysis of vibrational structure of the absorption
band.

In the first absorption band of 2, likewise in other polyynes
[9–11] only a single frequency progression of 2050 cm−1 is visi-
ble. This frequency is assigned to the symmetric stretching mode
of polyyne chain for excited 2. Intensity ratio of successive com-
ponents of such progression is governed by Franck–Condon factors
[9,16,28]. For example, for the transition from lowest (w = 0) vibra-
tional level in the ground electronic state to vibrational level v in
the excited electronic state Franck–Condon factor is given as:

FC(0, v) = | < 0|v > |2 = (v!)−1

(
�2

2

)v

exp

(
−�2

2

)

where � is the dimensionless normal mode displacement [28]. For
2 this factor obtained on the basis of intensity ratio in the absorption
spectra (shown in Fig. 3) is 1.82.

From theoretical point of view � depends on the differences in
molecular geometry between the two states involved in the tran-
sition and may be determined as a projection of geometry changes
between the two states participating in the electronic transition on
the normal modes of the excited state [28,29]. In Fig. 6, results of
such calculations for all modes of 2 are presented.

As can easily be seen, only some of vibrations of molecule are
characterized by � parameter of the value that is larger than
zero. Frequencies of these vibrations can be observed in the vibra-
tion structure of the absorption spectrum. It is also evident from
Fig. 6 that parameter � for vibration at 2050 cm−1 is definitely
the largest one. Hence, according to the results of calculations this
mode should dominate in the spectra. Actually, this finding well
agrees with the experiment and this mode dominates not only in
the spectrum of 2 but also in spectra of other polyynes [9–11].
0

1

2

3

4

2000150010005000

wavenumber [cm-1]

Δ

Fig. 6. Dimensionless normal mode displacement of 2 for particular modes in its
excited state calculated on the basis of results obtained by means of HF and RCIS/cc-
pVDZ method. Frequencies of vibrations are given with the scaling factor of 0.849
(for details see Table 5).
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Table 5
Experimental and calculated frequencies of the stretching mode of the polyyne chain
of 2 that was used for determination of scaling factor for the calculated frequencies
and the re-scaled, on this basis, calculated frequencies of its b1g mode.

Ground state Excited state

exp. cal. exp. cal.

A. Calculations of scaling factor
(–C C–)4 vibration (ag)
scaling factor = �cal/�exp

2136 2560 2050 2414
0.823 0.849

B. Calculated and rescaled frequencies for modes which couple S1 and S2 states
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Fig. 7. Excitation fluorescence spectra and fluorescence spectra of 2 with distin-
guished progressions A, B, C corresponding to vibronic transitions to the dark state
S1 together with progression D corresponding to vibronic transitions to the bright

Table 4).

Table 6
Experimental data and interpretation of excitation fluorescence spectra of 2. The
subsequent entries from the right side indicate as follows: the number of excited
state; experimental band position; interpretation of component position in progres-
sion; divergence between experimental and assigned frequency; frequency of the
coupling mode; labels for particular progressions used in Fig. 7.

State Exp. band Description ı Coupling mode

S1 23,465 A
23,866 h�1 = 401 cm−1

25,906 23,866 + 1 × 2050 10
27,972 23,866 + 2 × 2050 −6
24,301 h�2 = 836 cm−1 B
26,350 24,301 + 1 × 2050 1
28,409 24,301 + 2 × 2050 −8
25,412 ?h�3 = 1947 cm−1 C
382 399
815 838
956 985

erences between geometry of the excited and the ground state are
maller than calculated and shown in Table 3.

.4.3. Electronic transition energies
Detailed results of the calculations of the excitation and emis-

ion energies for 2 are collected in Table 4.
Comparison of the calculation results to the experimental data

eeds carefulness (see further discussion) but in general the energy
or allowed S0 → S2 transitions calculated by RHF method is about
.8 eV higher compared to the experiment (∼3.1 eV) while that by
FT method is about 0.35 eV lower. In turn, analogical comparison

or emission from the excited state favors the results of ab initio
ethod (2.8 eV with respect to the experimental values of about

.85 eV) over the DFT (∼2.4 eV).
Such discrepancies of the calculated values of electronic transi-

ion energies, by means of different computational methods, have
lso been found in the literature for the shorter polyynes [9]. This is
ot, however, the problem of polyynes themselves because, gener-
lly, it is known that energy calculations for electronic transitions
till constitute a problem in quantum chemistry [30–32].

.4.4. Some results for vibrations of 2
As we mentioned previously the experimental spectra of 2 are

tructured with symmetric stretching mode of polyyne chain. These
ata can serve determination of so-called “scaling factor” which
ermits the recalculation of theoretically determined frequencies
f vibration with respect to the experimental values. This is done
n part A of Table 5.

From the point of view of goals of this work it was needed to indi-
ate frequencies of modes which act as coupling modes for S1 and
2 electronic excited states. In part B of Table 5 we give frequencies
f such modes of 2. They are found by comparison with the cal-
ulated b1g modes in calculations performed for C6H5(C C)4C6H5
nd rescaled by factors done in part A of Table 5.

. Discussion of results

.1. Excitation fluorescence spectra

More details on vibrational structure of the S0 → S1 transition
re revealed in the low temperature excitation fluorescence spectra
f 2.

Fig. 7 and Table 6 demonstrate that besides the single clear pro-
ression at 2050 cm−1 (indicated in Fig. 7 as D) mentioned already
n the absorption spectrum, two other progressions (A and B) of the
ame mode but at lower energies than the progression D may be

istinguished. Somewhat less clear is progression C. In below men-
ioned analysis no interpretation is suggested for this one. The point
s that this progression consists of the broad bands (see Fig. 7) with
ather diffused maxima and one may treat it rather as a contribution
rom different combinations of the coupling modes.
state S2. Details connected with these assignments and with position of S2 state are
given in Table 6.

The excitation fluorescence spectrum is a typical picture for a
system with a dark excited state lying below a bright one [13,15,16],
where the vibronic coupling between these two states takes place.
Due to this coupling, the transitions from the ground state to the
dark state are observed as starting from the so-called “false origin”
in which the electronic energy of the dark state is increased about
the frequency of the coupling mode (see Fig. 7 and Table 6).

It results from analysis given in Fig. 7 and Table 6 that we may
locate the dark state (S1) at about 23,465 cm−1. This state is coupled
with bright S2 state by two vibrations at 401 and 836 cm−1. The
frequencies of these vibrations are in accordance with calculated
frequencies of b1g type vibrations for 2, namely: 399 and 838 cm−1

(compare Table 5).
Hence, the separation between the S1 and S2 states could be

estimated for about 1260 cm−1 (∼0.16 eV) and due to methylation
is larger about 450 cm−1 in comparison to the energy gap for the
parent C6H5(C C)4C6H5 [10]. It can also be noted that separation
of 0.16 eV is comparable to 0.13 eV predicted for 2 by CIS method
and slightly larger than 0.013 obtained with TDDFT method (see
27,462 25,412 + 1 × 2050 0
29,512 25,412 + 2 × 2050 0

S2 24,722 D
26,773 24,722 + 1 × 2050 −1
28,818 24,722 + 2 × 2050 4
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ig. 8. Bi-exponential decay curve of 2 in 3MP at room temperature (exc = 400 nm,
m = 455 nm) [�1 = 0.28 ns (82%); �2 = 6.59 ns (18%); 	2 = 1.038].

.2. Fluorescence spectrum

Like excitation spectra, the fluorescence spectra of the molecule
ossessing the lowest dark state vibronically coupled with its
igher bright state is built up on progressions starting from dif-

erent coupling modes [15].
One should realize that the fluorescence spectra of 2 are diffi-

ult to interpret because among all present bands only two are well
efined and separated one from another by about 2136 cm−1. This
requency is undoubtedly connected with the ground state stretch-
ng vibration of the polyyne chain and one has to keep in mind that,
oth in experiment and in calculations, it is higher than its excited
tate frequency (see Table 5).

Hence, in the fluorescence spectra, like excitation fluorescence
pectra of 2, progression of this mode starting from different cou-
ling modes is observed. Besides that, on each of these two well
efined bonds, traces of vibrational structure in the form of two
eaks separated by about 425 cm−1 are visible. There is, however,
oo small a number of data for a similar analysis that was performed
n the case of excitation fluorescence spectrum.

Comparison of the fluorescence spectra of 2 and
6H5(C C)4C6H5 [10,11], shows a very similar vibrational struc-
ure although the spectra of the former are more diffused. For
his reason it is difficult to estimate whether a blue shift of about
00 cm−1 in the spectra of 2 relative to C6H5(C C)4C6H5 is a real
act or whether it may be assigned to diffusion effects or even to a
ort of an arty-fact.

On the other hand, comparison of the fluorescence spectra of
6H5(C C)4C6H5 in methylocyclohexane [10], with its spectra in
MMA matrices [11] shows that the latter ones are blue shifted of
bout 200–500 cm−1. Additionally, it shows that in electrolumines-
ence spectra of C6H5(C C)nC6H5, some of vibrational components
isappear. It means that while referring it to our fluorescence spec-
rum, displayed in Fig. 7, disappearance of one of the two visible
rogressions may also be expected.

The authors of the latter work [11] interpret the obtained
esults as a proof of two fluorescent states being present in
6H5(C C)4C6H5. One has to keep in mind, however, that the cou-
lings between closely lying states are extremely sensitive to the
nergy gap between both of them. Hence, disappearance of one of
he two progressions may also be caused by a weakening of the
oupling interactions in one of the modes.

It seems that in order to solve these problems, the fluorescence
pectra with more visible vibrational structure and the lifetimes of
articular structural components are required. Experimental life-

imes in acetonitrile, demonstrated in Fig. 8, show two components
n the excited state: �1 = 0.28 ns (82%); �2 = 6.59 ns (18%).

We may assign them to the structure of two different conform-
rs of 2 resulting from rotation around the single C–C bond in the
xcited state. For example, it is suggested that diphenyldiacetylene
hotobiology A: Chemistry 217 (2011) 299–307

in liquid solution exists as a mixture of rotational isomers, one with
a planar and the other with a non-planar molecular conformation
[33].

5. Summary

In this work, synthesis, characterization including X-ray crys-
tal structure and analysis of absorption, excitation fluorescence
and fluorescence spectra of 1,8-di(p-tolyl)-1,3,5,7-octatetrayne has
been discussed. Data showed that the compound can easily be
synthesized by using standard procedures for carbon chain elon-
gation (Cadiot–Chodkiewicz coupling) and oxidative coupling of
terminal acetylenes. Photophysical results, complemented by the
quantum mechanical calculations have shown that: (1) observation
of a long progression of the stretching vibration mode in experi-
mental absorption spectrum of 2 agrees with theoretical result that
in the excited state a shortening of single bonds and elongation
of triple bonds may occur (the size of those changes are the mat-
ter of explanation); (2) the lowest electronic excited state in 2 is a
dark state. This theoretical result is confirmed by the experiment,
namely by the observation of characteristic excitation fluorescence
spectrum with few progressions of vibration frequencies starting
from the “false origins”, lying below the bright state. On this base
the separation between dark and bright states was estimated; (3)
both in excitation fluorescence and in the fluorescence spectra, the
most active is the stretching vibration of the polyyne chain. Better
resolved excitation fluorescence spectra and the fluorescence spec-
tra should answer the question whether, accordingly to theoretical
results, a similar role is played by some other modes.

It would be interesting, among other future studies on 2 and
related compounds, to start with manipulation of the energy gap
between its two lower lying excited states and due to different
substitutents in the phenyl rings to generate the CT states, as the
electron may jump through bonds as through electric wire.
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