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The photophysical properties of biphenylene-hs and biphenylene-da in solution at room temperature are investigated with pi- 

cosecond absorption and fluorescence spectroscopy. The weak fluorescence with complex vibrational structure originates entirely 

from the S, state. It decays monoexponentially with a lifetime of 240 +_ 20 ps. Upon photoexcitation to Sz no emission attributable 

to the Sz state was observed. Lifetime and quantum yield of fluorescence (OF = 2.3 x 1 OF’) are the same for biphenylene-hs and 

for the completely deuterated compound, indicating that C-H vibrations are not involved in the major radiationless decay process 

of the S, level, i.e. internal conversion (@,c> 0.99). This conclusion is supported by INDO/S CI calculations where strong changes 

of the CC bond orders (particularly in the central C4 ring) with Sa+ S, excitation are found. The time-resolved excited-state 

absorption, measured at several wavelengths, decays biexponentially with time constants of 8 & 3 and 250 + 40 ps. Various inter- 

pretations of the 8 ps lifetime are discussed; the conclusion results that the 8 ps transient has to be assigned to the lifetime of the 

S2 state even though the emission expected for an allowed transition with such a long lifetime is not observed. Strong S, -S, and 

S,+S, excited-state absorption is found as predicted by INDO/S calculations. 

1. Introduction 

Htickel’s rule states that molecules with planar and 
rigid cyclic x-electron systems containing (4n + 2 ) n: 
electrons belong to the class of aromatic molecules 
whose prototype is benzene (n = 1) (I) [ 11. Delo- 
calization of the A electrons in these aromatic mole- 
cules stabilizes them with respect to a hypothetical 
polyene structure with localized single and double 
bonds. On the other hand, systems containing 4n x 

electrons in their perimeter would be destabilized by 
delocalization and hence prefer a localized arrange- 
ment of the x electrons; these compounds are called 
antiaromatic (for a review, see ref. [ 2 ] ). Whereas the 
investigations of the photophysical properties of ar- 
omatic molecules are legion [ 3,4], only little is known 
about the photophysics of antiaromatic molecules. 
Nevertheless, the data available provide evidence that 

antiaromatic hydrocarbons behave drastically differ- 
ent from their aromatic counterparts. Wirz [ 51 has 
convincingly interpreted the particular behavior of 
the antiaromatic 4n-annulenes as a consequence of 
an avoided crossing between the potential surfaces of 
their So and S, electronic states along the coordinate 
which relates the two possible bond-alternating 
structures and the intermediate delocalized structure 
of these molecules. Consequences of this fact are: (i) 
a long vibrational progression in the absorption and 
fluorescence spectra, (ii) the absence of mirror sym- 
metry between the absorption and fluorescence spec- 
tra, and (iii) a large rate for radiationless deactivation 
of the S, state by internal conversion. 

These photophysical properties should appear most 
clearly with cyclobutadiene (V) (see structures in 
scheme 1 ), the prototype of antiaromatic hydrocar- 
bons. This compound is extremely unstable, having 
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Scheme 1. (I)-(IV) aromatic hydrocarbons, (V)-(VII) anti- 

aromatic hydrocarbons. 

been isolated only in rare-gas matrices at low temper- 
atures [ 6-111. It can be stabilized either sterically by 
substituting the four hydrogen atoms by tertiary bu- 
tyl groups [ 12 ] or by annelation with one or two ben- 
zene rings, leading to benzocylcobutadiene (VI) and 
biphenylene (VII) [ 131. These two molecules can 
also be regarded as antiaromatic 8 x-electron or 12 x- 
electron systems, respectively. 

We have chosen biphenylene as example for our 
first investigation of antiaromatic molecules since its 
electronic spectrum is well understood: Shortly after 
the first synthesis of biphenylene [ 141, its absorption 
spectrum was studied in hexane solution [ 15 ] up to 
48000 cm-‘. It displays a weak band (E= 148 M-’ 
cm-‘) with vibrational structure between 25000 and 
27000 cm- ’ partly overlapping with a second stronger 
band with maximum at 27910 cm-’ (EX lo4 M-’ 
cm- ’ ). A very strong third band system is found with 
maximum at 40250 cm-’ (6% lo5 M-’ cm-‘) hav- 
ing a shoulder at approximately 38000 cm-‘. Analy- 
sis of the vibrational structure of the first absorption 
band in the vapor phase and in rigid EPA glass by 
Hochstrasser [ 16 ] indicated the forbidden nature of 
this transition and led to the assignment of B’, sym- 
metry for the S, state. With polarized absorption 

spectra of biphenylene in naphthalene host crystals 
[ 17 1, Hochstrasser showed that the second transi- 
tion at 279 10 cm- ’ is long-axis polarized, and hence 
the SZ state has B,, symmetry in our axis convention. 
Hoshi et al. [ 18 ] measured the polarized absorption 
spectra of biphenylene in stretched polymer films and 
found that the transition at 38000 cm-’ is long-axis 
polarized ( B3u), whereas the transition at 40250 cm-’ 
is short-axis polarized (B,,); they supported their ar- 
gument additionally by PPP calculations including a 
configuration analysis. Recently these results were 
confirmed by studies of the linear dichroism and of 
the magnetic circular dichroism [ 19 1. 

The fluorescence quantum yield of biphenylene is 
very low. Early observations of different emissions 
assigned to S, --So and !&--So fluorescence [ 20,2 1 ] 
were later shown to originate from impurities [ 221. 
Shizuka et al. [ 231 were the first to observe the gen- 
uine fluorescence of biphenylene, measuring a quan- 
tum yield of @ F = 1.8 x 1 0b4; they assigned this 
fluorescence to the S2+S0 transition. This assign- 
ment was subsequently corrected to an Sl -+S, fluo- 
rescence after analysis of the vapor phase spectra also 
by Shizuka et al. [ 241. Fluorescence from higher ex- 
cited singlet states following two- and three-photon 
excitation has been reported by Lin and Topp [ 25 1, 
but a genuine S2+Sa fluorescence has not been ob- 

served up to now. 
The lifetimes of electronically excited states of bi- 

phenylene have been studied with time-resolved 
spectroscopy in the picosecond and microsecond 
range [ 25-271. Upon excitation to Sl, a ground-state 
repopulation time of 10 ps was estimated in ref. [ 26 ] ; 
this work however has not been confirmed. More re- 
cently, Lin and Topp [ 251 investigated the &SO 
fluorescence of biphenylene, resulting from two-pho- 
ton excitation So+S’ +S,; from the dependence of 
the S, fluorescence intensity on the delay of the sec- 
ond excitation pulse they obtained an S, lifetime of 
240 + 20 ps. Phosphorescence of biphenylene has not 
been detected, indicating that the rate constant of in- 
ternal conversion is much larger than the rate con- 
stant of intersystem crossing. A value of Drsc < 10e2 
was estimated [ 25,271. A population of the triplet 
state sufficient for transient absorption studies could 
only be achieved by flash photolysis of a mixture of 
biphenylene and naphthalene as a triplet sensitizer in 
cyclohexane solution. Thus a T’ lifetime of 100 ps 
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was measured [ 27 ] which leads to an estimate of 1 0e6 
for the phosphorescence yield of biphenylene. 

Quantum-mechanical calculations of the elec- 
tronic states of biphenylene have been performed 
several times [ l&19,28], mostly within the sc-elec- 
tron approximation. However, early attempts utiliz- 
ing different parameterization schemes, optimized for 
polyenes and polyacenes, agreed only in the assign- 
ment of B,, symmetry for the lowest excited state. 
With respect to the next few states they disagreed with 
each other and with the experimental results. The first 
calculation yielding the correct order and approxi- 
mate transition energies for the lowest excited states 
was performed by Peradejordi et al. [ 28 1. Their PPP- 
type calculation included doubly excited configura- 
tions which are now recognized as being necessary for 
the correct description of correlation effects, partic- 
ularly in covalent states [ 291. However, different sets 
of parameters were used for the carbon atoms of the 
four-membered ring and the other carbon atoms. This 
indicates that biphenylene behaves differently from 
aromatic molecules, mainly due to its four-mem- 
bered ring which constitutes the particular antiaro- 
matic character. The relaxation of the o-bonding 
electrons upon excitation of the x electrons will be 
affected by the high strain in this ring. Also, the small 
bond angle increases non-next-neighbour interac- 
tions which give rise to deviations from pairing sym- 

metry [ 301. Both effects can be accounted for by all- 
valence electron methods, and applications to bi- 
phenylene have been reported [ 19,30-321. How- 
ever, as far as we know no calculations of energies 
and oscillator strengths of the S, +S, and S2-S, 
transitions were performed. 

In this paper, we present a systematic investigation 
of the picosecond photophysics of biphenylene in liq- 
uid solution. The fluorescence kinetics is measured 
directly and compared to transient absorption 
changes which are observed in picosecond pump and 
probe experiments. In this way information on the 
radiationless processes is obtained. 

To support the interpretation of the experimental 
data, INDO/S CI calculations on biphenylene and, 
for comparison, the aromatic hydrocarbons benzene 
and triphenylene were performed. 

2. Experimental 

Biphenylene-hs and biphenylene-d, were synthe- 
sized according to refs. [ 331 and [ 341, respectively. 
After purification of both substances by preparative 
gas chromatography (GLC: 3 m x $ fl all glass system, 
15% OV 101 on Chromosorb W AW/DMCS 60/80) 
their purity was checked by comparison of absorp- 
tion spectra with the fluorescence excitation spectra. 
The overall deuterium content of biphenylene-d, 
(determined by mass spectroscopy) was 96%; 77% 
of the molecules were found to be perdeuterated. We 
used spectrograde cyclohexane (Merck Uvasol) as 
solvent to prepare solutions with concentrations of 
lo-’ to 1O-3 M for absorption and fluorescence 
spectroscopy, and 3 x 10F3 M for picosecond 
experiments. 

The spectra were obtained with a Cary 2 19 absorp- 
tion spectrometer and a Perkin-Elmer MPF 44B 
fluorimeter, both computer controlled; the fluores- 
cence measurements were corrected for the spectral 
sensitivity of the apparatus. The fluorescence quan- 
tum yield was measured with reference to 9,10-di- 
phenylanthracene (DPA) in cyclohexane (OF= 0.95 
[ 351). Because of the great difference of the emis- 
sion intensities, a direct comparison of biphenylene 
and DPA was not practicable. Therefore, the fluores- 
cence of DPA was attenuated with a neutral-density 
filter (Schott NG4, 4 mm), and the attenuation fac- 
tor of the filter was determined in a separate experi- 
ment with lower excitation intensity. 

Single picosecond light pulses at z7=9398 cm-’ 
were generated in a Nd: YAG laser system consisting 
of a passively mode-locked oscillator, a single-pulse 
selector and a two-stage amplifier. Frequency trip- 
ling of these light pulses [ 361 yielded pulses at 28 194 
cm- ’ of 2 1 ps duration which were used to excite the 
sample. The decay of the excited states was moni- 
tored through fluorescence and transient-absorption 
measurements. Fluorescence decay curves were re- 
corded with a Hadland Photonics streak-camera with 
a time resolution of 4 ps. The time dependence of the 
excited-state absorption was measured with a weak 
probe pulse of variable time delay relative to the 
pump pulse. Probe pulses at different wavelengths 
were generated by nonlinear frequency mixing of 
pulses from the Nd:YAG laser with pulses from a 
tunable travelling-wave dye laser emitting in the near 
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infrared [ 37 1. Pulses at 19600 cm-’ ( 5 10 nm) and 
18 180 cm-’ (550 nm) were generated with a single- 
cell travelling-wave dye laser [ 38 1. The cross-corre- 
lation of the pump and probe pulses gives the time 
resolution of the apparatus and marks the point of 
zero time-delay [ 39 1. We performed control mea- 
surements of ground-state bleaching and stimulated 
emission of laser dyes with known S, lifetimes in the 
nanosecond range. Here the signal follows the inte- 
gral over the correlation function [40]. In this way 
the time resolution of the apparatus was determined 

to be 4 ps. The polarization direction of the probe 
light pulses was set 54.7” to that of the pump pulse. 

In this “magic angle” setup rotational relaxation does 
not contribute to the absorption transients. 

3. Results 

3. I. Steady-state absorption and fluorescence spectra 

Fig. 1 displays the absorption and fluorescence 
spectra of biphenylene. The Stokes shift between both 
spectra is 4700 cm-‘. The fluorescence spectrum 
shows a complex vibrational structure with intervals 
between successive maxima of 350-400 cm- ‘. A very 
low quantum yield of QF = 2.3 x 1 Om4 was measured; 
this is consistent with earlier measurements: ref. [ 23 ] : 
@zF=(1.8~0.3)X10-4 (&.,,=350 nm, solutions in 
cyclohexane, ethanol or acetonitrile, 20°C); ref. [ 241: 
@p=3.3x 1o-4 (A,,,= 382 nm, vapour, 90” C). It is 
important to note that neither the fluorescence spec- 
trum nor the fluorescence quantum yield depend on 
the excitation frequency. The spectrum shown here 
was obtained by irradiation into the S,-+S, absorp- 
tion band (28200 cm- ’ ), but irradiation into the 
S,-+S, absorption band (25000 cm-‘) leads to ex- 
actly the same spectrum. Therefore all the fluores- 
cence originates from the S, state [ 18 1. No emission 
attributable to the S2 state could be observed. 

From the spectra in fig. 1 the radiative lifetime 
‘s,,d of the S, state can be estimated utilizing the 
Strickler-Berg relation [ 411. We find a value of 
7 rad= 2.5 us for this forbidden transition. The fluo- 
rescence quantum yield and the lifetime of the S, state 
of 250 ps (see below) give a value of &d= 1.1 l.ts. 
This discrepancy is not surprising because of the par- 
tial overlap ofthe S,-tS, band with the neighbouring 

Wavelength Lnm7 
300 LOO 500 600 
/ I I I 

30000 20000 

Frequency Ccm? 

Fig. 1. Absorption and fluorescence spectra of biphenylene in cy- 
clohexane solution. (Left: molar extinction coefficient, logarith- 
mic scale; right: fluorescence intensity, linear scale.) 

So+S2 band. Moreover, the Strickler-Berg relation is 

based on the assumption that the equilibrium geom- 

etry in So and S, is the same. However, as empha- 
sized in refs. [22,24], the molecular geometry of 

biphenylene changes considerably on excitation as is 
characteristic for antiaromatic molecules [ 5 1. 

3.2. Transient absorption andfluorescence decay 
measurements 

The decay kinetics of the very weak fluorescence of 
biphenylene is plotted in fig. 2 (points). The sample 

was excited by a single picosecond pulse at 28194 
cm-’ in the SO-+SZ transition. The decay of the spec- 
trally integrated emission was monitored directly by 
the streak camera. The solid line in fig. 2, which 
matches well the experimental points, represents a 
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Time CpsI 

Fig. 2. Streak-camera traces of the fluorescence decay of biphen- 

ylene-h, (points) and biphenylene-ds (circles) after picosecond 

excitation at 28200 cm-‘. Solid line: theoretical tit with time 

constant of 250 ps. 

monoexponential decay curve calculated with a time 
constant of 250 ps #‘. 

The results of the transient absorption measure- 
ments are presented in fig. 3. The picosecond pump 
pulse at 28 194 cm- ’ excites approximately 10% of 
the molecules to the S2 state. Strong transient ex- 
cited-state absorption was found in the range be- 
tween 27780 cm-’ (360 nm) and 21740 cm-’ (460 
nm) and in the range from 18800 cm-’ (532 nm) to 
18 180 cm- ’ (550 nm). The extinction coeffkient of 
the excited-state absorption exceeds that of the 
ground-state absorption at all frequencies investi- 
gated. Consequently the ground-state recovery time 
cannot be measured by a pump and probe experi- 
ment in this region of the absorption spectrum. 

Fig. 3 presents the time dependence of the tran- 
sient absorption at three selected frequencies: At 
26315 cm-’ (360 nm) in the range of the So+S, ab- 
sorption, at 18796 cm-’ (532 nm) in the range of 
the fluorescence spectrum, and in between at 22940 
cm-’ (436 nm). The change of the absorbance 
A,4 = log( To/T) is plotted as a function of the delay 
time between the pump pulse and the probe pulse; T,, 

#’ The zero point of the time scale in fig. 3 is arbitrarily chosen 
to coincide with the rising part of the streak curve; the exact 

relation between the excitation pulse and the onset of the emis- 

sion is uncertain within approximately 10 ps because of the 

triggering jitter of the streak camera. 
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Fig. 3. Transient excited-state absorption of biphenylene at (a) 

26315cm-’ (380nm), (b) 18796cm-’ (532nm) and (c) 22940 

cm-’ (436 nm). The measured signal (points) is plotted versus 

the delay time between the pump pulse at 28200 cm-’ (354 nm) 

and the probe pulse. Solid line: theoretical fit with time constants 

of 8 ps and 250 ps for the fast and slow decay component, respec- 

tively. Dashed line: cross correlation of the pump and probe pulses 
indicating the temporal resolution of the apparatus. 

and Tare the transmissions of the sample at the fre- 
quency of the probe pulse before and after excitation, 
respectively. The absorbance change rises within the 
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time resolution of the experiment. The latter is deter- 
mined by the cross correlation of the pump pulses and 
probe pulses shown as dashed line in fig. 3. At all 
probe frequencies, the decay of the transient absorp- 
tion is not monoexponential but consists of a first fast 
and a subsequent slower contribution. The fast com- 
ponent is especially strong at the probing frequency 
of 22940 cm-’ (436 nm) as shown in fig. 3c. From 
this measurement the time constant of the fast com- 
ponent is obtained with good accuracy. 

The solid lines in fig. 3 represent the fit of a sum of 
two exponentials to the experimental data points. In 
all cases the two time constants were 8 + 3 ps for the 
fast component and 240+ 40 ps for the slow 
component. 

The excited-state extinction coefficients e, and e2 
corresponding to the slow and to the fast signal com- 
ponent, respectively, are estimated from the absolute 
value of the measured signal at 263 15 cm-’ (380 nm) 
and 22940 cm-’ (436 nm). At these frequencies the 
competing contributions of ground state bleaching 
and stimulated emission are negligible. The experi- 
mental result that the fluorescence quantum yield is 
independent of the excitation wavelength [ 241 sug- 
gests that sequential population takes place. This ki- 
netic behavior enables us to obtain values of tl z 1 O4 
M-‘cm-‘andc *=2x104M-‘cm-‘at380nmand 
e,x5~10~M-‘cm-‘ande~x2.5~10~M-‘cm-’ 
at 436 nm. Both excited state extinction coefficients 
are larger than those of the SO-+Sl and the So+!!& 
absorption. 

An interesting observation was made at a probing 
frequency of 19600 cm-’ (510 nm). A very small 
gain of the probing light was detected which rose with 
a delay of approximately 1 O-20 ps following the ex- 
citation pulse. At this frequency the cross section for 
stimulated emission is slightly larger than the ex- 
cited-state absorption cross section. 

3.3. H/D isotope effect 

In order to study the contribution of the CH vibra- 
tions as accepting modes of the internal conversion 
of S, to So, we also measured the quantum yield 4& 
and the decay time T’ of the fluorescence of perdeu- 
terated biphenylene, CIZDS. To determine QF of 
C12Ds, the fluorescence of equally concentrated so- 
lutions of C12Ds and C’,H, in cyclohexane were 

compared. No intensity difference was observed, the 
signal-to-noise ratio being 200 : 1. The decay of the 
fluorescence of C’2D8, measured with the streak 
camera, is shown in fig. 3 (open circles) ; a monoex- 
ponential decay with a time constant of 2502 30 ps 
is found (i.e. identical with that of C12HO). This lack 
of an H/D isotope effect on the internal conversion 
strongly supports the conclusion that in biphenylene 
the deactivation of the S’ excited molecule is pre- 
dominantly caused by vibrations of the carbon skel- 
eton and not of the CH-bonds. 

3.4. INDO/S calculations 

The energies, oscillator strengths, symmetries, and 
the bond orders of the lower singlet states of biphen- 
ylene were calculated by the all-valence-electron 
INDO/S method, including 200 energy-selected sin- 
gly and doubly excited configurations. Coulomb in- 
tegrals were calculated with the Pariser formula which 
gives better results than the Nishimoto-Mataga for- 
mula when doubly excited configurations are in- 
cluded [ 421. All parameters were taken from the 
standard CNDO/S procedure [ 431 with the excep- 
tion of /Ic which was set to - 16.0 eV [ 32 1. The data 
are collected in tables 1 and 2. The four experimen- 
tally assigned SO+S, transitions [ 16,18,19] are re- 
produced in the correct order, and the calculated 
oscillator strengths are in good agreement with ex- 
perimental data. As usual when doubly excited con- 
figurations are involved, the calculated excitation 
energies are too large by 2000-4000 cm-‘. This ob- 
servation can be attributed to the fact that the doubly 
excited configurations yield contributions to the cor- 
relation energy for the ground state which are only 
accounted for by triply excited configurations for the 
excited states. The energy differences and oscillator 
strengths for transitions between excited states should 
be predicted with a similar accuracy. However, a 
source of error not accounted for by our calculation 
is the unknown but remarkable change in equilib- 
rium geometry in the S, state compared to the So state, 
as was emphasized in refs. [ 22,241. 

The calculated patterns for the SO-+$,, S’-tS,, and 
!&-+S,, oscillator strengths are shown in fig. 4. Tran- 
sitions withy< 0.001 are displayed as short bars. Po- 
larization directions are indicated by L, M, and S for 
the long, the medium, and the short (out-of-plane) 
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Table 1 
Spectroscopic data for the lowest excited singlet states S, of bi- 

phenylene calculated with the INDO/S method. I? transition en- 

ergy from the ground state S, in units of 1000 cm-I,$ oscillator 

strength, %D: contribution of doubly excited configurations (in 

percent of the norm) to the wavefunction. Polarization-direc- 

tions of the transition moment vectors are indicated by L and M 

for the long and medium axis of the molecule. The transition 

energies and molar extinction coefficients for the lowest four ex- 

perimentally verified transitions are shown for comparison 

Calculated Experimental 

n E f pol. %D sym. E log e 

0 0.0 3.2 A, 
1 21.6 3.7 B,, 25.5 2.0 

2 30.9 0.094 L 4.1 Bju 21.9 4.0 

3 36.1 5.6 A, 

4 41.9 0.034 M 5.2 B,, 38.0 3.0 

5 43.0 1.6 B, 

6 43.9 1.248 L 3.3 B,, 40.2 5.0 

7 45.2 6.7 B,, 

8 46.7 88.8 A8 

9 46.8 0.4 A, 

10 48.2 33.4 A, 

11 48.4 0.070 M 27.1 B,, 

axis of the molecule, respectively. For comparison 
with the experimental data we can distinguish two 
main regions of interest: The range from 18000 to 
23000 cm-‘, where no ground-state absorption ex- 
ists, and the range from 26000 to 28000 cm-‘. In our 
calculation these regions correspond to transitions 
from S, or S, to very highly excited states of biphen- 
ylene in the range Ss to SsO. The average distance of 
these highly excited states is approximately 550 cm- ‘, 
probably much less than the homogeneous width of 
these states or the energies of some of the vibrational 
modes in biphenylene. Hence one cannot expect that 
the Born-Oppenheimer approximation is applicable. 
Although only few of the calculated transitions in the 
S, -+S, and S2-+S, spectra have oscillator strengths 
greater than 0.01, all the other states will be accessi- 
ble by optical transitions due to the non-Born- 
Oppenheimer interaction. 

In the first region, 18000 to 23000 cm-‘, the 
INDO/S calculation predicts a long-axis-polarized 
transition in both excited-state spectra. For the S, -S, 
spectrum it has an oscillator strengthf= 0.08, whereas 
for the S2-+S,, spectrum f=O.12. In the second re- 
gion, 26000 to 28000 cm-‘, only a weak long-axis- 

polarized transition withfz0.03 is calculated for both 
excited-state spectra. Since the experimental data in- 
dicate a transition of similar strength to that in the 
first region, a further strong transition must be in- 
volved at least through vibronic coupling. In the 
S , + S, spectrum this could be the long-axis-polarized 
transition at 32500 cm-’ with fcO.68. The S,-+S, 
spectrum has two close-lying transitions, at 31700 
cm-’ (j-=0.22) and 34200 cm-’ &0.23), both 
long-axis polarized. In summary, the INDO/S cal- 
culation predicts very similar spectra for the S, +S, 
and S,+S,, transitions of biphenylene in the range 
18000 to 35000 cm- ‘, dominated by long-axis polar- 
ized transitions. 

In order to estimate the change of geometry upon 
excitation we have calculated the bond orders for the 
carbon-carbon bonds from the INDO/S wavefunc- 
tions of the ground state and the two lowest excited 
states. The all-valence-electron bond order concept 
proposed by Cohen [ 441 was used within the basis of 
orthogonal atomic orbitals. This treatment gives equal 
weight to bonding and antibonding contributions. 
Under these conditions the Cohen bond order is a 
generalization of the Coulson x-bond order [ 45 1. For 
the reference compounds ethane, ethylene, acetylene, 
and benzene these Cohen bond orders calculated from 
the INDO/S wavefunction of the ground state are 
1.082, 1.994, 2.944,and 1.689. 

The results of biphenylene (VII) and cyclobuta- 
diene (V) and, for comparison, of two typical aro- 
matic compounds, benzene (I) and triphenylene 
(IV), are collected in table 2. For the ground state 
the total bond order B,,,,, and the out-of-plane x 
component B, are shown. The latter corresponds to 
the bond order of PPP theories. For the excited states 
the change of the bond order AB=B(S,) -B(S,) is 
given. Since cro* excited configurations yield only a 
minute contribution to the wavefunctions of S, and 
SZ, the change in bond order is almost entirely due to 
the change in the out-of-plane x component. 

Bond orders correlate well with bond lengths. 
Hence an increase of a bond order upon excitation 
indicates that the corresponding bond will be stronger 
and shorter in the excited state. In the two aromatic 
examples, benzene and triphenylene, most bond or- 
ders change by less than 0.1 in S, and SZ. In triphen- 
ylene the largest change occurs for bond b, and this 
change is negative. The S, state of biphenylene and 
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Table 2 

INDO/S CI bond orders B of antiaromatic and aromatic hydrocarbons 

Substance Bond 

biphenylene (VII) 

cyclobutadiene (V) 

triphenylene (IV) 

benzene (I ) a 

(vn) 

1.177 0.200 0.299 0.123 
1.503 0.528 - 0.260 -0.086 
1.787 0.736 -0.145 -0.119 
1.596 0.568 0.120 - 0.043 
1.785 0.738 -0.190 -0.059 

1.135 0.152 0.542 0.335 
1.786 0.777 -0.648 - 0.272 

1.405 0.385 0.06 1 0.054 
1.606 0.588 -0.110 -0.131 
1.627 0.600 -0.045 -0.037 
1.734 0.699 - 0.036 -0.024 
1.663 0.625 -0.031 -0.036 

1.689 0.650 -0.178 -0.156 

(N) 

0 t;a 
(0 

of cyclobutadiene yield a completely different pic- 
ture: all bond orders change by more than 0.1. The 
largest changes occur in the four-membered ring: the 
bond order of bond b, which in biphenylene is also 
part of the benzene ring, decreases by 0.26, whereas 
the bond order of bond a increases by 0.3. This al- 
most reverses the bond orders for these two bonds. 
Hence a drastic shortening of bond a and lengthening 
of bond b are expected to occur in S,. The vibration 
associated with the corresponding normal coordinate 
should, therefore, be very effective in coupling So to 
S,. Interestingly, such strong changes of bond orders 
are not found in the S2 state of biphenylene. In fact, 
it behaves quite similar to the S, and S2 states of the 
aromatic reference compounds. It should be noted 
that the strong changes of CC bond orders in the cen- 
tral ring of biphenylene with the SO+S1 excitation are 
very similar to those calculated for cyclobutadiene it- 
self (see table 2 ). 

4. Discussion 

Excitation of biphenylene to S2 produces two tran- 
sient species with lifetimes of 8 + 3 ps and 250 f 40 
ps, respectively. Whereas the slowly decaying species 
occurs in the fluorescence and the transient absorp- 
tion measurements, the fast decaying species is seen 
only in the latter. 

The decay time of 250 ps can safely be interpreted 
as the lifetime of the electronic state S, since it is the 
fluorescence decay time and all fluorescence origi- 
nates from the S, state: the excitation of biphenylene 
to S, and SZ, respectively, yields identical fluores- 
cence spectra. 

The component in the transient absorption spec- 
trum decaying with 250 ps is, therefore, assigned to 
transient S, -+S, absorption. This lifetime for the S, 
state agrees well with the result found in ref. [ 25 ] by 
transient fluorescence excitation experiments. From 
this observed lifetime and the fluorescence quantum 
yield (0, =2.3x 10-4) a radiative lifetime of 
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Fig. 4. Transition energies and oscillator strengths for the S,+S,, 
S, -S,, and S,-S, absorption bands ofbiphenylene by INDO/S 
calculation. Transitions with oscillator strengths f< 0.00 1 are 
shown as small bars. The letters L, M and S indicate that the cor- 
responding transition is polarized along the long, medium, or short 
(out of plane) axis of the molecule. 

1 . 1 ? 0.2 us is calculated. This long radiative lifetime 
is a consequence of the B, symmetry of the S, state 
which yields a very small transition dipole moment 
for the S , + S,, transition. 

In table 3 some photophysical parameters of the S, 
state of biphenylene are compared to those of two 

characteristic aromatic compounds, phenanthrene 
and triphenylene. In these two molecules the transi- 
tions between So and S, are also of forbidden nature, 
though not by inversion symmetry but by pairing 
symmetry. Their radiative rate constant kF is by a 
factor of 6 larger than that of biphenylene. The upper 
limit of k,,, of biphenylene is close to the value of the 
two aromatic compounds. However, in biphenylene 
the rate constant of internal conversion, kIc, is larger 
by a factor of 3000 in comparison to the aromatic 
compounds. 

Thus, in biphenylene internal conversion S 1 + So is 
the predominant decay channel. The lack of an H/D 
isotope effect on the S, lifetime shows, that the active 
vibration responsible for internal conversion is not a 
C-H vibration, but rather a vibration of the carbon 
skeleton. This observation, together with the fact that 
1 - (OF + @isc) > 0.99, is in contrast to the behav- 
iour expected for aromatic molecules [ 46 1. Hence it 
is likely that the vibration most active in internal 
conversion is related to the antiaromatic character of 
biphenylene, presumably associated with the normal 
coordinate along which the avoided crossing dis- 
cussed by Wirz [ 51 occurs. This conclusion is sup- 
ported by the calculated changes in the bond orders 
of the four-membered ring upon excitation S,-+S, 
(table 2). 

The interpretation of the fast component of the 
biexponential decay of the transient absorption is not 
straightforward. It cannot be due to a nonlinear ef- 
fect because the relative amplitudes of the two com- 
ponents are independent of the energy of the pump 
pulse. An artifact of the apparatus can be excluded 
since with many other compounds investigated only 

Table 3 
Comparison of decay parameters of the S, state of biphenylene (VII), triphenylene (IV) and phenanthrene (III ) 5, : fluorescence life- 
time; Q+( kF), @~,~~(k,~~), O&.(k,,): quantum yields (rate constants) of fluorescence, intersystem crossing and internal conversion 

Biphenylene Triphenylene a) Phenanthrene a) 

rrad (ns) 
r1 (ns) 
@F 
0 ISC 

@IC 
b (s-l) 
k,sc (s-l ) 
kc (s-l ) 

1100 250 460 
0.250 b’ 36.6 59.5 
0.00023 ‘) 0.07 0.13 

<O.Ol c, 0.86 0.80 
> 0.99 40.05 0.07 

3.2x lo5 1.9x 106 2.2x lo6 
<4.0x 10’ 2.3x 10’ 1.3x 10’ 

4.0x lo9 <1.4x 106 1.2x 106 

‘) Ref. [3]. b, This work. ‘) Ref. [27]. 
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monoexponential decays were observed. In the fol- 
lowing possible assignments for the 8 ps transient of 
biphenylene are discussed. 

(a) Concerning its magnitude, the 8 ps transient 
could be interpreted as a vibrational relaxation time, 
either of an intramolecular redistribution (IVR) [ 47- 
49 ] or of the dissipation of the vibrational energy into 
the solvent [ 501. Vibrationally hot molecules show a 
strong increase of absorption intensity at the long- 
wavelength edge of their absorption bands. However, 
this effect is very small when not measured at the red 
absorption edge. Hence, it cannot explain the relative 
amplitude of the 8 ps transient observed at all 
wavelengths. 

(b) Rotational diffusion of excited molecules can 
lead to changes of the transient absorption on the 10 
ps to 500 ps time scale [ 5 11. This effect can, how- 
ever, not contribute in the magic-angle polarization 
setup employed in the present experiments. 

(c) As shown in table 1 the S3 state is of symmetry 
A, and thus radiative transitions to the 4 ground state 
are of forbidden nature. The present INDO/S CI cal- 
culations, which take into account singly and doubly 
excited configurations, place this state 5000 cm- ’ 
above the S2 level, as do other calculations 
[ 18,19,28 1. INDO/S all-valence electron calcula- 
tions involving triply and quadruply excited contig- 
urations (not available so far) are expected to shift 
the A, state to lower energies, but presumably not be- 
low the Sz (BZu) state at 30900 cm-‘. Consequently, 
the Ag state is not an intermediate in the deactivation 
cascade when irradiating into the S2 ( BZu) state. 

(d) Probably the most tempting interpretation is 
the assignment of the fast transient absorption to 
S,+S, transitions. According to the INDO/S calcu- 
lation S,+S,, and S,-+S, absorption of similar 
strength are expected in the same spectral region. An 
argument against this interpretation seems to be the 
missing !&+S,, fluorescence. Application of the 
Strickler-Berg relation to the So-+ S2 absorption band 
yields a radiative lifetime of 16 ns for the SZ state 
[ 521. Hence the measured lifetime of a 8 ps would 
correspond to a quantum yield of S2 + S,, fluorescence 
of 5 x 1 Ov4. However, very recently an upper limit of 
DZ < 3 X lop6 for this quantum yield was obtained 
[ 521. As Nickel has pointed out to us (see ref. [ 521)) 
this discrepancy can be explained by the fact, that the 
true radiative lifetime of Sz cannot be calculated from 

the So-S2 absorption band by application of the 
Strickler-Berg relation, since the S,-S2 energy differ- 
ence is only 3300 cm-’ and the statistical limit is not 
reached [ 53 1. In this case each vibronic level of the 
S, state mixes strongly with a large number (N- 1) 
of vibronic levels of the S, state. The oscillator 
strength of the transitions from the ground state to 
each of these mixed states is then reduced by a factor 
of 1 /N. As a consequence the fluorescence quantum 
yield is reduced by a factor of 1 IN. Such a S,-S2 level 
mixing is known for naphthalene [ 54-581, and the 
corresponding lengthening of the average radiative 
lifetime has been explicitly postulated [ 591. For bi- 
phenylene detailed high-resolution investigations of 
the S,-S, absorption band are not known to us, but 
there are two indications on S, -tSZ interaction in the 
literature: Hochstrasser and McAlpine [ 22 ] mention 
the observation of a few sharp lines in the SZ absorp- 
tion band of biphenylene in a biphenyl host crystal, 
and Zanon [ 601 reports the observation of sharp lines 
in the S, absorption band of biphenylene vapor. Thus 
one may expect for S, of biphenylene a behavior sim- 
ilar to that of Sz of naphthalene. In conclusion, the 
rather long lifetime of z= 8 ps of the fast component 
of the transient absorption and the absence of an 
S2+S0 fluorescence are no arguments against the as- 
signment of the fast component to S,-+S,, absorption. 

5. Summary 

The results of the present investigation can be 
summarized as follows: 

Streak camera measurements of the fluorescence 
and transient absorption measurements yield a life- 
time of 250 ps for the S1 state of biphenylene. In tran- 
sient absorption a component with 8 ps was observed, 
on the basis of the available data it is assigned to 
!+S, absorption. INDO/S calculations ofthe So-S, 
spectrum are in good agreement with the experimen- 
tal data. The calculated S,+S,, and S,+S, spectra 
predict strong long-axis polarized transitions in the 
spectral region where transient absorption is 
observed. 

Neither the fluorescence lifetime nor the fluores- 
cence quantum yield ( QF =2.3x 10e4) show a H/D 
isotope effect. The major decay channel of S, is inter- 
nal conversion (k,, x 4x lo9 s-l), and the active vi- 
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bration is not a C-H mode but a mode of the carbon 
skeleton. The bond orders calculated from INDO/S 
wavefunctions for the S,, and S, states of biphenylene 
and of cyclobutadiene (see table 2) predict drastic 
changes of the bond lengths within the four-mem- 
bered ring from the So rectangular in direction to a S, 
square structure. This suggests that the correspond- 
ing normal modes are most active in internal conver- 
sion. The situation is completely different for 
aromatic compounds as exemplified by triphenylene 
and benzene: only minor changes of the bond orders 
are calculated for their S-S, excitation. 
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