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A photochemical and photophysical study by steady state and pulsed techniques of 5-bromo- and 5-iodo-2- 
thiophenecarbaldehyde and 2-acetyl-5-iodothiophene in benzene is presented. The quantum yields for the 
direct and sensitized formation of the phenylthiophenes following the photocleavage of the carbon-halogen 
bond were determined in the 293-343 K temperature range. The transient species (triplets and free radicals) 
originated by laser excitation were investigated by laser flash photolysis; their spectral and kinetic properties 
and their formation quantum yields were determined at room temperature. The halogen atoms were detected 
through their interactions with the solvent to form benzene-X' complexes that were identified by absorption 
spectra and decay lifetimes. The characteristics of the triplets were also determined in methylcyclohexane/ 
3-methylpentane (9:1, v/v) at 77 K. Phosphorescence measurements at low temperature gave the spectral 
and kinetic charactertistics of the lowest triplet states of halothiophenes. Through the effect of the solvent 
polarity on the triplet energy (ET), evidence was obtained of the n,n* nature of the lowest triplet. Results 
obtained by steady state and pulsed techniques gave strong indication that the sensitized photosubstitution 
takes place through an upper triplet state (likely o,o* in nature) localized on the carbon-halogen bond. A 
scheme showing the energies of the involved electronic states is presented. For the direct photoreaction the 
main route is probably the triplet again, although a singlet pathway cannot be excluded. 

Introduction 

The photochemical synthesis of phenyl derivatives of furan- 
and thiophenecarbaldehydes and methylketones following the 
irradiation of the corresponding haloderivatives in benzene, 
studied in one of our laboratories, was reported to occur with 
high chemical yield.' This photoreaction was also used to 
synthesize other arylfurans and arylthiophenes2 which are 
important intermediates in the synthesis of naturally occurring 
 compound^.^ 

The photochemical behavior of aliphatic and aromatic 
hal~thiophenes,'~ and halo ketone^'^-'^ has been 

studied for a long time. Although it is well-known that 
photoexcitation of these compounds induces the cleavage of the 
carbon-halogen bond (C-X), the mechanism of the radical 
formation and, in particular, the excited states responsible for 
the dissociation have not been well established. 

The picture for the alkyl halides, where the electronic 
excitation generates repulsive n,o* states leading to direct 
dissociation of the molecule (for methyl iodide an excited state 
lifetime of 0.07 ps was rep~r ted) ,~  is the most clear. Both 
singlets and triplets are repulsive states and are able to dissociate 
with high quantum yield; moreover for bromo- and iodoalkyl 
derivatives, due to the heavy atom effect, the lowest energy 
transition is predominantly 'A1 - 3Qo,11 which gives rise to a 
dissociative triplet state. 

Differently, in the aryl halides the electronic excitation 
involves the n system of the aromatic chromophore (n,n* 
excited state) and then an intramolecular energy transfer process 
takes place before dissociation. The results of a study on 
photodissociation of aryl and arylalkyl halides by moiecular 
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showed that the lifetimes of their excited states are 1 
order of magnitude longer than that of methyliodide. On the 
basis of this finding, the authors concluded that the initially 
excited electronic state (S,,, n,n* in nature) should be stable 
with respect to dissociation. However, due to the heavy atom 
effect (especially in the presence of bromine and iodide), a 
crossing to a dissociative triplet can be facilitated. The repulsive 
triplet (that should be an upper state on the basis of the analysis 
of the fragment translational energy) is localized on the C-X 
bond and is o,o* in nature.6 

More recently Hilinski et al. presented novel experimental 
data on the photodissociation of 1- and 2-(halomethy1)naph- 
thalenes obtained by picosecond emission and absorption 
spectroscopy in n-hexane at room temperature.12 In agreement 
with the mechanism reported in ref 7, which is generally 
applicable to haloaromatics, they proposed that the main channel 
for the photocleavage of the C-X bond is the intersystem 
crossing (isc) from an upper singlet to an upper triplet. This 
can be, or crosses to, a dissociative o,o* triplet state.I2 The 
authors also presented evidence that the lowest excited triplet 
state offers a less efficient path to the C-X fission than the 
upper one. 

Moreover, Scaiano et al. clearly showed that laser excitation 
of the lowest triplet state of bromo derivatives of naphthalene 
and phenanthrene produces the C-Br bond cleavage, thus 
demonstrating the photoreactivity of an upper tri~1et.I~ 

Direct evidence for the role of the triplet state in the 
photodissociation of iodonaphthalene came from experiments 
with triplet energy  sensitizer^.^-^ Interestingly, for the sensitized 
dissociation quantum yield a marked temperature effect has been 
observed5 as well as a dependence on the triplet energy of the 
sensitizer: 

To obtain a deeper insight into the mechanism of the 
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photocleavage of the C-X bond, a detailed photochemical and 
photophysical study on 5-bromo- and 5-iodo-2-thiophenecar- 
baldehyde and 2-acetyl-5-iodothiophene in benzene was under- 
taken by steady state and pulsed techniques. 

Elisei et al. 

n,." X = Br; R = H (5-bromo-2-thiophenecarbaldehyde, BTCA) 
X = I ;  R = H (5-iodo-2-thiophenecarbaldehyde, ITCA) 
X = I ;  R = CH3 (2-acetyl-5-iodothiophene, AIT) A 

The quantum yields for the direct and sensitized photoreaction 
at different temperatures, the spectroscopic and kinetic proper- 
ties, and the formation quantum yields of the triplet states and 
of the radical species originated by the bond photocleavage were 
determined and discussed. Moreover, the triplet state was 
characterized in glassy matrix at 77 K by phosphorescence and 
TI - T, absorption spectra. 

Experimental Section 

5-Bromothiophene-2-carbaldehyde (BTCA), 5-iodothiophene- 
2-carbaldehyde (ITCA), and 2-acetyl-5-iodothiophene (AIT) 
were the same as used in previous works.'-3 Solvents (Carlo 
Erba W E )  were used as received or purified by standard 
methods. 

All measurements were carried out at room temperature (296 
f 2 K) in deaerated solutions (by purging with argon) unless 
otherwise indicated. 

Absorption spectra were recorded by a Perkin-Elmer (Lambda 
5 )  double-beam spectrophotometer, while phosphorescence 
spectra and lifetimes were measured in methylcyclohexane/3- 
methylpentane (MCH/3MP, 9: 1, v/v) and ethanol (EtOH) 
matrices at 77 K with a Spex Fluorolog-2 spectrofluorometer 
equipped with a 1934D phosphorimeter. 

The steady state irradiation of the halothiophenes under direct 
and sensitized conditions was performed by a high-pressure 
mercury lamp coupled with interference filters or by the 
excitation system of the Perkin-Elmer-MPF 66 spectrofluorim- 
eter using ferrioxalate as an actinometer. The irradiation for 
the direct photoreaction was performed at 313 nm on deaerated 
benzene solutions and in total absorption of light. The photo- 
sensitized reaction was carried out irradiating at 340 nm 
(xanthen-9-one) or 360 nm (benzophenone and chrysene) 
correcting for the transmitted light; the photosensitizers were 
Baker products (Photosensitizers and Quencher Kit). The 
photoproducts, 5-phenyl derivatives of 2-thiophenecarbaldehyde 
and 2-acetylthiophene, were identified by using a gas chro- 
matograph (capillary column) coupled with a mass spectrometer. 
The extinction coefficients of the phenyl derivatives were 
determined by combining the spectrophotometric technique with 
HPLC. The analysis with the latter was performed at the 
wavelength corresponding to the isosbestic point of the reagent- 
product spectra (see Figure l), where the ratio of the peak areas 
was equal to the ratio of concentrations. The quantum yields 
(estiinated error f 7 % )  for the direct or sensitized photoarylation 
(@PA and @SPA, respectively) were determined spectrophoto- 
metrically (halothiophene concentration ca. M, except for 
xanthone-sensitized experiments in benzene, where a halo- 
thiophene concentration of ca. M was used); in all 
experiments the conversion percentage was held beiow 10% to 
avoid intemal filter effects. The @SPA values were determined 
by taking into account the efficiency of the energy transfer 
process as calculated by the quenching of the donor lifetime 
(quenching efficiency = 1 - d t g ,  where to and t are the 
lifetimes of the donor in the absence and in the presence of the 
acceptor, respectively). 

0.0 

300 350 400 

X (nml 
Figure 1. Absorption spectra of BTCA in benzene before (1) and after 
(2-6) increasing steady state irradiation (A,,, = 313 nm). Curve 6 
corresponds to 100% of conversion. 

TABLE 1: Direct (@PA) and Sensitized (@SPA) 
Photosubstitution Quantum Yields of BTCA, ITCA, and AIT 

@SPA 

T xanthen- benzo- 
compound solvent @pA (K) %one phenone chrysene 

BTCA MCH '0.01 293 
benzene 0.23 293 0.22 0.16 50.01 

308 0.02 
323 0.02, 
328 0.04 

0.26 333 0.08 

ITCA benzene 0.15 293 0.13 0.06 0.01 
309 0.02 
334 0.04 
338 0.05 
343 0.09 

AIT benzene 0.19 293 0.28 0.24 0.09 
303 0.11 
310 0.17 
325 0.16 

MeCN <0.001 293 

Two excitation wavelengths, Aexc = 347 nm from the second 
harmonic of a Ruby laser (J.K. Lasers) and Aexc = 308 nm from 
a XeCl excimer laser (Lambda Physik), were used in the 
nanosecond laser flash photolysis experiments (laser energy < 
10 mJ and pulse width - 20 ns). Other experimental details 
are given elsewhere.'* Absorption spectra were recorded by a 
point-to-point technique averaging at least 5 decay kinetics at 
each wavelength. Laser flash photolysis measurements were 
carried out in a flow-through cell to avoid sample degradation. 
ZT (the time at which the initial signal was reduced to lle) and 
t l / 2  (the time at which the initial signal was halved) are reported 
(estimated error f15%) for the transients showing first-order 
and second-order kinetics, respectively. 

Results 

Steady State Experiments. Direct and Sensitized Photo- 
arylation. Direct irradiation of BTCA, ITCA, and AIT in 
benzene gave the corresponding phenyl derivatives with similar 
quantum yields of around 20% (see Table 1). The changes in 
the absorption spectrum of BTCA upon irradiation at 313 nm 
are reported in Figure 1, as an example. The photoreaction is 
very clean, as demonstrated by the isosbestic point at 303 nm. 
The absorption appearing at 327 nm corresponds to that of 
5-phenyl-2-thiophenecarbaldehyde. Analogous results were 
obtained by irradiation of ITCA and AIT. 



Substitution in Halothiophene Derivatives 

In a previous paper,' chemical yields of 0.54,0.94, and 0.79 
for BTCA, ITCA, and AIT, respectively, were obtained imadiat- 
ing halo derivatives in an immersion apparatus with a 500 W 
high-pressure unfiltered mercury lamp. These chemical yields 
are not directly related to the quantum yields because the number 
of quanta absorbed by the substrates was not measured. In the 
present experiments, using 313 nm, it was possible to follow 
the photoreaction up to the complete transformation of the 
halothiophenes in the phenyl derivatives, as shown by spectro- 
photometric and HPLC analyses. Only long-term irradiation 
with an unfiltered Hg lamp caused a slow decrease of the 
photoproduct absorbance. Methylcyclohexane (MCH) and 
acetonitrile (MeCN) solutions of halothiophenes did not show 
considerable absorbance changes after irradiation, indicating that 
in these solvents the photoreaction quantum yields are very low. 
These values were estimated to be less than 0.01 and 0.001 for 
BTCA in MCH and ITCA in MeCN, respectively. 

The photoarylation was investigated in the presence of triplet 
energy (ET) donors: xanthen-9-one (ET = 74 kcal mol-'), 
benzophenone (ET = 69 kcal mol-'), and chrysene (ET = 57 
kcal mol-') were used as sensitizers. Since the optical density 
of the sensitizers was around 0.6 at Aexc = 347 nm, where the 
absorption of the acceptor was negligible, the absorbed light 
was determined by taking into account the transmission of the 
solution. The @SPA values for the three halothiophenes are 
reported in Table 1. One can see that they are strongly 
dependent on the triplet energy of the donor; in particular @SPA 

increases with the increase of the sensitizer ET, being negligible 
for ITCA with chrysene and the highest (practically equal to 
the @PA value) for AIT with benzophenone. This behavior 
should reflect the different population of the reactive triplet (see 
the Discussion section). Similar dependence on ET of the donor 
was reported by Wilkinson for the photosensitized decomposi- 
tion of i~donaphthalene.~ 

Temperature Effect on the Sensitized Photoaiylation. The 
results obtained at room temperature, in particular those for 
BTCA and ITCA which have the lowest &,PA values with 
chrysene as sensitizer, prompted us to investigate the temper- 
ature effect on the direct and sensitized photoarylation. For 
the two carbaldehydes, with chrysene, the @SPA values were very 
low (0.05 and 0.01, respectively) despite the efficient quenching 
of the sensitizer triplet by the halothiophenes observed by laser 
experiments (see below). The aim was to verify the existence 
and to understand the nature of a possible activated process. 
The @SPA values obtained in the 293-343 K range are reported 
in Table 1. In all cases the temperature effect indicates the 
presence of activated pathways in the sensitized photoreaction; 
in particular, at the highest temperature the @SPA for chrysene 
and AIT is comparable with the @PA value. In order to locate 
the activated process, it was also important to determine the 
temperature effect on the quenching rate constant. To check 
the temperature effect on the efficiency of the energy transfer 
(e.t.) process, measurements of the donor lifetime were per- 
formed at 293 and 337 K (by laser experiments) in the absence 
and in the presence of BTCA at comparable concentrations to 
the stationary state experiments. At the two temperatures small 
differences in kq were found (-20% taking also into'account 
the change of volumeI9 and hence of the quencher concentra- 
tion); such differences are close to the experimental error, 
f15%.  

This indicates that the quenching rate constant does not 
depend noticeably on the temperature, despite the expected 
viscosity change. This can be due to the fact that the rate 
constant is not diffusion-controlled; moreover, since the ET of 
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the donor is not far from the energy of the lowest acceptor triplet, 
the temperature can also facilitate the back energy transfer from 
this state. 

Due to the small dependence of kq on temperature in the 
determination of @SPA, it was assumed that the efficiency of 
energy transfer would be constant in the temperature range 
investigated. This assumption is justified by the huge temper- 
ature effect on the measured @SPA values. 

The temperature effect on &A, on the other hand, is moderate 
(see Table 1 for BTCA), increasing about 15% on going from 
293 to 333 K. 

Phosphorescence Properties. Emission spectra of BTCA, 
ITCA, and AIT were measured in MCW3MP and EtOH at 77 
K, while room temperature phosphorescence was not detected. 
Unstructured bands were observed, which were very similar for 
all the halothiophenes with the maximum ranging from 5 15 to 
540 nm, depending on the solvent and on the compound. Their 
decay followed first-order kinetics, and the corresponding 
lifetimes for BTCA, ITCA, and AIT were less than 5 ms, which 
are, in these experimental conditions, typical lifetimes of n -+ 

n* triplets. Phosphorescence spectra and related decays for AIT 
in MCW3MP and EtOH are shown in Figure 2, as an example. 
From these spectra the triplet energies of the halothiophenes 
were obtained (Table 2). Since the emission was unstructured, 
the ET reported in Table 2 is that corresponding to the maximum 
wavelength. 

Laser Flash Photolysis Experiments. Direct and Sensitized 
Population of the Lowest Triplet State. The main transient 
absorption, centered around 370 nm, observed under direct 
excitation by 308 and 347 nm pulses of BTCA in MCH, 
benzene, and MeCN (see time-resolved spectra in Figure 3 and 
Table 3), was assigned to the lowest triplet state, TI .  The 
attribution of this transient to the triplet is supported by the 
fact that (i) it was produced within the laser pulse by a 
monophotonic process (see inset of Figure 3), (ii) it decayed 
by first-order kinetics, (iii) it was sensitized by several triplet 
energy donors, e.g. xanthone, benzophenone, and chrysene (see 
Figure 4), (iv) its absorption spectrum is very close to that of 
the unique transient detected in MCW3MP at 77 K (see Figure 
5), where phosphorescence was also detected (Figure 2), and 
(v) it was quenched by oxygen with a rate constant ( k d  close 
to the diffusional limit (Table 3). The remaining absorption 
below 400 nm, detected at room temperature (Figure 3), was 
attributed to the phenylthiophene photoproduct, taking also into 
account the effect of the ground state absorption at A < 325 
nm (see curve 1 of Figure 1). 

Also, in the case of ITCA and AIT, the laser excitation in 
MCH, benzene, and MeCN produced an absorption that can be 
attributed mainly to the TI  - T, transition (see Figure 6 and 
the spectroscopic and kinetic properties in Table 3) on the basis 
of points (i), (iii), and (iv) already listed for BTCA. For the 
iodo derivatives, the TI  - T, spectra have absorption maxima 
around 430-440 nm, as shown by the measurements at low 
temperature (MCW3MP matrix) shown in Figure 5. In fact, 
for these compounds at room temperature, the decay kinetics 
in this wavelength range are more complicated than for the 
triplet of BTCA due to the absorption, in the same wavelength 
range, of the heteroaromatic radicals produced by the fission 
of the C-I bond which decay with similar lifetimes (see below). 

The energy transfer experiments concerning the thiophene 
derivatives were performed in acetonitrile by using benzophe- 
none and xanthen-9-one as high-energy donors and chrysene 
as a low-energy one. The triplet states of the former donors 
were quenched with rate constants close to the diffusional limit, 
around 1O'O M-' s-l (kd,ff  = 2.7 x lolo M-' s-')?O while the 
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Figure 2. Phosphorescence spectra of AIT in MCW3MP (full line) and EtOH (dashed line) at 77 K (&,, = 300 nm). Inset: decay kinetics at I,,, 
recorded in MCW3MP (1) and EtOH (2) at 77 K. 

TABLE 2: Phosphorescence Properties of BTCA, ITCA, 
and AIT in MCW3MP and EtOH at 77 K 

MCW3MP EtOH 
A n a x  r p  ET' L a x  TP ET* 

compound (nm) (ms) (kcal mol-I) (nm) (ms) (kcal mol-') 

BTCA 540 3.0 53 530 4.5 54 
ITCA 535 0.51 53.5 515 1.0 55.5 
AIT 530 0.61 54 518 0.92 55.2 

Estimated error 4~10%. Anyway, since TI of halothiophenes was 
sensitized by chrysene, ET 5 57 kcal mol-'. 

quenching rate constant decreased with the lowering of the donor 
triplet energy, being ca. lo9 M-' s - I  for the latter. The 
quenching of the donor triplets was accompanied by the 
appearance of the sensitized TI  - T, absorption, whose 
maximum was coincident with that obtained by direct irradiation. 
Time-resolved absorption spectra for the benzophenone-BTCA 
system are reported in Figure 4. 

The extinction coefficient of triplet BTCA ( E T )  in benzene 
and acetonitrile was measured by energy transfer from triplet 
benzophenone (3B*) at A,,, = 347 nm (wavelength at which 
the ground state absorption of BTCA is very low (see curve 1 
of Figure 1). For 3B*, ET values at 520 nm of 7200 and 6500 
M-' cm-' in benzene and acetonitrile, respectively, were used.2' 
A comparison between the AA values at Amax of optically 
matched solutions of BTCA in benzene and acetonitrile and 
benzophenone in acetonitrile allowed the triplet formation 
quantum yields (&, Table 3) of BTCA in the two solvents to 
be obtained, using c52& = 6500 M-' cm-l for benzophenone.21 
The triplet quantum yields in benzene, measured with A,,, of 
347 and 308 nm, were practically the same, taking into account 
the experimental error. The triplet lifetimes changed slightly 
with the solvent, indicating that there is a small effect of the 
polarity of the medium on the decay rate constants of T I .  

Radicals upon Direct Excitation of Halothiophenes. In 
addition to the triplet, the three halothiophenes showed another 
transient produced within the laser pulse. 

The time-resolved spectra of AIT recorded in benzene are 
shown in Figure 6 (similar results were obtained by irradiating 

ITCA). This short-lived nontriplet transient has a Amax close to 
500 nm, second-order decay kinetics, and a half-life of ca. 0.4 
,us (See Table 4 and Figures 6 and 7). This absorption was 
assigned to the complex between the iodine atom and the solvent 
(benzene-I') because its properties (spectrum and decay kinet- 
ics) were practically the same as those of the transient obtained 
by direct irradiation of 12 in benzene (Aexc = 347 nm) and also 
reported in refs 22-24, taking into account the ground state 
absorption spectra of I2 and iodothiophenes. Furthermore, it 
can be noted that prolonged irradiation of iodothiophenes in 
benzene and in other solvents caused the solutions to become 
violet, the typical color of molecular iodine. The broad 
absorption band centered at 450 nm (Figure 6) was due to the 
TI - T, absorption and partially to the Do - D, transition of 
the thienyl-substituted radical, which decays, in benzene, with 
first-order kinetics and similar lifetimes (see Table 4 and Figure 
7). In this solvent, in fact, the decay of these radicals is of 
pseudo-fist-order because they react with the solvent. In MCH 
and MeCN the main decay pathway is the recombination, and 
therefore the kinetics become more complex. 

In addition to the transient ascribed to TI ,  laser excitation of 
BTCA produced a broad absorption in the 400-600 nm range. 
This absorption, produced within the laser pulse, was substantial 
in benzene, while its intensity was lower in MeCN and MCH 
(Figure 3). The absorption around 550 nm in benzene was 
attributed to the benzene-Br' complex on the basis of (i) 
literature data17,24 and (ii) our results obtained by exciting Br2 
in benzene, which showed a transient centered at 550 nm that 
decayed by second-order kinetics (t112 = 0.7 p s ) .  In fact, the 
kinetic analysis of BTCA transients in this solvent showed that 
the decay at 550 nm had the same characteristics. The nontriplet 
species absorbing in the 370-500 nm range is assigned to the 
thienyl-2-formaldehyde radical. A kinetic analysis of the thienyl 
radical was not possible, due to the very similar lifetimehalf- 
lives of the three transients (TI, benzene-Br', and thienyl- 
substituted radical) and to the overlap between the absorption 
of the thienyl radical with those of the triplet and of the complex 
at shorter and longer wavelengths, respectively. 



Substitution in Halothiophene Derivatives J. Phys. Chem., Vol. 99, No. 15, 1995 5369 

0.30 

AA 

0.1 5 

0.00 

0.20 

0.1 0 

A A 

/ a 0.30 1 
O . I 5  & 0 

0 0  

0.00 
0.0 0.1 0.2 0.2 00 

0 OO 

OOO 
0 
A 
OAA oooOO I ~ / I O '  w cm+ 

0 
b 

0 

0 
0 

0 0 
0 

A A A ~  0 

a AAhA0 

300 400 500 600 700 

A (nm) 
Figure 3. Time-resolved absorption spectra of BTCA in benzene (a) and MeCN (b) recorded 0.2 (0), 0.9 (A), and 3 (0) p s  after the laser pulse 
(I,,, = 308 nm). Inset: effect of the laser dose on the change of absorbance recorded at 380 (0) and 500 (A) nm in benzene (A,,, = 308 nm). 

TABLE 3: Properties of the Lowest Triplet State of BTCA, 
ITCA, and AIT 

compound solvent A,, (nm) bs) M-' s-]) (M-' cm-I) hb 
tT k,, (lo9 E&, nm]. 

BTCA MCH 360 0.77 1.3 
benzene 370 0.75 1.5 8000[370] 0.70 
MeCN 370 0.59 2.2 10500[370] 0.73 

ITCA MCH 430 1.8 2.3 
benzene 450 1.7 2.6 
MeCN 430-450' 2.1 

AIT MCH 440 1.2 2.2 
benzene 450 0.78 1.6 
MeCN 440 1.1 2.1 

a These values were calculated taking into account the fraction of 
dissociative triplet (obtained by the &PA value at room temperature) 
populated by energy transfer. Estimated error & 15%. Estimated error 
f 1 5 % .  Low signal. 

Taking into account the transient measurements and the 
photochemical behavior in the three solvents, the nontriplet 
transients detected in MCH and MeCN (350-600 nm range) 
can be assigned to the thienyl-substituted radicals and to the 
complexes between the halogen atom and the starting thiophene 
derivatives. Since in these two solvents the quantum yield of 
the photoreaction is negligible (Table l), the main decay 
pathway of such radicals is recombination, as shown by the 
second-order kinetics. However, contribution from the MeCN- 
X' complex (molecular iodine is reported to form with MeCN 
a more stable complex than with benzene)25 cannot be excluded 
in this solvent. In MCH, on the basis of the results reported in 
ref 22, absorption due to the complex MCH-X' is expected to 
interfere at wavelengths shorter than 350 nm. 

Extinction Coefficients of Benzene-X' Radicals. The mea- 
surement of the formation quantum yields of X' in benzene needs 

0.3 -4 
AA 

0.2 

0.1 

0.0 

I 1  1 I I I 

300 400 500 600 700 

X (nml 
Figure 4. Time-resolved absorption spectra of a solution of benzophe- 
none and BTCA in MeCN recorded 0.08 (0), 0.32 (A), and 1.5 (0) p s  
after the laser pulse (A,,, = 347 nm). 

the extinction coefficients of the complexes ( E C )  of these species 
with the solvent. For the benzene-I' complex we used the EC 
value of 2450 M-' cm-' (mean value of the published data) 
that was reported by Biihler.24 For the benzene-Bf complex 
anomalously high EC values (23 700 and 11 OOO M-' cm-I) were 
reported by Scaiano and c o - ~ o r k e r s . ' ~ ~ ' ~  These values are high 
with respect to that calculated24 and to the experimental data 
of similar complexes of halogen atoms with aromatic mole- 
c u l e ~ . ~ ~ - ~ ~  As a matter of fact, a check of the data reported in 
Figure 3 of ref 17 with equations of ref 26 does not give 23 700 
M-' cm-I but ca. 5500. Moreover, an experiment carried out 
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Figure 5. Normalized TI  - T, absorption spectra of BTCA (A), ITCA 
(a), and AIT (0) in MCW3MP at 77 K (Aexc = 308 nm). 
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Figure 6. Time-resolved absorption spectra of AIT in benzene recorded 
0.2 (0), 0.9 (A), and 3 (0) ps after the laser pulse (A,,, = 308 nm). 

TABLE 4: Properties of Nontriplet Transients of BTCA, 
ITCA, and AIT 

compound solvent (nm) (us) (lo9 M-' s-l ) (M-I cm-I) &b 
amaxa tlI2 kox 4, nml 

BTCA MCH -490 1.0 2.8 
benzene -460 0.7 2.0 

MeCN -500 1.2 2.1 
ITCA MCH 490 2.9 1.5 

benzened 500 0.4 1.5 2450[500]' 0.20 
MeCN 500 2.0 

AIT MCH 510 1.2 1.8 
benzened 500 0.4 1.5 2450[500]' 0.22 
MeCN 510 1.0 

a Shoulder of the triplet absorption (see Figure 3). Estimated error 
3~20%. Estimated error 115%.  The absorption of thienyl derivative 
radicals (detected at -460 nm with BTCA) was strongly overlapped 
with the T I  - T, band. The two transients could not be resolved owing 
to their close first-order/pseudo-first-order decay kinetics. e From ref 
24. 
in our laboratory with bromoacetophenone and Aberchrome- 
540 as actinometer (same method used in ref 17) gave an EC of 
7300 M-' cm-' for the benzene-Br' complex. However, 
despite the use of a flow-through cell, we noticed that there 
was an increase of AA during the experiment which influences 
the EC values. On the other hand, the reliability of this method 
is based on the assumption that the concentration of the 
benzene-Br' complex can be obtained from the photoproduct 

550 1.0 2300[550]' 0.20 

I I I 

- 
0 0.5 1.0 1.5 

0.0 2.5 5.0 7.5 

time (ps) 
Figure 7. Decay kinetics of AIT in benzene recorded at 440 (0) and 
510 (A) nm. Inset: first-order (0) and second-order (A) best fits at 
440 and 510 nm, respectively (A,,, = 308 nm). 

quantum yield.I7 This is valid only if the radical recombination 
is a negligible process and the photoreaction is clean. 

For these reasons the method described by Bossy and co- 
w o r k e r ~ ~ ~ ~  to determine by pulse radiolysis the EC value of the 
bromobenzene-Br' complex (EC = 2800 & 500 M-I cm-' at 
560 nm) was considered. Our laser flash photolysis experiments 
on the same system gave practically the same figure (2900 f 
400 M-' cm-I). This method allowed the EC value to be 
obtained independently of any steady state quantum yield. 

Upon laser irradiation of bromine in benzene at 347 nm, the 
absorption of the benzene-Br' complex at 550 nm was detected; 
AA and lifetime were measured. Addition of triphenylmethane 
(TPMH) caused a decrease in the lifetime of the complex (its 
AA value at zero time remained practically constant) and the 
formation of TPM' radical (A,,, ca. 513 nm in different 
solvents2' and EWP = 656 M-' cm-' at A,,, in ben~ene*'~,~). 

The absorbance changes measured at Amax of T M P  and 
benzene-Br', together with ETMY allowed an EC of 2300 f 300 
M-' cm-I at 550 nm to be determined, taking also into account 
the contribution of the complex at 516 nm (ca. 30%) and the 
fraction of the complex quenched by TMPH. 

We are confident about the EC value obtained in such a way 
because the efficiency of formation of T M P  was directly 
evaluated by the half-lives of the benzene-Br' complex, in the 
absence and in the presence of TMPH. 

The EC value allowed the quantum yield of the radical 
production ( 4 ~ )  upon irradiation of BTCA to be determined, 
assuming that all Br' atoms react with benzene. The corre- 
sponding 4~ values in this solvent are reported in Table 4 
together with those for iodo derivatives. 

Discussion 

The energy of the C-Br and C-I bonds in halobenzenes 
are reported to be 74.8 f 1.2 and 63.7 f 1.2 kcal mol-', 
respectively.28 Assuming that in the halothiophene derivatives 
the bond energies have comparable values, the excitation energy 
to the lowest singlet is enough to dissociate the C-X bond (the 
excitation threshold in Figure 1 is around 325 nm, corresponding 
to 88 kcal mol-'). On the other hand, the energy of the lowest 
triplet state, obtained by phosphorescence measurements, is only 
53-54 kcal mol-' for the three thiophene derivatives (Table 
2), and, hence, this state should not lead to dissociation. 
Moreover, the solvent effect on the phosphorescence maximum 
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energy (see the blue shift of the emission spectrum on going 
from MCW3MP to EtOH ifi Figure 2 )  indicates an n,n* nature 
of the emitting triplet. This attribution suggests an excited state 
where the antibonding n density is placed between the carbon 
atoms, and, therefore, the photocleavage of the C-X bond is 
unlikely in this state. Similar conclusions were reported for 
n,n* triplet'* and n,n* singlet' states in haloaromatics. 

On the other hand, the inefficiency of the lowest triplet to 
give dissociation is clearly demonstrated by the fact that the 
radicals (in particular the benzene-X' complex) are produced 
during the laser pulse; hence they could not have the detected 
triplet as precursor. The sensitization experiments are also in 
agreement with this conclusion; in fact, the triplet of chrysene 
sensitizer (ET = 57 kcal mol-') is efficiently quenched by BTCA 
and ITCA (ET E 53 kcal mol-'), k, lo9 M-' s - I  , b U ~ ~ S P A  is 
very low at room temperature and increases at higher temper- 
ature (Table l), showing an activated process in the sensitization 
(see below). 

The quantum yield for the production of the lowest (nonre- 
active) triplet of BTCA in acetonitrile and benzene is 0.70 and 
0.73, respectively. This high value is in agreement with the 
presence of the heavy atoms sulfur and bromine and of the 
aldehydic group. The values were not measured for iodine 
derivatives due to the overlap between the triplet and radical 
absorptions in the 430 nm region (see Figure 6), but it seems 
to be unlikely that it is lower than that of BTCA. Therefore, 
the remaining 25-30p of photons can cause the photodisso- 
ciation through a singlet or an upper triplet pathway. The lowest 
singlet, n,n* or n,n* in nature, should be ruled out for the 
distribution of antibonding ;z density (see before), while higher 
singlets (n,a* or n,o*) seem to be unimportant (although they 
cannot be excluded) because the reaction also takes place when 
irradiating on the absorption threshold. Hence, an upper triplet 
where the electron is in a B* orbital (n,a*, n,a*, or B,B* state), 
mainly localized on the C-X bond, should be invoked as a 
precursor of dissociation. The energy of this triplet, which 
depends on the particular derivative, is not directly determinable, 
but it is possible to speculate on its value on the grounds of the 
experiments with the sensitizers. In the case of BTCA, the &,PA 

value obtained with chrysene, which was very low at 293 K, 
was about 8 times higher at 333 K, reaching about 30% of that 
obtained by direct excitation and with the high-energy sensitizers 
(Table 1). In the case of ITCA, it increases about 9 times, while 
for AIT it is only doubled. Since the quenching rate parameter 
(see the Results section) has only a 20% increase from 293 to 
337 K, the effect of temperature observed on &A cannot be 
caused by the viscosity change (that in any case is too low to 
explain the huge increase observed for the quantum yield). On 
the other hand, the effect of temperature on the direct reaction, 
which includes contributions due to activated processes for the 
radical production and for the reaction of the thienyl derivative 
radicals with the solvent, is very low (Table 1). It is therefore 
reasonable to assume that the increase of reactivity in the 
sensitized reaction is due to an activated process of the energy 
transfer that can populate the upper triplet. With increasing 
temperature the pathway toward this state competes with that 
toward the lowest triplet in deactivating the triplet donor. 
Moreover, it is possible that the back energy transfer from the 
lowest triplet of the acceptor (53 kcal mol-' for BTCA) 
increases, thus masking the effect of the decrease of viscosity. 
In this hypothesis, the position of the reactive triplet should be 
between 60 and 70 kcal mol-'. The reactive triplet of ITCA, 
for which the trend of &,PA values with temperature is similar 
to that of BTCA, should be in the same range. For AIT, the 
temperature effect is moderate with respect to the previous 
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compounds; the $SPA value at 325 K is only doubled with respect 
to that at 293 K; here the upper triplet must be not much higher 
than 60 kcal mol-'. The hypothesis that the activated process 
is a reaction channel of the lowest triplet state must be ruled 
out taking into account the very small temperature effect on 
4 p ~  for BTCA, under direct excitation (Table 1). Under these 
conditions the lowest triplet is produced with & = 0.7, and 
hence the existence of an activated reactive pathway as in ref 5 
would be shown by a large increase of @PA with the temperature. 
As a matter of fact, the @ P A  value of BTCA increases by about 
15%, in the same temperature range of 4 s ~ ~ ;  this increase can 
be explained with changes of viscosity of the solvent and 
changes in the rate constant for the reaction of the radical with 
benzene. 

Scheme 1 summarizes the relative energy position of the 
excited states involved in the photochemical and photophysical 
behavior of halothiophene derivatives: 

In the direct excitation, a photon of energy hvexc promotes 
the halothiophene molecule from the ground state, SO, to the 
first excited singlet, SI, from which intersystem crossing (isc) 
to the lowest and to the upper triplet (TI and Tu, respectively) 
takes place. T I  is phosphorescent at 77 K (quantum energy 
hvp), while Tu is able to dissociate at room temperature. The 
energy of this state should be in the 60-70 kcal mol-' range, 
and hence its position in the scheme is only tentative. In the 
sensitized reaction exothermic (or almost exothermic) e.t. takes 
place with xanthen-9-one and benzophenone to both triplets, 
while with chrysene as donor e.t. is exothermic to the lowest 
unreactive triplet and endothermic to Tu. 

The comparison of the photoarylation quantum yields with 
those for the production of the benzene-X' species gives 
indications of the reactivity of the radical produced by the laser 
excitation. If the experimental error is taken into account, the 
two series of data are not so different and in practice they 
indicate that the thienyl derivative radical (whose production 
quantum yield is equal to that of benzene-X') reacts quickly 
with the solvent to form the corresponding phenylthiophenes. 
A partial recombination of the photolysis products before 
arylation can only be invoked for ITCA to explain a @PA smaller 
than 4~ (Tables 1 and 4). 

The only evidence of the fate of the halogen atoms is that 
after repeated flashing of the iodine derivative solution a weak 
absorption of molecular iodine appeared. However, the nature 
of the photoproduct and the cleanness of the photoreaction 
indicate that X' reacts mainly with H' (formed through the 
reaction of thienyl radical with benzene) to give the correspond- 
ing hydrogen halide. For the same reasons, recombination 
between Th' radicals should be a very slow process. Scheme 
2 shows a photoreaction scheme that omits the homogeneous 
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li 
recombination of the radical atoms and of the Th' radicals, where 
'ThX is the ground state halothiophene. 

Even if the mechanism has not been investigated for other 
systems, the photoarylation is a quite general reaction that was 
found to occur upon photolysis of several halo derivatives of 
aromatic and heteroaromatic compounds (five- and six- 
membered rings).29 The halogen can be substituted by aryl 
groups coming from benzene, toluene, naphthalene, arylalkenes 
and arylalkynes, and heteroaromatics such as furan, thiophene, 
and their  derivative^.^^ 
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