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Transient Phenomena of Polyphenyls in the Higher Triplet Excited State
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Transient phenomena of polyphenyls (PP), such as biphenyl gB&)phenyl (TP), and 1,3,5-triphenylbenzene
(TPB) in the higher triplet excited states,(h = 2), were investigated with the nanosecemanosecond
(ns—ns) two-color two-laser excitation method. PR)(Was generated by the excitation of PP in the lowest
triplet excited state (PP{)) at the wavelength tuned to the absorption of RP(Bleaching of the transient
absorption of BP(3) and TP(T%) was observed during the second laser irradiation in the presence of
chloroalkanes (RCI) such as carbon tetrachloride gZ@ichloromethane (CKLl,), or 1,2-dichloroethane
(DCE). In the case of TPB, clear bleaching of TPB(Was observed in the presence of ¢Glhile no
bleaching was observed in the presence obCliHHand DCE. No formation of PP was detected during the
quenching of PP(J) by RCI. Therefore, the bleaching of PR)Ts attributed to triplet energy transfer quenching
of PP(T,) by RCI followed by the C-Cl bond cleavage. The lifetimes+) of PP(T,) were estimated from
the dependence of the quenching efficiency on the RCI concentration. It was found thatvihleie decreased
with the increasing number of benzene rings, BP(®50 ps)> TP(T,) (620 ps)> TPB(T,) (360 ps). The
quenching mechanism of PRJTby RCI was discussed.

Introduction SCHEME 1: Structures of Polyphenyls (PP) and

Polyphenyls (PP), such as biphenyl (BP)terphenyl (TP), Quenchers (Q) used in this Study

and 1,3,5-triphenylbenzene (TPB), are composed only of PP Q
benzene rings without any other substituents. The electronic — —
structure of PP can be interpreted in terms oftreonjugation o0 CCli  CH,Cl,
in PP. Therefore, it is interesting to study the properties of PP .

: . . biphenyl (BP -terphenyl (TP
from both theoretical and experimental points of vigtdmong ipheny! (BF) _p-terphenyl (TP) CH,CICH,CI (DCE)

PP, BP is the smallest PP containing two nonfused benzene

rings and has been extensively studie@iThe structure of BP

changes from nonplanar to near planar when BP is excited from

the ground state to the excited staté&imilar structural change 1,3,5-triphenylbenzene (TPB)
is expected for TP and TPE Selected data of PP, such as "
singlet excited state (penergy Esy), lifetime (rs;), lowest
triplet excited state (1) energy Er1), lifetime (z11), ionization
potential (IP), redox potentiaEq,°* andEyz9), and absorption
peaks of radical ions, are given in the Table 1.

The Es; and Er; values of BP are higher than those of TP
and TPB. Thept of BP is much larger than that of TP. The IP,
E12%%, andEy.¢d of BP are similar to those of TP. All radical
ions of BP, TP, and TBP have clear absorption peaks in the : .
shorter wavelength (3406600 nm) and longer wavelength (660 Experimental Section

the transient phenomena of PR With the ns-ns two-color
two-laser photolysis method. The lifetimes of PR({rrn) are
estimated from the efficiency dependence of the quenching of
PP(Ty) by quencher (Q) on the Q concentration at room
temperature. The quenching mechanism of BRPPy Q is
discussed. The structures of PP and Q used in this study are
shown in Scheme 1.

1200 nm) regions. Since the; of PP(T) is sufficiently long, Materials. Biphenyl (BP),p-terphenyl (TP), 1,3,5-triphenyl-
PP(T) can be easily excited to give PP in the higher triplet benzene (TPB), and benzophenone were purchased from Nacalai
excited states (J before the deactivation of PP{Tto PP(3) Tesque Inc. and recrystallized from ethanol before use. Carbon

through the intersystem crossing and/efTrannihilation using ~ tetrachloride (CG), dichloromethane (C¥Cl,), and 1,2-dichlo-

the nanoseconenanosecond (rsns) two-color two-laser ex- roethane (DCE) were purchased from Wako Chem. Co. Hexane,

citation method. However, the properties of Pf(flave not  cyclohexane, and methylcyclohexane were purchased from

been investigated, except for a report on BRET Nacalai Tesque Inc. All liquid compound§ were spectral grade.
Recently, several fused aromatic hydrocarbons, such asSa@mple solutions were freshly preparecail cmx 1cmx 4

naphthalene, dibera[anthracene, and chrysene in thg T CM rectangular Suprasil cell and deoxygenated by bubbling with

states, have been investigated in our grdwde report here ~ &rgon (Ar) gas for 20 min before irradiation. All experiments
were carried out at room temperature.

*Tel: +81-6-6879-8495, Fax:+81-6-6879-8499. E-mail: majima@ Nanosecone-Nanosecond Two-Color Two-Laser Flash
sanken.osaka-u.ac.jp. Photolysis.The laser flashes at 266 and 355 nm were obtained
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TABLE 1: Properties of Polyphenyls?t

absorption peaks
PP  Es (kJ/mol) tsi(ns) ¢t  Er(kd/mol) 7ri(us) IP(eV) Eu>*(V)® Ey®4(V) radical cation (nm)  radical anion (nm)

BP 418 16 0.84 274 130 795 +1.17 —2.55 365, 387, 703 380, 396, 408, 655
TP 385 095 0.11 244 450 778 +1.05 —2.57 426, 462, 965 445, 483, 906
TPB 375 42.6 - 269 - - - —2.68 343, 394, 605, 1150 354, 410, 555, 1190

a PP, polyphenyls; BP, biphenyl; TBsterphenyl, TPB, 1,3,5-triphenylbenzeltss;, S, state energyrs;, S state lifetimer, intersystem crossing
quantum yield from the Sstate to the T state;Eri, T: state energyrri, T: state lifetime; IP, adiabatic ionization potentidli**, oxidation
potential; E; %9, reduction potential. All data are from Murov et’al.b E;** = 0.705 x IP — 4.437 ¢ Shida?
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Figure 1. Transient absorption spectra obtained at 100 ns after a laser
flash (3 mJ pulse) during the 266 nm laser flash photolysis of BP o2l a ™ ozl TP, CCl,
(a) (solid line), TP (b) (dotted line), and TPB (c) (broken line) in ’ . c
Ar-saturated cyclohexane. The concentrations of BP, TP, and TPB were S 3
1.5x 104 4.2 x 1075 and 5.0x 1075 M, respectively. <01} Fa .
d: A
from Nd:YAG lasers (Continuum, Surelite 11-10 and Quantel, ool T ool i L
Brilliant). The diameter of the laser flash was 0.5 cm and the 350 400 450 500 550 350 400 450 500 550
duration was 5 ns. The laser flashes at 450 (7 mJ pilsad »(nm) * (nm)
480 nm (9 mJ pulsé) were obtained from an OPO laser " TPB. CCl
(Continuum, Surelite OPO) pumped by a Nd:YAG laser (355 02} 0.2} e
nm, 150 mJ pulse'). The delay time of the second laser flash a . a | °
(355, 450, or 480 nm) after the first laser flash (266 or 355 <<31 ' 2 F '
nm) was set in the range of 10 ns to 498 by a four channel 0.1k
digital delay/pulse generator (Stanford Research Systems, Inc.,
Model DG 535). Two laser beams were overlapped through the 0.0 0.0 325"200 250 500 550

sample. The probe light was obtained from a 450 W Xe lamp 350 400 450 500 550
(Osram XBO-450) with a perpendicular intersection of the laser ) H (nm) )
beams and the focused on a manochvomator (kon G250) P 2. Terslrt s speteof 5P, T o 98 abered
The OUIpl.Jt .Of the monochromator was mon[tored using a (a) anél at iOO, 100, and 100pns, resyp;ectively, after the second laser
photomultiplier tube (PMT, Hamamatsu Photonics R928). The jyradiation (b) during the nsns two-color two-laser flash photolysis
signal from the PMT was recorded on a transient digitizer of BP, TP, and TPB, respectively, in Ar-saturated cyclohexane at room
(Tektronix TDS 580D four channel digital phosphor oscil- temperature (left). In the absence of Q (c), and in the presence of
loscope, 1 GHz). A Hamamatsu Photonics multichannel analyzer0.5 M CCl (d), during the nsns two-color two-laser flash photolysis
(C5967) system was used for measurement of the transientof PP. In the cases of TP and TPB, benzophenone was used as the
absorption spectra. The total system was controlled with a [PIet sensitizer (right).

personal computer via a GP-IB interface. To avoid any damage
to the sample solution by the probe light, a suitable cutoff filter

was used in front of the sample.

A (nm)

photolysis. The 266 nm excitation generates HP(8nd
TPB(S), which are not desired to study the transient phenomena
of TP(T,) and TPB(T). The delay time for the second laser
irradiation was 400 ns after the first laser in the case of TP and
TPB. During the second laser irradiation of PB(To transient
Fast Internal Conversion of PP(T,) to PP(T4). The absorp- absorption change was observed (Figure 2b). Similar results
tion spectra with peaks at 361, 445, and 480 nm were observedwere observed when cyclohexane was replaced by other
during the 266 nm laser (3 mJ putdirradiation of BP, TP, nonpolar solvents, such as hexane and methylcyclohexane. This
and TPB, respectively, in Ar-saturated cyclohexane and are result indicates that no ionization from PR(Toccurred, but
assigned to PP in the lowest triplet excited state (Figure that fast internal conversion from PRJTo PP(T;) occurred in
1)101 |t is obvious that the absorption peak of the BB(T ~ nonpolar solvents.
TP(T1), and TPB(T) is red shifted with the increase in the Bimolecular Triplet Energy Transfer Quenching of
number of phenyl rings. PP(T,) by RCI. In the presence of an electron acceptor such
For generation of BP(J, BP(T1) generated from the efficient as CC} in nonpolar solvents, the bleaching of the transient
intersystem crossingp¢ = 0.84) was excited by the second absorption of BP(7), TP(T1), and TPB(T) (AAO.D.) was
355 nm YAG laser at 100 ns after the first 266 nm YAG laser observed within the second laser flash (Figure 2d). AA©.D.
flash. For generation of TP{Yand TPB(T), 450 and 480 nm values increased with increasing G€bncentration (Figure 3).
OPO laser flashes were used as the second laser, respectively\lo absorption peak assigned to*BPTP*, and TPB" (Table
to excite TP(T) and TPB(T) generated by the sensitization 1) was observe¢? On the other hand, when other chloroalkanes
with benzophenoneg) during the 355 nm first YAG laser flash ~ (RCI), such as CkCl, and DCE, were used in place of GCI

Results and Discussion
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Figure 3. Kinetic traces ofAO.D. of BP(T;) at 361 nm, TP(]) at

445 nm, and TPB(J) at 475 nm in the absence and in the presence of
various concentrations of RCI during the-nss two-color two-laser
flash photolysis of PP in Ar-saturated cyclohexane (left), and the plots
of |JAAO.D.|™t vs [RCI]™? (right). The minus signal of the transient
absorption of BP(J) observed immediately after the first laser flash is
attributed to the fluorescence of BRY{SThe growth of the transient
absorption at 361 nm is attributed to the intersystem crossing from
BP(S) to BP(Ty). The growth of the transient absorptions at 445 and
475 nm are attributed to the triptetriplet energy transfer from
benzophenoneJ to TP and TPB to give TP@) and TPB(T).
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an intercept ofs and slope off(krenttn) "t (Figure 3). Therrn
values of BP(F), TP(T,), and TPB(T,) were calculated to be
950, 620, and 360 ps, respectively, with an assumptiari f

0.6 nm?16.17 Because rapid internal conversion occurs com-
pletely from PP(}) to PP(T), rn depends on the energy
gap between the Tand T, states,zthn ! = kc ~ 10
exp(—aAEr,-T1,), wherea andkic are a constant and the rate
constant of the internal conversion, respectively. Therefore, the
T andAEr, 1, values decrease with increasing ring numbers,
BP(T,) > TP(T,) > TPB(Ty).

Mechanism of Bimolecular Quenching of PP(T,) by RCI.
Based on the high bleaching ratio (790%) of the PP(J)
absorption, the quenching of PR Dy RCI efficiently occurred.
Neither the PP radical cation (P® nor the PP radical anion
(PR™) was observed, even when RCI was used as the solvent
of the transient absorption measurements. Since the transient
absorption spectra of PPor PP~ are entirely different from
those of PP(7) and molar absorption coefficientg)(of the
absorption peaks of PPor PP~ are sufficiently hight? those
radical ions can be easily detected. For exampleg thieBP**
at 365, 387, and 703 nm arex9 1%, 8 x 13, and 4.5x 10°
M~lcm1, respectively?. Furthermore, TPB(j) was not quenched
when CC} was replaced by C¥Cl, or DCE, despite the high
electron acceptability* 1> Therefore, these results clearly indi-
cate that an electron transfer (ELT) reaction from RP{G RCI
does not occur. Similar experimental results to those of PP(T
have been reported in the cases of several fused aromatic
hydrocarbons in the Tstate?

The ELT from PP(F) to RCl would involve the dissociative
ELT to cause the €CIl bond cleavage of RCI, giving an R
radical and a chloride ion. Recently, “sticky” dissociative ELT
theory has been developed to describe such types of E2T.

For example, the electrochemical reductive cleavage of, CCl
in N,N'-dimethylformamide (DMF) reveals that electron transfer
and bond breaking are concerfédccording to the “sticky”
dissociative ELT theory, the activation energyG) of ELT

similar bleaching was observed for the transient absorption of IS represented as eq 4

BP(Ty) and TP(T), but not for TPB(T). It is known that CCJ,
CHCl,, and DCE are all strong electron acceptort If a
bimolecular electron transfer (ELT) reaction between RP(T
and RCI would occurAAO.D., together with the formation of
the transient absorption of PR could be observed in all the
cases of the quenching of PR(by CCl, CH,Cl,, and DCE.
Therefore, no ELT occurred, but triplet energy transfer (TENT)
qguenching of PP(J) by RCI did occur, followed by the PP{F
sensitized & Cl bond cleavage (as discussed in the following
section)?

Lifetimes of PP(T,). Based on the energy transfer from
PP(T,) to RCI, the lifetime of PP(J) (zrn) can be calculated
from the relationship betweehNAO.D. and RCI concentration
([RCI)) using egs +3,14°17

|AAO.D|™* = + B(krgnrTr[RCI) @
Krent = Kairr + Kaire 0/ (JTDTTn)ll2 2
Kyit = 47No'D 3)

wheref is a constant depending on the experimental condition,
T is the lifetime of PP(), krent is the rate constant of TENT
from PP(T,) to RCI, N is Avogadro’s numberg’ is the reaction
distance, an® is the sum of the diffusion coefficients of PRJT
and the quencher moleculéAccording to eq 1, the Stern
Volmer plots of|AAO.D.|71 vs [RCI]"t gave a linear line with

AG' =[((DR"* — D,"3? + 2)/4] x
[1+ (AG — D)/(Dg"? = D,Y3% + 1)) (4)

whereDgr is the bond dissociation energi&, is the interaction
energy of the radicalion pair, 4 is the total reorganization
energy, andAG is the overall free energy changes. The ELT
reaction rate constankd, 1) is expressed as eq 5

Ly = Ly + ke, 7 (5)

wherek is the experimental measured rate constantlkgnds

the diffusion-controlled rate constant. Tl values of the
C—Cl bond are 3.17 eV for CGP* 3.25 eV for CHCI,,?? and

3.52 eV for DCE2 Such largeDr values cause the substantial
decrease in the ELT ratég( 1t < 108 M~1571).92425The ELT

from PP(T,) to RCI may occur competitively with other rapid
processes, such as internal conversion and TENT with the rate
constant of krent = kgir, When the free energy change
(—AGreny) is larger than 13 kJ mot.26:27 From theEr; values

of PP(Ty) in Table 1 and the transient absorption edge of PR(T
the T, state energies of PP(T(Epp(tn) Were calculated to be
555, 483, and 486 kJ mol for BP(T,), TP(T,), and TPB(T)
(these calculatefpp(tn) values correspond to PRI (Epp(tm)

in Scheme 2, see the below discussion), respectively, which are
much larger than th®g values of the &CI bond of RCI.
Consequently, the occurrence of the TENT from Rp{d RCI

at kqiff is much faster than the ELT from PRfTto RCI?
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SCHEME 2: Energy Level Diagram of PP and
Transient Phenomena of PP(F) during the Two-Color
Two-Laser Flash Photolysig

n Tm
T,
hu, o kTENT
S1 ..IsC IC N
holg T4 PP(S,) + °[RCI"
18C i C-Cl bond
So i : cleavage
PP Re+ Cle

ahy, andhvy: the first and second laser excitation, Fl: fluorescence,
IC: internal conversion, ISC: intersystem crossikg.andkrent: the
rate constants of IC and triplet energy transfer from RP{d RCI,
respectively.

The TENT depends on tH&sptnyandDr values. In the case
of CCly, as Q for the TENT quenching of PR{T Epp(tn) is
sufficiently high for the occurrence of the<Cl bond cleavage.
On the other hand, in the case of @, or DCE, as Q for
TPB(T,), no C-CI bond cleavage occurred (d®AO.D. of
TPB(T,) was observed), although tlgpgTn) values are higher
than theDgr values of the &ClI bond cleavage according to
the above analysis. No occurrence of the@ bond cleavage
in the case of ChCl, or DCE as Q for the TENT quenching of
TPB(T,) indicates that TPB(J; 2 < n < m) with zr, = 360 ps
is generated from fast internal conversion of the initially
generated TPB({) with very short lifetimes during the 480 nm
laser irradiation. From thBg values of CCJ, CH,Cl,, and DCE,
the Erpg(tn) value of TPB(T,) with 71, = 360 ps should be in
the range of 306314 kJ mot? (3.17-3.25 eV). Therefore, the
energy gap between TPBf)Tand TPB(T) is approximately 40
kJ mof. It is obvious that thex value (<5 eV™?1), used for
fused aromatic hydrocarbonsfwith =1 = kic ~ 10 exp(~
0AE),>26 cannot be essentially used for PR(Because of the
large structural change between Pfédd PP(F). The structure

Cai et al.

Neither a radical cation nor a radical anion of PP was observed,
indicating that no ELT from PP() to RCI occurs. According

to the dissociative ELT theory, the ELT rate from PR)(To

RCI could occur too slowly to be detected. The main quenching
pathway of PP({f) by RClis TENT. TENT from PP(J]) to RCI

and PP(})-sensitized &Cl bond cleavage of RCI occur with
the dependence on tliprnandDr values. Therr, values of
BP(T,), TP(T,), and TPB(T) were estimated to be 950, 620,
and 360 ps, respectively, from the RCI concentration dependence
on the TENT quenching of PP{rby RCI.
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