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Photodecomposition of Peroxides Containing a 1,4-Bis(phenylethynyl)benzene Chromophore
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The photodecomposition dynamics of 1,4-bis(2¢#t-butylperoxycarbonylphenyllethynyl)benzerig bave

been compared with those of model compounds in the picosecond and nanosecond time domains by various
photophysical techniques. Ultrafast visible transient absorption spectrometry revealed the singlet excited state
of 1,4-bis(4-phenylethynyl)benzene (BPB) depopulates radiatively with a rate ofxd 7% st and 95%
efficiency. Phenyl ester moieties attached to the BPB core accelerate intersystem crossi@g(x 10°

s 1) and reduce the fluorescence quantum yidlg (= 0.82). The peroxide oxygeroxygen bond ofl cleaves

(k = 3.6 x 10 s1) directly from the singlet excited state (60% efficiency) causing a highly reduced
fluorescence vyield and leading to formation of aroyloxyl radicals. The next reaction step involves
decarboxylation of the aroyloxyl radicals. Transient absorption signals in the MID IR region correspond to
CO, with the formation rate (2.5 1(° s™1) as measured by nanosecond transient IR experiments. The transient

IR spectra of the excited state of BPB, as well as of the aroyloxyl radical, evidenced a red shift in the acetylene
triple bond absorption indicative of a decrease in the bond order. This clearly shows that delocalization of
excitation energy over the BPB chromophore induces significant structural changes. The proposed mechanism
is based on the rates of photophysical and photochemical channels and involves an additional population
channel of the BPB triplet excited state from the upper singlet states.

Introduction Previous studies have demonstrated that higher excited states
) . . of oligo(phenylethynyl) compounds possess some degree of
Oligo(phenylethynyl) fragments successfully integrated into ¢\,mjlenic structurd? suggesting the redistribution of electron
rigi_d molecular structures offer unusual_properties_in both the density significant enough to cause a change in the bond order.
solid state and solution. These properties, when incorporatedye report investigations on the influence of an unpaired electron
into matgrlals, have contributed to a number of new applications coupled directly to 1,4-bis(phenylethynyl)benzene chromophore
of organic compounds. Compounds based on a phenylene qp, the electronic structure of the central phenylethynyl core and
ethynylene chromophore have been used to synthesize newpe nossible influence of the highly conjugated system on the
efficient light absorbers and emittérsas well as highly  ge|gcalization of the unpaired electron along the conjugated
conjugated molecular wires targeting an efficient energy or p,cipone of the molecule. For such studies the peroxy ester
charge transfet The ability to delocalize charge over significant  ¢,nctionalized 1,4-bis(phenylethynyl)benzene is an ideal can-
distance suggests that derivatized oligo(phenylethynyl) com- yiqate since the decomposition of peroxy esters commonly
pounds are good candidates for nonlinear optical (NLO) proceeds through facile cleavage of th&@—0O— bond leading
materials’® The use of the alkynyl function in new materials {5 e formation of corresponding aroyloxyl radical followed
has, in some ways, proceeded more rapidly than our understandby decarboxylation and the formation of aryl radical and carbon
ing of how electron density is transmitted through these jioxidelo Reaction rates lying in the range from several
molecular architectures. The current study addresses this througrbicosecondsl,lzto tens of microsecondd,as well as a high IR
a characterization of excited-state behavior in several compoundsaytinction coefficient and distinct peak position of carbonyl
with extended phenylethynyl chromophores. vibration, make most of the intermediates observable if one uses
Previous studies on the nature the excited states of moleculesy majority of the now available time-resolved techniques.
with extended phenylethynyl chromophores are mostly limited |, this study, we report on a new class of peroxy ester-
to data on fluorescence dynamics and theoretical models thatgpstituted phenylethynyl compounds studied by time-resolved
provide little insight to fundamental photophysics of these v —yis (TRUV) and time-resolved FTIR (TRIR) spectrometry.
compounds:” Recent results demonstrated the importance of The spectroscopic studies together with a photostationary
time-resolved experiments to describe photophysical behavior yroquct analysis allowed for elucidating of the mechanism of

of oligo(phenylethynyl) compounds and even disagreed with neroxide photodecomposition and the nature of the transient
some results obtained previously from steady-state experithents. species involved therein.

This fact inspired more detailed time-resolved studies using
various transient techniques in wide temporal and spectral Experimental Section

ranges.
General Methods.'H and13C NMR spectra were recorded
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spectra were measured on a Shimadzu GC/MS-QP5050Athe B3LYP level of theory with the 6-31G(d) basis set in a
spectrometer. Melting points were determined with a Fisher- vacuum. IR frequencies were calculated on optimized structures
Johns melting point apparatus and are uncorrected. Elementalsing the same basis set. All frequencies reported were scaled
analysis was performed by Atlantic Microlab, Inc. HPLC up by a factor of 0.96, which is traditionally used for this size
measurements were performed on Hitachi LC-7000 series of basis set in DFT calculatior?s.

instrument equipped with an Alltech Nucleosil C18 column.  gynthesis. 1,4-Bis(2,2-dibromovinyl)benzend., 4-Bis(2,2-
UV—vis spectra were measured with Shimadzu UV-2401PC gibromovinyl)benzene was synthesized according to the Corey
spectrophotometer. Photodecomposition quantum yields wereang Fuchs methd@with a modification of the separation step.
obtained by the direct irradiation of samples with an Omni- The precipitated triphenylphosphine oxide was filtered out and
chrome Series 74XA HeCd laser (325 nm) interrupted with a \yashed with a hexane/GHlI, (1:1) mixture, and the combined
Uniblitz SD-10 shutter drive timer. IR-ATR spectra of solid  oganic solutions were concentrated under reduced pressure. The
samples were measured on a Thermo Nicolet IR200 ATR yagjting residue was recrystallized from EtOH affording 86%
equipped spectrometer. The fluorescence quantum yields Wergield of pure product, mp 9798 °C (lit. mp 98-99 °C) 24 El-

obtained against standard solutions of 2-aminopyridine in 0.1 ;g (70 eV): miz 446 (M, 4 Br), 286 (2 Br), 206, 144, 126
N sulfuric acid* or anthracene in ethan#l. 103. ' ' ' ' ' ' '

Materials. All spectroscopic samples were thoroughly dried, 1,4-Diethynylbenzene A solution of 1,4-bis(2,2-dibromo-
and their purity was verified by HPLC. All solvents, either for viny’I)benzene (188.7 g, 0.42 mol) in df)’/ THE (’500 mL) was
reactions or spectroscopic measurements, were dried via diSt”'added dropwise to a sc')Iution ofBuLi (694 mL as a 2.5 M
lation over an appropriate drying agent according to standard solution in hexane, 1.72 mol) in dry THF (700 mL)-a¥8 °C
procedured® The following chemicals were commercially for 1.5 h. Then th,e feaction was brought slowly to rt (room
available and were used as received: 1-ethynyl-4-bromobenzene[emp'erar'ure) stirred for 12 h, and quenched with ice/water
(Acros); 4-iodobenzoic acid (Acros); copper(l) iodide (Aldrich); mixture. The é)rganic layer was 'isolated and dried ove:3Qa,
fégi?;lﬂ?ehﬁ de' (hA'cro_sg ,t ?l’l'.m?thyl'g'sb ult/ly n.'z'ﬁl (ACroS);  nd solvent was removed under reduced pressure. The resulting

- 2 ( rct ); n-butyllithium (2. n exanes_) residue was passed through a small amount of silica gel using

(Aldrich). Aldrich silica gel 60 A (76-270 mesh) was used in hexane as an eluent providing pure product in 99% (52.9 g)
chromatography. , , yield. Mp: 96°C (lit. mp 95°C)25 EI-MS (70 eV): m/z 126

Nanosecond Infrared Time-Resolved ExperimentsThe (M*), 100, 98, 87, 76, 74, 63, 50.
time-resolved FTIR setup has been described elsewhere. ' o
Briefly, the third harmonic of a Spectra Physics YAG3dhser
(354.7 nm) was used as an excitation source in all experiments.
The laser was operated in a pulsed mode with a repetition rate
of 10 Hz and the energy varied from 1.5 to 5 mJ/pulse. The
sample solutions (chloroform was used as a solvent in all
experiments) were pumped thrdug 1 mmthick Cak, flow

General Procedure for Preparation of Symmetric 1,4-Bis-
(2-[4-X-phenyllethynyl)benzenes by Sonogashira Coupling
between 1,4-Diethynylbenzene and 4-lodoarene§o a care-
fully degassed solution of the appropriate 4-iodoarene (79.3
mmol), PPR (207 mg, 0.79 mmol, 2%), and Pd(?Ph), (167
mg, 0.24 mmol, 0.6%) in 80 mL of dry THF and 40 mL of dry
cell with a flow rate of up to 150 mL/min. All spectra were ~triethylamine was added Cul (150 mg, 0.79 mmol, 2%). The

recorded in a 15062800 cnt! spectral window with resolution ~ 'esulting mixture was degassed for 5 min, and a solution of

8 cmr L every 20 ns. The raw data were processed and visualized1+4-diethynylbenzene (5 g, 39.6 mmol) in 20 mL of dry THF
with custom written LabView-based software. was added during 5 min via syringe. The reaction was stirred

Nanosecond UV-Vis Time-Resolved Experiments.The overnight at 50°C under nitrogen atmosphere. The resulting

. - . precipitate was filtered out, washed with THF £ 20 mL)

i available. elscwierd. Bricfly. e ghird harmonic of o @1 5% NHCI (100 mL), and then air-died to provide pure
Continuum YAG:Nd" laser (354.7 nm) was used as an product: )
excitation source in all experiments. The laser was operated with ~ 1,4-Bis(4-tolylethynyl)benzene (4yvas prepared according
a repetition rate of 5 Hz, and the energy was kept between 0_5'_[0 the ge_neral procedure described above using 4-iodotoluene
and 3 mJ/pulse. Solutions (chloroform was used as a solvent inin 84% vield (10.2 g). EI-MS (70 eV)m/z307 (M" + 1), 306
all experiments) were pumped through a quartz flow cell with (M), 290, 289, 263, 153, 145, 126. Mp: 21819°C (lit. mp
three polished windows and with a flow rate of up to 150 mL/ 216 °C).?® Principle IR bands (solid, ATR, c): 3027 (w),
min. Transient UV~vis spectra were acquired every 10 nm in 2922 (w), 2860 (w), 1521 (s), 1410 (w), 1306 (w), 1265 (w),
a 330-820 nm spectral interval. 1212 (w), 1192 (w), 1121 (w), 1110 (w), 1035 (w), 1017 (w),

Ultrafast VIS Time-Resolved Experiments. A detailed 950 (w), 840 (s), 810 (s), 762 (w), 740 (w), 704 (w), 647 (W).
description of the home-built ultrafast VIS setup is available  1,4-Bis(2-[4-carboxyphenyl]lethynyl)benzenwas prepared
elsewheré? Briefly, frequency converted (340 nm) output from  according to the general procedure in 90% yield (13.1 g) using
Spectra-Physics Hurricane femtosecond laser was used ford-iodobenzoic acid. Mp:>300°C (dec). EI-MS (70 eV):m/z
excitation. Probe pulses were generated in a,@afstal and 366 (M), 349, 321, 276, 274, 183, 166, 152, 138. Principle IR
overlapped with the pump inside a sample flow cell. The bands (solid, ATR, cm!): 2840 (m, br), 1678 (s), 1603 (s),
solution (chloroform was used as a solvent in all experiments) 1556 (m), 1518 (w), 1490 (w), 1420 (s), 1314 (s), 1279 (s),
was degassed with Ar to avoid the formation of long-lived 1174 (s), 1100 (m), 1014 (m), 937 (m), 860 (s), 834 (s), 770
intermediates (over 1 ms) and pumped thioag2 mmthick (s), 692 (s).
Cak, flow cell with the flow rate of up to 150 mL/min. The 1,4-Bis(2-[4-phenyloxycarbonylphenyllethynyl)benzene (3)
absorption of the sample at the excitation wavelength was 0.8 was prepared according to the general procedure in 85% yield
1.0 (2 mm cell) and was constantly checked to ensure that the(17.5 g) using phenyl 4-iodobenzoate. EI-MS (70 e¥)z 518
decomposition of the starting material was less than 10%. (M%), 425, 304, 274, 207, 166. Anal. Calcd fogsH2,04: C,

DFT Calculations. DFT calculations were done using the 83.38; H, 4.28. Found: C, 83.40; H, 4.07. Mp: 25261 °C
Gaussian 98 packag®The geometries were optimized using (dec). Principle IR bands (solid, ATR, cr): 3070 (w), 3047
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(w), 1737 (s), 1590 (m), 1560 (w), 1518 (w), 1484 (m), 1402 was charged with ethyl esta (10.5 g, 31.9 mmol), PR{418

(m), 1265 (m), 1212 (m), 1176 (w), 1160 (m), 1145 (m), 1063 mg, 1.6 mmol, 5%), Pd@IPPh), (358 mg, 0.51 mmol, 1.6%),

(s), 1012 (m), 1000 (m), 912 (m), 854 (s), 840 (s), 754 (s), 738 140 mL of the dry EN, and 70 mL of the pyridine. To the

(s), 685 (s). resulting degassed suspension was added Cul (474 mg, 2.5
1,4-Bis(2-[4tert-butylperoxycarbonylphenyl]ethynyl)- mmol, 7.8%) followed by the addition of 3-methyl-3-butyn-2-

benzene (1)A mixture of 1,4-bis(2-[4-carboxyphenyl]ethynyl)- ol (3.5 g, 41.6 mmol). The reaction mixture was stirred under

benzene (7.7 g, 21.0 mmol), pyridine (3.32 g, 42.1 mmol), and hitrogen for 4 days under reflux. The reaction was monitored

oxalyl chloride (8 g, 63.0 mmol) in 100 mL of dry GBI, was by GC/MS. After each day a fresh portion of 3-methyl-3-butyn-

stirred for 24 h at ambient temperature. After that the reaction 2-0l (3.5 g, 41.6 mmol) was added to ensure complete

was concentrated to dryness under reduced pressure to providéonversion of the starting material. The solvents were then

1,4-bis(2-[4-chlorocarbonylphenyl]ethynyl)benzeng which evaporated under reduced pressure, the residue was dissolved
was sufficiently pure for the next step. EI-MS (70 eV)yz in a minimal amount of toluene, and the product was precipitated
402 (M, 2 CI), 367 (1 Cl), 304, 276, 274, 166, 152, 138, 125, by addition of a 2-fold excess of hexane. The product was
112, 100. filtered off, dissolved in a minimal amount of Ga&l,, and

The residue (above) was dissolved in dry £t (60 mL) passed twice through a small amount of the silica gel using

and cooled to 0C, and a solution ofert-butyl peroxide (6.1 g ~ CHzCl2 as an eluent. After that solvent was evaporated under
of 5—6 M solution in decane, 67.3 mmol) and pyridine (6.7 g, "educed pressure to afford 9.2 g (87%) of the pure alcohol.
84.7 mmol) in dry CHCI, (30 mL) was added dropwise during Mp: 128-129 °C. 'H NMR (300 MHz, CDC}): ¢ 8.03
15 min under argon. The reaction mixture was stirred for 4 h (AA'BB’, apparent dj = 8.4 Hz, 2H), 7.58 (AABB', apparent
on an ice/water bath and then was left overnight. After that the d: J = 8.7 Hz, 2H), 7.48 (AABB', apparent d,J = 8.7 Hz,
reaction mixture was washed sequentially with cold water and 2H). 7.41 (AABB', apparent dJ = 8.4 Hz, 2H), 4.39 (qJ) =
5% NaHCQ, dried over NaSOs, and concentrated under /-2 Hz, 2H), 2.04 (br s, 1H), 1.41 (8 = 7.2 Hz, 3H).%C
reduced pressure. The residue was passed through a small laydVMR (75 MHz, CDC}): 6 166.0, 131.6, 131.5, 131.4, 130.0,
of silica gel using a mixture of hexane/@E, (1:1) as an eluent, ~ 129.5, 127.6, 123.2, 122.5, 96.0, 91.8, 90.3, 81.7, 65.6, 61.1,
the solvents were evaporated under vacuum, and the crude31-4, 14.3. Principle IR bands (solid, ATR, cHt 3360 (w),
product was dissolved in 25 mL of dry GEl,. The slow 2985 (W), 1710 (s), 1596 (m), 1512 (m), 1466 (m), 1406 (m),
addition of 60 mL of hexane afforded the precipitation of pure 1364 (m), 1267 (s), 1150 (s), 1098 (s), 1016 (m), 960 (m), 860
product, which was filtered off, washed with hexane, and (S), 840 (s), 764 (s), 697 (s).
vacuum-dried. Yield: 47% (5.0 g). EI-MS (70 eV)wz 510 44 2-[4-(1-Ethynyl)phenyl]-1-ethynyl} benzoic Acid (2c).A
(M1), 421 (M" — t-BuOO), 366, 349, 322, 304, 276, 166, 152, mixture of ethyl 4{2-[4-(3-hydroxy-3-methyl-1-butynyl)-
138. Anal. Calcd for GH3¢006: C, 75.28; H, 5.92. Found: C, phenyl]-1-ethynylbenzoate (4.9 g, 14.7 mmol), 3.4 g of KOH,
75.47; H, 5.861H NMR (300 MHz, CDQ.Clp): ¢ 7.9 (d,J = and 50 mL of n-BuOH was stirred fo 2 h under reflux
8.7 Hz, 4H), 7.6 (d) = 8.7 Hz, 4H), 7.6 (s, 4H), 1.4 (s, 18H).  conditions. The reaction was then cooled to ambient temperature,
13C NMR (50 MHz, CDC}): o 163.8, 131.7, 129.1, 128.1, and the resulting precipitate was filtered out, washed with water
127.1, 122.9, 92.2, 90.5, 84.1, 26.3. Principle IR bands (solid, and cold EtOH, and vacuum-dried to provide 4.2 g (100%) of
ATR, cm™): 2980 (m), 2930 (w), 2212 (w), 1750 (s), 1600 the pure potassium salt @t, which upon acidification with 2
(s), 1516 (m), 1476 (w), 1408 (m), 1386 (w), 1364 (m), 1309 N HCI provided the corresponding carboxylic acif NMR
(W), 1284 (w), 1231 (s), 1192 (s), 1174 (s), 1144 (s), 1050 (s), (300 MHz, DMSO#s): o 7.97 (d,J = 8.4 Hz, 2H), 7.654 =
1030 (s), 1012 (s), 870 (m), 844 (s), 830 (s), 757 (s), 670 (S). 8.7 Hz, 2H), 7.60 (AABB', apparent dJ = 8.4 Hz, 2H), 7.54
Ethyl 4-[2-(4-Bromophenyl)-1-ethynyl]benzoate (2a)To (AA'BB', apparent dJ = 8.4 Hz, 2H), 4.40 (s, 1H). EI-MS
a degassed solution of ethyl 4-iodobenzoate (15.0 g, 54.3 mmol)(70 eV): m/z 246 (M), 229, 200, 174, 150. Principle IR bands
and PdCJ(PPh), (133 mg, 0.19 mmol, 0.35%) in 100 mL of  (solid, ATR, cn1?): 3270 (s), 2821 (m, br), 1673 (s), 1605 (s),
dry THF and 50 mL of dry triethylamine was added Cul (103 1580 (w), 1560 (w), 1536 (w), 1490 (w), 1425 (m), 1404 (m),
mg, 0.54 mmol, 1%). The resulting mixture was degassed for 1318 (m), 1280 (s), 1172 (m), 1100 (m), 1015 (m), 930 (m),
5 min, and a solution of 1-ethynyl-4-bromobenzene (9.8 g, 54.3 857 (m), 830 (s), 770 (s), 690 (m).
mmol) in 15 mL of dry THF was added dropwise for 15 min. Phenyl 4{2-[4-(1-Ethynyl)phenyl]-1-ethynyl} benzoate (2d).
After the addition was complete, the reaction mixture was stirred A stirred suspension of the potassium salt2of(4.0 g, 14.1
overnight at 4550 °C. Then the reaction mixture was mmol) in 70 mL of dry CHCI, was cooled on the ice bath,
concentrated to dryness under reduced pressure and the residugnd oxalyl chloride (3.8 g, 30 mmol) was added. One drop of
passed through a small layer of silica gel using.CHas an  DMF was added to initiate the reaction. The mixture was stirred
eluent. Recrystallization from ethyl alcohol yielded 16.1 g (90%) for 1 h at 5°C, the cooling bath removed, and stirring continued
of pure product, Mp: 112113 °C. 'H NMR (300 MHz, for 1 h at ambient temperature. The reaction mixture was
CDCly): ¢ 8.03 (AABB', apparent dJ = 8.4 Hz, 2H), 7.57  concentrated until dryness under reduced pressure, and the
(AA'BB’, apparent d) = 8.4 Hz, 2H), 7.50 (AABB', apparent  residue was dissolved in 100 mL of dry @El, with the solution
d, J = 8.7 Hz, 2H), 7.40 (AABB', apparent dJ = 8.7 Hz, cooled on an ice bath. A solution of phenol (3.8 g, 40 mmol)
2H), 4.38 (g, = 7.2 Hz, 2H), 1.40 (tJ = 7.2 Hz, 3H).1*C and pyridine (3.2 g, 40 mmol) in 15 mL of dry GBI, was
NMR (75 MHz, CDCF): 6 165.9, 133.1, 131.8, 131.7, 131.4, added dropwise over 30 min. The reaction was then stirred for
130.1, 129.5, 127.4, 123.0, 121.7, 91.1, 89.8, 65.6, 61.1, 14.3.2 h at 5°C and left at room-temperature overnight. The resulting
Principle IR bands (solid, ATR, cm): 2985 (w), 2210 (w),  solution was quenched with ice/water, and the organic layer
1711 (s), 1604 (s), 1511 (m), 1480 (m), 1450 (m), 1400 (W), was separated, dried over ), and passed through a small
1385 (w), 1365 (s), 1267 (s), 1160 (m), 1090 (s), 1067 (M), amount of silica gel using C}€l, as an eluent. Recrystallization
1002 (s), 855 (s), 818 (s), 760 (s), 694 (s). from the acetone/hexane (1:2) system yielded 2.7 g (59%) of
Ethyl 4-{2-[4-(3-Hydroxy-3-methyl-1-butynyl)phenyl]-1- pure esterH NMR (300 MHz, CDC}): 6 8.17 (AABB',
ethynyl} benzoate (2b) A two-neck 300 mL round-bottom flask  apparent dJ = 8.1 Hz, 2H), 7.78 (AABB', apparent d,) =
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8.4 Hz, 2H), 7.63 (AABB', apparent d) = 8.47 Hz, 2H), 7.55 CHART 1: Structures of the Compounds 1-4

(AA'BB', apparent dJ = 8.1 Hz, 2H), 7.48 (m, 2H), 7.31 (m, o = _ . 0

2H), 7.60 (AABB', apparent dJ = 8.4 Hz, 2H), 7.54 (AABB', N )= =\

apparent dJ = 8.4 Hz, 2H), 4.39 (s, 1H). EI-MS (70 eV)z >(°‘° °‘°7<
322 (M), 229, 200, 174, 150, 100. Principle IR bands (solid, 1

ATR, cm1): 3270 (s), 3066 (w), 3040 (w), 1740 (s), 1590 (m),

1490 (m), 1400 (m), 1265 (m), 1212 (m), 1160 (w), 1068 (s), o /= = = 0

1015 (m), 998 (m), 912 (m), 855 (m), 837 (s), 758 (s), 735 (s), N\ 7 — N7 - \/

685 (s), 642 (m), 623 (m). @ ) 7<
4-(2{ 4-[2-(4-Phenyloxycarbonylphenyl)-1-ethynyl]phenyl-

1-ethynyl)benzoic Acid (2e).To a carefully degassed mixture

of 4-iodobenzoic acid (1.7 g, 6.9 mmol), PP{16 mg, 0.06

mmol, 1%), PdGAPPh), (44 mg, 0.06 mmol, 1%), 35 mL of SN N o Y e N
the dry EgN, and 80 mL of the dry THF was added Cul (71 g \ 7/ — 7/ — 7 o
mg, 0.037 mmol, 6%). The resulting mixture was degassed for @ 3 @
5 min, and a solution of phenyl ester (2 g, 6.2 mmol) in 10 mL

of dry THF was added dropwise during several minutes. The
reaction was stirred overnight at 5@, and the resulting

precipitate was filtered out, washed sequentially with THF (2 —@ = \_/ = @
x 20 mL) and 5% NHCI (100 mL), and then vacuum-dried to
provide 2.1 g (77%) of the pure product. Principle IR bands 4

(solid ATR, cnt1): 3030 (m, br), 1740 (s), 1700 (w), 1590 .

(m), 1490 (m), 1400 (s), 1266 (s), 1215 (s), 1176 (s), 1158 (s), benzene was 1,4-bis(4-phenyl phenylethynyl)benzene. The

1072 (s), 835 (s), 760 (s), 690 (S). infrared spectra of 350 nm irradiated solutionslgfbq = 0.6)
tert-Butyl 4-(2-{ 4-[2-(4-phenyloxycarbonylphenyl)-1-eth- and 2 in chloroform showed depletion of the ground-state

nvilohenvi} -1-ethvnvperoxvbenzoate (2)The mixture of absorption in the carbonyl region and the formation of an intense
gci)ii]ge (OYS}g 1_1ym¥32|) p))lridine (0.1§ é 1.4 mmol), and band at 2335 cmt attributed to carbon dioxide (Figure S1 in

oxalyl chloride (0.16 g, 1.3 mmol) in 100 mL of dry GEl, SL_lpporting Information). Optically dilute solutions bf3, and
was stirred for 24 h at ambient temperature. After that the 4 in chloroform were used to measure fluorescence quantum
reaction was concentrated to dryness under reduced pressurd€lds. The values obr_ were 0.95+ 0.05 for4, 0.82+ 0.05

to provide 4-(2f4-[2-(4-phenyloxycarbonylphenyl)-1-ethynyl]-  TOf 3, and~0.03 for 1.

: ; . Nanosecond Time-Resolved Infrared Spectralhe transient
heny}-1-ethynyl)benzoyl chloride2f), which was sufficientl | ! :
Bure )]%r the r¥e>¥t)step. y y FTIR (TRIR) spectra ofl and2 obtained with nanosecond time

The residue from the previous step was dissolved in dry resolution are shown in Figure 1. Common features to both are

: the bleaching of the ground state at 1750 énthe transient
CHCI; (50 mL) and cooled to OC, and a solution ofert- . .
butyl peroxide (0.34 mL of 56 M solution in decane, 1.9 band around 2112 cm, and the formation of an absorption at

1 o o
mmol) and pyridine (0.14 mL, 1.7 mmol) in dry GEI, (30 2335 cml. Carbon dioxide is one of the anticipated products

f : f peroxy ester decomposition. Intense absorption of @O
mL) was added dropwise over 15 min under argon atmosphere.o - o
The reaction mixture was stirredrfd h on theice/water bath CHC.:I‘” afpt[?]earzssgé 23315bcn’1,dun§mb|gléou;Iy cc;]nfirrlmn_g ;?fe
and left overnight on a cold water bath. After that the reaction origin of the 2355 cm- band observed ater photolysis
mixture was washed with cold water and 5% NaHC@ried and2. The origin of the peak at 2112 crhwill be discussed
over NaSOy, and concentrated under reduced pressure. Thelatﬁr' tive t ient sianals in Fi 1 d to th
concentrated solution was flash-chromatographed through silica €gative transient signals in Figure L correspond 1o he
gel using a hexane/GEl, gradient mixture as an eluent ground-state depopulation (bleaching). Immediately after the

. . O v laser flash at 355 nm with the energy of 1.5 mJ, the bleaching
gf;‘féczi;ggg): pgr’eY%r.%(él;Jc;’lnsi)g./ogéilgd(:o.(l:? %?ﬁnaﬁaag:ﬁcj for signal at 1755 cm! in 1 and 2 grew in within the response
NMR (300 MHz, CDC}): ¢ 8.2 (d,J = 8.7 Hz, 2H), 7.95 (d,
J=8.7 Hz, 2H), 7.7 (dJ = 8.7 Hz, 2H), 7.65 (d) = 8.7 Hz,
2H), 7.59 (s, 4H), 7.46 (1 = 7.5 Hz, 2H), 7.31 () = 7.5 Hz, 3
1H), 7.24 (d,J = 7.5 Hz, 2H).23C NMR (75 MHz, CDC}): ¢ 51
164.2, 163.3, 150.8, 131.52, 131.46, 131.43,129.8, 129.2, 129.0:’;'
128.8, 128.0, 127.8, 127.1, 125.7, 122.8, 122.7, 121.4, 91.83,
91.78, 90.2, 90.1, 83.7, 25.7. Principle IR bands (solid, ATR,
cm™1): 2980 (w), 2933 (w), 2220 (w), 1750 (s), 1733 (s), 1600
(m), 1520 (w), 1490 (m), 1400 (m), 1366 (m), 1260 (s), 1230
(s), 1190 (s), 1176 (s), 1050 (s), 1015 (s), 910 (w), 850 (s), 837
(s), 755 (s), 745 (s), 727 (s), 687 (S).

3

LY
L

A A, a.u.

Results

Steady-State Photolysis and Fluorescence Experiments.
The structures of compounds studied are shown in Chart 1. The g0 1700 1800 1500 2000 2100 2200 2300 2400 2500 2600
photolysis ofl in carbon tetrachloride led exclusively to the Wavenumber, cm”

formation of 1,4-bis(4-chlorophenylethynyl)benzene, while the Figure 1. Time evolution of transient FTIR spectrabnd2 acquired
major photochemical product of photodecompositionlah after 355 nm laser pulse.

2
3
2
1
04,
1
2
3
1
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TABLE 1: Kinetics of IR Bands in 1 and 2 Monitored by

Time-Resolved Infrared Spectrometry after a 355 nm Laser o4 A A
Pulse 3, \
«
kinetics of IR bands (ns) <, I\ BVAVES \ P\ A
compd 1710 cmt 1750 cntt 2112 cntt 2335 cnt? 2 v/ \V//
1 formation <30 <30 400+ 45
decay 370+ 20 80 N
2 formation 186+ 25 <30 <30 220+ 20 a e B /\
decay 170k 30 e / \
< 0
time of the experimental system and did not recover within the » A\ /
time window of the experiment (ca. 28). This instantaneous, oM —\/ \ /
nonrecoverable bleaching signal is consistent with the presence 800 150 1600 fe0 70 1750 fe0 1650 100
of a fast photochemical channel irreversibly consuming the Wavenumber, em

ground-state population. No ground-state bleaching was ob- Figure 3. Time-resolved FTIR spectrum &f(A) acquired 1us after
served in the model compouriunder the same excitation the 355 nm laser pulse and the ground-state absorption spectr@m of
conditions at the laser pulse energy of 1.5 mJ. B)-

The kinetic parameters of the observed IR transients are TABLE 2: TRIR Data Obtained after Flash Photolysis of 3
summarized in Table 1. The in-pulse formation of the 2112%cm  with a 355 nm Laser Pulse
transient was followed by its decay with a lifetime of 370 ns

transient, crn* type lifetime,us
for compoundL and 170 ns foR. The decay of the 2112 crh 1735 recovery of GS bleaching 5 80051
transient was concomitant with the formation of the 2335&m 1604 recovery of GS bleaching 5310.92

band corrgsponding Fo the absorption of. car'bon dio'xide (see 1712 transient decay 515025
Figure S2 in Supporting Information for kinetics details). The
lifetimes and amplitudes of the 2112 chtransient were  TABLE 3: Transient Absorption Maxima and Lifetimes of

identical in experiments with argon-saturated and oxygen- g‘ﬁ 'tfrlaln$ienftleb§e§ved after 355 nm Laser Flash
saturated solutions. otolysis of 1 an

A closer look at the bleaching of ground-state absorption in abs max, max amplitude, lifetime, us
2 (Figure 2) and a comparison to its ground-state spectrum (seecompd nm oD Arsaturated  @saturated
also Figure S4 in Supporting Information) reveals that only the 1 575 0.008 0.35 0.04 0.100+ 0.003
band corresponding to the absorption of the carbonyl group 21.4+04
attached to peroxide moiety is bleached indicating that the 3 593 0.065 87.861.2  0.099+ 0.006
peroxy ester moiety of is the only reactive site under the
experimental conditions. observed for both compounds. The wavelengths of the transient
To compare the transient behavior af and 2 to the absorption maxima and lifetimes of the transients are reported
chemically stable model compouidd TRIR spectra o3 after in Table 3. Notably the transient signals observed after the

355 nm laser pulse were recorded. In Figure 3, the transientphotolysis ofl decay biexponentially with a short component
spectrum of3 acquired 1us after 355 nm laser flash is shown of 350 ns similar to the decay rate of the 2112 ¢érransient
together with the ground-state absorption spectrum. An in-pulse (370 ns) observed in the TRIR experiment. On the other hand,
bleaching of the ground-state absorption at 1735 and 1604 cm transients observed after the photolysis of mo8lelecayed
was accompanied by the appearance of transient absorptiormonoexponentially with a lifetime of about 9. The transient
bands at 1712 and 1580 cfn The transient absorption bands absorption lifetimes observed in experiments vattas well as
decayed with a lifetime similar to that of the recovery of the the long component of the transient in the caselofvere

ground-state bleaching (Table 2). significantly shortened upon saturation of the solutions with
Nanosecond UV-Vis Transient Absorption Spectrometry. oxygen (Table 3). The short component of the transient
UV —vis transient absorption (TRUV) spectra band 3 were absorption decay df was quenched with the addition of radical

acquired after a 355 nm laser pulse with nanosecond time scavenger acrylonitrile.
resolution (Figure 4). A broad intense band around 550 nm was

1.2
1.0 Qud
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3 3 08
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b} N 04 Je \
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202 £
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Wavenumber, cm’ Wavelength, nm
Figure 2. FTIR spectrum of the ground-state absorptior2qfine) Figure 4. Normalized transient spectra of argon saturated GHCI

and (inverted) time-resolved FTIR spectrum of the ground-state decay solutions of compounds (open circles) an@ (solid squares) acquired
(circles) acquired after 100 ns after the 355 nm laser pulse. 3 us after the 355 nm laser pulse.
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Figure 5. VIS transient spectra df (dot), 3 (dash-dot), and4 (solid) {----170ps Cc
acquired 2 ps after the 340 nm laser pulse.
TABLE 4: Transient Absorption Maxima and Lifetimes of
the Transients Observed in Ultrafast Experiments with 1, 3,
and 4
compd abs max, nm lifetime, ps — T T T T T T T 1
1 650 > 775 0.02 450 500 550 600 650 700 750
3 658 632+ 16 . . Wavelength, nm .
4 634 570+ 44 Figure 6. VIS transient spectra df, 3, and4 acquired after the 340

nm laser pulse.

Ultrafast Spectra. Ultrafast VIS transient absorption spectra  ~aART 2: Structures of the Radical Intermediates G
of 1, 3, and4 are shown in Figure 5. The common spectroscopic 44 6) Fo'rmed after Photolysis of 1 and 2

feature for each is a sharp, intense band around 650 nm tailing

into the blue region of the spectruti;ax = 650 nm forl, 658 Q _ __

nm for 3, and 634 nm fo#. The observed transient absorption o-d N\ /

signals formed within the response time of the instrument (ca.

120 fs) and decayed monoexponentially with the lifetimes of

2.77+ 0.02 ps forl, 632+ 16 ps for3, and 570+ 44 ps for

4. The spectral and kinetic data are summarized in Table 4. On (o) —

the basis of the kinetic behavior of these peaks (vide infra), the \ / —

transient absorption near 650 nm was assigned to the excited 0o

singlet state of the bis(phenylethynyl)benzene chromophore.
The temporal evolution of the transient absorption spectra

measured after 340 nm excitation of compoufds, and4 is

shown in Figure 6. Compoundsand4 showed decay of the

650 nm transient with no consequent formation of any transient

absorption in the spectral window of the instrument, and only

model compoun® contained another band at 600 nm formed

concomitantly with the decay of the 650 nm band. The kinetics

of the formation of the 600 nm absorption was not available

since it overlapped substantially with the blue shoulder of the

658 nm peak.

- -0

appearance of the carbon dioxide peaklircomparing its
behavior with that of model compounds. As expected, photo-
chemically stable modé shows no transient absorption around
2335 cntl. TRIR spectra ofl and2 each evidence the carbon
dioxide peak as well as a transient absorption band centered at
2112 cmtl. The analysis of kinetic traces at 2112 and 2335
cm~! (Figure 1 and Table 1) revealed that, in batand?2, the
decay of the transient signal at 2112 ©hwas accompanied
by a concomitant growth of the peak at 2335 ¢mThis
suggests that the transient absorbing at 2112'cim an
According to the commonly accepted mechanism of peroxide immediate precursor of carbon dioxide. Neither the amplitude
photodecomposition, initial excitation results in rapid cleavage nor the decay time of the 2112 ctransient signal changed
of the oxygenr-oxygen bond accompanied by loss of the when the solution was purged with oxygen instead of argon.
carboxyl moiety forming carbon dioxide and the corresponding This argues against assigning this peak to the triplet excited
alkyl or aryl radical. Monitoring the formation of the carbon state or a carbon-centered radical, suggesting instead the
dioxide allows one to establish a time frame for the photo- presence of an oxygen-centered radical. On the basis of this,
reaction and recognize two distinct stagesseries of early time  we assign the transient species absorbing at 2112 ¢onthe
events involving the formation of excited states and short-lived carbonyloxyl radicals § and 6; see Chart 2) of bis(phenyl-
transient species and a later stage that corresponds to thethynyl)benzene.
evolution of the decarboxylated intermediates leading toward We assign the frequency of 2112 cthin 5 and6 to stretching
the final products. vibrations along the triple acetylene bond. While the ground-
Radical Intermediates Observed after Photolysis of Peroxy ~ state spectra of and 2 as a concentrated solution in CHCI
Esters. In TRIR experiments, we followed the kinetics of the show a weak band around 2200 chcorresponding to the

Discussion
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TABLE 5: Calculated Parameters of 4-Phenylethynylene
Carbonyloxyl Radical of Different Symmetry and
4-Phenylethynylene Carboxylic Acid

energy of IR freq of
the molecule, —C=C— IR intensity
kcal/mol bond, cn1t of —C=C—
sym relative to?B, (scaled by 0.98) bond
2B, 25.7 2126 998
A, 14.0 2217 83
2Aq 10.6 n/a n/a
B, 0.0 2217 107
acid (closed shell) n/a 2220 42

—C=C- stretch (Figure S3 and Figure S4 in Sl), the 100°&m
red shift of the triple bond absorption in the aroyloxyl radical
compared to the ground state indicates delocalization of the
unpaired electron through the 1,4-bis(phenylethynyl)benzene
chromophore sufficient to reduce the bond order of the triple
bonds.

DFT calculations of the representative fragmenba@ind6,
4-phenylethynylene carbonyloxyl radical, were performed to
analyze the electronic structure of the transient species observed.
According to previous studies of aroyloxyl radicals, the lowest
energy structure of these radicals would be expected to haverig,re 8. Optimized geometry of théB; and 2B, states of the
2B, orbital symmetry corresponding tocatype radicaf’ The 4-phenylethynylene carbonyloxyl radical and 4-phenylethynylene car-
free electron density in this radical is localized solely on the boxylic acid.
carboxy group and therefore has no ability to communicate with .
the 7-system of the chromophore. DFT (UB3LYP 6-31G*) CHART 3: Hybrid Resonance Structure of 5 and 6
studies of the 4-phenylethynylene carbonyloxyl radical have Peémonstrating Delocalization of the Free Electron
shown that four possible structures of different orbital symmetry o _ — 0
can exist (Table 5). The lowest energy structure posséBses TR LT R <
symmetry with the free electron occupyingrbital on carboxy
group (Figure 7). However, the vibrational analysis shows no
—C=C- frequency shift in théB, state compared to the closed
shell system (Table 5).

An analysis of 4-phenylethynylene carbonyloxyl radical
possessingB; symmetry revealed that the triple bond stretch
shifted about 100 cmt to the red and the amplitude of this
vibration increased (Table 5). These results correlate well with
the experimental data obtained with the TRIR setupSfand
6. The symmetry of théB; state determines the nature of
the radical, indicating that electron density of the single electron
is delocalized through the whotesystem of the chromophore

X = -0-0O-tBu; -O-Ph

The?A, state of 4-phenylethynylene carbonyloxyl radical also
hassz nature. However, it does not demonstrate the reduction
in the triple bond order (Table 5). The?A; was found to have
an unstable configuration with respect to decarboxylation of the
radical since several imaginary frequencies were found for this
geometry. All efforts to find a stable configuration of tPé&;
led to convergence to tH8; or a failure to find a minimum in
potential energy.

A bond length analysis shows an increase in the triple bond

. length and decrease in bond lengths of the adjacent single bonds
(Figure 7). The metastabi®; geometry can be accessed after compared to the closed-shell analogue (carboxylic acid) for the

excitation of the starting material since it brings about an excessp ical onlv. The’B ical . his eff
of 85 kcal/mol of energy while only 30 kcal/mol is needed to (Filgﬁgl(ga)‘ only. The’B, radical does not evidence this effect

break the oxygeroxygen bond. On the basis of the observed structural changes in the
phenylene-ethynylene chromophore upon formation of #8g
252 ‘t * aroyloxyl radical, a cumulene-like structure (Chart 3) can be
proposed. The fully developed cumulene structure would be
expected to have an intense absorgtamound 1950 cm which
places the structure &and6 between localized acetylene and
completely cumulene structures.

The effect of an unpaired electron on the bis(phenylethynyl)-
benzene chromophore appears to be similar to the electronic
excitation of the parent molecule to the singlet excited state. A
similar shift (from 2217 cm? in the ground state to 2128 cth
in S;) was observed in the absorption of theC=C— bond
upon excitation to §as measured by time-resolved resonance
Raman spectroscopythis shift was attributed to the partially
reduced triple bond order in; S

Triplet Excited State of the 1,4-Bis(phenylethynyl)benzene
Chromophore. Regardless of the photochemical stability3of

Figure 7. SOMO of 2B, and 2B, states of the 4-phenylethynylene @ ground-state bleaching signal was anticipated due to the
carbonyloxyl radical. formation of excited states. The increase in laser power from
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TABLE 6: FTIR Vibrational Frequencies of 3 in the
Electronically Ground and in the Lowest Triplet Excited 1.0 o
7\

States

J
00
0.5 \
/‘d o‘%
2|R frequencies measured in steady state and time-resolved FTIR 03 000 'b?
experiments? IR frequencies calculated with B3LYP/6-31G(d) level/ A) \\_
basis set and scaled by factor 026 Carbonyl stretch? Phenyl G-C 0.0 _9096< o°
stretch.® The direct observation of the phenyHC stretch in the triplet ]
excited state was not possible due to limited spectral window of the

0.3
TRIR setup. 400 450 500 550 600 650 700 750
Wavelength, nm

1.5 to 5 mJ/pulse allowed the observation of a bleaching of the Figure 9. Spectral overlay of the {F-T, transient absorption bands
ground state at 1735 crh together with a new transient acquired 1.3 ns (line, from ultrafast experiment) angs3(circles,
absorption band red shifted by ca. 20 @ngFigure 3). Also, a  nanosecond experiment) after excitation3of

bleaching at 1604 cmi corresponding to the ground-state
absorption band associated with the C stretch of the phenyl

electronic state obsd fréqgm 1 caled frefcm 1

ground state (§ 1735¢ 1610 1750¢ 1590
triplet state (T) 1712¢ 1728¢ 1503
spectral shift (TS- GS) 23 —22¢—-8m

Normalized absorbance, a.u.

ring?® was observed. Bleaching and absorption returned to thedeconvpluteo_l spectrum 0b demonstrates _broad transient
absorption with maximum above 800 nm, typical for aroyloxyl

baseline with a similar time constant (Table 2). The transients radicals. The absorption &fis considerably lower than that of

observed in TRIR experiments W|mere assigned 0 thg triplet . the triplet state indicating that extinction coefficient of the latter
state absorption on the basis of their spectral and kinetic behavior;

and DFT calculations. A calculated shift (23 thp of the 's significantly h_|gher than thét of the radical. )
carbonyl group vibration from the ground to the lowest triplet ~ Ultrafast Studies of the Excited States of 1,4-Bis(phenyl-
excited state agrees well with the experimental data (Table 6). 8thyny)benzene Chromophore.Ultrafast VIS spectra of,

Notably, the predicted shift of the phenyl-C stretch is four ~ 3 and4 are similar, featuring a characteristically sharp band
times greater than that of the carbonyl vibration shift. This around 650 nm and a slight red shift as the conjugation increases

indicates an electron density in the triplet excited state is due to the addition of more electron rich substituents (Figure

delocalized mostly through the central bis(phenylethynyl)- 5) The similar transient spectra ﬂ),f3, and4 indicate that the

benzene chromophore partially reducing the bond order (energy)®50 nm absorption band is due to the excited state of the
of the C-C bond and driving the infrared absorption to lower chromophore rather than absorption of photodecomposition

frequencies. The carbonyl groups are involved in the overall Products ofl, since3 and4 possess little reactivity under the
energy redistribution and show the red shift of the absorption &XPerimental conditions.

due to a partial electron donation from the central chromophore. ~ The 650 nm absorption forms faster than 100 fs and decays,
This observation supports the conclusions drawn previously in the case of4, with a lifetime similar to that reported
about redistribution of the electron density in compounds previously for fluorescence decay of 1,4-bis(phenylethynyl)-
containing bis(phenylethynyl)benzene chromophore leading to benzené*’suggesting assignment to the absorption of the singlet
the formation of a cumulene-like structure®. excited state.

The lifetime of the triplet state observed by TRIR was  The addition of the peroxide functionality to the bis-
significantly shorter than the lifetime measured in the TRUV (phenylethynyl)benzene core)(has a small effect on the
experiment. The intrinsically lower extinction coefficients in maximum position but dramatically changes the lifetime of the
the infrared region of the spectrum compared to the VIS region singlet exited state, decreasing it about 200 times compared to
require higher concentrations of the transient species (e.g. highe. Thus, the rupture of the weak oxygeaxygen bond inl
concentrations of the starting materials and higher laser power),causes a drastic change in the observed lifetime oA&ord-
thus increasing the probability of the bimolecular interactions ingly, oxygen-oxygen bond cleavage is the dominant pathway
such as triplettriplet annihilation. for deactivation of the singlet excited-state populatiod af a

Time-resolved UV-vis (TRUV) spectra ofl. and3 (Figure rate of 3.6x 10M s
4) show a common broad transient around 550 nm. A substan- The time evolution of the transient absorption3rshows
tially longer lifetime and sensitivity to dissolved oxygen (Table that species absorbing at 600 nm are the direct successors of
3) unambiguously suggest its assignment to the triplet excited the singlet excited state (Figure 6). Direct comparison of the
state of the bis(phenylethynyl)benzene chromophore. transients detected in ultrafast experiments with spectral data

The transient absorption band acquiredfoesembles mostly ~ obtained on the longer time scale clearly show that species
the spectral features & with no additional transients corre- detected 1.3 ns and s after the laser pulse have the same
sponding to the absorption of radical species. Due to the spectralorigin (Figure 9).
overlap, the triplettriplet excited-state absorption can be Mechanism of Decomposition of 1No distinctive signal
distinguished from the absorption of radical species on the basisassociated with triplet excited-state absorption was observed on
of the difference in transient behavior between peroxy ekter the ultrafast time scale ifh though the rate of the intersystem
and model3 (see the kinetic data in Table 3). The transient crossing inl is expected to be similar to that 8f(2.8 x 10
absorption after photolysis df decays biexponentially with a  s71). The only two channels of the excited-state deactivation in
short-lived component similar to that of the aroyloxyl radical model compound are assumedthe fluorescence and inter-
measured in the TRIR experiment and another componentsystem crossing to the triplet excited state. The fluorescence
similar to lifetime observed i8. The sensitivity of short-lived guantum yield measured f& was 0.82. Thus, the quantum
transient to the radical quencher, acrylonitrile, supports the yield of the triplet state formation i (®1) is 0.18. The rate of
assignment of this component to the carbonyloxyl radical. The the intersystem crossing can be calculated from the observed



Photodecomposition of Peroxides J. Phys. Chem. A, Vol. 110, No. 15, 2008977

K'\sc labeling experiments by Taylor et&demonstrated that thermal
ST, decomposition of acetyl peroxide was followed by recombina-
tion of acetoxy radicals within the solvent cage yielding 38%
of the initial peroxide. Viscosity dependence studies have also
T, confirmed a significant contribution of the cage recombination
to the decomposition rate of perfluorinated acyl peroxides.
ko We monitored the disappearanceldh hexane and mineral
hv oil (Nujol) solutions by IR spectroscopy after irradiation with
ke Geminate radical pair 325 nm light. The photodecomposition quantum yieldlah
hexane (viscosity 0.3 cP) was found to be twice that in Nujol
ke (viscosity= 67 cP). The similar polarities of hexane and Nujol
ensure that polarity effect is eliminated. The dependence of
Stationary products photodecomposition quantum yield @fon viscosity clearly
Figure 10. Energy level diagram showing the excitation enerim ( dempnstrates _the significance of cage effect in recovery of the
redistribution in1. The rate constants are labeled as follovksi, starting material.
fluorescenceKsc, intersystem crossing from higher singlet excited ~ Studies of the dissociation dynamics of small molecules show
state;kisc, intersystem crossing from; State;kp, dissociation of the that primary recombination of the geminate radical pair can
oxygen-oxygen bondks, recombination of the geminate radical pair.  occur as fast as several hundreds of femtosec¥hahkich is
significantly faster that diffusion rate~(10'° s71) and rate of
the decarboxylation of the aroyloxyl radicat$ x 10 s™1).
1 We, therefore, assume that recombination of the radicals within
Kisc = PrKops= 2.8 x 10°s the solvent cage successfully competes with diffusion and
decarboxylation resulting in only 60 % of dissociated molecules

Assuming that the triplet state ihis formed exclusively from  t5 escape the solvent cage while the remainder recombines to
the § the quantum yield of the triplet state formationlircan give vibrationally excited ground state.

be found as

kISC

S1 A —

C—

Sy =

rate of the singlet excited-state decéyn{= 1.58 x 10° s 1):

Conclusions
@' = kg/K ops= 0.8 x 10°°
The addition of peroxy ester functionality on 1,4-bis-

whereK gpsis the observed rate of the singlet excited-state decay (phenylethynyl)benzene termini dramatically increases the rate

in 1 of singlet excited state decay, due to extremely fast cleavage
Thus the ratio of the quantum yields of the triplet state Of the peroxy bond (3.6 10'*s™) leading to the formation of
formation in3 relative to1 is: aroyloxyl radicals. The infrared spectrum of these radicals shows
red shift in the triple bond vibration frequency compared to the
@,/®'; =225 ground state which is indicative of a decrease in-t{e=C—

bond order due to redistribution of the electron density. This

However, the ratio of the amplitudes of-¥T,, absorption clearly shows that the unpaired electron is partially delocalized
obtained from nanosecond TRUV experiments (see Table 3)through the conjugated backbone of the chromophore and brings
with 3 and1 only equals 1/8 (0.08/0.65). This suggests another Some cumulene-like character to the structure causing changes
channel for the formation of the triplet excited state in addition Similar to electronic excitation of the parent chromophore. The
to intersystem crossing from the, State. Biswas et afl in DFT calculations reveal that observed shift takes place only
studies of bis(phenylethynyl)benzene and its analogues, sug-for radicals possessirf@: symmetry, while radicals with other
gested the presence of several low-lying singlet states accesse@ymmetries 1B, ?A) as well as closed-shell analogues do not
by the excitation pulse. On the basis of steady-state and time-demonstrate this shift.
resolved fluorescence measurements, the authors proposeda S  The proposed photodecomposition mechanism is based on
T,— T population pathway for the lowest triplet state. The same the rates of photophysical and photochemical channels and
approach can be used to explain the energy flow betweeninvolves an additional population channel of the 1,4-bis-
electronic levels inl (Figure 10) resulting in the higher ratio  (phenylethynyl)benzene triplet excited state from the upper
of the triplet state quantum yields thand 3. singlet states.

Finally, we discuss the quantum efficiency of the photo-  The significant influence of recombination of radical species
chemical channel id. The ratio of the quantum yields of the  formed within the solvent cage was observed from the estimated

triplet state formation in3 (®1) relative to 1 (®'y) was quantum efficiencies of O—O— bond cleavage and confirmed
determined from nanosecond TRUV experiments as the ratio experimentally by measuring photodecomposition quantum
of the amplitudes of the triplet state absorptidn(®'t = 8). yields in solvents of different viscosities. This observation was

The value of®t was found to be 0.18 (see above); thus, the found to be consistent with formation of a singlet diradical pair
@'r should equal to 0.02. The fluorescence quantum yieltl of from the singlet excited state of the starting material.

was found to be around 0.03. As the fluorescence and the triplet

state formation are the only expected pathways of the excitation ~Acknowledgment. We thank Dr. John Cable for fruitful
energy redistribution besides the chemical reaction, the quantumdiscussions. The Ohio Laboratory for Kinetic Spectrometry is
yield of the oxyger-oxygen bond dissociation is expected to gratefully acknowledged for providing equipment for transient
be 0.95. However, the photodecomposition quanturh yiéld spectroscopy measurements. D.E.P. is grateful to the McMaster
measured directly was only 60%. This difference implies the Endowment for support in the form of a Fellowship.
presence of a geminate pair recombination pathway within the

solvent cage which re-forms the starting material. Such an effect Supporting Information Available: Kinetic details of TRIR

is not uncommon in decomposition of peroxides, andf@e experiments witll and2, FTIR spectra ol and2, the Cartesian
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