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Photolysis ottert-butyl aroylperbenzoates (BAP%)-4 in benzene and acetonitrile at 335 or 267 nm produces
the S states {max~ 590 nm) that rapidly intersystem crosss¢ ~ 1.3 x 10 s71) into the triplet statesi{nax

~ 560 nm,7t = 0.6—0.7 ns in benzene). Results from the 267 nm excitation experimeftmaicetonitrile
suggest the rate of the S- S; internal conversionkg, s, = 1.6 x 10'?s7%) is similar to that of benzophenone
andp-iodobenzophenone. The rate of the-S T, intersystem crossing is not affected by the solvent or the
excitation wavelength. However, decay of the triplet statelsasfdp-iodobenzophenone is faster in acetonitrile
than in benzene. Intramolecular triplet energy dissipation to a repulsive excited triplet state ef@hkddd

of BAPs may be a possible mechanism. The results obtained from semiempirical and ab initio calculations
have been presented.

Introduction

o} 0
O,
The photophysics of benzophenone is well undersfood. O #But M

Photoexcitation in the singlet manifold of benzophenone results
in rapid intersystem crossing (ISC) with unit efficiency to the Cl-H NeBut @)
triplet state?S tert-Butyl aroylperbenzoates (BAPS) containing 2
the benzophenone chromophore follow a similar photophysical
pathway when irradiatet® We have recently shown the; S Br-H,C O
states oftert-butyl 4-(4-methylbenzoyl)perbenzoate atett-
butyl 4-(4-bromomethylbenzoyl)perbenzoate absorb890—
625 nm? The lifetimes of the singlet statess are 20 and 7 B O
ps, respectively, in benzene. The triplet states of BARg«R o]
540-560 nm) decay in less than 1 f3. , (p-1B)

The effects of excitation wavelength (267 and 335 nm) on
the relaxation kinetics of benzophenone anibdobenzophe- Figure 1. tert-Butyl aroylperbenzoates andiodobenzophenone.
none have been reported from our lab recently, and the rates offormation of the corresponding aroylbenzoyloxyl and aroyl-
the $ — S; internal conversion of these compounds have been phenyl radicald®! The quantum yields of dissociatiopds9
found to be 1.9x 102 and 1.7 x 10* st in acetonitrile, of the O-0O bond are near unity for many of the BAFs!2
respectively. We have extended ultrafast pumprobe studies  The aroylphenyl radicalsifax = 550 nm) have lifetimes of
to several other BAPs, nametgrt-butyl (4-benzoyl)perbenzoate  0.4-0.6 us in CCl, and the absolute bimolecular rates of
(1), tert-butyl 4-(4-chloromethylbenzoyl)perbenzoa® (tert- reactions of these radicals range from 756107 to 1.68 x
butyl 4-(3-bromomethylbenzoyl)perbenzoa8), (andtert-butyl 10° M~1s1(at 22+ 2 °C)412BAPs are also known to induce
4-(4-bromobenzoyl)perbenzoaté) ((Figure 1). The effects of  photopolymerization of double-bond-containing monom&ts.
solvent and excitation wavelength (267 and 335 nm) on the  The perester bond of BAPs dissociates as a result of the
kinetics of formation and decay of the singlet and triplet states intramolecular triplet energy dissipation. A semiempirical treat-
of BAPs are discussed in this paper. We upaddobenzophe-  ment using the Morse energy potentfdbr the attractive term
none (-IB) as a reference, and the results are included. The and the SateMorse potentidP-16for the repulsive term of the

estimated lifetime of the triplet state pfIB (0.2 nsy is much perester bond suggests that energy transfer to a repulsive triplet
shorter at room temperature than that of benzophenones thagxcited state of the ©0 bond is a possible mechanism in BAPs.
have nondissociable substituents € 0.8—47 us in benzenej. This could lead to the experimentally observed rapid and
This is due to dissociation of the-@ bond in the former.® efficient dissociation of the 60 bond.

Products from steady-state photolysis of BAPs indicate that
homolytic dissociation of the perester {@) bond leads to Results

*To whom correspondence should be addressed. Phone: (419) 372- Iransient spectra obtained froplB and 1 in benzene at
2034. Fax: (419) 372-0366. E-mail: neckers@photo.bgsu.edu. room temperature (excitation at 335 nm) show an early broad
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Figure 2. Transient absorption spectra obtained from ultrafast pump
probe experiments qf-IB (1.83 x 1072 M) in benzene, recorded®]
2.43 ps and®) 15.33 ps after the laser pulse.
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Figure 3. Transient absorption spectra obtained from ultrafast pump
probe experiments df (3.28 x 1072 M) in benzene, recorde®j 1.53
ps and Q) 29.51 ps after the laser pulse.

J. Phys. Chem. A, Vol. 108, No. 28, 2008927

0.035

& ——0.8ps
——11.3 ps

0.028 4

0.021

0.014

0.007

0.000 : \ \ \ : ‘
500 550 600 650 700 750
Wavelength (nm)

Figure 4. Transient absorption spectra obtained from ultrafast pump
probe experiments gf-IB (3.72 x 1072 M) in acetonitrile, recorded
(®) 0.8 ps, ©) 11.3 ps after the laser pulse.
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Figure 5. Transient absorption spectra obtained from ultrafast pump
probe experiments df (3.50 x 10-2 M) in acetonitrile, recorded&)

absorption that forms instantaneously after the laser pulsel-8 PSand®) 41.37 ps after the laser pulse.

excitation with maxima at 580 and 590 nm, respectively. The
absorption shifts to 540 and 560 nm, respectively, with time as ; X X A
of the triplet states were obtained by measuring kinetic traces

shown in Figures 2 and 3. The observation of two absorption h | h ) di he triol
maxima in each case suggests the presence of two species. Thit the wavelength maxima corresponding to the triplet states.

early broad absorption can be assigned to the-S S, The tir_ng profiles of fprm_ation of the .triplet state df in
transition*17 A similar broad absorptioniax = 570 nm) was acetonitrile are shown in Figure .6. The lifetimes of thestate
also obtained in pumpprobe experiments of benzophenone in (ts), the S_ state 632)_’ ?‘”d the triplet stat_erf) of p-IB and 1
acetonitrilé and watel® and was assigned to the singlet state. Measured in acetonitrile are presented in Table 1.7Ehand
The transient absorptions observed at longer delay times (e.g.t" of 1-4 andp-I1B mea;ured In ben;epe are compiled in Ta_ble
540 and 560 nm absorption @B and 1, respectively) are 2. The m.easurecélT of 1in benzene is in good agreement with
similar to that observed at 30 ps following 355 nm excitation that 0f1in CCla.
of 1in CCly and assigned to the, 7> T, transition®>1°Similar
transient absorption behaviors were recordeptids and 1 when
acetonitrile was used as the solvent (Figures 4 and 5). For these Kinetics of the Singlet Stateslt is clear from Figures 25
two compounds, the spectra were also recorded in acetonitrilethat the absorption of the State overlaps with that of the triplet
using 267 nm excitation, which corresponds to the> z* state. This is also reflected in the time profiles (Figure 6). The
transition. The nature of the spectra was found to be almost thelonger rise times represent the triplet growth and, thus, the
same, except that formation of the Sate was not observed to  singlet decay. The $tate lifetimes are similar in both solvents
be instantaneous (vide infr&). for 1 andp-IB, indicating that there is no significant effect of
There were no major differences in the transient absorption solvent polarity on the rate of the S> T, ISC. This is unlike
spectra obtained frordor 4 (335 nm excitation) when compared the case of benzophenonthe rate of ISC of which has been
to that of 1. Details of the kinetics of formation and decay of considered to be slightly solvent depend&®® Nevertheless,
the singlet and triplet states 8bbtained from 380 nm excitation ~ values of ksc)~* that are within experimental error in polar
have been previously reportédt has been shown that the andnonpolarsolventshave also been reported for benzophéhdhe.
growth time of the triplet state and the decay time of the S Changing the excitation wavelength does not affectrthef 1
state are the same within experimental efrdt. is also and p-1B; the 7s, values obtained in acetonitrile using either
reasonable to assume that the quantum yield of the>S; 335 or 267 nm excitation are within experimental error for each
ISC in BAPs ando-IB is unity given that the same is true for compound (Table 1).

benzophenon&? For all compounds the formation and decay

Discussion
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Figure 6. Time profiles monitored at 560 nm during ultrafast pump
probe experiments df: (a) 3.50x 1072 M in acetonitrile, excitation
at 335 nm; (b) 6.6% 10* M in acetonitrile, excitation at 267 nm.

TABLE 1: Lifetimes of the S, State @s,), the S State (rs),
and the Triplet State (z7) of p-IB and 1 in Acetonitrile

excitation
concn  wavelength s, Ts, T
compd (M) (nm) (ps) (ps) (ps)
p-IB2 3.72x 1072 335 4.38+ 0.10 68.50+ 0.60
7.10x 104 267 0.59+ 0.07 4.29+ 1.81 58.46+ 0.89
1 3.50x 1072 335 9.91+ 0.26 322.32+2.93
6.69x 1074 267 0.62+ 0.08 9.60+ 0.85 330.14+ 5.62

a Reference 6.

TABLE 2: Lifetimes of the S; State (rs,) and the Triplet
State r) of BAPs and p-IB2

concn Ts, T
compd (M) (ps) (ps)
1 3.28x 1072 9.11+ 0.48 743.1H 105.01
2 3.15x 1072 8.55+ 0.48 645.58+ 32.62
3P 3.26x 1072 7.87+0.17 737.86+ 38.17
4 2.57x 1072 7.24+0.28 638.34+ 24.84
p-1B 1.83x 1072 4.26+ 0.29 98.46+ 2.16

a Solvent= benzene, excitation at 335 nfhReference 4, excitation
at 380 nm.

Excitation at 267 nm initially generates the Sate ¢ — 7*
transition). This is unlike the case with 335 nm excitation in
which the compounds are excited to the Sate (n— =*
transition). However, the similar; State lifetimes obtained from

Shah et al.

state then undergoes internal conversion to thetate (ng*,

~5 kcal/mol lower than the Sstate)? However, the results

of ab initio calculations suggest that such a State is not
involved in the cases of BAPs. Similar to the observation
made for benzophenone in [gisbromophenyl)ether] at 1.6 K,
the direct $(n,7*) — T1(n,*) ISC seems to occli? Config-
uration interaction singles (Cl Singles) calculationlofising
6-31+G(d) basis sets indicated that the State is 24 kcal/mol
higher in energy than the;Btate. The triplet energy of BAPs
(68—69 kcal/molf2is similar to that of benzophenone (69 kcal/
mol), and the singlet energy of BAPs can also be considered to
be similar to that of benzophenone, given that BAPs show the
characteristic absorption behavior of the benzophenone chro-
mophore'®1! Thus, in the cases of BAPs the Btate may
energetically lie well above the; State.

Formation of the $state should be instantaneous following
335 or 380 nm excitation (S~ S; transition). Indeed, the kinetic
fits of growth curves (e.g., Figure 6a) revealed this to be so.
The early rise times representing the absorption of the singlet
state are within or close to the instrument response function
(~0.15 ps). This is true for all the growth data obtained from
the 335 or 380 nm excitation experiments. The early rise time
observed forl (0.62 ps) following the 267 nm excitation
experiment is, however, significantly longer than the instrument
response function (Figure 6b); similar observations were made
earlier in the case of benzophenone arid.6 Thus, the early
rise time represents the, S~ S; internal conversion. The
observed rate of the,S> S; internal conversionkg,—s, = 1.6
x 102 s71) of 1 is similar to those of benzophenone gntB.6

It is well-known that spir-orbit interaction of heavy atoms
may increase rates of IS€Decay of the $state becomes faster
as a heavy atom is introduced in BAPs (Table 2). For example,
the zs, values ofl (which does not have any heavy atom in its
molecule) and4 (which has a bromine atom in its molecule)
are 9.11 and 7.24 ps, respectively. It further drops to 4.26 ps
for p-IB. Thus, these data show a long-range internal heavy
atom effect in these compouneéfs.

Kinetics of the Triplet State. The most significant observa-
tions with respect to the lifetimes of the triplet states are (i)
there is a significant solvent dependence (thealues of both
p-IB and 1 are shorter in acetonitrile than in benzene) and (ii)
the magnitudes of ther values are hundreds of picoseconds.
That thett values of BAPs are less than 1 ns whereastihe
values of nonperester derivatives of benzophenone are in the
microsecond regime indicates that the most likely process that
is responsible for the decay of the triplet state is fission of the
O—O0 bond to produce radicat$:12To achieve this result, the
electronic energy initially resident on the benzophenone moiety
needs to become resident on the peroxy moiety as a result of
intramolecular energy transfer (IET). Two questions that arise
from the observations are the following: (i) What is the nature
of the solvent effect? (i) Why is the IET process not
instantaneous?

The 7 of 1 remains essentially the same & 0.32 and 0.33
ns, respectively) in acetonitrile following either 267 or 335 nm
excitation. Thus, the different values ofl in acetonitrile and

experiments at both excitation wavelengths indicate that the benzene seem mostly related to the nature of the solvent.

triplet states are populated exclusively from thestte. Thus,
other pathways, e.qg., involvement of thgslate or direct Sto

Although solvent viscosity might affect radical-producing
processes, the small difference in the viscosities of benzgne (

T, conversion, may not occur for these compounds in solution = 0.603x 1073 Pas at 25°C)? and acetonitrilesf = 0.345x

(vide infra)8.7:20.21

1073 Pas at 25°C)? seems unable to account for the large

It has been postulated for benzophenone that ISC from the differences observed ity.

S, state takes place to the $tate that ist,r* in character and
almost isoenergetic to the; State (77 kcal/moly. The T

The possibility of a relatively nonpolar geometry of the triplet
state ofl that would be more stabilized in benzene than in
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Figure 7. (a) Structure ofl optimized by DFT/6-31G(d). (b) Structure So

of the triplet state o1 optimized by CI Singles/6-38G(d). The yellow Figure 8. Jablonski diagram representation of BAPs.
arrows indicate the direction of the dipole moment.

L ) o (CHy)1-3-naphthalene moleculé8the rate of such an energy
acetonitrile does not seem to be the case either, as indicated by, 5sfer kr = 1/r7) in BAPs can be considered to bel.5 x
ab initio calculations. The geometry of the ground statd of 1 -1 iy penzene.
was optimized by thg density fgnctional theory (DFT) method  Given the lower triplet energy of BAPs (689 kcal/mol)
using 6-31G(d) basis sets, while that of the triplet state Was han the energy required for the vertical electronic excitation
optimized by the CI Singles/6-31G(d) method. Itis observed ¢ the 0-0O bond32 emission from the benzophenone chro-
that the triplet state is flatter than the ground state; especially mophore and absorption by the perester moiety leading to
the benzophenone and perester carbonyl groups, as well as thgetical excitation of the latter can be ruled out. After the
phenyl ring between them, are more planar in the triplet state penzophenone carbonyl group is excited initially, the excitation
than in the ground state (Figure 7). The calculated dipole i pe passed on from one excited state to another until the
moment of the triplet state (2.2210 D) is larger than that of |oyest excited state is reache# Lewis and Calvin proposed
the ground state (2.0876 D). This indicates that the polarity, 5 similar theory in which energy can be transferred within a
in fact, increases in the transition from the ground state to the ,5jecule until it reaches a “loose-bolt” group which efficiently
triplet state. Similar calculations have also indicated a higher dissipates the enerd§.The O-O bond may provide such a

dipole moment of the triplet state aért-butyl 3-(4-methyl- loose bolt in the molecules of BAPs. A semiempirical treatment
benzoyl)perbenzoate (2.6360 D) than that of its ground state yyeg provide evidence that the triplet energy may efficiently
(1.6205 D). transfer to a dissociative excited triplet state of the @

The differences observed in could be rationalized in terms ~ pon(35:36
of a transition state that may form prior to dissociation of the  potential energy profiles for the cleavage of the @ bond
O—0 bond?” Since the polarity increases on going from the ere calculated using a Morse potential (eq 1) for the bonding
ground state to the triplet state, it may be possible that the interaction and a SateMorse function (eq 2) for the repulsive
transition state is more polar even than the triplet state. In suchtriplet state. In eqs 1 and & and V; are the attractive and
a case, its formation would be more favored in a polar solvent repulsive terms, respectively,is the displacement from the
such as acetonitrile than in benzene, resulting in the faster decayequilibrium bond distancé)e is the bond energy, anglis the

of the triplet state in acetonitrile. Morse parameter.
The 71 values of2—4 have been found to be in the same
vicinity as the reported+ of 1.5 It seems that 0.60.7 ns (in V = DJexp(—26r) — 2 exppr)] ()
benzene) is the general lifetime of the triplet states of BAPs
that have the perester moiety at the position para to the V,, = Ddjlexp(—2pr) + 2 exppr)] (2)

benzophenone carbonyl group. It is also noted that decay of
the triplet states of these BAPs is not affected by the nature of D, was taken as 37 kcal/nflfor the perester (©0) bond
the substituents in that no systematic variations were observedof BAPs, andB was taken as 2.69 ﬂ_38j (a Sato parameter)
in the 77 values of 1-4. The observations were similar in  in eq 2 was taken as 4; the choice was derived from the fact
benzene and acetonitrile. Since decay of the triplet state isthat it gave better repulsive curves for several other cKses.
associated with dissociation of the-@ bond, the substituents  The plots obtained are shown in Figure 9. As can be seen, the
may be too distant to affect the dissociation. energy difference between the attractive and repulsive plots
Possible Mechanism of Triplet Energy Interception.In (AE;—3) even at the equilibrium bond distance is 64.75 kcal/
general, the Fster type of mechanism is considered for IET mol, which is~3 kcal/mol less than the triplet energy of BAPs.
processed?8and triplet excitation transfer probably takes place This indicates that the triplet energy can collapse once it reaches
through an exchange mechanidhd? IET processes are con- the repulsive triplet state of the-@D bond. The efficiency of
sidered to be structure and distance depentieidwever, no such an energy transfer can be 108fesulting in efficient
differences in the efficiencies of excitation energy transfer were dissociation of the &0 bond.
observed in benzophenone-(gidnaphthalen® and anthracene- The smalleiAE;—, value than the triplet energy of BAPs may
(CHy)r-naphthalene systerdswheren = 1—3. Triplet excitation suggest that no activation energy is required for the photochemi-
energy transfer has been found to be faster than singlet excitationcal dissociation of the ©0 bond. While such plots provide a
energy transfet.3° Although a little higher value (k 10°s™1) better basis for mechanistic discussion, they can only be
has been estimated for the IET process in benzophenoneregarded as a coarse approximation. A slight change i the
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beams were coupled into 2Qdn fiberoptic cables after the

804 Attractive (V) Potential sample cell and thereafter input into a CCD spectrograph (Ocean
S 0. Repulsive (V. ) Potential Optics, SZOOO-U\vLyls) for tlme-resolyed spectral information
£ tr (425-800 nm). Typically, 5000 excitation pulses were averaged
% to obtain the transient spectrum at a particular delay time.
o 401 Kineti i length bled f
L inetic traces at appropriate wavelengths were assembled from
~ the accumulated spectral data. The sample flow-through cell
5 20+ . ;
~ had an optical path of 2 mm and was connected to a solution
_— T reservoir and flow system. Sample solutions were prepared to
° \ (6475 kealmol oo have an absorbance of 6:8.2 at the excitation wavelength
> 0l and were used without deaeration. All measurements were
conducted at room temperature, 222 °C.
-40 ) Ab Initio Calculations. Geometry optimizations of the

0.0 05 10 15 20 ground and triplet states df were carried out with the DFT
A variant B3LYP and CI Singles methods, respectively. The
r(A) Gaussian 98 program packd¥was used for the calculations
Figure 9. Calculated attractive and repulsive potentials of the@ in which the 6-31G(d) and 6-31G(d) basis sets, respectively,
bond of BAPs. were employed for the ground and triplet states.

value or in the bond dissociation energy, which is in the range
of 35—39 kcal/mol for the perester bordfican alter theAE;—,
value. In a crude sense, the IET process in BAPs can be Excitation of the BAPsl—4 at 335 or 267 nm revealed that
considered equivalent to the bimolecular benzophenone tripletthe § states have lifetimes of-79 ps. The rates of the;S> T
energy transfer to diert-butyl peroxide, major differences being ISC in these compounds remained the same in benzene and
in the efficiencies and rates of the two processes. A valije of acetonitrile. During the 267 nm excitation experimentdl arf
= 2.9 was found to correlate the theoretically predicted and acetonitrile, the Sstate was found to form in 0.62 ps, which is
experimentally observed energy of activation in the case of the time of the 8— S, internal conversion. The data obtained
bimolecular energy transfer from several triplet sensitizers as well as ab initio calculations indicate that there is no
including benzophenone to thrt-butyl peroxide3® In our case, involvement of the 7 state in the photophysical relaxation
the use of = 2.9 in eq 2 yielded a value &fE,_, = 75 kcal/ pathway of BAPs in solution. In benzene, thevalues ofl—4
mol, which is higher than the triplet energy of BAPs. Thus, the were measured to be 6-6.7 ns, while that op-IB was found
presence of a potential barrier for triplet energy dissipation to to be ~0.1 ns. The triplet decay was observed to be faster in
the repulsive triplet excited state of the-® bond cannot be  acetonitrile than in benzene for bothandp-1B. The semiem-
ruled out. pirical and ab initio calculations suggest that intramolecular
Cleavage of the €1 bond of p-IB from the triplet manifold triplet energy dissipation in BAPs that results in efficient
is 4 kcal/mol exothermic, given the64 kcal/mol bond energy  dissociation of the ©0O bond may take place to the repulsive
of a phenyt-iodine bond and~68 kcal/mol triplet energy of  excited triplet state of the latter and involve a transition state
p-1B.” Nonetheless, it has been calculated that a minimum of 3 that is probably more polar than the triplet state.
kcal/mol of activation energy is required for therh,triplet
state to pass into either:a,o* or o,0* state, both of which are Acknowledgment. We acknowledge helpful discussion with
irreversibly dissociativé The fact that cleavage is an activated Dr. G. S. Hammond. B.K.S. thanks McMaster Endowment for
process is in accord with the triplet state being a well-defined financial support. We thank the National Science Foundation
bound state as indicated by its multiple picosecond lifetime. Division of Material Research (Grant DMR 9803006) for
The cases of BAPs are similar. From the semiempirical financial support of this work.
calculations, the upper limit of such an activation energy for
BAPs seems to be-7—8 kcal/mol. The presence of such a Supporting Information Available: Various transient spec-
potential barrier could also explain the existence of the transition tra and lifetime curve fittings (PDF). This material is available
state that is more polar in nature than the triplet state, as free of charge via the Internet at http://pubs.acs.org.
suggested by ab initio calculations.
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