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Abstract

Quenching of the triplet state of 9,10-phenanthrenequinone (PQ) by 2-propanol was studied using laser flash photolysis. The roorm
temperature rate constant is solvent dependent and i&B.B(x 10° M~1s™! in carbon tetrachloride (C¢), 1.24-0.3)x 1°M~1stin
chlorobenzene (CB), and 2:50.8) x 10" M~1s™! in acetonitrile (MeCN). The rate constant in G@ the largest known for abstraction
of hydrogen from 2-propanol by an excited ketone. An activation energy of GHBLG@Q6) kcal/mol and a pre-exponentiafactor of the
Arrhenius equation of 4.4& 10° M~ s~! was found in CCJ; an activation energy of 2.140.006) kcal/mol and an factor of 4.5x 10° was
found in MeCN. These results are consistent with a mechanism involving a reaativéiplet in thermal equilibrium with a non-reactive
«,m triplet, and are in agreement with a previous study of the room temperature phosphorescence of PQ showing that the lowest energ
tripletis nm" in CCl, butar,m" in MeCN.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction For aromatic ketones which havenfi,and,w" triplets
close in energy, the observed reactivity for hydrogen abstrac-
We recently studied the fluid solution phosphorescence tion from suitable donors such as 2-propanol is considered
emission of 9,10-phenanthrenequinone (PQ) in both a polarto be due to the population of them, state in the thermal
solvent, acetonitrile (MeCN), and a non-polar solvent, carbon equilibrium[8]. The measured reactivity is the product of the
tetrachloride (CG), and were able to measure the energies intrinsic reactivity and the relative population of each state
of both the ng” and,«" triplets[1]. It was shown thatthese  in thermal equilibrium, given by Eq1), wherekops is the
two states are close in energy and there is an inversion of thepbserved rate constant for hydrogen abstractj@n,* and
configuration with thls change in solvent the lowest energy Yo, @r€ respectively the molar fractions of therh,and
triplet, Ty, being ny” in CCly andmr,m" in MeCN. This is mm states, andn o+ andk, .+ are the intrinsic rate con-
demonstrated in the energy diagram showRim 1 stants for each staf8]. The ns" state provides most or all

Itisknownthat PQ is photochemically reactive and thatthe of the reactivity WhemAE (En o+ — Eq o+) <5 kcal/mol[8].
excited triplet abstracts hydrogen atoms from a large range '

of donors[2—6]. When alcohols such as 2-propanol are used kops = xn m+kn s + KXot ko e (1)
9,10-dihydroxyphenanthrene (P@Hs formed Gcheme L
[7]. The knowledge of the energies of both triplet states in polar

and non-polar solvents permits the calculation of the relative

* Corresponding author. Tel.: +55 21 26292145; fax: +55 21 26292135. Population of both states at a given temperature, according to
E-mail address: rosalyss@ig.com.br (R.S. Silva). Eq.(2) [8], and the analysis of the intrinsic reactivity of each

1010-6030/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2005.04.029



D.E. Nicodem et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 154—158 155

To (nx*) emission were detected by a Hamamatsu R928 photomulti-
T ) 50.0 keal/mol plier digitized by a Tektronix TDS520 oscilloscope.
49.4 kealmol ____ ..~ The measured decays of PQ triplet as a function of PQ
49.1 keal/mol . () concentration, used in the self-quenching experiment, were
’ from the emission at 580 nm using “front face” geome-
- 47.6 keal/mol try between the laser pulse and the analysis train, obtained
T (nx) with a 45 rotated and inclined sample holder furnished by
cel, CH.CN the system manufacturer. All other experiments used right

angle geometry. The decays of PQ triplet as a function of 2-
Fig. 1. State energy diagram of the two lowest triplet states of PQ i CCI Propanol concentration used in the Stern—\Volmer plots were
and in MeCN. obtained from the emission at 580 nm in carbon tetrachlo-
ride or chlorobenzene (CB), and from absorption at 680 nm
in acetonitrile. The rate constants in the Arrhenius plots were
AL HO ~ OH obtained from the emission at 580 nm in both carbon tetra-
. - 6 chloride and acetonitrile. Temperature control was obtained
Q O OH Q O by immersing the samples in a bath of heated or cooled
A ethanol within a Pyrex dewar. The concentrations of PQ were

PQ PQH, in the range (1-10% 10~% M in MeCN in the experiment of

self-quenching, and werex310~4 M in CB and MeCN, and

Scheme 1. 4.3x 10~*M in CCly in the other experiments.

triplet. This had not been possible until now in fluid solution
where ketone reactivity is studied, because the experimental; gpecults
measurement of the energies of both states and therefore the

relative population of each state had not been reported before 14 transient T-T absorption spectra of PQ were obtained

for other aromatic ketone. In those cases studied, the energy, CCls, CB and MeCNFig. 2). The spectrain CGland CB
of the second state had only been estimf@ed1]. It was not show an absorption band withnay 460 nm. In MeCN there

possible to measure the intrinsic reactivity of the nstate is a corresponding band withnay 470 nm and an additional
of aromatic ketones when this state is higher in energy than band withmax 680 nm and a shoulder in the 600-650 nm
thew, " state or when the two triplets are close in energy. region. The lifetimes of the absorptions in G@nd MeCN
e AE/RT were the same as the lifetimes of decay of the emission shown
xnm = (1= xma) = 14 e AE/RT 2 to be due to phosphorescerjti The decay of the PQ triplet
. _ in MeCN at 470nm is shown iffig. 3 and at 680nm in
This paper presents a study of the photochemical reac-Fig. 4. Data of the T-T absorption of PQ in MeCN have been
tivity of PQ towards hydrogen abstraction from 2-propanol previously reportedl2—14]
in CCls and MeCN. Using laser flash photolysis the rate of ~ The lifetime of the PQ triplet in MeCN decreased with
quenching of the triplet of PQ by 2-propanol was measured asan increase in the PQ concentratidiig 5), indicating self-
a function of temperature. The results are discussed in termsquenching in this solvent. The self-quenching rate constant

of the individual contributions of the n; andm,n” statesto kg, was obtained from the linear relationship found when the
the observed reactivity.

2. Experimental

9,10-Phenanthrenequinone (PQ) (Aldrich 99+%) was
used as received. Solvents were UV grade. Samples were
deoxygenated by bubbling purified nitrogen for 5 min prior
to analysis or through four freeze pump thaw cycles fol-
lowed by sealing in 10 mm Pyrex ampules on a high vacuum
line. 400 500 600 700 800

The laser flash photolysis system was an Edinburgh Ana- A (nm)
Iytical Instruments LP900 time-resolved spectrometer. The
third harmonic of a Continuum Surelite 11-19 Nd/YAG laser Fig. 2. Triplet—triplet transient absorption spectra of PQ in carbon tetrachlo-
was used for excitation. The 355 nm pulses used as the eXCi-ride (CC_:I4), chlorobenzene (CB), an(_i acetonitrile_(M_eCN) were recorded

) ~~ respectively 0.7, 0.4 and 0.43 following laser excitation at 355 nm. The
tation source of PQ had an average energy of 40 mJ and a life-y axis values ofa4 refers to the spectrum in CElthe spectra in CB and
time of 5 ns. Triplet—triplet absorption and phosphorescence MeCN were reduced respectively 1.5 and 1.3 times.
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_ 0 1 2 3 i
time (us) 2-propanol (10 M)
Fig. 3. T—T absorption decay of PQ in MeCN Tonitored at470nm. (Inset) Fig. 6. Stern—Volmer plots of the rate of PQ triplet decay as a function of
Fit for first-order decayky = 4.44&0.29)x 1P s~1, 2=0.79. 2-propanol concentration i) CCls, (0) CB and @) MeCN.
0.10+

Table 1
Quenching rate constants and Arrhenius parameters for the reaction of the
PQ triplet with 2-propanol

Solvent &k (M~1s1) Ea (kcal/mol) AM- s
CCly 3.31.1)x 10° 0.0176-0.0086) 4.45¢0.04)x 108
CB 1.24:0.3)x 10°
MeCN 2.5@0.8)x 107  2.14(-0.06) 4.5(0.5)x 108
5 10 15 20
time (ps)
21

Fig. 4. T-T absorption decay of PQ in MeCN monitored at 680 nm. (Inset) 20

Fit for first-order decaykq = 4.77@0.15)x 10°s™1, 2=0.66. 19

first-order triplet decay constants were plotted against the PQ =8

concentrationFig. 5). A value of 2.060.2)x 18 M~1s1 a7

was found. 16

The rates of quenching of the PQ triplet by 2-propanol 154 . r ‘
in these three solvents of differing polarity were measured. 3 3.5 4 4.5
These solvents were chosen because they are poor hydrogen 1T (10°K™)

donors (CB and MeCN) or non-donor (GEIThe respective
rate constants were found by measuring the rate of triplet
decay as a function of the 2-propanol concentration using
emission at 580 nm in the case of GGnd CB, and T-T
absorption at 680 nm when MeCN was studied because thesecond order rate constants showfiiable lare the result of
emission intensity of PQ in MeCN was much less intense. four measurements in C&£and MeCN, and three in CB.
The triplet decay fit to a single mono-exponential decay inall ~ Considering that the quenching of the PQ triplet by 2-
casesFig. 6shows the Stern—Volmer plots of the triplet decay propanol is due to hydrogen abstraction, the rate constant
versus the 2-propanol concentration for all three solvents. Theobserved in the non-polar solvent GGk very large but

decreases with increasing solvent polaritgifle ).

The activation energies for this reaction in GGInd

Fig. 7. Arrhenius plots for the reaction of PQ triplet with 2-propanoli) (
CCls and @) MeCN.

® MeCN were found by measuring the rate of the reaction as
— a function of temperature in the range fron20 to 60°C
o 4 e for CCly and from—42 to 60°C for MeCN. The Arrhenius
= * plots are shown irFig. 7. The activation energies and pre-
g 3 exponential values are givenTiable 1
]
) 2 4 6 8 10

PQ (10°* M) 4. Discussion

Fig. 5. Plot of the pseudo-first-order rate constant for triplet decay vs. the ~ The spectra irFig. 2 were assigned as PQ triplet-triplet
concentration of PQ in acetonitrile observed from emission at 580 nm. absorption spectra. They showed mono-exponential decays
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inMeCN, CB and CCj (Figs. 3 and dwith the same lifetimes
observed when phosphorescence emission wag Liséiche
longest wavelength band observed in Me@g( 2) has been
seen for PQ in benzerj&b].

It appears thatm,m" excited states are more prone
to self-quenching (quenching of the excited triplet state
by the ground state) than i, triplets [16]. Benzophe-
none which is clearly ;" has a self-quenching rate con-
stant of 7.5< 1°M~1s~1 in MeCN [17] while xanthone,
which has a lowestr,w" triplet, is self-quenched with
a rate of 7.5¢<10°M~1s~! in MeCN [9]. The value of
2x 18M~1s71 found here for the rate of self-quenching
of PQ in MeCN Fig. 5) is only slightly smaller than the
literature value for xanthone and is indicative ofmar

excited state. This is in agreement with time-resolved phos-

phorescence studid&¢] which indicate that in MeCN the
na triplet is 2.4 kcal/mol above the lowest, " triplet.

At room temperature the, =" triplet would be 98% of the
triplet population calculated by E@2). It would be inter-
esting to measure the self-quenching rate constant in CCl
where PQ has a lowestm, triplet with the nsr" andw, 7"
triplets very close in energjt] but this was not possible due
to the limited solubility of PQ in CGl. Self-quenching did not
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calculated from Eq(2), which explains the lower reactivity
observed in this solvent. The calculated intrinsic rate constant
in MeCN is then 2.141.6) x 10°M~1s71,

For ketones in which the lowest excited tripletrisr”,
hydrogen abstraction from a thermally accessible higher
energy i triplet is proposed to explain the observed reac-
tivity. Since until now it has been impossible to measure the
energy separation between the states, values of the activation
energy for hydrogen abstraction have been used to estimate
the energy separation, considering that this energy would be
added to the normal activation energy of abstraction by the
n triplet [8-10,18-20] In the case of PQ, for the first
time, the energies of both triplets are known in both £ClI
and MeCN. The activation energy for hydrogen abstraction
from 2-propanol in CJ, obtained here, is essentially zero
(Table 3. The activation energy for hydrogen abstraction in
MeCN of 2.14(0.06) kcal/mol is the same as the previously
measured1] energy difference between thewr” and ny"
triplets of 2.4€-0.4) kcal/mol within experimental error and
all of the activation energy can be assigned to the energy cost
of reaching the higher , state in this solvent. There is basi-
cally no activation energy for hydrogen abstraction from the
n, tripletin either solvent, which explains, in part, the high

affect the other quenching experiments reported here becauseates observed.

low concentrations of PQ were used and short lifetimes were

observed.

The benzophenone triplet abstracts a hydrogen atom
from 2-propanol in benzene with a rate constant of

The rate constants for the quenching of PQ triplets by 1.8x 10° M—1s1[21]. The activation energy is 2.6 kcal/mol
2-propanol are large in the three solvents studied here. Con-and the pre-exponential factéis 1.5x 10° M~1 s~1 (divid-

sidering that the quenching of the excited triplet of PQ by

ing 2.0x 10°s~1 by 13 M) with 2-propanol as the solvent

2-propanol is due to hydrogen abstraction, it was found that [22]. Benzophenone is a 100-fold less reactive than PQ and
the rate of this reaction decreased with an increase in sol-this is mostly due to the difference in activation energy

vent polarity Fig. 6 and Table ). This tendency had pre-
viously been reported using benzene and MCR]. The
value found in benzene of 1:610°M~1s™! is close to
that found here (1.2 10 M~1s~1) in chlorobenzene. How-
ever the value of 7.6 10° M~1s~1 found by Barra et al. in
MeCN is lower than that found here (2610’ M—1s71).

We know of no ketone with a rate of hydrogen abstraction
from 2-propanol as large as that measured h&ablé J).

The xanthone triplet, which is considered to be very reac-

as the pre-exponential factors are not that different. The
pre-exponential factors for PQ for this reaction are slightly
higher (4.5x 108M~1s~1 in MeCN) and, within exper-
imental error, the same in both solvenfgalfle 1. The
pre-exponential factor found for PQ is a clear indication
that reaction occurs from them, state in both solvents. It
would be expected that ), states would have larger pre-
exponential values tham, " states and that orbital mixing
due tovibronic coupling would lower the pre-exponential fac-

tive in non-polar solvents, has a rate constant of abstractiontors of ns* states with some, =" character relative to “pure”

from 2-propanolin CGlof1.1x 10° M~1 s~1[9]. This value

nm state§17,18] Inthe present case, considering the close-

is about three times less than the rate of the reaction of ness of the two states in C{3ome vibronic coupling might

the PQ triplet with 2-propanol in the same solvent. It was
found, using phosphorescence, that in £@k ngz" triplet
is 0.25 kcal/mol lower in energy than ther” statg1]. Using
this value and Eq2), the population of the reactive PQm,
triplet is then about 60% in the equilibrium mixture at room
temperature. Considering that reaction is from the state,

be expected. The high reactivity and the large value of the pre-
exponential value indicate that this is not occurring. All the
evidence points to reactivity from “pure”, states in both
solvents.

Three factors which influence the rate of hydrogen abstrac-
tion of n;r” excited ketone triplets are, the nature of the

then the intrinsic rate is even larger and is calculated to be H—X bond being broken (here+C in 2-propanol), the triplet

5.52.0)x 1°M~1s71,

energy, and the reduction potential of the ground state ketone

The PQ triplet is 10 times less reactive towards hydrogen [21]. Wagner and coworkers have found that substituted ben-

abstraction from 2-propanol in MeCNgble 3. In MeCN
the ns” triplet was found to be 2.4 kcal/mol higher in energy
than ther, " state[1]. At room temperature the equilibrium
mixture would then contain about 2% of themn, triplet,

zophenones with lowest), triplet states show a good cor-
relation between the log df and the reduction potential of
the triplet state}, ;[23,24] wherek; is the rate of hydrogen
abstraction of the ketone triplet from cyclopentane &g,
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is obtained from Eq(3).
red= ET + E(A™/A) 3)

Here Et is the triplet energy and(A~/A) is the half-wave

reduction potential of benzophenone in the ground state
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nologico (CNPq), Fundd@m Universiaria Jog Bonifacio
(FUJB), and Empresa Brasileira Financiadora de Projetos
(FINEP).

[23]. The more easily reduced benzophenones abstract fromReferences
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