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Abstract 

The bimolecular rate constants for oxygen quenching, k&, and the quantum yield5 of singlet oxygen production, +_r, for 4-nitroveratrole, 
4-nitroanisole and 3-nitroanisole triplet states in air-equilibrated deuterated water and acetonitrile solutions were determined where possible 
from nanosecond laser flash photolysis and dme-resolved 0, ( ‘h,) phosphorescence measurements. The results show that the efficiency of 
singlet oxygen production,f jT, for 4-nitroveratrole and 3-nitroanisole is moderately high and is related with the nature of the low-lying triplet 
state and that 4-nitroanisole is not able to sensitize singlet oxygen under theTe conditions. 0 1998 Elsevier Science S.A. 

Kewor~fs: Nitrophenyl ether; Oxygen quenching; Acetonitrile solution 
-- 

1. Introduction 

Nitroaromatic compounds are cytotoxic, it has been pro- 
posed that their cytotoxicity is due to the generation of reac- 
tive oxygen species such as superoxide radical anion, singlet 
oxygen and hydrogen peroxide [ I]. Despite this, very few 
data concerning nitrobenzene derivatives can be found in a 
recent extensive compilation of the quantum yields for the 
photosensitized formation of singlet oxygen in fluid solution 
[ 21. The photophysics and photochemistry of nitroaromatic 
compounds is scarcely studied because, generally, they 
exhibit neither fluorescence nor phosphorescence and their 
triplet lifetimes are relatively short [ 3-61. In this context, it 
is desirable to have more information about the effect of 
molecular oxygen on the photophysical behaviour of these 
compounds. We chose nitrophenyl ethers as model com- 
pounds because their photophysics [ 7,8] and photochemistry 
[9-l S] is relatively well-known. Nitrophenyl ethers have 
close lying n.r* and 7r,r* triplet states [ 7,191 and therefore 
it is possible to study the effect of the nature of the low-lying 
triplet state of nitroaromatic compounds on the formation 
efficiency of singlet oxygen. 

* Corresponding author. E-mail: iqor3@cc.uab.e5 
’ Also corresponding authix. 

2:. Experimental details 

The nitrophenyl ethers studied (4-nitroveratrole, 4NV: 4- 
nitroanisole, 4NA; and, 3-nitroanisole, 3NA), perinaphthen- 
one and benzophenone were used as received from Aldrich. 
The structures of the nitrophenyl ethers used are depicted in 
Fig. 1. Acetonitrile (Aldrich spectrophotometric grade) and 
I):!0 (Aldrich) were used as received. Distilled water was 
used for preparing aqueous solutions. 

Kinetic absorption measurements were carried out using a 
LKSSO instrument from Applied Photophysics with a Q- 
r,witched Nd:YAG laser (Spectron Laser System, UK) at 355 
nm with a pulse width of 9 ns and an energy pulse of 10 mJ. 

For singlet oxygen luminescence measurements, the third 
harmonic (355 nm) of a Lumonics HY200 Q-switched Nd- 
Y AG laser (8 ns, 15 mJ pulse ’ ) was employed as the exci- 
tation source. Time-resolved singlet oxygen luminescence 
at 1270 nm was detected using a Judson germanium photo- 
diode (J 16-85P-ROSM) -amplifier (PA 100) combination 
as described previously [20]. The phosphorescence was 
detected at right angle to the exciting beam through a silicon 
cutoff filter. 

Solutions were prepared in I -cm’ fluorescence quartzcells 
with absorbances at 355 nm of between 0.3 and 0.5. Deoxy- 
genated solutions were obtained by bubbling nitrogen 
lhrough the solutions for 30 min. 

lOlO-6030/98/$19.00 0 1998 Elsevier Science S.A. All rights resel-ved 
PIISIOIO-6030(97)00325-O 
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4NV X=Y=OCH3 

4NA X= OCH3.Y=H 

3NA X=H,Y=OCH:, 

NO2 

Fig. 1. Structures and abbreviations for the compounds studied in this work. 

3. Results 

Time-resolved triplet-triplet transient absorption spectra 
were obtained for 4NV, 4NA and 3NA in water and for 4NV 
and 3NA in acetonitrile by nanosecond laser flash photolysis 
at 3.55 nm (see Figs. 24). Wavelengths below 400 nm were 
not recorded due to overlap with the ground state absorption 
in this region. Transient decays were independent of the mon- 
itoring wavelength and could be fitted, in all cases, by a single 
exponential function decay indicating that they arise from 
single transient species (,see Table 1 ) The lifetime of the 
transients was affected noticeably by the presence of oxygen 
except in the case of 4NA in acetonitrile where the transient 
decay rate constant was 1 .S X 10’ sP ’ irrespective of whether 
the solution was air-equilibrated or deoxygenated. Assign- 
ment of the transients to the corresponding triplet states was 
made on the basis of the comparison with literature data for 

Absorbance 
1nE-* ( 
w-2 Ja) 

tot-1 Wavelength (nm) 
rm L*) m 4m ml 

4NV in water [ 111 and in acetonitrile [ 11,221. and for 3NA 
in water [7,17]. The similarity of the transient spectra for 
4NA and 4NV and 3NA in water suggests that the transient 
observed for 4NA in water is also due to absorption by its 
triplet state. The triplet state of 4NA in acetonitrile could not 
be observed with our nanosecond equipment presumably 
because it has a short lifetime (nitroaromatic triplets with a 
low-lying state of n.r* character have been reported to have 
lifetimes in the picosecond time domain, Ref. [ 231 ). 

It is worth noting the differences in the triplet spectra for 
4NV and 3N.4 in going from water to acetonitrile. These 
differences had already been reported for 4NV [ 24 1 and were 
attributed to the presence or absence of hydrogen bonds 
between the solvent and the r,r* triplet state molecules of 
4NV. It has been reported that only nitroaromatic tripletswith 
rr,n-* character form hydrogen bonds, whereas n,7~* triplet 
states do not [?.8,25.26 1. The same behaviour is observed 
for 3NA as depxcted in Fig. 3. 

The quenching rate constant of the triplet states by molec- 
ular oxygen. k&. were evaluated for 4NV and 3NA in air- 
equilibrated waler and acetonitrile from Eq. ( I ) : 

kl,? =(k-kTD)ll[02j 
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Fig. 2. (a) Transient absorption spectra of an air-equilibrated solution of 4NV in water. From top to bottom: 3.2 x IO ‘. 8.8 x 10. ‘, 1.8 x 10 hand 3.2 x 10mh 
\ after the laser flash. ib) Transient absorption spectra of an air-equilibrated solution of 4NV in acetonitrile. From top to bottom: 3.2 x 10 ‘, 1.2 x 10 ‘, 
2.0X IO-‘. 3.2X IO-‘. 4.8~ IO ‘, and I-IX 10 ’ c after the leer Rash. 

Absorbance Absorbance 

2x-I 

ZOE-I 

InI 

lJ2E.I 

l.oE-2 

Wavelength (nm) 
1 4.m 4a 4a uo Sal 

Fig. 3. (a) Transient absorption spectra of an air-equilibrated solution of 3NA in water. From top to hottom: I .O x 10 -:. 4.0 X 10 ‘, 8.0 X I() ‘, 1 ..S X 10 h, 
and 5.0 X 10mh s after the laser flash. (b) Transient absorption spectra of an air-equilibrated holution of 3NA in acetonitrile. From top to bottom: 2.3 x to-“, 
3.3 x IO “, 4.3 X IO-“. 5.5 X IO-” and 2.5 X lo-’ L after the law flash. 



Table 1 
Photophysical Properties of 4NV and 3NA in acetonitrile and water 

k (SC’) a k,“(s-‘)h p(‘2 9, dh XfJ’ 

JNV in ACN 3.0x IOh 4.5 x I oc 1.3 x 10” 0.85 

3NA in ACN 3.8 x 10’ 3.0 x 10’ 4.2 X 10” 0.21 

4NV in DLO 45X105 1.2 x IO‘ 1.3x IO’ 0.73 

.INA in D&I 6.0 x 10’ 2.3 x lOi 1.4x IO4 0.62 

(’ [O,] is 1.9X IO-’ M and 0.27 X IO- ’ M in air-equilibrated acetonitrile and waicr solutions. respectively [ 2 I 1. 

” Deowygenated solution by bubbling nitrogen d&g 30 min. 
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Fig. -I. Transient absorption \pectra of an air-equilibrated solution of 4NA 
in water. From topto bottom: 2.3X 10m’.S.6X 10~h. 1.0X 10 ‘.2.0X IO ’ 
and I .O x 10 me> h after the law flash. 

where k,,, and k are the rate constants for the triplet decay in 
the absence and presence of molecular oxygen at concentra- 
tion ] O2 1. Decay rate constants were measured at the maxi- 
mum of the T-Tabsorption spectra in each case. The oxygen 
concentrations in air-equilibrated solvents (20°C) were taken 
tobe0.27XlO ‘moldmp3and 1.9XlO~‘moldm~‘in 
water and acetonitrile [ .2 11. respectively. The values obtained 
for Ii. k-,, and k :,, are collected in Table 1. 

The quantum yields of singlet oxygen production for4NV. 
4NA and 3NA in water and in acetonitrile were determined 
where possible by relative measurements of the time-resolved 
singlet oxygen luminescence (0.0 vibronic band of the ‘02 
phosphorescence centred at 1270 nm) The time-resolved 
phosphorescence signal at 1270 nm was recorded following 
355 nm laser excitation of each solution at variable laser 
intensities. The solutions were matched at 355 nm ( -t 0.002 
absorbance units) for each nitrophenyl ether and for a stan- 
dard reference compound in each solvent used. Lumines- 
cence decays obtained by signal averaging 6 traces were titted 
using a single exponential function in order to obtain the 
initial luminescence intensity (L,) at time t = 0 (e.g.. see Fig. 
5). The fast decay of the detector signal after the laser pulse 
excitation which was observed for all compounds examined 
is due to the laser scattered light shortly after the laser pulse 
and was not considered in the analysis decay. Plots of L,,, =o, 
vs. laser intensity were linear within the incident laser inten- 
sity range used. +_r values were calculated from Eq. ( 2) : 

I’,. I.,’ # .I * 
JJ.onm O.OCOJO O.COX5 o.cao1o ocox5 0.00020 

Time(s) 
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Fig. 5. ‘OL phosphorescence decay at I270 nm for an air-equilibrated wlu- 
tion of 4NV in acetonitrile with monoexponential lit and plot of residuals. 

The fast decay shortly after the la%erpulse was not considered in the analysis 
decay isee text) 

(2) 

where S is the sensitizer under study and S,, is a suitable 
standard sensitizer which &3 is known. 

Benzophenone was used as a standard in acetonitrile taking 
it.s reported [ 271 value for 4J as 0.38. D,O was used as a 
sollvent instead of H,O, because the lifetime of singlet oxygen 
in Hz0 (3.1.-5.0 ~LS) [ 281 is too short to measure accurately 
the ‘02* decay using our equipment. whereas that in D,O 
(55-68.5 ps) [ 281 is much longer. Due to its low solubility 
in water we could not use benzophenone as a standard in this 
slotvent. instead we made measurements relative to peri- 
naphthenone. Although 4-1 for perinaphthenone in D,O has 
not been reported. d3 values have been measured in a range 
of different solvents” [ 21 including benzene. CCL,, H,O and 
CD,OD and have shown to be in a narrow range ( 0.93-0.98 ) 
We took $3 = 0.95 for perinaphthenone in D,O. 

’ See Ref. [ 29 1. We thank the referee for the suggestion of thiq reference. 



The values of $J obtained for 4NV and 3NA in acetonitrile 
and in D20 are collected in Table 1. No ‘O?* phosphores- 
cence could be detected for 4NA either in D20 or in aceto- 
nitrile. The singlet oxygen phosphorescence lifetime which we 
observed in the experiments with benzophenone in acetoni- 
trile was 73 pus and in the experiments for 4NV and 3NA this 
was reduced to 67 and 47 11.5. respectively. In D,O the lifetime 
of singlet oxygen was reduced from 66 ps with perinaphthen- 
one to 60 and 54 ps with 4NV and 3NA. respectively. The 
reduction of the singlet oxygen phosphorescence lifetime was 
due presumably to the quenching of singlet oxygen by nitro- 
phenyl ethers in their ground states. 

4. Discussion 

In general, the quantum yield of singlet oxygen production, 
c$~. is given by the sum of contributions due to the oxygen 
quenching of S, and T, states. In view of the very short singlet 
state lifetimes of nitroaromatic compounds (the lifetime of 
the singlet nitrobenzene is about 10 -” s [ 19,263). we can 
expect that only triplet states contribute to the formation of 
singlet oxygen. 

The quantum yield of singlet oxygen production, $J. from 
a triplet state is given by Eq. ( 3 ) : 

cb,-=tp,- P.:‘7,f,- (3) 

where & is the triplet quantum yield in the presence of 
oxygen, P:‘z is the proportion of triplet molecules produced 
which are quenched by O2 and,fJT is the fraction of triplet 
molecules quenched by O2 which give IO?*. 

It is known that the photochemistry of nitroaromatic com- 
pounds depends on the nature of the low-lying triplet state 
[ 3-6,30,31] but nothing is known about its effect on the 
efficiency of singlet oxygen generation. In some cases the 
cfliciency of singlet oxygen generation,,fJT. depends on the 
nature of the triplet state [ 32-35 1. Thus, the lower efficiency 
of singlet oxygen generation by n. rr* states compared to Z-. n-* 
states has been suggested as an experimental criterion for the 
differentiation between both states. For example with aro- 
matic ketones.,fAT IS 0.3-0.4 for 11,~~ triplets I.331 whi1e.f;’ 
is 0.8-I .O for rr.7~* triplets [ 33 1 and it does not depend much 
on the solvent polarity or viscosity [ 361 for a particular kind 
of triplet state. On the contrary, in a very recent paper Nau et 
al. [ 371 showed that this correlation is not universal and that 
iq not applicable, for example. to azoalk.anes. 

As pointed out above. nitrophenyl ethers have close lying 
n.rr* and n-,~-* triplet states. The nature of their lowest triplet 
states depends on the substituents in the aromatic ring, on the 
polarity of the solvent and on the existence of hydrogen bonds 
with the solvent [ 3-8.25.261. Nitroaromatic triplet states 
with n”r* character are stabilized by hydrogen bond for- 
mation in protic solvents [ 7,8 1, whereas then.r* triplet states 
do not form hydrogen bonds I&25,26] : and. therefore. the 
r.n* state often becomes the lower state in protic solvents 
[ 7.81. Triplet states of II.~* configuration are short-lived 

(lifetime shorter than IO- ’ s, [ 231) and the electron hole is 
localized on the nitro group [ 7,8,19]. Triplet states of r,fi 
configuration have longer lifetimes and their excitation is 
delocalized on the phenyl ring [ 7.8,19]. When there is a small 
energy gap between the n,r* and n;n-* states a strong 
vibronic coupling between these states can occur and the 
properties of the lowest triplet would have contributions due 
to both states [ 131. 

The triplet lifetimes of 4NV and 3NA in water (see Table 
1) indicate that they may be considered as states with strong 
‘rr,r* character. This is in agreement with the presumably 
formation of hydrogen bonds between these triplets and the 
solvent [ 7.8,25.26]. In acetonitrile, their shorter lifetimes 
suggest that the T, states have already a contribution of the 
n.n* state and that is higher for 3NA than for 4NV (see 
triplet lifetimes in Table I ). In fact. Resonance Raman Spec- 
troscopy studies by Van Eijk et al. [ 131 of the triplet of 4NV 
in acetonitrile showed only minor changes in the electron 
distribution in the phenyl ring with respect to the ground state 
suggesting that the triplet has significant rz.7~* character. For 
4NA, the triplet lifetime suggests a n-,rr* state with consid- 
erable n.+” character in water; and, the absence of a detect- 
able triplet state in acetonitrile in our nanosecond laser flash 
photolysis experiments suggests a low-lying triplet of n.r* 
character in this solvent. 

According to Eq. (3). the quantum yield of singlet oxygen 
production, ($1. depends on: &. the triplet quantum yield: 
P:‘?, the proportion of triplet molecules quenched by 0,; and, 
,fdT; the fraction of triplet molecules quenched by 0, which 
give ‘OZ”‘. Triplet quantum yields for 4NV ( & = 0.3 1 ), 4NA 
(&= 0.37) and 3NA (&=0.34) have been reported in 
methanol ( see Refs. [ 10. I 1 ] for the case of 4NV and Ref. 
[ 381 for 4NA and 3NA). However & of 4NV and 4NA are 
not known in water or in acetonitrile. c#+ for 3NA has been 
estimated as > 0.5 in acetonitrile [ 71 but no estimate is avail- 
able for the value in water. The similarity of & for the three 
compounds in methanol suggest that these closely structurally 
related compounds would have similar +T values in a partic- 
ular solvent. The proportion of excited triplet states quenched 
by oxygen, P:Tz. may be evaluated using the k,, and k values 
obtained from the laser flash photolysis experiments in 
absence and presence of molecular oxygen, respectively. 
Thus, P.:‘? may be evaluated from Eq. (4) (see Ref. [ 21 ) : 

Pp=(k-krD)Ik (4) 

and thus, the products &X,fAT can be calculated from Eq. 
(3). The obtained values are collected in Table 1, 

The results for the nitrophenyl ethers studied in this work 
collected in Table 1 suggest, in spite of the uncertainty in the 
&values, that the efficiency of singlet oxygen generation by 
the triplet states.,f;‘.. 1s moderately high, and that it is possible 
to relate ,fJ’r with the nature of the lowest triplet state as 
happens in the case of aromatic ketones [ 331 since the prod- 
uct of I$, X,flT is greater for 4NV than 3NA in acetonitrile 
but smaller in DJ>. Thus, assuming for the reasons discussed 
above similar c#+ values in a particular solvent the efficiency 



of singlet oxygen generation by the triplet states,,f,‘, is higher 
for 3NA than for 4NV in D,O where both 3NA and 4NV 
have low-lying 7r.r* triplet states; but on the contrary the 
values given in Table 1 suggest that,f,‘, is higher for 4NV 
than for 3NA in acetonitrile where the triplet state of 3NA 
has a stronger r~$rr* character than that of 4NV (see triplet 
lifetimes in Table I ). In the case of 4NA. the quenching of 
the corresponding triplet states by 0, is negligible under our 
experimental conditions due to the short triplet lifetimes both 
in acetonitrile and in water and therefore is not possible to 
evaluate its capacity as a sensitizer of singlet oxygen. 

The capacity of nitrophenyl ethers as a photosensitizers of 
singlet oxygen in air-equilibrated solutions demonstrates that 
the cytoxicity of nitroaromatic compounds can be due to the 
generation of singlet oxygen. 

In summary. this work confirms the differences in the trip- 
let spectra for nitrophen>,l ethers in going form water to ace- 
tonitrile previously reported for 4NV [ 24 ] and shows that 
some nitr-oaromatic compounds can be moderately efficient 
scnsitisers of singlet oxygen. The product of the efficiency of 
the singlet oxygen generation multiplied by the triplet quan- 
tum yield,,f,“x&. is shown to be related to the nature of the 
lowest triplet. In addition, we have shown that the ground 
state nitrophenyl ethers quench singlet oxygen with appre- 
ciable efficiency. The nature of this quenching will be the 
subject of further studies in our lahoratorie\. 
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