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Pulse radiolysis of Ar-saturated aqueous solutions of  biphenyl-4-ylacetate ( B  PA-) ,  biphenyl-4- 
carboxylate (BPC-), 4-pyren-1 -ylbutyrate (PyB-)  and pyrene-1 -carboxylate (PyC-) results in the 
one-electron reduction of  the solutes by  the hydrated electron. The transient absorption spectra of  
the reduced aromatic carboxylates are analogous to those of  the radical anions of  the corre- 
sponding aromatic hydrocarbons, suggesting that the radical anion site is located on the aromatic 
moieties. The transient absorption spectrum of the reduced B PC- is shifted t o  shorter wavelengths 
with time after the pulse at p H  below ca. 10. The spectral shift has been attributed to the 
association of  the reduced BPC- wi th  H': (BP'-)COO- + H +  --+ (BP'-)CO,H, where BP 
denotes biphenylyl. In the case of  biphenyl-2-carboxylate, no absorption bands like those of  the 
biphenyl radical anion were observed. This means that the steric effect of the carboxy group 
prevents the formation of  biphenyl-type radical anions, which have a more coplanar structure than 
the parent molecule. Effect of cyclodextrin (CD) complexation of the hydrophobic moieties of 
the carboxylates has been investigated by using or-, p- and y-CDs. The rate constants for the one- 
electron reduction of BPA- and BPC- are effectively reduced by the addition of p-CD, whose 
cavity best fits t o  the biphenylyl group. Similarly, the one-electron reduction of  PyB- and PyC- is 
retarded by the best fitting y-CD. The retarding effect o f  the C D  complexation is greater for BPA- 
and PyB- having -CH,- and -(CHJ3-, respectively, between the aromatic and carboxy groups than 
for BPC- and PyC- not having such a spacer. The transient absorption spectrum of reduced 
PyC- in the presence of y-CD is shifted to  shorter wavelengths with time after the pulse. Such a 
spectral shift is not  observed for PyB-.  It has been proposed that the 2:2 complex of  PyC- with 
.)I-CD undergoes a structural change upon one-electron reduction. 

Cyclodextrins (CDs) form inclusion complexes with various 
organic molecules in aqueous solution depending on the sizes 
of their hydrophobic cavities and of the guest molecules. 1 , 2  The 
most common of them are a-, p- and y-CDs consisting of six, 
seven and eight glucose units, respectively. In the preceding 
paper we have reported a pulse radiolysis study of the effect 
of CD complexation on the one-electron reduction of aromatic 
sulfonates, such as biphenyl-4-sulfonate (BPS - ) and pyrene- 1 - 
sulfonate (PyS-), by the hydrated e l e ~ t r o n . ~  The transient 
absorption spectra of the one-electron reduction products, the 
sulfonate radical anions, are similar to those of the corre- 
sponding aromatic hydrocarbon radical anions, and the radical 
anion sites are considered to be located on the aromatic 
moieties of the sulfonates. The rate constants for the one- 
electron reduction of BPS- and PyS- were appreciably 
reduced by p- and y-CDs, respectively, whose cavities best fit 
to the respective aromatic groups. 

The present pulse radiolysis study was undertaken on 
the one-electron reduction of aromatic carboxylates such as 
biphenyl-4-ylacetate (BPA -), biphenyl-4-carboxylate (BPC - ), 
4-pyren-1 -ylbutyrate (PyB-) and pyrene-1 -carboxylate (PyC -) 
in the absence and presence of the CDs. The effect of a -CH2- 
or +CH2)3- group as a spacer between the aromatic and 
carboxylic groups is discussed. 

Little information is available on the one-electron reduction 
of aromatic carboxylates except for b e n ~ o a t e . ~  This paper 
presents a detailed study on the one-electron reduction of the 
aromatic carboxylates. It is demonstrated that the radical 
anion sites of the reduced products are located on the aromatic 
moieties, similarly to the case of the aromatic s~ l fona te s .~  A 
comparison is made for BPC - and biphenyl-2-carboxylate, the 

latter of which does not yield the biphenyl-type radical anion 
upon one-electron reduction. 

Results and Discussion 
When Ar-saturated aqueous solutions of the aromatic 
carboxylates are irradiated with electron pulses, the radical 
anions and neutral radicals are produced by the reactions of the 
primarily generated eaq-, OH and H with the solutes [eqn. (I)], 

H 2 0  - eaq- (2.7), OH (2.7), H (0.6) (1) 

where the numbers in parentheses represent the radiation 
chemical yields, G values, for the individual species. 

Pulse Radiolysis of BPA-.-Fig. 1 shows the transient 
absorption spectra at 200 ns and 9 ps after the pulse for the Ar- 
saturated solution of 5 x mol dmp3 BPA- (pH, 7.0). Fig. 2 
shows the effects of tert-butyl alcohol and N 2 0  used as radical 
and electron scavengers, respectively, on the transient absorp- 
tion spectrum at 200 ns. The absorption bands at 400 and 640 
nm disappear when the solution is saturated with N 2 0  and are 
assigned to the one-electron reduction product, the radical 
anion. The spectral shape is analogous to that of the biphenyl 
radical indicating that the radical anion site is 
located on the biphenylyl group [eqn. (2)], where BP denotes 
biphenylyl. 

BPCH2C02- + eaq- - (BP'-)CH2C02- (2) 

The absorption bands below 380 nm are assigned to the 
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Fig. 1 Transient absorption spectra at (0) 200 ns and (0) 9 ps for 
Ar-saturated solution of BPA-; [BPA-] = 5 x 
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Fig. 2 Transient absorption spectra at 200 ns for BPA- solutions 
(0) saturated with Ar and containing 1.0 mol dmP3 tert-butyl alcohol 
and (0) saturated with N,O; [BPA-] = 5 x rnol dme3 

neutral radicals, OH- and H-adducts of BPA-, since they are 
observed under an atmosphere of N20 and disappear in the 
presence of 1 .O mol dm-3 tert-butyl alcohol. Their absorption 
intensities are larger for the N20-saturated solution than for 
the Ar-saturated solution, as shown in Figs. 1 and 2, because 
OH is a product of the reaction of N 2 0  with eaq- [eqn. (3)]. 

N,O + eaq- + H20-OH + OH- + N, (3) 

The molar extinction coefficient of the reduced BPA- at 400 
nm was 3.1 x lo4 dm3 mol-' cm-', determined by comparison 
of the absorption intensity with that of eaq- based on the 
literature value (1.85 x lo4 dm3 mol-' cm-' at 715 nm).8 The 
rise in the 400 nm absorption was consistent with the decay of 
eaq - and obeyed first-order kinetics. The rate constant for 
reaction (2), k, ,  was determined to be 3.3 x lo9 dm3 mol-I s-l 
from the slope of the linear plot of the pseudo-first-order rate 
constant for the decay of eaq-, kobs, against BPA- concen- 
tration (pH, 6.7-7.0). The decay of eaq- was monitored at 800 
nm where the absorption due to reduced BPA- is negligible. 

Pulse Radiolysis of BPC- .-Fig. 3 shows the transient ab- 
sorption spectra at 200 ns and 9 ps for the Ar-saturated solution 
of 5 x mol dm-3 BPC- (pH, 6.9) together with that at 200 
ns for the Ar-saturated solution of 5 x lop3 mol dm-3 biphenyl- 
2-carboxylate (pH, 7.0). The absorption spectrum at 200 ns for 
the BPC- solution is somewhat similar to that for the BPA- 
solution. In contrast to the case of the BPA- solution, the peak 
positions of the absorption bands at around 400 and 660 nm 
are shifted to shorter wavelengths with time after the pulse. In 
the case of the biphenyl-2-carboxylate solution, no absorption 
band is observed above 350 nm, whereas the absorption of eaq- 

T 

0.0 
300 400 500 600 700 800 

A /nm 
Fig. 3 Transient absorption spectra for Ar-saturated solutions of 
BPC- [at (0) 200 ns and (0) 9 ps] and (+) of biphenyl-2-carboxylate 
(at 200 ns); [carboxylate] = 5 x mol dm-3 
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Fig. 4 Transient absorption spectra at 200 ns for BPC- solutions 
(0) saturated with Ar and containing 1 .O rnol dm-3 tert-butyl alcohol 
and (0) saturated with N,O; [BPC-] = 5 x mol dm-3 
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Fig. 5 Transient absorption spectra at (0) 200 ns, (0) 1.5 ps and (+) 
6 ps for a BPC- solution saturated with Ar and containing 1.0 rnol 
dm-3 tert-butyl alcohol; [BPC-] = 5 x 

A /nm 

rnol dm-3 

rapidly decayed similarly to the cases of the BPC- solution. 
This means that the biphenyl-type radical anion is not 
generated by the one-electron reduction of biphenyl-2-carb- 
oxylate. The steric effect of the carboxy group is considered to 
prevent the formation of the biphenyl-type radical anion, which 
has a more coplanar structure than the parent mole~ule .~ 

Fig. 4 shows the effects of tert-butyl alcohol and N,O on the 
transient absorption spectrum at 200 ns for the BPC- solution. 
Similarly to the case of the BPA-, the effects of the radical and 
electron scavengers demonstrate that the absorption bands at 
around 400 and 660 nm are assigned to the one-electron 
reduction product and those below 380 nm, to the neutral 
radicals. Fig. 5 shows the spectral change with time after the 
pulse for the absorption band at around 400 nm in the presence 
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of 1 .O mol dmP3 tert-butyl alcohol. It can be seen that the decay 
of the peak at 415 nm accompanies the rise of the peak at 385 
nm. Similarly, the absorption band at 660 nm was shifted to 
620 nm until 1.5 ps and then decayed without change in peak 
position irrespective of the presence of tert-butyl alcohol. 

The effects of the scavengers suggest that the absorption 
bands at 385 and 620 nm in the later stage are assigned to the 
biphenyl-type radical anion as well as those at 415 and 660 nm 
in the earlier stage. The spectral shift with time after the pulse 
was not observed for the alkaline solutions at pH above ca. 10. 
Therefore, it can be attributed to the association of the radical 
anion with H +  [eqn. ( 5 ) ] .  The rapid occurrence of reaction (5) 

BPC0,- + eaq- + (BP'-)CO,- (4) 

(BP'-)CO,- + H +  - (BP'-)CO,H ( 5 )  

may be due to an increase in the association constant by the 
one-electron reduction of BPC-. It is reasonable to consider 
that, in the case of BPA-, the association constant is little 
influenced by the one-electron reduction because of the presence 
of the methylene spacer between the biphenylyl and carboxy 
groups. 

The molar extinction coefficient of the reduced BPC- at 41 5 
nm was 3.1 x lo4 dm3 mol-' cm-', determined with the alkaline 
solution to avoid the coexistence of the reduced BPC-H'. 
k,  was determined to be 9.0 x lo9 dm3 mo1-' s-' (pH 6.5-7.0) 
from the slope of the plot of kobs against BPC- concentration. 
The rate constant of BPC- is about three times larger than 
that of BPA-. because of the absence of the methylene 
spacer between the aromatic and carboxy groups as discussed 
below. 

Effects of CD Complexation on the One-electron Reduction 
of BPA - and BPC- .-The one-electron reduction of BPA- 
and BPC- is effectively retarded by p-CD. Fig. 6 shows the 
effects of p- and y-CDs on the rise of the absorption of reduced 
BPA- and BPC- (pH 6.8-7.0); the rise curves in the presence of 
a-CD are not presented in the figure because they were quite 
similar to those for the CD-free solutions. The effect of p-CD is 
less significant for BPC- than for BPA-, as discussed below. 
The kobs values for the 1 x mol dm-3 carboxylate solutions 
decreased with increasing P-CD concentration and became 
almost constant at [p-CDJ > 5 x lop3 mol dm-3. 

The rate constants for the one-electron-reduction of the 
complexed BPA- and BPC- [eqns. (6) and (7)] were 

BPCH,CO,--B-CD + eaq- --+ 

(BP'-)CH,CO,--P-CD (6) 

BPCO,--P-CD + eaq- --+ (BP*-)CO,--p-CD (7) 

determined in the presence of an excess of p-CD (1 x lo-, mol 
dm-3). The k ,  and k ,  values were 4.4 x lo8 (pH 7.C7.4) and 
2.5 x lo9 (pH 6.8-7.0) dm3 mol-' s-', respectively. The k , :k ,  
and k,: k ,  ratios are 7.5 and 3.6, respectively, indicating that the 
effect of the CD complexation is smaller for BPC- than for 
BPA-. This can be interpreted in terms of the occurrence of the 
one-electron reduction of BPC - through the attachment of 
eaq - to the carboxy group being placed outside the CD cavity. 
On the other hand, in the case of BPA-, the attachment of eaq- 
is limited to the biphenylyl group by the presence of the 
methylene spacer between the biphenylyl and carboxy groups. 
The attachment of eaq- to the carboxy group of BPA- may be 
as slow as that to the acetate ion with the rate constant of 
4.3 x lo4 dm3 mol-' s-' reported in the literature." The 
contribution of the carboxy group to the one-electron reduction 
of BPC- is also demonstrated by the result k4 > k, .  

0- 0; 
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Fig. 6 Rises in the absorption of the radical anions for BPA- 
solutions in the (a) absence and presence of (b) p- and (c) y-CDs and for 
BPC- solutions in the (d) absence and presence of (e) p- and (f) y-CDs; 
[carboxylate] = 1 x mol dm-3; [CD] = 1 x lo-* rnol dm-3 

Pulse Radiolysis of PyB- and PyC- and the Effect of the CD 
Complexation.-In order to confirm the effect of the methylene 
spacer between aromatic and carboxy groups on the one- 
electron reduction, a pulse radiolysis study was undertaken 
for PyB- and PyC-. Figs. 7 and 8 show the transient 
absorption spectra for Ar-saturated solutions of 5 x 
mol dm-3 PyB- (pH 9.1) and PyC- (pH 7.1), which are 
characterized by a strong peak at  around 500 nm and a weak 
one at 410 nm. The PyB- solution is alkaline because of the low 
solubility of PyB-H+ at lower pH; the transient absorption 
spectrum was similar to that of lower pH solutions of dilute 
PyB - except for the high absorption intensity. The absorption 
bands at around 500 and 410 nm were assigned to the radical 
anions and the neutral radicals, respectively, on the basis of the 
effects of tert-butyl alcohol and N,O. The molar extinction 
coefficients of the reduced PyB- and PyC- at the peak 
positions were 4.7 x lo4 (at 490 nm) and 5.2 x lo4 (at 504 
nm) dm3 mol-' cm-', respectively. The sharp peaks at around 
500 nm are analogous to that of the pyrene radical anion, 
indicating that the pyrenyl groups are reduced by eaq- [eqns. 
(8) and (9)], where Py denotes pyrenyl. 

PyCO, - + eaq- - (Py'-)CO, - (9) 

The one-electron reduction of PyB- and PyC- was retarded 
more effectively by y-CD than by p-CD as shown in Fig. 9; 
no apparent effect was observed with a-CD. The kobs values 
for the I x mol dm-3 PyB- and PyC- solutions 
continued to decrease to y-CD concentrations of 5 x lop3 and 
2 x lo-, mol drnp3, respectively. Such a difference in the CD- 
concentration dependence suggests that the association con- 
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Fig. 7 Transient absorption spectra at (0) 200 ns and (0) 9 ps for an 
Ar-saturated solution of PyB-; [PyB-] = 5 x rnol dm-j 
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Fig. 8 Transient absorption spectra at (0) 200 ns and (0) 9 ps for an 
Ar-saturated solution of PyC-; [PyC-] = 5 x rnol dm-3 

stant for CD complexation of PyC- is smaller than that of 
PyB - . 

The rate constants for the one-electron reduction of PyB- 
and PyC- were determined in the absence and presence of 
5 x lo-, mol dmP3 y-CD. The pH dependences of the rate 
constants are shown in Fig. 10. The rate constants determined 
in the presence of y-CD increase at pH > ca. 12. It is known 
that pyrene derivatives form 2:2 complexes with y-CD at 
higher host and guest concentrations. 11-' The 2 : 2 complexes 
dissociate into 1 : 1 complexes in strongly alkaline solution 
because of the repulsion between the anionic forms of the 
secondary hydroxy groups of y-CD.' Thus, the increase in rate 
constant at high pH is attributed to the dissociation of the 
2 :  2 complexes into I : 1 complexes similar to the case of 
PyS-. The rate constants in the lower pH range are for the one- 
electron reduction of the 2 : 2 complexes of PyB- and PyC- 
[eqns. (10) and (1 l)]. 

The k ,  and k , ,  values are larger than the k ,  and k , ,  values, 
respectively, over the whole pH range. The k8 : k , ,  and k, : k ,  , 
ratios are 17 and 6.2, respectively, at pH around neutrality, 
suggesting that the one-electron reduction of PyB - having 
the methylene spacer is more effectively retarded by the CD 
complexation than is that of PyC- not having such a spacer. 
These results demonstrate that the carboxy group of PyC- 
contributes to the one-electron reduction and is placed outside 

' O O  ,I t Ips 1 0 t Ips 1 

0.8 ( f )  1 7  
Fig. 9 Rises in the absorption of the radical anions for a PyB- 
solution in the (a) absence and presence of (h) p- and ( c )  y-CDs and for 
a PyC- solution in the ( d )  absence and presence of (e) p- and (f) y- 
CDs; [carboxylate] = 1 x mol drn-j; [CD] = 1 x lo-' mol dm-3 
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of the CD cavity of the complex, similarly to the case of BPC- 
described above. 

Spectral Sh$t for the Reduced 2 : 2 Complex of PyC- with y- 
CD.-Fig. 11 shows the transient absorption spectra at 200 ns 
and 6 ps for the 5 x 10-3 rnol dmP3 PyB- and PyC- solutions 
containing 5 x lo-, rnol dmP3 y-CD. The absorption band for 
the PyC- solution is observed at 508 nm immediately after the 
pulse and is shifted to 498 nm until 6 ps. On the other hand, 
such a spectral shift with time after the pulse is not observed for 
the PyB- solution; the absorption intensity is small because of 
the effective suppression of the one-electron reduction by the 
CD complexation. 
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(Tokyo Kasei) were recrystallized from benzene-methanol mix- 
tures. PyB-H+ and PyC-H+ (both Molecular Probe) were 
used without further purification. a-, p- and y-CDs were the 
same as those used in the previous study.3 Water was purified 
by means of the Millipore Milli-Q system. The pH was adjusted 
with NaOH. 

Aqueous solutions of the aromatic carboxylates saturated 
with Ar or N20 were irradiated with 8 ns electron pulses at 
room temp. (ca. 22 "C). The techniques of the pulse radiolysis 
and the method of kinetic analysis were as described 
previ~us ly .~  The dose per pulse was ca. 43-88 Gy (1 Gy = 1 
J kg-') producing eaq- concentrations ca. (1.2-2.5) x 
mol dm-3. 

480 490 500 51 0 520 530 
A /nm 

Fig. 11 Transient absorption spectra for solutions of PyC- [at 
(0) 200 ns and (0) 6 p] and of PyB- [at (+) 200 ns and ( x )  6 ps] 
in the presence of yCD;  [carboxylate] = 5 x mol dm-3 and 
[y-CD] = 5 x 10F2 mol dm-3 

The spectral change with time after the pulse has also been 
observed for the reduced 2 : 2 complex of PyS- with y-CD as 
reported previ~us ly .~  In this case, the absorption band of the 
reduced 2 : 2 complex, observed immediately after the pulse, is 
rather broad. Until 6 ps, it becomes narrow and is shifted 
slightly to shorter wavelengths. The narrow absorption band in 
the later stage has been assigned to a reduced 1 : 1 complex 
since it appears immediately after the pulse in the strongly 
alkaline solution (pH 12.5) where the 2 : 2 complex dissociates 
into 1 : l  complexes. Thus, it has been concluded that the 
reduced 2: 2 complex is unstable and dissociates into 1 : 1 
complexes. 

On the other hand, in the case of PyC-, the shape of the 
absorption band is not affected by the addition of y-CD; only 
the peak position is slightly shifted, from 504 to 508 nm. 
Furthermore, for the strongly alkaline solution (pH 12.6) 
containing y-CD, the absorption band appeared at 508 nm, not 
at 498 nm, immediately after the pulse and decayed without 
change in peak position. On these bases, it seems reasonable to 
assume that the absorption spectra of the reduced 2 : 2 and 1 : 1 
complexes have the same peak position at  508 nm and that the 
spectral shift with time after the pulse is caused by a change in 
structure of the reduced 2: 2 complex but not by dissociation 
into 1 : 1 complexes. 

In contrast to the cases of PyC- and PyS-, the reduced 
2:2 complex of PyB- decays with no change in absorption 
spectrum. The effect of CD complexation on the absorption 
spectrum of reduced PyB- is only a very small shift to longer 
wavelengths. The methylene chain of PyB- may disturb the 
formation of the rigid 2 : 2 complex like those of PyC- and 
PyS-. Further spectroscopic study is needed for the reduced 
CD complexes of pyrene derivatives. 

Experimental 
BPA-H+ (Tokyo Kasei) was recrystallized from methanol. 
BPC - H + (Wako Chemicals) and biphenyl-2-carboxylic acid 
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