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Abstract

The photoinduced electron transfer (PET) quenching of singlet excited pyrene and 1,2,5,6-dibenzanthracene (DBA) by 3-cyanopyridir
ando-dicyanobenzene, respectively, was investigated in several protic and aprotic solvents. The triplet quenching gf-DBdbgnzal-
dehyde was also studied in the same solvents. In all cases free radical ions yield were measured by laser flash photolysis. In the case of
triplet reaction, forward electron transfer quenching rate constants were also measured. Charge separation effisirogedetermined
from the free radical ions yields. The solvent effectgpin singlet state PET may be explained in aprotic solvents by a model based on
the macroscopic properties of the solvent. For alcohols the efficiencies are lower than the corresponding quantities for aprotic solvents
similar viscosities and dielectric constant. For triplet mediated PET reactions, the forward rate constants are scarcely sensitive to the solve
while strong specific solvent effects are important in determining the back-electron-transfer to ground state. © 2000 Elsevier Science S.,
All rights reserved.
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1. Introduction other hand, when the precursor state is the lower triplet,
only FI are observed after the decay of the RIP. It is com-

An important issue in bimolecular photoinduced electron monly accepted that, due to the spin forbiddeness of the
transfer (PET) reactions is the efficiency of the charge sepa-back-electron-transfer to ground state, high yields of free
ration, that is the yield of free radical ions (FI). The quantum ions would be observed in this case [8]. However, in some
yield of FI formation results from a competition between cases low quantum yields of FI has been observed in PET
the several decay processes of the radical ion pair (RIP) thatreactions originated in the triplet state [9]. Conversely,
is formed in the initial electron transfer step [1,2]. The dy- although a large back recombination rate is expected for
namics of these processes in turn depends upon the natursinglet state originated RIPs, high quantum yields were
of the RIP and the medium in which it is generated [3,4]. found for Fl in some excited singlet PET reactions [10].
According to the molecular structure of the reactants and Several papers have dealt with the medium and structural
the solvent, the RIP may be a contact ion pair (CRIP) where effects on the charge separation yield in PET reactions. The
the partners are at molecular contact, or a solvent separate@nergy gap law was used to explain the structural effects,
ion pair (SSRIP). For a given system both CRIP and SSRIP which result in changes in the driving force for both the for-
may be formed and interconvert [5]. They may lead to FI ward and back-electron-transfer processes [11]. However,
by an escape process that depends mainly on the viscositysome specific structural effects, such as the nature of the
and dielectric properties of the solvent. This competes with MO, whether n ofrr, involved in the electron transfer [12,13]
the back-electron-transfer reaction to produce the reactantor symmetry factors [14] may influence the kinetics of the
in the ground state or one of them in an excited state lower processes from the RIP. The medium effects, specially those
in energy than the starting state. related to reactions carried out in organized molecular as-

When the precursor is the excited singlet, it is com- semblies, was also extensively investigated [15]. In homo-
monly observed that the triplet state is formed in high geneous solvents it was found that the efficiency of charge
yield in the back-electron-transfer process [5—7]. On the separation strongly increases with an augment of the dielec-

tric constant, while the forward rate constant for the electron

* Corresponding author. transfer quenching reaction was scarcely affected [6].
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However, less attention was paid to the effect of sol- sured at 470 nm immediately after the laser pulse. Values of
vent in reactions performed in media of similar polarity 7.3x10°M~1cm! and 0.83 were used farr and ¢ of
but with distinct molecular structure. We have found [9] ZnTPP, respectively [18]. All the solutions were matched in
widely different charge separation yields in the quenching absorbances at 337 nm. For the triplet of Py the absorption
of 1,2,5,6-dibenzanthracene (DBA) triplet state by nitroben- coefficient was taken as 30 000Wcm~1 at the maximum
zenes for methanol and acetonitrile, two solvents of very [19] and 48000 M cm~ was used for the pyrene radi-
similar macroscopic dielectric constant and viscosity. The cal cation [10]. The DBA radical cation was measured at
Fl yield was >5 times larger in methanol than in acetoni- 510 nm with absorption coefficients of 10000 #cm=1
trile. Later, we carried out a study in these two solvents [9]. In the singlet quenching of DBA bg-DCNB the deter-
of the charge separation efficiency in the singlet quenching mination of the radical ions’ absorbance was complicated
of polycyclic aromatic hydrocarbons by several electron ac- by the simultaneous absorption of DBA triplet state in the
ceptors [16]. In this case we found the same trend for the same region of the radical cation. Therefore, the absorbance
guenching by nitrobenzenes, but the opposite was the caseat 380 nm was used with absorption coefficients of 11 000
when the acceptors were cyanobenzenes. So, it seems thatnd 6000 M1 cm~1 for the radical cation of DBA and the
specific solvent effects are important in controlling the yield radical anion ob-DCNB, respectively [20]. The absorption
of free ions, and in turn, these specific effects depend uponcoefficients were assumed to be the same in all the sol-
the structure of the reaction partners. In order to obtain a vents. Although there are few reliable reports on absorption
better understanding of the solvent dependence of the chargeoefficients of radical ions in different solvents, the few
separation efficiency in PET reactions, we undertook a study existing data [21-24] confirm that the error that may be
of the effect of a series of protic and aprotic solvents of am- introduced in this way is in any case of the same order that
ply varying dielectric properties on the FI yield of singlet the experimental uncertainty in the measurements of the
and triplet state processes. In this paper we present resultselative transient absorptions.
for the singlet quenching of pyrene (Py) by 3-cyanopyridine
(3CNP) and of DBA byo-dicyanobenzeneofDCNB). For
these two systems we have previously investigated the sol-3. Results and discussion
vent effect on the forward electron transfer rate constant [17]
and found that the observed dependence can be explained b$.1. Singlet state processes
the classical or semi-classical theories for electron transfer
reactions with a dielectric continuum model for the solvent.  The quenching of excited singlet of Py by 3CNP and
However, most of the research on the solvent effect on PET of DBA by o-DCNB are well-known electron transfer pro-
reactions was carried out on singlet processes and much lesgesses. In polar solvents free radical ions are observed by
attention was paid to the triplet reactions. Here, we also stud-laser flash photolysis for both systems. Even in the less po-
ied the triplet quenching of DBA by-nitrobenzaldehyde lar solvent investigated, ethyl acetate, exciplex emission was
(p-NBz). Both the forward electron transfer quenching and not detected. In this solvent the total electron transfer na-
the FI yield were measured in several solvents. ture of the quenching process is evidenced by the effect of
adding tetrabutylammonium perchlorate. In the presence of
this salt the radical cation of Py is formed in high yield, con-
2. Experimental details firming the total charge transfer mechanism in this low po-
larity solvent [17]. Moreover, the plots e/t remain linear
Propionitrile (PrCN) from Fluka AG, was distilled and in all cases, without indication of downward curvature that
passed trough a silica gel column before use. Ethanolcould be taken as an evidence of exciplex formation in the
(EtOH), from Merck was purified by distillation. The absence of its emission [25-27]. Therefore, the quenching
other solvents: acetone, ethyl acetate (EtAc), 2-propanolprocesses may be summarized by Egs. (1) and (2)
(2-PrOH), acetonitrile (MeCN), dimethylsulfoxide (DMSO)

1 _
and methanol (MeOH) were HPLC grade and were used Py" + 3CNP— Py*" + 3CNP* @)
withgut further puriﬁcat?on. Pyrene (Py) from Merck was 1ppga* + 0-DCNB —> DBA®** + 0-DCNB*~ @)
purified by recrystallization from methanol. DBA was Fluka
puriss. o-DCNB, 3CNP andp-NBz were from Aldrich. The free radical ions yield is strongly dependent on the

All of them were used as received. Fluorescence spectrasolvent properties. In Fig. 1 the transient absorption spectra
were determined with a Spex Fluoromax spectrofluorome- for the system Py-3CNP are shown in acetone and ethyl
ter. Transient absorption experiments were performed with acetate. In the absence of the quencher the only absorbing
a nitrogen laser as previously described [9]. The samples

were deoxygenated prior to use by bubbling with high " ; ; <

. ) . ; cation at 680nm in acetone to be compared with 14508 &mtin
p“”t}’ argon. Qu,antum y'e'd,S of .tran5|ent species were qe' acetonitrile at 670 nm, informed by Gould et al. [23]. lwamura and Eaton
termined by actinometry with zinc tetraphenyl porphyrin 24 aiso report 12 00041000) M- cm~for biphenyl radical cation in
(ZnTPP) in benzene. The triplet yield of ZnTPP was mea- Ar/CH,Cl, at 20K.

1Rodgers [22] gives=11900 &20%) M~ cm~1 for biphenyl radical
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Fig. 1. Transient absorption spectra for the system Py-3CNP in acetone
and ethyl acetate, takenus after the laser pulse in the absenc#) @nd
in the presence®) of the quencher. The concentration of 3CNP was ooal

0.4M in acetone and 0.6 M in ethyl acetate.

species in both solvent, after the singlet decay, is the triplet 350 400 450 500 550 600 650
state withAmax~420 nm in acetone and 414 nm in EtAc. In nm
acetone, in the presence of the quencher at a concentratiorfig. 2. Transient absorption spectra for the system DBRENB at 2us

that more than 95% of the excited singlets are intercepted,after the laser pulse in the absenég)(and in the presencel) of the

a new transient absorption Withmax=455 nm is present. guencher. The conceqtration ofDCNB was 0.066 M in EtOH, 0.15M
This new band may be assigned to the pyrene radical cation." acetone and 0.1M in DMSO.

On the other side, in ethyl acetate the triplet remains as

the only transient species after the quenching. In spite of ) _ _ _
the high fraction of singlets quenched in acetone, the triplet €XPerimental section. The corresponding charge separation
absorption remaining after the quenching event is clearly €fficiency,¢cs were derived from the following equation
noticeable. Therefore, an important fraction of the quenching

events must lead to the triplet state. This is not unexpected, . = ®jq, <M) (5)
since the energy level of Py triplet (2.10eV) lies below the kqo[Q]

energy level of the RIP (3.23eV).

Similar results were obtained for the system DBA-
DCNB. In Fig. 2 the transient absorption spectra in three
solvents are presented for this system. In the presence o
the quencher the bands of DBA radical cation at 380 and

510 nm can be clearly identified. However, even when the ¢ - > :
quencher concentration is such that more than 95% of theWith the solvent polarity, while for hydrogen bonding sol-
singlets are quenched, it can be seen that the triplet stateVENtS the values are lower than those in aprotic solvents of
absorbing at ca. 540 and 570 nm is still present in all cases.Similar dielectric constants.

Therefore, in addition to Reactions (1) and (2) the following 1€ experimental results are better discussed in terms of
quenching process must be taken into consideration the Gibbs energy changes for the various electron transfer
processes depicted in the Scheme 1, whgrstands for the

wherekq andzg are the singlet quenching rate constant and
the singlet lifetime in the absence of quencher, respectively.
fThe results are collected in Table 1. The solvents in the table
are grouped according to its hydrogen bonding capability. It
can be seen that for aprotic solvents the efficiencies increase

1py* + 3CNP—3 Py* + 3CNP (3)  forward electron transfer rate constaki(G) andks(T) are
rate constants for back-electron-transfer reactions to ground
1DBA* + 0-DCNB —3 DBA* + 0-DCNB 4) and triplet states, respectively, akgl:is the diffusive rate

constant for the charge separation process. In the scheme
From the laser photolysis experiments, free radical ions (D**... A*~) represents the RIP formed in the initial elec-
guantum yields,®jo, were obtained as described in the tron transfer step.
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Table 1
Charge separation efficiencies and back-electron-transfer rate constants
Solvent Py-3CNP 1DBA*—0-DCNB SDBA*—p-NBz

Pcs ) (571) Pcs ) (571) Kq (Milsil) Pcs Kp (571)
EtAc (6.02} 0.0 0.0 1.810° 0.0
EtAc-MeCN (9:1) (11.7) 0.0 0.0 2:010° 0.0
EtAc-MeCN (7:3) (19.05) 0.17 1:10° 0.58 1. %108
Acetone (20.70) 0.25 1:410° 0.80 8. %10 3.1x10° 0.11 2.%10°
PrCN (28.86) 5.9x10° 0.063 8.x10°
MeCN (35.94) 0.49 1.010° 1.0 5.7 10° 0.10 8.6¢10°
DMSO (46.45) 0.41 3.410° 1.0
2-PrOH (19.92) 0.14 3.010° 0.38 7.6¢10° 1.7x10° 0.44 8.9¢10°
EtOH (24.55) 0.072 1.910° 0.49 1.6<10° 4.1x10° 0.38 2.4¢10°
MeOH (32.66) 0.040 1.8101 0.69 2.5¢10° 3.9x10° 0.48 7.0¢10°

aDielectric constant at 2.

In aprotic solvents the variation d¢&; with the driving At this point it is important to consider the experimental
force calculated with the Weller equation [28] could be ex- uncertainties in the rate constants determined in this way.
plained by the Marcus classical or semi-classical electron The difficulty in obtaining reliable quantum yields for charge
transfer theories [17]. A satisfactory correlation of lag separation by the technique of laser flash photolysis was
with AGs could be established using a distance of 0.7 nm in discussed by Vauthey et al. [31]. Small errors in the charge

the RIP [28]. separation efficiency may translate in large ones in the back
From the reaction scheme the charge separation efficiencyrate constants. Nevertheless, the relative values of charge
is given by separation efficiencies and the back recombination rate con-
L stants from them derived in the different solvents here inves-
Pes = e (6) tigated, are more reliable than the absolute values based on
ko(G) + ko(T) + Kesc absorption coefficients of radical ions, since the latter can
According to Eq. (B)pcs is affected by a series of factors be affected by large errors.
that in one way or another affektse kn(G) andky(T). A The overall Gibbs energy changes for the forward and
theoretical expression fdtsc is given by the Eigen [29]  back-electron-transfer reactions obtained through Egs.
equation (8)—(10) are reported in Table 2, together with the experi-
mental data employed in the calculations.
2KT \ (zazpe? zazge?\\
kesc= | —— 1—exp|l ———— @) D N A
7r3n erRT erRT AGt = Ey1p o)~ Eo(D) + E1/2 A (8)
Heren ande are the solvent viscosity and dielectric con- b A
stan_t, rgspegtlye_lyzA and zg are the c_harges Qf the sep- AGH(G) = —E1/2< .+> _ E1/2< ._) 9)
arating ions initially at a distance With the aid of Eq. D A

(7) kesc Was estimated for each solvent as previously dis-

cussed [16,30], using 0.7 nm for the distance in the RIP. With AG(T) = —E12 (
these values and the experimentally determipgdhe total

back—el_ectron—transfer rate constagi:kb(G)+kb(D can be E1/2(D/ID*+) and E12(A/A®~) are the one electron redox
determined. The values & are also reportfa din .Table L. potentials of D and A, respectively aridg is the excited
The two rate constants could be separate if the intersystem

. Hicienci liable determined. H ~singlet or triplet state energy level. The coulombic term usu-
crossing etliciencies were refiable determined. HOwever, in ally included in the expressions above have been omitted,
the present case they are difficult to estimate due to the su-

i £ 1T and radical i b " ¢ since it depends upon the specific value of the solvent di-
perposition ot 1—1 and radical lons absorption Spectra. electric constant. For the more polar solvents it amounts to

less than 0.1 eV, while for the less polar ones there is not
ot A general agreement with regard to the effective dielectric con-
(0™.AY) stant to be used in the coulombic term [32,33]. Therefore,

W\ since we are going to discuss the experimental results using
Kb(G) Kesc o + A Gibbs energy in a semi-quantitative way we do not include
* o+
D+A D"+ A™

D A
D'+> +3Eo(D) — E1p2 (A") (10)

Ket

(D*..A)

the coulombic term in Egs. (8)—(10).
The results are better discussed considering separately
protic and aprotic solvents. The two singlet reactions have
Scheme 1. nearly equalAGs , hence the geminate ion pair is most
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Table 2
Free energy quantitids

System 1Ey(D)P 3Eq(D)P E1/2(D/D*+)¢ E1j2(A/A®H)E AGs AGhH(G) AGy(T)

1py*-3CNP 3.34 2.10 1.20 2.03 -0.11 -3.23 —-1.13
1DBA*-0-DCNB 3.15 2.25 1.19 1.82 -0.14 -3.01 —0.76
3DBA*—p-NBz 3.15 2.25 1.19 0.86 -0.20 —2.05 -

aAll quantities in eV.
b From [36].
¢From [37].

likely to be of similar characteristics, although it may change taken after the quenching event are shown in Fig. 3. In all
from a SSIP in the most polar solvents to CRIP in the less cases the spectrum can be reproduced by the addition of the
polar ones. In the first case, for the system Py-3CNP a absorptions of the radical ions DBA andp-NBZ*~ [34].
nearly solvent independent value lef close to k10°s™1 The bands with.,ax 370—-380 nm corresponds to the absorp-
results. Therefore, for this system the observed trend of thetion of DBA®** andp-NBZ*~, while at 510 nm only DBA*
charge separation efficiency may be explained by the effectabsorbs. Therefore, the quenching reaction may be written as
on kesc Of the macroscopic dielectric constant and viscosity 3ppA*
of the different solvents. The same is valid for the system
DBA-0-DCNB, with ky=1x 10?52, although in this case a Charge separation efficiencies were obtained from the free
larger uncertainty results because of the values close to 1 ofions quantum yield as explained before and are also collected
@cs- The differences ik, between the two systems may be in Table 1.

understood if the reaction competing with the cage escape The rate constants for the quenching of DBA triplet by
process is the back-electron-transfer to the excited trlplet of p-NBZ present a very low Sensitivity to Changes in solvent
the donor. The in-cage back recombination to ground state dielectric constant. For the more polar solvents the order of
rate constank(G) corresponds to an electron transfer pro- magnitude of the rate constants is compatible with a driving
cess with a driving forc&G,(G) <3 eV (Table 2) and there-  force of —0.2 eV (Table 2) for the electron transfer process.
fore lies in the inverted region. On the other hand the rate The lack of solvent effect is not uncommon for electron

+ p-NBz — DBA** + p-NBz*~ (11)

constant for the back recombination to the triplet sia(@) transfer reactions. Ghoneim et al. [35] found that in the
is more likely to be in the normal region, sineeGp(T) is quenching of excited singlet 9,10-dicyanoanthracene the
much less exergonic. Now, the Gibbs eneuy®y(T) for rate constants do not differ by more than one order of mag-

the system Py-3CNP in polar solvents, is more exergonic by
0.37 eV than the corresponding quantity for DBABCNB.
Therefore, considering th&g(T) is in the normal region, a
higher value for the system Py-3CNP may be foreseen.

For the alcoholic solvents in all casksis higher for the
system Py-3CNP. The same argument than before may be
used to explain this difference. However, while for the sys-
tem DBA-0-DCNB ky show a low dependence on the sol-
vent, being very similar to the values in aprotic solvents,
for the other system a more erratic behavior is observed.
This may be the result either of specific solvent effect or an
effect of the uncertainty of the experimental measurements
added to the assumption made to obtairNevertheless, for 0.020 |
several other systems previously investigated, it was consis- MeOH
tently found thaky is higher in MeOH than in MeCN [16].
Therefore, we think that the differences obey to specific sol-
vent effects and that it is not possible to explain the results
in terms of the macroscopic solvent properties.

EtOH
0.030 -

0.015

Absorbance

0.015

0.010

3.2. Triplet state processes 0.005 MeCN

The quenching of the triplet state of DBA lpyNBz was M

investigated in several protic and aprotic solvents. Quench- 350 400 450 500 550 600

ing rate constants were determined from the decay of DBA nm

triplet state as a function @NBz concentration. The results  Fig. 3. Transient absorption spectra of DBA in the presence-hBz
are reported akq in Table 1. Transient absorption spectra 2x1074M taken at 2Qus after the laser pulse.
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