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Intersolute hole transfer (A+ B — A + B*") was reinvestigated using nanosecond pulse radiolysis in fluid
solutions of dichloromethane (A, biphenyl; B, naphthacene, rubrene). Under our new experimental conditions
where the concentration of the second solute [B] was kept higher than 0.5 mM, the kinetics of the hole
transfer was observed within 500 ns after irradiation, at which time the geminate recombination process with
counterpart anionic species was also observed. On the basis of the analysis with the Smoluchowski equation,
the second-order rate constants of hole transfers were successfully obtained. Moreover, we confirmed the
existence of another slow oxidation of the second solute B by the solvent neutral radi€zt foFmed from

the electrons ejected during the initial ionizing process. This reaction is a kind of electron transfer with a
charge separation that has never been confirmed, but should generally exist in an irradiated solution of
halogenated compounds. In our present case, more than 30% ' ®f&re formed through this side reaction.

We clarify the formation of two ion pairs on one ionizing event, which will have a great impact on the
understanding of the results of product analyses in radiation chemistry. Examination using ab initio molecular
orbital calculation of two dissociative electron transfers is also presented.

Introduction where S, A, and B are the solvent and the two solutes,

The contribution of achievements in radiation chemistry to respectively. The case of negative charge shift can be described
our understanding of electron transfer (ET) reactions started inin a similar manner. Most of the previous experiments were
the early days of pulse radiolysiDorfman and co-workefs performed with [A)/[B] > 1000 and by observing only reaction
provided a number of examples of intersolute electron and hole 4 with slow measurement(@1 mS). Although slow observation
transfer between aromatic hydrocarbons dissolved in aldohol, is free of the influence of geminate ion recombinatibmhich
ethers? and halogenated compounts. also contributes to the decrease of the amountsofaAd B,

Their method was adopted in low-temperature matrix stud- the influence of slow side reactions has not been clarified.
ies*>where the influence of diffusion could be excluded. Finally,  Recent progress in the understanding of the geminate ion
using a series of linked molecular systems, Closs, Miller, and recombination process of irradiated fluid solution enabled us
their co-worker&succeeded in reproducing the inverted region to reproduce the survival curve of geminate ion pairs produced
that had been predicted by Marédsand in providing much  py the initial ionizationt>6The assumption that a large fraction
information about the distance dependence of the matrix elementof jon pairs are isolated from each other can be applied to discuss
of electron transfet Pulse radiolysis is one of the most valuable  the nanosecond kinetics in the experiment with low linear energy
techniques of realizing a real-time observation of ET with a transfer (LET) irradiation sources, such as electron bééFhe.
charge shift between two solute molecules and can be easilyjnitial distribution function of the separation of the geminate
applied to various organic systems, whose basic molecularion pair is assumed and the Smoluchowski equafiathen
parameters (dielectric constafiisnization potential$? electron applied to reproduce the nonexponential time profiles and the

affinity,'* oxidation and reduction potentiafs are available.  free jon yield516
A nL_meer of resea_tr(_:hers now are engaged in this kind of study Nowadays, there is no reason to ignore the observation of
to discuss the validity of the Marcus thed#y. fast electron transfer, which competes with the geminate ion

.The :Idea of usinég BNODSOTteS En pulse r:;l]diolysis, WEiCh vaas recombination. If we can apply a high concentration of solutes,
originally proposed by Dorfman’s grou, has a number o the observation of ET should be more reliable, excluding any

advatmatgesFln the d_?_termmatlon or:‘_fteltter(]:trotnttlransfer rat_e side reactions induced by unidentified byproducts existing in
constants. or a positive charge shift, the total process 1S gma)| concentration in the irradiated solution.

enerally expressed by, o -
g y exp 4 In this article, we report the reexamination of the hole transfer

S—ST+e (1) process with charge shiftin_g in irradiated fluid solution of
" - dichloromethane (DCM). This kind of system had rarely been
ST+tA—S+A () treated after the series of works by Dorfman and co-workers.
st+B—S+ B (3) In our present study, biphenyl radical cati&h¥ were used as
- - the hole donor (A"), and naphthacene and rubrene were the
A"+B—A+B (4) hole acceptors (B). Since the concentration of B, [B], was in

the range 0.83.2 mM, the diffusion-controlled hole transfer
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postman.riken.go.jp. Fax81-48-462-4668. . .
* The Institute of Physical and Chemical Research. naphthacene and rubrene, respectively) was observed in the same
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In the present study, we observed slow oxidation of aromatic 8000 , -
hydrocarbons by a chloromethyl radical. This radical is well- 6000 a)
known as an electrophile in organic chemistry, but the direct . Biphenyl
observation of the oxidation process is rarely reported, probably —, 4000 e kY
because the transient observation of this radical is very difficult. < 2000 3
Although our present study is an indirect observation, it is new £ BT S E
evidence of the electron transfer of the charge-separating type 0 b
caused by this radical. 'E 600 700 800 900 1000
‘;‘ 16000 T
Experimental and Computational Section "qc'; 12000 b’ Najsmhacgne 2
Spectral grade dichloromethane (DCM) from Merck was used o ]
without further purification. Zone-refined biphenyl (BP) from % 8000 ¢ Pl
Tokyo Chemical Industry Co. Ltd. (TCI) was purified by O 4000k B L \
recrystallization from ethanol solution. Naphthacene of GR O e el
grade (NP) from TCl was purified by sublimation in a vacuum, S 0 B2 i
and rubrene of SP grade (RB) from TCI was purified by B 600 700 800 900 1000
recrystallization from benzene solution in the dark. Molecular £ 16000 ,
parameters in the literature are summarized in Table 1S. The = &
solutions were bubbled with Ar for-510 min before each LUl 12000 ¢ c) Rubréne
measurement in a quartz cell it 2 cmpath length. 8000 ;
Nanosecond pulse radiolysis was performed at the 35 MeV 3 i
Linac of the University of Tokyo at Tokai, Ibaraki, Japan. 4000 . *._,../
Transient absorption spectra at 621000 nm were measured
using a Si photodiode (S-1722-01) from Hamamatsu Photonics 0 i
through a monochromator (Ohyo-Koken MC-10N) using a Xe 600 700 800 900 1000
flash lamp (EG&G FX279U) as a probing light source. Other Wavelength (nm)

details of measurement have been described elsewwhere. _ _ _ _
All the data were recorded on a digital oscilloscope (Tek- Figure 1. Spectra of radical cations of (a) biphenyl, (b) naphthacene,
tronix: SDC1000) as time profiles with 1024 data points at each and (c) rubrene formed in dichloromethane determined from the results

B . . of nanosecond pulse radiolysis (solid lines). The vertical scales in (b)
wavelength in the range 66®50 nm with an equal separation ;04 () are adjusted to the new extinction coefficient obtained from

of 10 nm. Spectral fitting and simulation were performed on our present results (see text). Dashed lines are spectra of the same
several kinds of DOS/V personal computers using original radical cation observed ip-irradiated low-temperature matrix repro-
programs. Spectral fitting and simulation were performed using duced from ref 23, of which the integrated oscillator strength is
the equations discussed in the Appendix. normalized to the results of our present pulse radiolysis.

Ab initio molecular orbital calculation was performed on a
GAMESS program incorporated on a DEC 3000/900 or a DEC ] ] )
3000/700 workstation at RIKEN. The program was kindly peak shifts<20—30 nm should be attributed to matrix and

provided by Gordon et al. through the InterAkt. solvent effects. _ _
The vertical scale for the spectrum of BP radical cations was
; ; taken to be a reported value of= 3.7 x 10° M~1 cm~1 at 600
Results and Discussion A e .
nm18 Although the extinction coefficient of BP in refs 18a
Measurement of Solution with a Single Solute and Deter-  and 18c was obtained in hydrocarbons, we use this value in the
mination of Spectra for Each Radical Cation. First we per- present experiment with dichloromethane as the solvent. It can

formed measurements of transient absorption in the range ofbe justified because the spectral peak position and the total line
600—1000 nm for DCM solutions of BP, NP, and RB to deter- shape of this band are similar in both solvents. The two other
mine the spectral line shapes for their radical cations. Almost vertical scales (NP, RB**) were determined from our present
saturated solutions of each compound were used: 100, 10, ancanalysis as values relative to BR(see following section). In
1.6, for BP, NP, and RB, respectively. Depending on the solute the matrix study, extinction coefficients were not obtained
concentration, weak, broad absorption bands, probably due tobecause the low solubility in the matrix prohibits complete
solvent holes, are observed at 600 nm range within 100  charge scavengin®.Therefore, the vertical scale for the matrix
ns after irradiatio? Moreover, a slight sharpening of spectral data in Figure 1 have no meanings other than the values ob-
peaks of radical cations was also observed within the initial tained by the normalization for comparison with our present
100 ns. To exclude the contribution of holes and to determine data.
the spectral line shapes for the relaxed radical cation, we took Analysis of Decay Kinetics of the Biphenyl Radical Cation
the averaged value of 16A50 ns for each wavelength to obtain  Based on Smoluchowski EquationThe decay profiles of the
the spectral line shapes shown in Figures@éaEach spectrum  transient absorption of BP at 690 nm are indicated in Figure
was obtained as a splined curve of averaged data and normal2 for (a) 100 mM and (b) 10 mM solutions of BP in DCM.
ized. They can be analyzed, using the Smoluchowski equafias,
Dashed lines in Figure 1 indicate spectral line shapes a geminate ion recombination process. The results of simulation
reproduced from the results of Shida’s matrix sté&i@ur data are also indicated in the same figure but overlap in the most
and the reference data are normalized to the same magnitudepart of the decay curves. A complete set of analytical formula-
of the integrated oscillator strength on an energy-linear scale.tions suitable for these kinds of problems has already been
The extremely sharp profiles obtained in the matrix study seem presented by Tachiyaand has been successfully applied to a
to be due to a kind of Shpol’'skii matrix effe¢t.Small spectral number of irradiated liquid solutiori$.
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BP in DCM geminate ion pair formed by (5) is isolated from other ion pairs.
0.30 : : : This assumption can be applied satisfactorily to analyze the
025 LN\ ) 100rﬁM . kinetics 100 ns. .The effect of multiplg ionization in one spur
0.20 Frrrf- N S may be revealed in early_ events _(Wlthm 1ns after |rrad!at|on)

8 o1s i : { and may _a_ffect the quantitative dlscus_smn o_f produ_ct yields.

=} 0'10 . The .|n|t|al separation .of the geminate ion pair formeo!

£ immediately after irradiation depends on the excess kinetic

S 0.05 energy shared on both particles. For the ionization process

2 0.00 i i ; produced by the radiation chemical method, we have to assume

5 -0.05 S the initial distribution function of the initial separation. Despite

g 030 this limitation, however, this procedure has been successfully
- 025 applied to reproduce the kinetics of the geminate recombination
£ 020 in a number of liquid systemi$:16

§ o15f- Under the present condition where a large amount of DCM

2 0.10 e ; molecules exist as the solvent, the DEA (6) undergoes extremely
0.05 :—jDa‘a & Sf"‘ rapid reaction and almost no noncaptured electrons remain after
0.00 e Feseaness e 10 ps. Thus, since the sole effective negative charged species
-0.05 L is CI, the only two geminate recombination processes to be

50ns/div considered are

Figure 2. Decay profiles of the transient absorption at 690 nm observed - _ ) .
for (a) 100 mM and (b) 10 mM solutions of bipheny! in dichlo- CH.Cl,”™" + CI” — (products: probably C}CI" + HCI) (9)
romethane. Fitted lines obtained by the simulation in the present work

are also indicated with solid lines although the majority of the curves BP"" + CI” — (products) (20)
overlaps with the experimental results. Adjusted parameters are ) ) ) )
summarized in Table 1. in both of which the attractive potential of Coulombic force

considerably acceleraté%.1” Since both of reactions 8 and 9

If the concentration of the solute is sufficiently low, most of gre inhomogeneous, they should be analyzed using the Smolu-
the ionization processes take place in the solvents immediatelychowski equation as

after irradiation as

ow _ 1
CH,Cl,— CH,Cl," + & ) i DV(W’ tw kTW) (11)

to form a geminate ion pair. Ejected electrons are captured by Wherew, D, k, andV are the probability density function of
another solvent molecule and produce chloride anions and neu-9eéminate ions, the sum of the diffusion coefficients of ions,

tral radicals through dissociative electron attachment (3E#g ~ the Boltzmann constant, and the Coulomb potential, respectively.
The initial separation of ion paip should be applied to (11) as

CH,Cl, + e — CH,CI'+ CI~ (6) a boundary condition. Hong and Noolandi have derived the
analytical solution of (11) for a single value of the initial sepa-
Normally, process 6 is very fast because of the high concentra-rationro of the geminate ion pa#? For the present numerical
tion of solvent molecules. The positive charge is scavenged by Simulation, we use the survival probability of ion p&i(ro,t).
BP with a second-order rate constéph as large as that of the In a manner identical to that in the previous stdéiwe assumed
diffusion-controlled reaction driven by a large difference in the the initial distributions of the geminate ion pairs to be

ionization potentials (CkCl,, 10.8 eV; BP, 8.2 eV). That is,
P (G, ) plroro) = (LUre) exp(—ry/rg)

CH,Cl,”* + BP— CH,Cl, + BP"* (7) (an exponential function) (12)
Under the present experimental conditions ([BPILO mM) where newr is the mean value of the initial separation of the
reactions 6 and 7 complete within a few nanoseconds. ’ ion pair. Another possible choice of the initial distribution

As reported by Alfassi et afé there should be a small function is

contribution of the excited state of the solvent releasing a
chlorine atom as g p(ryrg) = (4r12/”1/2r03) exp(—r12/r02)

(a Gaussian function) (13)
. . .
CH,Cl," — CH,CI"+ Cl (8) The distribution functions in (12) and (13) are already normal-
If the scavenging process (7) is not completed, the excited state!2€d @S

of the solvent can be produced on geminate recombination as w0
ﬁ) p(ry, rg)dry =1 (14)

With these formulations, the survival probability of the ion pair

The fraction G value) of (8) is believed to be far smaller than W(t) (i = 1, 2, ...) is given by
that of (5) and (6), and (Bshould be also unimportant under our "
experimental condition ([BP¥ 10 mM). Probable generation V\/io(t) = j(') p(ry, ro) Wio(rl, t) dr, (15)
of chlorine atom by (8) and (Bwill be discussed in a following
section in relation to the side reaction found in our experiment. The positive charge is scavenged by BP on reaction 7 to form

Since the electron beam used in the present pulse radiolysisanother geminate pair, resulting in the delayed geminate
is a typical low LET irradiation source, we can assume that the recombination (10).

CH,Cl," + e — (CH,Cl,*) = CH,CI"+ CI" (8)
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In our present experiment, the diffusion constant used in (11) BP{10mM)/NP{1.6mM) in DCM
can be substituted by that of Cbecause only the mobility of

CI- should be extremely largé We additionally assumed that a) Observed
the distance distribution would not be disturbed by the scaveng-
ing process (7). In such a situation, simplification can be
achieved by assuming that the recombination processes of the
two kinds of geminate pairs in (9) and (10) are identical. In
other words, the geminate recombination kinetics are unchanged
after the scavenging process (7). Therefore, a simple set of
equations is obtained:

Abzsorbance (0D}

[CH,Cl, T = Wi (t) = W,(t) exp(—koaCal)  (16)
[BP] = W,(t) = W,(t){ 1 — exploaCal)}  (17)

whereca = [BP].

We could successfully simulate the experimental decay curve 0.2
in Figure 2 for two concentrations using the same parameters :
and under the assumption of the exponential distribution function
of (12). The Gaussian function (13) did not reproduce the
experimental results especially in the early peris&Q ns). In
the fitting of geminate recombination curves, the adjustment
for the line shape in the early periodc20 ns) should be
important and the figures (Figures 2, 4, and 6 and Figure 1S) &0
indicate the 6-200 ns area to stress this agreement. The decay 800
curve of BP* without the second solute had a long tail and did Wavetength (nem] 300
not fall off after several microseconds due to the formation of
free ion radicals. The value of the applied diffusion constant Figure 3. Three-dimensional transient absorption spectrum obtained
was 1x 1075 cm? s71, which is smaller than that previously by pulse radiolysis of the [bipheny# 10 mM and [naphthacene}
used by Washio et &.for CCl, solution (9x 1075 cn? s7%). 1.6 mM mixed solution in dichloromethane (a) and its simulation (b).
This should be the effect of the large dielectric constapts ~ Simulation parameters are summarized in Table 1.

8.93 at 25°C) of DCM,? which captures Cl effectively.

Wawelength (nm) 900
b) Two Compone

Ahsorbance [(OD)
=
-t

25nsidiv

The approximate value of Onsager length= 65 A) was [BP: Component] _
directly obtained from the dielectric constar®@ther optimized 0.20 BP(,me),/ NP '",DCM
parameters aley, = 5 x 10'9M~1s71 (second-order quenching a) [NP]=0.8mM
rate constant of (7))fo = 33 A (mean value of the initial 08 prree iyt
separation), an® = 1 x 1075 cn? s~ (diffusion constant of B 010kt __5_'_)_??.?..3..'?32
CI~ in DCM). These parameters are used in all the simulations o b ; :
in the present paper. The magnitude of the quenching kage ( £ 0.05 _t ----- L
=5 x 10'°M~1s %) is somewhat large, probably because there € Lo00 S L o
may be a contribution from the high mobility of the solvent g )
hole. Other quenching ratekog for NP, RB) obtained in the © .0.05 L L .
present work also exhibit the same tendency. ©

Analysis of Intersolute Hole Transfer from BP** to NP. 8 0.20 b) [NP]=1.6mM
The three-dimensional (3D) result of pulse radiolysis for the g 0.15 f--eeen Ao '.:- --------
mixed solution of BP (10 mM) and NP (1.6 mM) in DCM is 2 ; 6 : &’s_
shown in Figure 3a. It is clear that the initial line shape of the o O10rTL 2 ssim.
absorption spectrum is mainly due to BRind changes to that B 0.05 - % ...........................
of NP™ at 200 ns after irradiation. This indicates that the < _..j i :
intersolute hole transfer, 000 ==

-0.05 i i i
BP" + NP—BP+ NP (18) 50ns/div

seems to take place. We definkgas the second-order rate  Figure 4. Kinetics of biphenyl radical cation ([BF]) extracted from

constant for (18) on the assumption that this process is a the results of pulse radiolysis of DCM/BP/NP _soluthn. [BPILO mM

homogeneous one. (constant)_and [NP¥ () 0.8_and (b)1.6 mM. S|mula§|on curves which
Under the assumption that these 3D data can be approximatelyl: . obtained from (21) with parameters summarized in Table 1 are

n pto pp Yindicated in each figure with solid lines.

reproduced by summing the spectra of*BRind NP, we

automatically extracted the most probable time profiles for two any time and any wavelength. Therefore, it should be concluded

components by the method described in the Appendix. The that the analysis using only two components is sufficiently

reproduced 3D result is also shown in Figure 3b, and indicatesreasonable and that only a small contribution of other species

small contributions from other species; fluctuation of experi- exists in this area of wavelength (66050 nm).

mental condition can be neglected. From the comparison Extracted decays of BPfor [NP] = (a) 0.8 mM and (b) 1.6

between two 3D figures, we can find that the nonexponential mM are indicated in Figure 4. The decay curve without NP

time profiles are completely reproduced in the simulation at ([NP] = 0 mM) has been already shown in Figure 2b.
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| CHZCI;'+ Cl " : pair1 | (NP +CH,CI") [NP'- Component]
0.30 BP(10mM)/NP in DCM
CHZCI;' +BP —k%> CH,Cl, +BP™ . ik ;NP 0.25 |- a) [NP]:O:SmM o
CH,Cl," + BP 2 H H H
Ik + 0.20 | e e
B QB CH, CI = + NP™ H H H
BF +CI tpair2 || > 0.15| Data &Sim. - .
CH,Cl, +BF" ; \
0.10 e
+, kl +, o™
BF +NP —» BP +NP 0.05
v \ 0.00| ' | |
+. - . " - . +. - -0.05 H H H
NP Cl : 3 NP"-+Cl : 4 NP™- +Cl™ : pair5
+ pair + pair pai 0.30

0.25 (- D) [NP]= 1.6 mM

Data & Sim.
0.20 i~

( all these pairs give NF"")
Figure 5. Schematic of total electron transfer process for DCM/BP/

Absorbance at 860nm (OD)

NP systems. Five kinds of geminate ion pairs (paifr5) can be 0.15 /e
considered, as shown in the scheme. In the present analysis, it is 010} .
assumed that the geminate recombination process is unchanged for all 0.051
ion pairs in the scheme.
0.00 ;
When NP is added as the second solute, the second hole -0.05 : :

50 ns/div

Figure 6. Kinetics of the naphthacene radical cation (fNPextracted
from the results of pulse radiolysis of DCM/BP/NP solution. [BP]
10 mM (constant) and [NP¥ (a) 0.8 and (b) 1.6 mM. Simulation

with the rate constarkos. The total process is summarized in curves obtained from (22), (23), and (25) with parameters summarized
in Table 1 are also indicated in the figures, although the majority of

the scheme shown |r.1 Figure 5..Thr.ee kinds of ion palirs (pair the curves overlaps with the experimental results. The profile component
3-5) are newly considered. Pair 3 is produced from the hole fom hole transfer from BP (18) is indicated by the dashed line
transfer (18) and pair 4 from the direct charge scavenging (19). (marked with asterisks*). Almost 30% of [NR is formed through

(For pair 5, explanation will be given later.) For pairs3 the the extra process (24), as indicated in the figure.

same assumption that the recombination process is unchanged

after (18) or (19) is made. The mobilities of positive species ~ The formation curve of NP was also obtained as shown in
(CH.Cl+, BP, NP) are different, and therefore the rate con- Figure 6. However, simulation using (22) and (23) cannot
stants of geminate recombination processes should be differentreproduce the experimental curve shown by asterisks. Since the
Among these, however, the recombination with CH* (eq spectral line shape of the rising component (NPseems

9) can be neglected after 10 ps because the yield of positiveunchanged throughout the process, as seen in the 3D figure of
charge scavenge is high due to the sufficiently high concentra- Figure 3, the possibility of the formation of dimer ion radicals
tion of solutes ¢ 10 mM in total). Other geminate recombination ~can be excluded. We must include another oxidation process
processes involving two aromatic radical cations are determinedthat can be expressed as a pseudo-first-order reaction to [NP]
by the mobility of CI, which is very large, and the difference  With a second-order rate constdat

scavenging process takes place as

CH,Cl,”" + NP— CH,Cl, + NP"* (19)

in the mobility of cationic species can be neglected.

Because of the existence of NP in higher concentration than

the ionized species, (16) and (17) must be modified to

[CH,CI,] = Wy(t) = W, (t) exp{ —(koaCa + KogCa)t} (20)
[BP™] = Wy(t)
KoaCa _
kQA—CA + koaCe [exp{kiCat}
exp{ —(koaCa T KoeCe)tH] (21)

and the survival curve of pairs 3 and 4 can be writte#t as

k
W) = W0 kﬁ’f:BCfB_ o
1 — exp[—kcgt} 1= exp{ (KoaCa t+ KogCe)t}

kiCg koaCa 1 KogCs

&[1 — expl (KoaCa + KoeCa)t}]
kQACA + kQBCB AYA B 8(23)

= W,(t)

(22)

W,(t) = W,°(t)

whereca = [BP] andcg = [NP]. The simulation curves obtained

from (21) are also shown in Figure 4 akgwas determined as
11x 109 [M~ts.

(unknown)+ NP— (unknowri) + NP'* (24)
Since (24) is an oxidation process, the possibility of unimo-
lecular reaction can be excluded. This component is treated as

pair 5 in Figure 4. The concentration of the unknown product
should be far smaller than the initial concentration of NP.
Although the degradation of pair 5 is unknown, we presumed
that (24) proceeds independently of the geminate processes (8)
and (9) and obtained

Ws(t) = a{ 1 — exp(—kyCgt)} (25)
wherea is the relative yield of this reaction normalized for
one ionizing event. In the pseudo-first-order reaction, the yield
of (24) is determined by the concentration of the unknown
counterpart. If the unknown species exist in the same concentra-
tion as that of the ionizing event, becomes unity.

We could successfully reproduce the experimental curves,
as shown in Figure 6 by solid lines. Optimum rate constants
werekgg =5 x 109[M1s7Y, k =1.1x 10°[M1sY, k,
=3 x 108 [M~1 s, and a = 1. The ratio of extinction
coefficients is also obtained a¢BP+ at 690 nm)(NP* at
860 nm)= 1.4 by the method described in the Appendix. Using
the value reported in ref 18, the extinction coefficient of*"NP
at860 nm is 8. 103 M~tcm™2. All the rate constants obtained
in this section are summarized in Table 1.
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TABLE 1: Simulation Parameters Used for Figures 2, 4,
and 6

species parameters values
CH2C|2 lo 33 (A)
Onsager length 65 (A)
Cl- D 1x10°5(cn?s™
biphenyl ko 5x 109 (M~1s™h
naphthacene kgs 5x 109 (Mts™h
ke 1.1x 100 (M-1sY)
ko 3x 1 (M 1s?
a ~1
€(NP:860 nm)}(BP:690 nm) 1.4
€(NP:860 nm) 8.2x 1*(M~tcm)
rubrene kos 2x 109(Mts™h
ke 0.65x 101°(M1s?)
ko 11x 1M ts?h
a ~1
€(RB:920 nm)é(BP:690 nm) 1.5

€(RB:920 nm) 8.8x 10*(M~tcm?)
Analysis of Intersolute Hole Transfer from BP** to RB.

The 3D result of pulse radiolysis for the mixed solution of BP

(20 mM) and RB (0.8 mM) in DCM is shown in Figure 1S.

J. Phys. Chem. A, Vol. 103, No. 24, 1999685

[NP] or [RB]. Moreover, the value oft = 1 indicates that the
unknown counterpart is produced approximately one at each
ionization event.

There should be several candidates for the oxidant promoting
this side reaction. One is a group of peroxy radicals {ClI9,*
and CHC}O,")?® formed in aerated CiTl, solutions on
irradiation with assumption that our method of degassing is not
sufficient. However, it has been reported that the oxidation
process of these radicals are normally slow (in the order ®f 10
M~1 s71) even for the solute with a low ionization potential
such as ZnTPP, which is comparable with NP and 2RB.
Therefore, these peroxy radicals are not the oxidant in this side
reaction.

Another candidate is a strong oxidant @rmed in reaction
8 and/or (8) although its concentration should be remarkably
small. However, Alfassi et &l estimated the lifetime of €in
the neat irradiated DCM and concluded that all chlorine atoms
react with DCM within<0.1us in the absence of other reactive
solutes as

CI* + CH,CI, — CHCI," + HCI 27)

The magnitude of the transient absorption is smaller than thoseqy, the other hand Sumiyoshi et3treported the formation

in Figure 3. This is due to both the difference in the pulse charge of 5 charge transfer (CT) complex between a chlorine atom and
and the difference in the pptlcal'allgnment for the absorppon a solute molecule such as DMSO (demethyl sulfoxide) in the
measurement. The analysis of this system was performed in the radiated solution of DCM. A number of complexes formed

same manner as for the BPNP system (not shown). Reaction
24 was also observed. Optimized parameters \Wgge= 2 x
101 [M~1s7Y, k; = 0.65x 100 [s71], kp = 1.1 x 108 [M 1
s, a =1, ande(BP"* at 690 nm)}(NP* at 920 nm)= 1.5.
The extinction coefficient of RB at 920 nm was 8.7% 10®
M~Icm~! also from the value reported in ref 18.

Hole Transfer Reaction. The obtained rate constants and

with aromatic hydrocarbons are also reported in photochemical
studies® This complex can survive longer than several hundred
nanoseconds and can act as a storage of chlorine atoms. The
resultant radical CHGI in (27) can also react as an oxidant
with a long lifetime. However, the concentration of each three
candidates, C| Cl*—solute CT complex, and CHgIshould be

far smaller than that of the ionizing event. The only candidate

other parameters used in the simulation for NP and RB systemsinat satisfiesy ~ 1 is the CHCI* radical formed from reaction
are summarized in Table 1. Reported values of oxidation g

potentials Eoy) in CH,Cl,1?2 and ionization potentials (IP) in
the gas phase are given in Table ¥$! Because of the
extremely high IP (8.2 eV) of BP, itEy, cannot be obtained
by the electrochemical method. TherefoféP’s are shown in
Table 1S instead oAG's.
In our experimentk; is expressed using the rate constant of

the diffusion-controlled reactiokyz and that of pure hole
transferkyr.

1k = Tk + Ly

AIP’s of the present systems are in the range-2.2 eV and
should be located in the inverted region of Marcus’s théory.
However, our experimental results indicate tkat is as large
as, or larger thark; = 0.65-1.2 x 10 [M~! s, the
magnitude of which seems to be of almost pure diffusion.
Extremely largekyr implies that the hole transfer progresses
via the excited states of NPand RB™ which are located>1

eV above the ground state. In this casegf > kjandkgi ~

ki, the difference ink; between NP and RB may reflect the

(26)

The reported valié of ¢ at 690 nm of BP" is 5.8 x 1C°
M~Icm™t, The maximum value of [BP] in 100 mM solution
(2 cm cell path length) directly estimated from the time profiles
in Figure 2 is 2.6x 107° M. The order of this value (0.610.1
mM) should be close to that of [CIEI*], which is compatible
with the pseudo-first-order kinetics. This radical can easily
escape from the spur and react with any species in the bulk
solution. Its degradation process has not been clarified but is
believed to decrease by a radieahdical recombination, which
is very slow for 0.01 mM. Therefore, almost all of these radicals
survive within the present time duration and may react with
NP and RB in bulk such that

NP + CH,CI' — NP + CH,CI™ (28)

NP + CH,CI' = NP* + CH, + CI~ (29)

Since these reactions are a kind of electron transfer with charge

difference in the molecular size of these molecules because theseparation, solvation energy and Coulomb stabilization energy

electronic structures of NP and RB™ are almost identical, as
previously stated by Shicfd Molecular size dependence is also
observed for IP- Eqx values, which indicate that the solvation
of NP** is more tight than that of RB.

Extra Oxidation (lonization) Process of NP and RB.The

can be gained. Although this radical is frequently referred to as
a nucleophilic reagent in organic chemistry, it has been regarded
as a silent species in radiation chemistry probably because it
lacks absorption bands suitable for the pulse-radiolysis observa-
tion.

newly found oxidation process (24) possesses a second-order Similar reduction of aromatic hydrocarbon by neutral radicals

rate constant of, = 3 x 10° [M 1 s71] for NP andk, = 1.1 x
1 [M s for RB. Their pseudo-first-order kinetics indicates

has been reported in pulse radiolysis experiments on irradiated
solutions of alcohol containing $Rs an electron scavenger.

the existence of oxidants of with concentrations far smaller than The rate of oxidation of anthracene observed in that study is
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compatible with our present result. The authors also provided
two possibilities: with and without elimination of halogen anion.

Moreover, process (29) is preferred since spin change may
occur coincidentally with the electron transfer process. When
the initial state of these reactions is a combination of one singlet
molecule (NP) and one doublet molecule ({CHY), the triplet
CH,CI~ (3CH,CI") can be directly formed in the single step of
(29). CH is known to have a triplet ground state by which extra
formation energy can be gained.

The reactions that occur after (28) or (29) are unclear but

Ushida et al.

chloromethyl radical (CkCI*) and the C-CI bond length of
CHCI,*~, depends strongly on the level of calculation. (b) The
values of vertical electron affinity are greatly reduced when the
electron correlation is included. They published their results of
geometry optimization for CyCly*~ with a Cy, symmetry but

did not present a potential surface for nonsymmetrical dissocia-
tion in which one of the €Cl bonds is longer than the oth#r.

We performed UHF 6-31G* calculation with two-€Cl bonds
fixed, the results are shown in Figure 2S. At some of the grid
points, the SCF solution was not obtained and no data are

many possibilities must be considered because both (28) andindicated in the figure. A shallow potential minimum exists at

(29) include several reactive products (e.g.,2CENd newly

a nonsymmetricaCs structure for which the optimized param-

formed geminate pairs. The average distance between the neveters are shown in Table 2. This geometry seems to correspond
geminate pair should depend on the excess energy of the electrotio that of the complex (CKCI*...CI") rather than to that of a

transfer process. The fraction of the correlated geminate pair
cannot be determined. The results of simulation in Figure 6
indicate that the degradation of NFormed from (28) and (29)

is sufficiently slow.

On the other hand, however, the right-hand side of (28) and
(29) may conflict with our assignment to the electron transfer
mechanism. The typical electron transfer length efL8 A is
far shorter than the mean value of the ion pair separaiti¢d3
A) and the Onsager length (65 A) that we used in the simulation.
Geminate ion pairs newly formed from (28) or (29) may be
separated in a very short distance, and the ion pair should
recombine in a short moment. However, the'fN&ould survive
sufficiently long, escaping from the counterpart Cl

The detail of the recombination processes of NWith Cl~
is still unknown, although we described all the geminate
recombination processes with the same diffusion kinetics
throughout the simulation. We performed the experiment with
DCM/NP solution to generate NP as shown in Figure 1,
however, the positive hole scavenging by NP could not be
completed due to the low solubility of NP in this solvent (a
few millimolar). Under such a condition, both concentrations
of NP* and CI cannot obtained. Compared in the same
concentration, the lifetime of NP (free ion) is longer than that
of BP™ and this implies that some activation energy would exist
in the reaction of NP with CI~. The encounter process of these
two ions is not the rate-determining process but the back electron
transfer is. Moreover, there should be a possibility of long-range
electron transfer for (28) and (29).

Ab Initio Molecular Orbital Calculation. To justify our
prediction, we performed ab initio MO calculations to estimate
the stabilization energy of reactions 28 and 29. As was pointed
out previously, there may exist artificial difficulty in the
evaluation of electron affinity using the MO thect/There is
also difficulty in introducing the effect of solvent molecules,
and the MO calculation for ionic species in solution frequently
provides inaccurate results. Moreover, energy evaluation for the
species with an unpaired electron (radicals) is difficult because
of the problem of electron correlation. Keeping these in mind,
we concentrate on acquiring a qualitative explanation for the
following two dissociative electron attachments (DEAyyhich
are examples of dissociative electron transfer (DET).

CH,Cl, + & — CH,CL,~ — CH,CI'+ Cl~  (30)

CH,CI'+ e — CH,CI" —CH,: +CI” (32)

For (30), Luke et af® have already presented an estimation of

the electron affinity of the present systems using various
calculations including both semiempirical and ab initio ones.

They reported several findings on the selection of a computa-
tional method. (a) The structure, especially the planarity of the

radical anion. This result is compatible with recent results of
IR measurement and ab initio calculation obtained by Schweig
et al3” They presented an optimized geometry without sym-
metrical restriction, which seems to indicate the same kind of
complex (CHCI*...CI") as ours. The extremely long-€Cl bond
(=3.2 A) and its low bond order imply that this radical anion
can be easily dissociated with the aid of solvation energy in
liquids. The computational results strongly suggest that the DEA
process (30) is favored in liquid solution.

Since we required more exact values of the formation energy
for reaction 31 than those obtained from HF, we used the MP2
calculation. However, we simply concentrate on only the follow-
ing computational sequence and obtain results comparable with
those obtained by Luke et & (Step 1) The geometry was op-
timized with RHF (singlet) or UHF (doublet and triplet) calcu-
lation with the 6-31G* basis set. (Step 2) The electronic energy
was obtained by MP2 calculation with the 6-31i@sis set for
the optimized geometry of Step 1. Luke eB&also referred to
the possibility of misleading results when the electron affinity
is estimated from the combination of RHF and UHF methods.

First we attempted to obtain an optimized geometry of the
metastable species that formed after electron attachment (30)
(the singlet and triplet ground states of &H). A Cs symmetry
was assumed for each intermediate; however, no stable structures
were obtained fofCH,Cl~. The optimized geometry 8CH,Cl~
also seems to correspond to that of the ¢CiE&I") complex
rather than that of the carbanion with a loose@ bond (2.1
A). Therefore, we calculated the energy change along the
dissociation path of CECI~ for both singlet and triplet states
and show the results in Figure 7. Only the result of UHF
calculation is given for the triplet state, but we confirmed that
the difference between UHF and ROHF is less than 0.2 eV.
Although an energy minimum exists for the singlet, the potential
curve for the triplet is completely dissociative. The energy
position of CHCI* is located above these two potential curves,
as shown in Figure 7.

To examine the effects of the excess energy on the reaction
path, we calculated the optimized geometry of,Cland Ch
(both singlet and triplet) and formation energies using the same
level of MO calculation of MP2 6-31G*/HF 6-31G*. For the
geometry of CHCIly'~ and CHCI~, we adopted those of GH
Cl, and CHCI, respectively, and the vertical electron affinity
was determined for (C¥Cly" )ver, and each of CHLCl ™ )vert
and GCHyCl™)yert Shown in Table 2.

At the equilibrium position of the chloromethyl radical where
C—Cl = 1.718 A, two vertical energies are also shown for
(!CH2CI™)ver, and ECH,CI™)verrin Figure 7. Since three vertical
species are at sufficiently high energy positions, DEA of this
radical should be preferred rather than the formation of a
metastable species 8EH,CI™.
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TABLE 2: Computational Results of Ab Initio Molecular Orbital Calculation

total energy (hartree)

symmetry 6-31G*/HF 6-31G*/MP2
species (RHF/UHF) optimized geometry (optimization) (single point)
(1) CHCl, Ca C—H 1.0740 A —957.985 1771 —958.375762 1
RHF c-cl 1.7680 A
H—C—H 111.120
Cl-C—ClI 112.862
(2) CH,Cly~ (vertical) Ca (same as for (1)) —957.866 528 2 —958.266 480 9
UHF
3y CH.Cly~ (relaxed) Cs C—CI(1) 3.3999 A —958.000 753 0 —958.363 749 3
UHF C—CI(2) 1.7482 A
C—-H 1.0680 A
H—C—H 120.732
H—-C-CI(1) 60.944
H—-C—CI(2) 116.218
4 CH,CI* Cs C—-H 1.0702 A —498.461 0757 —498.484 001 1
UHF c—cl 1.7179 A
H—C—H 122.350
H—C—CI 116.528
(5) 1CH.CI~ (vertical) Cs (same as for (4)) —498.253 3351 —498.521 782 9
RHF
(6) SCH,CI~ (vertical) Cs (same as for (4)) —498.102 442 0 —498.358 683 8
UHF
(7P 1ICH,CI™ (relaxed) Cs C—H 1.0991 A —498.426 7450 —498.675 041 4
RHF C-Cl 2.1581 A
H—C—H 102.319
H—C-CI 93.027
(8)° SCH,CI™ (relaxed) Cs (not obtained)
UHF
(9)¢ 1ICH, Ca C—-H 1.0971 A —38.872370 4 —38.969 888 4
RHF H-C—H 103.046
(1oy 3CH; Co C—H 1.0711 A —38.921 4975 —39.003 309 6
UHF H—C—H 130.722
(12y Cl- —459.652 104

2 This geometry corresponds to the (€Ht...CI) complex rather than the dichloromethane radical aniorp@@#). ¢ This geometry corresponds
to the (CH...CI") complex rather than the chloromethyl anion (CH). ¢ No stationary point was obtaine#iThis value is used for the calculation
of the formation energy.

Chloromethyl Anion HF/6-31G*/MP2 [TRIPLET]
<o 4983 :CHy C1
< o341 N
t ™ 3CH,CI" (Vertical) ) N (Dissociation)
& 4984 CH.CI-
< CH,CI+(Vertical) 2 [SINGLET] AN
> [P e ” - \
o -498.5 0.00 CH201 N
:1-) P~ 1CH.CI . {Vertical) — N
: l.. Al { '} 1 . 03 -_‘: \\\ _
W .4986 o TAPISHUHF) i \ CH, + Cl
I} LTI —— H \\ | ——ei
° ‘\-/s—'ingleqRHF) \Y~" [SINGLET] -3.75
= -498.7 (Vertical Elactron Attachment): X —
1.7179 - N CH, + Cl
1572 25 3 35 4 e o] | SN
. ] % (Relaxed) -~ RIPLE
C-Cl Distance (&) ; - [TRIPLETI  -.4.66

Figure 7. Potential curve for the dissociation of Cirom the singlet -5.20
and the triplet state of C}€I~ obtained by MP2 6-31G*//HF 6-31G*. Figure 8. Born—Harber diagram concerning the dissociative electron
The energy levels offCH2Cl)verr and ECH,Cl™)vert are indicated in attachment to CECI* for both singlet and triplet states.
the figure.
g positions of CHCI*, (ACH,CI™)yerr and ECH,Cl™)yert are also

The Born—Haber diagram obtained is shown in Figure 8. This indicated in Figure 7, the magnitude of geometrical relaxation
kind of approach has also been presented in ref 36 for the can be found from the figure. The relaxed specie$GHi,Cl~
electron affinity of dichloromethane. Those results depend on is located at-5.24 eV. The manifolds of the second dissociative
the MO calculation, and the deviation width was found to be electron attachment for the singlet (¢H CI7) and triplet
no less than 0.2 eV. Although they used experimental formation (CH,: + CI) states are located at 3.75 and 4.66 eV below the
energies to reduce the effect of mismatch between UHF andlevel of the chloromethyl radical, respectively.
RHF calculations, here we used only computational results to  Possibility of Dissociative Electron Transfer.The formation
derive a self-consistent picture. The difficulty in estimating the energy of dissociative electron attachmé&gtis expressed as
electron affinity by MO calculation was previously discussed

by Simons and Jordai#. E,.=IP(B) + Egp + Egq + Ec (32)
The formation energies ofCHxCl™)yerr and ECHCI )vert
through direct electron attachment ard.03 and+3.41 eV, where IP(B),Ega, Esol, @andEc are the ionization energy of the

respectively, as shown in Figure 8. Since the energy level second solute B, the formation energy of electron attachment



4688 J. Phys. Chem. A, Vol. 103, No. 24, 1999 Ushida et al.

(including dissociative paths), the solvation energy, and the

Coulombic energy, respectively. The ionization energy of the

second solute for the present case (IP(B)) should be below 6

eV. The absolute value &5 is smaller than 1 eVE. is about

—4 eV at 3.5 A or—1.3 eV at 10 A. Therefore, iEzp — 1.5

eV, and even if we ignore the magnitude of computational error,

this electron transfer reaction can proceed exothermically.
For this reaction process, both singlet and triplet states can

be involved. The electron transfer with a charge separation is

more favorable for the singlet path than for the triplet path, Wavelengthl, ..

However, an activation energy exists for the dissociation path fewritten

from the relaxed singlet species to a methylene and a chlorine

anion. On the other hand, the triplet path is not favored for

electron transfer but is advantageous to gain much energy upon

the dissociation. If the entire process proceeds adiabatically,

intersystem crossing should play an important role in this

dissociation. However, the total process may be a concerted

reaction and the nonequilibrium condition should be considered

Nmzﬁmmmm (A3)

The normalized experimental daté, 1) can be simulated using
the autonormalized expression

St 4) = x(©) fp(2) + (1 = x() fo(4)

where 0=< x(t) = 1. For measurements at discrete points of
..,An, With equal separations, eqs AA3 are

(A4)

Feld)
ft) =~

Fel4)

R

(A5)

iFQ(&)

o)

d(t, ) = D(t, A)/N(D) (A6)

in each step. As long as the magnitude of the excess energy
remains unknown, it is difficult to select one over the other Where

two and both possibilities can be justified.
No slow formation of biphenyl radical cations was observed
in our present experiment. The relatively high ionization energy

of BP may regulate this by-passed oxidation. If so, the extremely

low ionization energies of NP and RB are the most important
factor in the efficiency of the total reaction.

Conclusion

In the course of the reinvestigation of the intersolute hole
transfer reaction, we obtained evidence of a new oxidation
process of aromatic hydrocarbons with low ionization energy,
by the neutral radical CKCI*, which is formed from the ejected
electron. Ab initio molecular orbital calculation and analysis

using the Smolchowski equation support this assignment. This

is the first experimental result that indicates the possibility of
the formation of two ion pairs in a single ionization event in
the radiation chemistry of halogenated compounds.
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Appendix

Extraction of Each Component from Full 3-Dimensional
Transient Absorption Data. To extract the kinetics of two
components P and Q from three-dimensional transient absorptio
data, we performed the following numerical calculations.

First, from the measurements using a single solute, spectra

of two components are obtained Bg(1) andFg(1) in 41 < 4
< 2. Normalized spectra are defined as

Fa(4) Fold)
!ﬁTMMM ﬁ%d@m

The three-dimensional experimental deidt, A) are also
normalized as

fo() = fol2) = (A1)

d(t, ) = D(t, A)/N(t)

whereN(t) is the time-dependent normalization factor:

(A2)

n

N() =

D(t, 4;) (A7)

If we assume autonormalization is also valid for the discrete
data,S(t, A) in (A6) can be used as a good approximation for
the experimental data. The most probable valuex@f is
uniquely determined by a least-squares method to obtain

) {fo(d) — dt, 2)Hfo(R) — fa(2)}
X(t) = —

- (A8)
/ {fQ(]‘i) - fp(li)}z

Finally, the simulation of the experimental data is obtained as

D(t, 1) = cp(t) fp(2) + co(t) fo(4)

(A9)

= N(t) x(t) fa(2) + N()(1 — x(1)) fo(2)
Therefore, the time profiles of each component can be expressed
as

ca(t) = N(t) x(t)
Co(t) = N(t) (1 — x(1))

An example of simulation is shown in Figure 3S. The obtained
kinetics Cp(t) and Cq(t) for P = BP and Q= NP (the concen-
trations are [P 10 mM and [Q]= 0.8 mM in DCM) are in-
dicated in Figure 3S. It should be noted that the valuesx(t)
andCq(t) tend to be erroneous whext) is near zero or unity.

If the reaction is sequential such as+Q or P+ X — Q +
Y, the decay of P coincides with the rise of Q, that is,

dcp(t)

~ deg(t)
ao " de

(A10)

>0 for all t

(A11)

In this case, the ratio of the extinction coefficients can be simply
expressed as

ep(Ap) _ KfP(/lP)
€qllo) foldq)

(A12)
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