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The absorption spectra of the solvated electron in 1,2-ethanediol (12ED), 1,2-propanediol (12PD), and 1,3-
propanediol (13PD) have been determined by nanosecond pulse radiolysis techniques. The maximum of the
absorption band located at 570, 565, and 575 nm for these three solvents, respectively. Withyddine

(44Bpy) as a scavenger, the molar extinction coefficients at the absorption maximum of the solvated electron
spectrum have been evaluated to be 900, 970, and 100G méfor 12ED, 12PD, and 13PD, respectively.
These values are two-thirds or three-fourths of the value usually reported in the literature. With these extinction
coefficients, picosecond pulse radiolysis studies have allowed us to depict the radiolytic yield of the solvated
electron in these solvents as a function of time from picosecond to microsecond. The radiolytic yield in these
viscous solvents is found to be strongly different from that of water solution.

Introduction Indeed, the transient optical spectrum of electrons solvated
The chemical effects of ionizing radiation on liquids have in 1,_2-ethanedio| was determined by nanosecond pulse ra_diolysis
been extensively studied for decades in steady state and puls&tudie$***°and by femtosecond photodetachment experiments
regimes. Among the radicals produced by irradiation, the With iodidei” At 298 K, the maximum of the absorption band
solvated electron (e) has been the subject of a huge amount is located at about 570 nm, which corresponds to a transi-
of publications. Since the first measurements in water, the optical tion energyEnax = 2.18 eV. In comparison with those in other
absorption of the solvated electron has been observed in morepolar solvents, that transition energy, like those obtained for
than 100 solvents. Thanks to that property, the reactivity of the the other diols, is rather high and just below the value in glycerol
solvated electron has been studied by transient absorption(2,31 eV)81518The extinction coefficient at the maximum of
measurements in many solvents, such as water or alcohols, Usinghe absorption band is reported to bgu(es) = 1.4 x 1C°

pulse radiolysis techniquést mol~1 m2.1419.20The value of the extinction coefficient at maxi-

th Retc)entb;z we inv?stigatfet(:] thelinftlugntl:e ?f te_mperaéure N mum reported by Sauer et al. is based on a radiation chemical
€ absorption spectrum of the solvated electron in a wide rangeyield (calledG value) after spur reactions foge (Gy), of 0.12

of temperature in several polyalcohols, 1,2-ethanediol (12ED), 114 :

1,2-propanediol (12PD), and 1,3-propanediol (13PE)We wmol J1, qu and Freemgn later confirmed that the product
: : Ll of emax by Gy in 1,2-ethanediol was around 181073 m?%/J 18

also studied the dynamics of the electron solvation in these X ) ) T

viscous solvents by femtosecond laser spectrosébpyin the Howgver, in comparison with the radiolytic yield after spur

literature, we found some discrepancies in the values of the réaction determined in other solvents such as methanol or

radiolytic yield and the extinction coefficient of the solvated €thanol (whereGsi is around 0.21umol J™* or slightly less),

electron in these solvents. the @~ yield of 0.12umol J* in 12ED reported by Sauer et

al*is clearly lower. Similarly, the optical absorption spectrum

*Address correspondence to this author at Laboratoire de Chimie of the solvated electron in 1,2-propanediol and 1,3-propanediol
Physique/ELYSE, UMR 8000 CNRS/Universkaris-Sud, Centre d’Orsay,

Ba. 349, 91405 Orsay Cedex, France. was recorded by nanosecond pul§e radiolysis measur.ements, and
T Department of Nuclear Engineering and Management, University of the value ofGemax(€s~) at the maximum of the absorption band
Tokyo. . 421
*UMR 8000 CNRS/Universit®aris-Sud. was determ:}ned_to be around_l.ikSl(T m4/J in both solvents
§ Nuclear Professional School, The University of Tokyo. as in 12ED® Using a correlation between the value@f and

c ”I,DE‘pa,rtme?:1 OL NUC'e_f;lr EfnTgiril(eerirllJIQ and7'\/3lafagemlfntxk50$03| of the static electric constant of the alcohols, Jay-Gerin and
ngineering, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo . ] _

113-8656, Japan. Fax/telephone81-3-5841-8624. E-mail: katsu@n.tu- [ erradini calculated the values @ and emad(es’) for the
tokyo.ac.jp. polyols2! The value ofkmades™) at the maximum of the absorp-
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Figure 1. Left: decay of the solvated electron in pure 12ED monitored at 570 nm. Inset: Normalized absorption spectrum of the solvated electron
in pure 12ED measured just at the end of pulse (pulse duration: 20 ns). Right: (a) first-order and (b) second-order treatment of the decay.

tion band was estimated to be 800, 750, and 650 fof for Ti:sapphire laser beam (795 nm) was split by a half-mirror into

12ED, 12PD, and 13PD, respectivéfy. two equal pulses and used as a probe-analyzing light after
In that context, we undertook pulse radiolysis studies in order passing through a quartz cell filled with,D for generating a

to determine the extinction coefficients and the time-dependent white-light continuum and as an injector for the photocathode

radiolytic yield of the solvated electron in these dialcohols. For rf gun after third-harmonic generationfbarium borate (BBO)

the first purpose, we used 4-@ipyridine as a scavenger of the  crystals. An electron beam with a pulse duration of 3 ps (fwhm),

solvated electron, because of its excellent solubility, its high a charge of 1 nC, and an energy of 20 MeV was produced as

reactivity toward the solvated electron, as well as its fairly stable an irradiation source. The electron beam and the femtosecond

electron adducts. Then, knowing the extinction coefficient, laser are synchronized within 2 ps (root-mean-square value),

thanks to kinetic signals obtained by the recently constructed and an optical delay stage was employed to change the time

picosecond pulse radiolysis systé#n2° we describe the time-  interval between the electron pulse and the probe light pulse.
dependent radiolytic yields of the solvated electron in these diols The signal intensities were measured using Si PIN photodiodes
from the picosecond to the microsecond time range. (Hamamatsu, S1722-02) and an oscilloscope (Hewlett-Packard,
HP54845). The optical path length of the quartz cell was usually
Experimental Section 10 mm. For measurements Gfes )e(es”) in the alcohols, first,

. . akinetic signal of the hydrated electron at 700 nm in pure water
1,2-ethanediol (12ED, ethylene glypol), 1,2-propanediol a5 recorded

(12PD, propylene glycol), 1,3-propanediol (13PD), as well as
4,4 -bipyridine (44Bpy) and methyl viologen (M&) were A, )=
purchased from Wako Pure Chemical Industries, Ltd., and used = -
as received. The sample solutions were freshly prepared,
deaerated by Ar gas for about 15 min, and then continuously
purged with Ar gas above the surface during the measurementsWhereA(exq") is the absorbance of the hydrated electe¢esg )
Due to the low volatility of these diols, the mass loss was is the extinction coefficient, is the optical path length of the
negligible. The solubility of 44Bpy is limited in 12ED, and we ~ cell, c is the concentration of hydrated electr@(e.q ") is the
could not use a higher concentration than 0.2 M. radiolytic yield of the hydrated electron, am,o represents

The nanosecond pulse radiolysis experiments were carriedthe dose per pulse in water. Second, under the same experi-
out at the University of Tokyo using a linear electron accelerator mental conditions, the kinetic signal of the solvated electron
(energy, 35 MeV; pulse width, 10 ns) coupled with an absorption (at the absorption band maximum) in an alcohol was measured
spectroscopic detection system. The trigger signals to the _
accelerator and the Xe pulse lamps, the change in the mono A& ) =
chromator wavelength, as well as the data transfer from the - = - - )
oscilloscope were controlled by PCs through GPIB. Each (&) xlxe=ele ) x1xGla ) x DHZO X Paal (2)
acquisition had 10 000 data points. A blgcking filter at 340 nm wherepgo is the density of alcohol.
was used to cut the scattered and. mult|.ple-orders light for the Therefore, at a given time, we have
wavelength range 348620 nm, while a filter at 520 nm was
used for wavelength range 52000 nm. The optical path length Gle,) e(e,) =
of the quartz cell was usually 20 mm. The dosimetry was done _ B B B
with an NoO-saturated 10 mM KSCN aqueous solution, taking Gleyg ) x €(8yq ) x Ales )[A(Esq ) X Pgiol (3)
Ge((SCNY*) = 5.2 x 10* m#J at 475 nn?8 Then, the ] }
absorbed dos®, in the alcohols was calculated by the equation SINC€G(€xq )e(€aq”) has been well-establishétfrom the above
Deiol = D20 X peiol, Wherepgior Stands for the density of the ~ €duation we may obtaifs(es )e(es™) for the alcohols.
diol. The dose fluctuations were less than 5% during a day-
long experiment.

Picosecond pulse radiolysis measurements were performed Figure 1 shows the time profile of the solvated electron in
with a pulse-and-probe method using the same facility. Details pure 12ED solution obtained by nanosecond pulse radiolysis
and performance of the system have been reported elset®ti€re.  (left). The decay at short times is very fast. It is interesting to
Briefly, an S-band linear accelerator with a laser photocathode note that the decay follows a second-order law at short times
rf gun was operated at a repetition rate of 10 Hz. A femtosecond and a first-order law at longer times (right). Due to the high

€(eyg ) x I x C=¢€(gq ) x| x G(gq ) X Dy (1)

Results and Discussion
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Figure 3. Transient absorption spectra obtained by pulse radiolysis
0.6 of a 12ED solution containing 20 mM 44Bpy©J) 300 ns, Q) 5 us,
and (») 80 us.

times, the absorption is related to 44Bpyfdrmed through
reaction 5, which is stable for a few microseconds.

Figure 3 shows the transient absorption spectra obtained by
pulse radiolysis of a 12ED solution containing 20 mM 44Bpy,
and recorded at 300 ns,/&, and 8Qus after the pulse. Only
the characteristic absorption of 44Bpyislobserved shortly after
the electron beam, but at longer times, the absorbance at 540
nm decreases and a new absorption peak appears at 580 nm,
while the absorption peak in the spectral UV region shifts from
365 to 380 nm. The absorption bands at 380 and 580 nm could
be assigned to the anion 44Bpy°3! or to the N,N'-dihydro
radical cation 44Bpybt™.22 In fact, the protonation or dispro-
Time (ns) portionation reactions of 44Bpytbccur as in the reactions

Figure 2. Time profiles at 700 nm (top) and at 540 nm (bottom) below?3
obtained by pulse radiolysis of 12ED solutions in the presence of

Absorbance at 540 nm

0 200 400 600

different concentrations of 44Bpy: (a) pure 12ED, and (b) 0.5, (c) 0.75, 44BpyH A 44prH2'+ (6)
(d) 1, (e) 5, (f) 10, (g) 20, (h) 50, and (i) 100 mM 44Bpy.
viscosity of 12ED, the spur reactions are slow. Within the first 44BpyH + 44BpyH — 44Bpy~ + 44BpyH,”™  (7)

300 ns, the strong decay is primarily due to the spur reactions. ) _ _
This behavior is very different from that of the hydrated electron. However, as 44Bpy produced in reaction 7 must be quickly
The inset of Figure 1 (left) shows the absorption spectrum of Protonated, the increase in the transient absorbance observed
the solvated electron in pure 12ED. around 580 nm at longer times is attributed to the formation of
Different concentrations of 44Bpy from 0.5 mM up to 100 44Bpyk:*™. _
mM are used to scavenge the solvated electron. The kinetics As shown in Figure 2, up to 600 ns, the change in the
are observed at 700 and 540 nm (Figure 2). The kinetics absorption spectrum does not affect the kinetics at 540 nm, even
observed at 700 nm are mainly due to the solvated electron,in @ solution containing 100 mM 44Bpy. Even if the extinction
although for the high concentrations of scavenger (20, 50, and coefficient of 44Bpyk™ at 540 nm is higher than that of
100 mM), a slow increase of the absorbance is observed at44BpyH, the signal is fairly flat without noticeable increase.
longer times. From the kinetics (at 700 nm) at low concentrations 10 mM),
The decay of the solvated electron is accelerated by increasingve deduce the rate constant of reaction 4, taking into account

the concentration of the scavenger due to the following reaction: the residual absorbance at the end of the decay of solvated
electrons, which is due to the 44BpyH. In Figure 4, the

e, + 44Bpy— 44Bpy "~ (4) observed pseudo-first-order rate constant of the reaction is
plotted as a function of the scavenger concentrations. From the
The anion Bpy reacts very quickly with H to form the neutral slope of the curve, the rate constant of reaction 4 is obtained as
radical BpyH. 1.3 x 10 dm*mol~* s~ In similar conditions, the rate constant
of the reaction of the solvated electron with ¥f\Ms determined
44Bpy~ + H™ — 44BpyH (5) to be 3.4x 10° dm® mol~* s7! (Figure 4 and Table 1). The
difference between these values is mostly due to the charge
The maximum of the absorption band of this neutral radical is effect, since in 12ED, the charges are not fully screened by the
located at 540 nr& and the extinction coefficient in aqueous solvent. The reported rate constant value of the reaction between
solution is known to be 1300 mol m2.2° the silver ion and the solvated electron in that solvent (2.8
Both the solvated electron and the electron adduct of 44Bpy 10° dm?® mol~1 s71)34is also in agreement with the above values
absorb at 540 nm. So, at 540 nm, at short times, the absorptionin the case of diffusion-controlled reactions. In fact, the rate
just after the pulse is due to the solvated electron, while at longer constant of a reaction between the solvated electron and a solute
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TABLE 1: Properties and Results Obtained for the Three Diols and Water

kies +S) n?5c dielectric AmaxOf €5~ € G G at 200 ns
S (dm* mol~ts™) (mPas) constant (nm) (mol~t m?) (umol J7) (umol J1)
12ED
MV 2+ 3.4x 10° 16.1 414 570 90&: 50 0.43 (at 30 ps) 0.17
Ag* 2.8x 10°2 16.1 41.4 570 90& 50 0.43 (at 30 ps) 0.17
Bpy 1.3x 10° 16.1 41.4 570 90@: 50 0.43 (at 30 ps) 0.17
12PD
Bpy 6.4% 108 40.4 275 565 97@ 50 0.35 (at 100 p8) 0.17
13PD
Bpy 6.7x 10 39.4 35.1 575 100@- 50 0.38 (at 100 p8) 0.22
Water
Bpy 2.9x 10w0¢ 0.89 78.4 720 1800 0.44 (at 30ps) 0.27

aFrom ref 34.° A clear formation process of the solvated electron was found within about 30Fpsm ref 48.

20 either through static quenching or through reactions of the
precursor of solvated electréfr.4° Experimentally, the yield

of the solvated electron is decreased in the presence of a high
concentration of scavengers, and the concentration at which the
yield of the solvated electron decreases to 37% of its initial
yield (without scavenger) is defined &s;. For acetone and
carbon tetrachloride in ethanol, tk&; values are 0.3 and 0.14

M, respectively?’ Their Cz; values in 12ED are about 3 times
higher than in ethanol, that is, 1.0 and 0.36 M, respectively.
There is no literature data f@s7 of 44Bpy in 12ED. However,

let us consider biphenyl, whos#; in ethanol is 0.19 M then,

in 12ED, itsCs7 would be about 0.6 M. From the similarity of
the molecular structures, we suggest Batof 44Bpy in 12ED

15

10

6 pa-1o-1
k. (x10°M"s™)

° 12 should also be about 0.6 M. In our experiments, the highest
concentration of 44Bpy is 0.1 M, and this concentration might
[S] (mM) not result in significant reaction with the precursor to solvated
Figure 4. Observed rate constants of the reaction of the solvated €l€ctron. _
electron with methyl viologen in 12EDD), with 44Bpy in 12ED [J), At a concentration of 100 mM, almost all solvated electrons
in 12PD (1), and in 13PD V) as a function of the scavenger produced by the pulse are scavenged by 44Bpy. Therefore, we
concentration [S]. can deduce the extinction coefficient of the solvated electron.

In fact, the absorbance at 540 nm (at time zero) in the absence

0.35 and in the presence of 100 mM 44Bpy is 0.32 and 0.49,
—_ 03} respectively.
2 According to the BeerLambert's law, we have
© 025}
£ e(e, at 540 nm)(44BpyH at 540 nm)=
= r As40nn{0 MM)/Ag40,,{100 mM) (8)
:|>:, 045 then
& o ] -
& e(e, at 540 nm)= 1300x 0.32/0.49= 850 mol “m” (9)

0.05 |

and because
0 Il L L L L L

0 200 400 600 800 1000 1200 e(e, at 540 nm)(e, at 575 nm)= 0.97 (20)
1/k[S] (ns) we obtain
Figure 5 Formation yield of Bpykas a function of the scavenging
power in 12ED. e(e,” at 570 nm)= 880 mol * m? (11)
in an alcohol can depend strongly upon the electron solvation
energy (trap depth) and on the liquid viscosity® We notice that, if the presolvated electron is scavenged by

From the plateau observed at 540 nm (Figure 2), for a given 44Bpy, the value 880 mot m? should be corrected to a lower
guencher concentration, by assuming an extinction coefficient value. But, as we reported above, we neglected the scavenging
of 1300 moft m? for 44BpyH as in aqueous solutioR8we of the presolvated electron by 44Bpy. We may also estimate
can obtain the concentration of 44Bpyldrmed after the pulse.  thee(es™ at 570 nm) from the time profile of the solvated elec-
Figure 5 gives the formation yield of 44BpyHersus the tron in pure 12ED. In this measurement, the dose per pulse
scavenging power. That yield of 44Bpyldorresponds to the  measured using 10 mM KSCN is 63 Gy. The absorbance in a
yield of scavenged solvated electrons. According to the previous 2 cm cell at 540 nm at the end of the pulse in the absence of
studies on the reactions of electrons with concentrated scaven-scavenger is 0.32. A rough estimation of the radiolytic yield of
gers by picosecond pulse radiolysis, the scavenger can also readhe solvated electron can be deduced from the curve in Figure
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5. G(es7) at the end of the pulse-(10 ns) is about 0.2g@mol 05
J1. From the following relation s
Asyonn(10 ns)=¢e(e; at 540 nm)x | x ¢ = 20- AUl
e(e; at 540 nm)x | x G(e,” at 10 ns)x Dy, (12) £
3 02t
we deduce the value of the extinction coefficient L A
e(ey at 540 nmy= Ag(10 ns)/[ x G(e, at 10 ns)x
D. 1=910 moltm? (13 10" 0™ 103’ 10° 107 10°
dl0|] ( ) Tlme (s)
Within the errors, the values obtained by the two different 05
methods are in good agreement. Therefore, we can assume that 12PD
the extinction coefficient at the maximum of the absorption band 04 |
i S 5‘: i .J.Ll,.l\linll |Iri1’
° 03}
e(e;” at 570 nm)= 900+ 50 mol " m? (14) £ [
-..:'.; e a
If we assume that the scavenging of presolvated electron by (4]
44Bpy is negligible, the uncertainties regarding this estimation L o
are mainly due to the fluctuations of the dose per pulse and to

the error in the value of the extinction coefficient of BpyH c:n_" pper
With a similar procedure, we determine the rate constant of the
solvated electron scavenging by 44Bpy (Figure 4) and the

extinction coefficients of the solvated electron in 12PD and 0.5

13PD. The results are summarized in Table 1. The extinction 13PD
coefficients of the solvated electron in these three solvents are ~ —~  **T _.\AII.'-.]'l,"lJ'q'IL‘JM )

900, 970, and 1000 mot m? for 12ED, 12PD, and 13PD, 2 o il @ b
respectively. These values are smaller than the reported value, g i [ I S

1400 mot* m? for &5~ in 12ED 1 but slightly higher than those 3. ozh a N
proposed by Jay-Gerin et &k which are 800, 750, and 650 g i in
mol~1 m? for 12ED, 12PD, and 13PD, respectively. In the work © 01|

of Sauer et al'! the biphenyl was used as the solvated electron

scavenger, an@(es~ in ethanol)= 0.1xmol J 1 was taken as - — v = = "
the reference standard for the determination of the extinction L ) s 0 o L
coefficient. However, nowaday&s(es~ in ethanol) is generally Time (s)

accepted to be 0.18mol J 14143 The lower valuegs(es~) might Figure 6. Time dependence of the radiolytic yield of the solvated

be due to the use of impure ethanol or high irradiation dése. electron in 12ED (top), in 12PD (middle), and in 13PD (bottom). (a)
Then, if we takeG(es™ in ethanol)= 0.18 umol J! as the Picosecond pulse radiolysis measurements; (b) nanosecond pulse
reference standard,for the solvated electron in 12ED would radiolysis s_tudles; (c) calculation results of eq 18, which is the ILT_ of
be around 820 mot m2, which is in agreement with our result. eq 16; (d) tlme;dependemvalue of the hydrated electron reported in
. . . previous worké

According to the literature, in 12ED at the wavelength of
570 nm, there is no solvation dynamics effect after 30 ps, and means that the decay of the solvated electron through the spur
the kinetics observed at this wavelength is only due to the spur reactions is more efficient in 12ED than in water. As the escape
reactions'? Figure 6 (top) show$(es”) in 12ED as a function  from spur reactions is dependent on the diffusion constant
of time from about 30 ps to is. There are two parts: curve a (inverse of viscosity) and as the spur reactions are not all
obtained by picosecond pulse radiolysis and curve b recordeddiffusion-controlled, the high viscosity of solvents like diols
by conventional nanosecond pulse radiolysis. As mentioned partially prohibits the escape of solvated electrons from the spur
above, for picosecond pulse radiolysis, we have used, as thereactions. Moreover, it is to be remembered that in alcohols
reference standard to calculdbées )e(es”) in 12ED, the value  the solvated electron can react with the solvent following a
G(€aq )e(€ag) = 7.96 x 1074 dn? J-1 determined in water at pseudo-first-order reactiéh
700 nm just after the pulse. Although two different independent
methods are used and the measurements cannot cover all time e, TROH—H"+ RO (15)
regions (no data from 1 ns to a few tens of nanoseconds), it
seems that curves a and b match each other well. For com-In the case of methanol, the rate constant of reaction 15 has
parison, we also plot (Figure 6, curve d) the data obtained for been reported to be 86 10°45or 1.1 x 10* dm?® mol~! s71,46
the hydrated electron in previous wotkWe observe that, at ~ while for ethanal, it is 3.8< 10* dm® mol~1 s71.47 These values
subnanosecond time range, the radiolytic yield of the solvated are much higher than the equivalent reaction for water, which
electron in 12ED and in water are very close, but at a longer is 19 dn? mol~1 s71.48
time range, the yield of solvated electron in 12ED is much lower ~ The dashed curve (c) in Figure 6 is obtained according to
than in water. The yield of the solvated electron in 12ED, which the following procedures. As is known, it is possible to obtain
is about 0.36tmol J1 at 1 ns, decreases strongly to the value the time-dependent yield of the solvated electron from the yield
of 0.17umol J°1 at 200 ns. In the case of water, for the same measurements with the scavenging method. The general form
time range the yield changes from 0.37 to Q:2ol J 1. That of the empirical formula used to describe the influence of
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scavenger reaction is yield determination. Equations @8 could be unreliable in
the case of diols.
G(S)= G+ (G° — G JF(S) (16) )
Conclusion
whereG(S) stands for the observed scavenged radiation chemi-  We have re-estimated the extinction coefficients at the maxi-
cal yield of a radical or molecular product at a given concentra- mum of the absorption bands of the solvated electron in 12ED,
tion of scavenger S° is the initial yield of the speciesGesc 12PD, and 13PD by conventional nanosecond pulse radiolysis.
is the limiting yield of the species to escape spur reactions, and Given these extinction coefficients, we are able to describe the
F(S) is a semiempirical function describing the scavenging time dependence of the radiolytic yields of the solvated electron
dependenc&*0There are several semiempirical functions for from picosecond to microsecond, using picosecond pulse

F(S); here, we use the one proposed by Warman & al. radiolysis measurements. The radiolytic yield in these viscous
solvents decreases much more rapidly than that in aqueous
F(S)= (a[s])lfz/(l + (a[S])”z) (17) solutions within a few hundreds of nanoseconds after the pulse.
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R&D program on water chemistry of supercritical pressure water

Then, the time-dependent yield of the solvated electron in T
under radiation field”.

12ED can be obtained from the inverse Laplace transformation
(ILT) of eq 1650 The numerical determination of the ILT gives Ref d Not
the following equation in the units of moles per joule: elerences and Notes
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