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Abstract: The yield of hydrogen at 296°K from neutral methanol and 0.5 mM perchloric acid in methanol was
g(Hy) = 5.45, independent of pressure in the range 1 bar to 5.4 kbar. In 0.10 M perchloric acid in methanol,
g(Hy) = 6.25 at 1 bar and 6.00 at 5.4 kbar were measured. The efficiencies of scavenging free ion solvated electrons
by nitrobenzene in neutral and acidic methanol, and by acetone in neutral methanol, decreased greatly with increase
in pressure. The corresponding efficiencies of scavenging in the spurs were little affected by pressure. The follow-
ing rate constant ratios at 1 bar and differences of volumes of activation were measured: € ;v = CH;0"o;v + H
(9), € oty + S~ S~ w01y (12), € 01y + Hrooro = H (5); kio/ke = 4.3 X 104 M~ for nitrobenzene and 1.7 X 10* M-!
for acetone, AV — AVy* = 15 cm3/mol for both solutes; ks/ki. = 3.9 when S is nitrobenzene, AV, ¥ — AV, ¥
= —3 cm?/mol, adjusted to zero ionic strength. The free ion yield in methanol is g€~ s01)s; = 1.8 = 0.1 at 1 bar
and 1.9 at 5.4 kbar. The density-normalized range of the secondary electrons in methanol at 296°K is bd = 1.4 X
10-7 g/cm?, independent of pressure. Competition between the reactions H + CH,;OH ~» H, + CH,OH (10) and
H -+ S — HS (21) was studied at 296°K at 1 bar and 5.4 kbar. Values of ky/kio at 1 bar and (AVy ¥ — AV1o¥)
averaged between 1 bar and 5.4 kbar for two solutes S are: cyclohexene, 430, +-2.0 cm?®/mol; phenol, 130, —2.0
cm?/mol. The volume of activation of hydrogen atom addition to the aromatic ring is 4 cm?3/mol more negative
than that of addition to a monoolefin. Rate constants of reaction of solvated electrons with several solutes at
295°K, measured by the pulse-radiolysis-spectroscopy technique, are M~ sec—!: cyclohexene, <1 X 10%; hexene-
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1,1 X 10%; benzene, 1 X 10¢; phenol, 7 X 108,
C6H5OH~solv - H + CGHSO.-SDIV (4)‘

The phenol reaction with e~ produces hydrogen, perhaps tia
The hydrogen yields from pure acetone were g(H,) = 0.90 at 1 bar and 0.55

at 5.4 kbar, while that from pure cyclohexene g(H:z) = 1.2 independent of pressure.

he effect of pressure upon the behavior of radioly-

sis intermediates in liquids is being pursued in
several laboratories employing competition kinetics?-3
and high pressure pulse spectroscopy.®~!!

A correlation between the entropies of activation
and volumes of activation for the self-decomposition
of solvated electrons in ethanol” and water® has been
established by using both competition kinetics®7.!2
and pulse-spectroscopy!® at different temperatures!2!?
and pressures?7.10

€ s0ly — > Ro.-solv + H (1)

where R is either an alkyl group or a hydrogen atom.
In ethanol it was observed that the free ion yield
g(e7so1v)i was independent of pressure, and the
ratio of the diffusion coefficient of solvated protons
to that of solvated electrons increased markedly with
increasing pressure.’
For the hydrogen atom reactions 2 and 3 in ethanol
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H + C:H;OH —>» H, + CH,CHOH (2)
H+S—> HS (3)

the value of ky/k, decreased with increasing pressure
when S was an olefin, whereas the effect of pressure
was opposite when S was phenol or benzene.”

An interesting observation was that a reaction of
solvated electrons with phenol produced hydrogen,
presumably through (4).

CGHSOH—solv —_— CGHSO—solv + H (4)

To test these observations further, methanol was
chosen as solvent. The advantage of using methanol
is that its radiolysis does not produce a scavenger for
solvated electrons, in contrast to ethanol which pro-
duces acetaldehyde. As a result, some of the con-
clusions drawn from the ethanol system were indirect.’
Methanol promises to be a less complicated system,
which will allow more precise information to be ob-
tained.

Experimental Section

Absolute methanol, analyzed reagent spectrophotometric grade
from Baker Chemical Co., was refluxed for 12 hr after addition of
2 g of 2,4-dinitrophenylhydrazine and 0.5 g of concentrated sulfuric
acid to 1 1. of the alcohol. The refluxing system was rinsed with the
absolute methanol before filling and was flushed with ultrahigh
purity argon (Matheson) before and during refluxing. The alcohol
was then distilled and the middle fraction collected.

Reagent grade nitrobenzene from Fisher Scientific Co. was
distilled before use. Baker analyzed reagent spectrophotometric
grade acetone, analytical reagent grade phenol from B.D.H.
Chemicals, and Baker and Adamson analytical reagent grade
perchloric acid (mol ratio HC10./H:O = 1/2) were used as re-
ceived. Phillips Research grade cyclohexene was stirred with
sodium-potassium alloy under vacuum for about 40 hr to remove
electron-scavenging impurities, then distilled into evacuated
ampoules, sealed off, and stored in the dark. Thess ampoules were
opened just prior to use to avoid peroxide formation.
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Figure 1. Ag(H,) from neutral methanol as a function of solute S
concentration: nitrobenzene (O); acetone (A). Open symbols,
1 bar; filled symbols, 5.4 kbar. The solid lines were calculated
using eq 14. The broken lines are empirical.

The techniques used for steady state radiolysis and product
analysis have been described elsewhere.l.68 Irradiation was per-
formed at 296°K with a #Co Gamma source (Atomic Energy of
Canada Ltd.) at a dose rate of 1 X 10v e¢V/(g min) in methanol.
The dose was 2 X 103 eV/g. The amount of sample used was 2.37
gat 1 bar and 2.84 g at 5.4 kbar.

For neutral methanol, both syringe and goosenecked cells® were
used to determine the hydrogen yields at 1 bar and 5.4 kbar. The
hydrogen yields from these two techniques agreed with each other.
For the rest of the experiments only the syringe technique® was
used. Solutions of known concentrations of scavengers were pre-
pared volumetrically or gravimetrically.

Rate constants for several reactions of solvated electrons were
measure by pulse-radiolysis spectroscopy as described earlier.® 14
The 0.1 psec pulses of 1.7 MeV electrons delivered 3 X 10 eV/g.
The temperature was 295°K.

Results

Pure and Acidic Methanol. The yield of hydrogen
from neutral methanol was g(H,) = 5.45 independent
of pressure over the range 1 bar to 5.4 kbar. This
value is in agreement with previously published values
at atmospheric pressure. 1*-1

The values of g(H,) from the acidic solutions were
5.45 for 0.1 and 0.5 mM, independent of pressure,
and 6.25 and 6.00 from 0.10 M perchloric acid solutions
at 1 bar and 5.4 kbar, respectively.

Scavenger Solutions. Yields from the scavenging
studies were based on the energy initially absorbed in
the solvent only: g(H:) = g(H:)/es, where e is the
electron fraction of solvent, including the acid when
present. The yields from the acetone solutions were
corrected for the direct radiolysis of acetone using
g(H;) = 0.90% at | bar and 0.55 at 5.4 kbar, while
those from cyclohexene solutions were corrected using
g(H,) = 1.2* independent of pressure. The hydrogen
yields from the direct radiolysis of nitrobenzene and
phenol are so low that no correction was necessary.2

The decrease in the hydrogen yield, Ag(H,) = [g-
(H2)o — g(Hs)], plotted against the molar concentra-
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tions of nitrobenzene and acetone in neutral methanol
at 1 bar and 5.4 kbar, is presented in Figure 1. The
efficiency of scavenging hydrogen precursors by nitro-
benzene or acetone at low concentrations decreases
with increasing pressure, whereas the pressure effect
on such reactions at high concentrations is smaller and
complex (Figure 1).

Concentrations of nitrobenzene greater than 1 M
could not be used at the high pressure because pre-
cipitation occurred.

The yields of hydrogen at a fixed molar concentra-
tion of nitrobenzene or acetone were measured as a
function of pressure between 1 bar and 5.4 kbar. The
results obtained are presented in Table I.

Table 1. Pressure Effect on g(H,) from Nitrobenzene or
Acetone Solutions in Neutral Methanol

[Nitrobenzene] = 5.0 X 10-4 Me

[Acetone] = 1.0 X 1072 Me

P, kbar g(Hy) P, kbar g(Hy)
0 3.85 0 3.91
1.23 3.94 1.05 4.03
1.72 4.02 2.10 4.14
2.45 4.21 3.10 4.36
3.70 4.37 4.05 4.55
5.47 4.70 5.43 4.84

e Concentrations were kept constant by adjusting for the com-
pressibility of the solvent,

A study was made of the competition between
acid and nitrobenzene for solvated electron free ions
at | bar and 5 kbar. The hydrogen yields are given
in Table II. The values of g(H,) are between those
caused by the presence of either solute alone.

Table II. The Yield of Hydrogen as a Function of
Nitrobenzene Concentration from Acidic Methanol
at 1 bar and 5.4 kbar

1 bar
[HC1O,] = 1.0 X 107¢ M

5.4 kbar
[HCIO.] = 50 X 10~¢ M

[Nitrobenzene]. M g(Hy) [Nitrobenzene], M g(Hy)
Q 5.45 0 5.45
8.0 X 10°¢ 5.37 8.7 X 107+ 5.07
1.00 X 10~¢ 5.03 9.9 x 10¢ 4.98
2.00 X 1074 4.83 1.50 X 103 4.77
2.80 X 10-¢ 4.72 1.80 X 1073 4.74
4.0 X 1074 4.36 2.48 X 1073 4.52
6.0 X 10 4.39 4.96 X 10— 4.32
8.0 X 10+ 4.19 7.44 X 1073 3.87
1.20 X 1073 3.92

The dissociation constant of perchloric acid in
2-propanol, K(HCIO)s.eron = 1.6 X 10-2 M, has
been reported.2! The dissociation constant of per-
chloric acid in methanol is greater than 1.6 X 10-% M,
because the acid dissociation constant increases with
increasing dielectric constant of the solvent.?? The
perchloric acid was completely dissociated in the con-
centration range used for the competition with nitro-
benzene.
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Schmidt, Trans. Faraday Soc., 67,2607 (1971),
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Ed., Interscience, New York, N. Y., 1959, Part I, Chapter 13, p 488.
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Figure 2. Ag(H:) from neutral methanol as a function of cyclo-
hexene concentration: (Q) 1 bar; (®) 5.4 kbar. The curves were
calculated fromeq 23.

Figure 2 displays Ag(H,) as a function of cyclohexene
concentration in neutral methanol at 1 bar and 5.4
kbar. It is evident from Figure 2 that the efficiency
of scavenging hydrogen precursors by cyclohexene
decreases with increasing pressure.

The effect of phenol on the hydrogen yields from
neutral methanol is shown in Figure 3. The scaveng-
ing efficiency of phenol increases with increasing pres-
sure.

To simplify the study of hydrogen atom reactions,
0.10 M perchloric acid in methanol was used as the
solvent. In such solutions the solvated electrons were
rapidly converted to hydrogen atoms by reaction 5.

€ s0lv + H+solv —_— H (5)

The effects of phenol on the hydrogen yields from the
acidic solutions are depicted in Figure 4. The effect
of pressure on the scavenging efficiency of phenol in
acidic solutions is similar to that on neutral solutions
(Figures 3 and 4).

Values of k(e=s1v + S). The rate constants for
solvated-electron reactions with the solutes used in
this work were measured at 1 bar by the pulse-radiolysis-
spectroscopy technique and are listed in Table III.

Table III. Solvated Electron Reaction Rate Constants in
Methanol at 295°K and 1 bar
Solute k, M~!sec™!
Nitrobenzene 2.0 X 1010
Acetone 4.2 X 10%¢e
Perchloric acid 6.5 X 1010
Cyclohexene <l X 104
Hexene-1 1 X 10¢
Benzene 1 X 108
Phenol 7 X 108
None 2 X 108 sec1=

e Reference 13. * Reference 14.

Discussion

Pure Methanol. The mechanism of hydrogen forma-
tion in the vy radiolysis of liguid methanol may be
represented as follows.!” Square brackets around re-
actants or products denote that the species are inside
a spur

mCHgOH ——r [H+solv, € s0lvs H, HCHO, CHSO] (6)
[Htwoy + €%0ov] —> [H + nCHgoH]
(geminate neutralization) (7)
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Figure 3. Ag(H:) from neutral methanol as a function of phenol

concentration: (A) 1 bar; (A) 5.4 kbar. The full curves were cal-
culated from eq 23. The dashed curve refers to 1 bar and was cal-
culated using eq 24.
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Figure 4. Ag(H:) from acidic methanol (0.10 M perchloric acid)
as a function of phenol concentration: (A) 1 bar; (4) 5.4 kbar.
The curves were calculated using eq 23.

[H*sov + € s01v] — Hfo1v + €701 (free ions) (8)
€ 5oy —> CH;O oy + H )]

H + CH;OH — H, + CH,0H (10)
Htyow + CH307 501y —> pCH;OH (1

where m, n, and p are integers.

Solvated Electrons

Scavengers in Neutral Methanol. An electron scav-
enger S, such as nitrobenzene or acetone, in neutral
methanol reduces the hydrogen yield by competing with
reactions 7 and 9.

€ 5lv + S —> s—solv (12)
S‘solv + H+solv —> SH (13)

Nitrobenzene and acetone at concentrations <10-3
M react exclusively with free ions (Figure 1).77 Free
ion reactions involve homogeneous kinetics and the
competition between (9) and (12) is described by (14).

[Ag(H)I™! = [gleeor)sil {1 + (ko/kn[SD}  (14)

Values of g(e sav)si and kio/k, were obtained from
plots of 1/Ag(H,) vs. 1/[S] for S concentrations <10—3
M at | bar and <10-2 M at 5.4 kbar (Figure 5). Higher
concentrations of S were necessary at 5.4 kbar because
of the greatly reduced scavenging efficiencies at high
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Table IV. Kinetic Parameters for Electron Reactions in Methanol at 296°K

[HC1O4], 1 bar 5.4 kbar: {(kalko)s bar/ AV.F — AV F,
M S kafky kafky? gle"sav)ei® kafke® gle st )i’ (ka/kb)s.4 kbac ) cm3/mol
0 Nitrobenzene kusfks 4.3 X 10¢ M-! 1.7 X 103 M 1.9 25 14.6 (15.1)
0 Acetone kulky 1.7 X 104 M1 6.7 X 102 M1 1.9 25 14.6 (14.9)¢
1.0 X 104 Nitrobenzene kslkp 3.7(3.9)¢
5.0 X 10~¢ Nitrobenzene kslka 6.2(7.4)% 2.0 0.60 (0.53)¢ —2.4(-2.9)¢

b+5%.

e 1 i I L

=
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Figure 5. DPlots of Ag(H,)~! against [nitrobenzene]~! for neutral
methanol [e} 14]: (A) 1 bar; (B) 5.4kbar.

pressure (Figure 1). The values of g(e—wo1v)i Were
1.7 £ 0.1 at 1 bar and 1.9 =+ 0.1 at 5.4 kbar (Table 1V).
The values of ki2/k, for both nitrobenzene and acetone
decreased with increasing pressure (Table IV).

Using eq 1528 and the values of the ratio ki/ks at 1
bar and 5.4 kbar, the difference between the volumes
of activation of reactions 12 and 9 is estimated to be
AVpF — AVy* = 15cm?¥/mol.

(kolkon)e, _ (P — P)
(kufkn)e, | 23RT

The upper end of the Ag(H,) curve for nitrobenzene
is almost unaffected by pressure (Figure 1), which
implies that the competition between reactions 7 and
16 in the spurs is independent of pressure, and AVys+
- AV7:’: =~ 0.

log AV, * — AVe®)  (15)

[e—solv + S] —_—> [s—solv] (16)
The effect of acetone at high pressures appears to
be complex (Figure 1).
Scavenging Studies in Neutral Methanol. The form
of eq 14 used for neutral methanol solutions at different
pressures was

(8(esorn)si/[8(Ho)p — {5.45 — glewrv)ui}]) — 1 =
ki[S)ks (17)

(23) S. D. Hamann, “High Pressure Physics and Chemistry,” Vol. 2,
R. S. Bradley, Ed., Academic Press, London, 1963, p 137.

¢ These values were computed from the plots of log ki2/ks vs. P (Figure 6).

4 Adjusted to zero ionic strength (ref 25).

2 4. i iy
0 1 2 3 4 5 -]

PRESSURE, K bar
Figure 6. Plots of log ki2/k, against pressure in neutral methanol:

(O) 5.0 X 10-¢ M nitrobenzene; (A) 1.0 X 1073 M acetone, The
filled points were taken from Table IV,

where the g(e—w1v)ri values were assumed to vary
proportionately to pressure between the experimentally
estimated values 1.7 at | bar and 1.9 at 5.4 kbar (Table
1V); g(H,)p is the measured yield of hydrogen at pres-
sure P (Table I) and 5.45 is the g value of hydrogen
from pure methanol, independent of pressure.

Plots of log kiz/ky vs. P (see eq 15, with P, = 1 bar)
for nitrobenzene and acetone solutions are presented
in Figure 6. The values of kj»/ke at 1 bar and 5.4 kbar
listed in Table IV have been included in the plots.
The curvature of the lines in Figure 6 indicates that
the value of AV;;® — AV,¥ decreases with increasing
pressure. The implications of such behavior have
been discussed elsewhere.?2¢ The value of AV, * —
AV,* estimated from the slope between 1 bar and 5.4
kbar equals 15 cm?®mol for both nitrobenzene and
acetone. These values are in agreement with those
listed in Table IV. At 1 bar, AVp* — AV;* = 21
cm?/mol.

Acidic Solutions. The presence of both acid and
nitrobenzene in methanol creates a competition be-
tween reactions 12 and 5.

€ 50lv + H+solv —>H (5)

The concentrations of H*,,, used were 1.00 X 10~¢ M
at 1 bar and 5.00 X 10~¢ M at 5.4 kbar., Total con-
centrations of acid and nitrobenzene chosen were
high enough that all free ion solvated electrons would
undergo either (12) or (5), but low enough that there
would be negligible scavenging in the spurs.”

Kinetic analysis of the results in Table II was done
usingeq 18.

[Ag(Ho)I! = [glewor )] {1 +
(kﬁ[H+501V]/k12[s])} (18)

(24) H. S. Golinkin, W, G. Laidlaw, and J. B, Hyne, Can. J. Chem.,
44,2193 (1966).
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Values of ks/ki; and g(e~sqav):: at 1 bar and 5.4 kbar
were obtained from the plots of 1/Ag(H.) vs. [H+]/[S]
in Figure 7 and are listed in Table IV.

The value of ks/ki; depends on the ionic strength of
the solution.?® For the neutral reactants nitrobenzene
and nitrous oxide, k;; should be essentially independent
of ionic strength. The dependence of k;/k;, for nitrous
oxide in methanol is known as a function of ionic
strength.? The values of the ratio ks/ki, for nitroben-
zene were corrected to zero ionic strength by using the
same factors as those from corresponding acid-nitrous
oxide competitions in methanol?* and are listed in
parentheses in Table IV. The analysis of the data
according to eq 15 yields AV;* — AVy,™ = —3 cm?¥/
mol (Table IV).

Values of Volumes of Activation. The volumes of
activation for the diffusion of sodium picrate, sodium
bromide, and hydrogen bromide in methanol at 25°
are 6, 5, and 3 cm?/mol,*® respectively, averaged be-
tween 1 and 3000 bar. The corresponding volume of
activation for viscous flow is 7 c¢cm?/mol,?® which is
1-4 cm?/mol greater than those for diffusion of the
above ionic solutes. The abnormally small AVais™
for hydrogen bromide is attributed to the “hopping”
mechanism of diffusion of protons in alcohols and
water.”26  One may therefore assume that AV* for
diffusion is normally about 2 cm?3/mol smaller than
that for viscous flow in methanol at a few kilobars
of pressure.

The value of kj; = 2.0 X 10% M~! sec™! for nitro-
benzene indicates that it is essentially diffusion con-
trolled (calculate k = 2 X 10 m~! sec™! using diffusion
coefficients 2 X 10~% cm?/sec for e s1v,? 1.8 X 10-%
cm?/sec for nitrobenzene,” and a reaction encounter
distance of 6 A). The volume of activation for viscous
flow, averaged between 1 bar and 5.4 kbar, is 6 cm?/
mol,?® so it is assumed that AV, T =~ 4 cm3/mol for
nitrobenzene. Combining this value with the mea-
sured AVp*® — AV,F = 15 cm3/mol (Table IV),
one obtains AVs* =~ —11 cm?®/mol, averaged between
1 bar and 5.4 kbar. From AV,* — AVp* = =3
cm?/mol, one obtains AV;*¥ ~ 1 cm?mol. The
negative value of AVs;* — AV, * implies an abnormally
low value of AVaies ¥(H*), in support of the conclusion
drawn from the measurement of diffusion coefficients
of HBr and NaBr. %

Pressure Dependence of g;; and Secondary Electron
Range. Model Calculations. The free ion yield can
be calculated from eq 19%

gii = gu [, FO) exp(—EYekTy)dy  (19)

where g+ is the total ionization yield, F(y)dy is the
fraction of thermalized electron-ion pairs that have
initial intrapair distances between y and y 4+ dy, £
is the electron charge, € is the dielectric constant of the
liquid, k is Boltzmann’s constant, and T is the absolute
temperature.

(25) G. V. Buxton, F. 8. Dainton, and M. Hammerli, Trans. Faraday
Soc., 63,1191 (1967).

(26) W, Strauss, Aust.J, Chem., 10,277 (1957).

(27) (a) P. Fowles, Trans, Faraday Soc., 67, 428 (1971); (b) B. Con-
way, '‘Electrochemical Data,” Elsevier, Amsterdam, 1952, p 162,

(28) E. W, Washburn, “International Critical Tables,” Vol. 5, Mc-
Graw-Hill, New York, N. Y., 1929, p 72.

(29) P. W, Bridgman, *‘The Physics of High Pressure,” Bell, London,
1931, p 341,

(30) G.R.Freemanand J. M. Fayadh, J. Chem. Phys., 43, 86 (1965).
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Figure 7. Plots of Ag(H:)~! against [H™s1v])/[nitrobenzene] in
acidic methanol [eq 18]: (O) [H*s1v] = 1.0 X 10-% M at 1 bar;
(@) [H*o1v] = 5.0 X 1074 M at 5.4 kbar (displaced vertically by 1.0
units for clarity).

Table V. Pressure Dependence of g« and Most Probable Range
b of the Electrons in Methanol at 296°K

1 bar 5.4 kbar
8t 1.8 1.9
8ot 4.6b 4.6
€ 33.1 42.5¢
d, g/cm? 0.789 0.978¢
b, A 17.5 14.5
bd, 108 gfcm? 13.8 14.2

e Average of the values in Table IV, °* Reference 17, assumed
to be independent of pressure. ¢ Extrapolated from results up to
3 kbar in S. Kyropoulos, Z. Phys., 40, 597 (1926), with the aid of
values for ethanol up to 6 kbar reported by W. E. Danforth, Jr.,
Phys. Rev., 38,1224 (1931). 4 Reference 29, p 128.

Using the Gaussian function (eq 20) for F(y) in (19)
and the values of g1, €, and T listed in Table V, one
obtains the most probable electron range b = 17.5 A
at | bar and 14.5 A at 5.4 kbar.

F(y) = (4y?*/m*/b®) exp(—y?/b?) (20)
b is the dispersion parameter and the most prob-
able electron range in this distribution. The density-
normalized range bd is 1.4 X 1077 g/cm? at 296°K,
independent of pressure (Table V).

The density-normalized range of the electrons in
ethanol at 296°K is 1.9 X 10~7 g/cm?, also independent
of pressure.” The ranges of these secondary electrons
in alcohols simply vary inversely as the density when
the liquid is compressed. If changes in the amount
of order in the methanol liquid structure occur with
the 24 % reduction of volume at 5.4 kbar, such as an
increase in the average length of the hydrogen bonded
chains,?! they do not affect the efficiencies of the elec-
tron energy loss and localization processes. The
simple density effect is consistent with a multibody-
scattering picture of electron localization. 32

Hydrogen Atoms

Cyclohexene in Neutral Methanol. Cyclohexene scav-
enges hydrogen atoms.?33¢ It does not react signifi-

(31) G. P, Johari and W. Dannhauser, J. Chem. Phys., 48, 3407
(1968).

(32) J.-P. Dodelet and G. R. Freeman, Can. J. Chem., 50, 2667
(1972).

(33) B.D. Michael and E. J. Hart, J. Phys. Chem., 74,2878 (1970).

(34) T.J.Hardwick, J. Phys. Chem., 66,291 (1962),

Jha, Freeman | Solvated Electrons and Hydrogen Atoms in Liquid Methanol



5896

Table VI. Kinetic Parameters of Hydrogen Atom Reactions in Methandl at 296°K
AVy ¥ — AV * —
[HC1O.], 1 bar 5.4 kbar AVieF,e AVy F,
M S kaifk1o kanlke Ag(Ho)max kaulkio kool ko, Ag(Hz)max cm?/mol c¢m3/mol
0 Cyclohexene 430 0.44 4.6 276 0.44 4.6 +2.0 0.0
0 Phenol 130 0.0v 4.6 200 0.0 4.6 -2.0
0.1 Phenol 130 0.0¢ 5.3 200 0.0 5.1 -2.0
o Average value between 1 bar and 5.4 kbar. ® Assumed.
— L ' ' T ' gen atoms.?® It has been shown recently that the ap-
parent reactivities of phenol and benzene with elec-
16r 7 trons in ethanol are much less in competition kinetics
- i than those measured by pulse-radiolysis spectroscopy.?
= r i The present results obtained from competition reactions
z were treated according to eq 23. Values of Ag(Hy)max
2 08 ) and ku/ki, were obtained from plots of 1/Ag (Hz)
= I vs. 1/[S] (Figure 8) and are presented in Table VI.
i The solid curves in Figure 3 were calculated using eq
o , ) , , ) . 23. The agreement between experimental points
0 10 20 30 and calculated curves is good at both pressures. The
(PHENOL]! M7 dashed curve in Figure 3 was calculated using the hy-

Figure 8. Plots of Ag(H,)~!against [phenol]~!in neutral and acidic
methanol [eq 23]: neutral methanol (Q); acidic methanol (A).
Open symbols, 1 bar; filled symbols, 5.4 kbar. A and A displaced
vertically by 0.4 and 0.6 unit, respectively, for clarity.

cantly with solvated electrons in methanol (Table III)
or ethanol” Thus, in cyclohexene solutions reactions
21 and 22 compete with reaction 10

H + S —>SH 21
H+S—>H, +R’ (22)

where S represents a solute, in this case cyclohexene.
The curves in Figure 2 were calculated using eq 23.

1 1 k1 [CH;OH] kzg}
= 1 — 23
Ag(H,) Ag(Hz)max{ t ka[S] t Ko (23)

The value of Ag(Hy)max = 4.6 was obtained from solu-
tions of phenol in neutral methanol assuming that
kes/ksn = O for phenol (Table VI and Figure 8). The
values of ku/kic and ky/ks were estimated from
plots of 1/Ag(H,) vs. 1/[S], such as those in Figure 8,
and are listed in Table VI. The concentrations of
pure methanol are 24.6 M at | bar and 30.6 M at 5.4
kbar. Probable errors in estimating Ag(H:)max and
the rate constant ratios are =4 and = 10 %, respectively.

The value ky/ks = 0.44 obtained for cyclohexene
in methanol at 1 bar and 5.4 kbar (Table VI) is similar
to the value 0.52 reported for the same solute in eth-
anol.?

Equation 15 was used to estimate the differences in
the volumes of activation from the values of the rate
constant ratios at 1 bar and 5.4 kbar (Table VI).
The values AVy® — AVpT = +2.0 cm?mol and
AVyu* — AVy* = 0 were obtained. These values
are similar to those obtained in ethanol® The differ-
ence between the volumes of activation of abstraction
and addition reactions of hydrogen atoms with hexene-1
in n-hexane has also been found to be approximately
zero.b

Pheno! in Neutral Methanol. Phenol has been re-
ported to react with electrons’** as well as with hydro-

(35) M. Anbar and P. Neta, Int. J. Appl. Radiat. Isotop., 18, 493
(1967).

drogen atom rate constant ratios given in Table VI
and the solvated electron rate constants in Table III
(1 bar). The total reduction in hydrogen yield was
taken as the sum of the yields of scavenged electrons
and hydrogen atoms, eq 24.

Ag(H2) = g(e~solv)scav + g(H)scav

The yield of scavenged electrons was calculated using
eq 14, while the yield of scavenged hydrogen atoms was
estimated from eq 23. The values of gle~s1v)is = 1.8
and Ag(Hy)mex = [4.6 — g(E™s1v)seav] Were used in eq
14 and 23, respectively.

The curve calculated using (24) was too high (Figure
3), which suggests that reaction 4 takes place in phe-
nolic solutions of methanol.

24

CGHsoH “soly —> CGHso—solv + H (4)

A similar conclusion was drawn in the ethanol study.?
It is important to note that postulation of reaction of
quasifree (dry) electrons with phenol would make the
above discrepancies worse. No indication of reaction
of quasifree electrons with solutes was obtained in
either the ethanol® or methanol investigation.

The scavenging efficiency of phenol increased with
increasing pressure, while that of cyclohexene de-
creased (Table VI). The volume of activation for
hydrogen atom addition to phenol is 4 cm?®/mol more
negative than that for addition to cyclohexene. The
more negative value is probably related to the lower
rate constant and to a more negative entropy of ac-
tivation.¥

Phenol in Acidic Methanol (6.1 M HClO4 ). In
strongly acidic methanol, reactions 7 and 9 are re-
placed by reaction 5. The results in Figure 4 are
plotted according to eq 23 in Figure 8. The values of
Ag(Hy)max and kai/kio so obtained are presented in Table
VI. The values of ku/kio are the same as those ob-
tained for neutral methanol. This supports the sug-
gestion that solvated electrons reacting with phenol
eventually produce hydrogen via reaction 4.

(36) P.Netaand R. H, Schuler, J. Amer. Chem, Soc., 94,1056 (1972).
(37) K. J. Laidler, “Chemical Kinetics,” McGraw-Hill, New York,
N. Y., 1965, Chapter 5.

Journal of the American Chemical Society | 95:18 | September 5, 1973



