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L ABSTRACT . - - o

The react1v1ty of solvated electron with pola.r and clnugcd s8¢ zwcngcxs, '

N wils studxed in w.a.ter mxxtures of +-BuOH , 2 BuOH and t- BuOH as’ a function
| of solvent composxtlon and’ temperature The kinematic vxscosmes and donsxtms-

/of these mixtures yere also measured as junctlons of solvent composxtmn and
N : ‘ . S

temperature. . e s . -
; \ . N, . .
. . . . LI ) . . " . _ \ . . ) . ) . S ’ )
r The composition, dependence ‘of the‘nearly diffusiomcontrolled rate con-
~a

stants is analysed accordmg to the Stokes-Smoluchowsk1 and Debye modolsr and

"1nd1cates four solvent composxtxon zones that were "also obsexved in tho optical

| absorptlon spectrum of the solva.ted electron and the freezing pmnt curves of the

solvent The rate constants depend more on the dxﬁ'usxon rates of the xcact«mts '

than on, the solvation energles of the part1c1patmg ions. The dxﬁ’el en\e in tlu com-

posxt1on dependénce of the-reactivity of polar and charged scavengers with eloc-

- troms arlse due to the difference lyle"cfr?)n-dlpole and electron-ion interactions.
~The latter has.a greater dependence on the dielectric constant of the solvent.

The rate constants "for the reactions with inefficient sca.vengex‘s depend:

v

more on the solvatlon energxes of the partxcrpatlng ions than on the solvent trans-
port propertles The free energy of reaction for such al system is dnectly related
to the electron afﬁmty of the scavenger, the solvatxon energy of the elcctx on and

Ythe polarxzablﬁty of the solvent. The difference in reactivi iy between efﬁcxent

“and 1neWers is due to entropxes of actlva,txo‘n rather than energies of

~.

-

activation. ' LT . ‘ y
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! INTRODUCTION : . S

1.1 Solvated Electron

.11 S_OJmLo_n_Bmsﬂ

Solvated electrons were ﬁrst obtained by dxssolvmg alkali metals in liquid
ammonxa(l) and later in other solvents such as amines(2) and alcohols(3). They
can also be formed by other methods, radiolysis bemg one of them.

- Radiolysis involves irradiating.the hquzd w:th ionizing radiation. P\Jlse
‘ rt_a.dioly"sis uses pulses of high energy electrons as the source:of radiation. When
ionizing p‘ar.ticles sueh as electrons, pei;ate the liquid rnediuxh, energy is lost by
ionization and excxtatxon of the liquid molecules. /\Al()ng the path of these electrons,
(1omzmg partxcles) local volumes of 1omzed excited and dissociated molecules
remain. These local volumes are called spurs. The spurs rapxdly dissipate as the
reactlve intermediates diffuse into the bulk of the liguid(4). .

Due to 1omza.t10n more electrons are produced in the path of the high .
energy electron. These also dissipate their excess energy by ionization and exci-
tation of molecules of the medium. Once the ehergy of the ekctron is sufficiently
lowered it can form a localized state. | h |

The localization process of an electron depend’s on whether the electron
hfﬁmty of the medium (molecules) is posmve or negative. If the molecules hJave‘-‘ ;
posmve electron. afﬁmty the electron gets localized in a solvent molecule a.nd forms’
a negative ion. If it is negatlve, localization 1s a.ﬁ'ected by the polarity of the
molecules: (i ) the elettron in a polar fluid gets trapped in a{)otentlal well created
by several dxpolar molecules; (n) in a non: po}a.r hqu]d loca.hzatlon occurs due to

A . ‘ the anisotropic polarizability of the molecules. If the molecules are 1sotrop1ca.lly .

pqlarizable, the electron is either deloca.li'z:d or localized.in a shallow potentié,l v

well. Such electrons qm;e called'quastfee electrons(3).
- ’ ;“. , .
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An electron electror§ically polarizes the medium in about 10™!%s, Thus

‘the trapped electron immediately finds itself in an electrohically polarized poten-

tial well (trap)(6). The electric field of the electron causes the medium molecules
»

to reorient along the axes of permanent ‘dipole or that of the maximum polariz-

ability. The trap becorhes deeper and the electron state more stable. The time

e

for this process is related to the dielectric relaxation time of the medium (7). The

({1

completely relaxed state of the electron which is in equilibrium with the solvent "

is called the solvated electron. In polar liquids an electron becomes solvated in a

P
time range of picoseconds (8). 0 ‘

1.1.2 Properties of the Solvated Electron - '
The physico-chemical properties of solvated electrons depend on the na-
ture of the solvent. The shape and polarity of the solvent molecules affect the

electron-solvent interaction, and therefore the energy of solvation..

1.1.2.1 Mobility "

Solvated electrons are different from quasi-free electrons by being more _

localized and less mobile. Their mobility is several ttmes higher than that of

normal ions, but in water it is less_than that of H*(9).

1.1.2.2 Reé,ctivity -

‘The solvated electron has a negative free ;enefgy of formation. Therefore
it is a thermodynamically sta.ble} reactant. It has a very high electron don;r
capacity (10). It reacts with chemigal 'species that have positive electron afﬁnity
and becomes localized ina deeper trap in the reactant molecule. Its reactivity ﬂis

a function of the electron affinity of the reactant.



1.1.3 ‘Optical Absorption
A . Solvated electrons absorb light at wave lengths rangi;xg from \ltraviolet -
to infrared. The absorption band is broad and asymmetric with allong tail e¥-
tending to higher energies. The energy at the absorption maximum, E pwaz, and
the wxdth ‘of the band depend on the polarity of the solvent. In polar solvents,
the maximum in the absorption spectrum occurs’at higher energles because the 4
. energy of interaction of the electron with the permanent dipoles of the solvent is
greeter than that with the induced dipoles. The electron is solvated in a deeper \\
trap in polar solvents. o

In general, the E,,, values of solvated electrons in organic solvents

depend on:

(a) the types and number of functional groups, and
(b) the number of alkyl groups attacked to the functional group.

Values of Eamaz are temperature (and density) dependent The thermal agltatxon

of the solvent makes the traps shallower. ‘ . -
1.1.3.1 .Broadening of the Absorption Band -

The shape of the solvated elec\tren spectrum is similar in any solvent, it

being broad and a’ssymmetric,\sliewed to high energies. T_he sﬁape of the band is.
. )

E]

attributed_to:
Ea.) homog’t.e;leous- broadening(11,12), and
(bl\heterogeneous . broadeniég (13,14).
Horpogeneous Broadening involves bandwidth the,t originates .frorn the optical ﬂ);/ .
sorptien of a siggle type of absorbing sgecies; This requires to assume that all tre,ps .
in the medmmi.\e of the same depth a.nd .t}y(t broadening is due to the specxﬁc .

nature of the exc:tatlon But in a hquld where ra)ndonmess per81sts the probabxhty

that all solvated eleciron traps are of the same depth,is probably negligible.



Heterogeneous broadening is due to excitations from several traps, each
giving rise to a spectrum slightly different from others. If broadening is due to a
distribution of traps, the width should increase with increasing temperature. This

Js not always observed.

1132  Transitions N
The ene\‘rg'y absorbed by the ground state solvated electron has been
a.ttnbuted to the following transitions (15-20): ]
(a) from the ground state dxscrete energy level to an excxted state discrete
M energy level (15) (bound to bound transition) of the s#me trap,
(b) from the ground gtate discrete energy level’ to the higher energy contin-
uum (16) (bounf:o continuum),
(c) from the grou}xﬁbound level to an excited bound leyel or to the contin-
uum (17-20) (botund to bound and bound to contmub\ﬂ‘, T e
(d) from the ground bound level in one trap to a similar ground bound
| energy level of a neighbouring trap (18,19) (trap to trap).
If the transitions are bound to bound type, the absorption épectrum is symmet-
r1ca.1 But the other three types of transxtlons could account for the asymm/ctry
of the band. The skew to the high energy 51de is usually explained by bound to
cont;guym transitions. The last two types of transitions are similar. The trap
to trap model\a}ssdmes two types of transitions: (a) short distance transfers in
a.nalbgy to bound to bound transitions; (b) long distance transfers in analogy to
bound to' continuum transitions. Measurement of the photdconductivity specfra
has givexi ibformation aboub the type of transitions. A phoioconductivfty spec-
trum Eofrespom,js to bound ground lgyel to bontiﬁumn transitions. Combapison of
~ the optical absorption spectrum with fhe photoconductivity spectrum allows the

following to be estimated: (a) the threshold energy fbr‘photdconductivity, Eun,

> ' < ~ ' ’ ya

e

e



Bt e. the lowest energy needed for the bound to continuum transition (20 21); (b) ‘

he relatwe amounts of absorptlon spectrum due to bound to bound and bound

o

- Bo contmuum transi‘tmns (22, 23) The value of Eu. is a-measure of the trap depth

| ‘i ie. the energy drfference between the ground state: energy level and the bottom of

the conduct1on band If Eu, and the threshold for opt1cal absorptmn E were the

‘ | sarme and the rnaxuna of the two spectra overlapped the optlcal transmon WOuld

be entlrely due to bound to contmuum transxtlons R R

- Compansons mdlcate that in all systems the optlcal absorptlon band

: ‘con31sts of both bound to bound and bound to continuum tranS1t10ns (14, 20 26)
In most solvents Egh ls less than EAmM, 1nd1cat1ng that a ma_)or portron of

e transutlons ‘are bound to contlnuum type

The depths of the shallowest and deepest traps have been est1mated (14)

l

1nd1cat1ng that there is a d1str1butlon of trap depths Photoconduct1v1ty spectra
« of solvent mlxt,m(es of Polm and non-polar solvents (23 26) mdxcate that as the ,
. non- polar component in the mixture decreases the traps become deeper and the

“ extent of bound to: bound trans1trons inérease.

L5
a

1.\.;3'.3 L 'ModelS'

oo

oy . LE
| L The s1mplest model of the, solvated electron consrsts of a sphencal square-

' *well potentlal (27) Thls is called the cavlty model The electron is locahzed ina
physrcal cav1ty, thh the posrtlve ends of the drpoles ahgned around it. ’
Thxs model (28) considers the’eﬁ'ect of medlum polar1zat10n produced

fff’by theﬂelectron The solvent 1s vrewed as a d1electr1c contmuurn T h1s 1s called

L e

) the contmuum model.:-
' <"

Semx contmuum glodels (29 30) assume the electron to’ be at the center s |

§

‘of a. spherlca.l cav1ty surrounded by a solvatlon shell of a ﬁxed number of sol-

K

e {l vent molecules The solvent beyond the solvatlon shell is regarded as.a d1electr1c

contmuum.




The calculatlons done accordmg to these models are successful ‘in pre-

5

d1ct1ng the E ) Amaz value Butl?t?fe hne shape is more narrow and symmetrlcnl than

observed A statlstlcal mechamcﬂl nbdel that consuders the molécular propextles ‘

" of the 301vent is bemg f veloped (31 32 " : | o

&

g4

1'-3"4 . Geometncal Structure ‘ Y

The geometry of the solvatecé, electron has been estlmated for electrons

m

"in aqueous glasses(ﬁ) These indicate that the electron is solvated in the middle of .

.an octahedran of 6 water molecules The OH bond pornts towards the electron. -

The’ theoret1cal models for the _solvated electrons do not predict the -OH bond '

_orlentatxon geometry. Instead they predict orlentatlon of thexi ;oles in the water

B

‘1.2.1.1 o . ﬁre Solvent

molecules In contrast to th1s ESR spectr'hf in methanc inde - ces a. tetrahedral

'structure, ‘also with OH bonds pomtmg towards the solvated electron (6) A

planar geometry is suggested for the electron in methyltetrahydrofuran (6). .

G )

1.2 g E " VODtical and Kinetic Pronerti‘es of Solvated Electrons in -

Py,

. Alcohol/Water Mixtures

121 xPhysical Properties
. A :

The optlcal absorptxon energles of electrons in water and alcohol are
greater than those in other polar solvents such. as ammonia and a:mxnes (20,33).
ThlS indicates that in solvents W1th a hydroxyl group there are stronger electron":,
solvent mteractlons, leadmg to deeper electron traps Thus the ‘Epmaz value in

a solvent depends on the functional group of the solvent molecule, because it

e reﬁects the polanty of the solvent Even though the dlelectrxc constant and the .

:d1pole moment are used as mea.sures of the polarlty ofa 11qu1d values of E Amaz are



o structure

~

better correlated with'Kirkwood structure factors gx (34). The gi values reflect -

the amount of short-range_order in the liquid. The correlation of EA,M;, with gz

indi—c‘ate's thag't‘l_)edeta.ils of the 1iqi.1id structure dominate the determination of

“the energy levels of sol\‘/a;ted electrons (33,35).

" The Epmqaz value of solvated electrons in alcohols are in the order: pri- .

nfry > secondary >'-Rtertiary (36,37). Electrons arevsolvated in_shalloWer traps in

“tertiary alCohols, The degree of orderliness, is least in the tertiary -alcohols.

In the prirnary alcohols, the E Ama; values are almost inde'pendent of the
chain length (for alcohols above ethanol) (38). It is prob’ably independent of. the .

type of the alkyl chain too(e g. l-butanol and zso—butanol ) (36)-" The electron

solvatlon depends only on the a.lkyl substitution of the p- -carbon atom N

The similarity of FE pnaz values of solvated electrons ~in prxmary alco-

.hols indicates that the conﬁguratlon of -OH groups in the solvation shells of the

electrons are of the same type. The alkj?l group has almost no effect on the inter-

action between the electron and. the OH groups (38 39) Most models of solvated _

| electrons considér the 1nteract1on between the electron and the rnolecular d1poles -

’

(1-5-19) But the ESR spectra 1ndxcate that the geometry of the solvated electron _

in methanol is such that there are four methamlecules in the corners of a

tetrahedral structure, w1th the -OH dipoles pomtmg towards the central electron

: (6) Thxs conﬁrms that the energy levels of the potentlal well of the_electro_n de- .

pends only on the -OH'groups of the alcohol. Therefore respectively lower values

of B Amaz in secondary and tertiary alcohols are probably due to the lower number

o of allgned dlpoles in the solvatxon shell that are limited ‘because of : (a) steric .

:hmdrance by thev alkyl group; (b) the need for greater disruption of the liquid

]

Although the. values of E’A,,,,,ac are related to the short range order in

~ the hquld structure, the widths of the absorptxon bands are not In alcohols,‘ :



the width of the absblrption_.band at hd]f hej ‘ht, W} .3 are about t\vice'as wide |

o about twice as that in‘ammonia

m water. The W% values in amines are
‘ Alkylatxon increases the bandwxdth ~This 1mphes that the'absorptxon band arises”

toa dxs_tnbutlon of trap depths (40). But as discussed in the previous section, "

positive temperature coefficients of W% expected for such a system does not
always‘ oceur. Actually' in some alcohols..such as 2-propanol and t-butanol it is
" negative (36). An alternative view is that t;he‘ abgorption band is due entirely
to bound to continuum ‘transitions (41,Ms argument is inl/alld since the
phOtoconductivity threshold ls greater than the optical absorptloh threshold ln
several solvents, which indicate the ‘existence of bound to bound transitions (‘71)

In pure alcohols mgs(’\\t of the absorptlon band of the solvated electron is
~due ththe bound to contmuum transxtlon (22). Extent of the bound to bound
transltlon may change with the type of the solvent

The threshold enprgy for the bound to continuum transition, Eq , is a
measure of thgt\raﬂepth of the solvated electron (trap depth in thxs instance
is the energy differance between the ground energy level and the bottom of the
conductlon band) In primary alcohols Ey, is the same regardless of the all<yl chain ‘

" length (26 43) This is in accorda.nce thh the view that only the -OH groups in

the alcohol determme the e*ctent of 1nteract10n between the solvated electron and

the solvent cohol molecules Smce the EA,M, and E{ values in prlmary alcohols

are sirnllar, number of bound l@s and the trap- -depth in all prlmary alcohols ,

12.1.2 M1xed Solvent
Spectral parameters of solvated electrons in alcohol-water mixtures dis- -
pla.y strong composxtlon dependence Based on the composmon dependence trend,

~the alcoho\l;.ter mxxtures are categorxzed mto three groups of alcohols (36 37) .



~—~

or. alcohol-water complexes

(‘1) rnethanol, (2) other nrimary a.lcbhols, (3) zsecon'dary and tertiary alcehols.

The EAmoer values of primary alcohols are quite close to that of water, whlle in

secondary and tertxary alcohols they are lower. -

The composition dependence of the EA‘,M,,‘ values falls into four compo- '
sition 'zones: _ ' |
‘(a) O < TH,0 < 0.1; EA,,,,uc decreases sharply. with increasing‘v z HgO'in group
(2), decrease less sharply in (1), and increases sharply in group (c), o
(b) 0.1< mH;O < 0.5; gradua.l increase of EAmaz ,
(c) 0.5 < zy,0 < 0.98; almost no change in E_Amax values,_
-_ (d) 0.98 < = H,;) < 1.00; slight decrease in Egmaz with compositio‘n,
where €5,0 1s the‘mol fraction of water in alcohol. The same four zones are also
ol)served in the phe.se diagram of tertiary bvutanol-wa.ter mixtures (44,45). -
The minimum of F amaz values in primary a.lcohol/water mlxturzs is-
attnbuted to a water nuclea.ted solvent structure at that compo<iiion. The ¢ simi-

larities of trends 1n zones (b), (c) and (d) a.mong,alcohol/water Luiagures 1ndxcate

that the hquxd structure in these nge in the same way. The near constant

' values in zonla( ) are probably e to selectlve solvatlon of the electron in the

same envxronment ThlS indicate the exzstence of clusters of pure water, alcohol

S 1

’ l_/ L The EAmaz values of the électron solvated in mlxtures of am1des/wa.ter

(46) also dlsplay comp031t10n dependénce The E Amaz values in pure amides are

lower than that of water The composxtlon dependence of EAma,, is similar to

that in aqueous mixtures of secondary or tertla.rY“alcohol_s, except. in zone(d)., The

zone(c) in these-mixtures also display selective solvation of the electron by water.

The composition.range of zone(c) in amide/water mixtures is shorter than that in
Ay » ‘ e )

alcohol/water mixtures. The reason may be the large size of the amide molecule.

*
£,
2 oy

S ;f"
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. Similar behaviour 1s observed in several\other' systems (4;7-50). In the
. -]

~ spectra of electrons in alcohol/amtonia mixtures selective solvation in the mid-

10

dle composition regions indicate the existence of clusters of molecular complexes -

(49,50). If 'there are clusters of a certain type of molecules in a rnixturs, it in-
dicates mlcro-heterogenexty Micro-phase separatxons have occurd This kind' of

‘mlcroscopxc structure changes are not evident in physical propert1es of these polar

solvent systems (see 1.3). Hence optical absorptlon is-valuable to understand the

microscopic structure changes.

Y

1.2.2 _ Kinet-ic Properties

- In addition to the optical properties another way to gain an understand-

ing of the solvated elec_troniis through its reactivities with different types of solutes.

" These reactivities depend-on the solute, the solvent and ‘the thermodynamic cendi- *

~ tions. The solvent composition effects of alcohol /water mixtures and temperature-

~ effects on the ree.ctivity of the solvated electron with different solutes are discussed

below.

1.2.2.1 . Composition Effects

The microscoi)ic structure of the solvent that surround the electron and

'the scavenger (solute) affects the solvation energles of the reactan'ts (in thé present

__f

case solvated electron a.nd the scavenger), the transition state\zmd the products.

It also affects the transport of the reactants, Therefore the k1net1cs of the solvated

electron reactipns reflect the structural changes in the solvent system.
The Tate of reaction of the solvated electron in-a specific solvent at
constant temperature and pressure depends on the tyne of the scavenger. For

"I

‘electron scavenging reactions to occur the scavenger should have positive electron

affinity. The reactivity is a function of the electron affinity of the scavenger (81). '



At

' d_iﬂ'usl'on c'o‘ntrolled in water'(52,53). :

reactions is provided by the S“molucl_lowskl equation (54),

" where D is the diffusion coefficient of the reactant, Reyy is the reaction distance

| value of R.sy for neutral reactants is glven by the sum of the effective molecularv

'v'é;

q0

Reactions with high electron a.fﬁnity scavengers such as nitrobenzene are nearly

-

|\>'

12.2.1(a)  Diffusion Controlled Reactions N

|

When the rate of the reaction is controlled by the dlffusmn rate of the

?

reactants, it is called a drﬁ'usmn controlled reactxon A theoretlcal model for such
Y

E=4xN(Ds+Dp)Resy . - (1)
L ) ' .
& . .
(reaction radius lor the encounter pait) and N is the Avogadro’s number. The
diffusion coefﬁci‘ents‘reﬂ’ect changes in the solvent viscosity and the dieléet_ric‘ re-

la;cation time. The reaction radius reflects changes in the dielectric constant. Tlle\

radii. For the electron reactions, one of the reactants is charged and the-reaction

" radius depends on the type of the solute:

(a) if the scavenger is polar, the interaction is ion-dipole;

(b) if.it is nonpolar and polarizable, then the interaction is ion-induced

A}

-dipole.

In both cases the interaction between the solvated electron and the scavenger

depends on the mlcroscopic dielectric constant of the solvent» This is diﬁ'erent
frorn the bulk dlelectnc constant of the polar solvents, because the charge of the |
electron tends to ahgn the solvent dlpoles tha.t lie- between the electron and the
scavenger. . |

When a potential e‘nergy difference exists between the reactants the

~

‘above equation extends to the Debye-Smoluchowski equation(55):

k.=l41l’N(DA+DB)Reffz‘—2:Q_.—1 - (2)



the typ e potential energy difference bgyt.ween‘ the reactants. For coulombic

" type electron-ion interactions,

Ze®

= 41r€0€R¢fkaT | . ' (3) |

where Z is the charge in the scavenger, ¢y the permittivity in the vacuum, € the

relative permittivity of the solvent, T the temperature agd kg the Boltzmann

< constant.

There are numerous extensions to the Smoluchowski equation (56), but N

in addition to the generalization by Debye to include interaction %potentials, the

only other form of interest here is the concentration dependence (57) of the rate

‘constant.
. \\ N

" of the reactants. When one of the spec1es (such as the scavenger) is of much higher.

. 4
concentration, the rate constant reduces to,

-

k = 4n DR, ;{1 + (4 RS ,fC)l’l”] ‘ (4)

where C is the concentration of the reactant that is in excess.
. o ‘\’ . . * : ) . . . E
Application of the Smolychowski equation to electron scavenging reac-

tions to calculate the theoretical rate constant is. poss1ble only if the Niffusion -

coefﬁcxents and the reactlon radlus are known. It.is usua.lly appliec 1, -izare
the d1ffus;on coefﬁc1ents of the sol\;ted electron, using an approximiats - ﬂl\.z,c for

R.sy (58-61). If the diffusion coefficients are known this relataon s applied to
obtain valuesc‘of R, 17 (62,63). Based on such compagisons a tunneling 1o/fin i

for electron scavenging was proposed (62).

where i is a function that is related to thepfé%ﬁhihty of interaction depending on

\\, The original Smoluchowsk1 relation is derived for dllute concentrations



1.2.2.1(b)  Diffusion Coefficient
The greatest problem in the application of the Smoluchowski relation to
diffusion controlled reactions of solvated electrons arises in choosinga value or an

expression for the diffusion coefficient of solvated electrons.

Substitution of the Stokes relation, Co. &

C=bmr )

where ( is the friction coefficient,-n the solvent viscosity and r the diffusion radius,

to the Einstein relation, \ S A
D= fg-’ e

gives a diffusion coefficient that depénds on the solvex{t vicosity‘ﬁ\(64).

The nearly diffusion controlled rate constants of solvated electron in.

pure alcohols or mixtuies of alcohol and water rela.tei,;to the solvent viscosity by

the empirical relationship (52,53,65,66),

13

ko™= wherez <1 h (7)) -

The value of x varies from 0.45 for the reaction of sé)lvated electron with phehan-

. - « threne (65,66) to 0.6 for that with nitrobenzehe (53). This empirical relation
ix}di_cat\es'that the diffusion coefﬁcient of the solvated electron in alcohols or alco-

hol/water mixtures does not vary inverseljr with only bulk viscosity. It is also not

applicable to every solute (66) in ‘puré solvents.

Application of Stokes-Smoluchowski relation to water[aléohbl mixtures -

(67,68) have enabled re_cognition of four solvent composition zones, that are similar

to the ones seen in optical absorption energies of the solvated electron and in the

" freezing point curves. Only 6_;1e zone (zone(c'),) obeys the relation. In‘this zone the
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rate constant'is inversely proportional to the solvent viscosit;s Selective solvation

of the solvated electron also occurs in the same zone (optical absorption energy

is approximately constant). This probably means that the diffusion radius of the

solvated electron’ is constdnt throughout zone(c).

The ,Stok}es-Einstein relation was first derived for the movement of a

hard-sphet‘Ze through a continuum medium. It works quite well for small molecules

. moving in solvents with siightly smaller molecules (69). Even though the appli-

-cation of this relation to solvated electron is uncertain it helps us to formulate a

picture of electron diffusion.

This relation was derived also for neutral species. When the species is

‘charged the effect of the solvent is twofold: the viscous friction and the dielectric

friction Thus when the Stokes-Einstein rel applied to a charged specrcs,_

the effect due-to the charge is reflected in the dxffusxon radius. -~
Modiﬁcatxon of the above relatlon so that it codld be applied to a charged

species diffusing in a polar rnedium has been done by several researchers (70). The

best results for polar solvents are obtained by the Hubbard Onsager theory (71-.

73). In thlS theory, in a.ddmon to the viscous friction, the friction due to relaxatxon

of the solvent dipoles around the rnovmg ion is also considered. These two types .

.

\

" of 'friction, electrodyna.rmc and hydrodynamw\are coupled together to calculate

the solvent effect. The Hubbard-Onsager theory nges an effective diffusion radius

that depends on viscosity, dielectric constant and dxelectnc relaxatxon time of |

the solvent. It is possible to use this radius to evaluate the Iriction coefficient.

Substitution of it in the Einstein relation (equation(7)) gives a diffusion coefficient
that depends more on solvent properties than that obtained using the Stokes

radius.

1.2.2.1(c)  Slow Reactions ‘ T
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Scavengers with low electron affinities react with the solvated electron
at rates reduced from the diffusion controlled rate. Rates of solvated electron with -
these inefﬁcient scavengers dep;znd on the solvation energies of the electro’n' rather .

than on the solvent viscosity (53, 68, 74- 76). '
A mcasure of the solvatnon energy is provided by the optical absorption
_energy, which is an mdxcatlon of the trap-depth of the solvated electron. When
the electron aﬂimty of the scavenger is small, it 1s more difficult for. an electron to
jump from a deeper trap alan from a shallower trap. Electrons in shallower traps »
have a greater probablhty of reactxvxty .
The threshold energy, Euw mdxcates the depth of the shallowest traps. In ’
the absence of Eu, values, the energy at half-height on the ted (low energy) side

of the absorption band, Er , 18 chosen as a measure of the shallower trap depths.

E, = Epmaz — W, | (8)

where W is the portion of width at half-height that is on the red side of EAmaz -

The slow reactions also involves the solvatxon energies of the participat-

ing ions in the following two reactxons by which the electron reacts: .
eg +S5— 57 ' ' -(10)
& o »
S™ + ROH — RO; + SH (11)

When the efficiency of the scavenger is low the rate costant of electron capture

depends on the relative solvation energiés.

1.2.2.2 Temperature Effects

"5, Many pl}emical reactions follow the Arrhenius relation:

k = Ae~Ee/RT | . (12)

%o



&)

‘#¥where A is the frequency factor and E, the energy of activation for the reaction

of the solvated electron with the scavenger. Information about the energies of
activation are helpful to achieve a better understanding of the reaction mechanism.

The energies of activation are not necessarily the energies rcqulred for
diffusion (74, 75). But in alcohol/water mixtures they follow the trend of the
actwatlon energies for the viscous flow. oo ]
Since the reaction of solvated electrons with inefficient scavengers in-

volves the solvation energies of the participants in reactions (10) and (11), the

energies of activation for these should depend on the energies of activation for

- dielectric rélaxation more than on that of diffusion.

1.3 St;ucttire of Alcohol/Water Mixtures

An alcohol contains a hydrophilic -OH group ‘and a hydrophobic alkyl
gro\gp. This’ bifunctional nature of the alcohol molecule gives rise to strong
composition-dependent physical properties in alcohol-water mixtures. The amount

of hydrogen bonding between the alcohol -OH group and water depends on the

size of the hydrophobic group and the number of hydrophilic groups in the alco-.

hol. Monoalcohols with small hydrophobic (alkyl) groups are co'mpletelir soluble
in water. As the hydrophobxc group becomes larger the solublllty decreases (77)

Among n-alkanols, alcohols up to 1-propanol are completely mxscxble with water.

- Of the alcohols with the same number of carbon atoms, the one with the most

compact alkyl group has increased miscibility. An example can be given in the -

butanol series. Mlscxblhty mcreases in butanols as the alkyl group becomes more

16

compact tert1ary buta.nol being compTetely miscible. If the alcohol has another :

hydrophilic -OH group, such as glycol, miscibilit/y with water is even more in-

creased (78). .Only4the structure of ‘mono.vqlcphol/w'a‘ter mixtures is discussed in

the present study.



-

1.3.1  Water

The earliesrt model of the structure of water was based on the radial
distribution funttions (79) which had a pattern similar to that of a "broken down”

~ ice structure (80). In ice, each water molecule is hydrogen-bonded tetrahedrally

to four other molécqles. The distribution functions of water (81) indicate slightly

more than fc;ur nearest neighbours. At higher temperatures it becomes closer to
five indicating a more random order. This is not consistent with the idea’that all
molecules in water are centrally hydrogen bonded to other moiecules. '

Since this ea.rl)‘r model, nurﬁérous models have bee:n proposed for the
structure of water. These models fall into two brgad categories: (a) uniformist
models; (b) mixture models. | |

(a) Uniformist Mo;g@;?mjsg):_.’fhese models assurne water to consist of a

single type three-dimensional random hydrogen bond network. There are

' no significant amounts of monomer water (molecules without hydrogen

~

C .- . . s )
bonds). Water is treated X:snnple chemical equilibrium between free

and bonded OI:/Igroups e structure is visualized as a network of
cavities (voluminous) and the structural order as only short range with
the local structure being approximately 'tetrahedral. |

(b) Mixture Models (86-89): These assume water to consist of a mixture of
two or more species. There are water molecules with no hydrogen bonds

(monomers), or Wifh up to four hydrogen bonds. The hydrogen bonded

water molecules form an open network full of cavities or clusters of water

-
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molecules. These exist in.equilibrium with monomer water which forms a
2 . : .

dense medium. Cluster concentration or size changes with temperature.

None of these models are able to explain all properties‘of. water. Because

~ of the uncertainty of the structure of water, experimental results are usually ex-



plained in terms of one model or the othet. Computer simulations of water are -

bBeing done in order to develop a better model for water (90, 91).

14

1.3.2 Alcohols hol

In contrast to water, the structures of alcohols are simpler because there .

is only one hydroxyl group per molecule. Alcohols have the ability to form uo

tq three hydrogen-bonds while wa.ter can form four hydrogen bongs. But various

spectroscopic studies have shown the presence of monomers, dimers artd molecular

aggregates of polymers (92-94). At room temperature these are linear ox; ring
polymers, indicating that miostly two hydrogen bonds per alcohol moléé\xles are
formed. A higher monomer concenfration exists in alcohols with larger alkyl chains
(98).

Comparison of primary, secondary or tertiary lower alcohols (99, 100)
(a.lﬁ completely miscible with water) show tﬁat'; (a) these hav® similar monomer

©

concentrations, except in tertiary butanol where it is slightly greater; (b) molecules

* are associated in linear ohains; (c) about 5-10% of small alcohol molecules form

-~

a third hydrogen bond. Fermation of a third hydrogen bond might lead to cross-

linking of polymer chains. ’

- '~ The monomer concentration in tertiary butanol is slightly larger because

the number of hydrogen-bonds are limited due to steric hindrance. Considering
this steric hindra.nce the possibility of long chain formation in this alcohol is ques-

tlonable If polymer chains exist they proba.bly are rmg-hke
Vg " .
1.3.3  Alcohol/Waig r Mixtures

™
, -

1.3.3.1 Static Properties

L]

1.3.3.1(a)> Static Dielectric Properties



‘ Dlelectrrc propertxes grve information about the short r‘;‘ange order in a

hquxd The Klrkwood structure factor, 9k wh1ch is calculated from the drelectrrc '

¥
constant and. dlpole moment is a measure of the short- -range orden (34) If g& >1,

the molecula.r drpoless are orrented in series: the dlpole moment in the liquid phpe

B s greater than that measured in the gas phase If gr < 1, they are in ant1 parallel / .

a

~tolowergkva.lues T e oy

.._breaking‘ejfect on these alcohols. :

‘ orlentatlop, a.nd the hqurd phase d1pole moment is | less than that in the gas-phase

A

Random orrentatron grves g = 1

The gi values in water and prunary alcohols are gréater than one (101

»102), mdrcatrng short-range order.” In prrmary alcohols the value of gk 1ncreases ‘

ﬂa

'thh 1ncreasmg chain length the a.lcohols wrth longer chams are ‘more ahgned

:Slnce thé small a.lcohols have the abrhty to form a third hydrogen bond (99 100)

vcross llnkmg of the polymer chams probably makes it difficult to ahgn ThlS leads

T
Ho

.- Among alcohols wrth the same number of ca.rbon atoms (102 104), ter-

-3‘txary alcohols hav& the lowest 9k values ThlS perhaps 1rnp11es that cham formatlon A
ablhty is lower in tertlary alcohols The Jk values in larger tertrary alcohols are

" ‘shghtly lower than one. These values are Justxﬁed only 1f r1ng like p"lymers are

/\
assumed (103 104) ‘ ‘ i
~ When water 1s added to- methanol or tertlary alcohols (102 103), the

'Structure factors 1ncrease shghtly Water hydrogen bonds W1th these a.lcoholv
J rﬁolecules to order these into a better lmear arrangement o{ dxpoles Water hasa

'structure makmg effect.

The gk values decrease when water is added to other ﬁlcohols ‘and go

through a mmrmum in the mld-composrtxon range (102). Water has"a._strncture

133.1(b) .~ Thermodynamic Properties” -



The thermodynamrc functlons of ; mmng alcohol and Water were amgng .

o

i ~the ﬁyﬁt propertles employed to suggest a structure for alcohol/water mxxtures

&

| In the composxtlon dependence of these propertxes of water and any alcohol the

_'extent of change depends on the size of the alkyl group (105- 107)

In assocxated systems negatwe heat of mxxmg 1mphes hydlogen bond

fOrmati'on and a pos1t1ve value implies hydrogen bond rupture. Dissolution of a

s

w

m1c1ty) a.nd loss of entropy. ThlS occurs for the addxtlon of a small amoun

sma.ll ammmt of a.lcohol in water is accompamed by loss of enthalpy (e*cothi-

‘any non—electrolyte to water. T hlS observatlon 18 mterpreted accordmg to one of |

- the following: (a) the non—electrolyte molecule promotes water-water hydrogen

Hbondlng, in clusters that form small domams (108 -110); (b) water molecules or-
: v‘der around the non—electrolyte and form oligomers similar to clathrates (111-113).

In both cases the ‘non-electrolyte molecules cluster together. | This eﬁ'e'.ct is called

/

hydrophobxc 1nteractxon and structure bu1ld1ng of water is called 1ce—berg forma— '

tion. Hydrophoblc 1nteract10n is also ev1dent in apparent molar volumes and heat
capac1t1es of alcohol—wa.ter mlxtures o |

- The alcohol molecules thus prornote the water structure ‘The comp051-
j tion at Wthh the maximum strengthemng occurs, depends on the size of the alkyl
group of the alcohol This compos1t10n is lower when the alkyl group of the alco-

hol is targer (107-111). Among Je ohols W1th the same number of. carbon atoms

‘the one with the most compact alkyl group stabxhzes the water structure at the

‘hlghest composxtlon of alcohol (e.g. tertrary butanol among butanols)

- Further addlﬁon of the alcohol into water does not break the cla’thrates
or the stabxhzed water structure. Instead rmcro-phase separa? ton of clathrates
a.nd alcohol clusters is assumed to occur Clustermg of a.lcohols in alcohol-water

mxxtures is also suggested in studres other' than thermodynamxc (114 116)



Id4 i ‘.

 When water is added to small alCohols, some of thesé alcohol molecul'es

‘ make hydrogen bonds thh water;heat of m1x1ng is negative (exotherrmc) (105, 106)

1.3.32(a). Viscosity~

v bulklness of the molecule.

and water acts as a structure maker. Heat of mixing of hlgher alcohols thh water

is positive (endothermxc); water acts as a structyre breaker.

0

«

1.3.3.2 . "T)ynemic Properties

" The dynamic structure of a system is mnch different from the ‘steric
structure and centains information about the moiion of the molecules. Dynamice
is unporta.nt for the study of klnetlcs in liquids, because it 1nvolw;es movement of
reaction species. D1ﬂ'us1on of a spec1es ina: hquld depends on its viscosity. -

Viscosities of pure alcohols are either close to or higher than that of |

water at.the same’temperature. The viscosity is higher in alcohols with longer

and more bra.nched alkyl.groups. Such alcohols ﬂow less- easily because of the

)
f

Vlscosmes are strongly composxtlon dependent in mlxtures of alcohol

; ,y°and water. Composxtlon dependency is chara(ctemzed by (89 117):

-

(a) a maximum in vxscosxty at composxtlons ranglng frorn 0. 65 to 0.75 mole
fractlon of water
(b) a sharp increase in viscosity wh’en; a few mole. percentage of | alcohol is
addedgo water; L ‘, 55 : L g
(c) small changes in v1scosxty when a few mole percentage of water is added
to alcohol.
_The maximum in vxscosxty does not corresnond to the stabxhzatlon of water struc-
ture that is assocxated w%h the hydrophobxc effect. Instead the maRimum in the =

first derxvat_nve of the mscosxty curve, %—'zl, occurs at this composition (118).-

@ k)
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-

perhaps is dtie to the clathrate formation

Water acts as a structure maker in small alcohols increasing the vis-

cosnty In larger alcohols, the addition of water is accompamed by a dccrease lm

' vxscosxty One of the following is suggested to occur: (a) formation of water nu-

‘cleated alcohol complexes (103, 106) (b) breakdown of alcohol structure by water
(9). |

1.3.3.2(b)-. . Dielectric Relaxation

The dielectric properties of a liquid is used to obtain information about

the reorientation of a solute (120). If the solute is neutral its reorientation depends'.

on the viscosity; and if it is charged it also depends on the dielectr_ic pature of the

liquid. o

EY

The dielectric structure of a liquid is two fold. The dyhpmic differences,

‘@8 expressed by dielectric relaxation ‘times, are | greater than the static dif-

ferences ngen by the erkwo&l structure factor (121) (discossed ea.rlier)

Wa.ter ha.s a smgle dlelecénc rela.xatlon process, with a response time’

T4 equal_ to 107! s at normal temperatures end pressures. In contrast several
relaxation proces.sesaare observed in alcohols. ’__I‘hese are i}nterp‘reted'as follows
(122): " ‘ | I
(a) 71 : the time requrred for the breaklng of mterrnolecular hydrogen bonds
and reorlent;tloh of the mbdlecule;

(b) 72 ireorientation time of a free monomer;

(¢) T3 reorientation time of free -OH dlpoles

The process that relates to the hqurd structuré is given by 7. Thxs is called the -

Addition of alcohol to water incree;ses the viscous resistance to flow. This

pnmary relaxation process "The reorlenta.txon of f large a.lcohol molecules depends, :

X
o



on the steric hxndra.nce of the alkyl group and the hydrogen—bonds (123). Reorl- ‘

-entatlon of these molecules needs the cooperation of the other molecules. Small

alco‘hol molecules dlsplay relatively small steric effects, hence reorlentatxon de- .

pends mostly on hydrogen bond breakxng, relaxation: tlmes in these alcohols ’are

lower.

When a small amount of water is added to an alcohol at room tempera— ’

ture the dlelectmc relaxation time varies'as follows: (a) in a siall alcohol such as
methanol, it increases slightly _(120); (b) in other lower alcohols.jt decrease (124,
125). " - |

Water, has a structure breaking effect on alcohols. Thermal' agitation of the
rrlolecules increase‘ with increasing texhperature. Dielectric relaxation times de-

crease and viscous flow become easier.

1332(0) Rotational Relaxation »
| Rotatlonal relaxation tnne Trot Of a large solute (dye molecules) in a
liquid clepends on the solvent properties of the medlum mnolecules. In a polar
{nediuru T;og is a function of‘_:the solvent viscosity and the dielectric relaxation
_time‘ o Lo . o ’ 1
Values of Trot for dye molecules in pure alcohols are-directly proportional

to the solvent viscosity (126 -129) and dielectric relaxatlon time, “rd But solvents

with the same v1scosxty or 74 values do not lead to the same rotational relaxation

times (128) of the solute molecule. The direct correlation exists because all these

| propertles are: 1nterrelated by a.nother varxable, hquld structure

In alcohol/*water mxxtures (130), Trot of the dye molecule is not hnearly §

cox;related to either v1sc081ty or.dielectric relaxation time of the solvent. This i is

probably due to vast differences among alcohol/water structures at various com-

[

i)OSitiohs, whereas among pure alcohols the structures are similar. Based on. the



rotational relaxation times in alcohol/water mixtures, selective solvation of ions

v
. -

by water or alcohols is suggested (131).

Sumrnarz
The structure of water is a threevdirnensional hydrogen bonded netwerk,
while that of alcohols tends to be linear or ring like polyrners. "

Addition of a small amount of alcohol to water corresponds to a strength-‘

\

ening. of the water structure and probahly»int'olves clathrate formation;an increase

in viscosity, loss of enthalpy (change on mixing) and loss of entropy confirm this
. . i

. i
view. Further addition causes micro-phase separation into clathrates and a rane_
. . X . * . ]

»

dom mixture of alcohol and water molecules.

| ~When a small amount of water is addecl to a small alcohol like v'rnethanol,
it probably hydrogen-bonds with the alcohol c'hains and acts-as a strncture prO—
moter. This is- con31stent with an increase of the Klrkwood structure factor, loss
of enthalpy (change) of m1x1ng and a slight 1ncrease in the d1e1ectr1c relaxatlon
time. In larger alcohols water tends to break hydrogen-bonds between alcohol
moleculqg or promote formatmn of water centered alcohol aggregates, the erk-

wood s ucture factor decreases the enthalpy change of mxxmg increases and the

‘diele

&

ic relaxatxon txme decreases. ' _' " ' ‘ K_



2 EXPERIMENTAL -
2.1 - Mater;'als \ ,
‘.z's'o-bntanol and t-butanol were obtained from British Drug Horuse (BDH)
and 2-butanol from Aldrich Chexnical Company. ’I:l}ese alcohols were dried for
three weeks. with Davison 3A Molecnlar Sieves and then treated for lﬁay under
‘argon (99.999%, Ultra High Purlty Grade, L1qu1d Carbomc Ltd.) W1th sodxurn
borohydnde Q1 g/l) at 323K. The alcohol was then fractlonally dlStllled under .
argon through a 80 x 2.3 cm column packed thh 0.3 cm glass hehces dlscardmg .
3 the ﬁrst 15% and last 35%. The mlddle 50% was collected and kept in an argon- |
pressurized syphon system. The water content measured by Karl-F 1scher Yitration
was 0 04 +-0. 01 mol%. The solvated electron half- hfe after a 100ns pulse of 1.9
| . MeV electrons (2 x 10% eV/g) at 298K was 20 us for zso—buta.nol 25 ps for
*2-butanol and 15 us for t-butanol ‘.
| * Nitrobenzene (Fisher Scientific) ‘and acetone (Terochem) were purified
- by ‘simple distillation. Toluene (BDH) was distilled over ‘potassium metal. In
each case the middle fraction was éollected and 'store’d~under‘ argon in a syphon-
system. Phenol (Aldrich),silver perchlorate (General Intermed1ates) copper sul-
phate (Fxsher Sclentlﬁc), copper perchlorate (Aldrich), l1th1um mtrate, potassium

‘ mtrate (BDH), and potassmm chromate (Aldrlch) were used as received.

Water from two sources was used. Laboratory distilled water supply was .

used as the starter in both cases. In one method this water was drst1lled from,
| (a) acxdlc dxchromate, (b) alkalxne perm:nganate, and (c) w1thout additive. The
- final collectxon ﬁask was protected from laboratory atmosphere by a U-tube and a
bubbler containing distilled water In the other method distilled water was passed
- through a Barnstead Nanopur® 2 Ion Exchange system The solvated electron half-
' life after a 100 ns pulse of radlatlon was 20us.

-

25



" The alkanes, n-heptane (Aldrich HPLC 99. 9%) and n-pentane, (99 93
mol%), n-hexane (99.99. mol%), mdthylcyclohexane (99.86 mol%), and n- octane

(99.88 mol%, Phillips Petroleum Research Grade) were. purlﬁed as follows: (a)

. stirred with conc. sulphuric acid for one day to remove alkenes; (b) decanted and

- swirled for lo(gnin with Davison 5A Molecular Sieves; and (c) bubbled‘with argon.

2.2 ‘  Apparatus _
2.2.1 Sample Cells

Cells of Supras1l Quartz from Terochem Laboratorles were used at at-

mosphenc pressure for temperatures varylng from -50C to 115C. The inside di-

" mensions of the cell was 1 x 1x 4.5 cm, and the optical path length 1 cm. The cell\

was topped by a graded seal so that it could be attached to a pyrex glass tube.

2.2.2 Bubbling System
| Samples in quartz cells were bubbled wrth UHP argon and sealed before

the experxment The bubbling system (Fig. 21)

‘was made by connecting 1 ml syringes to a long pyrex tube Pyrex/Teflon |

stopcocks (no. 72 Canadlan Laboratory Supphes Ltd. ) at the top of the syringes
controlled the gas flow. Bubbling was done by long stairiless needles (30cm long,

and 0.625mm i.d.) fixed to the sjrringes."The rate of bubblin-g was 17cm3 /min.

2.2.3 Irradiation ]jetectg'on and Control System
2.2.3.1 The Van de Graaff; ccelerator_ VDGA v

The source. of high energy electrons was a VDGA (type AK-60, 2 MeV)
. manufactured by High Voltage Engineering Coorporation. The maximum peak
current dehvered during a pulsed operatlon was 150 mA. Pulse widths of 3, 10,

'30, 100 ns and 1.0 us were_-avaxlable. Of these only 100 ns pulse width was used.
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The entradffe from the control room to the accelerator and target room
was shielded by a concrete maze. Closmg and lockmg the iron-gate at the control
room end of the maze sounded a warning buzzer for 15 s. Accelerator operation
was poss1ble only after cessatxon of the buzzer. Opemng of the iron-gate resulted
in 1mmed1ate shutdowu of the VDGA

‘The method cornmonly used to monitor the steering and focussmg of the
electron beam was to fix a piece of phosphorescent paper to the end of the accel-
erator beam pipe. The paper could be viewed ‘byva closed circui£ television. Each
pulse of electrons caused a visible glow where it struck the phosphos, enabling ac-
curat:e_,steering and focussing by adjustment of the current in the electro-magnets.
When eiluipment blocked visual observation, the beam could be steered by maxi-
mizing either the secondary emission monitor (SEM) dose or ‘th'e absorption from
a dummy sample. y

bl
{/

2.2.32 " The Secondary Emission Monitor | | é '
M. It

The relative dose for each electron pulse was indicated by the S

28

consxsted of three thxn metal f01ls placed inside the accelerator. beam pipe perpen- .

. d\xcular bo the path of the high energy electrons (Flg 2- 2)

It was posxtxoned as near as possible to the beam pipe electron wmdow,

because of beam scattermga at the foils.
| Havar, a cobalt based high strength alloy was used for the foils. Tt was
Jbtained in thin sheets (0.0025.mm) frorh the Hamilton Watch Company, Precision
Meta.l D1v1s1on The low average atomic number (~27), of thxs material made it
superior to gold (atomlc number 79) beca.use of less beam attenuation by electron

¥

scatterlng

J

. The 5 cm diameter foils were sepa.rated by 0.5 cm. The outer two were

maintained at a potentlal dlfference of 50 V. Passage of an electron pulse generated

[N
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secondary electrons at the foils, The electrons ejected from the center foil were
collected by the outer foils, the net result,,&'ing a cur.fent, flow from the center foil.
Current flow occured only during a high energy electron pulse and ‘was measured

and hgld by a gated integrator, digitized and displ{\yed by a digital readout.

2.2.3.3 thical Detection System - ‘ y
' N

| 2.2.3.3(a)  The Light Source

[)

) A schematic diagram of the path of the analyzing light is given intFig.

C;’

(2-3).
_The source was a high pressure Xenon arc lamp (Optical Radiation Coor-
poration, model XLi‘j .1000W) contained in a lamp housing (PHotochemical Ré-
search Associates, model- PRA ALH 220). A rho'diurr{’_coated off axis parabaloid
mirror fMelles Griot-02 POA 015) placed in the beam Rath é,bsorbf_:gl the UVj light
with wavelength 1;320 nm. This prevented ozone formation in the room. The
lamp was run at 1000 W and pulsed to 9.75 kW for 500 ‘/18 wheﬁ a decay signal

was desired.

| A light shutter protected the sa,mplé from unnecessary exposure by opén-
ing for only 55 ms. The above mentioned mirror was used to focus the light beam
at the center of the irradiation cell. Front surface aluminumized mirrors Acoa.ted

- with siljcone morioxic‘levwéré used to direct the.ligh't befm ar;d to mal;e it paral- -
lel. In this way, the light was transported from the irradiation room througﬁ a
hole»i.n the 1.2 m thick concrete wall. Total path length of the optical syéterh was
12 m. Finally a concave mirror was used to focus the light into the monochromator

housing.

2.2.3.3(b) Monochromator Grating and Filters
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I
ings used were t-ype 33-86-02 for:light from 350nm to 800nm and 33-86-03 for
light from 700nm to 1000nm. For all wave lengths used in these experiments filter
CS-2-64 was used to minimize the second order effects of the light. The front and
back slit widths of the monochromator were 2.5mm and 1.4mm.

v

2.2.3.3(c)  Detectors and Amplifiers

The i‘ight that exited from the back monochromator slit fell on a silicon

The monochromator was Batch ahd Lomb type 33-86-25. The'two grat-

photodiode detector (EG and G Incorporated, model SGD-444-2) with a spectral

range o? 350-1050nm. The detector was connected to an ampllﬁer (AD 50-J) with

transresistapce gain of 23

hNor the continuous light and 2.5kﬂ for the pulsed light.
The overall rise and f for 3-97% response of the detector and amplifier
was lus for the contiﬁ e 100ns for the pulsed light, with SMHz bandwidth
in thé 7A13 plugin of the Tektronix R7912 transient digitizer.

2.2.3.3(d)  Digital Voltmeter (DVM) Oscilloscope and Plotter

Incident light was recorded as a voltage on a digital multimeter (Fluke
88104), displayed on an oscilloscope (Tektronix R7623) and plottefl on a digital
plotter (Zeta 1200). The signals were displayed as plots of voltage against time.
All the information related to the particular reading such as t;)tal light, dbse,

temperature, sensitivity, time scale and cell holder number were also Qinted.

) . 2.2.3.4 The Temperature Contfol System

2.2.3.4(a) Cooling and Heating Systems
Temperatures from 223K to 298K were achieved by boiling liquid nitro-

»

gen and regulatmg the temperature of the nitrogen gas by using another heater.
Liquid nitrogen was boiled at a controlled rate from a 50 L, narrow nécked alu-
. 7/ ‘

minum Dewar vessel (Lakeshore Cryotonics Inc.). A stainless steel pipe (5cm

rs



dxameter) extended to the bottom of the Dewar It was ﬁxed to a lxd whlch fit ‘

snuggly into the neck of the Dewar. A 600W nlchrome heating coil was attached"

to msxde of the steel pxpe about 7cm from thejbottom When bemg used,<only

' 190W +was: apphed to thxs heatmg c01l

Cold mtrogen gas‘«vas transported to the sample box through one meter‘ '

of Rubatex foam rubber plpe Both ends had glass mserts to wh1ch a leather seal"
( !
wag connected Cold air that came fmm thxs p1pe flowed through a.nL\ther stainless

steel pipe (2. 5cm dlam ) that had a Nxchrome heatmg wire (0.02 diam. x 4m

|

| long) mserted 1nsrde it, before gomg to the cell bcg This heatmg coil regulated

the mtrogen gas. that goes through 1t to the requlred temperature l

Temperatures from 296K to 390K were obtalned usmg axr‘l{from a labo ‘

-ratory heat gun fan (Master Apphant:e Coorporatmn model AH 0751) The fan

: ,rotatlons clockwxse or counterclockwrse

speed was powered from a normal 60 cycle outlet Room temperature a1r trav-

elled through a 0 5m foa.m rubber pipe to the same stamless steel pipe with the '

: mchrome wirein 1t before gomg mto the cell holder box. The mchrome wire heated

. -~

4

the alr to the requlred temperature '

2234(b) , Qell Holder Box ‘_ Lo o . ‘;',
Exght cell holders were mounted on a circular (7cm dlam) alummum i

. base whxch had holes in it for the air to flow through The base was ﬁxed to a

steel tube (1 9cm dlarn) wh1<:h was, connected to allhotor that allows it to make :

BOR 4

The whole system was. ﬁxed 1n31de a box of helght 40cm and 8cm i. d

The box - was ingtlated by foam glass (Plttsburg Cormng %oorpofataon) 15mrn

»

tthk The cell holder ma.de contlnuous rotatlons [w% the cells were not bemg

‘ hpu'lsed Just before a pulse was ngen a pre-selected cell stopped in front of the

33




o
electron window. The electron wmdow was doubly msulated by a 3mm thlck

styroform plug and a 0.02mm thick alurmmzed polyamxde film.

The optical windows were evac,uated quartz cylmders with S

t

 The gas entered from 8ne side of the box below the alummum base and was allowed ‘

ﬁtQ circulate by the rotating cell holder before leaving through a 2. Smm diameter

hole in the ld. A copper~constantan thermocouple was mounted in a eell ﬁlled '

:y_ wrth the measugng solvent. A temperature sensor (thm film pla.tmum resistance
element, 3mm x 10mm X O.me).was ﬁxed to one of the ,cell holdegs other than
the one with the thermoeouple cell and.was used by .the te.mperature controller
(Taylor M1croscan 1300). Another thermocouple was situated inside the electron
wmdow to monitor the temperature of the air beyond the styrol'orm plug The
temperature of the system was mon1tored usmg the thermocouple in the. cell

The température was measured by a Fluke D1g1tal Thermometer (model

2100A) Temperature equlhbrlum in the system was assumed to exist when the

thermocouple 1ns1de the cell 1nd1cated the same temperature fE a period of 15m1n "
i | VN

‘Once equ111bnum is achieved, the temperature of the thermoco ple cell varied only}

. |
Density and Viscosity Measurement

2 2 4 1 . Dilatometer

. v . ,

L N ‘~;—~'~1»v SA dxlatometer consisting of two Pyrex plpettes sealed to a bulb of 10 20
or 25 ml was used. The d1latometer was fitted with ground glass tops. that could

| be sealed using steel springs. The volume scale was: readable tol mm3

Before each expenment the dilatometer was cleaned usmg ( a)soapy wa-

ter (b)hexane, (c)ethanol and (d)tnply dxstxlled water in that order The two

"t

arms were useful i in the cleamng and the filling process. The ‘masses of sam- °’-"

) .




- v

. ‘dilatometer. These were ,vlreighed on a‘Staﬂn_ton Unimatic analytical balance read-

able to 0.1 mg. }

2242 . | llm@;
The viscometer used- (Schott Gerate, type 24 501) was ﬁtted w1th light
plpes to ensure high precxslon readmgs (Fxg 2-4).-
" The optlcal path for each tlmlng mark consmted of fibre optic light plpes
(Dolan Jenner, type ‘BA 636) fitted wrth a hxgh intensity hght émitting diode

(Internatxonal D__evxces, type D 2000-UR) at one end and a_detector (Motorola

MRD 360) at the other end. The light pipe was cut in the middle and fitted

with clamps to give a rectangular cross.section light beam 3.9 mm widé and 0.5

»

35

- ".qm high. The high t’emperaturelimi‘t of 423K is due to the epoxy cladding

"on each individual glass fibre. The detectors were connected to a timing device -

that responds.to any change'in the light level that results from a combinat'-ion of
reflectidn, refractron and transmrssmn as the falhng memscus passes a detector

The timing devxce could be read to 0.01 seconds

I

2243 Temperature Regul’ating Syst%p_r pY

Viscosity measurements at high temperatures were done in a 4 L glass

&

Dewar vessel filled” 'w1th light paraﬁn oil, (Flsher SC1ent1ﬁc) The Dewar was

equlpped w!th a kmfe heater (53Q 350W) ﬁld a motor controlled stlrrer (lab-

oratory type) ‘Bath temperature was ma.nually regulated by .2 variacs (Standard |

. %
5 roduc&s in sénes cgpnnected to a kmfe—heater (Cenco) The tempera-

ture&,wﬁ measured thh a platlnum re51stance digital thermometer (Fluke, model '

G2189Al with resolutxon 0 01 K. Temperature varlatlons in the bath were recorded

- in a'Sargent model SR chart recorder, using a platmum resgstance detector (Omega

'E I del TFD). . \
ngxneermg nc., mode ) e @ g
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Fibre-Optic
‘Cables

Silicone T

> Rubber : e
‘Sealant ' m

Schott. =~ - \A S . . ey
Gerate . - SR ‘ . "

Type 24 501—— o
Viscometer . '

E . .

| Asseml?!y Qetai! R : C N ‘\,/é

Fig. 2-4: Viscometer ' | .



Viscosities‘at low temperature and densities were measured in a water *

bath A 6L Dewar flask covered with; (a) alum:mzed polyamxde ﬁlm (Deposxtlon i

Technology Inc. ,‘10‘3 inches tthk) (b) foam sheet (Styrofoam-) wes used. A 6

‘ ‘mch wide opening along the length of the Dewar was used to observe the visedme-

- ter and the -dilatometerr_ A knife-heat"er, a stirrer and a temperature sensor as

described above were immersed in the water. In. addition to these, a heat/cool

‘module connected to a’ temperature regulating system and a refx;igeratioﬁ unit

‘'were immersed in the water (Fig 2-5). Liquid Freén-12 flowing thrdugh a 'refrig- |

.erator-unit (Tecumseh model AE 1343 AA, 45W) was used as the coolagt, while
a temperature sensor (thm film platinum, Omega Inc.;) and" a heater ( thick film
ceramic, Hittman Inc })‘ regulated the temperattjre (Fig. 2-6).-

| The stabxhty of tk;‘&e bath temperature rneasured using the Omega FTD

detector was £0.002K for A9h. The bath ternperature during measurements ‘was

37

recorded to 0.01K W1thv the Fluke d1g1ta.l thermometer Before use the system

was adjusted at ice-pojnt to 27_3.15K. After the measurements were finished the
. . ¥ ' ,3‘_.;% . U

“ice-point check was repeated. The drift overéﬁ.@'ﬁfeasurement period was less than

0.01K.
23~ . Techniques-

0231 Sample Preparatxon

. Quartz cells and other glassware were cleaned by performlng the follow- "

ing sequence of operations. First the vessel was rinsed twice with ethanol. Whlle
the Surface.was still alcohol wetted, eoncentrated nitric acid was added. The re-
sultmg exothermic reaction caused the acidto boil vxgorously The acid was therr

removed by rmsmg tw1ce w1th dllute pota.ssmm hydroxide and distjlled water. Fi-

; na.lly the vessel was washed several tunes with triply dlstllled water. The glassware |

2
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and quart.z“cells were dried at 393K in an,,oveh reserved for that purpose. Syringe

* needles were washed first with hexane, then with soap and hot ‘water‘." They were
ﬁnally rinsed many times with triply distilled water and oven dried ‘Before use
they were rinsed several times with the solvent or the Zol/udon being used.

Alcohol / water mixtures were prepared in Pyr volumetric flasks by vol-

" ume measurernent Stock solutxons of scavengers were prepared in 10ml volumetrlc

flasks. Nltrobenzenm toluene and acetone were measured with mlcrohtre syringes;

\

phenol and all the 1norg§mc scgvengers were measured by weight usxng a Stanton

Automatic Analytxca.l Balance The balance is readable to 0.1 mg with a prec131on

'40

of 0.1 mg deterrmned by repeated welghlngs of a constant weight. Ahquots of the -

- stock solutions were injected into the sample Acells by rmcrosyrmges. The samples

~ were bubbled with UHP argon at room temperature at a rate of 17cm3®/min for

30 minutes to de-aerate'and‘sealed‘ as illustrated in Fig.(2-7).

Step 1 took place at room temperature. The syrmge needle was then

withdrawn to Just ah&’é-thé hquld as shown in step 2 and the argon flow rate was

.‘ B N&

~ increased. The area around the sealmg pé%lon was heated by a low flame to flush _

~ the volatile substances from the glass wall. . The syrmge needle ’was then further

withdrawn as illutrated in step-3 and the seal made. as rapidlgy as possible.

i Bubbling the solution for 30 minutes as explained minimizes the dis-

solved gaseous impurities such as oxygen and ca.rbon dioxide. When the solute

ievaporates easily (acetone and toluene, Fxg 2- 8)

and when its solublhty is quite low this proves to be a problem. Under

these cucumstances the solute was bubbled with argon and then injected into the -

- solvent that had been bubbled for 30 mlnutes a.nﬂhe solutxon was again bubbled.

for 2 minutes and sealed. The effect of such 1mpur1t1es in the system on the efficient

scavenger reactivities is quite small.
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2.3.2 angsm&mngn_Mggmmgn&

The concentration of scavengers in the cells was measured by a UV

spectrophotometer. Calibrations were done for each solvent. The wavelength

of the absorption maximum and the molar absorbancy varied slightly with solvent
composition.

The absorbance of the sample was measured, before bubbling, for so-

lutions of nitrobenzene at 258nm and for solutions of toluene at 262nm. It was .

43 .

-again measured after it was bubbled and sealed with the injected scavenger. Mea-

o
was bubbled for 30 min in the cell, and the absorption spectrum was measured

from 276nm to 258nm. The requlred amount, of acetone was 1nJected into the

solvent the solutlon was bubbled for 5 rmn and the cell was sealed as above. The

“surement of the low absorbancy acetone was done as follows: - the purified solvent -

absorption spectrum was rneasured and the difference taken at the wave length

corresponding to the maximum wave length, Amaz (268nm).
!
Phenol samples had to be diluted before spectrophotometry. Therefore
the concentrations were determined after irradiation. The samples were diluted

10 or 20 times with the solvent. The absorbance was measured using the same

cell at 273nm. .

‘2».3.3 e Measurement from Decay Qufveé

The déca.y curve of the solvated electron_é, €, aisplays an initial faster
-» .a.eca.y ‘portion.é‘nd\a.ﬁrst order tail (Fig. 2-9, 2-10).
The fast a.ecay is due to the reagtion‘ of e,” inside spurs (geminate reac-

tion), whereas the first order decay is due to the reaction in the bulk solvent.

The electron in the bulk a.lco}iolz/waterhmixed solvents rea_cté with the

alcohol according to equation 13,

, . ) . ' . 7
‘e; + ROH — RO,” + H - (13)
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and in the presence of a scavediger it reacts according to equation 14,

>
e, +S — products (14)

Both reactions are first-order since the concentration of the solvent and the scav-
enger are much higher than that of e;~ . The observed first-order decay rate
constant is,

/, koba = kl + kZ[S] (15)

where k is the first order rate constant of reaction 13 and k; is the second order
rate cbnstant of reaction 14. The value of k., is obtained by,
N

kobs = T (16)
4 ‘

where t ! is the half-life of the fi;st order decay. The kg, value in each systém was

~calculated using an a.vérage of four half-lives secured from two consecutive decay

curves. There was a two minute interval betwegn succesive electron pulses given

2y g w
to one system. ¢*iz o o

- The décay at a much slower time scale was observed for each system to

check whether the first-order tail decays down to the base-line. If it does not decdy

down to the base-line it may be due to several reasons. Two most common are:

‘(a) absorption of light by colour centers in the glass, which occurs when the cell
does not fit properly in the cell holder, (b) arift of the base-line.

" The decay curves in each solvent were measured at the wave-length that

~3

46 :

* corresponds to the maximum absorption of e,” (Amaz). Measurements of pufe B

t-butanol were different from the other results in two ways: (a) these were done
at 250 nm below that of A\p,z since the detector allowed measurements only up to

- about 1000 nm; (b) the rate constants at 298K were obtained by extrapolation.

w



of concentratxon due to radlatron

B of the detector

&

*

: 'I‘he va.lues of ks were\ ol)tamed from the slope of a plot of ko;,_, agamst

47

J .

scavenger concentratlon The sca.venger concentration was measured hefore.and -

N

Half-Itfe values were obtamed over a temperature range: of 100 degrees

¥R

To. minimize systematrc errors the temperature was measured randornly The )

: temperature measurements were hrmted by (a) freezmg point oﬁrthe solvent (b)

k4

~ Roiling pomt of the solvent c phase sepa:catmn of the solvent and d sensxt1v1ty
6 ,

L ”

- The regeatabrhty of the measurements was exammed usmg 1ndependent

‘solvent systems mdlcate faxrly good reproduc1b111ty (F1g 2- 11(a) and’ (b))

. ) ' . ~ . . o - )

[2’.3.'4 E Eﬁ'ect of Imnuntles

In the. presence of an 1mpur1ty I, the solvated electron reacts as follows

after 1rrad1at10n whenever p0331ble, to ensure. that there are no sxgmﬁca.nt changes -

'solvent and scavenger samples.  The kg values thus obtained for two - extremL\/

o -

| ,--)4;+RO,H--—»RO,:T‘+H- R A7)
| 8 e;’_?i—s--»product‘s‘ R »( e w
R R .e:”-l- I-——» prbducts o i | < (19)

(]_

. where Icl, kz a.nd k; are the rate constants of eqns. (1 l) (18)‘ and (19) respectively.‘ '

The effect of the unpunty on the rate, constant depends on Whether 1t STiginates

Cin: (a) the solvent or (b) the scavenger

B

2.3_.4(-&) Impygit: in the Solvent '

I

4, When the rmpunty ongmates in the solvent the a.mour\t of the 1mpur1ty |

£ e L », &:‘

s

-at each scavenger concentr/a;tl/on/rs the same Therefore (k1 + ki lIl) n ‘équatwn .

*
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- Since p is small (rjrobably p < 0.01,)1 for an"éfllcient solute',' |

: wo S
(20) is constant. : ‘d""“ f . ,_ -
ksbs = kl + ki l[l"'l" k lSl - (20)

- has no bearing on k; which is the slope .

i
l

If k; [I] i ks [S] then all half lives are the same regardless of dxfferent |
- solute concentrations. ThlS occurs when the solute is an 1nefﬁc1ent electron scav-

enger such as toluene (kg ~ 103 - 104 3 mol. 3') and the impurity an efﬁc1ent'

electron scavenger In alcohols the occurance of ketones: (k2 ~ 10"m? /mol s.)

; 1mpunt1es in alcohols was checked by observmgs the UV spectrum of the alcohol |

("
_ (ketone peak ~ 275 nm) a.nd the sample was collect'ecl when no ketone peak was

visible. Absence of efﬁcxent -impurities was conﬁrmed by measunng the half-life of

the punﬁed alcohol

2 3. 4(l)) Imountv in the Solute

- When the 1mpurﬁy orlglnates in the solute, the arnount of 1mpur1ty is a

fraction p of &khe solute concentratxon (S]-

-,

»

T ‘?kab,=k1‘_+@s+k,)m S (21)

G ®

@
Qu

s ‘ k= pk+k,~k (22)

. If’ the impurity is an efficient scavenger and the solute an i‘nefﬁcient scavenger, the

value of pki is coinparable to that of k; hence the second ordexj rate constant k; =

o 2.83.5 Viscositz.MeasurementsL

49

as impurities are common. Durmg dlstlllatmn the amount of ketones and, other ’
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 285(a)  Calibration with Water |

‘The kiaernatic viscosity v (m (m?/s) was calculated from the efflux time t

,‘ measured in Ubbelohde suSpended level VIScometers 0. (Schott Gerate #24501-03)
and I (Schott Gerate #24501- 01) An optlcal meniscus detectxon system deter-
‘mined t in units of 0 01 s with a precxsxon of 0. 009% (132) | |

" The vxscometer 0, was cahbra.ted by measurmg t for'water at "83 < T/ I\

< 342 and compared W1th hterature v values using

‘VéAAt‘——t—_ o o (28)

~ where A and B are the viscometer constants. Each t'was the average of 6 deter-

. ]
. . . . . e %
. minations. Values of v were obtained from

ow

y="1 " C(24)
S T p : -

. Where the dyna.rmc viscosities  were taken from a crxtlcal review (133) and den51- ;
 ties p were taken fron’x ref. 134(a) Values of v (m?/s) calculated using A =2 8a’50’
x 107%'m?/s? and B=2 2823 X 10"6 ? agreed with thosé in ref.133 within an _
average dev1at10n of 0. 08% Eq. (23) is the Jusual calibration relatio‘ﬁ‘lni the lit- : ’

o erature. However the?nanufact&rers table of Hagenba.ch correetxons to t (135)

showed that it used S _ IR . a .

where Kand K E are the const;ants mstead of A and B Eq (25) ‘was also used in ”
" another work (136) Flttmg t' pr@éut t values for water to literature values of v’ ‘
(m?/s) yielded K ‘= 2, 8458@:‘10-‘9 /s and Kg = 3.4223 x 1074m?s; however

the average devxatlon between v calculfated from eq. (25) and the llterature values N

1ncreased to 0. 10% Hence v was cal %g yd from measured t usmg eq (23)
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2.3.5(b)  Calibration with Organic Liquids
 To calibrate the viscometer I, vvater could not be used, because its v
values have too small a range. Therefore organlc liquids were used. Although
suspended level vxscometers were demgned to minimize the surface tension effect
(137), ref. 138 suggested calibrating W1th water, which at 293K has a surface
‘tension ¢ = 73 10-3 N /m (134b) Such an eﬁ'ect was absent in ref.136 where the

constants dbtamed by water cahbratlon gave vxscosmes of toluene [c =29x 10"3

| N/m at 293K (L34b)] at 298 < T/K < 368 agreeing within an ,average dev1atlon

of 0.15% from. other values i in the lxterature S

"% surface tension eﬁ'ectﬁwould affect studies in alcohol/water mixtures
as o ges thh composxtlon (134b). The possibility of a surface tension effect—

. in the viscometers Wwas investigatéd by determmmg flow txmes t (each being the
e {

average of at least three measurernents) of n—hepta.ne n-octane and n-butanol in
L " the water cahbrated v:scometer Oc. The densities p used to calculate the present

n are the average of values c1ted in-the viscosity hterature sources (139-141). T,he

s

| l‘l ' N values (table 1) are in general aggeement, w1th the rather scattered earlier WOrks

(i.r N

1:»’&!

and do not support consxderatxon ofa surface tensxon effect in the presens' vﬂ)rk

; At the same t’xme the organxc solvent measurements were done i in vis-
‘ vfp ¥

o ',{\ cometer Oc, v1scometer I was ﬁlled w1th that solvent and stablhzed in the Same
.

bath To cahbrate the v1scometer I va.lues were correlated by eq. (23) the result- K
mg A=1 0303 X 10‘8 /s and B = 2 3128 x 10~ gave ca.lculated v values that

s;:;,_ agree thh rneasured values, with an average devmtxon of 0. 06%
it 236 Density Measurements =~ . . ' ' ¢ '
. The. hquld densxtles were determmed from volume changes of a known

@

mass of sample’ (142) Sxx pyrex dllatometers each consxstlng of two 1 @00 m‘?l

pxpettes sealed to a 10,,_20 or 25.cm3ebulb were used., The two p1petteseonnec_ted



[}

in parallel made the dilator\néter easier to clean and fill. The samples were sealed .

in the dilatometer using ground-glass-jointed caps and springs. The mass of the

sample was the difference between éhe filled and the unfilled dilatometer, weighed

2 -at 294+1K on a Stanton Instruments Ltd. (model C.L.I) analytical balance.

Sample masses of about 9 to 20g were measured to 0.1 mg with a precision of

£0.1 mg as det.ermined by repeated weighings of a given m~ass;. The pipeft'e.' scales,

. were readable to 0.001 ml with a precision of £0.001 ml. Each dilatometer was

&

_percent deviation,

calibrated with water with the meniscus at pc;sitions coi/ering the entire length of -
the pipette portion, and at 274.16 < T/K < 347.93.

To estimate the reliability of the measurements, densities were measured:

52

in four liquids at 293.15K and compared with values in the literature (Table 2).

The percent deviation A

it
present

Ago = 100(1 — ) | (26)

fwher_e‘ [st are the literature values and present are the present values, variéd from

100 o -
Aav=’;{~‘2Ai - (27)

Lo

(nis _thé' number of samplés'and the subscript 1 denotes the i'th sa mple) which for
the liquids in Table 3 was 0.06%. B v : .

- 0.09% to ~Q.}l%T The reliability of the pfesenﬂ: densities is indicated by the average ‘~
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Table 2-1 : Cox:dpa.riéon of Viscosity Values \

Y kP v | ﬁy " | \
‘10‘°m24[s kg/m3 mesgt ref 134(c) ref 139  other
| i 622 6263° o009 . -
nCrHis" 29817 0560  685.8° 0389 0386 0.302  0.396¢
nCeHis 298.24 0726  698.4° 0.507° 0511 0514 05144
- nBuOH . 307.84 > 2538  798.5° 2027  2.034 2026 - 1993/
nBuOH 31824 205 7907 1585 1.579 1580 15497
a. Average of percent dlfferences from eq. (4].
b. Ref 140 -
c. Ref. 134. \ S
d: Ref. 141. ’
' 'Table 2-2 B Compar'i_sor; of Densitieé at 29315K -'
liquid . i " | o ’p(kg/mT’) = |
- Jresent ref 139 other A(%) ~
nCyHy 68 . 6262 626.3° o9
nCoHy . 65870 es04 - .01
nCeHyCHs 7692 - V.769.4° -0.03
" nBuOH 800.5 809:6 ., 800.4% 0.00

b

T Measured in szcometer 0, calibrated w1th water at 283 15 < T/K < 342. 12

1074m3 /s = Stokes

b. Dyna‘{mQ vnscosxty in 10"3Pa s = lO ‘P, ‘see eq.(24). e Average of refs 139 a.n,d 141;‘ .

. Average of references ':J !

5
\

Ty

d Ref 140.

f. Ref 141

52
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3 RESULTS
31 _ Organic Scavengers

314 Tertia.ry Butanol/Water Mixtures

N - Tertiary butanol (t-BuOH), is completely miscible with water, whereis

)

sewndary butariol (2 BuOH) and iso-butanol (:-BuOH ) are partially mlscxble :
R »h :

Solvent composmons wete chosen so that they define the composition zones ob

Y .

~ served in the optlea.l»absorptlon spectrum of the solvated electrons and the vis.

cosity’ of t-butahol/wa‘ter mixtures: zg,0'= 0 (pure alcohol), 0.10 (composition

at viscosity miniﬁvim and at which there has been-a la;rge increase in optical ab-
Wt

* sorption energy), 0 64 (composxtxon at maximunr viscosity), 0.97 (composition at

ma.xlmally sta,blhzed wa.ter structure) and 1.00 (pure water). Addxt:onal compo-
'51’61,011_‘5 were added as necessary to observe the 1nte§med1ate~changes. Scavengers
were chosen so that thﬁeir electron capture efficiencies and polarities span a wide

range (the ks veluessvary from ~ 107 for nitrobenzene to ~ 103 for toluene).

3.‘1-1(a)v - Reactiou of e,~ with Nitrobenzene
o - The reactiou with nitrobenzene (C¢Hs NO;), was studied at the following -
compositions: zg,0 = 0, 0.10, 0.30, 0.40, 0.56, 0.64, 090 0.92, 0.94, 0.97, 0.98
“and 1.00. "
The first-order 'rat,e c('mstauts at each nitrobenzene concentration and
ternperature for all ¢-butanol/water mixtures are in Figs.(3- 1) to (3-12). ’I‘hc

concentra,txon range of hitrobenzene was 5-300 x 10~ =3 mol/m?. The second- ordex :

rate constants at each temperature are in Table(3-1). These rate constants fit

the Arrhemus model at the given temperature range. The Arrhenius plots are

m Flg (8-13).; The rate constant k2 at 298K was obtamed from a best fit line

- draWn through the pomts in the Arrhenius plot. Smce pure t-BuOH is a solid at,

54
T Y
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‘room temperature its k; value was obtained 'by extrapolation. The reaction rate

parameters for the e,” + nitrobenzene reaction are given in Table(3-2).

" Nitrobenzene is an efficient scavenger of electrons. At T = 298K the rate.

of reactibn in we,ter, 3.8 x 107m3/mol.s. is nearly diffusion eontrolled. This agrees
with other recent experimental results (53,67) to within +2%. However, the earlier
results vary from 3.5 x 10"m3/mol.s. (62) to 4.2 X _107m3/1mol‘.s_. (61). Those
experiinents were conducted oﬂly at one temperature , in contrast to the Vrange of

~ temperatures used in the later studies. When rate constants ‘at several different

temperatures were available the kz value a.t a specific -temperature was always

obtaxned from a best fit line drawn through the pomts The rate of e,~ reaction

in puret BuOH 1.1 x 10"m 3/mol 8. is the same as that in Literature (53)
| The rate constants decrease when water is added to alcohol up to z Hz o=
0.1 (Fxg 3-14). They are relatwely constant in the range 0.1 < zH,0 < 0. 1, but
“then gradually increase until z H20 = 1.0. The extent of change in k> when one
pure solvent is fnixed with a-smell’ameu'nt,“of the other is greater in ‘water-rich
solvents Therefore more solvent composxt;ons were studied in this regmn
The temperature varla.txon of ky ﬁts the Arrhenius model (Flg 3- 13)
and the energy of activation of this model E, decreases‘ up to zg,0 = 0.1, then
does ot change until zg,0 = 0.7, then gradually decreases as the wate@g@ntent

incréases further.” The energy of activation for es™ -+ nitrobenzene reactlon in

t-BuOH is about twice that in water. As the reaction is nearly diffusion controlled

the activation energies probably {e"ﬁect those of diffusion. ‘The energy of activation

jgiBuOH is 30 kJ/mol °

~ for viscous flow, E,, in pure water is 18 kJ/mol, while th _

(74). A
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.67

31401
332.6

0 3009+

S07.6

323.1 .

.337.4 .

296.1

324.3
279.6

313.1
332.8
" 2056

A

- 313.5

333.0

352.8 -

367.8

090 2822

296.7

'320.0 W
3574,

Y

2

o

0.64,

L 0.97 >.f

206.5.

332.1

364.1 -
" 2835
2063
1330.2.

, 363.3

282.2° -
A+ ]

29’ -

% 323.6%

348.8

'306.0

» /

.319.5
. 3386

* . 3610

340.1
C gL

275.8

U -
075 Lk
. w . N .

!' R S s
-, Y

04T

34
2802 ..

297.6 gl -
) -V;. ".

1.8 .

29 A
Car |
206.3% -

= Table 3-1:The values of second. order rate ebr.i%a’.nts for riitroberizei‘i&?ig;. L
. - v L . o i . - ,s{'-l_
t-butanol/water ; ' J o
. J -l ' | ¢ ‘A“"’I . B
L TH T Ky TH,0 = L ke _
< b THO (K) ° 10°'m¥/mol.s A(Kl\ " 10"m?/mol.s
o ' 3001 1.1 040 . 2835 v Qad. U0

22,

4.2

0.82

2.3

4.3 }

0.51s"
0.92 ° :

2.0

0.47
0.97
1.2

2.58"

N ' ’ . '
1130
- 2.12
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12
16
4.5
8.0
1.27
« 198
4.68
7.97
189
28

L '

© 543 o *

&5
" 9.07
11.30
13.70

296.1
323.3

. 3482 7

-219.2
206.6
323.2

348.’3‘
2180
296.7 -

" 3002
: - .& “L‘“"‘«@sf,. o
: 2%6.1 . %7.65- .

305.3
357.5

3.42
6.27
9.53

- 2.48

3.74
6.95

&
10.30

2.27
3.57°
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443
. 11700
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Table 3-2: Regction rate parameters for the reaction of e,” with ni-

trobenzene in t-butanol/water .

K W
9

i - W
Q ZHo ke Ey log A AST
c " 107m3/moi.s | J/mol . ; . J/mol.K ‘
. , = -
0 110 35" 13.18 65
' o.‘;g_ 8.4 25 11.37 30
030 79 24 11.14 2
0.0 7.9 24 11.14 26
0.56 8.2 24 11.14 25
0.64 3o 24 11.10 25 -
0.90 15 21 10.86 | ) 20
092 16 21 10.82 19
094 20 . 21 10.98 2
| 0.97 + 929 18 10.56 % 14
0.98 31, 18 10.63 - 16
1.00 38 17 1061 16
&
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for Nitroberzene in 1—BUOH/Waler Mixiures.
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3.1.1(b)  Reaction of e.~ with Acetone
| The differenf beha\;ioral zones were ﬁrmly established by studying A‘the‘
reaction with mtrobenzene Once this was done the reactxon of e,~ ‘with tl\gg
other scavengers were studied at the following compositions: z H10 = 0, 0.10, 0. 64,
0.92, 0.97, 1.00. The observed rate constants (first-order) at each composition and

. . ' . » . ’ ,“'{"'Au*
temperature are in Figs.(3-15) to (3-20). The concentration range.of acetone way

+ 30-300 x 10~3mol/m3.

The kz values at each temperature are listed in Table(3-3) and plotted

. according to the Arrhenius model in Fig. (3 21). The parameterj for the reactxon

of e,~ with acetone are in.Table(3- 4) The rate constant in water at ‘798K is
7.7 x 106m 3/mol s. The hterature results are 7.2 x 10%m3/mol.s. (53) and 8. 0x .
3/mol 3. (67). In pln‘e alcohol the value of k; is 6.3 x 106m3/mol s. Thxs B

value is thhm +2% of that listed in the literature (53)

4

" The composition dependegce of,.actlva.tlon par meters 18 alsq similar to that of

The composntxon dependence of k; for acetone is similar to that for ni-

K

' trobenzene (Fig. 3-22). “The tempedature dependence fits ﬁhe Arrhenius model.

/

—

nitrobenzene. , .
., ' v ®

’ Ld
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Table 3-3:The \.'alues‘ of second o,rdé} rate cgnstanté for acetone inv t-biu-
N ta,ndl /wé.ter - |
TH,0 T 23 TH,0 | - L2
v (K) 1’07m3/r‘noli..‘s (K) . ~107m3Lmol.s
o,d ‘ 300.1 0.74° ) 0.64 285.2. 029
313.2 138 7 300.3 0.60
322.7 2.39 337.0 1.00
| 332.6 3.56 0.92 284.9 0.42
00 301.0 0.67 206.6 0.55
) 308.2 0.99 333.9 . 098
315.7 141 368.9 1.44
3'2F3’.5 | 2.09 0.97 280.1 057
307 2.96 ‘ 288.1 0.69
0.10 1295.8 | o..37--‘ | ' 295.8 0.81
314.1 0.73 _305.7  0.97
332.9 118 097 2766 0.50
“ 352.5 1.72 206.2 0.76
0.64 '278.6 019 - 341.2 | 1.04
295.8 1y 3332 7 131 :
,323.2 . . 100 275.3 -*-. . 048
3485 A 2848 06l
K / ,. 298.1 07
{ ( 3104 0,02

L

:/. \ ’_‘/-\\\ . o
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k, (108 m3/mol-s)
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_Table 3-4: Reaction rate parameters for acetone in t-butg.nbl{water

e

. -
. e

P AN . v [

N h [}

©

TH,0

kg’ \. B . logAV, A.‘S'?“

0.64
0.92

,_().97" |

100

80 i 13 L9230 .11

“ . 10%(m¥/mel.s) (J/mol) © N7 (J/mol.K)
00 63 3 . 1363 13
0100 1 48% 23 1072 17

39 ) 22 ° 1044 12
53 - . 14 SRS | S

e 13 907 14

-9
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3.11()  Beaction of e,” with Phenol

The ebsérved rate constants are in Figs. (3-23) to (3-29) The conden- a

tration range of phenol is 1- 20 mol / m3. The second order rate constants at each
tehperature is hsted in Table(3 5 and the Arrhemus plot are ﬁn Fig. (3 30.) ’l'he

rate parameters are in Table(3 6)

Phenol is a poor ‘scavenger of electrbns The

b- ,,(‘.

room temperature is about three orders of magmtude less than
) dxffnsmn contro!led es” + mtrobenzerp reaction.” But in pure alcohol k3 for phenol

is lower than that for nitroberzene by only one order of magnitude. When water

‘ isfadded to t-BuOH y ko decreases through zp,0 =0.1, in contrast to k; for the.

N ! s .
“reaction with efficient scavengers nitrobenzene and acetone (Fig. 3-31). Thus

solvent. eﬂ'ects'play'-a. larger role in the reactions of inefficient scavengers.

The energies Of activation for the es~ + -phenol reaction in t¢-butan-

ol/wa.ter ‘mixtures are sumlar to that for.the nitrobenzene reaction (Flg, 3 31).

v

Therefore the differences in ra.te constan‘t\s are due to cha.nges of entroples of acti-

-

'vatxon rather than that of energies.
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\\ .. Table 3-5:The values of second order rate constants for phenol in t-bu-

. tanol/water ¢

‘szor- » — T - ‘ . ko .
N (K): 104(m®/mol.s) -~

o0 mos 10.60
| s . 17.60
Ce o Ymas 28
e | 330 . 3080
00 3008 | 990

| 3084 . 1310

Csise 19,.7::;-:_v',"

3289 " 2580

B#0 . 3830

00 3056 1190 -
o 3158 1630
Zoasa T 2190
,' _ - 38345 ‘j30.50' : |
010 . 2834 3.30° T | ’$‘

| o084 470 L

3242 10,60
| 489 = 1690 -

064 824 034
| | L2061 054
ro - 236 1.36
; . uss T are

064 - o1 0.39



0.97
0.97
097

1.00-

N

. 286.3

206.3

318.6

338.6

'358.0

284.1

1 206.4
333.8

368.9

275.9

309.2 -
323.6 -

3457

358.1
2749

296.0
347.9

3232

368.0
388.8
284.7

315.3
'334.9
278.9

296.1 -

 323.4

L S, S

063
1.21
2.00

3.31

089
110
254

4.10

0.56
0.74
1.43

1.88

. 2.96

3.44
1.16
2.18
6.47

4.56

8.10
7.20

1.556
3.15

5.82

1.45

260
- 4.90
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Table 3-6: Reaction rate parameters for phenol in {-butanol/water

H $ ¢
. TH0 B ke T 5 il . AST
o 1O‘i(m3/mol.s) (J /mol) | i : Q/molb.K) |
o s m 108 - 2
0.10 - 51 22 856 ' -23
064 063 v w199 4
092 11 10 7740 46
0.97 | 2.4 o 8 ' | 753 -44
100 - 27 18 ' 7.60 42
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Fig3-3t k,, E, and AS, for Phenol in 1~BuOH/Water Mixtures.
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3.1.1(d)-  'Reaction of e,” with Toluene N
The observed first-order rate constants are in Figs:(3-32) to (3‘-37). The

concentration fange of toluene is 0.1-10~mol/m3. The k3 values at each temper-

95

ature are'in Table(3~7) and the Arrheni;xs plots in Fig.(3-38). The reaction rate

para,mete? are in Table(3-8).
~ In pure alcohol the Arrhemus plot is curved and has a maximum at

| 318K Tertxary butanol is'a sohd at 299K. Therefore the actxva.txon energy listed

in the table was calculated in the temperature range 300-318K.The composmon :

_ and temperature dependence of rate constants are similar to those for phenél (Fig.

3-39).
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Table 3-7:The values of second order rate constants for toluene in t-bu-

~ tanol/water

“H:0 '(I;() ] ’lc(a)s(ma/mol.s)

0.0 300.8 8.20
307.6 9.97
316.9 . 12.20

0.0 299.3 7.15
3138 11.10
323.1 ( 10.30

0.0 so1.7 | j 7.40
306.1 Q 017 %
310.7 10.20
319.9 11.20
328.4 - 9.55

0.10 . 206.0 287
308.0 4.30
318.6 6.28
328.8 8.26

0.64 295.5 0.37

' 319.5 0.77

331.9 1.28

0.64_ . 297.6 0.36

0.64 206.8 0.39

- 313.9 0.75

324.2 1.04
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Table 3-8: Réa.ct;ion rate paranieter# for toluene in t'-bl'xtanol‘/watér

 Zmo ke Eq log A AST
 104(m®/mol.s) (3/mol) | (3/mol K)
‘ —eT 3 IT.08 25
010 3.1 26 907
0.64 10.40 28 8.46 -26
002 0.66 22 765 41
0.97 11 18 7.25 ~.-48
1.00 1.3 19 143 45«
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3.1.2 >- _' t - | ;te ixtures

Both +-BuOH and 2—BuOH are only partially miscible with waterz Mis-:
cxblhty mcreases in the order i- BuOH < 2- BuOH < t- BuOH with t- BuOH being
completely rruscxble w1th water. Kxnetlc studles were done only in the mlsc1ble'

~

- regions.

| ,3.1.2(&) | ﬂeactxon of e.~ with- Nxtggbenzene

_ The mixture composxtxons for i-BuOH /water were TH,0 = 0, 0.05,
(l.‘lO, 0.20, 0.35, 0.45, 0.98, 1.00 whereas for 2—BuOH /water mixtures they were :
0, 0.10, O. 20, 0.35, 0.50, 0.64, 0 68, 0.97, 0 98, 1.00. The reglons of- 1mmlsC1b111ty
r,espectlvely are zp,0 = 0. 45 0.98 and TH,0 = 0.68 - 0. 97 S \ |

The observed ﬁrst order rate constants for the i-BuOH [water systems
are in Figs.(3-40) to‘(3-47) and for the 2-BuOH fwater mixtures they are in Figs.(3- .
48) to '_(3-56). The concentration range for,both systems are 5-50 mmol/rrt e
ka values a.re in Tables(3--9) and (3-10), and the Arrhenius plots in Flg (3-57).
The Arrhemus plots of sqlvents close to the 1mm1sc1ble/veglons are slightly curved.
This i is probably due td micro-phase separatxon at temperature extremums. The
reactlon rate‘parameters for these systems are hsted in Table(3-11). .

The ko va,lues for e,” + mtrobenzene reaction in pure alcohol decrease
in the order t- BuOH > '2.BuOH > i- -BuOH (Fig. 3-59). When water is added ‘
the values of kg in prlmary and. secondary a.lcohols 1n1t1ally 1ncrea.se slightly, and:
. then does not cha.nge s:gmﬁcantly with the water content In contra.st to these ‘.

the rate consta.nts in tertiary alcohols initially decrease (Fig. 3-58). The ko values

at = 1{,0 ~ 0.10 are s1mlla.r The rate consta.nts are also similar i in yvater~r1ch
- o

' B ’solvents Dlﬁ'erences among the k2 values in varxous mlxed butanol [water solvents

are composxtzon dependent as follows: : . , IR S



(a) 0< zp,0 < 0'10 the Wues of k2 in pure alcohols or mixed solvents are
in the ordert BuOH > 2- BuOH > -BuOH ..

E

(b) 0.10 < THy0 < Tajim, where Ta,im 1S the mol fraction of water in the .

alcohol-rich solvent closest to the mumsmble region. This valuc is 0. 40
“for solvent mlxtures of 1-BuOH and 0.68 for those of 2-BuOH . The order
of the k values for the rmxed solvents are 2-BuOH > i-BuOH > ¢t-BuOH
(¢) zH,0 = immiscible region,
< (d) a:w,,'m. <‘ TH,0 < 1.00, where mw,m is the mol fraction of water in the

water-rich solvent closest to the immiscible region.. This value is 0.98

107

for solvent mixtures of i-BuOH and 0.97 for those of 2-BuOH . In this "

region the rate constants are similar.

The temperature dependence of the rate constants fit the Arrhenius

model. The energies of activation; Ej | decrease in zone(a), do not change signif- _‘

icantl}; in zone(b), and decrease-in zone(c) and (d) (Fig 3-59). Values of E; in
different alcohols are in the order t-BuOH > 2- BUOH > i- BuOH The extent of
change in zone(a) is also i in the same ordér. The composition dependence of the

entrop1es of activation, A52 , are similar to those of E,; (Flg 3- 60)
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\ Table 3-0:The values of second order rate constants for nitrobenzene in

KIS
;

z'so-'puta.noi/water_

FHO '(1;{) | »If?)"ms/mol.s ?.fho , '(I‘K) {. 7{67m3/mol}s:
00 . 237 o018 035 2132 041 .
' 2743 0.3 2065 002

2070 - om . 3203 - 173
3100 1.22 ‘“ 3301 . 240
381 192 3685 397
3624 . 3.17 . 0.45 2870 064

005 | 2506 . 017 - 2065 086,
| 743 038 ' 3938 1.83
o, 265 om . ur2 201
- 3189 . 135 3680 &

331 214 098 732 1.45

S w25 304 | 2849, 2.2
010 2627 02 2087 325

2196, 046 . 323.3 5.38
“2065 .. o078 " . 3410 846

3190 143 "_36%.8 1110

337.6 2.2 ofN 2773 186

T 23 am % *2009 276

0.20 2627 026 | . 2068 - 3.57

287 o040 302 54
2065 082 - 5 3466 853
3190 1.47 Lo | @ 372.8 - 1270

337.8 217
3623 33 T,
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‘Table 3-¥p:The values of second order rate constants for nitrobenzene in '

2-butanol/water
| mHgO. T ks TH,0 T k2
K) 10"m3 /mol.s (K) -~ 10'm3/mol.s
00 2068 o0 3703 451
3280 168 050 - - 255.8 017
0.0 | 242.9 013 2180 047
- 2734 - 041 2970 1.00
2068 ors . 8311 2.9
3\28.4> Coim : 3708 4.66.
3626 398 0.4 - 2182 047
0.10 o149 0.42 ‘ ' 104
" 2061 - 115 1.98
3338 262 . 3.88 .
3680 563 08 026"
010 - 2119 o039 . L ag0s o6
2067 os1 L a0 106
3209 2190 Ty LT
| . 3689 422 - 331.3 25T
020 2568 . 021 - . 3800 492
= 2719 041 . 09T 2752 131
206.5. 093 2064 2.55
3156 148 S . 4233 5,10
" 3306. 207 - 3527 8.8
03 403 o098 2122 136
03, 2863 020 . 2079 3



0.58.
0.99

2.20

315.6

332.0
346.7

- 368.6

120

493

6.28
8.08 -

- 11.10
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100 ¢ “10
50 ds
S . 10F o1
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x .
g 15"q , = 0.1
05f J-
_ b
01— R
28 28 30 32 34 36 38 4.0

1000 /T(K)

'F'lg 3—57 e, + C,H,NO, reaction in i—BuOH

©0.05 €0.10 v0.20 W0.35

»Z—BuOHﬁvater ‘mixtures. Lo i— BuOH: @0.00
»0.45. A 098

- 2-BuOH: Q0.00 £0.10 v0.20 00. 35 100.50 +0.64

- X 0.68 4097
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Table 3-11: Reaction rate parameters for nitrobenzene in i-BuOH and -

2-BuOH /water

‘ _ ,
FH0 ) If(zi(m”/mol.s) ‘(E.:Iz/rriol)' log‘_é (A;?Zlol.K)
"‘ Solvent: Water in iso-butanol
0 7.1 T2 w2 T 14
010 81 . 20 1047 13
'.o.zo- Cos6 20 1047 13
035 .96 2 1049 1
0.45 02 20 ~10.52 Y
008 a1 18 1066 16
.1.@)0. BT I o 1081 15
| Solvent;' Wa.ter in 2—butandl . L |
0 84 23  10.88 21
. 0.10 89 21 . 1061 . 11
020 . 90 o1 < 1061 15
0.35 - 100 Y ‘109 19
. 0.50 100 L 22 . 10.86 20
0.64 11 22 108 . 20
0.68 1 22 1089 21
097 28 .20 - 1001 21
098 32 18 1068 BBt
1.00 8 17 1057 15, <
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Fig3-88: . o \ i
k, for Nitroberzene (Open) and Acetone (Closed) in Butcnol/cher Mixtures.
19 i T ] o 1 ] I . { i l 1

k2(107m3/mol.s.)

0.0 . 0.2 04 - 0.6 0.8 1.0



E,(kJ/mol.K)

Fig.3—39: E, for Nitrobenzene in IBuOH/ Water Mixtures.

U A
Legend
¢ " A 1-BuOH . i
+ [0 2-BuOH o
® {-BuOH . .
32.0 } o ‘ " - -
12:0 - L . -.'l S 1 J i | 1 ’ i i .
0.0 0.2 0.4 0.6 . 0.8 1.0
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Fig.3—60: AS, fcér Nitrobenzenein BUOH/Water Mixtures.

! R T

® ]
i Legend ]
60.0 + A 1=BuOH .
' [ J 2-BuOH il
O t-BuOH |

+50.0 o -
B * ) 4

ASZ_(J/mO,l.K) L -

v




3.1.2(b) Reaction of e.~ with Acetone
] The composmons at which the rate constants were determined in i-
BuOH /water mixtures were: z,0 = 0, 0 10, 0.20, 0.35, 0. 45 0.98, 1. 00 whereas
for 2-BuQH /water mixtures they. were : zp,0 = 0, 0.01, 0.35, 0.64, 0.97,1.00.
The observed first -order rate constants for i-BuOH /water solvenfs are in Figs.(3-
| 61) to (3-66) and those for 2-BuOH /water mixtures are in Figs.(3-67) to (3-71).
The conc:entration rangt;, for acetone is 0. 02-0.__:2) mo‘l/m3 The k3 values are in
Tables(3- 12) and (3-13) respectxvely The Arrhenius plots are in Fig.(3-72), and
the reaction rate parameters are in Table(3- 14)
 The composition dependence of k3 is similar to that for the reaction with

nitrobenzene(fig 3-58) but the differences among the rate cohstants are greater in

126

zones (a) and (b). The composition dependence and' the extent of changes in*

energies (Fig. 3-73) and entropies (Fig.b 3-74) of activation are also similar to
those. of nitrobenzene indicating that these two scavengers belong to the same

group (efficient scavengersy).
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- Table 3-12:The values of second order rate constants for acetone in 1so-

butanol/water. R SRR o _
_ S * » PA
O '(I‘K) g Il%“m:’/mol.s Ha0 » ‘ '(I‘K) ’f?)"mé./mol.s \
0.0 ' 280.9 2631 128
207.0 . 280.8 2,50
3182 - 2070 381
) 3817 . 670 T B 585
, 3625 1010 . 3318 . 866 "
2632 125° 3625 - 11.60- ‘L
278.8 204 045 2838 2.89 “
2964 351 2071 400
3182 536 - © a181 6.42
‘3318 196 - 3387 9.38
| 3626 116 ‘36‘6.2 1300
0207 . 2632 " 133 098 - 2148 . 420
a8 o222 g4 .77 -
i 2070 367 o s ar
’ 3181 587 .. 3195 ERETY '
3376 832 o as2 1400
3625 1180 3500 16.70
e



¥ ) v ;J" . : '
I o S 134
’Ta.ble 3-13: The second order rate cons’%ﬁt; for for acetone in' 2-butan-

- A

ol /water

TH,0 S o T k2
e (K) T 10%(m®/mol.s)

00 2442 , 0.56

274.8 . B 1.75
2067 .. 355
3256 S 101
378 . 1750
0.10 | %682 ' 193
o 296.4 . 4.37
I
| 3829 ¢ 4, - 1290 )
0.35 | . 2864 © . 3.04 ‘
296-‘7 ! _ = 106',::Lal } s '
3178 . 610 L
3385 Coem -
| 365.4 ‘ - 12.80
. 0.64 - o122 2.06
| 2965 4.47
3251 869
3529 Y
| 2704 | | 2.08 f
0.97 o ase | s ST |
| | 2067 - 5,98

- ser 885
3434 . . 1200
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J10

ky (108m3/ mol-s)

1;_
=

0.5 - 15
ol W
26 28 30 32 34 36 38 40

o 1000/T(K)
" Fig.3-72: €5 +acetone reaction in i—BuOH
| 2-BuOHﬁvater xmxtures

BuOH ©0.00,90.10; 'O 20 ' 45 AO 98
2 BuOH0000001QUOB, 4
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Table 3-14: Reaction rate paraineters for acetone in z'-B.ugH and 2-

9.08

BuOH water
o P B ogA . AS]
10°(m® /mol.s) (3 /mol) (3 /mol.K)
Soli'enf: Water in 1so-butanol -
0 | 2.6 19 9.82 0.0 i
6.10 " 3’.4' .18 9.63 -3 3 :
0.20 - 3.6 18 0.63 T .
0.35 39 18 9.63 3 % ™
0.45 4.2 17 9.61 -4 C ¥
0.98 7.0 14 9.22 11
1.00 EX 13 9.08 -14 .
Solvent : Water in 2-butanol |
o 38 | 22 1036 1
010 - 4.4 18 9.72 -1
0.35 - 4.2 18 9.74 -1
0.64 a1 18 . 0.72 1
0.97 64 14 9.32 -9
1.0 7.7 13 -14
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Fig:3~73: E, for Acefone in  BUOH/Water Mixtures,

' E,(kJ/mol.K)

N
©
o
]

’ =
\\ Legend
) " A MBuOH ]
[0 2-BuOH v,
O t=-BuOH
32.0 | _

12.0

0.0. -




| _Fig.3—74; AS, for Ace’rohein

AS,(J/mol.K)

BUOH/Water Mixtures.

75*0 é) " [ T \ [ T T
| - ’
X . |
T Legend
' A 1-BuOH
2—-BuCH

¢

35.0

t—BuOH .

138



31.2(c)  Reaction of e,~ with Phenol

The observed rate constants,for i-BuOH /water mixtures vare in Figs.(3-
75) to (3-81), whereas those for 2-BuOH /water mixtures are in Figs.(3-82) to (3-
863 The concentration range of phenol is 1 - 20 mol/ m?.-The k2 values for these
two systems are lis"ﬁed in Tables(3-15) and (3-16) respectively and- the Arrhenius

plots in Flg (3-87).,The reaction rate parameters are listed in Table(3-17).

The rate constants for the e,~ + phenol reaction in pure alcohol are in the .

139

same order (t-BuQH_> 2-BuOH > i-BuOH ) as for the reaction with nitrobenzene .

and acetone (Fig 3-88). The differences between the k; values increase with

decreasmg efﬁeiency of the scavenger. In a.lcohol/water ‘mixtures the values of

Y

k2 decrease W1th mcreasmg TH,0 . The dlﬂ'erences among the ko values of butanol

at a ﬁ_xed composition decrease with greater water content of water, and they

become similar in water-rich solvents. The k; values for the reaction with phenol ™

display greater composition dependence than for the efficient scaven'gers (Fig. 3-°

™

58). Therefore phen‘bl belongs to a separate group (inefficient scavengers).

The composition dependence of E; (Fig. 3-89) and AS"é (Fig. 3-90) are

similar to those of efficient scavengers. Thus changes in rate constants are due to

differences in entropy than that due to energy.
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~ Table 3-15:The values. of second order rate constants for phenol in iso-

A

Ha0 : iTK) ‘ .fgin;s/mo(\.s 30 'LI‘K) - la‘ms/rﬁol;s'
0.0 265.2 5.53 035 2632 . o061
270.8 8.00 035 ° 2632 0.61
2067 14.20 ggsj 1.61
308.9 18.80 ‘ s100 . 324
32034 ' - 2150 3376 457
3358 39.10 3644 167
005  .265.1 © 346 045 - .2880 128
279.8 448" A 296.5 1,52
. 296.8 6.67 3231 343
" 3200 10.50 "347.4 5.24
3378 15.20 360.1 8.07 ,
359.8 . 2370 ¢+ 0.8 273.4 1.21 i
010 263.1 175 és4.§ LT
2189 - 251 2973 242 u
2070 380 . 342 462 B
381 6.04 97 eo6
338.8. 9.33 T 3702 7.65 v,, .
i | 3624 14.50 e -
0.20 - 263.1 . 0.97 w ﬁ
2798 . 148 i
2971 226 | .
~” 310.0 © 386 i i
3397 6.28 | W@ o
363.5° 8.98 |
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.Ta’ble 3;16:Thé values of second order rate constants for phenol in 2-bu-

tariol [water

; . . ‘ , . . . b
® zH o T ' . k2

I - (K) - - 10%(m3/mol.s)
) — 2201 — 0,08 A

2u46 3716

745 o 15.40
o - 2_?6.5' 2550
0.10 . . | py - BTLS S 280
o é;} | 3232 . esr -
] " 3534 1170
0.10- | M0 T 248

L 2087 30 -

3209 - 9.18
| k- sese 12.30
064 . 2720 o032 %
L “F 2065 . . 064 | -
> S 3434 o 224
L ame 336
o g o 137
“ - og0ed 30
A 1 Y TR 397 | .
313 . s«

.



e -
R ..

K, (10%m3/ moks)

83 35 37 39 41 43 45
50

andh
o
b

0' e

1

bl

m . “‘

0.1 — —L
26 28 3.-0'32 T34 36 38

1000/ T(K).

149

50

10

b
S S
, o

hg 3-87: e; + phenol reaction in i—BuOH %

:xZ—BuOHﬁvater mlxtures | o
i— BuOH @0.00; © 0.05; 0. 10 VO 20;1 35'?4().45;

~ 40.98; 2-BuOHO0, oo,oo ’o
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" Table 3-17: Reaction rate parameters for phenol in so-butanol and 2-
. ] oo . . “ .

_ butanol/water @ B

?
4

TH0 . k2 . . Eg " log A _ ASf ‘
10*m?/mol.s. _(J/mol)  (J/mol.K)

Alcohol : i-BuOH
00 1500 . 20 - 875 .20
0.05 69 18 . 19 -36
010, . 400 18, 7.69 40 -
020 . 236 18 © 7160 _ 40
035 180 . ¢ 20 . 3
' 0.45 w0 20 o . 39
0.98 240 - 18 750 -42
1.00 - 260 17 141 | - -45
Alcohol. : 2-BuOH
0.0 4000 24 889 " 17 |
010 4.0 TS . 8.02 o -34
03 140 19 145 a5 s
°:%§40  069 21 745 45 -
‘o".%z_.:" © 240 18 - 7.51 ° 44
100 20 Y 741 45
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-k, for Toluene (Oper) and Phenol (Closed) in Bufonol/Wa’rer Mlxiures. |

| ]
Legend )
<O iIrBuOH i
O A Z.fBuOH 1
O 3-BuOH
'@ i~BuOH -
W 2-BuOH
® {-BuOH,

N ) -
.
SRR O N N A R oL
00 02 . 04 08 0.8 1.0
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1

F‘ig.3—89': E, for Phenol in  BuOH/Water Mixtures.

30.0. —T T T T >|_ - T T T T
[ . Legend il
0 b A i=BuOH
28.0¢ ‘00 2-BuOH s
~ O t-BuOH |
. 28.0 | -

'E,(kJ/mol.K) |

18.0
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B S NS |
. Fig-3-90: 4S, for Phenolin  BuOH/Water Mixtures.

“
S

" 25.0 - E f

& Legend .
o 1 . A 1-BuOH .
O 2-BwOH . ]
Q t=BuOH ’

AS,(J/mol.K)

1
AW A ¥ |

l_so.o'»_ 1t I L _1 ; | : .
00 - 02 0.4 0.8 0.8 1.0 .-




3.1.2(d)  Reaction of e, with Toluene

The observed rate constants are in Figs.(3-91) to (3-96) for i-BuOH
/water mixtures and in Figs.(3-97) to(3 100) for 2-BuOH /water mxxtures The
k, values are hsted in Tables(3-21) and (3-22) respectively.The Arrhemus plots
are in Fig.(3- 101) and the reaction rate para.meters are in Table(3 23)

"The ks values for the rea,ctlonA es~ + toluene are in the same order as
for the other scavengers. The differences among the k; values in pure alcohols
are greatest for this scavenger sinée it is the least efficient (Fig. 3-89). In alco-

hol/water mixtures the rate constants decrease with increasing g, 0 in zones (a)

and (b). Unlike the reaction with phenol t-he ko values are always in the order

~

t-BuOH > 2-BuOH > :-BuOH even in thé mid-composition range.
The energies of activation E; for e;~ + toluene reaction in pure :-BuOH

and pure 2-BuOH are much higher thansthose for the other scavengérs. When

154

a small amount of water is added, E; decreases sharply with increasing water

content. The energies of activation for the reaction with toluene in alcohol-rich
solvents are much higher than that for nitrobenzene in these two alcohols. There-
fore the lower rate constants for this reaction are due to changes in the enefgy of

activation more than to entropy changes.
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;Tab'le 3-‘18:’13,he‘va.1ues of s_ecé"iid order_hfate constants for toluene in ise- .

. THz0

-
{x)

. ko e
_104(m?/mol.s)

'op

0.05

N ,13315 ‘

o 2064

_317'.2

3315

362.3

284.0

R

- 337.8

2966

3171

ﬁ . 362.2

283.8

2071

319.1

364.1 -
‘.’.!bagn”

297 1.

N

313.5

3302 :

- 348.9

Lasmoi

284.0

2639 -

’

R

110
2.86
6.43

. 1620

0.67
1.01 -
§2.08
- 3.08
T.67. R S
059 .
004 ;
1.79 v SRR ‘ k
314 .
5.65 . |
’ 046\\ {;»;v .
-qsg e
¥.104
'\‘-’1.63‘\'.‘ t é» '
246 -
S SRR
010 -
026 e
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Table 3—19:];I',he vait;es of secorid.order rate consta.fxt‘s for toluene in 2-bu-

tanol/water

TH©O AN ' K3

R 1K) - '104(m?®/mol.s) .

00 2463 - . . . 038

| Tr21sl va 194
.. 283 . ers

Tt BN t"*..‘_‘:" S, ’s’ o :

» ’ : & Y . . o . )

E -1 £ I ,30 o |
0-10*- 3 ".‘r "‘2964 L fes
B U & 314.3 \ 354

035 2013

e

064’ . 2083 . 023
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Table. 3-20: R'efaétioni’;i'ate' parameters for toluene irff‘z'so-butﬁpol and
‘.2-bu1‘;'an91/w5téx;[ ‘ T o o

. . ' “ . ~ f
Pl . . .
v A ’ } " :\u' 2

o ko B log A vasf ot
" 10*mimol.s. (@/mol) @ . (3/molK) -

) - ’ Co

\

‘Solvent : ‘Water il} izBuOH*

- 00 .- X 11,90 36 © 1043 12

0050 110 - 26 ;8'.63.&;';&, .ot
01 0.95 25 g3 28

Ory : .
A% - K - SREE
0.20 : 21 - 149 p 44

-

10.35 733 47,

[

‘21 733 50

- 726 S 'Ju"480“ .

o ’ .

10.45 -

1.00

Solvent, :._V\'}\é,te’r in 2-BuOH Y .  ’ - .
o0 es0 - 35 . 1101 23 ” -
010 ° 180 = 24 846 o 25w L
035 075 I L
o064 025 22 ¥y 4
100 110 18 726 w48
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Fig.3—103: 'ASZ fér stluéh.ein BuOH/ Water Mixtures.
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32 Inorganic Scavengers
_ Thevreactivity of six ions thh different charges were studied in t-BuOH
/water mixtured The _raté -constant in water‘for each of the scavengers s ~
| 107&/@01.3. ‘and is neaxi'iy; ‘dif'i'us‘ion controlled.
o o N o - ,
3.2(a) ' tion of e,” }v'th itive Scav S .

The univalent jon Ag* and hivalent ion Cu®* were used. coNnter
ion for ;49'*' wa.s}%lO":’ and those for Cu?t were ClOg and S0O2-. Sincéthe rate
constants for these counter 10ns are < 10° m3/ mol.s. (51), the nearly diffusion
controlled k2 values (107, m3/mol.s.) obtained are those of the positive ionq

| The solvent compo.tlons for the ey~ + AgClO4 reaction were: T ” o=
1.00, 098 0.97, 0.94, 0.90, 085, 0.75, 064 0,50, 0.35, 0.10, and 0. Theﬁrst order
rate constants are in Figs. (3»104) to (3 115). The concentration range of AgClO4 |
_ was 0.003 - 01mol/m ' - L | /"

k‘-

For the ¢,~ + C'ySO.; reaction the composmons were:’ a.wzé =L 00
0.9%, 0.97, 0.94. Lower water contents were not used because CuSQO4 -was not
:sufﬁcientlyvsolnble. vThe\ ﬁfst_‘"of;;ddr rate consta.nts at these compositions are in
Figs.(3-116) to ‘(3-120‘)' The concentration ran.ge was 0.005 - 0. 05 mol Jm3. -
The rate ®nstants of thxs reactxon dxsplaym temperature dependence
_, dxﬁ'erent from othex‘ scavengers (orgamc or 1norgamc) hence the same composxtxons
were studled thh Cu(ClO4)n These are in Flgs (3- 121) to- ( 125). i
In-some wa,ter mixed systems the observed rate constants correspond
to lower concentrations of the scavenger and glve a negative y- 1ntercept n the -
“Kobs (y) versus [S] (x) plot. Slnce the 1ntercept is affécted this i is probably due
t6, the presence in the water of ether a chelatlng agent or a nega.txve ion that
preclpxtates the p081t1ve jon. Since onlyhthe mtercept is aﬁected (change in the
| half-hfe in solve t) there is no eﬁ'ect on the k2 va,lues | “



The second-order rate ¢onstants are listed in Table(3-21). The Arrhenius

plote for reaction with Agt are in Fig.(3-126) and 'those for Cu?* are in Fig.(3-
127). The Arrhenius plots for Ag'*' display shght curvature in alcohol-rich solvents.

Arrhenius parameters in suc}‘x‘systems were ca.lculated by drawing an average line

o o,

¥

through the points. The Arrhenius plot of Cu(ClOy4)2 in water is similar to that of

CuS0y in water. In mixed solvents the ele ctron reaction with Cu?t ion displays

-

complex behavxour o
v

The k; va.lu.es for the eaction with Ag'*‘ decrease slightly when up to
&

T Hzo e 0 1 is added is relatlvely constant up to T H20 = = (.80, and then incr eases’ '

sharply until pure water (Flg 3-128).

a ‘Energies and entropies of activation (Fig. 3-128) dec ntil 2,0 &
0.1, is consfant 0.1 < 'zg,q {0.85, and decrease until pu}e W&se,for the

es~ + Cu®t reaction also display similar behagbur indi«cating tHat the*complex -

behaviour for k; observed in this system is not due to the energetics of the reaction.

<

h'

B Gl
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Table 3-21: The values of k; in t-butanol/wa

of e,” with positive scavengers.

182
'[r mixtures for the reaction |

”

TH,0
' s (K)

K3

10'm3 /mol.s

Scavenger: AgClO,
1.00 276.8
" 296.8
3135
333.2
L 354.0

; 370$

1.00 | o182

205.1
313.8
3334
_ 354.3
0.98" 2181
207.
313.8
333.3
354.1
370.0
0.97 . om2
2072
313.8
333.3
354.1

2.36,
4.10
6.04
9.39
14.3,
18.9
2.25
3.96
6.16

. 9.64

14.40

178

3.46
5.16
8.21
12.10
16.10.
1.60
2.96
4.64
7.69

11.10 .



]

0.94

0.90

0.85

0.75

© 0.64

368.7
280.0
297.5

313.8

333.4
354.1
368.3

vy K

291.7

313.8

333.4
354.3
368.6
279.6

. 207.4

313.5

" 333.1
353.1

368.2
279.6
295.5
313.5

333.2

352.2

. 367.9
-279.9

183

- 14.10

1.60
2.96

4.6

7.69
11.10
14.10
0.96
1.81
3.39
9.65 |
12.80

0.73

1.92
3.14
5.75
8:18
v12:oo.
0.70
1.51
2.55
4.78
7.71

10.50

. 0.67
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202.8 ' 1.26
313.8 2.65 |
333.4 | 43¢ TN,
3544/ 7.89°
367.7 o 10.10
0.50 . 280.6 - 0.62
2067 1.25
" 313.4 | 2.32
334.2 4.68
| 353.6 - 7.15
. e .
0.35 277.6 053
| 288.3 0.90
296.7 1.15
313.4 2.35
320.3 - 3.56
3433 4.97
0.10 . 285.3 0.63
| 206.7 1.16
313.4 ' 2.39
334.0 4.03
- 354.0 | -5.90
00 © 300.7 © L5
o . 3134 4.61

324.0 - 6.90
Sga.venger: CuSOy4 |
1.00 275.9 . 2.30



2 .: 100 X

0,98

097

- et

2885

3713 -

278.2
297.0"

Caors
: :%2'3.2 )

347.8 -

3ia1

. 3338

354.3.

2771
294.0
©. 3138

3685

Cwmse

353.7 -

369.3

ZS&j
" 295.’3_._ :

. 313.8
3333

3540 |

3?4

2792 N

2066

3138

. 71 81

"o, 75
, 12,30

140
“121 |
345

CaoT
265 |

6. 4
'9.73
13.60
2.35
3.67
549

- 17.80

11. 09

1320 o,

295

468 -
684

1.80

508

449
- 653 .
o2 - ¥

412



0.90 .

1.00 .

©0.94

SR iV

-

3134

2796

3138

9933

) 4
i

353.1 -
367.6

2104

/

l297.1

13334
3543

| 3686

i _ ‘Scavengér "Cuj(ClO.t)z

| | 276.3 .

- 334.2

- 3538

- 369.6

204.4"

v 3134

» ww.. 333.4

‘»

© 353.9

369.5 -
2784

©296.7

3334

3336
“’,&“

/‘4 ;

w
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- 354.1
' 367.9

281.8
4

20605

313.4°

3333
. 353.7

369.0

278.3
© 295.0
313.5 "
333.9-
'354.0
3671

12.20

" 1550

1.70
3.17

578

9.07

13.70
17.40

1.36

2.80

6.00

110.70

1_7.50

2270
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. -,

-

"l,

and 2-butanol/wa.ter

Table 3-22: Reaction rate parameters for (+) scavengers in tso—butanol

3

"“ .v.?:H,o k2 L E, log A AS’E
107m3 /mol.s.  (J/mol) (J /mol K)
Scavenger : AgCl0, : B
.1.00 4.20 19 11.00 23 »
0.98 3.40 . 20, 11.06 24
097 300 2 11.16 27
0.94 2.50 ’ 23 11.50 32
0.90 2,00 25 1171 " 36
0.85 1.80 26 11.77 . 37
0.75 1.50 26 11,75 .37
064 1.40 26 11.74 36
0.5 1.35 26 1169 36
0.35 1.26 26 11.70 36
0.10 1.20 27 11.81 38
0.0 1.50 48 .
| Scavenger : CuSO, K ,tz '
100 3:80 17 '--16.47'*{7.!  13
| o,gq i 3.20 18 10.58 15
R ﬂ";. e )
§7 . 2.90 18 10.65 17
ot 250 . o 20 10.98 23 .
Scavenger : C‘u@lO% \ |
1.00 3.80 17 10.56 15
0.9% 330 2 11.09 25
0.90 - 320 23 11.48 . 32
0.75 3.30 26 12.14

. 44
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|l

.32(b)  Reaction of e, with Negative lons

‘> The idns used were NO3 and CrO3%~ . The counter'ion Kt has a rate

103

“constant < 10%m3/mol.s. (51). Solubility of KNOj is quite low in alcohol-rich

7

o

solvents. Therefore LiN O3 (k2 value of Li*“in water < 10°m?/mol.s.) was used

to measure the rate constants in alcohol-rich solvents ahd to compare the effect of -

the positive ion in water.—rich sblvents.

—

The compositions of sglvents used for reaction with K NOj were: z 1}20 =

© 1.00, 0.98, 0.97,0.94,'0.90, 0.85 and 0.64. The first rate constants’ are i.n‘Figs,(3-

129) to (3-135). The concentration range of K NO; wgs 0.005 to 0.15 mol/m3. To

compare these rate constants with that of a bivalent iori simila'r compositions with

K3CrO4 were used. The first order rate constants are in Figs.(3-136) to ( -143). .

The concentration range of the salt was 0. 0lto 0 10 ol /m?, Slnce Lsz;; is more

s}oiulf)le tha.n KNOgs, it was used in'the alcohol-rich regions: zg,0 = 1 00, 0. 94, -

0.80, 0. 64 0 56 0.35, 0. 10. The first -order rate constants are in Fags (3-144) to

(3-150). Concentratlon range of this salt was 0.02-0.5 mol / m . The second order -

 rate cori.st'ants are in Table(3-23). The Arrhenius plots are in Figs.(3- 151) to (3-

L]

153) for KN O3, LiNO3 and K20r04 respectlvely The reactlon rate parameters
for all these systems are listed in Table(3-24).

14

The kg values detrease thh the increasing mole fractlon of the alcohol

(Fig. 154(a)). Values of kz for LiN O; and KN 03 are the same implying that.
’solubilizty of K NOj3 was not a problem at the compositions studied. "The compo-

sition dependence. of k; values for CrO%~ ions is similar to that of the NO3 ion

indicating no charge eﬁ'ect

Energies and entroples of activation also d13p1ay snmlla.r composmon de-

pendence between the two ions (Fig. 3-154’(b)) The en‘ergles of activation for
CrO2 ion are consxstently higher than that for the NO7 ion by a.bout 3kJ/ mol.

Therefore the charge effects are dxsplayed in the energetms of the reaction.

T
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Table 3-23E:T1'.1e values of second order rate cohstar}ts for (-) ions in t-bu- "
“tanol /water | ki
Ha0 (X) 157 (3 /mol.s)
Scavenger: KNOa
1.00 - . 2159 . 0.55
287.5 0.12.
297.5 0.98
324.2 157
346.7 217
373.3 2.84
0.98 279.0 0.44
288.4 059
2074 0.71
322.3 1.18
345.8 - - T
' 368.8 204
 278.9 0.38
293.6 0.58
313.9 0.90
. 333.4 1.30
' 353.5 1.62
368.6 1.88
0.94 - 280.2 0.26
| 297.3 0.45
314.0 0.69
' 0.99

- 333.5



0.90

0.90

0.64

10.64

0.§5

353.4
368.5
279.6

- 206.4
313.5

333.2

353.7

367.7

279.0
293.9

314.0
333.5

368.0

279.6
204.5

. 313.2

333.2
353.0

© 368.1
297.6"

314.0
334.5

334.5

353.5

279.0'
297.6

131
'1.53

0.18

0.35
0.57

0.85
1.21
1.37
0.17
0.31

0.59

0.89
1.39
0.13
0.25
0.62

0.62

0.94
1.12

0.10

0.16
024
- 0.24
. 032

0.05
0.93

207



1.00

0.94

0.80 .

0.64

313.9

333.4
353.4
368.6

Scavenger: LiNOj

L

279.5
296.7

313.3

333.7
353.7

369.7 "

280.9
296.5
313.4
333.4

353.8
368.4.

278.4

296.2

313.3
333.0
353.9

368.0
280.6
296.1

0.15

025

0.37
0.43

0.60

0.92
1.26

1.82

2.40

2.82

0.29
0.48
0.80
1.08

1.56

1.65
0.10
0.21
0.37

0.56

0.37
0.83

050

0.96

208



0.50

0.30

0.10

' 1.00

313.3
'333.0
353.9
368.0
279.6
296.6
313.0 —
354.0
368.0
279.5
297.4,
313.4
333.0
353.9
368.0

283.7

296.6
313.3
333.0
349.7
363.4

3

Scavenger: K,CrO,

2775

2080

313.6

1.64

2.38 .

3.42
4.23
0.3t
0.45

-~

'1.46
272
3.4
0.09
0.21
0.44
iy 7
1.42
1.95
0.62
109
2.30
 4.43
7.48
10.70

1.02
1.72
2.33

209



0.98

0.97

0.94

N

333.5

354.2
371.4
271.5
297.4

313.6

333.4
354.0

370.4,

277.5
2§6.7
314.0
333.2
354.0
370.3
280.2
296.9

314.0
333.3
354.0
369.1

280.3
296.1
313.9
333.3

354.2

3.35
4.61
6.25
0.80
1.30
1.96
2.74

4.14

5.43
0.85

1.17

1.70
2.51

3.80

5.03
0.47
0.87
1.37
2.05

3.10

3.96
0.36
0.68
1.15

1.78

2.62

210



0.85

0.75

0.64

368.4
279.6
~297.2
313.6
333.2
354.0
' 368.0
279.7

296.9

313.5
333.2
353.0
368.0
279.3
297.3
314.2

333.3

354.1
368.3

3.35

0.27
0.57

- 0.96 -

1.52
2.41

- 3.02

0.15
0.30

0.52

0.87
1.27
1.59
007

0.14

0.27
0.44
0.75
0.92

-
-
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1000/T(K)

Fig 3-151 e, + KNO, réaction in t-BuOH
water lmxtures

xg,o 00.64

9097 -

9085
v 0.98

00.90
01.00

X 0.94

- T | T | t | L | I 1

;

[ 1 1 L [ B Y Y | __:l | _L
6 28 30 32 34 36
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, -, Tabl; 3-24: Reaction rate parameters (-) scavengers in t-bt;l;an‘ql/ wa.ter'
'sz‘:.O T llc(2)°m3/mol.,s; E‘Iz/mo.l) - log A ﬁ]%nol.'K’)' |
. Scavenger : KNO3 L ‘
1.00° © 93 - 14 : 9.40 | -8
- 0.98 . T00 15 S om ' % ',
oo 620 16 - 955 -4
091 - 450 11 9.63" -4 )
0.90 3.70 18 oms 2
085 . 2.0 20 984 0 - e
0.64 090 22 9.79 0 o
Scavengér: LiNOs - o <
1.00 ~9.50 14 949 6 |
0.94 480 | 9.64
080 210 20 osd
0.64 15:003 a2 '9.80
0.50 _ 0'53 4. o0 )
030 . o024 28 1022 g
. 010 012 31 1050 13 i
‘Scavenger :{A}(2Cr04 1 _ | ' | - o
1.00 o 170 6 ‘1008 @ ¢
098 . 130 18 1000 s
097 120 18 1028 10,
0.94 , 086 | 20 R ;50.44 ®11 - b
0.90. 071 ¢ - 21 © 1045 13w
08 05 2 10%0 15
0.75 030 23 | 10.56 15 .
064 - 015 . 25 1056 Yoo
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3.3 " Densities and Viscosities tanc ixtures f""'e'
‘ ‘,

The densxtxes and vnscosmes were measured as a functlon of ternpex a-
ture and solvent composxtlon The values at each composxtxon were ﬁtted Wlth
polynomxals in temperature. Values of densities and viscosities for the solvents at

a given temperatur? were obta.med by mterpola.txon . T

. e
331 D_.n_tx |
The densxty values, p, at a. ngen composmon are fitted to the followmg

polyhpmxa.l.

8
- The parameters a; are given in Table(3-26) including the average percent deviation

Agv,

p=ay+ a1T + apT? v . (28)

100
Daw = _2|A | ' : ‘(29)_

The pefcent deviation A; coxhpares the experimental values to the fitted values,

fitted S . :
exp.‘) (30)

A =100(1 -

Exeept for :tyzo > 0.95, eﬁt with Aa,',- < 0.1 % was obtained using a; = 0. The
_quadratlc term at TH,0 2 0. 95 is due ‘to the curvature of water den51ty towa,rds a -
"Imaxxrnum at 277 13K.
To compare with literature va.lues these densities at constant tempera-
- ture were fitted to-: ‘ : ) |
N Celke/m) = Seje; (3
where z; is the mole fraction of vseter. The .Vaw}erage deviation among the results,

Dgy (eq. 29), average deviation from litera.ture, Ayt

| it : "
—— M ‘ 100(1_ present_) o : (32)



o

| 100 - |
Am=—-2|Azl (3

R

“and constant offset from literature results, Apgs,

. 100, -" |
Aos = —EBA o (34)
were also calculated. These numbers are listed in Table(3-27) The results indicate

~ that the’ composxtlon dependence of the density generated frorn eq. (3 31 ) using

.Table(3 26) parameters are rehable to better than 0.1%.
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Table 3-25: Density of butanol/water mixtures as a function of zg,0 and "

e K ok
Alcohol : i-BgOH ‘ 9
00 274.7 08149
S T © 0.8082
2037 ~ 0.8007
308.6 07803
3229 o7
3382 . 0.7645
826 . oasa
©0.10 L 214 '_ 0.8220
" 283.5 ,. 0.8152
' 293.4 © 08024
3085 | 0.7952
3234 0.8052
338.1 . 0.7923
| ) 3446 07864
045 o omr 0.8401
9834 . . 08453
2037 0.8346
) 308.8 . 0.8224
3284 . 08103
338.1 o omors - :
344:6 | 0.7916
099 - 2m7 - 0.9935

.,



283.8
293.7
308.6
322.9
338.2
352.6
Alcohol : 2:BuOH
Q.O - ‘ 283.1'
300.0

333.4
342.5

0.10 : T 274.7

285.1
297.9

324.5 -

338.7
v 3530
0.20 S 2831

300.0
. 318.0 -

333.4
3425

0.30 o4

285.1

318.0

310.5

0.9934 .
0.9918
£ 0.9872

0.9808
0.9730
0.9646

0.8152

0.8013
0.7857
0.7712 -

0.7620

' 0.7994

0.7907
0.7806

. 0.7694
0.7577

0.7445 -
10.7304

0.8271

0.8129

0.7968

0.7823

6.7733
0.8402
0.8327
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/ 221
207.9 08215
310.5 : 08106
324.5 ' 0.7979
per . 0.7845
353.0- - 0.7713
0.40 -  aud | " 0.8501
P - 0.8430
2037 08349
308.4 - 0.8220
3238 0.8081
338.5 - - 0.7944 '_
332 0.7798 -
0.50 283.1 - 0.8549
3000 o 0.8549
3180 o  0.8250
333.4 o 0.8108
3425 - : ©0.8021
060 © 2839 ‘ : 0.8684
- | 2037 . 0.8608
O,308.'4 ’  0.8486
323.8° . 0.8486
35 . 08220
| =353.2}‘ . 0.8076
068 2147 .. 0.8902
| 283.9 0.8833
203.7 - - / 0.8753



i

0.97

0.98

099 -

;o

308.4
- 323.8
338.5
353.2

. 274.7.

274.7
283.5

2034

308.5
| 323.5
338.1
353.5

2747

285.1

. 1297.9

297.9

310.5 "

324.5

338.7
353.0
2747

285.1
297.9
310.5

324.5
338.7

0.8636
0.8506

- 0.8376

0.8239

0.9870
0.9870 .
\

1 0.9856

0.9829

06T

0.9690
0.9603 -

0.9502 -

0.9898

10.9886
0.9858
00858

0.9814
0.9748

0.9669

0.9576
0.9940
0.9934

0.9909

0.9869
0.9808

09733



0.0

© 010

0.30

0.50

0.60 -

353.0

Alcohol : t-BuOH

-

301.9
327.7
342.9
353.0

282.6

293.1
1 307.6
 324.0

338.4
348.2
282.6
293.1

307.6

324.0

338.4

348.2
274.7
282.7
293.1
301.9
283.5

293.4
308.5
323.5

0.9648

0.7757

0.7471

0.7293
0.7172

" 0.8004

0.7909

 0.7766

0.7599
0.7444
0.7333
0.816§

0.8072

0.7934

0.7774.
- 0.7628
0.7527

0.8482

0.8417
0.8396
0.8245
. 0.8570

0.8485

0.8354

0.8217 -
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0.85

0.75

0.91

0.95

1.00

338.1
353.5
282.6
293.1
307.6
324.0
338.4
348.2
282.6
282.6
293.2
308.5
323.1
337.9
352.8
282.6

293.2

308.5

3379,
3528

282.6
293.2
308.5

- 337.9

352.8
274.7

0.8076

0.7938
0.8688
'0.8597

0 °473
0.8325
0.8187

»" 0.8091

0.8938

0.8938

0.8850
0.8722
0.8596
0.8464
0.8364
0.9594

0.9520

0.9410
0.9189
0.9071
0.9780
0.9734
0.9652
0.9458
0.9351
0.9999



283.6
293.7

313.4 .

333.3

347.9 .

L

0.9997
0.9978
0.9920
0.9834

0.9753°
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Table 3-26:Parameters for the temperature debendencc of density.

TH.0 ap - a) as 10° Agy Amaz

Solvent : 2-butanol/water mixtures

0.0 ' 1069.1 -0.894 0.08 0.12
0.10 10763 -0.902 " 0.10 ‘0\\18
020  1084.2 0906 006 . 008
030 1085.3 -0.887 0.08 0.10
0.40 1097.4 -0.896 «0.15
050 11051 -0.880 0.12
0.60 1117.1 -0.875 0.14
0.68 1122.4 -0.842 | 0.07 0.13
0.97 7793 1716 -3.489 0.03 0.0
098 7174 2.086 -3.982 0.02 0.03
099 7083 2.147 -4.027 0.03 0.03
1.00 753.6 1.887 -3.504 0.02 0.05
Solvent : iso-butanol/water mixtures o
0.0 - 1037.0 -0.805 0.07 0.11
0.10 10511 -0.831 006 0.1
10.20 1056.0 -0.828 004 005
030  1067.9 -0.843 007 © 012
0.40 10759 . -0.839 0.05 0.07
045  1089.2 -0.863 0.05 1 0.12
0.99 713.2 2117 -3.985 0.04 0.06
.

4

Solvent : t-butanol/water mixtures



.00

0.10>
: ..0.30 -
0.50

. 0.60

065

075
. 041
0.95.

11215
1101.0

1094.3

. 1105.6
11158
1127.2
11362
11703
1 915.8 -

)

1144
| -1.083

-0.933

-0911
-0.913
-0.857
- -0.745
). 74!
0.892

@a

-2.374

0.05

0.0
0.04

0.08

~ 0.04
016
0.03
0.03
0.02°

0.07

0.15
10.07
" 0.13
0.06

0.05

003"

010
004

3

o7 %
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Table 3-27 : Parameters for the composition _dependence of density in

butanol/water mixtures '
! t-bufa‘nn‘()l 2-butanol ' t-butanpl Z-Eutanol ‘
CT/K 293.1 203.1 298.15 1328.15
o 1861 807.0 ' 780.40 \T75.70
o 362 14.8 37.20 6.60
e; - 521.8 655.1 58280 71020
-3766.1 -4186.2 -4177.20 -4288.10
cs 132426 13580.8 . - 1436450 13568.80
c;  -22545.7 .22087.9 - -24023.10 -21848.70
: Loty . s B )‘
ce - 186280 -  17608.7 19541.30 17394.40
» oy |
e7 -5904.8 -5403.7 -~ -6108.80 5333.30
1 0.01
0.05°
Co001°
v

228
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33.2  Viscosity \

Kinematic V1sc051t1e3 as a functxon of temperature and composmon are .

.

llsted in Table(3 -28). To ﬁnd the extent of dewatlon from A:rhenlus behaviour, the -

dynamic viscosities at these temperatures were _ﬁtted into the following polynomial.

The parameters of this eduation and average deviation between the experimental
and the fitted results (eq. 3-30), are in Table(3 29). The viscgsities thus obtamed
- are plotted in Fig. (3 154) with literature results for companson

The viscosities in pure alcohols are in the order ¢-BuOH > i- BuOH > 2-
_ BuOH When water is added n 1n1t1ally decrease and then slightly increase to come
' to a maximum at ~ 0 7 The vxscosxty maxlrnum isa characterlstlc property of the
alcohol/ water rmxtures In the other lower alcohols it is in the range TH,0 ~ 0.70

- 0.80. Upon further addition of water 11 decreases untll pure water T he change

Inn=bo+b/T+b/T* +b/T° '~ . (3)

"in 7 in water-rich solvents is much greater than that in alcohol—nch solvents .ThlS \

g 1mp11es that a greater change in solvent structure occurs when alcohol is added to
- water than when water is added.to an a.lcohol ' N "

A

To compare the energ1es of actlvatlon for electron capture in butan-
“ ol/ water mxxtures thh the energy of activation fé’f' vrscons ﬂow ‘the VlSCObltleS

- were also ﬁtted to the hnear form of the polynomu;l in eq (3- 36) W1th bg, b3 =qp

.,The parameters are b1 E,,/ R and bo is related to the entropy of actlvat1on The




¢ 39342

18508

1.8940

tosst

14936

230

‘,{//’ . .
\i’ ' { J N
i} \“\ ~ Table 3-28: Expenmenta.l ﬂow times- (t) and kmematlc viscosities (v) of
o butanol/water n:;lxtuers as a function of composx(tilon and’ temperature e
v n
X s 10~°m?/s 103kg/m® 10-2Pas
| Solvent : 2-butanol/water mixtﬁ:es w
313.19 267.59 2.7480" 07847 21560
323.45 202.62 2.0760 ' 1.6120
' 333.24 158.77 1.6210 | 1.2460
' 343.22 126.56° _1.2860-' | 0.9780
352.88 | 103.i3 . 1.0460° 0.7873
36349 8529 0.8516 . 0.6338
373.46 7?2'.2'6,_ 07125 . 0. 0.5245 .
39550 © 0.8029. L3750 .
31670 07971 2.5480
. 2.5350 0.790‘5 | 2.0030 . =
-'}2‘3.6‘5, 2 "190.32 1400 07820 15240
33334 15089 - L5300 . 07739 ¢ . 11910
343.29. - 121.56° 12230 Co7esT - .094dl
‘35364 9923 0.9904 o5 09441
36338 8357 08334 07480 . - 06242 »
. ago=020 . - :
208.11 - 37660 38740 - . 08ogl . Bas0
305.47 30107 - 30040~ . 0.8030 24840 - ‘
" éi3.57 ‘2;{9.05 ‘2_.4530‘ - ‘»,'_6.:?963 R 1':95"3:() e



‘:;"f"":'ff“"i.' SRR e
o e

(e

333.§? 14585 14870 . 0.7797 | 11500
34347 1827 1190 . 07715 0.0250

353.28 . 98.06 09867 - 07634 0.7532

363.47 ' 8255 . 08235 . 0750 06210

‘.'BHQO = 0.30 ._ \\ ‘ | ‘ \\, | |

300.74 . 344.06 35380 © ' 08143 . 2.8810

' 300.33 347.85 . 35770 08147 - 2.9140

306.06 29205.  3.0010 0.8000 '2.4”314'0

313.80 123437 2.4050 08038  1.0320

323.33 18310 18740 - 07953 . 1.4000
33317 552 14830 -'0.78’(9 L1670 o
35367 9732 . 0978 07697 07535 ,
" 36332 8382 08360 07616 :}f’f 0.6367 '

| Zr,0 = 0.40. S ’ o 1&3l .

20776 38074 . Csem0  os2r 3.2360 |
306.67. . 29649 3040 08166 24970 g
313.80 234.46 24060 08128 19560
323.32 18262  1.8690 0.8048  1.5040

333.32 144.39 14720 - 0.7964 1.1720

343.33 116.{82’,‘; 11840 07880 ~ 0.9330 -
353.58 9625 09676 07794 0.7541
36345, 82.06° 0818 0771 0«31

TH0 =045

29885 37140 3.8200

-——

08312 . 3.17_50._"'}.
30561 . 29882 30710 - 08254 2.5350
31352 8725 . 24350 08185  1.0930



323.67
333.50
343.18

- 362.95
‘ TH,0 =—;"0.9_9

303.26

312.99
323.5,

'333.59

343.32
353.28

295.25

295.45

304.03

31334
323.29
 333.54
1 343.17

353.34
362.99'

- 9296.03
206.01

181.58
143.71

117.32

.

- 353.71

96.18
83.07

330.52
268.69

231.34
188.46
164.35

145.40

Solvent : 2-butanol /water mixtures zg,0.= 0.0

413.28

4_(59-.95
301,08
221.28
164.33
125.21
100.08
81.38

68.66

ZH,0 =0.10

. .360.89
36122

1.8580

14650

1.1890

0.9669

0.8281

- 0.9367

0.7586

0.6216
1 0.5260

0.4553

-0.3986

e

4.2520

4.2180

3.0940
2.2690
1.6790
1.2720

-1.0080
08100

0.6737

3.7120

3.7150

. 0.8008
0.8012
0.7929

0.7838
0.7759

10.9887
© 0.9854

0.9810

0.9760

0.9703

10.9638

. 0.8051 -

0.8049
0.7973
0.7889

0.7800"
0.7709
©'0.7623

0.7532

' 0.7445

0.8093
~ 0.8093

-1.5050

1.1740

0.9428
0.7579
0.6425

0.9261

. 0.7474

'0.6097
0.5133"

0.4419

. 0.3843

3.4230.
3.3950

2.4670
1.7900

1.3100

0.9806
0.7684
0.6101

© 0.4989

" 73.0040
£3.0070

232



30492

31381

323.27

33322

343.14
353,71
© 363.35

206.85

305.52

- 313.87
323.60
333.54
‘ 134347
353.20
. 363.19

296.86 "
306.58
313.68
323.34
333.26
343.27
353.28

363.65

- 269.46

- 158,40

123.90
99.64
81.28
69.23
TH,0 = 0.30
347.52
262.24
205.05
158.45

125.26

101.78
84.91

ZTH,0 = 0.40

1361.25

262.37
© 212.43

163.83

12016

104.42

8645

% 1450

zH,0 = 0.50

(- 206.12 .

72.44
[

11.3130

2.7680

2.1120

1.6170
1.2580

1.0030
0.8089
1 0.6799

3.5740

2.6930
2.1010

1.6180
1.2720

1.0260
0.8476

- 0.7144

© 3.7160.

2.7050

2.1780
1.6740

© 1.0540 -

0.8640

" 0.7375

0.8013'

0.7933
0.7847

0.7758
0.7668

0.7573
0.7486

0.8219

0.8142
0.8068

'~ 0.7981
0.7893 '
0.7805
0.7718
0.7630 -

©.0.8315
0.8228
| 0.8164
3.0.'8078‘

0.7989

" 0.7899

0.7809
0.7716

12.2180

1.6750
1.2690
0.9760
0.7691

0.6126

© 0.5089

2.9370

© 2.1930

1.6950

1.2910
1.0040
0.8008

0.6542
0.5451

3.0900

2.2260
1.7780

13520
1.0490
0.8326
0.6747

0.56¢1
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«

20693 . 37450 T 3.8520 0.8438 3.2500

© 305.19 283.75 2.9150 08365 24380

| 313.40 ©22100 . 2.2670 0.8203 1.8800

| 32333 168.60 17230 0.82/05/ 14140
333.06 133.22 1.3550 0.8120 1.1000
343.21 10715 1.0820 08030 08688
353.18 \é&qgs " 08874 07943 07049
362.;7 7744 0.7680 0.7856 .06033

ZH,0 = 0.60 |

20701 386.87 . 3.9800 08579 34140
297.15 384.95 3.9600 08578 - 3.4000
30521 . 20247 . 3.0060 | 0.8507 1.9460 .
313.76 22503  2.3080 0.8432 14660

- 32365 17LM1 1.7560 0.8346 1.1370
333.50 13528 13170 o0826d". " 09030
34330 - 100.38 1.1060 05173 0.7284
36311 8096 00011 ..  0.8083 25570 <

| zmo=068 |

296.19 40571 4.1740 0.8730 ' 3.6440
32341 17512 . 1.7910 0.8501 1.5230
32863 15378 15690 08457 13270
333.80 °  136.26 1.3870 08414 11670
343.27 11122 - 11250 0.8334 09376
35338 “orez vo.92'19‘. 08249 07605 | &
1.00 = 1.00 1.0000 1.0000 1.0000

g0 = Q.97



3

303.71

313.63

'323.18

333.57

%, 343.59

353.64

302.92
313.52

32373
1333.87
. 343.65

353.62

303.16
313.35
323.66

333.62
 343.68.
353.77.

303.47 '
313.61 -
323.51
. 333.54

444.92

345.61
280.59

231.56
- 197.01 ¢

170.93
zy,0 = 0.98

395.48

307.76

250.43

209.92

180.85
1 158.16
ZH;0 = 0.99

333.24

269.73

922.07
189.93

' 164.68-

145.09

Solvent : t-butanol/water mixtures zz,0 = 0.0

418.03

261.12

179.22
130.76

1.2650
10.9801
0.7930

0,6513
0.5509

0.4747

1.1230
0.8712
0.7059

. 0.5884

0.5037
0.4371

0.9532
0.7616

- 0.6263
© . 0.5302
0.4563

0.3985

4.3010
2.6820

1.8340

11.3300

" 0.9786

0.9743
0.9695

10.9635
0.9570

0.9498

0.9840
0.9801

0.9754

1 0.9700

0.9641

0.9572 .

© 0.9892
0.9858
09815
0.9765

0.9706
0.9640

0.7742
0.7627

0.7513

0.7399

1.2390
0.9558
0.7696
0.6282

0.5278
0.4513 |

1.1050
0.8538

1 0.6885
0.5707
0.4855

0.4183

0.9429
0.7508

0.6147
0.5177

0.4429
0.3842

3.3300
2.0460

1.3780

10.9841
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343.37

348.47

353.38

305.54
313.54

323.47

333.38

343.18

3563.28 -

303.29

313.59

332.55

. 333.39 |
343.44

303.27
313.59
323.44
333.42
342.76

303.43

313.68

323.72°

101.03

" 89.90
81.15

zH,0 = 0.10
. 368.13
264.52
185.55
137.26
106.28
,85.23
zH,0 = 0.30
' 424.60
281.61
1200.11
149.30

115.13
20 =050
452.92
303.29

215.89
160.77
126.26
szo‘.'; 0.6;)

451.57

304.02
217.48

1.0180
0.9005

0.8076

3.7870
2.7170

1.8990
1.3979
1.0130
o.g;{io

4.3690
2.8930
2.0500
1.5230

1.1660

4.6610

3.1170
2.2140

1.6420

1.2820

4.5830

3.0850

2.2050

0.7286

0.7227
0.7171

0.7890 .

0.7111
0.7610

0.5706

0.7399
0.7286

0.7972
0.7871
0.7773
0.7677
0.7579

0.8226
0.8150

0.8039
0.7945
0.7858

0.8395

0.8302
0.8211

0.7417
0.6508

0.5788

2.9560

2.0980 .

1.4470
1.0490

0.7939
. Y
b 0.6194

13.4830
2.2770

1.5930

' 1.1690

0.8866

3.8340

' 2.5340
1.7800-

1.3050

- 1.0070

3.8470 .
 2.5610

1.8110

9236




333.58

343.23

303.46
313.58
323.78
333.73
343.49

303.62
313.65
323.66

333.69

343.49
353.24

303.19

' 313.49

323.88

333.75
© 343.63

302.77

313.27
323.02
333.48

-163.24

127.57
‘. .

z Hzlo = 0.65
445.61
302.45
316.05
162.43
127.24

0 = 0.75

410.67
283.76
205.70
156.07
123.39
102.23
zH,0 =.0.91
912.20
844.21
482.43
328.36
312.10

- T,0 = 0.95

648.09
467.18
363.52
289.86

1.6530
1.2890

4.5860

' 3.1000
2.2150

1.6590
1.2930

4.2260

2.9150 °

2.1080
1.5930

4
1.2530
1.0280

2.6020
1.8360

1.3730
1.0860

0.8837

1.8470

1.3290
1.0320
0.8197

0.8121
0.8033

0.8504
0.8412
0.8320
0.8230
0.8141

0.8761
0.8674

0.8589
10.8503
0.8419.

0.8336

0.9446
0.9369 .

0.9291
0.9218
0.9145

0.9673

0.9608

0.9548

0.9484

1.3420
1.0350

- 3.9000

2.6150
1.8430
1.3650
1.0530

3.7020
2.5280
1.8110
1.3550
1.0550
0.8569

© 2.4580

1.7200
1.2760
1.0010
0.8081

1.7870
1.2770

0.9854
0.7774

237



© 343.53

283.15
288.15
293.15

303.20 °

313.51
324.14
33?.69

343.42
| 353.48

240.64
zH,0 =.1.00

459.52

401.39

0.6775

1.3070

© 353.48

\“ 282.83

»  232.43
194.85
169.63

151.57

133.70

1.1400
10030

.. 0.7994

0.6538

0.5446

0.4708

0.4177

0.3647'v &

0.9422

0.9995
0.9987
0.9977

'0.9952

0.9919
0:9877
0.9833
0.9786

0.9719

238

0.6383

. 1.3060

1.1390
1.0010
0.7956
0.6485
0.5'379' )
0.4629
0.4088

"~ 0.3544

‘%M‘\\

Tabe 3-29: Parameters for the temperature ‘dependegce of viscosity ‘in

alcohol /water mixtures.

ADgy

0.03

ZHo bo b1 107 5, 10°° b5 10°° Az
x y
Solvent : 2-butanol/water mixtures /~ -

0.0 14.16160 -175.96800 60.i4050 -5.74516  0.01 0.03
0.10 8.50318  -121.96600 43.54500. -4.12279 0.03 0.08
0.20 -2.98089 -7.35'163 5.74-2v38 0.03 0.07
:0.30 -2.39655 -10.64170 6.22064 0.04 - 0.06
0.40 -2.13835 -12.37820 6.55305 0.02 '0.04
0.50 - -1.97165  -13.41800 | 6.76191 0.02 0.04
 0.60 -1.50166  -16.32201 7.25580 0.06 0.09
0.68 -1.14159  -18.41220 7.58934 0.06



O .

| 239
<

, 097 -16.70551 142.87900 -47.92830 6.11713  0.03. 0.07
0.98  -11.81450 91.34061 - -20.84740 3.97164 0.0 - 0.01
0.99 -14.23320 113.21500 -36.26012 4.53677  0.01 .02 |
1.00 0.24096 62.65074 -10.08150 2.53846 004  0.00

Solvent :fao-bﬁtanol/water mixtures
0.0 :'4.73580  -01.90840 36.84990 -3.74467  0.03 0.07 ~
010  -1370370 89.30580 -22.37061 2.66483 007  0.16
0.20 -4.24079 . 284959  3.94311 0.05 0.11 .
0.30 -2.88761  -5.87670 5.33538 0.07 0.13
040 313074 -457166 5.17796 003  0.05
045 ~ -2.680238 -7.55512  5.60054 . 006 - 013
0.99 -1.41213  -13.14550 5.21390 . 008 0.14

Solvent : t-butanol/water ﬁlixtu;'es " - A,
0.0 -23.00810 318.35600 -80.40421 11.05750 0.02 0.04
0.10 3.71664  -58.17580 15.31610 005 0.09
0.30 2.32528  -47.17630 13.31600 002 " 0.4
050  1.02%06 -37.73540 1737180 010 019
0.65 1.88409  -41.96170 12.25170 0.04 0.08
0.75 2.31467 -43.65170  12.32640 »0.04 0.07
091 . -3452710 323.92806 -109.38200 13.26010 0.0 0.01

0.95 -27.36951 254.76100 -87.21640 10.81080 0.01 0.02
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Table (3-30): The energies of activation for the viscous flow E, (J/mol)

in butanol/water mixtures obtained from the linear form of eq.(35).

TH,0 by E, TH.0 - b n
Solvg;n(t: iso—butagoé/wa.tex; , Agw = 1%  0.30 1540 20.5
0o ! 1234 23.6 0.50 1529 29.3
0.10 1199  23.0 0.60 1510 28.9 *
0,20 1183 . 22.6 0.65 1482 28.4
0.30 1178 22.6 0.75 387 / 26.6
0.40 1193 28 0.91 1243 23.8
0.45 1198 22.9 098 140 218
0.99 - 516 15.6 0.98 or 118"
Solvent: 2-butanol/vxater , Agy = 2% 1.00 . 806 | 15.4
0 1382 26.5
1246 23.9 o @ "
23.0 . P
123.2
24.1
24.2
24.0
4 24.0
097 40 18.0
098 889 17.0 {
0.99 824 15.8

. Solvent: t-butanol/water , Agy = 3%
0 1617 310 °
0.10 1532 29.3

- a ;
- B -/
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41 .Sblverit Strgcture‘ Eﬁ'ects in t-Butanol /Water Mixtures‘ ' v
e g L
~ Among the butanols only ¢-butanol is completely mlsc1ble w1th ‘water
over the full composxtxon range and the temperature range used in the present

- study. Hence, t- butanol is used as a ba.sxs in the study of butanol/ water mixtures.

4.1.1 Composition Effécts -~
~ Rate constants, k; , for inefficient scavengers are more dependent on

solvent conrpOSitibri than are those for efficient scavengers (Flg 4-1).

The reactivities of e,~ with the efficient scavengers are 'nea'rl); diffusion

controlled.
| 4;.1.1'.1 , Diffusion Controlled Reactions S o’ ‘
i ,4.1.1.1.(a) Solvent Vlsc031tg Effects g

v
-
apd

The rate constants for the reaction with n1trobenzene age nearly dlffusmn
- controlled ‘with kg > 107 3 /mol.s. The Smoluchq}yskl (54392;1@ for diffusion

%
v

control]ed reactions correlates kg w1th-«the d1ﬁ'us1on coeflicients D of 4he reactants o

\h=4nNuDi+DsfRe+Rs) . (30)

1«&

/where N A is Avogadm s constant, the D’s are the diffusion radii, and the R's are

\‘reactlon ra.dn of the twoﬂreactant molecules a.nd (R +R5) is the reaction dxstance

o ut)scnpt e refers to ey~ and subscnptS refers to the scavenger Apphcatlon of

\the Stokes Einstein (64) equa.tlon, |
6nnr

A
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)
to equation (36) gives the Stokes-Smoluchowski relation :
\\ ! 0
L . _ keTN B . .
- p b= P ,,(_ )(Rc + Rs) o (38)
- %‘\ ’ . .
. ‘
or, e |
‘ \ ! tant o .
lt}) k k2 = cons an"v“’ . | . o | (39)

-where u is the moblhty zmd e 1s the, charge of the eléctron, and from eq. (31).

,(149 . 152) of ey L

O

’7

K

| where kp is Boltzmann s constant n is the solvent vxscosxty and rz the effective

x‘adxus of X for dxﬂ'usmn The deformable es” can’dlffuse more ﬁex:bly through

the fluid’ than can a rigid sphere the value of th,e -effective radius for dlfquxon
= ¢

Te, 18 the«refore smaller than \the mol ra.dxus In pure water D, = 4 9 x

10~ m?/s (63), Dyzo =2 3;: 10-9 %/s (147) and n =8 95 X 10~4Pa.s (148)

at 298K This corresponds to Stokes radii of r, = 0. 05 nm and rH,0 = 0.10 nm.
‘Therefore, even though the . electron is spread over a dlffuse space that covers
) segeral water molecules it dlﬁ'uSes more easily. tha.n a smgle water molecule and

vhasv 8 correspondmgly sma.Ll ef feetwe radlus for dlﬁ'usmn e

(3]

ov -

The values of r it alcéhols ca.lculated from eq (4U5 using the rnoblhty- :

,‘ . (l&’ ) .
D= ,ukBT R

. g e : ¥

| __ )

— )

| usmg v1scosxt1es (153 154), are not constant,. For 206 + 3K the. followmg values of
T (nm) are obtaxned methanol, 0 28 ; ethanol, 0. 28 - propanol 0.09 ; n- butanol
FO 04 ; 3-methyl—1—buta.nol 0.02

a fra.mework for dxscussxon in the ‘present work
Log kg for mtrobenzene is plotted agalnst log 7 in F1g (4 2)

Equatxon (39) is obeyed 1n only one portxon of the curve The curve can

hus the Stokes' - Elnstexn relation serves _only as

be dmded mto four zones as had been observed for 1- propa.nol/ water m1*<tures" _

y—
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_ | Fig 4-2: The Values of k; Against Viscosity n for reactlon thh nitro-
benzene Solvent:QO,t- BuOH - PrOH

3



S
eSS

ey

- -W6) The same four zones are also observed“m» the optxcal absorptnon energles of

" ):;he ;, (36, 37), and the freezing pom@ve of t- BuOH /water I Jtures (44, 45).

. . T y ,\.‘Q .
hey 'ﬁte ' e : : e
. ) t

T e 0 2 )HzO < 0.19; k2 decreases\whxle n decreases slightly, T T
NS

b. 0. 01 < TH;0 < 0.65 ; ko i mcreases while n mcre’ases slightly. The up- -

per limit of this zone corrCSponds to the maximum yiscosity. of t-butan-

)

| ol/water mlx\tures, .
c 6.65 < Ti0 < 0.97 ; k2 x 77! in accordance with the Stokes-Smol-
- uchowski relation, ‘
d097<z;{20<100 k20<77°54' .
Rate. constants in the alcohol rich zoneés (a.) and (b) (0 ; THY0 < Tz ) behave
in & manner opposite to that predlcted by the, Stokes-Smoluchowski equation.
: Hovuever the viscosity' changes in these'zones are quite small (Fig. ‘4!-3).
4 The rate constants in the-water rich zones (¢) and (d) (Tygmas < TH0 S
1. 00) correlate mversely W1th n These zones include a large change in solvent
vwcosxty » ‘

Only zone(c) follows the Stokes- Smoluchowskx equatmn In th1s zone the

Nk va.lues are constant mdlcatmg a constant va.lue throughout the zone fo1 Hhe
0

e

factor (2 + ;;)(Re + Rs). This implies the following in zone (c),
| a. eithe"r the i‘e&ction and diffusion radii increase by the same amount or

both decrea&e by the sarme a.mount | H

h. reactlon radii and the dxffusxon radii rema.m constant throughout.

The Aame zone eXIStS in pnzlq.ry alcohol/water 'm1xtures (76) Values -
of nk, for t- butanol/water (4.7 x, 107 3, mPa/mol) o s zone are cc‘msxstently
hlgher tha.n those for primary a.lc0hol/Wa.ter mlxtures (34 0 x 10"m3. mPa/mol)
T}us mdxcates a value 1.2 times greater fm the factor (-4“‘4,-‘ s )(R + Rs) int- bu-

‘ta.nol/water than in"1- propa.nol/water Imxtupes The lar%er factor com be due Y |

th i

o W
A

d,x,’ e
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Fxg 4-3 Composxtlon dependencq of v1scosxty n°and solvation energy of

. ", «the eleCtl‘OH -‘Er m t-butanol/water mxxtures E, values from ref. 36,37. 1 values

E from ref" 138 a.nd 148



to either an increase in the reaction radius or a decrease in the effective diffusion
radii. The difference is probably due to the e,~ rather than the scavenger. The

mean radius of a nitrobenzene molecule is 0.28nm. Assuming r. & 0.05 nin for

zone (c) (water-rich zone) one obtains effective reaction radfi (R, + Rgs) = 0.12 nm

for t-butanol/water: miﬁctures and 0.10 nm for 1-propanol/water mixtures. These

are'smaller than the 0.28 nm tpbysical radius of the nitrobenzene molecule and
indicates that the reaction between e,~ and nitrobenzene does bot occur at every
diffusive encounter. )

Variation of k; bvith n in zone (d) is in the same direction as that pre-

dicted by Stokes- Smoluchowsk1 but has a smaller dependence. Values of nk2 in

this 2 zone for t- butanol/wa.ter and 1- propa.nol/water are approximately the same.

e boundary of the zone is approx:mately 0. 97 mol fraction water for both types
cohol/water mixtures.’ Thxs composxtxon for t- butanol/ water is cﬁaracterlzed
by the maximum structure enhancement of liquid wate;, which occurs by the hy-

drophobic t-Bu group oecupying cavities (154 - 158) in the water, lattice.

4.1.1.1(b)  Solvent Dielectric Effects

“The dielectric properties of the solvent affects the reaction rate constants

only if one or more of the pafticipating reacta.nts are ions. The diffusion radius

- of an iont En a pola.r solvent depends on the bulk v1sc051ty, the dielectric constant

and the dlelectrlc rela.xatxon time of the solvent. The reaction radii depends on

" the 1nteract10n between the ion a.nd the other reactants.

The dxpole moment pof mtrobenzene is 4.2 D (ref.159). The interaction

energy between a smgle charge at a distance of | 1 nm from a dipole of the above

strength is,



2 -
4

| .
S . pe ;20 - o .
: \Uidl = W‘— T x 10 18.7 ‘. ‘;; o (41)

whereas 1f the dxpole is substxtuted by aﬂother smgle charge 1t bccomes,

i

\eza‘l 23

lU' il = 47reoer

The mteractmn between the elee‘tron and the mtrobenzene molemle is
comparable to that between the electron and a singly charged ;1or1 Thexefom,
models that consider the reactivity between two charged reactants alse can he
applied to the present system. |

The modxﬁcatxon of Smoluchowski’ equatlon by Debye (55) cons1dus the

solvent d1electr1c effect on the reactlon radius..

ks = 4nNs(D, + Ds)(R. + Rs)f - (43)

where { is a correction factor for the Smol.uchowski- reaction radius. The factor f

is given by, 1 -
‘ U(R) 1

f= kBT(eU(R)/"BT 1) o ' (44)

“where U(R) is the potent1a1 energy between the reactants glven by equatlous {41)

and (42). Accordlng to this formula the rate constant between two species with

= — x 107187 , L (42).

an attractive interaction is greater't‘_ha:.n that if the speciés are neutral, whereas

for a repulsive interaction it is lower.

The rate constant normalized by the cor:ectio;;\ factor f, k2 /f, (assuming
a.oreaction distance of 0.5 nm) is plotted against n in Fig.(4-4).

‘The boundaries of zone (d) remain the same v;hereas those for zone (c)

are reduced. Only part of zone (c) (0.97 > zg,0 > =0.85) obeys equation (43).
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Fig 4-4: Values of k; /£ for nitrobenzene against viscosity # in t:-butan-

ol /water.
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‘Since eq.(43) adjusts the rlaaction radius the constant nke values in this region
indicate that the diffusion radii do not change. But‘ the diffusion radius of an
ion (electron) depends on the dielectric properties of the solvent. A constant
diffusion radius in this zone is possible only if the electron is sdlvutled in the same
environment. d

Similar behaviour is observed ixl the optiéal absorption energy, Emaz ¢

A
of the electron. The values of E Amaz in this zone are approxunatcly coustzmt and

shgltly higher than that in water (36,37). Therefore the electron is solvated in n

water dominated region throughout this zone.

.AThese results may be interpreted according to the popular clatllrutlz _

model for alcohol/water micro-structure (108-113). When a small amount of al-

cohol is added to water, the water molecules order around the alcohol and form

oligomers similar to clathrates. With increasing ilc>hol content micro-phase sep-
1

aration of clathrates and a random mixture of alcohol/water molecules is assumed
to occur (109).
. Thus the electron in this zone is solvated in.the clathrafe‘s. Since the

compositions in these micro-phases do not change;,the» environment of the electron

remains the same. Hence the trap'depth and the diffusion radius of the e,” are

constant. The affinity of the scavenger molecule to these clathrates is even greater
than that of the electron. The clathrate formation of water in the presence of

hydrophobxc molecules is common to most types of non-electrolytes. Since ni-

trobenzene has an alkyl group which i is hydrophobic, cla.thrates with this molccule"

_ should form. Therefore the ﬁctxon rate consta.nts depend only on the v1scosxty

of the solvent since the movement of these mlcro—phases involves 7. If this mtg-,

pretation is correct it would mean that clathrates exist at much higher alcohol
cornposmons than that for maximum structure vstabxllzatxon (which for t-BuOH is

-about 0.97 mole fraction water).

»



<
41.2 Slow Reactions

, The composition dependence of ;"atel constants is greater for the reaction
of solvated electron with the s‘cavenger,s' of low electron affinity. Rate constants
for phenol and toluene when plotted against viscosity (Fig. 4-5)
displa); behavidhr similar to tha} for efficient scavengers (Fig. 4-2) only
in zones (¢) and (d) In these water-rich zones'v characterized by largechanges of
viscosity (Fig. 4-3), k2 is inversely correlated to " |
The alcohol rich zones (a) and (b) dlsplay quite different behaviour from
‘-that of efficient scavengers. For the efficient scavengers‘ k; decreases slightly in
zone (a) and increases slightly in zone (b), whereas for the inefficient scavengers
there is a sharp decrease that extends through iones .‘ (a) and (b). Viscosity in
theée two zones changes only slightly. Therefore another effect must be involved.
" Low rate constants for inefficient scavenéers are due. to the low proba-
- bility of reaction of a (es™ + S) encounter pair. When the electron afﬁrﬁty of the

scavenger is low, a large solvatlon energy of the electron dchses the probability

that the electron would transfer from the solvent trap to the solute (160, 161)."

Qv
(7]
<

Thus for the inefficient scavengers, the solvation energy of the electron (the depth :

of the electron potential well or trap depth) is more lmportant than the dxﬁ'usmn

The electron trap depth in the solvent i isrelated to the optical absorption
etxergy (162). The absorption band is very broad; probably due to a distribution of
trap -de}')th}s.. There is no uhiversal agreement a\s to the cause (42, 163-165) of the
broademng However evidencefrom the phot01 nization spectrum suggests that
the absorptlon band includes the bound to bound transitions as well as bound to
contlpuum ‘transitions (20-23). y ,\

Wh-ate\ier the c‘ausev,:; tl’iewglectrdns thatjhave the lowest excitation en-

ergies have-the greatest reactivity with inefficient scavengers (164). For kinetic

C A ’ -
W :

re
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L purposes E has béen chosen as an indicator of reactwe shallower trap depths:

Al , - v (ﬁ !

v . ) ! (Y
‘ ; N . ‘ .
Lot o :

e (160)

.

RN E, ="‘EA1},mz—,Wr‘ - v o "A,(4'5)":

5

, where EAmu 1s the* energ}g at’ max1mum absorptlon and. W is the W1dth of the .

by

;band on the low energy sxde at half hexght C— o

f.[‘he threshold energy for photoxomzatxon Eu, is related to the shallower
/

B trap depths of the solvated electrons In alcohols Et;, is sllghtly greater than the

4 " threshold energy for optlcal absorptlon and lower than E, (20 6 43) Thus E is’

444444

-represe'ntatwe of the depth of the shallower electron traps

Q.

\E,- 1ncreases Icz decreases Tlm eﬁ'ect is magmﬁed for 1nefﬁ( ient scavengers smce‘ :

trap depth is more 1mportant for those In zones (c) and (d) the change of E ls'.

| very small but the change in n is large, and ka2 correlates W1th 7.

)

Zones (a) and (b) correspond to a large change in E' (Flg 4- 3) As.“; :

The rate of reactlon for. mefﬁclent sca.Vengers is controlled both by the L

A,‘

- dlffusmn rate and otherﬂfactors such as t j

: olvated electron trap depth Elwdmg '

' ‘_ 'kg by the nearly dxffusxon controlled rate’ constant kN of nltrobenzene displays "~

; ';ﬂ”the effects due to. other factors The ratlo k2 / kxy (s\apprommately equal to the‘_v“ '

imately umty ‘The calculated sum of reactlon radn in the pievmus sectxon was:

approxxmately 1 /3 of the sum of the physwal radn Thus t’or mtrob.enz,ene the'

—

‘-'.encounter eﬂlcxency of the reactlon, taklng that W1t nitrobenzene to be appro*c-'_' e

<,

- f":‘encounter eﬁicxency is probably ~ 03 o ) * : o s el

The encounter eﬁicmncy k2/ kN 1s plotted aga.mst E, 1n F1g (4 6) - SPVEN R

.,n

Fof both phenol and toluene, P

T T
»

Coe o,
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F1g 4- 6 Encounter efﬁclency for mefﬁclent scavengers aga.mst solvated
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Solvent'OY,t—BuOH ",1-PrOH
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.

. ‘Thl.s makes the protons of the OH’s less avaxlable to the electron Thexefore .

’ ,above correlatlon except in zone (a) . ‘ .

tWo reactxons B

: _Therefore rate constants for meﬂiclent scavengers decrease due to the increase of

electron tra.p depths. Values for 1 propa.nol/water m1xtures also agree thh the

E

1)

In the prx%‘xy alcohol/water mixtures a mol fractxon of 0.10 of. water

' mdlca.te a minimum in the optrcal absorptlon energy of the solvated elect1 on (167)

The mxmmum was explamed in terms of 8 water nucleated hydrOgen bonded struc-

‘v

ture thh the central water molecule bonded to ‘about elght alcohol molecules.

o )

)E decrea,ses These protons are also needed to protonate the S= f the followmg,_

B e;'%s:-s- ST )

1 S +ROH—->SH+RO" | - @8)

The hydrogen bonded structure makes th’protons of the OH’s less accesmble

: .;to the S, thus slowmg down. reactlon (48) Therefore In zone (a) the encounter

-~

. evén though the trap daeﬁl of the solvated electron decreases

Dev1atlons from' Stokes Smoluchowskx behavxour are d:splayed for all
R ' :

‘ four scavengers in Fig. (4—7)

[3V]

‘efficiency of 1neﬁ'1c1ent scavengers for pnmary alcohol/ water mlxtures decreases |

'by plott;.ng hky agamst the mol fracmwater For all four stavengeps—\

T]kg decreases in zone' (a) It is more 1ntense for the 1nefﬁc1ent sgqvengers due- to 2
- ‘tra.p de'pth dependence Thle decrease contmues up to- a:,,m“ for the méfﬁcxent |

o -,scavengers, whxle for %ﬂi 1ent scavengers 1t mcreases shghtly The value of nko in

~1

zone (¢) does- not/change sxgmﬁcantly except in the case of acetone for wh1ch the o

B

: R
o A

Zone (d) dxsplays a decrea.se in nkg for all scavengers

expenrnental scatter is greater because of concentratlon measurement problim ,.
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cohol), the mlcroscoplc

. increases. \

T

3

correlated to n. The similarity bethen thevviscosity dependence of the two types

of scavengers arises because in this zone the optical absorptmn energy does not

change sngmﬁcantly Thus the inefficient scavengers in these zones reflect clmnges

\ .
in diffusion. Therefore theomcrease in nk, when a small amount of alcohol is added

to water is probably due to changes in diffusion and reaction radii.

As- xplamed in the prev1ous sectlon, in zone (c) the scavenger “and

the elect',ron are probably solvated in élathrates Since clathrates mvolve.ter*

-

c con’stan‘bnear the’ electron and the scavenger is

-lower than in bulk water. The l<>wer dle.lectrlc consﬁ.ﬁt lgads oa greater potentlal

interaction between the reactant pan' whlch in turn gw@!‘ ﬁ %gher«fate constant

. e
til the water structure maxrmally stabllrzes The local d1electr1c 60nsta  for t’her

encounter paur is lower than in water and the reaction radn hxgher, the nko va,lue
N ’ . . + .

[
B

41.3 . Changes for 'Alcghhls R | ST ’

/-

The a.lkyl group atta.ched to the- OH in tert1ary alcohol is bulluex“than ‘

around the electron Slte because a greater dlsqllptlon of : l1qu1d structure is needed

e

| ‘Therefore for the three types. of alcohols the solvation energx of the. electron is

_ the lowest in tertxary alcohols As. the mol fra@tron of water in alcohol 1ncreases ,

T Rate c‘o_.nst‘ants for all scavengers ln the alcohol-rich zones dre'invers.ely-.i

‘ molecules ordered around the non-electrolyte glolecules (in the present case al-

' In zone (d) the electron gets solvated in pure water xgledmrn anid clmhrate$én\

\

r\‘

in the other three types of a.lcohols It i is more dlﬁicult to orlent the molecule

the solvatlon energxes in the rmxed solvents become more equal Thus the range o

: of sol& txon energles in tertrax\y a.lcohol/water rmxt@es is. greatest and the change

; ogw i th e alcohol rich zones (a) and (b) is la.rgest for t- BuOH/water mmtures
A : . . . i ‘ .

-
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On the water rich snde‘ the change. of k2 values is largest for t- BuOH

e

“because the v1sc051ty change is the greatest. In addxtxon ko values are shghtly "“‘

higher in t- BuOH proba.bly due to a la.r\ger reaction radius.
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414 o Temperature Effects =~
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w

Actxvatror\ energles E; of the reaction between e, and scavengers de- s o

crease sharply in zoné (a.) w1th mcreasmg water content stay constant in zone (b),

| "relaxatlon (in addltlon to viscosity) because d1pole rotgtion must occur %;ﬁa—

w

A}

then decrease gradually in zones (c) and ) (Fig. 4- 8)»

The actlvatlon energy for v1scous flow E,, dlspla.y‘

r Thete is a correlatmn between E; and E‘
,.\; - l",?' ]

The rnoven‘lent o‘f an-ion through a‘polar medium’ 1nvolves d1 eqtrlc

neously with charge mlgrél‘bn It would be of 1nterest to compare lth f/ ;

with that for d1electr1c relaxatlon Er when the va.luee are avaxlable.
Actxvatxon energles for th¢ €™ reaction with different scavengtrs (Fig.

4- 8) dxsplay a shght shift agaxnst ea ,ﬂotuv in zones (b) (c). and gd). They

are in the order toluene > mtfobenaene > phenol > acetone The solublhty of

L 3

.. scavengers in water is in the order acetone ® phenol > nxtrobenzene b toluene

% lues |
ce E

e same zone be- .

éss soluble scavengers have h1gher actlvatxon -energies. This 1nd1cates a te,ndency :

-

for the electron to be preferentxally solvated by wa.ter and the orgamc solute to be

preferentlally §ylvated by the alcohol, creatlng;a srnall energy barrler for the close

&

approa.ch of the reactants S : - ;@ :
. . ‘ * v "«. ‘ . . ' . | B 5 '“v \“ |
4.1:4.2 Entropx Effect S b ,(; : .
_ The entropy of actwat:on AS’é also dxsplays zorie behawour similar to
o T S
Ez and E, (Flg 49). . o

-

o

s I G|

"» A.S'2 valies for the reactxon between e, a.nd 1nefﬁcxent sca.vengers are about 45

Y

e s S‘jntmpres of actlvatron are negatxve for less eﬁment scavengers The -
A ol i ) ‘ -

b mol/ K more negatxve than that for nitrobenzene. The energxes of actwa,tlon :

4

-

-

-

.

{
5

l
4
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Fig 4-9: 'Thgﬁcomposit'ion dependence of activation entropies in t-bu-
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tancfl]v#ater mixt ures. Soluté:Onitrobenzene :D‘,acetbne ;~<>;f>he1iol ;V,tolﬁene'. >

Y



shell of‘GchsH 5 protonates the anion. The net rate of decay of the solvated

electron is:

for the reactione of inefficient scavengers are within + 2 kJ /xnol of‘thut of ni-

trobenzene, Therefore, differences of reactlvxty between efficient and inefficient
scavengers are due to ch ges of entropy rathex than of energy. When the’ electxon
aﬁimty of the sca?engei lows, electron capture depepds on a fa.voumble dipole

ra.ngement about the scavend®r molecule A more negatwe entropy indicates a

"

1 wer probablhty of this occurrence.

8 o A S
445;143 ~» Curved Arrhenius Behaviour -

vﬁ' . “ ‘The rate constant for the reaction between e,~ and toluene in pure t-

. ¥

‘BuOH increases with increasing tempefature. until 318K and then decreases (Fig.

3-38). Below this temperature the average E; = 20kJ /mol and AS:’_‘e =5 J/mol.K.
whereas above it they are 520 kJ/mol and, -135 J‘/mol.._K’respectivel:y. A similar

+change of the rate constant with the temperature was Seen for the reaction,

P . 2e5 — Hy +20H-

v

in Water'( 161 ).

4

, The react1on between e;~ and toluene is a tW& step process:

L}

e5 + CH3CsHy = CH3CeHg, - )
' ROH + CH3CeHg, — RO; + CH3Cs Hy . -(50)
» . . " ‘g
.

Reaction (50) is probahly first order; one of the ROH’s in the solvent

L —dleg]

~2 = ks [e5)CHsCoHs) -



If AS] = AS%,q they ASE ~ 145J/mol.K.

R
" where
| bopy = ko kso ‘
7 (k=49 + kso) 7
LI
' i ‘ EN /
" The reversal of direction of change in the rate constarit with increasing
' /
temperature can be explained as follows. At lower temperg,tures,
e ’Cs,o > k-49 Kby = kg
R o v T @
o o : IR o
N .
At higher teriperafures, L o ;
N . ., v ~M7‘w Y
) o ' kagkso
kso < k—49; Kops = %
" 49
’.4‘ R 4 .
‘8 The energy of activation at lower temperatures is, " ot
o ca . :
r . By = 24k]/m01
o ' h
and at higher teniperatures it is,
. .
&40+ Eso — E_:;jﬁ—: —-20kJ/mol. *
Théréfor,e’ ;
E_49 - E50 = 44kJ/mol .

~

/

Ta.kmg Esp* 20k]/mal gives E_49 = 64kJ /mol whlch is qulte hlgh The dlﬁ'ex-

[

ence of the entropies of activation, - ' ~

' -

ASE'- ASE =140Jmol K.« -

/‘_,

ke
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Toluene is diﬂ'ereni: from the other scavengergin that it does not hydrogen

bond with the solvent. Toluene also has a low elec on affinity. The capture of
~ by such a scavenger depends upon the occurrencelof a favourable configuration

of solvent dipoles about the reaction site, s0 tha@ 0] dipoles are oriente'(l more

towards the toluene molecule and less towards the e~ site. A favourable reaction.

“conﬁguration in‘creeses the solvation energy of the scavenger anion and'(l(‘(-rcz\.ses
that of the electron The sarne applxes for the protonation step.
| The net reactlon deﬁpends on the relative ‘solvation energles of e,  ,
- CH3CgHg, and RO;. The reVerse of reaction (49) has E__m 64kJ/mol. This. -
large energy is needed to loosen the solvent structure around CH;CgHy, anion
to aocomodate tre es” when reaction (- 49) proceeds Af ‘!‘DWer temperatures re-
unr. aCtION (50) is sufﬁ.c1ent1y fast relative to (-49) so that reaction (49) becomes rate
... determining. | o .o - | ,
| As the temperature is mcrea.sed there is more thermal agxtatlon 111"!‘11«3t
hquxd Thls rnakes it miore. dn‘ﬁcult to have favoura,b]e dlpole arrangements, whlch
1s'1rnportant‘to reaction (50). Therefore reaction (-49) becomes more 1mport_,unt
relative to &50), leading to the semmiti‘ng case, B o
, v -~
o : \
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. 4.2 . So)lve i i -eg

The solvept effects in water mixtures of butanol isomers are compared

among each other in thls section to provide more 1n31ght into the study of alco-

[

hol/water mlxtures as ‘solvents and the effects of these on the reactivity of the

-

Cs

” \\
' ’ N

421 - Composition Effects N .

. L . .
The rate constants for electron capture by i‘nefﬁcient scavengers in the

~N
-

.water mxxtures of butanol isomersg displey greater dependence on solvenf; comﬁo-

sition than do those of efﬁcxent scave@ars (Flg 4- 10) '
.. ' »* ‘ ' T

L4

-~ 4.2.1. 1 Efﬁ%ientlﬁcavengers

A "” The values of ky are nearly ﬂlﬁusmn controlled and the solvent isofher

‘effects are dlsplayed in fayr, qpr?ipositxon zon;es S IR
n (a) 0 < zg,0 < 0.1,-the k2 values are in the order : ¢t-BuOH > 2-BuOH =~

lBuOH>zBuOH R

(b) 0 1< l'H,O < ZTgim, t the ky values are in the order 1-BuOH > 2- BuOH >

2- BuOH > t BuOH where

dim 18 the composmon of water at the limit

of 1mmlsc1b1hty on the ,ohol—rich side.

(c) ?z:,,ma, < ZH,Q < 0 97 for -BuOH , for pther alcohols thisis the 1mm1sc1ble

reg1on v ’/
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42 1.,1(a) ‘ tok s-Smoluchowski M el .

A

% and y are compared w1th solvent vrscosrty n by msertmg the Stokes Emstun (64) l

" "ffor dlffumon.%oeﬁiments D (eq 37) 1nto the Smoluchowskx (54) relatxon (eq 36)

Accorghng to the Stokes-Smoluchowsk1 model (54 64); the isomer eﬁccts,.' o

Rate constants k2 of nearly dlﬁ'usron co‘htrolled reactxons betmeeu spcue '

at a ﬁxed composrtron xnay arise due to drfferences in vrscosrty N drﬁ'usxon 1adu r,

\
"or react'xon radn R In zone (b) the kg values in drfferent butanols at a grven wnter

' content are 1n the inverse order of vrscosxtles The 77k2 values in 1- BuOH(‘, i BuOH

a.nd 2- B&)H ata certa.m compos1txon in zone (b) are the‘'same (Flg 4- 11)

Ve

B .radn in water mrxtures o BuOH - BuOﬁ‘and 2- BuOH ate the same. |

. the isomer effects of prlmary and secondary butanol/water rmxtures, but is not

However T]k2 values in t butanol/water mlxtures are dlfferent from those

Tl'ns mdxcates that at a ﬁxed comp081t10n drﬁ'usron radn and reactronv

of the other alcohol/water mlxtures ; The above model is. sufﬁcxent to e*cplam—_f"' |

d%qu\ate,to _explaln the drﬁ'erence in t-BuOH /water. o R

vy

42, 11(b). Debye Model

The Debye modrﬁcatron (55) of the Smoluchowsk1 relation consxdcrs the_ o

o change of the reaction radlus due to potentxal dxfferences between the reactants o

| f:-molecules of hlgh d1pole moment Assummg R = 0. 5nm, the correctxon factox f :

. vfor the reactlon radius in eq 43 is- calculated and the rate constants corrected for

@

'(eq 42- 44) As seen in. sectron 4 1 this relatxon is apphcable to reactlons between ‘

Lo

an jon and a hrghly polar xnolecule ﬂoth scavengers mtrobenZene and acetone. are

1 LN 1]

'thxs efl'ect and solvent v1scosxty are plotted in Fxg (4 12)

‘ These look sxmllar to the plots of T]kg m Flg (4—11), the t- BuOH curve"

remains hrgher than others
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Both Smoluchowskx and Debye modelsgg_xﬂ_d\m*/the vxscosxty of the bull.

. solvent . Thls probably is dxfferent from the mxcroscopxc wviscosity félt by the

diffusing reactants The mxcroscoplc v1sc031ty around a charged specxes depends

) ".“,on the bulk v1scosxty, the dlelectrxc constant and the dlelectrlc relaxatlon of the

‘solvent molecules. In the Smoluchowsk1 and Debye formulatlons these eﬁ'ects ar&

-

absorbed i in, the eﬁ'ectwe diffysion radms of the reactants

There are many theorles used to calculate the effectlve dxﬁ'usxon radius

,of a, dn‘l'usmg species, and the Hubbard—Onsager theory (71) whlch calculates. it

as a ‘function of solvent v1scosxty, dlelectnc constant and d1electr1c relaxatlon time :

7

:nges the best- agreement with exnenmental results in alcohol/ water mlxtul es (72).
The Hubbard Onsager du'fusaon radius of a univalent i ion in ethanol/water mix-
_tures decreases 3 fold on gomg from pure alcohol to pure water A decrease of

the d1ffu31on radlus corresponds t6 an increase in the nk2/f values as. seen for

butanol/water mxxtures (Flg 4 11 and 4- 12)

The values of nka/f in alcohol/water mixtures decrease 1n zone (a )

increase in zones (b‘), (c) and slightly decrease in zone (d) The mcrease in the
above normalized rate constants*corresp‘onds to a.decrease in the diffusion "radii' -

. (cha.nges in zone (a) w1ll be explalned later) but the extent of change is shghtly less

than that pled1cted by the Hubbard Onsager theory Therefore the dependence of )

the reactivity on the dl& i

Debye relatlon - r

The dn‘ferences among thé"normahzed ks values in different butanols at a

' ﬁxed compos:tlon 1nd1cate that values of t- BuOH are consxstently hxgher Tertxary

o

W

butanols are dlfferent frorn the other alcohols m that the dxelectrlc constant is lower - s

. than that { in the other alcohols (m which it is appmxlmately equal) Therefore the
= larger va.lues in t- butanol/water implicate that the isomer eﬁ'ects arise mamly due

to the effect of dxelectnc constant on the diffusion radms

i N i . .
- . . 7 N g
: ) . S . ) I8 9

e



s
The v1scosxty and dxelectrlc constant norm‘zed rate constants in bu~
tanols are the same for all i isomeric butanol /water(rﬂxxtured a ngen composmon :

(Flg 413) \

-

Thxs formulatxon conyders the total eﬁ'ect of dxelectrQlc consttmt on the ‘

dxffusron radii and reactxon radn to-be proportlonal to € while lhat n Debye is is .
v o .

Lt proportional to & where x < _1;, and in Smoluchowski it is ingzKapendent of ¢ e

| o / |
42.1. l(c) Trap-depth Model o { e
( ' ~ -Neither the Smoluchowsk1 nor the Debye model for nearly dlﬂ'usxon con~ ‘

trolled reactions explams the’ d1ﬁ'ren9es of rate constants m‘zone (a). '

The values of enk; are greatest in'tert.iary.‘andlo\;v‘est in primary alcohols.‘ )

The di:ﬁ'erencesaamong‘ these intrease as the -eﬁicieﬁcy of the scavenger decreases.
The rate’ constants for the 1nefﬁc1ent scavengers depend on the solvation energy of

. the electron (sectxon 4 1.

e

The present values of enkg in all butanols are 1nversely related to E (Fxg :
o , . .

s
PR

414y

There is greater dependency for. sca.vengers that have lower efﬁcwncy of .
. Py i

electron capture. It is c%ncluded that fora cornpletely d1ffusmn controlled reactxon"

‘kz vvould*be, mdependent of E,.

- 42.1.2 - Inefficient Scavengers
The react1v1ty of the solvated electron in the same, llcohol is related;to i

L .the efﬁcxency of the scavenger (Flg 4-15).

4 As the efﬁcxency decreases the dlﬁ'erences arnong the rate constants in

dxﬁ'erent alcohols mcrease Thus effect other than dlﬁ‘usmn are mvolved m the _ y

' reactnv\xtﬁs of -melﬁcrent_ scavengers. : R SRR S
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L
/( ' ‘Thereactants in an electron scavenging reaction first np;ii'oach‘ench other

by diffusion accofding' ‘tbo the process (51), ~ ° -
S L 45 =[e58) o e
and then react tc;gletheraccording to reaction (52),

, [e'§,'S] — products ‘ - (52)

»

The observed.rate pbnstan ko for electron capture'is,”

4

) kC kslksz

53
k_s1 + k3. ( 3

‘The rate constant for nitrobenzene, ky , is nearly diffusion controlled,
so. in this case k52 > k-s1 and ky = ks). The rat/e constant for afx inefficient
scavenger is strongly ‘affected by factors which affect step (52). Examination QL..

the ratio k2/ky uncovers ‘effects due to factors other than diffusion.

4.2.1.2(a) .Pure Alcohols

In purerbutanols log(k,/ky) is inversely prof;orﬁon_al% E, (Fig. 4-16).

—

Equation (53) can be rewritten as;

"\'\ . .
1 -1 k_s v
—_——= 54
; ky ks1  ksiksz (5)
Since ks; ~ ky, T v )
o ’ . : kn k._51 ; ° - .
[ - = 1 + — ' T 5
, k2 ks 2
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For the inefficient scavengers k_s; % AKQ, thus - | -
kn _k-s - |
o AP i1 § \ 56
) ky - ksa | , (56)
¥ ) - ‘ . T ‘

A.ccording to the transition state theory

.
-

270

L kpT A # ‘ ‘ i
Y —=—=3 ¥
k T exp( BT ) (5:).’
and, |
k AGE - AGF . |
In(2) & (—828 . (58)
k2 RT ‘

where AG?* is the free energy of activation of the reaction. When lc_,-;lﬁ,» ksd,

AGTy) < AGS#Z and,
. > :

§ kN '
'ln(k—2 ~ AGL, /RT - (59)
Hence the free e;xergy of activation of reaction (52), AG’?2 increases with the trayp

depth of Athe solvated electron . .
. 'i*

The sensitivity of AG?2 to trap.depth, AG’.?:2 /E,,, is a function of the

" dipole moment g of the present scavengers (Fig. 4-17).

4 AGH L |
' E, *T(n) | (60)

For these scavengers the electron affinity appears to correlate with the dipole .

moment (Fig. 418). . o /

- When the scavenger is less.éfﬁcievﬁt, as phenol or toluene, log (ka/kx)

values in butanols are consistently higher than those in propa.nols" (AG’?2 véxl‘ueq 4 .;

are consistentlyv lower; Fig. 4-16) , and the ratio in propanols is greater than

that in ethanol at the same trap depth. Thus the differences in AG?:&2 values at a

constant trap depth depend on the number of carbon ‘atoms in the alcohol; there

is no isomgr“effecf and the larger alkyl group facilitates the reaction (Fig 4-19).

3
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| . Fig. 4-18: ‘R;elationship between the electron affinity, EA, and the

dipgle moment, u, of the present_sc.avengers. Values of electron affinities are

from ref. (,170’) and the dipole moments from ref.( 134). So{utie: QO ,nitrobenzene;
{,acetone; D‘,pixenol; 171) .‘

/\, benzene (éleé:tron afﬁnity of toluene is unavailable)  (the electron affinity of

X .
acetophenone was used instead of acetone).
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The reactxon of &~ : w1th an 1nefﬁc1ent scavenger proceeds as in 1em,tlons
' (47) ancl (48) Solvation eﬁ'ects on the reactants and products es” ;,-S ) ,and RO~
"control the rales of the reactlon Thls solvatxon process is apparently strongly o

aﬁected by the 31ze of the alkyl group of the alcohol

The size of the a.lkyl group is reﬁected in the molar volume and the .

‘ f‘ : molecular polarlzablhty a of the alcohol (Table 4 1)

. Therefore the value of AG depends on the mola.l volume of the aolvent

in a.dd1taon to the solvatmn energy of €s” 5

l AT AG52o<f( )+f(a) (e
o where f (a) is a functlon of solvent polanzablhty o | G - o
It 1s possxble to compare thlg’emplrlcal equatlon thh that of a theor Ctl(.dl /\ s
treatment (175) | Sl e LT | R //

 AG"=—BA+AGHS )- AG) ey
o where‘ AC p(s ‘)cIS the free energy of polanzatlon of sca.venger in the solve mt And

B AG (e) is the free energy of solvat;on of th“e electron Acc’ordmg to thxs (3(%1011,f
: . 3 e P A i ..-/ . Lo

| fi A= By - pEfAs + »AGP(S)"‘#".AGA(N) s

v.\llhere AGP(N ) and AG p(B’) are the free energ1es of polanzatxon of the mtzoben ' 5 |

. zene and the scavenger molecules e :

*

The values of AG p( =) are usually estlmated using the Born equatxon :

’I;'Gp(js*);s;o-l“_-—')'vj«, e



B VP R O PR ogs
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. \\ ‘Table 4-1: Mean molar volume Vs and polarizability « of solvents at "l" ,
208K, | o ] SR

. dolvent M T ~ Vi | a

100 4 L. 107

/ o " BN . _-’ .o s . ; _,~";'
: . kg.mol™! < m3.mol™! C.m2 vyt

Methanol 820 . 400 R
e ‘#t;hahdl T 461 BTN T % LN X

l-prpanol © 601 Ji - 74,80

. 2-propanol . . 6017 » - - T64>
1-butanol - 741 | 915

e
-

“i,‘b_utanol A 17'4,1 - . 92.4¢
2-butanol 741 . 9i.7f
, t-b‘uta,no‘l R 7% | | ‘ » R 93.9°
; AlcohOUwatér IAnixtures’ : ‘ o
B Zm,0 =010 |
ibutanol e85 84.8°)

2-butanol - 685 R L
87.0°

1 ~

t-butanol_" : '/ 68.5
| < ZTH0 =035 |
" ibutanol . 545 66.0

~ 2-butanol 545 R 663

" t-butanol 545 - 612 |

. .a.. Confrjers'ion féétbr 16?4cm3 = '.1..1:.'4::10"400.?»32‘.;1":1 | R o |
b.Ref. 172 .
c. From ndenﬁitiés ir_lﬁ‘th,e pi'esent work - E
d. Ref. 173 B

- 'Ref.','174b |
: f vés:'su‘med to be thé sa.me -
ey



R

, where r is the effective radius of the ioff S™, e is the charge of' the electron, 60, the

perm1tt1v1ty of the vacuum, and €, is the relative perm1tt1v1ty of the sol\'ult By

appllcatlon of € eq. (63)

By log(% SAGE-AGE - - (65)

' where,AGf and‘AGf, are the free energies of activation for the reaction of és™ with

‘the scavenger. Thus, T - -

v g . k2 B -,. . ) 2 1 | o |
o log(-k—N) =FEAN — EA; + g/_e TN( -~ —) - Bre 15 1- '6-) (GG) -

e2 . 1.1 ‘1'.

=FEAy - EA5+
87!’60 - €Ty TS

Ina plot of log(kg [kn) agamst (1 - -l-v), the slope s

slope = (—1— - —1—) | ‘ (68)

\\\

,'The values of log(kz/ky) for phenol a.nd toluene in a.lcohols are plotted against -

(1 )1nF1g (420) L ' : \»' -
: The va.natlon of log(kz/ kN) is sxmlla,r to that of Fxg (4-16). For. ineffi-

cient séavengers therws much greater scatter indicating that equatlon (62) is not

e I (R

applicable to all systems The agréement for efﬁcxent scavengers is probably duc '

“to sunllarltles in the variation of € and E,- in alcohls The observed variations are
* due to the change of E, , Thxs is cla.rlﬁed by comparmg Figs.(4-16) and (4-20).
Accordmg to equatxon (62), for solvents of sxmllar dielectric constants

the value of AG’ for the reactlon of es” W1th the same scavenger depends only on
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. ‘ , ; .
the solva.tlon energy of the electron. But as seen from equations (65) to (67) the

log (k2/kn.) values obtalned from’eq.(62) do not depend on the solvatlon ener gies

"of the electron. In fact(equatxon (62) does not, dxstmgulsh between the efﬁuent o

and 1nefﬁc1ent scavengers, and treats those mdlscnrmna.tely, except in the elcctxon

“affinity term whith is 1ndep_endent of the solvation energy and polarization cnergy

. terms. Therefore even if this equation may explain some of the differences between

the reactivities of ey~ in alcohols it is not sufficient to- give a complete picture.

4.2.1.2(b) “ Alcohol[Water Mlxtures - '_ g

I

Values of k; / ky in alcohol/water mlxtures decrease with | mcreasmg, trap -

depth of the e,~ (Fig. 4-21). .

‘At a giVea/wate'r content in the different isomeric butanols, the 'trhp

depth dgpendence of log( ka/ky) is similar to that in pure butanols. This iridicates

- that the differences in solvation by the pure ispmeric alcohols persist in the watey

mixtures. i N .

Although the trap-depth dependence is the same, log(kg / kN) values at

TH,0 ~ 0.35 are ons:stently lower tha.n those in z H,O ~ 0.10, whxch are in turn

—_—

lowe&than those| in pu:re alcohols The molar volume of alcohol/ water nnxtures, R

deCrea.se w1th increasing mole fraction of water (Table(4-1)). Here the molar mass

of the solvent is, o - A ' o -

tHe facto (1 ) ThlS 1mp11es that 1t is the: polanzatlon of the solvent by the scav-

M =:C1M1_+ ToMy ; Co .(69) )

, he log(kg / kN) values correlates with the molar volumes but not W1thf )
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by the solvent.- When the polarizability of the solvent is greater the anions in eq.

(47) and eq. (48) are solvated in a deeper potentxal well and are more stable. .

*Thus the factor,AG p(s7) in equation (62) may be replaced by that of -

f(oz)v. When wateér is added to alcohol the mean'molar volume decreases, the ef-

o

fective mean polarizability of the solvent molecules atound the scavenger moiecule

and the other participating anions'decrease, the product ions become less stable

and the rate, constant decreases.

" Thus equation (461) is also applicable to alcohel/ water mixtures..

422 ' nergies and Entropies of Activation - V-

4

- The energies of activation E; of the electron scavenging reaction correlate

* with E, , except for the reaction with toluene (Rig.. 4-23)

L
.- Zene.

Values of Ez for toluene reaction are mudl hxgher than for the other

sce.vengers. The E, values are also exceptionally hlgh for the reaction with ‘ben--
‘ : . .

Toluene and benzene have low electron affinities (170, 171); low dipole L

moments and do not hydrogen bond with the solvent. In alcohol they are solvated

by the a.lkyli group, vvhile. the electron is solvated by the Hydroxyl groups. This

.might create a barrier to close e.pproach of the reactants and cause the higher

actlvatlon energy of reactxon In water, all scavengers are solva.ted sumlarly since

is small. . .

In solvent' zones (b) (c) and (d), with TH,0 > 0'.‘1, a lower rate‘cénetant
is ma.nifestedb\as a more positive acrrvation energy (Fig. 4-24).

For capture of e;,~ by a scavenger of low electron affinity a favourable ar-

rangement of solvent dipoles about the scavenger molecule is requlred A more neg-

they all have hydrophobxc groups and varlatm? of Ep among different scavengers _

ative entropy of activation indicates a lower probabxhty of a sufficiently favounqble

arrangement of the solvent, which causes a lower capture rate constant.
\ . N s .

-



Aolovz-BuOH

N
o0

 E, (k/mol)
8 8

E, (kJ/mol)

E,, (kJ/mol)

3

h
bnd1

02 ,04 06 08 10

\

Fig. 4-23 Composxtlon dependence of energies of activation E; .

A, t-BuOH

Solute:



iy

i

© M
0l—-— 80 000T ‘ 8°0 90 ¥0 co 00
T T ] —A 0°'GG—
L I
‘l I | .
i 1. %
B auan|o} ,o.om....
B joueyd O
+ o wco‘*o.oo v B>
W suezusqoniu QO ZS
s _ o

0°0¢c




Y : . : 203

4.3 | . Comparison of e,~ Reactivities with Polar and

\

The solvent effects are further investigated by comparing the reactivity
of the e,” with charéég scavengers. The major differences between thesc two
types of scavengers are the differences of reaction radii and diﬂ'usion. radii. The
ions also have structure-bre&king;and structure-making effects which change the
local viscosity around the ion (176) . o

The rate constants of es~ with the present scavénkers are nearly diffusion -
Cont_rolled with ko > 10"m3/mol.s. Of the scavengers studied the reactivities for
negative scavengers are more solvent composition depende‘n.t than thpse for the

—

positive scavengers (Fig. 4-24).

43.1 Positive Scavengers

The composition dependence of rate constants for the reaction with

. . . e
Ag* is similar to that of nitrobenzene (Fig. 4-25).
N

The aPPlicatioh of the Stokes-Smoluchowski relation fgsults in four com-
position zones (Fig. 4-26). |
(a) O 5 zh,0 < 0.10 ; k2 decreases with c.iecre‘asing viscosity, '
(b) 0.10 < 4,0 < Typ,: ; k2 slighgly increase__s with increasing viscosity,
(c) .x,,m,, < -'17.}120 <0.90 ; kg ac'p~! |
(d) 0.90 < Th,0 < 1.00 5 ky oc n7054 |
In zones (a), (b) and (c) the rate éonstants for‘ the reaction withlAg+ alre consis:-
tently higher than for nitrobenzene at the same composition. In zone (d) the rate
constants are similar; th'e factor (l + J—)(Re + Rg) is the same for bdth systems
The greater rate constants for-reaction with Ag* almost- over the whole

composition range are probably due to. the larger interaction between the Ag* ion

and the e,~ tha/t results in an increased effective reaction radlus.
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The effects due to the potentlal mteractlon between the reactants are
- AN

' idh) ;
the rea 'ant mtera.ctxon in- the present case.depends on the type of the potent1a1

9

o vdlfference The xnteractxon energles of 1on-d1pole and 1on-1on encounter palrs are

’ ngen in eq. (41) and (42) If the encounter palr is 1on nonpolar the potentxa.l

1nteract10n between these are ngen by (174

: con&deratlon in the Debye equatxon (55) The correctxon factor due to: :

-~ 0
AN
: " S
Qe ; .
3 Upp = . 70- ,
/,‘_ '.'n 81['6067‘4 ‘, 5 o v' o" ( ) .

:For an mteractmn dlstance of 0.5nm the value of U (r), for the reactlon changes

mthesuch that o ‘__ S
: o

*

‘whereas the correctlon factor changes as

% 2 T 1-ep(-Cle .,

()

/ : v U(r)'_—-—'—'—.i '. o | h ,.:(71“) Lo

A

The value of constant C is 112,1 for the reactxon of e, thh AgT % and. .

e .~224 for that w:th Cu2+ whereas for- mtrobenzene (dlpole moment 4.22 D) itis

»

“-, 19. 6 The rate constants normahzed w1th the corre@tton factors hre plotted agamst

' vxsc031ty m Fig. (4 27)

The k2 /f valu& are. dxv1ded by that in Water to normahze the rate

PSR |

e constants for the effect of electron cap.ture efﬁcxency o o :

Once the dlfferences in potentlal mteractlon energles for the reactlon of

» S ¥

eg” thh charged a.nd polar scavengers are taken mto accourit the rate constants_.

" . ‘_a.re sxmllar in zone (d) and part of zone (c) The value (kg /£ ) at dxﬁ'erent i

osities )
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displays_ thé chﬁnge of (r_l,,' + ;%)(Re + Rs) . This figure imply two important solvent

.eﬁ'ects A .

1 the factor ( o e )(Re +Rs) is constant in the zone 0.85 < 271120 < 0.97, - |

2. the factor (s L (Rc + Rs) for reaction w1th Ag™t is similar to that

with mtrobenzene

Once the effect of the dielectric constant on the reaction radius is COrrected; (Re+

"'Rg) is probably equal to (e +T5). Therefore,

R

1 ‘ L Te+T :
(= +7 -—)(Re+Rs>~(" e
° T
If the two solvent effects are considered, -~ = } \\ '
1 consta.nt'( + 2 )(Re +Rs),
(;— —)(R +Rs) constant
- Te
N2 .
m ~ constant BRI (73)
- 7'e7'3

- ance the optlcal a.bsorptxon energles imply that r,z in thls zone is constant
; ’I‘S is- also’ consta.nt

2. 81m11a.r values Qf( + )(Re + RS) ,

((—- —)(Re+Rs>)Ag+~((— IR R

where the s_ubsérip‘ts-Ag'f' a.nd N z'trob refers to the silver ion and ni-

“trobenzene resp’eCtis?ely.‘ '

((r,+rs) Yt 'N(_(r_c_j_Ls)_)Nm,,'_. o (14)

Tel's TeTS

Since 7, is constant ; r .+ R Taitrob
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This seems" to‘be quite impossible sincethe phy‘sical radilus of nitroben% ‘

zene = (.28 nm whxle the Stokes radius of Agt is 0.15 nm. The only possxble wuy ‘

this could occur is if both scavengem are solvated in clathrate rmcro-plmsc

—~— [

hen alcohol is added to water, clathrate structuxe formatlon 1s' sup-

I posed to occur (109-111). With further addition of alcohol the clathr ates separate

into rmcro-phases These micro- phases are water-nch smce the maxxmum struc-

‘ture stabllxzatlon occurs at Tg,0 ~ 0. 97 in t- BuOH (108, 109) which concspond

rates N1trobenzene as a molec-ule w1th a hydrophobxc group forms clathrates.

. toa water alcohol ratxo of 33 1. Thus in this zone Agt has more aﬂimty to clath-

Therefore the effective dxﬁ'usxon radtﬁs for the scavenger is.that of the nucxo- 3

’phase, whxch is the same for both mtrobenzene and Ag* . The constant value fox

(;: —')(Rc + Rs) _1nd1cates that mxcro-phases may exist up to mol fructxous of

085water B _‘ o T

In the reglon 0 < z 1120 < 0.85, the normahzed ky / f values for llltl()l)ell-'

 zene are consistently higher than for Ag_ and the extent of dlﬁ'erencevu'l»creases

- with the alcohol cOntent (Fig. 4-28). ' p

P

Silver is a small ion (ionic radii ~ 0.126 nm) leading to electrostuctmn .

ina polar medxum It acts as a structure maker and increases the local viscosity

around 1tself (177) This leads to a lower dxffusxon coeﬁic:ent and eventually to

Vs
‘a lhwer rate constant The structure makmg eﬁ'ect increases w1th the decrcasmg

structure of the solvent (178) l
As the solvent becomes rlcher in alcohol the micro- I;hases collapse and
. W

the scavenger and the electron start to get solvated in the general med:um The

structure in alcohol/ water mixtures decrease with i mcreasmg alcohol content; the

3

structure making effect of the Ag‘*’ lon 1ncreases, and the rate constant deuea.ses
t e . .

432 - Negatlve Scavengers
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The rate constants for the negatlvely charged scavengers dlsplay gy eater
composition dependence in"the alcohol rich solVents (Fig. 4- "9) A

To determine if this is due to the change in the dielectric COns‘taut of the
solvent, the Debye relation is ap?li‘ed. For an interaction distance of 0.5 nm the

correction factor f changes as

1121/ - | e
= esp(1121/6) -1 | (‘})~

" The value of f gradua.lly decreases from 0.45 in water, to 0.0007 in alcohol The
correspondmg values for Rf are 0..23; nm in water and .0.0006 ni in pure alcohol.
The values of Rf in al_cohol/water ‘mixtures are meaningless since that in water

.probably corresponds to the physical radius of the NO3 molecule. .

. The values of f for C’rO2 molecule are even, more e(agger'atcd This

301

mdlcates that the change in the dlelectnc constant does not have an effect on

these two scavengers since the reactants are so close together when the reaction

~ occurs ThlS is conﬁrmed by the slmllantles between the reacthtles of the negative

‘scavengers and: that of the normahzed rate constants of positive scavengers (Fig.

4-30)

- “in the water-rich zones. The rate constants for-all three scavengcrs Ag*,

N 03‘ , and CrOZ‘ , are 31m11ar in the water I‘lCh region 0.85 < 21,0 < 100

' 1nd1cat1ng that these ions are solvated in water-rxch clathrates.
-

In the ‘alcohol- nch reg1ons the react1v1ty of N O3 ion is less than that of
Ag+ “The reason is not electrostnctlon since. N O3 , 8 comparatlvely Iarge 1on

_ acts as a structure breaker (176) that results in-a larger diffusion.coefficient. In

' fact, even though the jonic radius-of Agtis probabl)’ about half that of NO7 , the

' Stokes radii of the ions are respectively, 0.62 and 0.72 nm. The rate constant for :

e
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the reaction with NO3 at zg,0 = 0.10 is about 4 fold lower than that with Ag*

The diffusion coefficient and/or the reaction radius of VO3 is lower. Since the

Stokes radii of these two ions are comparable a lower diffusion coefficient for the
reaction with N Ojis possible if there is hindrance to motion by ion-pair formation

(association between ions) (177-179).

433 anp;mumﬂmdsms

The energles of activation in pure water are in the order Ag* >Cu’* for

304

posmve ions and CrO?~ >NOj for negative ions (Fxg 3 154). Thus the chzu ge "

eﬁ'ects are manlfested as activation energies. When the i ions are positive there is a

greater attractive interaction betwe@_ﬁye electron and the ion with larger cha1 ge

-

"densuy Since Cu?t has a larger charge density it attra.cts the e, more easily

than Ag* ; it has a lower E; value. For the negative ions CrO}~ has a greater -

. repulsive interaction with the electron and thus the energy of activation is higher

than for NOj .

Generally the negative ions in the present study have energies of acti-

~vation lower than tho = of positive ions. The negative. ions NOj and Cr0?~ are

leitye, ions compared to the positive ions Ag* and Cu?+ . Thus both negative ions

act as structure breakers while the positive ions act as structure makers. There-

fore the positive ions are solvated in dee,pef potential wells and reaction with the .

electron is more difficult; E; values are greater.
In the alcohol/water mixtures, the energy of activation decreases in zone
(a), is constant in zone (b) and gradué.lly decreases in zones (c) and (d) for positive

scavengers The activation energles for Cu?* are also’ S1mxla.r The same zone
h

‘behaviour was a.lso observed for the reactxon with nitrobenzene and is correlated

to the energy,of activation for vxscous flow.



The values of Ej for the reaction with negative sc‘vcngers decreanse in
zones (c) and (d) as seen for nitrobenzene and positivé scavengers but decreases
- gradually in zone (b).

When alcohol is added to water the compositiqh depende_n_c'e; of ky for

negative ions is simdlar to that for positive ions and that for nitrobenzene (Figs.4--

~ 28 and 4-30). But below z Hzo‘z 0.85, k2 for the negative ions decrease persunﬁbly
-~ due to ion-pair association. Existence of the scavenger ion as an ion-pair with its
counter io;l makes it difficult for the elecfr_or; to react, and theref;Jre increases the
energy of activation. Thus the lowér rate constants are not only due té lower diffu-
sion coefficient of the pair, but also due to difficulyy of approaching the scavenger

ion.
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4.4 Temperature and 'Q_ omposition Dependence of Densities

jities o ate ixtures

Correlation of the e, reactivities with the transport properties of the

solvent reéluired the temperature and composition dependence of the dynamic
viscosities of the butanol/water mixtures. Since these were unavailable in literature

the study of densities and kinematic viscosities was also included in the f)resent
N4
thesis. )

The composmon dependenceof thermophysmal properties of binary mix-

tures is often descrxbed in terms of propertxes that for ideal mixtures have values
' Yiq (144,146) where, o
Yie=21Y1+ szz (76)

where 1 +z2 = 1and Y] is the value for pure component i. These properties are

-~ v
*

'd.
\z:idxtwe in mole fra.ctxon The megsured ch is related to- an excess value Y£

»

ere, = —
N

“

YE‘ = Yczpt - },id . ' (77)

44.1 Excess Volum | : .
. For the densxty gme addxtlve property is the molar volume V = M /o,

LN

" where M is the molar mass for the mlxture and (181),

M =X(z; M;) - (78)
. The ideal xf'iixture volume Viy,
* Vig = ZuMy + ZaMy (79)
.t - Pw " Pa

where subscripts w anq a refer to water and alcohol respectively. Hence the ideal

mixture density-is,
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M | pid = Mm [Vid
— (szw +xaMa) (80)
(2wMu/pw + TaMa/pa) B
The experimental densities and the ideal mixture densities calculated using eq.(81) _
o i TS | N
are shown in Fig.(4-31). / o

Va;bes of perpt are larger than pia. Therefore the liquid contracts on
 mixing (144, 146). | |

The;;:omposition dependence of ﬁhe molar volume V is usually described
in terms of the excess Qolur'ne VE | rather than that of p. '.

vE= XL _y, (81)
Pezpt : . i
’ . . )
The excess volu;hes calculated from‘the above equation are listed in Table (4-2)
and fox; two temperatures are plotted in Fig.(4-32).

The excess volumes are negative iﬁdic;a,ting the tontraction of the liq-
uid. This is probably due to the breakdown of the opleh structure of water. The
minimum in the VE plot deepens with increasing temperature in t-BuOH /water
solvents. In’thé the other two butanol/water mixtures |V | decreases with in-

creasing temperature (from 278 to 328K), but remains approximately the samne on

further heating. This implies that the increased thermal agitation of the solvent

makes it less non-ideal.

442 Viécositz
The main problem in calculating an excess viscosity is the lack of agree-
‘ment as to the form of the ideal mixture viécpsity. Although the equations (76)

and (77) can be used to define ideal viscosity (182), the only mixture that could
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Table 4-2: Excess ;(olumes VE in butanol/water mixtures.

o | VE VE N T VE

)
R

Water in 2-butanol

T 278.15 © 203.15 328.15 | 353.15
£ 0.10 0.111 0.085 0.026 0002 |
0.20 ‘ 0.298 0.249 0.164 . 0.126
0.30 0332 0283 0.235 0.219
0.40 - 0.487 0.422 - 0a7 0.290
0.50 0.632 0.562 0479 0.468
0.60  0.674 © 0.595 0.478 0.459
0.68 0.665 0.585 0.493 0.498 /
0.97 0.221 0.212 L o217 0.203 @
0.98  ouz2 0130 0155 048 ¢ C

99T 0.048 0.054 0,078 0.075
Water in i-butanol . |

T 273150 203.150 - 323150  353.150

010 . 0300 0244 0.146 " 0.061

£ 0.20 0.381 0.298 © 0199 0123

0.30 0.515 - 0.392 0254 0128

0.40 0.613 0.401 0.346 0.243 “
0.45 0.737 ‘o568 v 0368 = 0202

099 0061 0.085 0.072 0066

Water in t-butanol
T 298.150 313.150 © 313.150 353.150
0.10 0235 0.398 0.620 . 0.888
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* be described by it is H,0/HDO/D20 _(184)'in which the components are quite .

' similar. The most widely used relation is that of Arrhenius (-185),

4

!)‘

1

" and power-root1(186», 187) '_ o

@quatlons

e

and ri 1d1t of the alk l ro
S grdivy ¥ g ul5

Thls is equatlon (76) thh Y, Iny;.

In(n’A,.‘) ;.ilzn(qll)j+*x21n(ng) SRR (82)

There is also dxsagreernent whether the more meamngful is [fnnupt -

InnA,] orv[n“p_g - nA,]. The other models : are fluxdlty (183, 186) L

e 12 + 228, : ’_ S (83) |

i
.8

Cont=ainf g o (84

X

( ) (82) and (83) are shown in Fig. (4- 33) \o '

.In each case . the calculated values are far from the expenmental values .

The equatlon (84) w1th a-—l /3, 1/2, and 1 /2 5 was also’ tested ca.lculated values

“The expenmental vxscosxtles and the values calculated frorll enttions ‘

- lie between the values of eq. (76) and (82).\THus regardless of the form of njiq the |

present work mdmates a large posrtlve excess v1sc031ty

The vrscosmes of butanols are m the order *t BuOH > 2- BuG)H > 2
Eb

BuOH > 1- BuOH The V1sébsxty of the @hol increases W1th greater br 'mchm ]

-y e \

The vxscosxtles in alconol/wnter mxxtures also dlsplay zone behav1our

as observed in the kmetxcs of e,~ rgactrons In water r1ch -zone (d) they are

: sxmllar 1ndxcat1ng that the increase in viscosity is due to hydrogen bond formatlon

among water molecules rather than betgeen water and . a.lcohol Wxth increasing

.
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' temperature the mcreased thermal ‘agitation of the solvent makes it less non-:deal
. (Fxg 3- 155) ahd thus the vrscosxtres of the two pure solvents become srmllar The
decrease of. viscosity thh mcreasmg temperature for the alcohol is much greater

" tha.n for water; a greater energy is, needed for the dxf’fusxve rnotxon in alcohols than

_ In pure alcohols, the energxes of actrvatlon E,, , are in the order ; t-BuOH"
‘> 2-BuOH > i-BuOH > 1-BuOH (Flg 4- 34)
The values for 2- BuOH and i- BuOH are in the inverse order of viscosi-

' ties. In these 2-BuOH has a more rigid alkyl group, whereas i-BuOH has a less
sterrcally hindered -OH group whrch facxhtates hydrogen bondmg Both processes “') '
are mvolved in the motlon of alcohol molecules '

| Thus’ hxgher E values in associated liquids are due to two.pr0cesses
| that are responsxble \for the greate_r difficulty of molecular ,translatlonal-rotat10nal _
motion (123): . | |
L greater drﬁ'lculty of motlon caused by the rigid shape of the molecule, .
2. greater attractrve 1nteract10ns between the molecules. (which pull the
.. molecules closer together and decrease the free volume between them).
The attractrve forces among the tertiary a.lcohols are expected to be less favourable
because of the steric hmdrance of the bulky and rxgld alkyl group so the molar
tvolume of t-BuOHis slxghtly greater than for the other buta.nols The higher value |
- of E,, for t-BuOH implies that the ngrdxty of the molecule is ‘more 1mportant for
the motion. of the butanols than the attra.ctwe forces. The more ﬂex1ble alkyl
_ groups of the other butanols facrhtate dxﬂ"usron Thus even though the a carbon
atom of the i- BuOH molecule is less sterlcally hmdered whlch promotes hydrogen |

’ "bondmg, 1t has & lower E,, va.lue than 2- BuOH



N )

E, (ky/mol)

Fig. 4-34: Cp,mpds'itioh dependence of a(;tivzi;ibn energy for viscous flow,

E, .’ Solﬁen!: :At-butanol [water, @2-butanol/water,$ igb—b tanol/water, P 1-butan-

‘ol /water .

o



When water.is added the Ey value in all butanols decrease. Water,'.}a

much smaller molecule; acts as a lubricant hence the bulk viscosity lowers. The

values of E, in small alcohols (62, 63) i‘,ncrea.se\ with the addition of water. Water '

and alcohol molecules form hy\rdr'ogen bonds. But-in butanols the ease of motion
- due to water is greater than the effect due to hydrogen bonds, therefore the value

ofeE, decreases.

316

As the water content in the alcohol increases, the hydrogen bond forma-

tion increases arnid the result of these two competing effects are displayed; Mixtures

of i-BuOH indicate the greatest increa.sé in E,,‘in zone (b) because it has the least

/

sterlcally hmdered group of the butanols The molecule with the most sterically.

) hmdered -OH group t-BuOH indicate Ey, va.lues in this zone that do not change

with the i mcreasmg water content.
Upon a.ddltxon -6f a small amount of butanol to water E, increases (zone

‘ '(d), Fig. 4-34). Butanol promotes structure in water, which stiffens it and hinders

diffusion. Fhrther addxtxon of t-BuOH to water contmues to stiffen the l1qu1d'

structure The sxmlla.rltles of v1sc081ty values in the water- rxch region 1nd1cate

‘that hydrogen bondmg is among water molecules rather than between water and

' alcq‘hol molecules». '



817

Solvent effects on electronn\reactivity are dependent on the shape and

size of the alkyl group in the isomeric butanol solvents

The dlﬂ'erences in the rate constant of a specxﬁc scavenger are due to

differences in solvent v1s<:051ty and electron solvatron energy.

The viscosity of ¢-BuOH is highest because of .the rigid, bulky alkyl

group which hinders_diffusion. The viscosity of 1-BuOH with the miost flexible '

{

alkyl group is the lowest.

The bulkmess of thet-butyl group also causes a lowenng of the solvation '

energy of the electrons, because of steric hmdrance to the alignment of the - Olil

groups about the electron

The vxscos:ty and electron solvation factors have opposmg effects on the -

: rnagmtude of kg , so the net effect is a resultant of the two cdmponents
While the rate constants for the efﬁc1ent scavengers are most aﬁccted
by changes in solvent transport prOpertles, those of inefficient scaVengers afe most

effected by the change in the solvation energy.

.

"The free energy of reaction of the electron with an inefficient scavenger

depends on the electron affinity of the scavenger, the solvation energy of the elec-

trpn and the polarizability of the solvent. A
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