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Abstract--The paper reports on the development of the kinetics of radmtton hydroxymethylatlon and 
hydroxypropylauon chain processes relating to ahphauc saturated alcohols m the y-ra&olysls of the 
alcohol-unsaturated compound systems to gwe 1,2- and 1,4-dtols respectwely These processes were 
simulated mathematically The kmetlc curves computed are m good agreement wtth the experimental 
dependences The kinetic parameters of the processes, including the rate constants for the addmon of 
~-hydroxyalkyl radicals from the saturated alcohols to the double bond of the unsaturated component, 
wz formaldehyde or 2-propene-l-ol m the systems, were esUmated The constants (m dm3/mol s) for the 
saturated alcohol-formaldehyde systems incorporating ethanol as the saturated alcohol were found to be 
(I 5 + 0 3) 104 at 413 K and (2 1 _ 0 5) 104 at 443 K, incorporating 1-propanol- (6 0 __+ 1 3) 103 at 413 K, 
for the saturated alcohol-2-propene-l-ol systems incorporating methanol, ethanol, I- and 2-propanol- 
(25+03)  104 , (65+09)  104 , (27+04)  104 and (10 + 01) 105 ,respectwely, at433K 

INTRODUCTION 

The process of hydroxyalkylaUon of an ahphat~c 
saturated monohydnc alcohol (or &ol) with an 
unsaturated alcohol or carbonyl compound d~ssolved 
m it conststs in the addmon of an ~-hydroxy-alkyl 
radical to the double bond of one of these two 
substances (ra&cals of th~s type are mamly formed 
when hydrogen atoms are abstracted from the 
primary or secondary saturated alcohol molecules 
(Asmus et al,  1973)), followed by the abstraction of 
a hydrogen atom from any molecule of the system 
with the appearing ra&cal-adduct This gwes nse to 
a saturated polyhydnc alcohol where the number 
of hydroxyl groups equals that of the parent alcohol 
plus one ~-Hydroxyalkyl radicals can be generated 
m the system both under the effect of ~,-radtatton 
(Shadyro, 1975, Sllaev, 1990), hght (Urry et al,  1953, 
1954) and peroxide ruination (Nlklshm et al,  1966; 
Oyama, 1965, Urry et al ,  1953, 1954) The spectfic 
feature of the kinetics of the process consists of the 
fact that the dependences of the hydroxyalkylaUon 
product yield on unsaturated component concen- 
tration in the systems pass through a maximum at 
low concentrations of this component The hydrox- 
yalkylatlon process occurs m one stage, at elevated 
temperatures it is controlled by a chain mechamsm 
(Shadyro, 1975, Sdaev et al,  1986a, 1990) and may 
be of pracucal significance. 

tThese data were obtained at our Radmtlon Chemistry 
Laboratory by A I Novoselov 

MAJOR KINETIC MODELS OF HYDROXYALKYLATION 

In the case of hydroxypropylat~on the ~-hydroxy- 
alkyl radical adds to the v-carbon atom at the 
double bond of 2-propene-l-ol, as is typical of all 
functtonally substituted olefins of this type (Dixon 
and Norman, 1963) This process gwes nse to 1,4 
(or ~,)-dtols 

In the case of hydroxymethylaUon the ~-hydroxy- 
alkyl ra&cal adds to the carbon atom of the carbonyl 
group of a free (nonsolvated) form of formaldehyde 
(the concentration of this form m alcohol increases 
with temperature exponentially (Stlaev et al,  1979)) 
This process yields 1,2 (or ~t)-&ols 

~-Radtolysls of formaldehyde soluton m C~-C3 
alcohols gives rise, along w~th 1,2-&ols, to hydrogen 
and carbon oxide in low yields (exceeding, neverthe- 
less, those of slmdar products in the radtolysls 
of the ln&vtdual alcohols), and m C2-C3 alcohols 
(methanol homologues, l e ethanol 1- and 2- 
propanol) to methanol whose y~elds at elevated tem- 
peratures attain chain values, and also ethanedtol 
(m low noncham ytelds)t Also, tt has been shown 
(Shadyro, 1975) that y-ra&olysls of formaldehyde 
solutions m C2-C3 alcohols gwes rise to a simul- 
taneous appearance, along with 1,2-&ols, of carbonyl 
compounds (also m chain yields but one order of 
magmtude lower than those of 1,2-&ols at the same 
temperatures and concentrations of the formaldehyde 
m the system). As thts takes place the temperature 
dependences of the yields of the two products on 
formaldehyde concentration pass through a max~- 
mum and are symbate With increasing temperature 
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in the range between 303 and 473 K their yields in 
the 7-radmlysls of the solutions of formaldehyde 
(at its concentration m the bound and free forms 
of 1 M) in 1- and 2-propanol pass through a 
maximum whereas those of the carbonyl com- 
pounds and methanol only increaser The proposed 
(Shadyro, 1975) radiation hydroxymethylatlon mech- 
amsm for the saturated alcohols does not contam any 
competing reactions and ~t does not allow to describe 
the maximum on the experimental dependences of the 
1,2-dml or carbonyl compound yields on formal- 
dehyde concentration in the alcohol 

Analysis of the final products and comparison of 
their yields at various conditions permitted the devel- 
opment of kinetic models for radiation hydroxy- 
propylatlon of alcohols (starting with methanol) and 
hydroxymethylatlon of their methanol homologues 
The processes consist of the following systems of the 
consecutwe,-parallel reactions 

Model I for hydroxypropylatmn of alcohols 
starting with methanol (reactions 1-4, 7-9) and 
model 2 for hydroxymethylatlon of their methanol 
homoiogues (reactions 1-9) 

I Chain initiation 

1 RIH,v-~R l, H, VI=EIG(RI)I  

H Chain propagation 

k2 
2 RI + R2H , R~ 

k3 
3 R3+ RIH ) R 3 H + R I  

k4 
4 R 3 + R 2 H ) R3 H + R 2 

5 R 3 ) RR'CO + R4 

RR'C - -  CH 2 

I I 
O "O 

H 

k6 
6 R4+R1H )R4H+R1  

I l l  Cham termmatton 

2k7 
7 R~ + R 1 ) Prod (7) 

ks 
8 RI + R2 ) Prod (s) 

2ko 
9, R 2 + R 2 , Prod tg) 

where RIH is the saturated alcohol of the type 
RR'CHOH (R, R' is the hydrogen atom or alkyl), 
R 2 H  is 2-propene-l-oi CH~------CHCH2OH or the free 
form of formaldehyde CH2~--------O, R3H is dml RR'C 

~'The data are also due to A I Novoselov 

(OH)(CH2).OH (n = 3  In model 1 and n = I in 
model 2), RR'CO is the carbonyl compound, R4H 
is methanol CH3OH, Prod is the final product 
of ra&cals recombination or dlsproportlonatlon, 
R~ is the ~-hydroxyalkyl ra&cal RR'COH, any in 
model 1 or only with two and more carbon atoms m 
model 2, R 2 is the ~t-hydroxypropenyl radical 
CH~------CHCHOH or formyl radical HC-------O, R 3 is 
the fl-dlhydroxyalkyl radlcal-adduct RR'C(OH)CH2 
CHCH2OH or hydroxyalkoxyl ra&cal-adduct 
RR'C(OH)CH20, R4 is the hydroxymethyl radical 
(~H2OH, V~ IS the rate of reaction (1), E~ is the 
electronac fraction of the saturated alcohol in the 
system, G(R~) is the radmtion yield of the ~-hydroxy- 
alkyl radicals including those that appear m the 
interaction of their precursors, i e alkoxyl radicals 
and hydrogen atoms, with the saturated alcohol 
(the solvated electrons react very slowly wlth the 
saturated alcohols (Plkaev and Kabakchl, 1982) and 
therefore are expected to be completely scavenged 
by the unsaturated component double bond in the 
system), I is the dose rate 

Model 1 contains two competing reactions (3) 
and (4) whereas model 2 contains three such reactions 
(3), (4) and (5) which may be responsible for a maxi- 
mum appearing on the experimental dependences of 
the yields of 1,4- or 1,2-dlol and carbonyl compound 
on 2-propene-l-ol or formaldehyde concentration in 
the system 

In model 2 the mechanism of monomolecular 
reaction (5) consisting of the destruction of the 
radlcal-adduct R3, includes, in all hkehhood 
(Kalyazln et a l ,  1977), a stage of hydrogen atom 
transfer from the hydroxyl group to the adjacent 
terminal oxygen atom w~th an unpaired electron 
followed by the C-C bond breaking 

RR'C CH 2 k5 ~ RR'C + CH 2 

I I II I 
O ° O O HO 

H 
In kinetic model 2, as supplied to the methanol- 

formaldehyde system (model 3) reaction (5) will 
represent a reverse stage of reaction (2) and is not 
&scussed separately, ra&cals RI become identical 
to the hydroxymethyl radicals R4, therefore reaction 
(6) is ehmlnated, and m reaction (7) the recombina- 
tions of the hydroxymethyl radicals (the dlspropor- 
t~onatmn reaction for them can be ignored 
(Baxendale and Wardman, 1975, Sekl et a l ,  1968)), 
wdl give ethanedlol R3H as in reactions (3, 4) 

2k7 
7 R~ + R1 , R3 H 

MATHEMATICAL ANALYSIS OF THE 
KINETIC MODELS 

The mathemaUcal analysts of the proposed kinetic 
models for the hydroxyalkylatlon processes consisted 
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of  the compilation of a system of differential 
equaUons for changes in radical concentratmns per 
umt ume for each model, replacement of these 
equations by a system of algebraic equations with the 
use of a quasi-stationary concentrations technique 
and an analytical solution of such a model. In so 
doing, for those models in which three different pairs 
of two nonidentical radicals exist at the chain 
termination stage, the following conditions were 
used?. 

k s = x/~72k9 

and 

V, = V7 + 2Vs + V9 = ( ~ 7  [R,] + x /~9  [R21) ~ 

A next step was finding equations for the quas~- 
stationary radical concentration via concentraUons of 
the stable substances and constants of the elementary 
stages with a subsequent substitution of the equations 
denved into those for the rate of the final product 
formatmn (considenng that G(Prod.)= V(Prod )/I, 
where G is the radiation yield of the product, V ~s the 
rate of  its formation and I is the dose rate). Finally, 
tt was necessary to test whether the established 
funcUon of the yield (formation rate) of the product 
(diol or carbonyi compound) satisfies the reqmsite 
condition for the existence of the extremum 

G(Prod.) ~-~ = ~x V(Prod )/I = 0 

at parameters consistent with a physical meaning 
The following analytical expressions for the radi- 

aUon ymlds of the products were obtained 

The functional expression (1) reaches an extremum 
at 

k2 = k  xm ~ )  x/2k,*tG(R,)I (2) 

where lm and x~ are the values of l and x at the 
extremum point. 

On substituting k 2 by expression (2) m expression 
(1) we shall obtain a different form of the latter 

El G(Rl)x 
G(R3H)"4 = al + / | * " "  ) f . l / [ . ~ / ~ _  + ~ 1  2 (3) 

/\ x~ 

In the saturated alcohol (methanol homol- 
ogue)-formaldehyde systems--model 2 (reactions 
1 - 9 ) :  

(~t G(RI )k2x(al + x )  
G(R3 H)l.2 = (4) 

k2 x2 + (al + fl + x)N/2k7c  I GiRl )I 

G(RR'CO) = G(R4 H) 

El G(Rl)k2xfl 
(5) 

k2x 2 + (al + fl + x)x/2k7E l G(R1 )I 
where 

a = k 3/k4, fl = ks/k4 (mol/dm 3) 

The ratio between the yields of  1,2-diol R3H and 
the carbonyl compound RR'CO from expressmns 
(4, 5) represent a simple hnear function of x 

G(R3H)~2 = I x + a  / k, k~ 
' ~ ~ = - -  + t (6)  

G(RR'CO) ks x 

In the methanol-formaldehyde systems--model 3 
(reactions 1-4, 7-9): 

G(R3 H)eo = 
q G (R,) (al + x){k2x[k2x 2 + (at + x)x /2kTq G (R~)I ] + (M + x)2kTE~ G(RI )I} 

[k2 x2 + (at + x) x/2k 7 E t G (Rl)l  ]2 
(7) 

In the systems saturated alcohol-2-propene-1-ol - -  
model 1 (reacUons 1-4, 7-9) 

Q G(R l)k2x(al + x)  
G(R3 H) t.4 = (1) 

k2x 2 + (al + x)x/2kTE l G(RL)I 

where a = k3/k4, 1 is the concentration [R~H] of the 
saturated alcohol for a given imtlal concentration of 
x of the unsaturated compound [R2H] Expression (1) 
is a function of one variable x for conditmn of excess 
concentration of saturated alcohol in the system 
[RIH]~,[R2H] when any variaUon of its concen- 
tration I may be neglected:~. 

?In order to reduce the power of term 2kT[Rl] 2 m the 
equation d[Rd/dt = 0 from 2 to 1 (see Section II of the 
Appendix) 

gMore generally, passing from two variables I and x to a 
single variable, one must substitute initial concentrations 
of components tn expressmn (1) by their correspondmg 
mole fractions (Poluektov et al, 1974) 1 - x/(I + x) and 
x/(t + x) 

where a = k3/k 4. 
If in the denvatlon of the analytical expressmn for 

the yield of ethanediol R3H in model 3 its formation 
by the recombination mechamsm m reaction (7) is 
ignored as the product ymld on this route represents 
an insignificant fraction of that on the mare chmn 
route m reaction (3), expression (7) converts to an 
expression for the yield of ethanedtol R3H, identical 
to expression (1). 

If (1) k~x 2 ,~ (al + x)~/2kTEi G(R l)I, (2) k2 x2 '~ 
( a l + x ) ~ / 2 k T q G ( R i ) l  (for the maximum) and 
(3) k2x 2 ~, (al + x )~ /2k7qG(R , ) l ,  expression (1) 
converts to the simple functions of the direct and 
inverse proporUonal relations according to con- 
dtttons (1) and (3) respectively, 

QG(Rl )k2x  
G(R3H ) = (8) 

q~ x/2kTQ G(R  l )I 
and 

G(R3H) Q G ( R ' ) (  ~ / = + 1 (9) 
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where ~0 = 1 for conditions (1,3) and ~o = 2  for 
condition (2) These relations describe the initial 
(on rising) and terminal (on lowering), respectively, 
portions of the kinetic dependences for the dlol yield 
on unsaturated component concentration in the sys- 
tem Expression (4) for conditions (2) and (3) also 
converts to (9) and for condition (1)--to (8) only 
if ~tl>>fl For conditions (2) and (3) expression (5) 
converts similarly to an expression for an inverse- 
proportional relation 

q G(RI)/3 
G(RR'CO) = - -  (10) 

~0x 

One-parameter expressions (8-10) allow to roughly 
estimate the parameters kz, ~ and/3 from the exper- 
imental product yields and values of 2kv and 
G (Rl) 

Let us consider how some of the alternative 
models of the saturated alcohol hydroxyalkylatlon 
processes 

In this context, instead of models 1 and 2 
one can use the corresponding models 4 and 5 in 
which reaction (4) competing with reaction (3) in 
models 1 and 2 and reaction (5) in model 2 at 
the chain propagation stage are replaced by two 
additional competing reactions (la. lb) involving 
hydrogen atoms or alkoxyl radlcals from the satu- 
rated alcohol, appearing at the first radlolysls stage 
in reaction (I) 

1 R 1H ~-~ rj + RI, V 1 = Ej (G~, + Gp.,)l 

la r, + R~H , r , H + R ~  

'( 'lb 
lb r l + R 2  H , r l H + R  2 

(or the addition reaction to give r2) 

where r~ is the hydrogen atom or aikoxyl radical, r 2 
is the radlcal-adduct, G~, is the total initial yield of 
hydrogen atoms and alkoxyl radicals upon com- 
pletion of the reaction In the spurs, GR, IS the initial 
yield of the ~-hydroxy- alkyl radicals R~, i e with no 
conslderatmn for their appearance in the secondary 
radmlysls processes by reaction (la) 

In models 4 and 5 the functions of the dlol R 3H 
yield 

G(RsH)I, 4 = EI[(G~, + GR,)Yl .4- Ga, x]k2x (11) 
(el + x)x/2kvE! (G., + Ga, )I 

and 

E l [(Grl .4- Grt, )yl + GR. x]k2k3lx 
G (Rs H)1.2 = 

(ksl + ks)(~'/+ x)x/2kTEj (Gr, -4- Ga,)I 
(12) 

respectwely, where 7 =kl~/k~b reach an extremum 
at the common values of the parameters with no 
physical meaning 

X m = ~ l r n ( N ~ G r , / G R ,  - -  l)  (13) 

x e at Gr~ < 0 or GR, < 0 Hence, competing reactions 
(la, lb) in models 4 and 5 cannot be responsible of 
the appearance of a maximum on the experimental 
dependence Instead, this role is played by competing 
reaction (3, 4) m models 1 and 2 This allows to 
discriminate models 4 and 5 in favour of the 
corresponding models 1 and 2 

Analysis of the other models with the only 
difference from models 1 and 2 in that their 
chain terminates due to the following radical 
destruction reactions R 2 .4- R2 (models 6, 9), Rz + R~ 
(models 7. 10) or R2+ R 3 (models 8, 11), indicates 
that the expression for the dlol R~H yield in 
these models is the same and identical to the reverse- 
proportional relation function (9), l e without 
any extremum Hence, models 6-8 and 9-11 can 
be equally discriminated in favour of models 1 
and 2 

One more alternative for model 2 can be rep- 
resented by model 12 which assumes the abstraction 
of the hydrogen atom with the radical-adduct R 3 in 
reaction (4) not from the free but rather the bound 
form of the formaldehyde RO(CH20).H. where 
n = 1-4 (Glushonok et al. 1983). whose concen- 
tration in the alcohol is far higher than that of the free 
one In model 12 the expression for the 1.2-diol R3 H 
yield is as follows 

~1G(Rl)k2x(~l  + z) 
G(R~H)I2 = (14) 

k2xz + (~tl + fl + z)x/2k7E 1G(RI)I 

where z = ([RO(CH20).H] - [CH20]) is the 
difference between the concentrations of the free 
and bound formaldehyde forms in the alcohol 
Later on it will be shown that model 12 cannot 
describe the maximum on the experimental kinetic 
dependence 

Note that the analytical expressions for the product 
yields in the course of radiation hydroxyalkylatlon 
can be also used for describing the functional depen- 
dences of the yields in similar peroxide-Initiated 
processes provided that the radiation yields G(Prod ) 
and EjG(RI) in these expressions are replaced by 
the corresponding product formation and initiation 
rates 

RECONSTRUCTION OF FUNCTIONAL DEPENDENCES 
FROM THE EMPIRICAL DATA 

Tentative estimates of the parameters G(R~). k 2, 
and fl from the analytical expressions for the product 
yields in the hydroxyalkylatlon processes were made 
as follows 

Constants 2k 7 for the rate of the ~t-hydroxyalkyl- 
radical destruction in the saturated individual alco- 
hols at 298 K, involved in these expressions, are given 
elsewhere (Sllaev et al, 1986b) These values were 
extrapolated to the experimental temperatures by 
the Arrhenlus equation with the use of effective 
self-diffusion energies of the corresponding alcohols 
(Sllaev et al, 1986b) 
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The G(R~) values (see Table 1) were found by 
extrapolating the total yteld of the ~-hydroxyalkyl 
(Feldman et a l ,  1984), alkoxyl radicals (Belevsky, 
1981) and hydrogen atoms (P~kaev, 1986) In the 
mdw~dual alcohols (according to the mechantsm 
adopted) by the Arrhemus equatton (Sdaev et al ,  
1986b) to the temperatures of the process, known 
from the ESR data at 298 K In so doing, use was 
made of  the experimentally obtained effecttve act~- 
vatton energaes for the formation of v~cmal d~ols 
resultmg from the recombmaUon of the ~-hydroxy- 
alkyl radicals m the temperature region for alcohol 
~,-rad~olys~s up to the onset of the radiation-thermal 
destruction (Sdaev, 1989). The actwatton energy for 
the hydrogen yteids m the saturated alcohols C~-C~ 
was taken to be zero by analogy w~th pracUcally the 
same value for the y~elds of the solvated electrons 
escaping the decay m the spurs (D~xon et al ,  1975, 
1976, Jha and Freeman, 1968) 

The values of  kz, ~ and /~ were found by an 
algebratc technique from expressions (8-10) including 
any of these parameters by substituting the values 
of  2k 7, G(Rt)  and the experimental product 
y~elds, obtamed by the above method, into these 
expresstons An arithmetic average from the totahty 
of  the values of a gwen parameter for each exper- 
imental point on the dependence of the product yteld 

on unsaturated component concentraUon in the 
system was used as ~ts tentattve esttmate 

The nonhnear esUmatlon of the model par- 
ameters (Bard, 1979) was performed by using a least- 
squares techmque In so doing, one had to take 
such values of the unknown parameters which 
gave the smallest sum of squares dewaUon from the 
expertmental dependence to mmtm~ze the functional 
composed on the basts of one of the analyttcal 
expresstons found for the radiation y~elds The mmt- 
m~zauon procedure was performed as proposed by 
Rosenbrook (Himmelblau, 1975) (FORTRAN) w~th 
the use of a standard hbrary MNB1R sub-program 
as apphed to a specific analytical expression The 
tentaUve estimates of the parameters were used as 
the imtmlly set values for mmtmtzatton purposes 
(see Table 1). 

The functional dependence of  the yields of 1,4-d~ols 
on the mtttal concentraUon of 2-propene-1-ol m the 
saturated C,-C~ alcohols-2-propene-l-ol systems at 
433 K, corresponding to model 1, was reconstructed 
from the empmcal data (Sdaev, 1990) wtth the a~d 
of expression (3) (see Ftg 1) It allowed to mm~mtze 
the approprtate functional both by three and two 
parameters, G(R~), ~, Xm and G(R~), ~, respecttvely 
In the latter case used as the known parameter 
was the maximum value of x~ found from the 

Table 1 Parameters est~matedt by analytical expressmns for the radmtmn y~elds of dmls m the systems composed of unsaturated alcohol 
and 2-propcne-l-ol or formaldehyde at various temperatures 

k2. k2b ~ff~ /~b X .  G(RI )~ G(RI )d 
( dm 3 ~ ( dm 3 ~ ~, ~ fmol~ fmol~ fmol~ fmolec ~ (molec 

System \tool s/ \tool s/ ~,dm 3] ~,d-~m ~] \dm'] \l-'O0-~eV: \l-O0-'eVeV; St<./ Sr,~, ~ 

I Methanol-2- 
propene- I-oi 
(433K)~: 25  104 16 104 12 10 -2 40  10 3 38 10 2 36  76  57 10-' 28  

2 Ethanol-2- 
propene- 1 -ol 
(433K)~ 65  104 59 l04 27 10 -2 26  l0 -2 37 10 -2 t01 103 78  10 -1 20  

3 1-Propanol- 
2-propene- I -ol 
(433K)~ 27  104 31 104 24  l0 2 44  l0 -2 41 10 -2 93 67 69  10 -~ 27  

4 2-Propanol-2- 
propcne- I-ol 
(433K)~ 10 105 11 10 ~ 68  l0 -2 10 10 i 39  10 -2 101 73 19 23 

5 Ethanol- 
formaldehyde 
(413K)~ 15 104` 16 104 12 10 -I 94  10 -2 16 l0 t 14 10-' 94  ~ 98  107 123 

6 Ethanol- 
formaldehyde 
(443K~ 21 104` 15 104 65 10 -2 60 10 -2 85 10 -2 90 10 -2 I05 c 106 74 102 

7 l-Propanol- 
formaldehyde 
(413K)~ 60 I03 55 103 36 I0 -l 30 I0 -I 25 I0 -* 20 I0 -I 90 c 65 47 119 

~'Relatwe error m the estimates of the model 1 parameters (systems 1-4) < 15%, model 2 (systems 5-7) < 25% :~See Sdaev (1990) §See Shadyro 
(1975) 

'Esttmates obtained by nonhnear mmJmtzaUon wroth three parameters of the functtonal composed by the analytical expressmn for the dml 
yteld 

bAverage parameter esUmate obtained algebraically from one-parameter expressmns (8-10) using constants 2k~ (Sdaev et al,  1986b) and the 
yields G(R,) d as determined from the ESR data 

'The esumated constants k 2 for the addmon of the ~-hydroxyethyl radicals to the formaldehyde at 413 and 443 K gave a rough estsmate 
of Eadr ffi 16 7 4- 5 lcJ/mol 

dyleld of the ,,-hydroxyalkyl radicals R~, calculated from the ESR data at 293 K as a total yield of the hydrogen atoms at 293 K (Plkaev, 
1986) and those of the hydroalkyl (Feldman et al, 1984) and alkoxyl (Belevsky, 1981) radicals, extrapolated to the experimental 
temperatures 

eEsumated yte|d of the ,,-hydroxyalkyl radscals R,, obtmned by mtmmlzatlon with three parameters of the funcUonal composed by analyUcal 
expresmon (3) m model I and extrapolated from the temperatures of hydroxypropylaUon to those of hydroxymethylauon 

rSrci~ and Srcb~ are the standard dewaUons m the approxlmatlons of the funcUons containing parameters whlch were estlmated by (a) 
mmtmlzauon of the functmnals and (b) expressions (8--10), respectwely 
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0 04 08 
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Fig 1 Results of the restoration ot the functional depen- 
dence of the yields G(R3H ) (molec/100 eV) of 1,4-butane- 
dlol (1), 1,4-hexanedlo] (2), ],4-pentanedlol (3) and 
2-methyl-2,5-pentanedlol (4) on the ]mtm] concentration 
(mol/dm 3) of 2-propene-I-o] (calculated curves) m methanol 
(1), l-propanol (2), ethanol (3) and 2-propanol (4), respect- 
lvely, at 433 K from the correspondmg experimental 

data-points (Sdaev, 1990) 

experimental dependence plot, equal to 0 04 M for all 
four alcohol systems at 433 K As opposed to Xm. the 
lm value In expression (3) can be determined rather 
accurately since when x,. around 0 04 M varies by 
50%, lm variation does not  exceed 0 3% The G(R 1), 
ct and x,. estimates obtained by mlmmlzat lon with the 
three parameters for the four alcohol systems as well 
as the k2 values calculated from them by expression 
(2) and standard dewatlon Sr  of  the functions ap- 
prox~maUon are given in Table 1 As compared with 
the results obtained by the functional minimization 
using three parameters,  the same procedure with two 
parameters G(RI)  and ~, at x,. = 0 04 M, results in 
the derwatlons of  the G(Rj )  and ~ estimates not 
exceedmg 12% 

When the empmcal  data (Shadyro, 1975) (see 
Figs 2 and 3) were taken to restore the functional 
dependence o f  the product  yields on the initial con- 
centratmn of  the free (nonsolvated) form of  formal- 
dehyde m the saturated a lcohol-formaldehyde 
systems, complying with model 2, use was made of  
the 1,2-&ol yields only The fact is that they are more 
rehable as compared with those of  the carbonyl 
compounds  capable of  reacting with the alcohol 
Note  that such an mteract lon depends heavily on the 
temperature and aod] ty  of  the medium (Walker, 
1964) The functional expression (4) for the 1,2-&ol 
yield contains four unknown parameters,  VlZ G(R~), 
k2, ~t and ft. Generally, such unimodal  curves can be 
adequately described in mathematical  terms with the 
aid of  a three-parameter  parabolic function There- 
fore In the presence of  a limited number of  exper- 
imental points (see Figs 2 and 3) the problem was to 
avoid a sharp growth o f  the random error m deter- 
mining the parameters and their excessive mutual 
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F~g 2 Results of the restoration of the functional depen- 
dence of the yields G(R3H ) (molec/100 eV) of 1,2-propane- 
&ol (1, 2) and 1,2-butanedlol (3) on the mmal concentration 

(mol/dm ~) of the free form of the formaldehyde (calculated 
curves) m ethanol at 413 K (1), 433 K (2) and 1-propanol 
at 413 K (3) from the experimental data-points (Shadyro, 

1975) 

correlation (Bard, 1979) Then, to reduce the number 
of  parameters in the minimization procedure with the 
use of  expression (4) in model 2 the yields G(R1) in 
the saturated a lcohol-formaldehyde systems were 
replaced, in view of the identical hydroxyalkylatlon 
kinetics, by estimates of  the same welds in the 
saturated a lcohol-2-propene- l -ol  systems with a 
matching alcohol as the solvent The yields were 
obtained by mmlmlzlng the functional for these 
systems composed by expression (3) in model 1 
and extrapolated (by the above technique) from the 
temperature of  hydroxypropylat ton to those of  
hydroxymethylatlon (see Table 1) The concentration 
r of  the free form of  the formaldehyde from its 
total concentration in the system, involved in 
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Fig 3 Results of the restoration of the functnonal depen- 
dence G(RR'CO) (molec/100eV) of acetaldehyde (1,2) 
and propxomc aldehyde (3) on the mltlal concentration x 
(mol/dm 3) of the free form of the formaldehyde (calculated 
curves) m ethanol at 413 K (I), 443 K (2) and 1-propanol 
at 413 K (3) from the experimental data-points (Shadyro, 
1975) Standard deviations (1) -- 1 3, (2)-- 1 7, (3)--0 5 



Hydroxyalkylatlon of ahphatlc saturated alcohols 

expressions (4, 5), was calculated by empmcal for- 
mulae g~ven elsewhere (Sdaev et al, 1979) and valid 
for the temperature interval between 343 and 435 K 
with relative error less than 20% for the given 
alcohols and conditions. 

The esumated parameters and standard deviations 
Sr obtained m the m~mmtzation of the functional 
composed by expression (4) using three parameters 
k2, g and ~/are presented m Table 1 F~gure 3 shows 
the restoraUon of the funcUonal dependence by 
expression (5) from the experimental data for the 
y~elds of the carbonyl compounds using esUmated 
parameters that follow from mlmmlzmg a functional 
composed by expression (4) for the experimental 
y~elds of 1,2-d~ols F~gures 1-3 demonstrate the 
degree of the mathemaUcal adequacy in describing 
the experimental dependences and suggest a suffi- 
cient smtabdlty of models 1 and 2 for the real 
hydroxyalkylaUon processes 

Usmg expression (14) m model 12 with three 
unknown parameters k2, • and ~ m the restoration of 
the functional dependence from the empmcal data 
md~cates that th~s model does not describe the maxt- 
mum on the experimental curves and therefore can 
be discriminated m favour of model 2. 

The obtained sequence m the estimated values of 
k2 for the reaction rates m the addlUon of the 
~-hydroxyalkyl radicals to the unsaturated com- 
pounds m the systems composed of methanol, 
l-propanol, ethanol and 2-propanol correlates wRh 
that made up of such macroscopic properUes of the 
saturated alcohols as hydrogen bonding entropy, 
energy corresponding to the wavelength m the maxi- 
mum of the opUcal absorption of the solvated elec- 
trons, and effective energy of self-d~ffus~on acUvaUon 
(Sdaev et al, 1990) 
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A P P E N D I X  

I Models 1 and 2 do not Contam the 
Reaettons Below 

(a) A primary act of  the r admtmn-unsa tu ra t ed  com- 
pound interactmn 

la R 2 H . ~ R 2 .  H 

since the electromc fraction t 2 of  the unsaturated component  
R2H is far lower than the electromc fracUon ~ of  the 
solvent, i e saturated alcohol R. H (E2 ~ t, ) 

(b) A reactmn parallel to reacUon (2) 

k2s 
2a R, + R 2 H  , R , H + R  2 

since reactmn (2a), contrary to addmon  reaction (2), plays 
no crmcal role m chain propagation and ts not essential for 
desenbmg the process The rates ratm V:/V2~ = k 2 / k 2 a  IS 

independent o f  unsaturated compound  concentra tmn m the 
system 

(c) An addmon  reaction parallel to reaction (4) 
k~ 

4a R s + n R 2 H ~  Rs(R2H)~ , 

where n i> 1 since model 1 suggests that  the radical-adducts 
R s with a free valence at the 8-carbon a tom are insutficlently 
reactive (possibly due to s tenc hmdrances  reduced by the 
- - C H ~ O H  group) to be added at the double bond m 
reactmn (4a) at a rate comparable to that of  both reaction 
(4) and reactmn (3), ~ e V~ ~ 114 and V~. ~ V s Then.  in 
model 2 the addmon  of  the hydroxyalkoxyl rad~cal-adducts 
R s to the formaldehyde R~H at elevated temperatures ~s 
very improvable as no ether bond-containing compounds  
have been reported elsewhere (Dolmatov and Polak. 1965) 

(d) An addmon  reacuon 

k~ 
4b R2 + nR~H , R2(R2H)~ , 

where n i> 1 since m model 1 this reacUon, as ~s known from 
the field o f  2-propene-l-ol  po lymenza tmn (Dolmatov and 
Polak. 1963, 1965). ~s low-effective and not  essential for 
desenbmg the process o f  1,4-dml formation Moreover, m 
model 2 the reactmn by whmh the formyl radmals R2 add 
to the formaldehyde R : H  whose increase m the system 
bnngs  about  a chain-type fo rmatmn of  glycol aldehyde 
cannot  be effective e~ther, because otherwise a chain process 
m the formation o f  th~s product would develop, which ~s not  
the case 

(e) Reactmns (1, 3, 4) m model 1 and (1, 3, 4, 6) in model 
2 w~th the abs t rac tmn of  the hydrogen a toms m the C2-C3 
alcohols not  from the a -posmon  to give fl- (and, m the case 
of  1-propanol, ~,-) hydroxyalkyl radicals These radmals are 
expected to y~eld dmls, w~thout chain termlnatmn, w~th a 
greater d~stance between the hydroxyl groups (and h~gher 
boiling temperatures) However, such dmls have not been 
chromatographical ly detected in s~gmficant y~elds w~th 
respect to the mare dml type 

(f)  In addmon ,  model 2 does not  include the feasible 
reactmns o f  the hydroxymethyl  radicals R~ w~th the formal- 
dehyde R2H, leading to a s t d e  process by which 1,2-dml ts 
formed containing fewer carbons than in the parent alcohol, 
~e ethanedml R~H 

k~ 
6a R~ + R : H  , R~H + R2 

k6b 
6b Ra + R 2 H , R5 

and then 

k6c 
6c R s + R  IH , R s H + R ,  

since, first, reaction (6a), as compared with addmon  reaction 
(6b), can be ignored for the same reason as the above 
reaction (2a) with respect to reactmn (2) and, second, the 
chain inma tmn  of  methanol  and the absence of  such a 
process for ethanedml m the radlolysls of  the nonmethanol  
alcohol-formaldehyde systems suggests that the hydroxy- 
methyl radicals R 4 appearing from reaction (5) undergo a 
fast interaction by reactmn (6) with the adjacent molecules 
of  the alcohol (solvent) R~H, including that from the 
solvatlon shell of  the radical In this case they do not have 
time to diffuse m the solutmn for a distance reqmred to 
come across the molecules of  the formaldehyde R 2 H so that 
the feasible reactmns (6a 6c) will be inslgmficant for the 
kinetics of  the process as a whole (small amounts  of  
ethanedml may appear m the nonmethanol  alco- 
hol-formaldehyde systems as a result of  the recombmatmn 
of a small fractmn of  the hydroxymethyl  radicals R4) 

Note that ff model 2 includes reactmn (6b, 6c) to become 
model 2a, expressions (4, 5) will remain unaltered 

II The Derwattons o f  the Analyttcal Expresstons Jor 
the Ytelds (Formatton Rates) o f  the Fmal Products 

m Models 1, 2 and 3 

The following conditions and conventional signs were 
used 

k 8 = x/2k7 2k9, 

, /~ ,  = , / ~  + 2v~ + v~ = (,/2k~ [ r , l  +,/2k~ (r~]~ 

and 

k~/k 4=ct, ks/k 4=fl, 

[ R t H ] = L  [ R z H l = x  

(a) The derivation of  the expression (1) of  model 1 
(reactions 1-4, 7 9) 

V(R~H)t4 = V~ + V 4 = V 2 = (kal +k4x)[R~] = kzx[R,] 

d[Rsl/dt = V2-  V , -  1/4 

= k2x[Ri]-  (k~l + k4x[Rd = 0 

k2x[R,] 
[ rd  

(kJ  + k4x ) 

d[R,]/dt  = V] + V s -  ~ - V~-  I/~ 

= V I + k 3 / [ R ~ ] - k 2 r [ R I ]  

= V I + k s / [ R 3 ] -  k2x[Rz] 

- ~  ( ~ k 7  [Rt] + ~ ;  [R2])[R,] 

= V, + k 3 l [ R s ] - k 2 x [ R , ] -  x/2k77Vi [Rl] 

k2k3lx[Rl] 
= V I + k2x[Rl] - 6,[Ri] 

(k31 + k4x) 

k2ct/X[Rl] 
= V I + (k2x + 61)[Ri] = 0  

(~l + ~) 
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d[Rt] /d t  = V~(txl + x )  

= k2etlx[R~] - (k2x + 6t)(,vl + x)[R~] 

= V, (0d + x )  --  [ (k2x + 61 )(ed + x)  - k2ctlx][Rt] 

= V~ (~l + x)  - [k2x 2 + (~l + x)6~ ] [Rd = 0 

V, (~1 + x)  

[R~] k2x2 + (ctl + x)¢~ I 

G(R~H)I 4 = V(R3H)~ 4/1 = k2x[R ~ ]/I 

~ G(ROk2x(od + x)  
(1) 

k2 x2 + (~d + x)x/2kT~ ~ G ( R 0 1  

(b) The derivat ion o f  the expresston (2) o f  model  I 
(reactions 1-4, 7-9)  

~ G(R,  )k2x(ctl + x)  
G(R~H)t 4 -- 

k2x 2 + (otl+ x)x/2kT~ I G(R~ )1 

A~¢ 2 + Bx 

Cx 2 + Dx + E 

where 

A = e l G ( R i ) k  2, B=EIG(RI)k2od, C = k  2, 

D = x/2kvE I G(R  1 )I  = di I, 

E = ~/x/2kT~ , G(R  I )1 = ~t1¢5 I 

OG(R3H)t 4/Ox = (2A + B ) ( C x  2 + Dx + E)  

- (Ax  2 + Bx)(2Cx + D) 

= (AD - BC)x  2 + 2AEx + BE = 0 

½(BC -- AO)x  2 -- AEx  -- ½BE = 0 

A E  + ~/A2E 2 + (BC -- AD)BE 

Xm = BC -- AD 

G(RI )k2ctlmt~l + G(RI )k2odmx/k2od,.61 

G ( R , ) k ~ : l m  - G(Rt )k26 , 

G(R,)k2Otlm(6~ + X//~tl . .61) 

G (Rt)k2 (k2 ~d,. - 6~ ) 

/ v / ~ .  I \2  
k 2 = l - -  + - - 1  t~ I (2) 

\ x,. v / ~ , ]  

(c) The denvaUon o f  the expressions (4) and (5) o f  model  
2 ( reactmns 1-9) 

V(R3H) t ,2  = V 3 + I:4 = (k31 + k4x) [R3]  

V( RR 'CO)  = V s = V 6 = ks[R3] = k6/[R4] = V(R4H) 

d[R4]/dt = V 5 - V 6 = ks[R3] - k61[R4] = 0 

[ R 4 ] =  k ~  3] 

d[R3l/d/= I"2- V3- V4- V~ 

= k 2 x [ R , ] - ( k 3 1  + k 4 x  +ks) [R3]  = 0  

k, x [R~ ] 
[R31 -- 

(k31 + k~ + k4x) 

d[R,]/dt = V,- V 2 + 1:3 + V6- I"7- I"8 

= V t - k2x[Rl]  + k31[R3] + kJ[R4]  

- 2kTtRd 2 - ~ [ R d I R d  

ksk61[R3] 
= V l - k2x[Rl] + k31[R3] + - -  kJ 

k2k31x[Ri ] 
= V I - k 2 x [ R , ] 4  

(k31 + k~ + k4x ) 

k2ksx[Ri] 
-~ x / ~ 7  V, [Rtl 

(k31 + k5 + k4x) 

k2Mx[Rl] 
= V I - k 2 x [ R I ] +  

(~l + # + x) 

k 2 fix [R I ] 
-~ 61 [Ri]  = 0 

(~1 + # + x )  

d[R.] /d t  = Vt(od + fl + x)  - [k2x(od + fl + x)  

- k2ctlx - k2flx + (ctl + fl + X)61][Ri] 

= v~(~ l+~  + x )  

- [k2 x2 + (ctl + fl + x ) f l ] [R i ]  = 0 

V~(~l +/3 + x)  

[R,] =k2xZ +(ct l + fl + x)6 l 

G(R3H)I 2 = V(R3H)L2/I = (k31 + k4x)[R3]/I 

k2x(k31 + k4x)[R,] k2x(otl + x)[R, ]  

( k 3 1 + k s + k 4 x ) l  ( M + f l + x ) I  

E, G ( R  R )k2x(cd + x)  (4) 
k2 x2 + (¢d + fl + x)x/2kvE t G ( R , ) I  

G ( R R ' C O )  = G(R4H) = V(RR'CO) / I  

= V(R4 H)/I  = k s [R 3 ] /I  

k2 ks x[Rl ] k2 xfl[Ri ] 
(k31+k s + k 4 x ) l  ( # l + f l + x ) l  

El G(Rt  )k2xfl 
(5) 

k2x 2 +(otl + fl + x)x /2k7EiG(Ri) l  

(d) The denva t ton  of  the expresston (7) o f  model  3 
(reacUons 1-4,  7-9)  

V(R3H)eo = V3 + 1:4 + 1:7 

= (k 3 ] + k4x)[R3] + 2kT[Ri]  2 

d[R3l/dt = V 2 - V 3 -- V 4 

= k2x[Rt ] - (k31 + k4x)[R3] = 0 

k2x[Ri] 
[R3] 

( kd  + k4x) 

d [ R i ] / d t =  V i -  V2+ V 3 -  V 7 -  V 8 

= V 1 - k2x[Ri]  + k3/[R3] - 2kT[Ri] 2 

- x/2k~2k9 [Rt][R2] 

= V I - k2x[Ri]  + k3/[R3] 

- x / ~ 7  ( v / ~  [Rt] + x / ~ 9  [R2])[Rt] 

= V , - k 2 x t R , ] +  k2k3lxtR,] ~ I R ,  I 
(k31 + k4x) 

= V I - - [  k2x (~l--+-x)k2°tlx "t-fi~][Rtl 

[k2x(~d + x)  - k2otlx + (od + x)6t ] [Rd  
= V I 

(~l + x)  

[k2 x2 + (art + x)61][Rt] 
= V t  = 0  

(0tl + x )  

Bx)(2Cx 
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d[R, ]/dt = V, (otl+ x)  - [k 2 x 2 + (etl + x)6,] [R l] = 0 

V l (~l + x) 
JR, ] 

k2x 2 + (~tl + x)6  l 

G(RsH)Eo = V(RsH)Eo/I = k 2 x ( k 3 l  +k4x) [R i ]  ~'--2kT[RI]: 
(k~l + k4 ~:)l I 

Vl(~l + x)  ~k r 2k7Vl(~tl + x)  
= [k2x 2 + (~tl + x ) 6 d l  ~ ~ ~ [k2x z + (~tl + x)6,]J 

[RI] 
(k2x + 2k7[Ri]) 

I 

,, G(R~ )(~l + x){k2x[k~x: + (~l + r)x/2~l ] + (=I + ~)2k7,, G(R l )1} 

[k 2 v 2 + (:d + x ) x / ~ T t  , G(R t )I ]5 
(7) 
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