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INTRODUCTION 
The curing reaction between an epoxy resin and an acid anhydride with 

or without a catalyst has been studied: Fisch et al.'.* Wegler,' Dearborn 
et al.,'e6 and FischeP proposed the reaction mechanism with or without 
acid catalysts, and Shechter and Wynstra' studied a base-catalyzed reac- 
tion for the curing of epoxy min. 

These studies, however, were made with "model substances" such as 
phenyl glycidyl ether and acetic anhydride, and the proposed mechanisms 
of the curing reaction were based upon work involving few problems: 
almost no reaction orders were determined and the effects of amine, alcohol, 
or both were studied qualitatively only, not quantitatively nor kinetically. 

This paper deals with kinetic studies of the curing reaction of epoxy 
resins and acid anhydrides, both commercial grade, and the effects of 
tertiary amines as catalysts and of alcohols as diluents on the curing reac- 
tion. The reaction was studied by direct determination of functional 
groups of reactants with chemical analysis. 

EXPERIMENTAL 

Reagents 
The epoxy mins were Shell Chemical Company Epikote 828 (E828) and 

Epikote 1001 (E1001) ; acid anhydride was Allied Chemical and Dye Car- 
poration hexahydrophthalic anhydride (HHPA). 

Their physical and chemical properties are shown in Tables I and 11. 

TABLE I 
Propertiea of Epoxy Reain~ 

d% t h b ( p * )  Epoxy equiv., g./quiv. 

h i m  Obad. Lit. O M .  Lit. Ohsd. Lit. 

E828 1.5708 1.F1i3~ 154 1 0 0 - 1 5 0 8  191.3 f 3 . 2  175-21OaP 
El001 - - - - 490.0 f 6 . 2  425-5508,' 

1063 



1064 Y. TANAKA AND H. KAKIUCHI 

TABLE I1 
Properties of Hesahydrophthalic Anhydride 

Acidity, 10-8 equiv./g.ll 

M.p., “C. Hydrolysis Eskrification 

Appearance Obsd. Lit. Obsd. Lit.‘ Obsd. Lit.” 

White crystal 34.5-35.6 35-3610 12.8 i 1.8 12.99 6.44 i 0.51 6.495 

I) Calculated from the formula given 

Tertiary amines and alcohols as catalysts or diluents were all reagent 
grade and were used after distillation. 

Procedure 
An epoxy resin and HHPA were heated separately to the desired temper- 

ature and mixed, and to these were added suitable quantities of tertiary 
amines and/or alcohols as catalysts or diluents. 

The time of adding the catalyst was recorded as “zero” a t  the reaction 
time, and was defined as the “gel point” when no aliquot parts of the 
reaction system dissolved in such solvents as pyridine, dimethylformamide, 
or dioxane (see the section on Results). 

In the equimolecular reaction of epoxy resin and HHPA, it took about 10 
hrs. at  1 0 0 O C .  to reach the gel state in the system E828/HHPA and about 
3.5 hrs. at  110°C. in the system E-lOOl/HHPA without a catalyst. There- 
fore one may disregard the time between the mixing of resin and HHPA 
and the adding of catalyst. 

The aliquot parts of the reaction mixture were taken at  convenient 
intervals and analyzed chemically as described below. 

Analytical Methods 
The epoxide and acid anhydride contents of the reaction system were 

determined by the pyridine-pyridinium chloride method12 and the esterifi- 
cation method,ll respectively. The acid anhydride determination gave a 
good analytical result with 0.31467% error, independent of the epoxide 
and acid contents. On the other hand, the epoxide determination was 
affected by the epoxide and acid contents, and gave a 2-3Q/, maximum 
error. 

The determinations of epoxide and anhydride after gelation of the system 
were made with crushed samples and 80-100 mesh filters. 

The extent of reaction, P, was obtained as: 

P = (C, - C,) /C,  = 1 - c,/c, (2-1) 

where C ,  and C, are the roncentrations of reagents in the reaction system at  
the time of measurement and at initial time of reaction, respectively. The 
rate equation of the second-order reaction was obtained as: 

P/(1 - P )  = kzC& = k2‘t (k2Cf = k’2) (2-2) 
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when the initial concentration of epoxide, Ct, was the same as that of 
HHPA. 

The ratio of epoxy resin to HHPA and/or catalyst is the molar ratio in 
all cases given below. 

RESULTS 

Reaction Order 

In the reaction of EX28 or E-1001 with HHPA at 70-140OC. with certain 
amines as catalyst, there were almost no differences in decreases of the 
concentration between epoxide and HHPA, as shown in Figure 1. 

0 1 2 3 
Reaction Time ( hrrr. ) 

Fig. 1. Reaction between epoxy resins/HHPA and ca. 0.5% triethanolamine, at 100°C.: 
(0) epoxide; (a) HHPA. 
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Rg. 2. Reaction of E-f328!HHPA (1 : 1) with N( CH2CH20H>, as catalyst; P is extent of 
reaction. 
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Fig. 3. Reaction of El001/HHPA (1: 1) with N(CH2CH20H)s aa catalyst, at IOOOC. 

Figures 2 and 3 show that the curing reaction followed the second-order 
reaction, shown by eq. (2-2), in the systems E-828/HHPA (1:l) and 
E-l001/HHPA (1 : 1) at  the temperatures given. The rate equation of this 
curing reaction, then, is obtained as follows: 

-d(epoxide)/dt = -d(acid)/dt 

= KA (epoxide) (acid) (3- 1) 
where K A  is the observed second-order rate constant containing the con- 
centration of the catalyst. 

Extent of Reaction at the Gel Time 
As shown in Figures 4 and 5, the extents of reaction of epoxide and 

HHPA were nearly constant at the gel time in all cases, when the initial 
concentrations of epoxide and HHPA were fixed. 

Reaction Time (hrs.) 

Fig. 4. Effect of triethanolamine on reaction of E828/HEPA at 100°C. Amhe con- 
centration, mole/g.: (A) 6.71; (0) 4.70; (El) 3.35; (@) 1.34. 
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Fig. 5. Effect of triethanolamine on reaction of E1001/HHPA (1 : l), at 110'C. 
mok/g.: (A)  6.71; (0) 3.35; (8) 1.34; ((3) none. 

Amine 
concentration, 

Effect of Amine Added as Catalyst 

Eflect of Concentration 

Figures 4-6 show the effects of mine  concentrations on the curing reac- 
tion of the system E828/HHPA and E1001/HHPA, and Figures 7 and 8 
show those on the curing reaction of E-828/HHPA/methanol. There were 
almost no differences among the effects on these three systems within the 
limits of the conditions of this experiment. 

t c 

1 / cA (lo4 g./mola) 

Fig. 6. Relation of gel time of reaction system of epoxy r&/HHPA (1 : 1) to initid 
concentration of triethanolamine, CA. 
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Fig. 7. Effect of triethanolamine on reaction of E-828/HHPA/methanol (1 : 1 :0.01) 
at 90°C. Amine concentration, molelg.: (0) 10.47; (A) 6.98; (D) 4.78; ((3) 
3.49. 

1.0 2.0 3.0 
I / cA ( 104 g./mole 

Fig. 8. Relation of gel time of E-8!?8/HHPA/methanol (1: 1: 0.01) to initial concen- 
tration of triethanolamine. 

Figures 6 and 8 show the following relation between initial concentration 
CA of tertiary amine and gel time : 

CA~Q = K (3-2) 

where K is a constant. 

E$ect of Various Amines 

Figure 9 shows the catalytic effect of some amines on the reaction of 
The effects may be assumed to E828/HHPA/methanol (1 : 1 :0.01). 
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Reaction Time (hra.) 

Fig. 9. Effect of amines (CA = 3.49 X 10-6 mole/g.) on E-S28/HHPA/methanol 
(1:l:O.Ol) at 90°C.: (0 )  benzyldimethylamine; ((3) pyridine; (A) triethylamine; 
(A) triethanolmine; (8) dimethylamine. 

differ according to the distribution of electrons on the nitrogen atom of the 
tertiary amine. This is shown in Table 111. 

TABLE I11 
Effect of Various Aminea on Gel Time at 150OC. in the system E-828/HHPA (1:l) 

(Catalyst concentration, 3.49 x 1 0 4  mole/g.) 

Catalyst Formula Gel time, min. 

Triethylamine N(CzHs)a 8 
N-dimethylbenzylamine CSI~CHIN(CH& 2 
Triethanolamine (C~HIOH)IN 10 
N-dimethylaniline CsHsN(CH& 22 

Pyridine 3 

Effect of Alcohol Added as Dilnent 
Eflect of Concentration 

Figure 10 shows the effect of the initial concentration of alcohol (mono 
alcohol) on the curing reaction of E828/HHPA/triethanolamine (1 : 1 : 
0.012) at 100OC. 

The same relation given by eq. (3-2) is obtained between the initial alcohol 
concentration Ca and the gel time &, as shown in Figure 11. The effect of 
alcohol is not as great as that of amine (Tables IV and V). When the 
initial concentration of alcohol was larger than 14.3 X lo-' mole/g. the 
extent of reaction of acid anhydride was larger than that of epoxide and 
gelation did not occur. 
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1.0, 

Reaction Time (min.) 

Fig. 10. Effect of concentration of butyl alcohol on E828/HHPA/trietha~olamine 
(1:1:0.012) at 100°C. Alcohol concentration, mole/g.: ( 0 )  2.8.5; (m) 1.99; ((3) 
1.14; (A) 0.29; (A) none. 

1 I cA (104 g. / mole 

Fig. 11. Relation of gel time of FA28/HHPA/triethanolamine ( 1  : 1:0.012) to initial 
conrentration of butyl alcohol at 100°C. 

Efect of Various Alcohols 

Figure 12 shows the catalytic effect of alcohol on the curing reaction of 
E828/HHPA/triethanolamine (1 : 1 :0.012) at 100°C., and Table V that 
on its gel times. 

Effects of Reaction Temperature 

Figure 13 and 14 show the reactions of E-828/HHPA and E-lOOl/HHPA 
with 0.59i’, triethanolamine at various temperatures. The apparent 
activation energies of these curing reactions were obtained as 14.1 and 14.4 
kcal., respectively, from Figures 15 and 16, which show the temperature 
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TABLE 1Vl6 
Effects of Various Aminea on the Gel Time a t  150OC. 

(100 parts of E-828 and 60 parts of HHPA, by weight, with 1% of catalyst) 

Catalvst Gel time, min. 

TABLE V 
Effect of Alcohols on Gel Time at 100°C.a 

Gel time, min. Alcohols 

CHsOH 

(CHo)zC( CHz0CHa)OH 
CIH pOCHzCHzOH 
CsH6CHzOH 
CsHnOH 
CzHsOH 
CHz( 0H)CHzOH 
(CH3)2CHCH&H*OH 
CHz( OH)CH( 0H)CHzOH 

n-C4HpOH 

I , / L c H p a  

35 
47 
51 
54 
55 
66 
30 
68 
72 
89 

51 

Concentration of alcohol waa 0.285 x 10-4 equiv./g. in the system E-828/HHPA/ 
triethanol amine (1 : 1 :0.012). 

dependence of the time it took the extent of reaction to reach a convenient 
value, such as 20, 30, or 40%. The apparent activation energies agreed 
with the value of 13.7 kcal./mole obtained from Figure 17, showing the 
temperature dependence of the time it took the viscosity to reach a con- 
venient difference from its initial value. 

DISCUSSION 
Figure 1 shows almost no differences in conversion between the epoxides 

and acid anhydride within the conditions of this experiment, and implies 
the etherification reaction: 
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0*9: 

Reaction Time (min.) 

Fig. 12. Effect of alcohols (CA = 0.285 X lo-' mole/g.) on E828/HHPA/trieth- 
anolamine (1: 1:0.012) at 100OC.: (0)  CHIOH; (A) n-C4HyOH; (@) (CH,)&(OH)- 
CHZCOCH~; (V)&CHnOH; (a) C~H~OCH&HZOH; (8) CsHsCH20H; ( 0 )  Cr 
HITOH; (A) (CHz0K)s; (V) (CH8)z CHCHzCHzOH; (0) CHZ(OH)CH(OH)CH*OH. 

Reaction T i m e  (hra.) 

Fig. 13. Reaction of E82S/HHPA (1:l)  with 0.5y0 triethanolamine at various 
temperatures. 

This did not occur, even in E1001/HHPA, which has an -OH group 
in its molecular s t ru~ture .~  This is consistent with Fischer's4 result 
obtained from the study of the reaction between alyl glycidyl ether and 
phthalic anhydride at 7(r100°C. 

As shown in figures 6 and 8 and by eq. (3-2), the curing reaction rate is 
proportional to the initial concentration CA of amine added as catalyst in 
all systems of E-828/HHPA, of E-lWl/HHPA having the secondary 
alcohol groups in the system, and of E-828/HHPA/methanol which con- 
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tains the primary alcohol pups. 
velocity of epoxide or anhydride) is obtained as follows: 

The rate equation -&/dt (decreasing 

-dz/dt = KCAj(z) (4-2) 

where K is a constant, and this is consistent with Fischer's result. 

0 1 2 

Roaotion T H  ( h r ~ . )  

Fig. 14. Reaction of l?~lOOl/HHPA (1:l) with 0.5% triethanolamine at vdoue 
temperatur€n. 
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Fig. 16. Tempernture dependence of reaction of E828/HBPA (1:l) with 0.6% 
tnethanolamine. C o n d o n :  (0) 65% (gel poht); ( 8 )  40Q/o; (A) 300%; (a) 20?& 
(8) 10%. EA = 14.1 kcal./mole. 
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The initial concentrations of epoxide and acid anhydride being a and b, 
respectively, f(z> is obtained from the results of Figures 2 and 3, that is, eq. 
(3-1) : 

(4-3) f(z) = (a - z ) ( b  - X) 

l/T x 103 
Fig. 16. Temperature dependence of reaction of ElOOl/HHPA (1:l)  with 0.5% 

of Triethanolamine. Conversion: (a) ca. 57% (gel point); (0 )  50%; (m) 40%; 
(A) 30%; ([U) 20%; (A) 10%. EA = 14.4 kcal./mole. 

2.5 

2.0 

. 
1.5 

2.5 3.0 
l/T X 10’ 

Fig. 17. Temperature dependence of time viscosity of E828/HHPA (1: 1)-triethmol- 
m i n e  (0.5%) reaches convenient difference from initial value. Viscosity, centipoises: 
(0) 1500; ((3) 1OOO; (A) 500; (El) 100. EA = 13.7 kcal./mole. 



STUDY OF EPOXY COMPOUNDS. I 1075 

This disagrees with Fischer’s result6 in which the reaction is zero order in 
the system of alyl glycidyl ether/phthalic anhydride, with a tertiary amhe, 
a t  70-10O0C. 

Now, let us consider the following reactions: 

LJ LJ 

O=&f=O - 
0 0  0 0  

@ It II It II 

I 
0 0  

0 II II 

+ 
0 0  

OCHd(HOCGCO- 0 I I  II 

(4-4) 

(45) 

(46) 

when CA, CB, CD, and CC are the concentrations of tertiary amine, mid 
anhydride, epoxide, and a conjugate base of tertiary amine with acid 
anhydride respectively, shown in the formula (4-4)’ the following equations 
are obtained: 

dCB/dt = -kiCACB -t kzCc - ~ ~ C C C D  

dCc/dt = kiCACB - ~ P C C  - k,CcCn 

(4-8) 

(49) 

dCD/dt = - ~ o C C C D  (41 0) 
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Since dCc/dt = 0 in the stationary state, we can obtain: 

CC = kiCACB/(h + ~ C D )  

V = dcD/dt = - k i k 3 C ~ c ~ C ~ / ( k z  + k&D) 

v = - ( k i k & J  CACBCD 

(4-11) 

(4-12) 

(4-13) 
and eq. (4-13) explains more reasonably the results of Figures 2,3 ,6 ,  and 8, 
and is consistent with the experimental equations of reaction rate, eqs. 
(3-1) and (42). 

The following reactions, which are assumed to occur in these cures, may 
be ignored within these experimental conditions: 

with eq. (410) ; then, the equation of reaction rate v takes the form: 

If kl > kz >> k3, we can obtain: 

00 p. @ I 

\CH 
I 

&N 4- 0 I RsWCHa-CH- (4-14) 

0 0  
R ~ N - C H I C H O C ~ C  CB II II -oQ 

@ 
(415) R3N+CH2-CH- A 

be + 

If the curing reaction follows eqs. (4-14) and (4-15), the reaction rate can 
be shown as : 

t, = dCD/dt = - ~ I ~ A C D  ki < k2 (416) 

0 = dCB/dt = - ~ z C A C B  ki > kz (417) 

and therefore disagrees with eq. (3-1) obtained from Figures 2 and 3. 
The catalytic effects of amines depend upon the nucleophilic properties, 

that is, the basicities of amines, whether or not they are shown in eqs. (4-4) 
or (4-14) (they may be ignored in these cases). 

Parker and Isaacs give the following equation:I3 

(log k - log S>/a* = P p  + psEs/u*  (4-18) 

where k" and k are the rate constants for the reactions of a given compound 
and of one of its substituted derivatives, u* is the polar substituent constant 
characteristic of the substituent, E, the steric substituent constant, pp the 
polar reaction constant, and ps a measure of the susceptibility of the reac- 
tion to the steric effects of substituents. 
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Since log k - log his replaced by log&, - log& in t h ~  c88e~, 88 shorn 
below, in Figure 18 (log b, - log &)/u* is plotted against E./u* for the 
curing reactions of epoxy reains and HHPA with various amines as cab 
lysta a t  150°C. (aee Tables I11 and IV). 

The rate equation of the second-order reaction given by eq. (4-2) may be 
rewritten as: 

l/(U - b) lOg[(O - Z)/(b - z)](b/a) = kiCat (4-19) 

and l/[Cn(u - b ) ]  log [(a - z ) / ( b  - z)](b/a) = K i n  the gel point to, eq. 
(4-19) becomes: 

kl = K / b  a t b  (4-20) 

and log k - l o g h  = 1% b, - log&. 
The constants E, and u* were given the values shown in the literature." 
The best straight line was found by the least-aqueres method and, from 

intercept and slope, A and p, are found to be -0.57 and 0.71, mpectively. 
The fit is certainly much better than that obtained by plotting log tG 
against u* according to the simplified form of the Taft'41b equation. The 
fact that is negative indicates that electron-repelling substituenta of 
NR1 increase the curing rate, as shown by eq. (4-12). 

Figure 10 implies that the 4 H  group has an effect o& the curing reac- 
tion of the epoxy reain with the acid anhydride, and Figure 11 shorn that 
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the reaction rate is proportional to the concentration of alcohol and that the 
alcohol is not as effective as the amine. 

The equation of reaction rate in the system of epoxide, acid anhydride, 
and alcohol, therefore, may be shown by eqs. (3-2) and (42) to be the same 
as that in the system of epoxide, acid anhydride, and amine. 

Now the following elementary reactions being assumed to occur, 

R&OH 
+ +  

/O\ 

o=Bc=o 
0 0  

k3 (422) - 
and CA, CB, CD, and Cc being the concentrations of alcohol, acid anhydride, 
epoxide and activated complex of these three reagents, the following equa- 
tions are obtained: 

Fig. 19. Plot of (log iko - log t ~ ) / a *  versus E,/o* for reactions of E828/HHPA 
Parent alcohol, ROH, is methanol, CHIOH, 

Bubstituent groups, It, of alcohol, ROH, are as 
(1  : 1) with various alcohols as catalysts. 
for which Q* and E,  are both zero. 
 follow^: ( I )  CII3-; (2 )  n-CaH9-i (3) (CH;O*C(CHZ- OCH?)-; ( 4 )  CJ~~OCHZCHF; 
(6) CeH&Bz-; (6) C~HI-; (7) CH,(OH)CHz-; ( 8 )  (CHa)&HCHsCHz-; (9) 
CHdOH)CH(OH)-; (lO).&CH,-; (11) C*H6-. pp = 0.063, p s  = 0.63. 
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Since dCc/dt = 0 in the stationary state, we obtain: 

c c  = kiCAcBCD/(h + h) (4-25) 

from eq. (4-23) ; then, the equation of reaction rate I) takes the form of: 

V = dcB/dt = dCD/dt -kikacACBCD/(h + $1 (4%) 

and eq. (4-26) explains more reaeonably the results of Figure 11 and is 
consistent with the experimental equatione (3-1) and (4-2). Thia result 
disaQ;rees with -her’s. 

The following reactions are assumed to occur in these curing reactions: 

+ 

The reaction rate obtained from eq. (4-16) or (4-17) diasgrees with the. 
experimental equations (3-1) and (42) and cannot explain the result in 

The catalytic ef€ect of alcohol b e i i  given by eq. (4-21), may depend on 
the activity of the hydrogen atom of alcohol, the -OH group. 
In Figure 19, (log ta, - log t a ) / ~ *  is plotted against E./u* for the curing 

reactions of epoxy reeins and HHPA with various alcohols as catalysts at 
1OOOC. (see Table V). The beat straight line haa been found in the case of 
amines and, from intercept and slope, A, and p,  are found to be +0.063 and 
+0.63, e t i v e l y .  The fact that h is positive indicates that electron- 
withdrawing substituenta increase the rate, as shown in Table V. 

The results of Figures 18 and 19 supported better the proposed curing 
mechanisms of the eqs. (4-4) to (47) and (4-21) to (422). 

Figure 11. 
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synopsie 
The curing reaction of an epoxy resin and acid anhydride with an amine and/or 

alcohol wad studied kinetically. No etherification reaction occurred at 70-140OC. 
and the initial reaction rate WBB proportional to the concentration of epoxide, acid an- 
hydride, and catalyst (tertiary amine or alcohol). The a p h n t  activation energies 
of the reaction in two systems of epoxy reein-hexahydropht$alic anhydride/triethanol- 
m i n e  (0.5 wt. %) were obtained BB 14.1 and 14.4 kcal./mole. The effecta of the sub- 
stitution R of the tertiary amine NRI or alcohol RICOH aa catalyst on the curing reaction 
of the epoxy resin and acid anhydride were studied. The polar reaction constant 
pp for amines, obtained negatively, indicates that electron-repelling substituente of NRI 
increase the curing rate; pp for alcohols, obtained positively, indicates that electron- 
withdrawing substituente of RsCOH increase the rate of curing reaction. These multa  
supported the propoeed curing mechanism better. 

La rhction de vulcanistrtion entre la rOsine Bpoxyde e t  un anhydride en p r k n c e  
d ’ h i n e  et/ou d’alcool a Bt.4 Btudih au point de vue cinhtique en faisant usage de r b i e a  
Bpoxydes commercialea e t  d’anhydride. Aucune daction d’BthBri6cation ne s’eet pro- 
duite entre 70 e t  190OC e t  la vitease initiale de &action eat proportionnelle B la concen- 
tration d’bpoxyde, d’anhydride e t  de catalyeeur tel qu’une amine tertiaire ou un alcool. 
Lee Bnergies apparentes d’activation de la rbaction dam deux systAmea r&e Bpoxidel 
anhydride hexabydrophtalique/triBthanol amine (0.5% en poids) ont 6th reapectivement 
de 14,l e t  14,4 Kcal. On a BtudiB lea effete du substituant R de l’amine tertiaire NR1 
ou de I’alcool RsCOH comme catalyseur sur la daction de vulcanisation de la rbine 
Bpoxyde et  de l’anhydride. La constante de polarit.4 de la rBaction pp, nhative dam le 
cae dee amines, montre que lea substituanta BlectronBgatifs de N R  augmente la vitesae 
de vulcanisation. pp pour lea alcools eat poative e t  montre que lea subetituanta Blec- 
tropositifs de RGOH augmentent la vitesse de la &action de vulcanisation. Ces 
rhultata rendent plausible le m6canisme de vulcanieation prop&. 

Zusammenfaasung 
1)ie Hiirtungsreaktion rwichrn einem Kpoxyharz und Saureanhydrid init eineni 

Amin oder Alkohol wirrde kinrtisch an handelsublichen Epoxyhamen und Siiurean- 
hydriden unteraucht. Bei iU-14O0C. trnt keine Veriitherungsreaktion auf und die 
Anfangsgeschwjndigkeit war der Konzentration von Epoxyd, Saureanhydrid und 
Katalysator, wie tertiiirea Amin und Alkohol, proportional. Die scheinbare Akti- 
vierungsenergie der Reaktion in den beiden Systemen dea Epoxyharz-hexahydrophthal- 
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isches Anhydrid/Triathanolsmin (0,5 Gew. %) wurde zu 14,l bzw. 14,4 kcal./mole 
bestimmt. Der Einflues der Substituenten R dea tertiirren Amins NR, oder Alkohols 
ftCOH auf ihre Wirkung als K a t d p t o r  der Hilrtungereaktion dea Epoxyharzea Wd 
Siiureanhydrid~ wurde unteraucht. Die polare Reaktionskonstante, p p J  die ftir An&e 
einen negativen Wert besitzt, zeigt, dass elektronen-abstamnde Substituenten von 
NR.I die Hilrtungsgckhwindigkeit erhohen. Ftir Alkohole ergab sich pp positiv, WEW 

aeigt, dass elektronen-entziehende Substituenten von R&OH die Geschwindigkeit der 
Hiirtungsreaktion erhohen. Diese Ergebniese bdden eine Stutze fur den vorgwchlagenen 
Hilrtungsmechaniamus. 
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