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ABSTRACT: Fundamental understanding of mechanisms of the epamyne curing reaction is crucial for
developing new polymer materials. Nearly all experimental studies, to date for elucidating its mechanisms are
based on thermometric measurements and thus cannot provide the molecular level details. This study used density
functional theory (DFT) methods to examine the mechanism of eparyine poly addition reactions at the
molecular level. Different reaction pathways involving both acyclic and cyclic transition state structures were
examined for different reaction conditions, namely isolated, self-promoted by amine, catalyzed by alcohol, and
in different solvents. The results indicate that the reactions catalyzed by an alcohol dominate the rate over the
self-promoted reaction by other amine species and the isolated one in early stages of the conversion. The concerted
pathways involving cyclic transition-state complexes are not significant due to their high activation energies.
Calculated activation energies are within the experimental uncertainty. In addition, solvent, not steric and electronic
effects as suggested earlier, are shown to be responsible for secondary amines to react slower than primary amines.

Introduction Scheme 1. General Mechanism for EpoxyAmine Curing.
. . . . +
Epoxy compounds have a wide range of technical applications rds L o - OH
due to their outstanding propertiesAs all epoxy end-use g~ * RN —— "~ | — R>—\N+HR,2 T W,
products require reaction with a curing agent, often an amine, NHR2

the elucidation of the reaction mechanism is of special interest  The first step is assumed to be rate determining (rds), and the proton
as indicated by numerous kinetic studies in the last few decadestransfer is fast compared to the nucleophilic attack.

The general reaction occurs via a nucleophilic attack of the
amine nitrogen on the terminal carbon of the epoxy function.

The mechanism has been known to bexa-§/pe Il, and thus A maior disadvantage is that it cannot provide any information
the reaction rate obeys second-order kinetics (cf. Scheme 1).a¢ the molecular level on the mechanism of individual elemen-
The reaction may involve both primary and secondary tary reactions. For example, it cannot address the possibility of
amine$ as well as hydrogen-bonding catalysts and promoters, cyclic thermolecular transition states with an epoxy and two
which can be shown to have a considerable effect on the amine molecules, described in a review by Rozenbe@yclic
activation barrier of the curing reaction. and acyclic transition states of the same stoichiometry cannot
Narracott Chapman, Isaacs, and Parker were among the first be distinguished by thermometric measurements although their
researchers to suggest a number of several possible reactiomeaction pathways for this specific reaction differs considerably;
pathways that may occur during the curing process and evaluatedhe amine addition via a cyclic transition state is believed to be
them according to their importanééhe reaction was known  a concerted one-step process, whereas the acyclic pathway is a

mechanism, using this approach, has a number of limitations.

to be catalyzed by hydroxyl grouper by catalytic impurity? stepwise process that occurs via an intermediate. It is a well-
It was also known that the primary amine reacts twice with an accepted fact that the cyclic hydrogen bond complex often
epoxy molecule to form a tertiary amifeMijovic and co- stabilizes the transition state, and thus it is considered to be a

workers suggested a possible concerted mechanism that involvesnore favorable pathway in literatutel® This has not been
cyclic hydrogen bond complexes with reactant amine mol- confirmed for the epoxyamine system, however.
ecules® Theoretical calculations would be able to bridge the present
These models have been used, refined, or slightly altered orgaps by providing a fundamental molecular-level understanding
extended to the present time, especially the Horie’'s mb#el.  of the mechanism of the epoxamine curing reaction. Although
Other approaches were also employkdarticularly using the current capability of computational methodologies cannot
kinetic modeling combined with experimental measurements. model a realistic poly-addition reaction in the actual condensed
In such cases, a kinetic model was used involving a set of phase, examining the potential energy surfaces of reactions in
elementary reactions whose rate parameters were determinedhe gas phase and in different solvents using a continuum
by fitting to experimental data from rate equation thermometric Solvation model will provide valuable insight into the chemistry
measurements conducted with the aid of differential scanning of this reaction. Interestingly, the employed model reaction
calorimetry (DSC}-213 Elucidating the epoxyamine reaction together with the accuracy of modern density functional theory
(DFT) methods yields results in good agreement with experi-
. . mental observations. In the present study, we have examined
* Corresponding author. E-mail: truong@chem.utah.edu. . . . .
t Department of Chemistry, University of Utah. different reaction pathways for the rate-determining step, i.e.,
*The Dow Chemical Company. the initial conversion using model compounds. Potential energy
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curves along these reaction pathways were determined. Equi- H Jr H H
librium constants and thermal rate constants for selected pH-0 CH,N-H'---P;I—CHs
dominant pathways were also calculated for comparisons with Pr 3 H
experimental observation. 1HB_(ROH), 2HB_(RNHz)
Computational Details H Jpr H H
. . . . CHz—N-----H-O 0----H-N
All electronic structure calculations were carried out using 4 Y ip CHs

the Gaussian 03 program packagé hybrid nonlocal density
functional theory B3LYP level of theot§ with the 6-31G(d,p)
basis set has been used for locating all stationary points, namely
for reactants, transition states, intermediates, and products.

3 HB_RH,N-HOR

iPr,

4 HB_ROH-H;NR

HsC,

Normal analyses were performed to verify the nature of these O_H""oig H'N_H""O:g
stationary points. To confirm the transition state for a given

reaction pathway, the minimum energy path from the transition e Q
state to both the reactants to products was calculated using the 5 HB_ROH-E 6 HB_RNH;-E

intrinsic reaction path (IRC) following methd@2° The con-
tinuum conductor-like polarizable continuum model (CPCM, CHy. . H
COSMO¥123 was used for selected reactions in methanol, N

tetrahydrofuran, and benzene. Equilibrium constants were
calculated using the standard statistical thermodynamic method,

. 0
and the thermal rate constants for selected reactions were also l/q
carried out at the transition state theory (TST) level employing “ H “ _H
the kinetic module of the web-based Computational Science and /0“'-|-|""~c|_,3 /O"‘-H‘N\CHS
Engineering Online (CSE-Online) environméft. 7TS_RNHoE 8 TS_RNH,E-HoNR
Results and Discussion ‘
JPr

Model System. Figure 1 shows a schematic drawing of o
different hydrogen bond complexes used in this study to model ”
the epoxy-amine curing reaction. In particular, we used H

; . o ~H cH
2-methoxymethyloxirane to model epoxy, methylamine for o N
primary amine, and propan-2-ol for an alcohol. This model [ “ H (L\ H
system reasonably describes the first polymerization step in the /O-N.H'N‘CH o
3 -~

epoxy—amine curing process in which propan-2-ol represents
both a model hydrogen-donating catalyst and a product hydroxyl
group and methylamine a curing agent. The next section presents
results for possible hydrogen precursor complexes. The actual CHj i
curing reaction mechanism will be analyzed in detail in the O N o To”
subsequent sections by examining different pathways that ’
involve both the acyclic and cyclic transition states and
providing an assessment of their relevance. The influence of CHs
solvation on the reaction parameters is also discussed followed 11 TS_c-RNH-E-H,NR 12 TS_c-RNH,-E-HOR
by an investigation of solvent effects on secondary versus rigure 1. Overview on model complexes. ROH denotes propan-2-ol,
primary amines. RNH, methylamine, and E methoxymethyloxirane; HB denotes a
Hydrogen-Bonding Precursor ComplexesComplexesl—6 hydrogen bond complex, TS denotes acyclic transition state, and TS_
(cf. Figure 1) show possible reactant hydrogen complexes for cyclic complex.

between the aliphatic alcohol functional groups, the aliphatic important pathways, namely the uncatalyzed, self-promoted, and
amine functional groups, and the epoxy oxygen. As expected, alcohol-catalyzed reaction pathways. The uncatalyzed reaction
the OH--O hydrogen bond irl is considerably stronger than  pathway involves only the epoxy and amine species. Such a
the NH-+N bond in2, resulting in a shorter hydrogen bond reaction pathway is less likely to happen in nature due to the
length and a greater binding energy, as shown in Table 1. Thepresence of other amine and product alcohol species in the
calculated equilibrium constant at 298 K of 3.58mol* is in system. However, it serves as a reference system for studying
good agreement with experimental values (2.45nal™1).25 the effects of being self-promoted by other amine species or
Such an agreement validates the accuracy of our theoreticalcatalyzing by added alcohol catalyst or the product alcohol
model (level of theory and basis set). Moreover, Table 1 species. Each of these reaction pathways can also have two
illustrates that OH-N hydrogen bond o8 shows the strongest  possible routes, namely via an acyclic or a cyclic transition state.
hydrogen bonding interaction because OH is a better hydrogenBecause the differences between acyclic and cyclic TS routes
donor than NH and nitrogen is a better hydrogen acceptor (Lewisin all three reaction pathways are similar, we present the
base) than oxygen. Consistent with such an argument, thediscussion of the reaction mechanism according to the nature
NH---O hydrogen bond complexeband6 have the weakest  of the TS geometry, i.e., acyclic or cyclic TS route.
hydrogen bond energies. Acyclic Transition-State Routén Table 2, classical barrier
Reaction Mechanism.The epoxy-amine curing reaction can  heights, AV*, denote the difference in the total electronic
proceed via a number of possible pathways as suggested in thenergies at the transition states and the corresponding reactants,
literature, although none has been confirmed by accurate whereas activation energiels;, are obtained from fitting the
theoretical study. In this study, we examined the three most calculated rate constants to the Arrhenius expression=4g).

9 TS_RNHz-E-HOR 10 TS_c-RNH»-E

O N
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Table 1. Hydrogen Complexe%
1HB_(ROH), 2HB_(RNHy), 3HB_RH,N-HOR 4HB_ROH-HNR 5HB_ROH-E ~ 6HB_RNHx-E

d(OH—-0) (A) 1.905 1.94

d(OH—N) (R) 1.897

d(NH—N) (A) 2.199

d(NH—0 (A) 2.050 2.219
AEping (kJ x mol1) —35.2 —19.0 —36.1 -12.7 —31.6 —-18.8

ad denotes a bond distance (A) andEy,i,g the energy of the hydrogen bond [kJmol1].

Table 2. Imaginary Frequenciesv', Selected Optimized Geometrical Parameters of the Transition States along the Acyclic TS Routes, Classical
Barrier Heights AV#, Rate Constantsk(T) at 300 and 400 K, and Activation EnergiesE, of the Uncatalyzed (Figure 2), Self-Promoted (Figure
3), and Alcohol-Catalyzed (Figure 4) Reactions

7TS_RNH-E 8 TS_RNH-E—H,NR 9TS_RNH-E-HOR
(Figure 2) (Figure 3) (Figure 4)
vI(i-cm1) 374.9 388.8 394.5
d(N1—C1) (A) 1.858 1.951 2.002
d(H1-02) (A) 1.931 1.973 1.994
d(H2—01) (A) 1.955 1.712
d(c1—-01) (A) 2.054 1.994 1.951
d(c2—-01) (A) 1.347 1.367 1.380
d(c1—c2) (A) 1.495 1.482 1.476
0(01-C2-C1) (deg) 92.4 88.7 86.1
0(C2—C1-N1) (deg) 113.8 111.6 110.7
AVF (kJmol~1) 101.7 76.1 61.6
Ea(kJ'molY) 109.6 85.1 70.5
kwd (300 K) (L-mol~2-min—1) 7.35x 10712 1.26x 108 3.06x 10°©
kwd (400 K) (L-mol~1-min~1) 4.82x 1077 7.02x 10°5 3.92x 1073

Table 3. Imaginary Frequenciesyv!, Selected Optimized Geometrical Parameters of the Transition States along the Cyclic TS Routes, Classical
Barrier Heights AV#, Rate Constantsk(T) at 300 and 400 K, and Activation EnergiesE, of the Uncatalyzed (Figure 5), Self-Promoted (Figure
6), and Alcohol-Catalyzed (Figure 7) Reactions

10TS_c-RNHx-E 11TS_c-RNHx-E-HoNR 12TS_c-RNHx-E-HOR

(Figure 5) (Figure 6) (Figure 7)
vt(i-cml) 477.6 414.8 414.9
d(N1—C1) (A) 2.252 2.217 2.228
d(H2—N2) (A) 2.039
d(H2—02) (A) 2.019
d(H1—01) (A) 1.799 1.976 1.673
d(H3—01) (A) 2.151 2.234
d(C1—-01) (A) 2.079 2.030 2.038
d(C2—01) (A) 1.386 1.393 1.400
d(c1—c2) (A) 1.470 1.467 1.468
0(01-C2-C1) (deg) 93.4 90.4 90.5
[(C2—C1-N1) (deg) 110.9 117.0 118.4
AV# (kJmol~1) 181.6 149.3 139.8
Ea (kJ'mol1) 185.2 155.8 1455
kwa (300 K) (L-mol~1-min—1) 2.45x 10724 3.06x 10720 7.93x 10710
kwd (400 K) (L-mol~1-min~1) 3.20x 10716 1.88x 10713 1.91x 10712

Thus, activation energies also include enthalpic and entropic characteristics of the transition state will lead to the smaller
contributions to the barrier heights. activation barrier. The order of the calculated activation energies,
As the reaction proceeds to the product, the-Cll bond is namely 109.6 kdinol™* for the uncatalyzed reaction,
broken and the CiN1 bond is formed. We used these two 85.1 kdmol~! for the self-promoted reaction, and 70.5rkd|!
“reactive” bond distances in the TS structure to provide for the alcohol-catalyzed reaction supports the Hammond
information on how close the TS to the reactant (entrance) postulate. Such an observation can be useful for developing
channel or product (exit) channel. For instance, the smaller C1 quantitative structureactivity relationships (QSARSs) for the
01 and the larger CIN1 bond distances indicate that the TS epoxy—amine system.
is closer to the reactant channel. Comparing the transition state Results presented in Table 2 further suggest that the transition
geometries of7—9 indicates that the transition state of the state of the attack of an amine on an epoxy molecule is stabilized
alcohol-catalyzed reactidhis closest to the reactant (entrance) by both a hydrogen bond between the amine hydrogen H1 and
channel, while the uncatalyzed reactidns the farthest (i.e., the ether oxygen O2 and a hydrogen bond between the epoxy
closest to the product channel). This can be seen from theoxygen O1 and a hydrogen donor (i.e., H2) that results in
decreases in the G101 bond distances of 2.054, 1.994, and lowering the reaction activation barriers. However, because the
1.951 A and the increases in the €M1 bond distances of  hydrogen bond between the amine hydrogen H1 and the ether
1.858, 1.951, and 2.002 A for the uncatalyzed, self-promoted, oxygen O2 exists in all three pathways, the determining factor
and alcohol-catalyzed reactions, respectively. This is a chargein lowering the activation energy is the hydrogen bond interac-
separation and thus is an endothermic process in the gas phaseion between the epoxy oxygen O1 and a hydrogen donor H2.
According to the Hammond postulate, the more reactant-like Our results suggest that the hydrogen bonding with the epoxy
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Scheme 2. Comparison of Acyclic and Cyclic Transition State
Reaction Pathways.

ON
multistep H
proton transfer ,

—_—

O/N
H
(').
3 N
N .

{
_0----H" CHs /O-'HN\CHS
IMfromTS 8/9 4
“ 13a/b P
O/N »
[ Y.HO | . .
oy OIN H Figure 2. Structure of the transition state of the uncatalyzed pathway
. / , (7 TS_RNH-E, the corresponding notation in Figure 1 and Table 2).
& H OH. Dark gray is for carbon atoms, light gray for hydrogen, red for oxygen,
A0 N 0\)\;,\,'“ and blue for nitrogen. Atomic labels are used for the discussion of the
CHs g CHs geometrical parameters listed in Table 2.
TS11/12

IM is abbreviated for intermediate, and P denotes the product of the
reaction

oxygen atom is critical to the reactivity of the epexgmine
curing reaction. In particular, the alcohol-catalyzed reaction has
14.6 kImol~! lower in the activation energy compared to that
of the self-promoted reaction corresponding to its shorter O1
H2 hydrogen bond distance by 0.243 A.

The small magnitude of the order of 400 thnfor the
imaginary frequencies for all three reaction pathways indicates
that the potential energy surfaces of these reactions near the
top of the barrier are very flat and thus further supporting that
guantum mechanical tunneling would be insignificant and can
be ignored. In addition, the activation energies in all cases are
higher than the classical barriers by more than-@rial~. This
is due to the loss of three translational and three rotational
degrees of freedom at the transition state compared to the

H1

separated reactants. e
Cyclic Transition State Routett. is well-known that reso- Figure 3. Similar to Figure 2, except for the transition state of the

self-promoted pathway8(TS_RNH-E-H:NR, the corresponding nota-

nance in cyclic transition state structures would potentially {ion in Figure 1 and Table 2).

provide stabilization effects and lower the activation energy.
Possible cyclic transition state routes for epegynine reactions,
though, have been suggested previously. They were not
confirmed by accurate quantum chemistry calculations.

We found that the reaction pathway via a cyclic transition
state exhibits a different mechanism compared to those via an
acyclic transition state. In particular, the bond cleavage and bond
formation of the epoxy-amine system can occur simultaneously
with a hydrogen transfer in a concerted manner, thus directly
leading to a product, whereas the pathway via acyclic TS is a
stepwise process involving one or more intermediates (IM) as
shown in Scheme 2. Although, by comparing the acyclic with
the cyclic transition states, the latter exhibit larger steric effects
and lack of the etheroxygen amine-hydrogen bond (H10O2
in Figures 2-4).

The structure-activity relationship found in the acyclic TS
routes described above, namely the later the TS the higher the
barrier, is also observed for the cyclic TS routes as shown in
Table 3 for TS structure$0 to 12. In particular, TS structure
10 (Figure 5) represents a four-membered cyclic transition state <
of the uncatalyzed reaction, T8l (Figure 6) for the self- Figure 4. Similar to Figure 2, except for the transition state of the
promoted' and TS]_Z (Flgure 7) for the a|c0h0|_cata|yzed alCOhIOI'C.atal.yZed pathwa)B(TS_RNl-b-E-HOR, the COrrespOnding
reaction, respectively. For the uncatalyzed reaction, IRC cal- notation in Figure 1 and Table 2).
culations confirm that the N2C1 bond formation, C+O1 bond
cleavage, and O1H1 bond formation occur simultaneously in  complexes, together with increased steric crowding, resulting
a concerted mechanism. This TS geometry also indicates a laten a high reaction barrier of 181.6 #dol~1, 80 k3mol~! higher
transition state relative to both the other cyclic and acyclic than that of the corresponding acyclic TS route. In fact, this
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Figure 5. Cyclic transition state for the noncatalyzed pathi@y'S c-
RNH,-E.

o

Figure 6. Cyclic transition state for the self-promoted pathwhy
TS_c-RNH;-E-HNR.

Figure 7. Cyclic transition state for the alcohol-catalyzed pathway
TS_c-RNHx-E-HOR.
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Scheme 3. In a Six-Membered Cycle, the Actual Reaction
Shows as Occurring in a Four-Membered Cycle

oMo H-QM

No Coh
Ay HO H
0O e N

CHs
TS11/12 1

C')IN O/N

H 1

= H

OH —_

OH_ H
/0\/‘\/N\;IH

_0 HN\CH;; 3

13a/b P

complex was thought to be not reactive previoui8lfor the
self-promoted and alcohol-catalyzed pathways, interestingly,
IRC results show that the actual reaction, i.e., bond cleavage
and formation, preferably occurs in a four-membered ring
structure, involving O1, C1, N1, and H3, with a H®1 atom
distance of 2.151 A fol1 and 2.234 A forl2 (cf. Figures 6

and 7, respectively). Scheme 3 illustrates the reaction mechanism
and demonstrates that, in this case, the alcohol and second amine
molecule, respectively, are merely hydrogen-bonding spectator
molecules.

Comparing energetic information for pathways via cyclic and
acyclic transition states suggests that possible cyclic reaction
pathways play a minor role in the epoxgmine curing
reactions. This is due to the fact that the cyclic arrangement
forces an unfavorable nucleophiigniattack, resulting in steric
crowding and hence considerably higher activation barriers,
specifically on the order of 80 kdhol~* leading to reaction rates
several orders of magnitude lower than those via acyclic TS
routes. In addition to high classical barriers, the activation
entropy argues against the formation of such cyclic TS
complexes. Note that it is possible to form TS cyclic routes
that involve a larger number of spectator (amine and/or alcohol)
molecules as discussed by Okumoto and Yanfabtowever,
the polymer matrix and thermal motions would argue against
the contribution of such cyclic TS routes in the realistic
environment.

Solvent Effects.Solvent effects on geometries of the station-
ary points, activation energy, and reaction rates of the alcohol-
catalyzed reaction via the acyclic TS route, the lowest energy
route, were studied using the CPCM continuum model for three
different solvents; benzene represents nonpolar solvents, tet-

Table 4. Transition State Properties for the Catalyzed Reaction via the Acyclic TS Route (9 TS_RNFE-HOR as in Figure 4) in Different

Solvents

gas phase CPCM benzene CPCM tetrahydrofuran CPCM methanol
€r 1 2.247 7.58 32.63
vi(i-cmY) 394.5 440.0 468.5 482.8
d(N1—C1) (A) 2.002 2.077 2.129 2.146
d(H1—02) (A) 1.994 2.082 2.152 2.181
d(H2—01) (A) 1.712 1.711 1.734 1.733
d(c1-01) (A) 1.951 1.893 1.857 1.845
d(C2—01) (A) 1.380 1.392 1.400 1.403
d(ci—c2) (A) 1.476 1.468 1.462 1.461
0(01-C2-C1) (deg) 86.1 82.8 80.9 80.2
0(C2—C1—N1) (deg) 110.7 109.4 108.3 108.1
AV# (kJmol1) 61.6 55.3 52.2 51.0
Ea(kJmol™1) 70.5 64.2 61.0 59.0
kwd (300 K) (L-mol~1-min~1) 3.06x 10°® 1.43x 1074 457x 1074 5.55x 1073
kwd (400 K) (L-mol~1-min~1) 3.92x 1073 9.82x 1072 2.30x 1071 2.28
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RNH: —e—
5HB_ROH-E -
51 9 TS_RNHzE-HOR ---e---
-40 4
AE, |
[kJmol]
504

Figure 8. Solvation free energies of the reactant species methylamine
(A), epoxy-propan-2-ol comple®% (HB_ROH-E), and the resulting
transition stat® (TS_RNH-E-HOR) as functions of the solvent polarity
represented by its dielectric constant.

rahydrofuran slightly polar and methanol polar solvents. Note
that the specific hydrogen bond effects are included explicitly
in the complex TD. Table 4 indicates that increasing solvent
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Scheme 4. Schematic lllustration of the Mechanism of the
Initial Stage of the Epoxy—Amine Polymerization

6HB_RNH,-E ———————————> IM-H,NR 13a HB_RNH,-P

8 TS_RNH,-E-H,NR H*-Transfer

+RNH, || - RNH,
E .. > ™M n 3P
7 TS_RNH,-E H™-Transfer
-ROH |[ + ROH
E T - > 13bHB_P-HOR
5HB_ROH-E 9 TS_RNH,-E-HOR IM-HOR - i er |

Overall Mechanism. To investigate the relative importance
of different pathways from the epoxy to the addition product
13, e.g., uncatalyzed, catalyzed by alcohol, and self-promoted
by amine, we examine the overall mechanism consisting of all
important pathways as described in Scheme 4. A comparison
between the uncatalyzed pathway via the TS comglewth
the alcohol-catalyzed pathway via the TS compl@x as
illustrated in the middle and lower row of Scheme 4, leads to
the suggestion that adding a small amount of alcohol to the
epoxy—amine mixture would accelerate the overall curing
reaction rate, with a greater impact at lower temperatures. The
same statement is also true for the self-promoted reaction

polarity causes an earlier transition state, which has already beerpathway, which is illustrated in the upper row of Scheme 4 but
discussed in the reaction mechanism section and recognized ag a lesser extent. However, it is important to point out that,

the main indicator for lowering the activation barrier. Polar
solvent solvates the charge-separated produet- ", making

it more exothermic. According to the Hammond postulate, this
will lead to more reactant-like TS and lower the activation
barrier.

The effect of solvent polarity is shown in Figure 8. It displays

although the activation energies for both the catalyzed and self-
promoted reactions are lower than that of the uncatalyzed
pathway, the formation constaris for the hydrogen precursor
complexes for these pathways must also be taken into account.
Complex6, which leads to the transition state compl@xis

less likely to form than comples by almost 2 orders of

the solvation free energies of reactants and TS as functions ofmagnitude (estimated from the difference in the binding

the solvent dielectric constart. The results indicate that
increasing the solvent polarity will solvate the TS more than

energies). From these arguments, it is possible that the uncata-
lyzed pathway (via compleX) and the self-promoted pathway

the reactants and thus lower the activation energy. The chart(via complex6 leading to complex8) may be competing in the
shows that most of the effects can be achieved with moderateabsence of any added catalyst, whereas the alcohol-catalyzed
solvent polarity. These results are consistent with earlier studiespathway (via comple¥ leading complex) is supposed to be

on this topic?®
Comparisons with Experimental Data.From experimental

the most probable pathway whenever an alcohol catalyst is
present or the product alcohol species can participate in the

studies, Mijovic reported rate constants on the order of betweenreaction.

103and 102 at 393 K (120°C) for both primary and secondary
amines for the alcohol-catalyzed reaction of phenylglycidyl ether
and aniline?2° Matejka obtained the same order of magnitude
for the system diglycidylanilineaniline at 373 K (100C).30:31

Primary versus Secondary AminesThere exists an inter-
esting fact about the ratio of rate constants for primary and
secondary amines. Most studies agreed that the ratio (secondary/
primary) is somewhere between 0.5 (e.g., Horie kinetic model

Comparing these values with the calculated rate constant ofand unity33 All suggested that the major reasons for the decrease

3.9 x 1073 and 9.82x 1072 at 400 K for the alcohol-catalyzed

in the rate is due to steric effects caused by bulky substituents

reaction in the gas phase and in nonpolar solvent, respectively,and electronic effects resulting from the differences in the

it may be justified to state that the computational methodology
used in this study is adequate for obtaining kinetic information
from DFT methods.

The calculated activation energiggcan be compared directly

nitrogen atom of the primary and secondary amines.

In this study, we used dimethylamine to model secondary
amine and assumed that the alcohol-catalyzed reaction pathway
dominates the kinetics of the overall reaction. In contrast to the

to experimental values. Paz-Abuin reported the activation energyearlier accepted fact, the data of Table 4 suggests that solvent

of 52.8 kdmol~1 for the alcohol-catalyzed reaction of diglycidy!
ether of bisphenol A (DGEBA) with 1,3-bis(aminomethyl)-
cyclohexane (1,3 BAC) and 62.3kdol! for the uncatalyzed
one!2 Blanco found the activation energies of 64.9rkdl-!
and 41.4 kdmol-! for DGEBA with p-methylaniline and
toluidine, respectively? Vinnik reported a value of 51 kol

effects are the key reason for secondary amines to react slower
than primary species. The steric and electronic effects are

included in the gas-phase reaction by using compleXZ 8s

a model secondary amine. The barrier height in gas phase is
lower for secondary amines. This result suggests that secondary
amines would react faster than primary amines rather than

for the catalyzed reaction of phenylglycidyl ether (PGE) with slower as observed experimentally. Such a contradiction sug-
aniline3? The calculated activation energies for the most gests that steric and electronic effects are not the reason for the
favorable pathway, i.e., the alcohol-catalyzed reaction via the experimental observation as suggested previously. When solvent
acyclic TS structure route, as shown in Table 4 for several effects are included by using methanol as a model, consistent
solvent environments, are in fact within the experimental range. with experimental observation, is obtained. Figure 9 depicts the
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crowding and electronic effects were thought previously to be
the main influence on the observed slower rate in the secondary
amine. The present results indicate that these yield the opposite
effect, namely the secondary amine reacts faster. Solvent effects
are the key factor for the slower rate of secondary amine.
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