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The energy partitioning scheme of Morokuma et al. has been applied to the proton affinities 
of fourteen aliphatic amines. The electrostatic, the polarization and the charge transfer 
component of the proton affinities have been calculated using the MINDO/3 method. Two 
different sets of structural parameters have been used for the complexes of the bases and the 
attacking proton. Within the framework of the semiempirical method employed here, the 
electrostatic interaction between an attacking proton and the base was found to be positive as a 
result of the relative magnitudes of the repulsion terms used in the proton-electron and the 
proton-core interactions. 

In the case of the polarization term our findings roughly parallel those of Morokuma. For one 
of the two sets of structural parameters a good and almost group overlapping correlation was 
found between polarization energies and experimental proton affinities: the polarization part was 
found to decrease with increasing proton affinity. Independent of the choice of the amine 
geometries, the results for the charge transfer energy contradict the nonempirical data of 
Morokuma: Contrarily to his results we found values which increase in the order 
ammonia < methylamine < dimethylamine < trimethylamine. 

1. Introduction 

Recent ly we pub l i s hed the results o f s o m e s em i -

empi r ica l and ab initio s tud ies concern ing the p ro ton 

affinit ies o f a l iphat ic a m i n e s [1 - 5 ] . I n the cour se o f 

these invest igat ions we ca lcu lated the po l a r i z a t i on 

and the electrostatic part o f the energy o f inter-

act ion between an a p p r o a c h i n g p ro ton a n d four teen 

bases [5]. W e used 

for the cont r ibut ion o f the po la r i za t ion energy [6] 

( /-p-/-j is the magn i t ude o f the distance between 

the attacking p roton and the a tom w i th n u m b e r i 

a nd po lar izab i l i ty a s ) [4, 5, 7]. 

T h e electrostatic part o f the proton af f in i ty was 

calculated accord ing to 

E< 
EST f Up-Ij| 

* Part 5 see [5], 
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where qx is the charge o f a t o m i. T h e in teratomic 

d istances were taken f r o m M I N D O / 3 geomet r y 

opt im iza t ions , and different sets o f po lar i zab i l i t ies 

have been used in the po la r i za t i on part. U s e o f the 

po lar i zab i l i t ie s [4] calculated by m e a n s o f the 

M I N D O / 3 - F P m e t h o d [8] in the expres s i on for the 

po l a r i za t i on part, a n d o f M I N D O / 3 charges in the 

ca lcu la t ion o f the electrostatic energy led to va lues 

for these c omponen t s wh i ch , in the case o f the 

mo lecu le s a m m o n i a , me thy l am ine , d i m e t h y l a m i n e , 

a n d t r ime thy l am ine correlate w i th the nonemp i r i c a l 

4 -31 G results o f M o r o k u m a et al. [9, 10]. A t the ab 
initio level it wa s f o u n d that the s u m o f the 

po l a r i za t i on and the electrostatic energy decreases 

w i th increas ing p ro ton aff in i ty [10]. T h i s trend c ou l d 

not be r ep roduced by o u r s em iemp i r i c a l treatment. 

T h e reason for this lies in the fact that success ive 

exchange o f the h y d r o g e n a toms o f the a m i n o g r o u p 

by methy l subst i tuents caused an increase o f the 

electrostatic part, w h i c h cou ld not be compen sa ted 

by the decreas ing po la r i za t i on term. 

I n this c o m m u n i c a t i o n we present the results o f 

further invest igat ions in w h i c h we not on ly re-

calculated the electrostatic term us ing a m e t h o d 

closer adap ted to M I N D O / 3 theory [11], but a lso 
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de te rm ined the po la r i za t ion part in a w a y closer 

related to the m e t h o d o f M o r o k u m a [9, 10, 12]. I n 

a d d i t i o n we calculated the charge transfer con-

t r i bu t ion to the p ro ton aff in ity acco rd ing to that 

au tho r ' s method . 

2. Computational Method 

T h e electrostatic part was calculated by 

i 

whe re Z , is the core charge o f a t o m i, a n d p x\ the 

s u m o f its b o n d o r d e r mat r i x d i a gona l elements. 

r i H a nd y i H are the two center core-core a n d 

electron-electron r epu l s i on terms used w i t h i n the 

M I N D O / 3 m e t h o d [11]. 

I n order to calculate the po la r i za t i on energy, the 

mo lecu l a r orb i ta l s o f the am ine s were a l l owed to be 

po la r i zed in the f ield o f an attack ing p ro ton w i thou t 

pe rmi t t i ng any charge transfer between the reac-

tands. T h i s was a c comp l i s hed by p e r f o r m i n g the 

H a r t r e e - F o c k ca lcu lat ion on ly w i th the a t om i c 

orb i ta l s o f the amine. T h e d i agona l e lements o f the 

// c o r e -matr ix h ad to be m o d i f i e d in the f o l l ow i n g 

w a y : 

hfifi z hßfi ~ 7jH-

where h®M is the unper tu rbed // c o r e -matr ix e lement 

a n d 7jH is the two center repu l s i on integral w h i c h is 

a l so used in the expres s ion for the electrostatic 

energy. F u r t he rmo re , 

i 
i ' i H 

h a d to be a d d e d to the core-core repu l s i on energy 

o n account o f the electrostatic interact ion between 

the point cha rge a n d the a tomic cores o f the amine. 

T h e total energy ( E 2 ) calculated in this m a n n e r c a n 

be regarded as the s u m o f the g roundstate energy o f 

the unper tu rbed sys tem (E0), the electrostatic part 

(£ E ST ) , a nd the cont r i bu t i on due to po la r i za t i on 

(£POL) : 

E2 ~~ Eq + EESJ + E ' P O L 

F ina l l y , the charge transfer energy wa s determined. 

F o r this pu rpose , we fo l lowed M o r o k u m a ' s m e t h o d 

[9. 10. 12] and def ined a new basis, t//. the component s 

o f w h i c h are the n occup ied mo lecu la r orb i ta l s o f 

the a m i n e {/} p lu s one h y d r o g e n 1 s Slater funct ion: 

M 
* 2 

I// = 

VI 
T h i s bas i s is related to the a tomic one by the 

f o l l ow ing t r an s fo rmat i on (n is the n u m b e r o f the 

occup ied mo l ecu l a r orbita ls a n d m is the n u m b e r o f 

the a tomic orb i ta l s o f the a m i n e ) : 

C 

C J = 

C11 c12 ' ' ' c1n 

C 2 1 C 2 2 • • c 2 n 0 

fn1 ' f n m ° 

y o 0 . . . 0 1 J 

T h e elements c/y are the L C A O - M O coefficients o f 

the o ccup i ed mo l ecu l a r orb ita ls o f the neutral base 

(/ and j are the ind ices o f the mo lecu l a r and a tomic 

orbitals, respectively). A f ter p e r f o r m i n g an S C F 

ca lcu lat ion for the amine, the f inal self consistent 

b o n d o r d e r mat r i x i n the a t om i c bas i s was extended 

for zeros in l ine a n d c o l u m n m + 1: 

P11 P 1 2 1m 

K2m 

P11 P 1 2 ' 

P 2 1 P 2 2 -

pml Pm2' 

0 0 • 

1m 

2m P 2r ° 

' mm 

0 0 

T h i s b o n d o r d e r mat r i x was u sed to calculate an 

init ial F o c k ma t r i x A = a tomic , k = 1 i n the 

first step) o f d i m e n s i o n m + 1, w h i c h was then 

t ran s fo rmed in the f o l l ow ing m a n n e r : 

r M V c ' _ F A
k - c - . 

F r o m the n o c c u p i e d e igenvectors o f a new 

b o n d o r d e r mat r i x o f d i m e n i o n m + 1 was con-
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structed and used to set up a new F o c k mat r i x . 

T h i s p rocedure was repeated unti l the ca l cu la t i on 

converged. I n the case o f the mo lecu le s e x a m i n e d 

here no convergency p r o b l e m s occurred. F r o m the 

final va lue o f the total energy ( £ 3 ) the cha r ge 

transfer energy can be ca lcu lated in the f o l l o w i n g 

way : 

£CT = £3 - E0 - £EST . 

T h e a tomic coord inates u sed in the ca lcu lat ions o f 

the component s o f the p r o t on aff in i ty have been 

determined by two different methods . I n a First 

app roach (further refered to as m e t h o d 1) we started 

f r om the M I N D O / 3 o p t i m i z e d structures o f the 

amines, p laced an add i t iona l p r o t o n in a rea sonab le 

pos i t ion above the n i t rogen a t o m o f the a m i n o 

g roup , and then op t im i zed the po s i t i on o f the 

proton w i thout c h a n g i n g the geomet r y o f the a m i n e 

part. T h e final coord inates o f the p ro ton were u sed 

to calculate the electrostatic energy and to de f ine 

the pos i t ion o f the po int cha rge in the ca l cu la t i on o f 

the po la r i za t ion energy, as well as that o f the 

attacking p ro ton in the ca l cu la t i on o f £ 3 . T h e 

M I N D O / 3 op t im i zed structures o f the tert iary 

amines are o f l ow rel iabi l ity. So , e.g. i n s t r i k i ng 

contrad ict ion to the exper imenta l results [13] the 

env i ronment o f the n i t rogen a t o m in t r i m e t h y l a m i n e 

is a lmost p lanar, and the s a m e is true for the other 

tertiary am ine s d i scussed here. I n the o p t i m i z e d 

cations, however , the geometr ie s o f the a m i n e f rag-

ments, a l t hough still rather flat, are closer to real ity 

than those o f the op t im i zed neutra l amines . T h e r e -

fore, we pe r f o rmed a second set o f ca lcu lat ions, in 

w h i c h we used the coordinates o f the fully op t im ized 

cat ion for the comp lex o f the neutral base a n d the 

attack ing p roton * (me thod 2). 

A l t h o u g h the geometr ies o f the o p t i m i z e d neutra l 

amines , especial ly those o f the tertiary amines, differ 

in s ome cases s ign i f icant ly f r o m the ones u sed in 

m e t h o d 2, the differences between their total 

energies are relatively sma l l a nd never exceed 

0.4 eV. 

3. Results and Discussion 

U s e o f both method s to dete rmine the po s i t i on o f 

the attack ing p ro ton in the c o m p l e x led to H - N 

b o n d distances for w h i c h £ N H is c on s i de rab l y larger 

than > ' N H , so that even the electrostatic interact ion 

between the p ro ton and the n i t rogen a tom, w h i c h 

carries the largest a m o u n t o f negat ive charge in the 

who le molecule, becomes repuls ive. T h e energy 

decreas ing contr ibut ions , w h i c h emerge f r o m the 

interact ions between the p ro ton and negat ive ly 

cha rged a toms i i n s u ch distances, for w h i c h £ i H is 

* In the case of the p r i m a r y cations, the p ro ton lying in 
the p lane which conta ins the n i t rogen and the a - c a r b o n 
a t o m and which bisects the H - N - H angle was considered 
as the a t tacking one. 

For the secondary bases the results of the pa r t i t i on ing 
p r ocedu r e were found to be a lmost ident ical regardless 
which of the two hydrogen a t o m s of the N H ^ - g r o u p was 
cons idered as the a t tacking pro ton . T h e d e p e n d e n c y u p o n 
the choice of the hydrogen a t o m was f o u n d to be so weak 
tha t it could be neglected. 

Tab le 1. Electrostat ic (£EST)> po la r i za t ion (.EPOLX a ° d cha rge t ransfer ( E C T ) c o m p o n e n t of the 
proton aff ini ty . In add i t ion the expe r imen ta l p r o t o n a f f i n i t y (PA E X ) a n d the sum of the electro-
static and po la r iza t ion par t a re l isted. Resul ts of m e t h o d 1. All values in eV. 

No . Molecule £ E S T £POL ECT EEST + EPOL 

1 A m m o n i a 4.94 - 0.60 - 12.09 8.98 4.34 
2 M e t h y l a m i n e 5.06 - 0.72 - 12.08 9.47 4.34 
3 E thy lamine 4.99 - 0.81 - 12.09 9.60 4.18 
4 n - p r o p y l a m i n e 5.00 - 0.85 - 12.08 9.66 4.15 
5 i -p ropy lamine 5.06 - 0.88 - 12.07 9.70 4.18 
6 n -bu ty l amine 5.00 - 0.87 - 12.08 9.68 4.13 
7 t -bu ty lamine 5.00 - 0.95 - 12.09 9.79 4.05 

8 D i m e t h y l a m i n e 5.19 - 0.78 - 11.64 9.75 4.41 
9 Me thy le thy l amine 5.09 - 0.79 - 11.24 9.86 4.30 

10 D i e t h y l a m i n e 5.28 - 0.97 - 11.80 9.95 4.31 

11 T r i m e t h y l a m i n e 5.44 - 0.87 - 11.19 9.91 4.57 
12 D i m e t h y l e t h y l a m i n e 5.52 - 0.97 - 11.44 10.01 4.55 
13 Me thy ld i e thy l amine 5.50 - 1.02 - 11.24 10.12 4.48 
14 T r i e thy l amine 5.70 - 1.16 - 11.66 10.21 4.54 
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Table 2. Electrostatic (£"EST)* polarization (£POL)> and charge transfer (£CT) component of the 
proton affinity. In addition the experimental proton affinity (PAex) and the sum of the electro-
static and polarization part are listed. Results of method 2. All values in eV. 

N o . Molecu le £ E ST £POL E C T P A N ^ E S T + ^ P O L 

1 Ammonia 4.79 
2 Methylamine 4.94 
3 Ethylamine 4.85 
4 n-propylamine 4.86 
5 i-propylamine 4.88 
6 n-butylamine 4.86 
7 t-butylamine 4.86 

8 Dimethylamine 5.08 
9 Methylethylamine 5.06 

10 Diethylamine 5.05 

11 Trimethylamine 5.22 
12 Dimethylethylamine 5.25 
13 Methyldiethylamine 5.25 
14 Triethylamine 5.26 

- 0.51 - 12.16 8.98 4.28 
- 0.72 - 12.15 9.47 4.22 
- 0.82 - 12.13 9.60 4.03 
- 0.86 - 12.12 9.66 4.00 
- 0.90 - 12.16 9.70 3.98 
- 0.88 - 12.12 9.68 3.98 
- 0.96 - 12.14 9.79 3.90 

- 0.88 - 12.10 9.75 4.20 
- 0.96 - 12.12 9.86 4.10 
- 1.05 - 12.14 9.95 4.00 

- 1.01 - 12.00 9.91 4.21 
- 1.09 - 12.07 10.01 4.16 
- 1.16 - 12.10 10.12 4.09 
- 1.23 - 12.13 10.21 4.03 

-3.7-

-3.8" 

-3.9-

-4.0-

-4.1-

-4.2-

-38-

-4.2-

-4.3-

Fig. 1 a. Nonempir ical electrostatic energies (£EST) VS- the 
MINDO/3 results (£EST , method 1). All values in eV. (For 
numbering out the compounds see Table 1.) 

Fig. 1 b. Nonempir ica l electrostatic energies (£EST) VS- the 
MINDO/3 results (£EST , method 2). All values in eV. (For 
numbering of the compounds see Table 1.) 

sma l l e n o u g h , d o not c o m p e n s a t e the pos i t i ve con -

t r ibut ions , so that, i n d e p e n d e n t o f the m e t h o d used, 

the total electrostatic te rm is pos i t i ve for all m o l e -

cules unde r con s i de ra t i on (cf. T a b l e 1 a n d T a b l e 2). 

F o r all a m i n e s m e t h o d 2 g i ves sma l l e r electro-

static energ ies t han m e t h o d 1 (cf. T a b l e 1 a n d 

T a b l e 2). U s i n g m e t h o d 1 no trend can be recogn i zed 

w i t h i n the g r o u p s o f the p r i m a r y , secondary , a n d 

tertiary amines . T h e s a m e is true for the p r i m a r y 

a m i n e s in the case o f m e t h o d 2. A m o n g the second -

ary and tert iary a m i n e s th i s m e t h o d g i ves t rends 

w h i c h , h o w e v e r , cont rad ic t each other: W h e r e a s the 

electrostatic t e rm decreases w i t h inc reas ing we i gh t 

o f the a l ky l par t i n the case o f the seconda ry bases, 

just the oppo s i t e is o b t a i n e d for the tertiary spec ies 

(cf. T a b l e 1 a n d T a b l e 2). 

M o r o k u m a et al. h a v e p u b l i s h e d electrostatic 

energ ies for a m m o n i a (— 4.3 eV) , m e t h y l a m i n e 

( - 4 . 2 eV) , e t h y l a m i n e ( — 4 . l e V ) , d i m e t h y l a m i n e 

( - 4.0 eV) , a n d t r i m e t h y l a m i n e ( - 3 . 7 e V ) [9, 10], 
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Fig. 2 a. Nonempirical polarization energies (-EPOL) VS. the 
MINDO/3 results (£POL> method 1). All values in eV. (For 
numbering of the compounds see Table 1.) 

Fig. 2 b. Nonempirical polarization energies (£po!) v s- the 
MINDO/3 results (£POL< method 2). All values in eV. (For 
numbering of the compounds see Table 1.) 

-1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 

Fig. 3a. Experimental proton affinities (P/lex) vs. the 
MINDO/3 calculated polarization energies (^POL. method 
1). All values in eV. (For numbering of the compounds see 
Table 1.) 

-1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 

Fig. 3 b. Experimental proton affinities (PAex) vs. the 
MINDO/3 calculated polarization energies (£POL> method 
2). All values in eV. (For numbering of the compounds see 
Table 1.) 
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calculated w i th a 4 - 3 I G bas i s set. A l t h o u g h their 

va lues and those ca lculated by M I N D O / 3 d i f fer in 

s ign, there are corre lat ions between o u r s em i -

empi r i ca l a n d their ab initio data (see F ig s . 1 a 

and b): 

M e t h o d 1 £ E ^ ? = 1.100 £ E S T - 9.699; / = 0.956, 

M e t h o d 2 = 1 . 2 1 8 £ E S T - 10.123; r = 0.925 

(all va lues in eV). 

T h e ab initio po l a r i za t i on energies calculated by 

M o r o k u m a et al. [9, 10] for a m m o n i a ( - 1.2 eV), 

m e t h y l a m i n e ( - 1.7 eV) , e thy l amine ( — 2 . 0 eV), d i -

m e t h y l a m i n e ( - 2.3 eV), a nd t r imethy l am ine ( - 2.8 

e V ) agree in s i gn w i th those calculated by the 

M I N D O / 3 m e t h o d (cf. T a b l e 1 and Tab l e 2). W i t h 

both me thod s the abso lute va lues o f the sem i -

emp i r i ca l po l a r i za t i on energ ies are less than ha l f o f 

those o f the ab initio results, a fact that m i g h t be 

due to the lower f lex ib i l i ty o f the bas i s set used in 

the M I N D O / 3 method. 

I f one cons ide r s on l y the f ive c o m p o u n d s e x a m -

ined by M o r o k u m a [9, 10], the cor re lat ion between 

h i s ab initio and ou r M I N D O / 3 va lues is sat i s fy ing 

(all va lues i n eV, see F i g . 2 a a n d F i g u r e 2 b ) : 

M e t h o d 1 £poL = 5.556 £ P 0 L + 2 .200; r = 0.944. 

M e t h o d 2 = 3.185 £ P 0 L + 0 .509; r = 0.989. 

W e tr ied to correlate the M I N D O / 3 po la r i za t ion 

energies w i th exper imenta l p r o t on aff in it ies [14, 15] 

(see F ig . 3 a and F i g u r e 3 b). T h e cor re lat ion ob -

ta ined w i th m e t h o d 2 is rather sat i s fy ing ( r = 

0.991), a n d is a lso a little bit better than that 

ob ta i ned in [5]. M o r e o v e r , the corre lat ion f o u n d 

here is a lmos t g r o u p ove r l app ing . T h e on l y excep-

t ion is d i m e t h y l a m i n e (8): F o r this c o m p o u n d the 

po l a r i za t i on energy ( - 0.88 e V ) is m o r e pos i t i ve 

t han for i - p r o p y l a m i n e (5) ( — 0 . 9 0 eV), whereas the 

1 EST 11 POL 
eV 9-0-1 ,, eV 

— i 1 1 
-12.15 -12.10 -12.05 -12.00 

Fig. 5. Expe r imen ta l p ro ton a f f in i t i e s (PAEX) vs. the 
M I N D O / 3 ca lcula ted cha rge t r ans fe r energies (£CT< me th -
od 2). All va lues in eV. ( F o r n u m b e r i n g of the c o m p o u n d s 
see T a b l e 1.) • S p r i m a r y (plus a m m o n i a ) , 0 = secondary , 
+ = ter t iarv amines . 

1 0 . 0 -

Fig. 4. Exper imenta l p ro ton af f in i t ies (PAEX) vs. the 
M I N D O / 3 calcula ted sum of po la r iza t ion and electrostat ic 
energy (£EST + £POL< m e t h o d 2). All values in eV. ( F o r 
n u m b e r i n g of the c o m p o u n d s see Tab le 1.) « ^ p r i m a r y 
(plus a m m o n i a ) , o = secondary . + ^ ter t iary amines . 

10 0 -
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exper imenta l p ro ton aff in ity o f 8 w a s f o u n d to be 

s o m e w h a t h i g h e r than that o f 5 (cf. T a b l e 2). I n the 

case o f the ab initio results, the s u m o f the electro-

static and the po la r i za t i on energy wa s f ound to 

correlate w i th the p ro ton aff in i t ies in a sense that 

this s u m decreases w i th i nc reas ing energy o f p r o -

tonat ion. I f one restricts onese l f to the mo lecu le s 

e x a m i n e d by M o r o k u m a et al. it is rea l i zed that th i s 

t rend is comp le te l y fa i led b y the M I N D O / 3 results 

f r o m m e t h o d 1. A l t h o u g h in the case o f m e t h o d 2 

£ e s t + £"POL decreases in the o r d e r a m m o n i a > 

m e t h y l a m i n e > d i m e t h y l a m i n e , the va lue for tri-

m e t h y l a m i n e exceeds that for d i m e t h y l a m i n e . T h a t 

m e t h o d 2 leads to better results c a n c lear ly be seen 

i f one checks the corre lat ion be tween £ E S T + £"POL 

a n d the p ro ton aff in it ies w i t h i n the g r o u p s o f the 

p r i m a r y , secondary , a nd tertiary c o m p o u n d s (see 

F i g . 4): N o s u c h cor re lat ion exists w h e n 1 is used. 

T h i n g s are even m o r e c omp l i c a t ed in the case o f 

the charge transfer energy. N o t e v e n a trend can be 

recogn i zed w h e n m e t h o d 1 is u s ed (cf. T a b l e 1). I n 

the case o f m e t h o d 2, however , ca l cu l a t i on o f the 

cha rge transfer energy leads to results w h i c h are 

wo r th further c o m m e n t s (cf. T a b l e 2 a n d F i g u r e 5). 

A m o n g the p r i m a r y a m i n e s on l y one trend can be 

seen clear ly: T h e va lues for the b r a n c h e d mo lecu le s 

are lower t han those for the u n b r a n c h e d i somers . 

A m o n g the s e conda r y a n d tertiary a m i n e s Ecr 

decreases w i t h i nc rea s i ng p r o t o n aff inity. H o w e v e r , 

the M I N D O / 3 va lues contrad ict the ab initio results 

i n one very impo r t an t respect: A c c o r d i n g to M o r o -

k u m a the cha r ge transfer energy decreases in the 

o rde r a m m o n i a ( - 3.8 eV ) > m e t h y l a m i n e ( - 4.0 

e V ) > d i m e t h y l a m i n e ( - 4 . 1 e V ) > t r i m e t h y l a m i n e 

( - 4.3 eV). W i t h m e t h o d 2, just the oppo s i t e is 

f ound . M o r e o v e r , the average va lue for the p r i m a r y 

a m i n e s is l owe r t han that for the secondary , w h i c h 

o n the other h a n d , is l ower than that for the tert iary 

species (cf. T a b l e 2 a n d F i g u r e 5). 
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