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The energies of the intermolecular hydrogen bonds for five amino 
derivatives of sym-triazines have been obtained. The energies were 
calculated from the temperature dependence of the equilibrium con- 
stants determined from the change on dilution of the "peak r inten- 
sities of the stretching vibrations of free N "H groups and those parti- 
cipating in a hydrogen bond, It has been shown that under the action 
of the hydrogen bond the compounds studied form cyclic dimers in 
solution similar to those of the carboxylic acids. 

The ro le  of the hydrogen bond in the biological  
act ivi ty  of o rganic  compounds is  un ive r s a l l y  r ecog -  
n ized  at the p r e s e n t  t ime  (see, for example ,  [2]). In 
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Fig. 1. IR spec t r a  of 2 - c h l o r o - 4 - d i - n - p r o p y l a -  
m i n o - 6 - m e t h o x y a m i n o - s y m - t r i a z i n e  obtained at 
va r ious  tempe ra tu re  s; c oncent r  at ion 0.0488 m o l e / l ,  
th ickness  of the working  l aye r  1.011 ram, solvent  

hexachlorobutadiene .  

p a r t i c u l a r ,  the point  of view appears  in  the l i t e r a t u r e  
in which the act ion of he rb ic ida l  compounds is  ex- 
p la ined  by the blocking of the act ive c e n t e r s  of bio-  
p o l y m e r s  with the aid of hydrogen bonds [3]. 

s y m - T r i a z i n e  de r iva t ives  fo rm a group of widely 
known he rb i c ides  f inding cons ide rab le  appl icat ion in 
ag r i cu l tu re ,  such as p r o m e t r y n e ,  a t r az ine ,  a t ra ton ,  
etc.  [4], the m e c h a n i s m  of the act ion of which is  un-  
doubtedly connected  with the capaci ty of the i r  m o l e -  
cules  for fo rming  hydrogen bonds with b iopo lymers .  
However,  t he re  is  no i n fo rma t ion  in the l i t e r a t u r e  on 
the quant i ta t ive  c h a r a c t e r i s t i c s  of the hydrogen bond 
for he rb ic ida l  compounds of this s e r i e s .  Only com-  
pa ra t ive ly  r ecen t l y  has a paper  appeared  on the qual i -  
ta t ive i n t e r p r e t a t i o n  of the hydrogen bond for  s y m -  
t r i a z i n e  de r iva t ives  [5]. 

In the p r e s e n t  pape r  we give data on the energy  of 
the i n t e r m o l e e u l a r  [subsequent ly ,  for  b rev i ty ,  the 
word " i n t e r m o l e c u l a r "  will  be omitted] hydrogen bond 

*For pa r t  VIII, see [1]. 

of four O-methy lhydroxy lamine  s y m - t r i a z i n e  de r iva -  
t ives :  2-  ch loro-  4- d ie thy lamino-  6- methoxyamino-  s y m -  
t r i a z ine  (I), 2 - e h l o r o - 4 - d i - n - p r o p y l a m i n o - 6 - m e t h o x y -  
a m i n o - s y m - t r i a z i n e  (II), 2 - m e t h y l t h i o - 4 - d i - n - p r o p y l -  
a m i n o - 6 - m e t h o x y a m i n o - s y m - t r i a z i n e  (III) and 2 -eh lo ro -  
4- di- n-  bu ty lamino-  6- methoxyamino-  s y m - t r i a z i n e  (IV), 
syn thes ized  in  o r de r  to inves t iga te  the i r  he rb ic ida l  ac-  
t iv i ty  [6,7]. F o r  compar i son ,  the energy  of the hydro-  
gen bond of the wel l -known herb ic ide  t r i e t az ine  or 2- 
eh loro-  4- d ie thy lamino-  6- e thy lamino-  sym-  t r i az ine  (V) 
[4] was also de t e rmined .  

In the ma jo r i t y  of papers  on the de t e rmina t ion  of 
the energy of a hydrogen bond us ing IR spec t roscopy ,  
the in teg ra l  i n t ens i t i e s  of the X--H bands of the s t r e t ch -  
ing v ib ra t ions  of m o n o m e r i c  and assoc ia ted  mo lecu l e s  
[8] (or those of m o n o m e r i c  molecu les  alone with the 
n e c e s s a r y  p r e m i s e s  and a s sumpt ions  for this  de te r -  
mina t ion  taken into account  [9]) a re  m e a s u r e d .  

The de t e rmina t ion  of the in t eg ra l  i n t ens i t i e s ,  p a r -  
t i cu la r ly  in the case  of over lapping  bands ,  is always 
assoc ia ted  with cons ide rab ly  g r e a t e r  e r r o r s  than the 
de te rmina t ion  of peak i n t ens i t i e s .  However,  it is 
imposs ib l e  to use  d i rec t ly  the change in the peak in -  
t ens i t i e s  with a va r i a t ion  in the t e m p e r a t u r e  to de- 
t e r m i n e  the energy of a hydrogen bond because  of the 
poss ib l e  dependence of the peak i n t e ns i t i e s  on the 
t e m p e r a t u r e  for  the individual  compounds (see, for 
example ,  [10]). 
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Fig. 2. i/zXm as a function of CA m for 
the monomeric band of 2-chloro-4-di- 
n-propylamino-6 -methoxyamino -sym- 

t r i a z ine .  

These difficulties can be circumvented if the peak 
intensities are used to determine the equilibrium con- 
stants between the free molecules and those bound by 
the hydrogen bond, since the absorption coefficients 
are practically independent of the dilution with a small 
change in the viscosity of the solution [I0]. 
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The p r e s e n c e  of only two bands in the reg ion  of the 
R~--H s t r e t ch ing  v ib ra t ions  (see Fig.  1) gives grounds 
for speaking of the p r e s e n c e  of only one type of a s -  
socia te  for the compounds studied*. The l i n e a r  r e l a -  
t ionship between the squa re  of the opt ical  densi ty  of 
the f ree  N---H bond (Am ~) and the product  of the opt ical  
densi ty of the band for  N---H pa r t i c ipa t ing  in a hydro-  
gen bond and the th ickness  of the working l ayer  (A d" 
�9 l) and also the l i nea r  r e l a t ionsh ip  between the r e c i -  
p roca l  of the optical  densi ty (1/A m) of the band of the 
f ree  N---H bond and the product  of the optical  densi ty 
of this  band and the mo la r  concen t ra t ion  (C .A m, see 
Fig.  2) p e r m i t s  the s t a t ement  that the a s soc ia t e s  a re  
ma in ly  cycl ic  d i r ec t s .  

The va lues  of the energy  of the hydrogen bond ca l -  
cula ted only f rom the change in the optical  densi ty  of 
the band of the m o n o m e r i c  molecu les  co inc ides  within 
the 96~ confidence l imi t s  with the va lues  of the e n e r -  
gies obtained by us ing  the bands both of the m o n o m e r i c  
and the d imer i e  m o l e c u l e s ,  but in the second case  the 
confidence in t e rva l  is 3 to 6 t imes  s m a l l e r .  Conse-  
quently,  only the second scheme of ca lcu la t ion  wil l  be 
cons ide red .  In this case ,  to ca lcu la te  the equ i l i b r ium 
cons tan t s  the absorp t ion  coeff ic ients  of both bands 
mus t  be bo rne  in  mind ;  these  were  de t e rmined  by the 
ex t rapola t ion  of the l i n e a r  r e l a t ionsh ip  between A m /  
/Co . l  and Ad/C0- / (Fig. 3) to i n t e r s e c t  the axes,  s ince  

A m  A d  
. . . .  " + . . . .  =1 .  
~m C~ ~d Co/ 

The absorp t ion  coeff ic ients  for the band of the f ree  
N--H are  given in Table  1. 
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Fig. 3. Am/(C 0 �9 l) as a funct ion of eXd/(C 0 �9 l) 
for 2 - c h l o r o - 4 - d i - n - p r o p y l a m i n o - 6 - m e t h o x y -  

a m i n o - s y m - t r i a z l n e  

The va lues  of the equ i l i b r ium cons tan ts  for each 
t e m p e r a t u r e  were  obta ined by averag ing  the cons tan ts  
ca lcu la ted  f rom the equation 

/k m2~d 

~m 2 Adt 

for 4 - 5  concen t ra t ions~  

*Other bands ,  of low in tens i ty ,  a re  found in the 
3100-3000 reg ion  which apparent ly  c o r r e s p o n d  to 
some  other  types of assoc ia tes~  The i r  inf luence  oll the 
accuracy  of the de t e rmina t ion  of the energy d i f ferences  
between the m o n o m e r  and the (cyclic) d imer  is within 
the l im i t s  of the expe r imen ta l  e r r o r .  

The e n e r g i e s  of the hydrogen bonds and the d i f fer -  
ences  in the en t rop ies  between the m o n o m e r i e  and 
cycl ic  mo lecu l e s  were  ca lcula ted  f rom the dependence 
of the equ i l i b r ium cons tan t s  on the t e m p e r a t u r e  (Table 2). 

Table 1 
Frequencies and Absorption Coefficients 
of the Stretching Vibrations of Free N--H 

Com- 
pound 

-1 Frequency u, em 

I 
II 

I l i  
IV 
V 

free bound 
NH NH 

3381 3187 
3381 3187 
3379 3183 
3378 3188 
3442 3264 

Absorption co- 
Av, c,u-f efficient* 

mole "1 "l" cm "1 

194 199--207 (204) 
194 240--255 (249) 
196 196--233 (215) 
190 239---261 (250) 
178 296--401 (348) 

*The mean absorption coefficients are given in parentheses. 

In mos t  pape r s  on the de t e rmina t ion  of the energy 
of a hydrogen bond, it is  not shown how the e r r o r  of 
the energy  va lues  given has been ca lcula ted .  This 
grea t ly  compl ica tes  the evaluat ion of the r e l i ab i l i t y  of 
l i t e r a t u r e  data and r educes  the i r  va lue .  In the p r e s e n t  
paper  the ca lcu la t ion  of the absorpt ion  coeff ic ients ,  the 
energy of the hydrogen bond, the entropy,  and the e r -  
r o r s  of these  magni tudes  were  c a r r i e d  out by the me-  
thod of l eas t  squa res  both with the weights of the e r -  
r o r s  and without them,  s t a r t i ng  f r o m  the assumpt ion  
of the out l ine of the m o n o m e r  band f rom the d imer  
band.  The va lues  of the ene rg ies  of the hydrogen bond, 
the ent ropy,  and the i r  m e a n - s q u a r e  deviat ions  were  
p rac t i ca l l y  the s a m e  in both cases .  

It can be seen  f rom Fig .  3 that in compound II the 
absorp t ion  coeff ic ient  of the band of the N--H s t r e t c h -  
ing v ib ra t ion  of the m o n o m e r i e  molecu les  does not 
depend on the t e m p e r a t u r e  within the expe r imen ta l  
e r r o r .  This  is  obviously explained by the ve ry  sma l l  
change in  the ha l f -width  of the band for the given t e m -  
p e r a t u r e  range~ According  to Rakov [10], this is pos-  
s ible  because  the v i scos i ty  of the solvent ,  hexaeh loro-  
butadiene,  changes  l i t t le  in  the given range  of t e m p e r -  
a tures  [111! 

It can be seen  f rom the data of Table  2 that the r e -  
p l acemen t  of the ethyl r ad i ca l s  of the amino group 
in  pos i t ion  4 by propyl  r ad i ca l s  does not, within the 
l imi t s  of expe r imen ta l  e r r o r ,  lead to a change in the 
energy  of the hydrogen bond, while the r e p l a c e m e n t  of 
propyl  r ad i ca l s  by butyl  r ad i ca l s  leads  to a c o n s i d e r -  
able decrease in the energy of the hydrogen bond~ The 
replacement of chlorine by a thiomethyl group also 

leads to a decrease in the energy of the hydrogen bond. 

In the case of trietazine, there is a marked decrease 
in  the ene rgy  of the hydrogen bond as compared  with 
m e t h o x y a m i n o - s y m - t r i a z i n e s .  This  d i f ference can be 
explained by the inf luence  of the methoxy group;  the 
e lec t ronega t ive  oxygen atom i n c r e a s e s  the d i sp lace -  
men t  of the cen t e r  of g rav i ty  of the e l ec t ron  cloud f rom 
the hydrogen atom to the n i t rogen  atom, which leads to 
an i n c r e a s e  in the donor  capaci ty  of the amino group. 

The p r e s e n c e  in the 4 , 6 - d i a m i n o - s y m - t r i a z i n e s  of 
s eve ra l  p r o t o n - a c c e p t i n g  cen te r s  enables  s e ve ra l  pos-  
s ib le  fo rms  of cyclic  d i m e r s  to be sugges ted  for them.  
These  cen te r s  may be e i ther  the n i t rogen  atoms of the 
t r i a z ine  r i ng  or  the n i t rogen  atom of the amino group 
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in pos i t ion  4~ The oxygen of the me thoxyamino  group 

cannot  be a p r o t o n - a c c e p t i n g  c e n t e r  that  w0uld lead  to 
d i m e r s  s i m i l a r  to those  of the ca rboxy l i c  ac ids  s ince  
t r i e t a z i n e  has no methoxy group and the cyc l i c  d i m e r i c  
f o r m  of the a s s o c i a t e s  i s  r e t a ined .  

Table 2 

Values  of the E n e r g y  of the Hydrogen 
Bond and the Entropy* 

Com- AS, en- 
pound tropy aAH' 

units keal/mole 
l 

I 18.6 
II 20.2 

III 17.4 
IV 13.0 
v 9.9 

ffAS' AH, 
entropy kcal/mole 

units 

07 3.8 
0.5 4.18 
1.1 3.3 
2.0 3.1 
1.3 2.4 

0.1 
0.07 
0.2 
0.3 
0.2 

*all  is the energyof the hydrogen bond, z~S is the difference 
between the entropies of  the dimer and the monomer, and o is 
the mean-square deviation of  the results obtained. 

If i t  is  a s s u m e d  that  in t r i e t a z i n e  t h e r e  is a s ingle  f o r m  
of cyc l i c  d i m e r s  and in the N - m e t h o x y a m i n o t r i a z i n e s  an-  
o ther  f o r m ,  in the l a t t e r  ca se  one would expec t  at  l e a s t  two 
f o r m  s of cyc l ic  dim e r  s, which is  e o n t r a r y  to e x p e r i m e n t .  

I I 
N'~'N H~'N ~C"~'~I ' ' N "  

" I I  
'i,l ....N.cr 

~N./~..~N .~.~N ~ - -  
I I 

In the case  of the f o r m a t i o n  of a hydrogen  bond 
with a n i t rogen  of the r ing ,  the m o s t  f avorab le  condi-  
t ions wil l  be on the n i t rogen  a tom in pos i t ion  1, which 
mus t  lead  to a cyc l i c  c e n t r o s y m m e t r i c a l  d i m e r  with 
l i n e a r  hydrogen  bonds.  

If hydrogen  bonds w e r e  f o r m e d  with the amino group 

in pos i t ion  4, in i ts  turn ,  the e x i s t e n c e  of two f o r m s  of 
cyc l i c  d i m e r s  would be pos s ib l e :  with the r ings  ly ing 
in one p lane  and with them a r r a n g e d  one under  the 
o the r  ( b r e a d - a n d - b u t t e r  f o r m  of cyc l i c  d imer s ) :  

\N--H--..• 

N ~  
N....H__ N 

J \ 

. N ~ N  / / 
�9 ~ /  9" / 

N ......... 

.......... N J  c2~'~ ~ ~J"  

In both the l a t t e r  c a s e s ,  i t  is  n e c e s s a r y  to develop 
the subs t i tuen t s  on the n i t rogen  a tom f o r m i n g  the hydro-  
gen bond p e r p e n d i c u l a r l y  to the p lane  of the t r i a z i n e  
r i n g ,  and fo r  this  a def ini te  ene rgy  is  consumed  which 
is  connec ted  with the d i s tu rbance  of the conjugat ion of 
the zr -e lec t ron  p a i r  of the n i t rogen  with the t r i a z i n e  
r ing  [12]. On the o ther  hand, in the f i r s t  c a s e  this 
m u s t  l ead  to an i n c r e a s e  in the p r o t o n - a c c e p t i n g  c a -  
paci ty  of the n i t rogen  and, consequen t ly ,  to an in-  
c r e a s e  in the ene rgy  of the hydrogen  bond so that the 
two p r o c e s s e s  may  c o m p e n s a t e  one another  f r o m  the 
energy  point  of v iew.  

In the c a s e  of the b r e a d - a n d - b u t t e r  f o r m  of cyc l ic  
d i m e r ,  one m u s t  expec t  a gain in energy  due to the in-  
t e r a c t i o n  of the 7r-e lect rons  in the r i ngs .  

E X P E R I M E N T A L  

The spectra of solutions of the compounds studied for calculat- 
ing the energy of the hydrogen bond were taken in the 3600-2800 

cm "1 region on an IKS-14 infrared spectrometer with a lithium fluoride 
prism. Recording scale 1.48 era'l/ram. The half-widths of the appa- 
ratm function at the frequencies of the absorption maxima were: for 
the monomer band, v m ~ 3380 cm "1, S = 7.3 cm'l; for the dimer 
band, Ud "3190 cm "l, S = 6.3 cm "1. The solvent was hexachlorobu- 
tadiene and the thicknesses of the worldng layers and the concentra- 
tions of the compounds studied are given in Table 3. As can be seen 
(Fig. 1) a wing of the band of the NH group participating in a hydro- 
gen bond is superposed on the absorption band of the free NH group. 
Consequently, the line of 100%transmission was determined by ex- 
trapolating the dimer band to high frequencies. The absorption line 
of F-1 glass was taken as the line of 0% transmission. 

To heat the cells containing the solutions, a cylindrical furnace 
closed at both ends with lids containing quartz windows was used. The 
measurement and control of the temperature was carried out with an 
EPP-09 2M potentiometer with a 10 mV scale, and the sensor was a 
ehromel-constantan thermocouple. The accuracy of the temperature 
measurements was 20.05 ~ C and the range of temperatures from +20 
to +70 ~ C. 

Table  3 

Concen t ra t ion  of the Compounds (mole /l) 
Used fo r  Record ing  the IR Spec t ra  

Corn- Layer thickness, mm 

p o u n d "  0.212 0.511 [ 1.011 5.007 ] 9.998 
/ I 

I [ 0.2345 0.0956 / 0.0488 0.0097 0.0048 
II / 0.2289 0,1045 I 0.0524 0.0104 0.0051 

lII 0.0900 0.0076 0.0397 02080 0.0040 
IV 0.2260 0.0942 0.0455 0.0094 0.0048 
V 0,2367 0.0983 0,0498 0,0125" 0,0046 

*Concentlafion for a working layer thickness of  4.054 mm. 
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