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In using IR spec t roscopy to study the role of hydrogen bonding in the proton transi t ion during isotopic 
exchange react ions  of hydrogen in liquid sys tems  [1], there a rose  the problem of making a quantitative es t i -  
mate of the changes in the proton-donating and proton-accept ing capacity of XH functional groups in a num- 
ber  of compounds of s imi lar  s t ructure .  The present  investigation was conducted to determine the the rmo-  
dynamic pa ramete r s ,  par t icular ly  the energy of hydrogen bonds involving participation of the NH group, in 
the secondary  amine ser ies ,  where this group se rves  both as a proton donor ( N H . . .  Y bonding) and a pro-  
ton accepter  ( X H . . .  N bonding). 

The secondary  amine ser ies  selected consisted of the aliphatic amines (C2H~)2NH, (C3H~)l~I , (iso- 
CtH~)NH , and (C6H 5. CH2)2NH and the aromatic amines C6HsNHCH3, C6HsNHC2Hs, and (C6H5)2NH. Use of 
these series makes it possible to examine the influence on the properties of the NH functional group of 
changes in the structure of its electron cloud produced by changes in hydrocarbon-chain length. An in- 
crease in the number of methyl groups, which have a positive inductive effect [2], should cause deforma- 
tion of the e lec t ron  cloud of the NH group; the resul tant  intensified proton screening should be accompanied 
by a reduction in the proton-donating capaci ty of the functional group and an increase  in its p ro ton-accept -  
ing capacity. The ionization potentials of molecules  are  ve ry  helpful for charac te r iz ing  their capacity for  
hydrogen bonding. Comparison of the proton-accept ing proper t ies  of compounds with their ionization po- 
tentials shows that, in mos t  cases ,  accepter  proper t ies  a re  more  effective as the ionization potential de-  
c reases .  The ionization potentials of the secondary  amines we studied, I = 8.24 eV for (CH3)2NH , 8.01 
eV for (C2Hs)2NH , 7.84 eV for (C~HT)2NH , and 7.69 eV for (CtHg)2NH in the aliphatic se r ies  [3] and 7.40 eV 
for (CGHs)2NH and 7.34 eV for C6HsNHCH 3 in the a romat ic  ser ies  [4], conform to the above hypothesis. 

The many studies that have been made of hydrogen bonding of amines by IR spect roscopy have dealt 
p r imar i ly  with the change in the spect roscopic  charac te r i s t i c s  of the substances investigated (the displace-  
ment of the associa te  band with respec t  to the monomer  band after  bond formation,  the changes in band 
intensity and half-width, etc.). Thus, a study of the shifts in the NH band of amines in acetone and pyridine 
[5] showed that proton-donating capacity dec reases  over the ser ies  diphenylamine > methylaniline > ethyl- 
aniline in a romat ic  amines and over the ser ies  dibenzylamine > diethylamine in aliphatic amines.  Various 
authors  [6-8] reached s imi lar  conclusions for a romat ic  amines.  It follows f rom the data of Pullin and 
Werner  [9] that the displacement  and intensity of the ~NH band of the associa te  produced by format ion of 
an N H . . .  O = C hydrogen bond increase  over the se r i e s  dialkylamines < N-alkylanilines < diphenylamine. 
The opposite tendency, i.e., toward an increase  in associa t ion constant with increasing radical  length, was 
noted in a study of the proton-accept ing capaci ty of t r ia lkylamines f rom their NMR spectra  [10]. The 
hydrogen-bond energies  AH for  different proton donors and accepters  have been determined in individual 
cases ;  thus, it has been shown [8] that the AH of the N H . . .  N bond to t r ie thylamine is g rea te r  for (QHs)2NH 
than for C6H5NHC2H 5. So far  as we know, however,  there has been no sys temat ic  examination of the donor 
and accepter  capacit ies of the NH group in success ive  ser ies  of secondary  amines.  

Our investigation was conducted with solutions in an inert  solvent (CC14) containing component con- 
centrat ions such as to completely preclude the possibil i ty of se l f -associa t ion,  as was demonstrated ex-  
perimentally.  The proton accepter  for the entire se r ies  of amines was one of the s t rongest  accepters ,  
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Fig. 1. Change in vOH band of monomer  with t empera tu re  in sys tems  consisting of H(CF2)aCH2OH + a l i -  
phatic amine in CC[ 4. I) (C6H s �9 Ctt2)2NH; II) (CsHT)2NH (the dash line represen ts  the vOH of 0.001 M a l -  
cohol solution in CCI4). 

Fig. 2. Change in vOH band of monomer  with tempera ture  in sys tems  consist ing of H(CF2)4CH2OH 
+ a romat ic  amine in CCI 4. I) C6H5NHCH 6 II) (C6H5)2NH (the dash line represen ts  the vOH of 0.001 M a l -  
cohol solution in CC14). 

t r iethylamine.  The proton donor was the fluorinated alcohol H(CF2)4CH2OH. The latter was selected be- 
cause introduction of e lectronegat ive fluorine a toms into the alcohol radical  causes repulsion of e lectron 
density f rom the functional group and great ly  enhances its ability to fo rm a hydrogenbond,  serving as a 
proton donor ( O H . . .  N), and reduces its proton-accept ing capacity, which enables us to avoid formation 
of an N i t . . .  O bond, an in terfer ing factor  in this ease. 

The test  sys tems  were investigated on the basis of the changes in the valence-vibra t ion absorption 
bands of the free and bound NH and OH groups with varying temperature .  The vOH band of the undissociated 
alcohol molecule in CC14 is represented  by the dash line in Figs. 1 and 2 and had the following spectra l  
cha rac te r i s t i c s :  vOH = 3620 -~ 3 cm -1, a half-width Aul /2  = 33 :~ 4 cm -1, an absorption constant at the band 
maximum g m =  4700 =~ 100 l i t e r / m o l e ,  cm, and an integral  absorpt ion constant g~nt = (1.91 :e 0.08)-105 
l i t e r / m o l e ,  cm 2. The spec t ra  were determined an a UR-20 I1R spec t romete r  and an IKS-11 spec t rometer  
with a PbSe photores is tor  cooled with liquid oxygen. The working conditions were selected to produce un- 
distorted absorpt ion bands in each specific case. The t empera tu re - re la ted  measurements  were made in 
cont ro l led- tempera ture  cells, using a TS-16 thermosta t  (over the range 12-70~ the accuracy  of the 
tempera ture  determinat ions was :L0.5 ~ C. 

P re l imina ry  experiments  conducted to find the associa t ion constants K of the a m i n e - a l c o h o l  sys tems  
at room tempera ture  with various component concentrat ions (3- 10-4-10 -3 m o l e / l i t e r  of alcohol and 0.04- 
0.1 m o l e / l i t e r  amine) showed that, within the limits of experimental  e r ro r ,  K was independent of the r e l a -  
tive compound concentrat ions (the average  values of K are  given in Table 1). This enables us to conclude 
that assoc ia tes  of only one type were formed in the system. In making the tempera ture  measurements  to de- 
termine AH, we selected component concentrat ions at which there was no se l f -assoc ia t ion  and which c o r -  
responded to the optimum absorpt ion-band spect ra l  charac te r i s t i cs .  Several  measurements  were  made at a 
given tempera ture  for each sys tem and the average values were then calculated. Figures  1 and 2 show the 
changes in the vOH band of the unassociated hydroxyl group during format ion of an O H . . .  N hydrogen bond 
between the fluorinated alcohol and the aliphatic and a romat ic  amines.  It can be seen that there was a sub- 
stantial  change in band intensity during associa t ion and when the sys tem tempera ture  was varied in the case 
of dialkylamines;  the change was far  smal le r  when the amine nitrogen was bound to a benzene ring. The 
VassOH of the sys tems  containing aliphatic amines were  not investigated, since these ve ry  broad bands 
(Av~/2 = 300-400 cm -1) lay in the 2800-3500 cm -1 region, overlapping the absorpt ion of the CH and NH 
groups. The optical density of the maximum of the VmOH band was used to determine the monomer  con- 
centrat ion (Cm) and the associa t ion constant: 

K = C c o m p  C0 ~ - -  C~ H 
_ = (1) 

Cm.Cacc G I 

Then, proceeding f rom the well-known relat ionship between the associa t ion constant and hydrogen-bond 
energy  
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TABLE 1. Charac te r i s t i cs  of Proton-Accept ing Capacity of Secondary 
Amines in Hydrogen Bond (Concentration of proton donor, H(CF2) 4 
�9 CI42OH, 0.001 mole / l i t e r )  

A mine 

/ NH 
cm "t K 9-98~, liter ,@298 ! CO ' - - A H ,  . 

mole/liter av, /mole kcal/mole keal/mole I'cal/m~ deg 

(C6H5 .CH2)~.NH 
(C~H5)2 NH 
(CaHj. z NH 
(iso-C4H,)2NH 
(C6H~)2 NH 
C6HsNHCHa 
C~H~NHC2H5 

0,075 
O, 075 
0,075 
0,075 
0,1 
0,3 
0,3 

465 
500 
510 
510 
42 
62 
62 

13,7_+0,4 
55_+1 
44-.1 
49_+1 

1,3• 
2,6_+0,3" 
2,7___0,4 

6,1_+0,3 
7,8+0,6 
8,8_+0,7 
9,3:~0,9 
1,7-+0,3 
3,1-+0,5 
3,3• 

--1,55• 
--2,37-* 0,06 
--2,23-*0,06 
--2,30-* 0,04 
--0,16_+0,04 
--0,55+0.05 
--0,58_+0,07 

1 5 •  
18•  
22 :~2 
2 4 •  
6-+1 
9-+2 
9+2 

the value of AH was found graphical ly  (Fig. 3). The data were processed by the method of least squares.  
In the case of the a romat ic  amines,  where it was possible to make a quantitative measuremen t  f rom the 
VassOIt band, we also determined K f rom the intensi ty of this band. It was established that the absorpt ion 
constants of the VmOH and VassOH bands were independent of tempera ture ,  within the limits of exper i -  
mental  e r ro r .  The resul ts  of independent determinat ions of K f rom these two bands were vir tually identi-  
cal. Table 1 gives the thermodynamic  pa ramete r s  of the O H . . .  N hydrogen bond: the change in enthalpy 
AH, free energy AF, and entropy AS, the value of K, the monomer-band displacement,  and the exper i -  
mental  conditions�9 We observed a success ive  change in all quantities charac te r iz ing  the s t rength of the 
hydrogen bond. 

During format ion of assoc ia tes  between the alcohol and a romat ic  amines,  hydrogen-bonded com-  
plexes of both the O H . . .  N and O H . . .  amine ~r-cloud types could be produced. We investigated the spect ra  
of the a l coho l -benzene  and a l coho l - to luene  sys tems  with component concentrat ions comparable  to those 
studied for the amines  (10 -3 m o l e / l i t e r  alcohol and 0.15 m o l e / l i t e r  C6H 6 or C~H 5 �9 CH3). In the vicinity 
of the vOH bands, we detected ve ry  weak low-frequency components displaced with respec t  to the monomer  
band by 35 and 30 cm -1 for  C6H 5 �9 CH 3 and C6H6, respectively.  The following values were obtained for the 
associa t ion constants:  0.24 l i t e r / m o l e  for  the a l coho l - to luene  sys tem and 0.17 l i t e r / m o l e  for the alcohol 
- b e n z e n e  sys t em (at room temperature) .  The la rger  shifts Av and the fact that the values of K obtained 
in investigating a m i n e - a l c o h o l  associa t ion were an order  of magnitude la rger  (Table 1) indicate that we 
were dealing with an O H . . .  N ra ther  than an O H . .  Tr-bond. 

The smal l  hydrogen-bond energy in the (C6H5)2NH-H(CF2)4CH2OH sys tem could not be measured 
f rom the changes in the monomer  vOH band in the t empera tu re  region investigated. The 3620 em -i band 
of the unbound alcohol molecules  became weaker (Fig. 2, II) when a proton aeeeptor  (diphenyiamine) was 
added, but no t empera tu re - re l a t ed  changes were detected (within the limits of experimental  er ror) .  In 
this ease,  the quantities K and AH were  determined f rom the change in the VassOH assoc ia te  band; the 
monomer  and complex bands were separated graphieatly.  A se r i e s  of experiments  conducted at room tern- 

m pera ture  with different amine and alcohol concentrat ions yielded the value aass = 6100 • 100 l i t e r / m o l e  
�9 era. The L a m b e r t - B e e r  rule was used to calculate the associa te  concentrat ion for different t empera tures  
and associa t ion constants:  

C3ss 
K = (3) 

The value obtained for AH (Fig. 3, VII) was 1.7 • 0.3 kca l /mole .  

In determining the AH of the amines investigated with a given proton acceptor  (triethyiamine), the 
optical density at the maximum of the monomer  vNH band, Din, remained constant (within the limits of 
experimental  e r ro r )  when the t empera tu re  was varied,  while the optical density of the assoc ia te  band Dass 
changed v e r y  substantial ly (Fig. 4). This can be related to the fact  that the absorpt ion constant of the com-  
plex was considerably g rea te r  than that of the monomer  [11]. Thus, the s a m s.s values for the NH bands of 
the aliphatic amines were  9.0 • 0.5, 16 • 2, 12.0 • 0.9, and 17.8 • 0.7 l i t e r / m o l e ,  cm for (C2Hh)2NH , 
(C3H02NH , (iso-C4Hg)2NH , and (C~Hh" CH2)~NIt, respect ively ,  while the em values were 2.5 ~ 0.1, 3.7 
• 0.3, 2.8 • 0.3, and 4.8 • 0.3 l i t e r / m o l e "  cm, respect ively.  The hydrogen-bond energies for all the s y s -  
tems were determined f rom the dependence of l n D a s s / D  m on tempera ture .  Express ing Eq. (1) in t e rms  of 
the optical densities and absorpt ion constants of the bands, we obtain 

Cass e~nDass 

K ~  Cm.Caoc = ~mO C ass m 3c0 
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T A B L E  2. C h a r a c t e r i s t i c s  of P r o t o n - D o n a t i n g  C a p a c i t y  of S e c o n d a r y  
A m i n e s  in  H y d r o g e n  Bond 

A mine 

(C6H s . CH2)~ " NH 
(CsH~)s NH 
(C,~HT)~ NH 
(iso-C4Ho)2 NH 
(C6Hs)s NH 
C6H~NHCH3 
C6H6NHC~.Hs 

I NH 
C O �9 
mole 
/liter 

0,075 
0,075 
0,075 
0,075 
0,1 
0,15 
0,15 

C N 

/liter 

0,75 
0,3 
0,3 
0,3 
3,0 
3,0 
3,0 

C .1  

167 58 
48 
46 

183 
151 
126 

t 
K 303~ liter [ 
'mole lkcal/mole 

0,30_+0,06 2,0_+0,4 
0, 16-+0,04 1,6_+0,3 
O, 10-+0,02 1,3_+0,3 
0,10_+0,02 1,2_+0,2 
0,6 _+0,1 4,8• 

/3,7_+0,6 0'~24 • 0'08 i 2,9-+0, 4 0,23_+0,03 

303 ~ --AS, 
~F0 ' cal/mole 

kcaI/mole �9 deg 

0~7_+0,1 
1,1_+0,3 
1,4-+0,3 
1,4-+0,3 

0,30m0,06 
0,90-+0,30 
0,90-+0,09 

9-+2 
9-+2 
9_+2 
8_+2 

17_+2 
15_+5 
12_+2 

3,o :,z ~,, io__L ~o~ 

4 n 
t! 

I I , , " ~ . 2 9  ~ 

350g " 3~#0 3300 32,00 ~, cm -I 

F i g .  3 F ig .  4 

F ig .  3. D e t e r m i n a t i o n  of h y d r o g e n - b o n d  e n e r g y  in  a l c o h o l - a m i n e  
system. I) (C2Hs)2NH; II) (C3HT)2NH; HI) (iso-CtHg)2NH; IV) (C6H 5 
�9 CH2)2NH; V) C~HsNHCH3; VI) C6H5NHC2Hs; VII) (CGHs)2NH. 

F ig .  4. I n f r a r e d  s p e c t r u m  of (C6H5)2NH-(C2H5)3N s y s t e m  in CC14 
a t  d i f f e r e n t  t e m p e r a t u r e s .  

H e n c e  

Dass ~ em In Cacc (4) 

B e c a u s e  of the  l a r g e  e x c e s s  of p r o t o n  a c c e p t o r  in  the  s y s t e m s  (Table  2), the  t h i r d  t e r m  in Eq. (4) can  be  
t r e a t e d  a s  cons tan t .  The  s e c o n d  t e r m  was  a l s o  a s s u m e d  to be i ndependen t  of t e m p e r a t u r e .  Unfo r tuna t e ly ,  
e x p e r i m e n t a l  v e r i f i c a t i o n  of th i s  a s s u m p t i o n  was  d i f f icu l t ;  we could on ly  show tha t  the  em of  the  a m i n e s  
i n v e s t i g a t e d  was  c o n s t a n t  o v e r  the  t e m p e r a t u r e  r a n g e  s tud ied .  T a M e  2 g i v e s  the  v a l u e s  found g r a p h i c a l l y  
f o r  AH and the  o t h e r  t h e r m o d y n a m i c  and s p e c t r a [  c h a r a c t e r i s t i c s .  

The  r e s u l t s  ob ta ined  show tha t  t h e r e  i s  a c l e a r  r e d u c t i o n  in  p r o t o n - d o n a t i n g  c a p a c i t y  and an  i n c r e a s e  
in  p r o t o n - a c c e p t i n g  c a p a c i t y  a s  the  h y d r o c a r b o n  r a d i c a l  b e c o m e s  l a r g e r  ove r  the  s e r i e s  of a l i p h a t i c  and 
a r o m a t i c  a m i n e s  s e l e c t e d .  Our  h y p o t h e s i s  tha t  the  a l k y l  g roup  has  a p o s i t i v e  induc t ive  e f fec t  i s  thus c o n -  
f i r m e d .  As  can  be  s e e n  f r o m  T a b l e s  1 and 2, d i b e n z y l a m i n e ,  in which  the two r i n g s  a r e  s e p a r a t e d  f r o m  
the  N a t o m  by m e t h y l e n e  (CH2) g r o u p s ,  h a s  p r o p e r t i e s  i n t e r m e d i a t e  b e t w e e n  those  of a l i p h a t i c  (the c l a s s  
to  which  i t  belongs} and a r o m a t i c  a m i n e s .  

Comparison of the aromatic and aliphatic amines shows that the hydrogen-bond energy of aromatic 
amines serving a donor function is greater than that of aliphatic amines, while the energy of aromatic 
amines serving an acceptor function is lower. This pattern can be explained by taking into account the 

change in the electronic structure of the Nil group�9 In aHphatic amines, the outer electrons of the nitrogen 

atom have sp 3 hybridization, while those in aromatic amines have almost sp 2 hybridization [12]. In the 
second case, the free electron pair occupies a pure or almost pure p orbital and is conjugated with the ~- 
electrons of the ring�9 The degree of electron-cloud asymmetry of the free pair with respect to the nucleus 

of the N atom determines the efficiency of the interaction. The increase in the degree of asymmetry on 
moving from aromatic to aliphatic amines leads to an increase in electron density in the vicinity of the 
free pair. Tlae conjugation of the p orbital with the ring results in development of an effective positive 
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charge on the nitrogen atom. Thus, both the change in hybridization and the presence of conjugation lead to 
an increase in the proton-donating capacity and a decrease in the proton-accepting capacity of the NH group 
in aromatic amines, as was confirmed experimentally. 

The data obtained show that the consequences of the intermolecular interaction can be explained on the 
basis of qualitative concepts of the electronic structure of the molecular partners. 
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