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Abstract 

Hydrogen bonds with double minimum or broad flat proton potential well, respectively, show so-
called proton polarizabilities which are about two orders of magnitude greater than polarizabilities of 
electron systems. These hydrogen bonds cause continua in the infrared spectra and vice versa their 
presence in systems is demonstrated by these continua. In aqueous acid solutions these continua are 

due to the hydrogen bond in H5O2
+ groups. Generally, all BH+...B 

 

B...H+B and 

AH...A- 

 

-A...HA bonds, respectively, show great proton polarizabilities. Also heteroconjugated 

AH...B 

 

-A...H+B bonds with double minimum proton potential well show great proton polarizabili-

ties. The carboxylic acid 

 

N base family of systems is discussed. The pKa (pKa of the donor minus 
pKa of the acceptor), at which the systems are symmetrical, are characteristic for the family of sys-
tems. The position of the proton transfer equilibria depends, however, also on the interactions of the 
hydrogen bonds with their environments. Hydrogen bonds with great proton polarizability are of con-
siderable importance for molecular processes in electrochemistry and biology.   

1. Introduction 

At the beginning of the seventies we discovered that hydrogen bonds with double mini-
mum proton potential well or with broad flat potential well show polarizabilit ies being about 
two orders of magnitude greater than polarizabilit ies connected with the distortion of electron 
systems. These polarizabilit ies are indicated by continuous absorptions in the infrared spectra. 
These polarizabilit ies arise due to shifts of the proton within these hydrogen bonds and are 
called proton polarizabilit ies. In the meantime this property of the hydrogen bonds was care-
fully studied. The important role of such bonds in electrochemistry and biology was clarified 
and discussed. These results have been summarized in several detailed review articles [1-4].  

2. Infrared continua and RAYLEIGH wings in the RAMAN spectra 

With aqueous acid and base solutions long time ago continua have been observed by 
Suhrmann and Breyer in the overtone region of the infrared spectra [5]. Later with the same 
systems Wicke, Eigen and Ackermann [6] found infrared continua in the fundamental region 
(Fig. 1A). Zundel et al. [7] observed these continua with acidic polyelectrolytes and Zundel 
and Metzger [8] proved that these continua are caused by H5O2

+ groups in the case of aque-
ous acid solutions. All studies with polyelectrolyte membranes are summarized in ref. [9]. 
Such a continuum observed with polystyrenesulfonicacid is shown in Fig. 1B. 

The corresponding effect in the RAMAN spectrum is intense elastic scattering at the exci-
tation line  so-called RAYLEIGH wings  shown in Fig. 2 [10].   

 

Fig.1A. IR spectra of pure water (dashed line) and of an aqueous HCl solution (solid line). 
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Fig.2A. Th e cen tra l Loren tzia n s of a qu eou s HCl s olu t ion s a t 293 K a s a fu n ct ion 
of th e a cid con cen tra t ion : c = 0 (s olid lin e), c = 1 .0 m ole dm 3 (da s h ed lin e), 3 .1 
mole dm 3, (dot ted lin e),  6 .0 m ole dm 3, (da s h ed dot ted lin e), c = 12 .3 m ole dm 3 

(dashed dou ble dotted line). 

 

Fig.2B. The central Lorentzians of aqueous DCl solutions at 293 K as a function of 
th e a cid con cen tra t ion : c = 0 (s olid lin e), c = 1 .0 m ole dm 3 (da s h ed lin e), 
3.1 mole dm 3 (dot ted lin e), 6 .0 m ole dm 3 (da s h ed dot ted lin e), c = 12 .3 m ole dm 3 

(dashed double dotted line) [Taken from ref. 10]. 

 

Fig.1B. IR spectra of a polystyrenesulfonicacid membrane, thickness 5 m (solid line) and 
for comparison, Na+ salt of this membrane (dashed line). [Taken from ref. 9]. 



Georg Zundel 

 

12

 
3. Reasons of these infrared continua 

3.1. H5O2
+ group 

To clarify the reasons of these IR continua we studied 5 µm thick membranes of polystyre-
nesulfonicacid [7-9].  

Figure 3 shows the intensity of 
these continua as a function of the 
degree of dissociation of the 

SO2OH groups for various polysty-
renesulfonic acid membranes. The 
intensity of these continua increases 
in proportion to the degree of disso-
ciation. 

Figure 4 shows the number of 
water molecules n

 

present per dis-
sociated SO2OH group. The ex-
trapolation of these curves demon-
strates that the dissociation may 
occur if two water molecules are 
present per dissociated proton.  

Both results, taken together, 
demonstrate that the excess proton 
with two water molecules, i.e. 
H5O2

+ is responsible for these IR 
continua [8,9]. In the H5O2

+ groups 
a so-called homoconjugated hydrogen 

bond BH+...B 

 

B...H+B is present. 
The homoconjugated bonds are built 
up between the same type of groups, 
in this case water molecules, 
whereby excess protons form the 
hydrogen bonds. These hydrogen 
bonds are structurally symmetrical. 
Thus, when they are considered in 
isolation from their environments 
symmetrical proton potentials are 
present within these hydrogen 
bonds. 

Figure 5 shows the H2O scissor 
vibration of a highly concentrated 
aqueous solution of a strong acid. If 
two or less than two water mole-
cules are present per proton, only 
one H2O scissor vibration is ob-
served [11]. Hence, the excess pro-
ton influences both water molecules of H5O2

+ to the same extent. Thus, the excess proton 
fluctuates in H5O2

+ with a frequency larger than the IR frequencies, i.e. with about 1013 Hz.  
Figure 6 shows the IR spectrum of a hydrated polystyrenesulfonicacid membrane. The 

spectrum drawn with the dotted line is the one of the membrane at 292 K and that drawn 
with the solid line is that of the sample at 85 K. Thus, the continua of these homoconjugated 
hydrogen bonds are almost independent of the temperature [12]. By the latter result the sup-
position that the continuum has anything to do with the thermal fluctuations was invalidated.  

 

Fig.3 . Abs orba n ce of th e con t in u u m a s a fu n ct ion of , 
the degree of dissociation [Taken from ref. 8]. 

 

Fig.4 . Nu m ber , n , of wa ter m olecu les a va ila b le to th e 
exces s p roton a s a fu n ct ion of , th e degree of d is so-
ciation [Taken from ref. 8]. 
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3.2. The great proton polarizabilities of hydrogen bonds 

It seemed highly probable that these IR continua have something to do with the very fast 
fluctuation of the protons in the hydrogen bonds. Therefore, we solved the Schrodinger equa-
tion for the proton motion within a double minimum proton potential (Fig. 7A). Furthermore, 
we added to this Schrodinger equation a term F , dipole moment of the hydrogen bond 
times electrical field strength. This term takes into account the local electrical fields present 
in solutions [13]. 

The wavefunction of the proton groundstate in such a potential is symmetrical, while that 
of the first excited state is antisymmetrical as illustrated in Fig. 7A. We built a basis set by 
adding or subtracting both wavefunctions (Fig. 7B). 

 

Fig.5 . H2O s cis s or vib ra tion of a qu eou s s olu t ion s of a s t ron g a cid . Ra t io 
of m oles wa ter per m ole a cid : 2 :1 (s olid lin e), 3 :1 (dot ted lin e), 5 :1 
(da s h ed lin e). Pu re wa ter (da s h ed-dot ted lin e) for com pa r is on . [Ta ken 
from ref. 11]. 

 

Fig.6. IR spectra of polystyrenesulfonicacid, hydrated at 33% relative air humidity, at 
292 K (dotted line), and 85 K (solid line). [Taken from ref. 12]. 
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The weights of the proton limiting structures rG and lG are: 

                      2
rr aG ,   2

ll aG .                                                                (3)  

lG gives the weight of the structure O+H..O, i.e. 

when the proton is on the left, and rG the weight 
when it is on the right-hand side, i.e. the weight of 
the structure O..H+O. In the Schrodinger equation 
we introduced a term F , hence we got these 
weights as a function of the electrical field strength 
in hydrogen bond direction.  

I n this w ay w e obtained the im portant result 
that hydrogen bonds having a double m inim um 
proton potent ia l show polar izabilit ies as result of 
shifts of the proton w ithin these bonds [ 1 3 ] . The 
unexpected fact that these so- called proton po-
lar izabilit ies are about tw o orders of m agnitude 
higher than the usual polar izabilit ies ar ising by 
distort ion of e lectron system s w as considered 
highly unusual and noteworthy.  

The fact of so great proton polarizabilit ies does, 
however, become understandable in the light of the 
following consideration (see Fig. 7A). For a double 
minimum proton potential the groundstate is sym-
metrical while the first excited state is antisymmetri-
cal. These two states 0E and 0E are very close. 
Thus, even small electrical fields can admix the first 
excited state to the groundstate and in this way in-
duce an asymmetrical charge distribution, i.e. result 
in polarization. The shift of the energy levels 0E  by the electrical field F  is 

22
00 )()

2

1
( FhE                                     (4) 

Here, 0

 

is the tunneling frequency and 

 

the maximum induced dipole moment of the 
hydrogen bonds. The lowest level is lowered and the first excited level is raised as illustrated 
by Fig.8. 

 

Fig.8 : Th e depen den ce of th e s h ift of 
th e en ergy levels in a h yd rogen bon d 
with a tu n n elin g p roton on th e elec-
tr ica l field F (tu n n elin g a pp roxim a-
tion , i.e. on ly th e two lowes t levels a re 
considered) [Taken from ref. 13]. 

  

 

Fig.7 . A: Dou b le m in im u m p roton poten t ia l a n d wa ve fu n ct ion s o+ a n d o-  , of th e two low-
est states. B: The wave functions r and l [Taken from ref. 13]. 
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To clarify whether this is really the case we performed ab initio self consistent field (SCF) 

studies of H5O2
+ [14,15]. The calculations give the O O distance in the gas phase. This dis-

tance is much increased because of the environment, as is known from various experimental 
results [16-18]. Therefore we artificially 
increased this distance to 2.55-2.65 A 

with these calculations. We obtained 
the energy surface and the dipole mo-
ment surface . Using these surfaces 
we solved the Schrodinger equation for 
the proton motion, again adding the 
term F

 

(dipole moment surface 

 

times electrical field strength), to take 
into account the influence of the local 
electrical fields F  in the solutions. 

From these calculat ions proton po-
larizabilit ies about tw o orders of 
m agnitude greater than the usual 
polar izabilit ies due to distort ion of 
e lectron system s w ere obtained 
[14,15].  

Figure 9 shows these proton po-
larizabilit ies as a function of the electri-
cal field strength and of the tempera-
ture. These polarizabilit ies decrease 
significantly if the hydrogen bonds are 
polarized. The upper scale V

 

is the 
difference between the two minima, i.e. 
a measure of the asymmetry induced by 
the external electrical fields. 

Using the calculated tran-
sition moments, and assum-
ing a reasonable electrical 
field strength distribution and 
a hydrogen bond length dis-
tribution, we calculated the 
IR continua. In Fig. 10A the 
IR continuum calculated in 
this way is compared with 
the experimental IR contin-
uum, Fig. 10B. The extent of 
the agreement is highly satis-
factory [19]. 

We performed now the fol-
lowing experiment [20]. We 
added neutral salts to a HCl 
solution in which the HCl 
concentration was kept con-
stant. Figure 11 shows the 
intensity of the continuum as 
a function of the neutral salt 
concentration. This Figure 
shows that the intensity of 
the continuum decreases if 
LiCl is added. Thus, when Li+ 

ions are present in the solu-
tion the local electrical fields 
at the hydrogen bonds with 

 

Fig.9 . Th e p roton pola r iza b ility 

 

of th e h yd rogen 
bon d in th e H5O2+ grou p a t va r iou s tem pera tu res 
in degrees Kelvin , p lot ted a ga in s t th e field s t ren gth 
F a n d a ga in s t V, th e en ergy d ifferen ce between 
th e two m in im a ; a ls o s h own is th e  tu n n elin g ap-
proxima tion in th e ca s e of 300 K (dot ted lin e) 
[Taken from ref. 14]. 

 

Fig.10 . In fra red con t in u ou s a bs orp t ion of H5O2+. (A) Ca lcu-
la ted con t in u u m . Mea n field s t ren gth F

 

= 5x10 6 V/ cm . Mo-
la r ity x la yer th ickn es s (in m ) = 100 . (B) th a t of a 
13 mole dm 3 a qu eou s HCl s olu t ion a t 21 oC, la yer th ickn es s 
8 m ; (s olid lin e), a lon g with H2O s h own for com pa r is on 
(dashed line). [Taken from ref. 19]. 
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great proton polarizability are stronger than those 
found in the pure acid solutions. The opposite is 
true when alkylammonium ions are present. 

These results demonstrate again that one im-
portant reason for the appearance of the continua 
is the induced dipole interaction between the hy-
drogen bonds having a great proton polarizability 
and the local electrical fields in solutions.  

But there are also other interaction effects of 
homoconjugated hydrogen bonds with their envi-
ronments as discussed in the next paragraph.   

3.3. Interaction of polarizable bonds with phonons 
and polaritons in their environments 

The interaction of hydrogen bonds with great 
proton polarizability with the thermal bath was 
treated by Hayd and Zundel in ref. [21].    

3.4. Continua calculated in this way  
IR continua calculated in this 

way are shown in Fig. 12 (see ref. 
21), in the upper part for a mean 
hydrogen bond length of 2.7 A, and 
in the lower part for a mean hy-
drogen bond length of 2.8 A. The 
dotted spectra have been obtained 
without phonon coupling. For the 
spectra drawn with the long dashed 
line the coupling constant is 0.5, 
and for the spectra drawn with the 
solid line the coupling constant is 
1.0. These calculated spectra show 
that the intensity of the continua 
increases strongly due to the cou-
pling of the hydrogen bonds with 
great proton polarizability with the 
phonons of the thermal bath. This 
effect is particularly important for 
longer hydrogen bonds with great 
proton polarizability. In the case of 
shorter polarizable hydrogen bonds 
the coupling with the phonons of 
their environments is less impor-
tant, since their proton polarizabil-
ity is smaller.   

 

Fig.11 . Abs orba n ce of th e con tin u u m 
ca u s ed by H5O2+ a s a fu n ct ion of th e con-
cen tra t ion of a dded n eu tra l s a lt [Ta ken 
from ref. 20]. 

 

Fig.12 . Ca lcu la ted IR s pectra of ea s ily pola r iza b le 

O+H...O 

 

O...H+O bon ds , cou p led with th e ph on on s of th e 
th erm a l ba th (da s h ed lin es ) with ou t cou p lin g, h a vin g a 
coupling constant of 0.5 (broken lines), and a coupling con-
stant of 1.0 (solid lines). A: Bond length 2.7. B: bond length 
2.8 A [Taken from ref. 21]. 
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3.5. Continua in non-aqueous systems  

When a strong acid is added to alcohol an intense continuum arises, as shown in Fig. 13A. 
When a strong acid is added to dimethylsulfoxide [23] an intense continuum is found, too, as 

shown in Fig. 13B. In the latter case the SO+H...OS 

 

SO...H+OS bonds are strong, easily 
polarizable hydrogen bonds.  

If one protonates N-methylimidazole [24] an intense IR continuum arises, indicating that 

the N+H...N 

 

N...H+N bonds formed between the N-methylimidazole molecules show also 
very great proton polarizability. Figure 14 shows the intensity of the IR continuum of an 
aqueous N-methylimidazole solution as a function of the degree of protonation [24]. In the 
range of 0 50% protonation hydrogen bonds with great proton polarizability are formed be-
tween N-methylimidazolium and N-methylimidazole. After 50% protonation the continuum 
again decreases and has vanished almost completely at 100% protonation. The reason is that 
at 100% protonation all N-methylimidazole molecules are protonated, almost no non-
protonated N-methylimidazole molecules are available as acceptors. Therefore, almost no 

N+H...N 

 

N...H+N bonds can be formed. After 100% protonation the intensity of the con-
tinuum increases strongly again, since the excess protons form now H5O2

+ groups with water 
molecules. 

 

Fig.13A. IR s pectra of n on -a qu eou s s ys tem s (com pletely wa ter-free): p-tolu en e s u lfon ic a cid 
s olu t ion s in CH3OH (a t 30 oC) h a vin g a la yer th ickn es s of 10 m . Spectru m 1 con cen tra t ion 
1 .96 m ole dm -3, s pectra 1 to 11 decrea s in g con cen tra t ion , wh ile s pectru m 12 is pu re a lco-
hol [Taken from ref. 23]. 

 

Fig.13B. Th e IR s pectra of n on -a qu eou s s ys tem s (com pletely wa ter-free) of 

 

p-tolu en es u lfon ic a cid s olu t ion s in d im eth yls u lfoxide (DMSO) (a t 30 oC), h a vin g a la yer 
th ickn es s of 10 m . Spectru m 1 s h ows a s a tu ra ted s olu t ion (3 .29 m ole dm 3), s pectra 1 to 8 
decreasing concentration, and spectrum 9 pure DMSO [Taken from ref. 23]. 
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The results obtained for the N-methylimidazole and 

dimethylsulfoxide systems are particularly interesting. 
They show that for the appearance of the continua to 
occur, the groups forming the polarizable hydrogen 
bonds must not be cross-linked with their environment 
via further hydrogen bonds [23,24].  

3.6. Deuteron bonds and deuteron polarizabilities 
Let us now consider deuteron bonds [22], i.e. we 

compare the IR continuum caused by H5O2
+ with the 

respective IR continuum  caused by D5O2
+. The spec-

trum drawn with the solid line in Fig. 15 is the spec-
trum of a HCl solution in H2O, the one drawn with the 
dashed line is that of a DCl solution in D2O. The con-
tinuum caused by H5O2

+ begins at the (OH) vibration, 
and the D5O2

+ continuum at the (OD) vibration. Fur-
thermore, the intensity of the D5O2

+ continuum is only 
about half of that caused by H

5
O

2
+. Thus, the deuteron 

polarizability of deuteron bonds is about half of the pro-
ton polarizability of hydrogen bonds since the intensity 
and the polarizability are determined by the same transi-
tion moments. 

3.7. Negatively charged hydrogen bonds with large proton polarizability 

We have seen that homoconjugated B+H...B 

 

B...H+B bonds show large proton polariza-
bilit ies. The question now arises whether the homoconjugated negatively charged  

AH... A

  

A ...HA bonds show also great proton polarizabilities [25-27]. 
In Fig. 16A the IR spectrum of a strongly basic ion exchanger is given. The fixed ions are 

trimethylammonium ions. With the hydrated base an intense IR continuum is observed. One 

can prove that this IR continuum is caused by the OH...O

   

O...HO bonds in H
3
O

2

 

groups. Thus, these groups which contain a hydrogen bond with great proton polarizability 
are present in aqueous, strongly basic systems. 

Figure 16B shows that also for aqueous KOH solutions an intense IR continuum is ob-
served. Its intensity increases in proportion to the KOH concentration if it is not too high.  

 

Fig.14 . Abs orba n ce of th e IR con-
tin u u m of a n a qu eou s im ida zole 
s olu t ion a s a fu n ct ion of th e p roto-
nation [Taken from ref. 24]. 

 

Fig.15 . Th e IR s pectra of va r iou s s olu t ion s h a vin g a la yer th ickn es s of 12 .5 m , a t a 
tem pera tu re 293 K, 3 .4 m ole dm -3 HCl in H2O (s olid lin e), 3 .6 m ole dm -3 DCl in D2O 
(da s h ed lin e), pu re H2O (dot ted lin e) a n d pu re D2O (da s h ed -dot ted lin e). [Ta ken from 
ref. 22]. 
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Figure 16C shows that also negatively charged hydrogen bonds, formed if alcoholate is 

added to alcohol, cause intense IR continua, demonstrating that the OH...O

  

O...HO 
bonds built up in these systems show great proton polarizability, too. Thus, a lso negat ively 
charged homoconjugated hydrogen bonds show great proton polarizability. 

I n sum m ary w e can state:  All BH + ...B 

 

B...H + B bonds as w ell as all  

AH...A

  

A...HA bonds, respect ively, i.e . a ll hom oconjugated hydrogen bonds show pro-
ton polar izabilit ies being about tw o orders of m agnitude greater com pared w ith po-
lar izabilit ies due to distort ion of e lectron system s. These proton polar izabilit ies are indi-

 

Fig.16. 
A: IR s pectra of a ba s ic polyelectrolyte m em bra n e a t 25 oC, a bou t 10 m th ick , h y-
d ra ted a t 90% rela t ive a ir h u m id ity, poly(p-t r im eth yla m m on iu m )s tyren e h yd roxide 
(lower lin e), a n d poly(p-t r im eth yla m m on iu m ) s tyren e iod ide (u pper lin e). [Ta ken 
from ref. 27]. 
B: IR s pectra of a qu eou s s olu t ion s of KOH a t 28 oC. Th e n u m bers s h own in th e fig-
ure are mole dm-3 KOH. Layer thickness 15 m. [Taken from ref. 25]. 
C: IR s pectra . CH3OK. Th e n u m bers s h own in th e figu re a re th e con cen tra t ion s in 

 

mole dm-3 in methanol [Taken from ref. 25]. 
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cated by cont inua in the I R spectra and by intense RAYLEI GH w ings ( elast ic scat ter ing) 
at the excitat ion line w hen RAMAN spectra are taken. Vice versa the presence of easily 
polarizable hydrogen bonds in systems is indicated by this effect.   

4. Heteroconjugated  AH...B 

 
A...H+B  hydrogen bonds 

The question arises whether the heteroconjugated AH...B  

 

A...H+B bonds with a dou-
ble minimum proton potential also show great proton polarizabilities. 

Huyskens gave the following definitions of a family of systems with heteroconjugated hy-
drogen bonds [28,29]. 1. All systems of a family have the same hydrogen bond donor AH, and 
all acceptors B are also similar molecules. They differ only with regard to the pKa of B, or 
2. the acceptor B is always the same, and the donors AH are similar molecules which differ 
only in their pKa values. The pKa value is defined as pKa of the acceptor B minus the pKa of 
the donor AH.   

4.1. The carboxylic acid  N base family of systems 
The first family we studied was the carboxylicacid 

 

N base family with  

OH...N  

 

O...H+N hydrogen bonds [30,31]. The percent proton transfer can be determined 
in these systems from bands of the carboxylic group. 

Figure 17 shows that the (C=O) stretching vibration of the COOH groups is observed 
at about 1715 cm 1, and the asymmetrical stretching vibration of the CO2

 

ions,  

as (CO2 ) at about 1570, and the symmetrical ones at about 1400 cm 1, respectively. In the 
IR spectrum one can distinguish between the non-polar and the polar structure. This shows 
that the fluctuation of the protons in these hydrogen bonds is slightly slower than in the ho-
moconjugated hydrogen bonds [30-34]. However, this fluctuation is still so fast that in the far 
infrared no separate bands of a hydrogen bond vibration of the non-polar and the polar struc-
ture can be observed. All 1:1 carboxylic acid + N base mixtures were studied without solvent. 
All these mixtures are liquids at room temperature. 

Figure 17 shows the IR spectra of three extreme examples. In the 1:1 acetic acid  
+ 2-methylpyrazine system an intense (C=O) vibration indicates that the proton is localized 

at the carboxylic acid group, i.e. only the non-polar structure of the OH...N  

 

O...H+N 
equilibrium has weight. In the acetic acid + n-propylamine system an intense as (CO2 ) 

band and a s (CO2

 

) band indicate that the protons are localized at the amine molecules, 

i.e. only the polar proton limiting structure O ...H+N has weight. In the acetic acid + me-

 

Fig.17 . IR s pectra , region 4000-600 cm -1: a cetic a cid + m etylim ida zole (s olid lin e), a cet ic 
acid+n-p ropyla m in e (da s h ed lin e), a cet ic a cid + 2 -methylpyra zin e (dot ted lin e). [Ta ken from 
ref.31]. 
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thylimidazole system these three bands have comparable intensity. Thus, both proton limiting 
structures have almost comparable weight. An intense continuum demonstrates that the 

 OH...N  

 

O...H+N bonds show great proton polarizability. A double minimum proton po-
tential is present within these hydrogen bonds. Thus, a lso heteroconjugated  

AH...B  

 
A...H + B hydrogen bonds w ith double m inim um proton potent ia l show great 

proton polarizability. 
In Fig. 18 (dashed line) the % proton transfer are shown as a function of the pKa. For 

the systems with smaller pKa the deeper well of the double minimum is still at the acid. For 
the systems with pKa of about 2.3 both wells are on the average comparably deep, and for 
those of higher pKa the deeper well is at the N base. The curve, drawn with the solid line, 
represents the absorbance of the IR continuum. In the region around 50% proton transfer the 

OH...N  

 

O...H+N bonds show great proton polarizability, since an intense IR continuum is 
observed for these systems. These results show that 50% proton transfer is not observed at  

pKa = 0 but for this family of systems at pKa
50%  = 2.3. 

4.2. pKa
50% value with various families of systems 

These pKa
50% values at which the systems are symmetrical are characteristic for the 

families of systems and depend on interaction effects influencing the symmetry.  
Such values are summarized in the Table. With these systems the pKa

50% values are 
found between 1.3 and 5.3. They have been measured by various researchers using a variety 
of methods. 

In respect to the carboxylicacid 

 

N base systems in Fig. 19 the curve, drawn as dashed 
line, represents the proton transfer curve already known, and the curve, drawn as solid line, is 
the case in which no hydrogen bond donor groups are present at the respective  
N bases. Thus, 50% proton transfer is only found at pKa

50% = 4.0, i.e. the transfer equilib-
rium is shifted in favor of the non-polar structure. The smaller pKa

50% value 2.3 for the sys-
tems with N bases having additional hydrogen bond donor groups can be understood as fol-
lows: The additional NH groups build up an NH...O hydrogen bond to the second O atom of 
the carboxylic group. The carboxylicacid OH group becomes more acidic because of this addi-
tional hydrogen bond, favoring the transfer of the proton to the N-base.  

 

Fig.18 . Ca rboxylic a cid 

 

N ba s e s ys tem s with N ba s es with a dd it ion a l h yd rogen bon d 
don or grou p s h owin g th e degree of t ra n s fer of th e p roton to th e N ba s e in % (da s h ed 
lin e), a n d th e a bs orba n ce of th e con tin u u m in th e region of h igh er wa ven u m bers (s olid 
line). (b) Acetic acid + pyrazole, (c) acetic acid + 2-methanolpyridine, (e) acetic acid + 3-
a m in opyr id in e, (f) a cet ic a cid + im ida zole, (k ) a cet ic a cid + 2 -eth ylim ida zole, (m ) form ic 
a cid + 2 -eth ylim ida zole, (o) a cet ic a cid + n -p ropyla m in e, (p ) form ic a cid + n -
propylamine [Taken from ref. 31]. 
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Similar results are obtained with octylamine 

 
substituted phenol and octylamine-

substituted thiophenol systems [32-34].   

Table I. pKa
50% values in the case of various families of systems (taken from reference 4) 

system family 

donor acceptor 
pKa

50%

 

solvent method

 

ref. 

substituted phenols

 

n-propylamine 3.25 CD3CN IR 32 

substituted phenols

 

octylamine 3.6 CCl4 IR 33 

pentachlorophenol

 

substituted pyridines

 

1.6 CCl4 IR 33 
3,4-dichloro-
thiophenol substituted pyridines

 

2.4 none IR 34 

substituted phenols

 

triethylamine 5.3 C6H6 dipole

 

35 

substituted phenols

 

substituted pyridines

 

3.5 C6H6 dipole

 

36 

substituted phenols

 

(L-lys)n 2.2  IR 37 

carboxylic acids pyridine 3.5 CHCl3 IR 38 
substituted benzoic 

acids pyridine 3.7 C6H6 dipole

 

39 

carboxylic acids pyridine 4.5 C6H6 dipole

 

40 

carboxylic acids aromatic N bases  
(no self-solvation) 4 none IR 31 

carboxylic acids 
aromatic N bases 

(self-solvation possi-
ble) 

2.3 none IR 31 

carboxylic acids substituted pyridines

 

2.6 CH3CN IR 41 

carboxylic acids (CH3)3NO 2.76 CH3CN IR 42 

CF3COOH substituted pyridine 
N oxides 1.68 C6H6, C6H5Cl,  

C2H4Cl2, CHCl3 

IR, 
NMR

 

43 

CF3COOH substituted quinoline 
N oxides 1.62 C6H6,C6H5Cl,  

C2H4Cl2, CHCl3 

IR, 
NMR

 

44 

CF3COOH substituted pyridines

 

5.2 C6H6, C6H5Cl, CH2Cl2, 
C2H4Cl2, CH3CN 

NMR, 
IR 45-47

 

CF3COOH substituted pyridine 
N oxides 1.32 CH2Cl2 

NMR, 
IR 47 

(L-glu)n aromatic N bases 2.0  IR 48 

carboxylic acids (L-his)n 2.8  IR 49 

(L-cys)n N bases 2.0  IR 50 

 

According to Huyskens [28,29] the proton transfer equilibrium constant PTK and the per-
cent proton transfer in a family of systems are connected by the equation  

apKln PTK                                            (5) 
where 

 

and 

 

are constants characteristic of a family and the solvent in which the family is 
studied.  

In Fig. 20  PTKln is shown as a function of the pKa for the above mentioned family of 

systems. A linear relation is observed which is in agreement with equation (5). pKa
50% is 

obtained from the point of intersection of this curve with the abscissa. 
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4.3. Non-specific and specific interactions of polarizable  
hydrogen bonds with their  environments 

In what follows the dependence of the position of the proton transfer equilibria on non-
specific and specific interaction effects of hydrogen bonds with their environments is dis-
cussed [51]. 

 

Fig.20 . Log KPT of th e s ys tem s octyla m in e + s u bs t itu ted ph en ols p lot ted a s a fu n ction of 
the pKa. (1 ) 4 -ch loroph en ol, (2 ) 3 -ch loroph en ol, (3 ) 3 ,4 -d ich loroph en ol, (4 ) 3 ,5 -
dichlorophenol, (5) 2,4-dichlorophenol (6) 2,3-dichlorophenol, (7) 2,3,4-trichlorophenol, (8) 
2,4,5-tr ich loroph en ol, (9 ) 2 ,3 ,5 -t r ich loroph en ol, (10 ) 2 ,4 ,6 -t r ich loroph en ol, (11 ) pen ta-
chlorophenol [Taken from ref. 33]. 

 

Fig.19 . Ca rboxylic a cid 

 

N ba s e s ys tem s , s h owin g th e degree of p roton t ra n s fer to th e N 
ba s e in %; s h own a re s ys tem s with N ba s es with ou t a dd it ion a l h ydrogen bon d don or 
grou ps (s olid lin e), a n d s ys tem s with N ba s es with a dd it ion a l h yd rogen bon d don or grou ps 
(da s h ed lin e), for com pa r is on . (d ) Acet ic a cid + pyrid in e, (g) a cet ic a cid + N-
methylimidazole, (h ) a cet ic a cid + 2 ,4 ,6 -tr im eth ylpyr id in e, (i) form ic a cid + N-
m eth ylim ida zole, (l) m on och loroa cet ic a cid + N-m eth ylim ida zole, (n ) d ich loroa cet ic a cid + 
N-methylimidazole [Taken from ref. 31]. 
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Examining the non-

specific effect, Figure 
21 shows results ob-
tained for the 
2,4,6-trichlorophenol + 
triethylamine system in 
various solvents. The 
values of the PTKln 

are shown as a func-
tion of the Onsager 
parameter [52] 0P 

)2/()1( , where 

 

is the dielectric permit-
tivity of the solvents. 
The Onsager parameter 
determines the so-
called non-specific in-
teractions, i.e. the in-
teractions of the hy-
drogen bonds with the 
so-called reaction 
field [53]. The reaction 
field is the field arising 
from the orientation of 
the dipoles of the solvent molecules induced by the dipole of the hydrogen bonds. Besides this 
interaction effect, there are the so-called specific interactions of groups of the solvents with 
groups of the hydrogen-bonded partners. The most important ones are interactions of CH 
acidic groups with -electrons of phenols or with the carbonyl O atom of carboxylic acid 
groups. 

In Fig. 21 the solvents 1,2,7 and 8 cause mainly non-specific interactions, as shown by the 
linear relation between PTKln and the reaction field. By the reaction field the  

OH...N  

 

O...H+N equilibria are shifted in favor of the polar structure. The systems in 
which the proton transfer is greater than expected, relative to the non-specific interaction, i.e. 
the reaction field, are systems with solvents with CH acidic groups. 4 is chloroform, 5 chloro-
benzene, 9 dibromomethane, 10 and 11 dichloromethane and 1,2-dichloroethane, respectively. 
All these solvents have strongly CH acidic groups. Consequently, the specific interaction of 
the CH acidic groups of the solvent with the -electrons of the phenols cause a strong addi-

tional shift. Thus, due to non-specific as well as specific interactions the OH...N  

 

O...H+N 
equilibria are shifted in favor of the polar structure. Therefore the proton transfer equilibrium 
is determined by intrinsic and extrinsic factors [54]. Fig.22 shows that the proton transfer 
equilibria are shifted with decreasing temperature in favor of increasing transfer [51]. 

I n sum m ary w e can state: a lso heteroconjugated i.e . AH...B  

 

A...H + B bonds show 
great proton polar izability if double m inim um proton potent ia ls are present w ithin these 
bonds. The pKa

50% of a fam ily of system s is character ist ic for the fam ily and is in addi-
tion determined by the environment of the hydrogen bonds.  

4.4. The energy surfaces 
We already know from our experimental results that also heteroconjugated 

AH...B  

 

A...H B bonds show great proton polarizability. Is it possible to prove this result 
by a theoretical treatment? 

Using the ab initio SCF procedure we calculated the energy surface, the dipole moment 
surface , the proton polarizability and the line spectra for heteroconjugated hydrogen 
bonds [55]. It is already known that in the gas phase usually only the non-polar proton limit-
ing structure is realized. The ab initio SCF results correspond to the behavior of the bonds in 

 

Fig.21. Logarithm of the proton transfer equilibrium constant of the 
s ys tem 2 ,4 ,6 -t r ich loroph en ol + t r ieth yla m in e a s a fu n ct ion of th e 
On s a ger pa ra m eter P

0
= ( -1)/(2 +1). Solven ts s h own a re (1 ) m eth yl-

cycloh exa n e, (2 ) tet ra ch lorom eth a n e, (4 ) t r ich loroeth en e, (5 ) ch loro-
form , (6 ) ch loroben zen e, (7 ) t r ich loroeth a n e, (8 ) bu tylch lor ide, (9 ) 
d ib rom om eth a n e, (10 ) d ich lorom eth a n e, (11) 1 ,2 -dichloroethane  
[Taken from ref. 51]. 
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gas phase. Therefore, we studied the extreme system HBr NH

2
CH

3
. It is well known from 

data in the literature, that the protons may transfer in this system to a certain degree from 
BrH to the amine also in gas phase [56-60]. 

First we calculated the energy and dipole moment surfaces by using an ab initio SCF 

treatment. The energy surface is shown in Fig. 23. 
The ordinate of the energy surface is the vibrational 
coordinate and the abscissa the proton coordinate. 
Even if no electrical field is present a double mini-
mum proton potential is found in the 

BrH...N  

 

Br ...H+N bonds. The well of the pro-
ton potential at the N atom is slightly deeper. 

To this surface a term (BrN,BrH)x F

 

is 
added. This term represents the dipole moment sur-
face multiplied by the electrical field strength. The 
term F

 

takes into account the local electrical 
fields from the environments of the hydrogen bonds.  

Figure 24A and B show that negative fields 
lower the well at Br at room temperature, the dou-
ble minimum is largely symmetrical at a field 
strength of 5.106 Volt/ cm. Figure 24C and D 
show that the left well vanishes and the proton be-
comes localized at the nitrogen if the field is 
changed in opposite direction. 

Figure 25 shows the proton polarizability as a function of the electrical field strength and 
of the temperature. If the double minimum proton potential is largely symmetrical the proton 
polarizability is even at room temperature almost two orders of magnitude higher than the 
usual polarizabilities due to distortion of electron systems. 

Figure 26 shows the calculated line spectra as a function of the electrical field strength. As 
with the homoconjugated hydrogen bonds, the lines shift as a function of the electrical field 
strength. Some lines vanish, other lines arise. Thus, if a distribution of local electrical fields is 
present due to this induced dipole interaction an IR continuum arises, as observed. 

 

Fig.22 . IR s pectra of a cet ic a cid + tr im eth yla m in e in va r iou s s olven ts , con cen tra t ion of th e 
complex c = 0 .07 m ole dm -3 (ten -fold exces s of a m in e). La yer th ickn es s = 200 m (A) in 
t r ich loroeth a n e a t 26° (s olid lin e), a t 0 ° (da s h ed lin e) a n d a t -25° (da s h ed -dot ted lin e) a n d 

 

(B) in d ib rom om eth a n e a t 27° (s olid lin e), a t -8 ° (da s h ed lin e) a n d a t -49° (da s h ed -dotted 
line) [Taken from ref. 51]. 

 

Fig.23 . En ergy s u rfa ce, wh ere th e coor-
d in a tes a re th e two vib ra t ion a l m odes 
BrH and BrN. [Taken from ref. 55]. 
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This theoret ical t reatm ent confirm s that heteroconjugated AH...B  

 
A...H + B bonds 

m ay show great proton polar izability if a double m inim um proton potent ia l is present 
within these hydrogen bonds. 

 

Fig.24. Energy surface after addition of the surface - x-(BrN, BrH) x F, where x(BrN, BrH) 
is th e d ipole m om en t s u rfa ce a n d F th e electr ica l field s t ren gth in th e d irect ion of th e 
hydrogen bond. Distance between two lines amounts 300 cm-1. Field strengths shown are 
(A) _1 .4 x 10 7; (B) _1 .0 x 10 7 V/ cm ;(C) F = 1 .0 x10 7; (D) F = 1 .4 x 10 7 V/ cm [Ta ken from 
ref. 55]. 

 

Fig.25. Proton polarizabilities as a function of the electrical field. 
Parameter, temperature in Kelvin. [Taken from ref. 55]. 
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