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In the reaction of proton-tlonor molecules All anti proton-acceptor molecules Il in an inert solvent, the com­
plexes for!l1etl !l1ay have the !l1olecular A[{ ... 13 or the ionic A-... 1113+ form. [n the present wori<, using vibra­
tional anu electronic s[lCctra. it is proposed to study the equilibria in systems in which the donor arc chlorine-sub­
stituted phenols anti the acceptors are Jibutylamine. triethylamine. and pyridine. The main aim of the work was t 

give the main characteristics of the potential-energy surface for various phenols and to trace the change in the sha 
of this surface wi th an increase in the proton-donating capacity of the phenOL through the successive introduction 0 

chlorine atoms in various positions of the ring. 

The potential energy of the reaction in the prolDn donor - proton acceptor system AH + IJ for the sim plest ca! 
of a three-atom model depends on three coordinates. Assuming that the minimum energy corresponds to the linea 
a~rangement A H B [1 J. the potential surface of such a system can be re presented by the scheme of Fig. 1 a, where 
and r2 are the AH and BH distances. In the diagram. one minimum corresponds to a stable complex with a hydrog 
bond A H ... 13. and the other to a stable ion pair A - .•• H 13+. Sections of this surface by the planes r1 = const, r; 
canst at great distances give. respectively. the potential curves of the isolated forms BH and AH. The broken line 
shows the pathway of the system along the two potential surfaces corresponding to the reaction A H + B - A + H 13. 
The possible curves of the dependence of the potential energy of the system on the reaction coordinate Q = Q (r1• I 

are soown in Fig. 1 b. The energy of the system 0 f the noninte racting molecu les A Hand B was taken as the zero 
level. The value of ,6£1 defines the energy consumed in the transfer of a hydrogen a tom from a molecule A H to 
molecule 13 at great distances. which is large in comparison with the energy of the complexes (for example, for tl 
ClH + NH3 system it amounts to ::> 50 kcal/mole [2. 3]l. The region of values of Q corresponding to the position 
the proton approximately in the middle between A and B (r1 ;::s rz) is shown hatched in the figure. The state of th( 
system close to the bottom of the potential trough to the left of this region can be treated as a molecular comple 
with a hydrogen bond. and to the right of the hatched region are the configurations of a complex in which the pre 
ton is bound predominantly to the atom 13 and which correspond to the ion pair A - ... HB+. An experimental cr 
tenon permitting the qualitative characterization of the potential surface of each concrete system may be consic' 
ered to be the form of the equilibria observed in this system. The results obtained in the gas phase, where the di 
turbing influence of the medium is absent. or in an inert solvent. where it is small. are of the greatest value. In 
num ber of cases, the ion pair formed as the result of the transfer of the proton from the donor to the acce pIDr car 
observed spectroscopically in equilibrium with the free molecules. However. the existence of a strong interactic 
with the molecules of the solvent may lead to a qualitative change in the shape of the potential surface which i 
shown. for example. in the dissociation of the ion pair into solvated ions. Curves 1 and 2 characterize systems i: 
which there is only one stable com pIe x of the molecular (1) or ionic (2) type. and in case 3 the system has two t 
of complexes - molecular and ionic - which are in equilibrium. The surface illustrated in Fig. 1a corresponds to 
this case. The value of ,6£2 determines the energy of formation of the molecular complex. and 6~ that of the i( 
pair. Curve 1 describes the case found most frequently of a not excessively strong hydrogen bond. which ion pai 
are not formed in the system. From the results of calculation [4], such systems include. in particular, the dimer 
of water. A characteristic exam pIe of case 2 is the reaction H3N + HC1 ..... NH4Cl. which has been investigated 
oretically and experimentally [5. 6]. where the ion pair is present in equilibrium with the free molecules and c( 
plexes with a hydrogen bond do not exist. Finally. curve 3 is typical for the carboxylic acid-amine systems in 
which the existence of an equilibrium between the molecular complex and the ion pair has heen recorcled 
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·pectrOscopically [7]. Measurements of the change in enthalpy in the passage of a proton in the molecular complex 
have shown that in these systems the potential trough of the ion pair is deeper than the potential trough of the molec­
ular complex (8-10]. Systems also exist the potential curves of which have a minimum in the intermediate region 
and characterize the so-called symm etrlcal hydrogen bond [11]. 

To solve the problem posed, the IR spectra were studied in the 1000-3600 cm-1 region (UR-20 instrument) and 
the UV spectra in the 25,000-40,000 cm-1 region (Specord UV-VIS instrument) for the absorption of binary (solution 
of a phenol in an amine) and ternary (solution of a phenol and an amine in CCl4 or cyclohexane) systems at tem per­
atures from 10 to 80"C. The interpretation was performed on the basis of the spectra of model systems in which 
either a complex with a hydrogen bond was formed but there was no transfer of the proton[theacceptorbeingCH3CN. 
(CH')2S0, or (C4H9~PO] or the phenol anion was present (metal phenoxides in the solid state and in aqueous or alco­
ool1c solution). 

Dibutylamine (DBA). On reaction with DBA. phenol and 4-chlorophenol (4-CP) form only the complex with a 
OH ••. N hydrogen bond in each case. In the UV spectra of solutions of these phenols in DBA there is a characteris­
tic red shift of the long-wave band of the 11" - 11". transition by ~ 300 cm-1 and of the diffuse vibrational structure, 
while bands of the ionic forms are absent from the vibrational and electronic spectra. For phenols with a higher pro­
ron-donating capacity, in addition to the bands of the molecular complex in the UV spectrum, the appearance of a 
band shifted in the long-wave direction by 1500-2500 em -1 and possessing no vibrational structure has been recorded. 
which is typical for the phenoxide ion (Fig. 2a, b). In the IR spectrum there are also bands belonging to the phenox­
Ide ion and to the dibutylammonium cation (in particular, the ONHz+ band at about 1630 em-I). This permits us to 
speak of the existence of an equilibrium between the two forms of the com plex. The relative intensities of the bands 
of the ion pair and of the molecular com plex, which characteri re the equilibrium constant of the monomolecular re­
action of proton transfer, decrease in the sequence: 2,6-dichlorophenol (DCP); 2.4,5-trlchlorophenol (TCP); 2,4-
DPC; 3,4,5-TCP; 2-CP; 3,4-ocP. For these phenols, the potential surface of the reaction with DBA has two mini­
ma. In all cases, a rise in the tern perature leads to an increase in the intensity of the bands of the molecular com­
plex,at the expense of the bands of the ion pair and, therefore, the minimum corresponding to the ionic complex on 
1i!e-~tential surface is deeper than the minimum corresponding to the complex with a hydrogen bond. It can be 
see'n from Fig. 2b, for example, that in the electronic spectrum of a solution of 2,6-DPC in DBA the band of the mo­
l~ular complex at about 35,000 cm-I at 12°C is not shown clearly, and it appears in the spectrum only with a rise 
in the temperature. The opposite pattern is found for 3,4-DPC, in the spectrum of which the band of the ionic com­

,.piex appears only when the solution is cooled to 7°C. The other phenols mentioned occupy intermediate poSitions. 
_}~nally, for the strongest proton donors, pentachlorophenol (PCP), 2,4,5,6-tetrachlorophenol (TeCP), and 2,4,6-TCP 
_ ~t~uaUt~tively new situation is found. In solutions of the phenols in amines and in ternary systems with an excess of 
~,I?in,~ a single phenol-amine complex exists which has the ionic structure. When a solution containing comparable 
CO~~ntrations of the donor and acceptor is diluted, bands can be observed in the spectrum that are characteristic for 
free molecules of the phenol, but it is im possible to detect hydrogen- bond com plexes over the w hole range of tern per­
atures. This means that the potential surface of the interaction in these systems has a single minimum that is charac­
teristic for the ion pair. The minimum corresponding to the molecular complex is apparently completely absent. 

. Analysis of the results obtained shows that for phenols with a low-proton-donating capacity the potential sur-
face has one minimum in the region of the coordinates of the hydrogen-bond complex (curve 1. FIg. Ib). With a 
rlse"i? the proton-donating capacity of the phenol the depth of this minimum increases. and for 3.4-DPC the second 
potential trough, which is characteristic for an ion pair, appears. This trough has lines deeper than the trough of the 
molecular complex (curve 3, Fig. Ib), and with a rise in the proton-donating capacity of the phenol the depth ofthe 
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Fig. 2. UV absorption spectra of solutions 
( .... 10- 2 M) of chlorophenols in amines 
(full lines): 2-CP (a), 2,6-DCP (b) in 
DBA, and 2,6-DCP(e) and2,4,6-TCP(d) 
in TEA. The broken lines show the spec­
tra of solutions in CSH12• 

"(oruc" trough Increases faster than the depth of tile trough of the mo. 
lecular complex. With a suffIclently high proton-donating capacitY'lf 
the phenol, beginning from :~,·1,(j-TC:I), t.lle first trollgll disappears anrj 

only tlie one mlnlmuTTJ corresponding to tile ion pair reillains on tlie x,. 
tendal surface. An increase in the proton-donating capacity of the phe-
nol from ~,'t,(j-TCI' to TeCI' and I'cr kads to a further increase in the 
depth of thIs minimum. 

Triethylamine (TEA). The identif1cation of the type of com­
plexes formed hy phenols with TEA from their m spectra, as with other 
tertiary amines, is com piicated by the unfavorable arrangement of the 
bands of the triall<ylammonlum cation, while the region of the OH(NH) 

stretching vibr ations pro ves to be ununi forma ti ve. Ne vertheless, by COTT.' 

hlnlng vIbrational and electronic spectra it can be shown that phenol. 
1-CP, 3,1-DCP, 2-CP, 3,4,!i-TCP, and :2,4-DCP form with TEA onlyrre 
corresponding molecular complexes, the stability of which rises in this 
sequence. The bands 0 f the ion pair appear in the spectrum beginning 
with 2,4,5-TCP and the molecular complex = ion pair equilibrium 
shifts to the right successively on passing to 2,6-DCP and 2,4,6-TCP 
(fig. 2c, d). At the same time, as in the case of Df3A, with an increase 
in the temperature the concentration of the molecular com plexes in­
creases and that of the ion pair falls. For the same three phenols, the 
potential surface of the interaction with TEA is characterized bycurve3 
(Fig. 1b). Only in the case of TCP is it possible to record by means of 
the electronic and vibrational spectra the existence of an equilibrium 
of the ion pair with free.molecules and the absence of the molecular 
complex, which permits us to speak of the absence of a minimum of 

the molecular complex on the potential surface. The potential surface of the interaction with TEA has form 2 
(fig. 1 b) onI y for the strongest proton donor PCP. 

Pyridine. The vibrational spectra of these systems lack the bands of the chlorophenoxide ions and the pyridi­
nium ion and over the whole range the changes typical for a pyridine molecule that take place on the form adon of 
a hydrogen bond - a shift to high frequencies of the bands belonging to the skeletal vibrations, showing a change in 
the length of the bonds of the CsHsN ring - can easily be followed. Similar changes are observed in the bands of the 
chloro phenols, both in the vibrational and in the electronic spectra. It maybe concluded that the interaction of pyr­
idine with chlorophenols does not go further than the formation of the hydrogen-bond complex. No proton transferis 
realized in these systems. The interaction of all tie phenols with pyridine is characterized by a potential curve of 
type 1 (Fig. 1b). 

Thus, the natures of the changes in the potential surfaces of the interactions of chlnrophenols with DBA and 
with TEA with an increase in the donating-capacity of the phenol are qualitatively similar: for weak proton donors 
the potential surface has one minimum corresponding to the molecular complex with a OH ..• N hydrogen bond. 
With an increase in the proton-donating capacity of the phenol a second minimum appears on the potential surface 
that is characteristic for the stable ionic complex formed in the transfer of a proton via the hydrogen bond to the ni­
trogen atom. This second minimum always lies below the first. A further rise in the proton-donating capacity of the 
phenol leads to the disappearance of the minimum corresponding to the molecular complex, and only the single min' 
imum characteristic for the ion pair remains on the potential surface. Consequently. in their proton-donating capac' 
ity phenols are precisely the same in their interactions with DBA and with TEA but the passage from one type of po. 
tential surface to another takes place for TEA at higher values of the proton-donating capacity than in the case of 
DBA: 

DBA: Ion paIr equillbrium MC =- IP MC 
PCB >2,4,6-TCB >2,6-DCP >2,4,5-TCP >2,4-DCP >3,4,5-TCP > 2-CP > 3,4-DCP > 4-CP > P 

TEA: IP equilibrlum MC - IP molecular com plex 

The arrangement of the phenols In thIs sequence corresponds to thelr acidities. In proton- accepting ca pacity, the 
secondary amines proves to be more acdve than the tertiary. 
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