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Recently conducted spectroscopic investigations of the structure of complexes in systems with a strong 
hydrogen bond [1-4J have shown that the formation of ionic forms with a transferred proton is extremely read­
Ily induced both by local perturbations during the formation of a hydrogen bond of the molecular complex 
AH ••• B with proton donors and by van der Waals interactions with the molecules of the surroundings. There­
for, In a study of the influence of the electronic structure of proton donor and acceptor molecules on the type 
of free energy surface of the system and changes in this surface as a result of interaction with the surround­
ings, it is logical to start with the properties of the bimolecular complex AH' B In the gas phase or in the 
most Inert solvents (noble gases, alkanes, perfluorocarbons). In the case of complexes of aliphatic amines 
with carboxylic acids or phenols in solution, an increase in the proton-donor and proton-acceptor capacity of 
the partners leads to the appearance of a shift of the tautomeric equilibrium molecular complex = ion pair 
to the right; there is a basis for believing that another, continuous type of evolution is also possible, in that 
there is no tautomerism, and the only complex passes throngh a stage of the so-called complex with quasi­
symmetrical hydrogen bond A •.• H ••• B [5J. 

This communication presents the results of investigations undertaken in order to determine the nature 
of the change in the structure of the bimolecular complex with a strong hydrogen bond in the ground and ex­
cited electronic states with a gradual increase in the interaction with the solvent, according to the electronic 
absorption and emission spectra, as well as according to the lR spectra. The complex of isoquinoline (IQ)­
trifluoroacetic acid (TFAA) with a hydrogen OH ••• N was studied in solutions in saturated hydrocarbons, 
aromatic hydrocarbons, butyl chloride, chlorobenzene, a-dichlorobenzene, nitrobenzene, chlorofonn, and ace­
tonitrile. In the UV spectrum the work was conducted on the band tLn of isoquinoline, which has a well-ex­
pressed vibrational structure (Specord uv-vrs and Hitachi H-850 instruments). The lR spectra were investI­
gated in the region of 1£00-1800 em -1, where the bands vCO of the acid and its anion lie (UR-20 instrument). 

Figure 1 shows the UV spectrum of IQ in solution with CCI, and its changes when TFAA is added. At 
low acid concentrations the intensity of the spectrum of free IQ decreases, and the band shifted by 400-450 
em -I to low frequency appears, the IntenSity of which Increases with the acid concentration. This band belongs 
to. the bimolecular complex IQ-TFAA. By placing a solution of IQ in CCl, In the reference channel of 

'Sct'EintlflcCResearch Institute of Physics, A. A. Zhdanov Leningrad State University. (Presented by 
Acad~lc[an·N. M. fmanuJI', June 6, 1984.) Translated from Doklady Akademll Nault SSSR, Vol. 282, No.3. 
pp. 646-649, May, 1985. Original article submitted June 14, 1984. 

0012-5016/85/0006-0505$ 09.50 Co? 1985 Plenum PublishIng Corporation 505 



I';. ·11)04, Utert/mole .em 

u 

'" 
Fig. I Fig. 2 

Fig. I. Spectra of solutions in CCi, containing 3.2' 10-3 M isoquinollne 
and trifluoroacetic acid at concentrations: I) 0; 2) 2.2'10-3 M; 3) 
4.4'10-3 M; 4) 8.8'10-3 M. Cuvette thickness 0.1 cm. 

Fig. 2. Spectra of the bimolecular complex Isoquinoline -trlfluoroace­
tic acid in various solvents: 2) in octane; 3) in CCI •• experiment; 4) 
In toluene; 5) In acetonitrile; I) isoquinoline in octane. Spectra 2. 4. 
and 5 were obtained by treating a family of spectra on a computer. 

the spectrophotometer and selecting its concentration, It is possible to obtain the spectrum of this complex in 
pure form (Fig. 2, spectrum 3). The contour of the band of the complex repeats the general outlines of the 
band of free IQ, but the vibrational structure is appreciably blurred. The value of the low-frequency shift and 
the preservation of the vibrational structure are typical of IQ molecules forming a strong hydrogen bond with 
proton donors [61, and, consequently, the complex has the molecular structure C,H, N •.. HOOCCF3• At acid 
concentrations comparable with the concentration of IQ, a new broad band appears, y - 30,000 cm -I, which in 
excess acid dominates in the spectrum (Fig. I, spectra 3 and 4). This band belongs to complexes of more 
complex: composition, containing two or more acid molecules. In the presence of a greater excess of acid, 
when the remains of the bands of free IQ and the 1: I complex disappear, the spectrum becomes virtually 
identical with the spectrum of the isoquinolinium cation (for example, in acid aqueous solution); therefore. it 
can be concluded that in these complexes IQ is protonated, and they have an ionic structure. 

In solution in acetonitrile, in the presence of excess IQ. a band of the cation appears and changes little 
with increasing acid concentration. In aromatic solvents, however, and in the weakly polar butyl chloride, a 
band occupying an intermediate position is observed in the spectrum. In the presence of excess IQ in all the 
solvents, the cation-like band of complexes of complex composition dominates. The isolation of the band of 
the equlmolar complex for solutions In octane, toluene, and acetonitrile was performed by treating a packet of 
spectra obtained In excess IQ at various acid concentrations on a computer according to the procedure of [8]. 
These spectra are cited In Fig. 2, spectra 2, 4, and 5. It can be seen that with Increasing interaction of the 
complex with the solvent. there is a broadening of the vibron components of the band and a general long-wave 
shift of It. These changes in the electronic spectrum of IQ In complex with TFAA are in good agreement with 
the changes recorded on the bands of the CO group of the acid in the vibrational spectrum with increasing ac­
tivity of the solvent [6]. As we go from CCl, to aromatic hydrocarbons and their derivatives and then to 
chloroform and acetonitrile, the band .CO of the complex is smoothly shifted from 1765 cm -1, the pOSition 
characteristlc of complexes of TFAA with a strong hydrogen bond [9], to 1695 cm -1, the typical position of 
vacoi of the anion of the acid, which constantly remains a single band In this region of the spectrum. 

"" A study of the fluorescence spectra under the same conditlons permit characterization of the structure 
'of the complex in the exclted electronIc state. The fluorescence of IQ In the gas phase and in inert solvents 
'is very 'weak. but when a. hydrogen bond Is formed, the quantum yield is Increased by 2-3 orders of magnItude 

'(IOJ. ,As Is shown by measurements in aqueous solution [II, 12J. In the singlet exclted state the baSicity of 
:'IQ.ls increased by 2-2.5 units of PKa In comparison with the ground state, and In an inert solvent and in the 
, phase in the case of excitation we might expect shortening of the bond and phototransfer of a proton. In [101 
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Fig. 3. Spectra of excitation (a) and fluorescence (b) of a co';­
plex with 1: 1 composition. 1) [n heptane; 2) In butyl chloride; 
3) In acetonltrlle. Concentrations of Isoqulnollne and trifluoro­
acetic acid each 1,1' 10-4 M; for a, '-rec ~ 340 nm (1), 360 nm 
(2,3); ,-exclt ~ 310 nm for b (1-3). 

the fluorescence of complexes of IQ with fluorinated alcohols was investigated In solutions in trlmethylpentane 
at 77 oK, and It was found that when the molecular complex Is excited, two bands are observed simultaneously 
In the emission spectrum - the band of the molecular complex with characteristic vibron structure and a 
broad structureless band of the cation, shifted in the long-wave direction. This is an indication of transfer of 
a proton along the hydrogen bond OH ••• N in the excited state. which was interpreted by Anton and Moomaw 
flO] as evidence of the existence of two minima on the potential surface of the complex in the singlet excited 
state. However, the composition of the complexes was not established, and under the conditions of flO] (an ex­
cess of the proton donor, low temperature, hydrocarbon solvent), the number of complexes containing two or 
more proton donors may be rather large. 

In this work we obtained the fluorescence and excitation spectra of bimolecular complexes of isoquino­
line with trifluoroacetic acid in heptane, butyl chloride, and acetonitrile at room temperature, as well as in 
the gas phase at 440·K, Figure 3 presents some of the results obtained. At equimolar concentrations (10-4 M) 
of IQ and TFAA, the spectrum of excitation of the fluorescence in the most inert of the solvents used - heptane 
(curve la) - Is similar to the absorption spectrum of the bimolecular complex in octane (Fig. 2, spectrum 2). 
The fluorescence spectrum (curve lb) is not mirror-symmetrical in the excitation spectrum in this case, how­
ever, the two spectra have a vibron structure (only a redistribution of it occurs), the position and shape of the 
fluorescence band do not depend on the wavelength of excitation, and the Stokes shift has a normal value. All 
this indicates that In solution in heptane In the excited state of the bimolecular complex with hydrogen bond 
there is no transfer of a proton and formation of an Ion pair, but, in all probability, only a certain strengthen­
ing of the hydrogen bond occurs. With increasing acid content, the fluorescence band is shifted in the long­
wave direction, is broadened, and its structure is blurred. The changes in the spectrum cease when the emis­
sion band Hes around 28,000 cm-I and has a smooth contour. The excitation band also changes slmilarily; 
moreover, at such concentrations mirror symmetry of the emission and excitation spectra Is already approx­
imatelyobserved. It thus can be concluded that the broad cation-like fluorescence band in the indicated sol­
vent owes its origin to complexes containing two or more acid molecules and already possessing an ionic 
structure in the ground state. 

In the polar structure acetonitrile, the structureless fluorescence band of the complex Iles at 26,500 
em -t; Its position and shape do not depend on the acid concentration. The excitation spectrum is analogous to 
the absorption spectrum of the 1: 1 complex (Fig. 3a, spectrum 3), so thatin acetonitrile the structure of the 
complex In the ground and excited states Is Ionic. 

In solution In butyl chloride at a low relative content of acid, a band that does not have a vibron struc­
ture, which lIes approximately midway between the structural band of the molecular complex in solution in 
heptane and the fluorescence band of the cation, Is observed In the fluorescence spectrum (Fig. 3b, spectrum 
2). The excitation spectrum also occupies an Intermediate position and has a highly blurred vibron structure. 
The complete disappearance of the vibron structure In the emission spectrum in comparison with the exclta­

,tlon spectrum evidently Indicates a strengthening of the bond In the complex and an approach of Its structure 
to ionic In the excited state, With Increasing acid content In soiutlon there Is a blurring of the structure and a 
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~hlft or Lho "nnd In the e"cltatlon Mpoctrum In tho long-wavo dlroctlon. ThUR, In "olutlon In butyl chloride the 
bimolecular "ornple" Iq-TFAA In the exclted atate haa a Htructure Intermediate between molecular and Ionic. 
Tho adcllll.on or :l /-fonond and f1UbAoqUc.mt add moleculos to thlli complex lcudH to tran:-1rcr of a proton and lhe 
rOl'nllltlim or It cation of IHoqu{nolino. rt bueommJ dear that photolram'Jfor of a proton In (!ompluxc,q ()r rq with 
C F,CI!,01[ llnd (e F,) "G[[OI!, far wcnkor proton donor .• than trlrluoroacctlc acid, in a fromn hydrocarbon 
liolulfnn t oh~()rvod In r 101, OCf!urrcd In complexes containIng more than ()ne proton donor molecule, pmmihly 
undor (!Ondlllon~ o( .'ioioctcd l'Iolvntlon of tho complex by alcohol. EarBer a ,qimllar hypothesis was advanced 
In r l:l1, where phototranafer of a proton from alcohols to qulnollne at 77'K was recorded In petroleum ether 
undor condilions of a "u"atantlal execs" of alcohol. 

An InveRtllI;atlon of the nbsorptlon and fluoreRcence apectra of complexes of [G with TFAA In the gas 
phaso Ilt 440'[{ showed that under these condltlons In the grnund state the complex has a molecular structure, 
and In tho excited Rtate proton transfer also does not occur; the emission spectrum correAPQnds to a molecu­
lar form with a strong hydrogen bond OH ••• N. 

Hence, our Investigations of the absorption and fluorescence spectra of the rq-TFAA system showed 
thnt with Increasing activity of the solvent there Is a change In the spectrum of the bimolecular complex from 
that typical of a molecular complex with a strong hydrogen bond (gas, solutions In alkanes, CCl,) to that typi­
cal of an Ion pair (solutions In chloroform and acetonitrile); In aromatic hydrocarbons and butyl chloride the 
position and shape of bands are Intermediate. The spectra of the free molecule, the molecular comple" with a 
hydrogen bond, the Ion paIr, and the solvated Ion pass continuously from one into the other; there is no qualita­
tive boundary between them. Consequently, In this serIes of solvents the structure of the complex changes 
smoothly from molecular to lonle wIth a gradual change in the pOSition of the proton between the oxygen and 
nitrogen atoms. In not one case were two bands characteristic of two types of complexes, molecular and ionic, 
observed simultaneously, whIch would have served as an indication of the existence of tautomeric equilibrium. 
In the excited electronIc state, the change In the structure of the complex In the series of solvents occurs 
more rapidly - the Stokes shift increases with Increasing activity of the solvent. Evidently the increase in the 
baSicity of IQ in the excited state affects the structure of the complex to a greater degree, the greater the in­
teraction of the complex with its surroundings. Phototransfer of a proton In the systems studied was not de­
tected. The addition of a second acid molecule to the bimolecular complex promotes protonation of IQ. 
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