
Institute of Physics  

Polish Academy of Sciences 

 
    

 
 
 
 
 
 
 

 
 
 
 

Matrix isolation studies of structure  

and UV-induced transformations  

of selected N-heterocyclic molecules 
 
 
 
 

Ganna Gerega 
 
 
 
 

Dissertation submitted to the Institute of Physics  
of the Polish Academy of Sciences 

in partial fulfillment of the requirements for the degree of Doctor in Physics 
 
 
 
 
 

Thesis adviser: Doc. dr hab. Maciej J. Nowak 
 
 
 

Warsaw 2008 



 



 iii

Abstract 
 
 

The results of photochemical transformations occurring in isolated molecules exposed to 
the UV radiation are presented for the range of heterocyclic compounds. This work contains 
examples of unimolecular photochemical processes leading to the change of a structure of 
irradiated molecule. Several cases of phototautomeric oxo → hydroxy reaction were described 
and one example of formation of a new chemical compound, which formally is an isomer of 
the substrate molecule.  

 
Particular emphasis is placed on the estimation of tautomeric equilibrium for the studied 

compounds. The change of a relative amount of tautomers in a matrix after irradiation, allowed 
experimental determination of a ratio of tautomers frozen during formation of a matrix. These 
tautomeric ratios measured for the bicyclic compounds which consist of a benzene ring fused with 
the heterocyclic ring in different positions (2-quinoxalinone, 2-quinolinone, 1-isoquinoline, 
4-quinazolinone) strongly suggest that direct attachment of the benzene ring at one of the double 
bonds in the structure of the parent compounds (2-pyridinone, 2-pyrazinone and 4-pyrimidinone) 
leads to a significant increase of stability of the oxo tautomers, with respect to the corresponding 
hydroxy forms.  

 
In this work, it was demonstrated that upon UV irradiation the reaction of intramolecular 

proton transfer occurred in all studied compounds (with except of 3-hydroxyisoquinoline). This 
photoreaction underwent in compounds with N-H and C=O groups in α-position attached to 
heterocyclic ring. The proton was transferred from nitrogen to oxygen atom. In the case of 
allopurinol, 9-methylhypoxanthine and hypoxanthine, along with oxo → hydroxy photoreaction, 
the accompanying process was observed leading to formation of open-ring species (conjugated 
ketenes). 

 
The studies of photochemical transformations of N-hydroxypyridine-2(1H)-thione described 

in the last part of this work allowed a conclusion that the product of the photoreaction is 
thioperoxy derivative of pyridine. The photochemical formation of this new compound – 
2-hydroxysulfanyl-pyridine - occurred in the matrix environment. Isolation of a substrate 
molecule in a matrix cage prevented fast detachment of photochemically formed ·OH radical, and 
allowed formation of the product.  

 
In this work, the assignment of obtained IR spectra of almost all tautomeric forms of 

the studied compounds was carried out. This was performed as for tautomers initially present in 
low-temperature matrices, as for the spectra of photoproducts populated in the matrix upon UV 
irradiation. In this purpose, the experimental spectra were compared with the spectra simulated by 
DFT(B3LYP) quantum-mechanical calculations. The good agreement allowed assignment of 
experimentally observed absorption bands to the normal modes calculated for theoretically 
predicted spectra. Theoretical analysis of the normal modes was carried out for each compound. 
The forms of vibrations corresponding to absorption bands were described with calculated 
elements of PED (potential energy distribution) matrix. 
 

The results of theoretical calculations with QCISD method showed that this method predicts 
well not only the shifts of tautomeric equilibria for the studied compounds, but provides also 
reliable values for calculated energy differences (ΔE) between tautomers of a given compound. 
This was demonstrated by comparing theoretically and experimentally estimated values of ΔE. 
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1. Introduction 
 

Investigation of isolated molecules is the first step in understanding of the properties of 

molecular systems. Recently much attention has been paid to experimental and theoretical studies 

[1-11] of isolated nucleic acid bases and their derivatives. The majority of these studies concerned 

determination of the structure of non-interacting molecules and photochemical effects occuring 

after exposure of this class of molecules to UV radiation. The low-temperature matrix isolation 

technique is one of the most effective methods used for such investigations. The current work 

presents new results in this area of research. Since it is known that exposure to solar light, among 

a number of biological effects, may cause mutations, the investigations of the photochemical 

transformations occurring in molecules present in DNA (or their derivatives) are of crucial 

importance. UV light generates DNA damage by several different mechanisms [12]. Most 

commonnly known damages are cyclobutane pyrimidine dimers and 6-4 lesions [13]. 

The photoprocesses occuring in single molecules which may affect biological material are still 

almost neglected in research. 
 

 

 

1.1. Biological importance of pyrimidines and purines 
 

The nucleic acids play a central role in the storage and expression of genetic information. 

They are divided into two major classes: (i) deoxyribonucleic acids (DNAs) - their function is 

storage of information, and (ii) ribonucleic acids (RNAs) which are involved in most steps of gene 

expression and protein biosynthesis. DNA is a long polymer of simple units called nucleotides, 

with a backbone made of sugar and phosphate moieties joined by ester bounds. One of four types 

of molecules, called bases, is attached to each sugar. The sequence of these four bases along 

the backbone encodes genetic information. 

The bases that occur in nucleic acids are heterocyclic compounds - the derivatives of 

pyrimidine or purine. Pyrimidines consist of six-membered ring, purines have two condensed 

rings: five- and six-membered. The genetic code in the DNA is stored in the form of the sequence 

of hydrogen bonded purine and pyrimidine bases, and this specific sequence is unique for each 

individual. Alteration in DNA structure may lead to mutation by producing a permanent change in 

the genetic code [14]. 

The unproper pairing of the bases in polynucleotide chains leads to mutations. One of 

the possible causes of a mutation, proposed by Watson and Crick [15, 16] is creating a non-

canonical complementary base-pair, with one of the bases adopting a rare tautomeric form. 
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In water environment each of the bases exist predominantly as one preferred tautomer, but at 

any moment a very small fraction adopts less stable tautomeric form (see Figure 1.1). Thus, rare 

tautomer B (imino-form of adenine) would not be able to pair with thymine, its proper pairing 

partner, but could pair with cytosine (Figure 1.2). 
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 Figure 1.1. Tautomerism of adenine 

 

If this event occurred to an AT pair during gene replication, an incorrect copy of the gene, 

differing in a single “code letter”, would be formed. However, because the tautomerism is 

affected very strongly by the environment, the extent to which it may cause mispairing during 

enzymatic replication act is uncertain [17]. 

Genetic mutations may be caused by several factors, among them UV radiation. It is well 

known that nucleic acid bases absorb ultraviolet radiation efficiently; nevertheless, a case of 

mutation is a rare event. This implies that nucleic acid bases should be highly photostable. 

The high photostability was associated with observed low quantum yield of fluorescence (of 

the order of 10-4), which indicates the presence of photophysical processes leading to fast 

nonradiative dissipation of energy gained by a molecule upon absorption of UV quantum [6]. It 

was even suggested that high photostability of nucleic acid bases is a reason for their selection as 

genetic species by nature. However, it does not need to be true, because it was observed that 

monomeric, isolated in Ar matrix, 1-methylcytosine (compound modeling cytidine) was subjected 

to photochemical modification. Upon UV (λ > 295 nm) irradiation, 1-methylcytosine transformed 

to open-ring isocyanate [18]. 

As it is known, in nucleic acids the complementary bases are connected by two or three 

hydrogen bonds. According to the recent theoretical models of the dissipation of electronic 

excitation in hydrogen-bonded base pairs, the presence of hydrogen bonds is the real origin of 

high photostability of DNA [19, 20]. 
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Figure 1.2. The double helix of DNA has an invariable width because purines are always located opposite 

pyrimidines, forming specific base pair G-C and A-T. In this scheme, the imino tautomeric form of adenine 

forms a wrong complementary pair with the cytosine (instead of thymine) and thus causes the point mutation. 

 

Proton transfer represents one of the most fundamental processes involved in chemical 

reactions as well as in living systems. Vast number of research have been published regarding 

various types of proton transfer occurring in the ground state as well as in the excited states, since 

proton transfer leading to formation of rare tautomer may play a role in creation of point 

mutations. 

The commonly known photochemical process of the proton-transfer occurring in the molecule 

after its excitation is known under acronym ESIPT (Excited-State Intramolecular Proton 

Transfer). ESIPT type of phototautomerization undergoes in the excited state where proton 

transfers through a low barrier or even without barrier [21, 22]. This is because the proton-transfer 

proceeds along an intramolecular hydrogen bond existing in S0 and S1 electronic state of 

the molecule. However, in monomeric nucleic acid bases there are no intramolecular hydrogen 

bonds. Computational studies of adenine, guanine and hypoxanthine have suggested that in 

the excited state the barrier for proton transfer is significantly large and, therefore, electronic 

excitation may not facilitate ESIPT processes for these species [23-25]. However, there is known 
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other type of proton (hydrogen atom) transfer, occurring after excitation of a molecule without 

intramolecular hydrogen bond. It was found in molecules with N-H group placed in α position 

with respect to C=O or C=S group [26-39]. This photoreaction was reported for cytosine where 

their rare hydroxy tautomeric form was obtained after UV irradiation of isolated molecule [40-

42]. 

The investigation of this type of proton-transfer in the molecules described in the next 

paragraph is one of the main points of the current work. 

 

1.2.Biological function of the studied compounds  
 

tRNAs contain a number of unusual bases that are not normally found in DNA or other RNAs. 

These modified bases influence on the tRNA − mRNA base pairing and play a role in degeneracy 

of the genetic code [43-45]. Among these bases is hypoxanthine - a base of the rare, naturally-

occuring nucleoside inosine (Figure 1.3). 

Inosine nucleoside appears quite frequently in the anticodon region of natural tRNAs [48]. In 

bacteria, inosine can form wobble pairs with uridine, cytidine, and adenosine, and in eukaryotes 

only with uridine and cytidine. Inosine has been detected first in tRNA [46] and recently has been 

found in double-stranded RNAs, mRNAs, and virial RNAs [47]. 

In eukaryotic and prokaryotic messenger-RNA, inosine is formed during post-transcriptional 

editing by adenosine-to-inosine enzymatic conversion. Inosine monophosphate plays a key role in 

both biosynthesis and catabolism of purine nucleosides [49]. Hypoxanthine is present in muscles 

and other tissues, where it is formed during purine catabolism by deamination of adenine. This 

compound derives from adenine by replacement of its –NH2 group with –OH and tautomerization 

to the oxo form. 
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Figure 1.3. Structures of hypoxanthine and inosine. Inosine is a nucleoside that is formed when 

hypoxanthine is attached to a ribose ring.
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Hypoxanthine and inosine found application in medicine. The first compound stimulates 

enzyme activity in both cardiac and skeletal muscle cells for improved regeneration of ATP 

(adenosine 5'-triphosphate). Inosine is widely available as a nutritional supplement in health food 

stores [50-52]. This compound has been used sporadically in clinical practice for various 

cardiovascular disorders, including some ischemic events [54]. Furthermore, inosine has been 

used recently, in small patient populations, for the therapy of multiple sclerosis [53]. Recent 

observations indicated that it might be possible to exploit inosine for the treatment of tissue 

damage caused by inflammation and ischemia [55]. Inosine ameliorates skeletal muscle ischemia 

- reperfusion injury, which makes it a potential candidate for therapeutic modulation of skeletal 

muscle reperfusion injury in the clinical setting [56]. 
 

Allopurinol is a heterocyclic molecule, closely related to hypoxanthine, in which N and C 

atoms in position 7 and 8 are interchanged (Figure 1.4). 
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Figure 1.4. Structure of allopurinol 

 

This compound is an inhibitor of xanthine oxidase, which catalyses the conversion of 

hypoxanthine to xanthine, thus reducing high level of uric acid in blood and serum, in such way 

preventing gout attacks and it is used to treat hyperuricemia [57-62]. Allopurinol is also used as 

chemoprotector during anticancer cytotoxic therapies [63, 64]. Moreover, this compound is 

known to effectively protect the heart against damage caused by oxygen free radicals in patients 

undergoing cardiac bypass surgery and coronary angioplasty [65-68]. Preliminary results of 

treatment of bipolar mania and schizophrenia suggest that allopurinol may be an effective 

adjuvant agent in the treatment of patients with these diseases [69, 70]. 
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Quinoline (Figure 1.5) is present in many classes of biologically active compound, and its 

derivatives are known to exhibit a variety of biological effects. 
 
 

N N O

H

quinoline 2-quinolinone
(carbostyril)  

 
Figure 1.5. Structure of quinoline and 2-quinolinone (carbostyril) 

 

A number of quinolines have been used as antifungal, antibacterial, and antiprotozoic drugs as 

well as antinoeplastics [71]. Styrylquinoline derivatives have gained strong attention recently due 

to their activity as perspective HIV integrase inhibitors [72-75]. Carbostyrils (2(1H)-quinolinones) 

can be considered as aza-analogues of coumarines which in turn have found application as 

photosensitizers [76], laser dyes [77-81] or pH-indicators in biochemistry and medicine [82, 83].  

It is known also that substituted carbostyrils are good candidates for wave-shifting fluorophors 

in high energy particle detection [84]. Substituted carbostyrils (e.g. carbostyril 124 

(7-amino-4-methyl-2(1H)-quinolinone)) are used as antenna molecules in luminescent lanthanide 

complexes. Such complexes consist of a lanthanide-binding chelate and organic-based 

chromophore, the latter acting as an antenna or sensitizer to absorb the excitation light and 

increase the weak absorbance of the lanthanides [85, 86]. 

The luminescent lanthanide complexes mentioned above find another application as probes in 

biological systems. In clinical using, luminescent lanthanide complexes applied as an 

immunological technique (solid-phase immunoassay) and used to quantify lipoprotein, which is 

a risk factor for coronary heart disease and ischemic cerebrovascular disease, in human serum 

[88]. Sensitized lanthanide fluorescence proves also to be attractive alternative to UV detection 

and other luminescence techniques in the chromatographic separation of drugs and xenobiotics 

[87]. Fluorescent heterocycles are also valuable enzyme substrates [89, 90], e.g. for proteases. 

Here carbostyril 124 was found to allow a more sensitive determination of enzyme activity than 

other fluorophors [89]. 
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UV-induced damage to DNA has profound biological consequences, including 

photocarcinogenesis, a growing human health problem. It may be caused indirectly by 

photoproduction of hydroxyl radicals (·OH) in DNA environment. DNA damage induced by ·OH 

is an occurrence recognized in numerous experimental investigations [3, 91, 92]. Interaction with 

hydroxyl radicals was demonstrated to generate single-strand breaks in polynucleotide chains as 

well as modifications of nucleic acid bases. Recently, it was suggested that ·OH radicals can play 

a key role in oxidation of guanine to 8-oxo-7,8-dihydroguanine [93]. Hence, hydroxyl radicals 

give rise to oxidative modifications and mutations which can initiate carcinogenesis or/and 

a series of age-correlated degenerative diseases. 

For the sake of experimental investigation of interactions of hydroxyl radicals with nucleic 

acids constituents, the method of in situ generation of ·OH radicals is of crucial importance. 

The photochemical methods based on light-induced decomposition of precursors (photo-Fenton 

reagents) have many advantages in comparison with chemical formation of such radicals (through 

the Fenton reaction [94]). These precursors allow photogeneration of ·OH radicals without 

inducing other photoreactions accompanying production of hydroxyl radicals. 

N-Hydroxypyridine-2(1H)-thione (called also 2-mercaptopyridine N-oxide, omadine or 

pyrithione, Figure 1.6), is known to release a hydroxyl radical under ultraviolet irradiation. This 

photochemical source of ·OH radicals has been used in a number of studies on oxidative damage 

of DNA [95-98]. It was observed that UV excitation of N-hydroxypyridine-2(1H)-thione causes 

hemolytic N-O bond cleavage, which leads to the formation of the 2-pyridylthiyl and hydroxyl 

radicals [99-101]. However, unlike to its analogue N-hydroxy-2(1H)-pyridone, 

N-hydroxypyridine-2(1H)-thione undergoes other primary photoprocesses, which are pH-

dependent [102-104]. 
 

N S
O

H

N-hydroxypyridine-2(1H)-thione  
 

Figure 1.6. Structure of N-hydroxypyridine-2(1H)-thione. 

 

N-hydroxypyridine-2(1H)-thione is a commercial substance known for its antibacterial, 

anticancer, antifungal and antidandruff activities [105-108]. The pyridine N-oxide derivatives 

represent a peculiar class of antiviral compounds that qualify as promising novel drugs for 
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exploration as potential anti-HIV agents. They have an entirely new mechanism of antiviral action 

and the capacity to retain antiviral activity against virus strains that have gained resistance to 

clinically used drugs [109]. 

 

Proceeding from all aforesaid, it must be confessed that interaction of radiation with organic 

compounds is responsible for many biological processes. Tautomerism, which may be a result of 

a photochemical reaction, plays an important role in modern organic chemistry, biochemistry, 

medicinal chemistry, pharmacology, molecular biology, and life itself. An intramolecular proton 

transfer may lead to a conversion of the molecule into another tautomeric form. Interconversion 

between thermodynamically stable tautomers is possible in solutions and in the gas phase for an 

isolated molecule. It may occur under the action of various factors, in particular, of light. 

Information about photochemistry of the studied in the current work compounds of biological 

importance may be very helpful for investigations of mechanisms of damages of living cells 

induced by UV light.  

  
 

1.3. The aim of the thesis 
 

In this work, the observations of UV-induced transformations in selected N-heterocyclic 

molecules isolated in low-temperature matrices are reported. Heterocylic compounds may exist in 

different tautomeric forms; hence, the tautomerism of the studied molecules was also one of 

the main aims of the investigations. The FT IR spectroscopy of matrix-isolated species was 

the experimental method used in this study. 

 

Unimolecular photoprocesses were studied for: 

- heterocyclic compounds with amide H-N-C=O group in a six-membered ring:  

2-pyridinone (2PD), 4-pyrimidinone (4PM) and 2-pyrazinone (2PZ); 

- compounds with fused hererocyclic and benzene rings, the analogs of 2PD, 4PM and 2PZ: 

2-quinoxalinone (2QX), 2-quinolinone (2QL), 1-isoquinolinone (IQ) 4-quinazolinone (4QZ) 

and 3-hydroxyisoquinolinone (3IQ); 

- heterocyclic compounds with two, six- and five-membered, fused heterocyclic rings: 

allopurinol (A), 9-methylhypoxanthine (mHx) and hypoxanthine (Hx); 

- heterocyclic compound with thione group attached to a six-membered ring – 

N-hydroxypyridine-2(1H)-thione (Np). 
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The investigations were aimed at: 

- Experimental determination of the most stable tautomeric form of the studied molecules 

isolated in low temperature matrices. 

- Investigations of an effect of UV irradiation of isolated molecules. Photoisomerization (or 

phototautomerization) processes were the main point of interest; therefore, irradiations were 

performed using filtered UV light to avoid photolysis of the molecules. 

- Interpretation of IR spectra of observed tautomers and assignment of the absorption bands in 

experimental spectra to the normal modes predicted by theoretical calculations. 

Phototautomeric reactions allowed separation of the spectra due to different tautomers. 

- Experimental determination of free energy difference ΔF between tautomers coexisting in 

a matrix. It was possible after the IR spectra had been separated and interpreted. 

- Comparison between experimentally and theoretically determined relative stabilities of 

tautomers. This comparison allowed assessment of the accuracy of current (available on PC 

computer) methods of calculation of electronic energy of a molecule. 

- Assessment of an effect of benzo-annelation on oxo-hydroxy tautomerism of hetrocyclic 

compounds. 

- The study on the possibilty of the photogeneration of ·OH radicals after irradiation of 

N-hydroxypyridine-2(1H)-thione isolated in inert gas matrices, similarly, as it was in 

solutions. 

 

The results presented in the thesis have been published (list of publication presented on 

page vii). 
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2. Matrix isolation and matrix-isolation photochemistry 

 

2.1. Matrix isolation 
 

The origin of matrix isolation spectroscopy can be traced to the early experiments of Vegard 

in the early 1920s [110, 111]. Vegard bombarded condensed rare gases or nitrogen with electrons 

and observed the resulting luminescence. He noted the similarity between a persistent green 

≈5577 Å luminescence emanating from the cryogenic solids, and the prominent line detected in 

aurora borealis, and saw in the low-temperature spectroscopy a convenient method to study 

auroral glow and other atmospheric phenomena. The term “matrix isolation” was coined some 30 

years later in 1954 by Pimentel [112] and co-workers, who used the technique for systematic 

studies of free radicals and other unstable or transient species. 

In principle, studies of the particles which do not react with each other, have to be carried in 

the gaseous faze. Such a method is the best to determine the thermodynamic values which are 

characteristic of the particle in study. However, the studies of some compounds, for instance, of 

pyrimidine and purine derivatives, are difficult, often even impossible, because of high 

temperature of sublimation, low vapor pressure, and ability to thermal decomposition in 

the temperatures necessary to achieve sufficient vapor pressure (≈ 500K). Moreover, broad bands 

with traces of rotational branches are typical of the IR spectra of gaseous samples gained in high 

temperatures. The broadening is due to overlapping of the rotational lines. It complicates 

the identification of absorption bands and restricts the sensitivity of spectral method applied to 

recognition of small rate of species present in a gaseous sample, e.g. rare tautomers. In contrast, 

the spectra of molecules in matrix consist of narrow bands well separated from each other. In 

solid noble gases (or solid nitrogen) at low temperature the rotation of molecules is strongly 

prevented. Only small molecules as water or methane rotate, but they occupy only the lowest 

rotation levels. This leads to significant simplification of infrared spectra of matrix-isolated 

molecules. 

Furthermore, investigation of pyrimidines and purines in weak-interacting solvent is 

impossible because of low solubility of the compounds. The inconveniences listed above do not 

take place if the low-temperature matrix isolation technique is applied. The matrix isolation 

method has been used for many years to study isolated pyrimidines and purines. 

The matrix isolation technique is based on co-deposition of noble gas (or nitrogen) together 

with vapors of a studied compound onto a cold (4-20 K) window placed on a cold finger of 
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a liquid-helium-cooled cryostat. Good isolation of monomers is assured by a large (700-

1000 fold) excess of matrix gas with respect to the number of the dopant molecules. 

The interactions between the studied molecules and the atoms or molecules of the host matrix 

material are very weak. Hence, the energy states of molecules isolated in low-temperature inert 

gas matrices are only slightly perturbed in comparison with the states of monomers in the gas 

phase. On the other hand, in the experimental spectra of species trapped in a matrix, often 

multiplets are observed instead of a single bands corresponding to a given vibration. Such 

multiplets reflect the interactions with the matrix environment, which may be different in each of 

the trapping sites. It can lead to the splitting of the band in the spectrum. The magnitude of this 

splitting is from several up to about twenty cm-1. More often, this interaction is expressed in 

the shift of the position of spectral lines – matrix shift, and can reflect the influence of the matrix 

environment on the energy states which participate in optical transitions. 

Studies of nonradiative processes occurring in the matrix have shown that electronic 

relaxation often proceeds via two or more electronic states [113]. In a matrix, it is easier to 

understand the relaxation pathways and mechanisms. In such environment, the forbidden states 

could be populated by exciting of high-lying levels, and thus they could be studied 

spectroscopically. 

Due to low temperature and absence of collisions, the reactive species can be stabilized under 

matrix-isolation conditions. The following species could be investigated: radicals, diradicals, 

high-energy isomers and products of fragmentation. Matrix isolation allows trapping primary 

products of photochemical transformations. Two types of photochemical changes can be observed 

following in situ irradiation of matrix-isolated species: photoisomerizations and photoinduced 

dissociations. In the second case, the fragments generated in a photoprocess are usually confined 

in the same cage of the matrix. Only very small fragments, such as the hydrogen atom or 

the fluorine atom, can diffuse out of the original cage. Products of photoisomerization or 

photofragmentation once generated and stabilized in a matrix cage, can then be studied at leisure 

using standard, stationary spectroscopic methods. The spectra of the species in the matrix can be 

accumulated over a long period and then can be studied. Absorption spectroscopy can be applied 

in a wide spectral range, because solid layers obtained from noble gases (or nitrogen) are 

transparent from far infrared to vacuum ultraviolet. The most information on the structure of 

the molecules can be drawn from IR spectra in 4000-200 cm-1 range. 
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2.2. Infrared spectroscopy and matrix isolation 
 

Among other spectroscopic methods, the infrared (IR) spectroscopy is the most effective 

technique to determine the structure of the molecules isolated in low-temperature matrices. The IR 

spectra provide information about the vibronic states of the molecule. The spectra consist of 

the bands, which can be associated with the vibrations of the different groups of atoms in 

the molecule. One of the applications of IR spectroscopy is identification of the structure of 

molecules which may exist in different tautomeric forms. The groups, such as OH, NH, C=O, 

NH2 are specific to tautomeric forms, and the strong absorption bands placed in well defined 

spectral range are characteristic of their vibrations. Therefore, the presence of these groups in 

the molecule can be easily identified during the analysis of obtained IR spectra, and hence, 

the tautomeric form can be determined. 

Assignment of all observed absorption bands in the IR spectrum to the normal mode 

vibrations of a molecule is not an easy task. Fortunately, current quantum-chemical methods 

allow predicting IR spectra with quite good accuracy. The spectra obtained in calculations fit 

relatively well the spectral pattern obtained in matrix-isolation experiments. The good agreement 

between positions and intensities of the bands of the observed and calculated spectra usually 

allows interpretation of the majority of absorption bands. 

There are several effects observed in the spectra of molecules in the matrix environment, 

which should be taken into account when spectra are interpreted. 

(i) Matrix shift. Even weekly interacting matrix environment disturbs vibrational levels of 

a molecule. It can be easily seen, when the spectra obtained in Ar and N2 matrices are compared. 

Molecular nitrogen matrix interacts stronger with isolated molecule than Ar environment. If an 

argon matrix is replaced by a nitrogen matrix, positions and shape of the bands will change. 

Usually, in N2 matrix the frequencies of the stretching vibrations of the external groups of atoms 

in the molecule are lower while frequencies of deformation vibrations are higher than in an Ar 

matrix. The bands of skeleton vibrations are much less disturbed [26, 28]. Observation of this 

effect often helps in identification of the bands originated from deformation in-plane (as well as 

out-off-plane) vibrations of OH or NH groups in the absorption spectrum. 

(ii) Matrix splitting. The bands in the matrix spectrum are often split. It can be due to different 

trapping sites in which the molecules are hold in the matrix. It is due to slightly different matrix-

guest interactions in the matrix cages. This effect may interfere with the splitting due to 

coexistence of different conformers of isolated molecule. The change of the matrix gas modifies 

the splitting pattern due to the matrix, while the components of the split bands which originate 

from different conformers are subjected only to the matrix shift. 
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(iii) Structure of the bands due to self-association. If the concentration of the molecules in 

the matrix is not sufficiently low, then dimers (or even higher aggregates) of the studied 

compound also can be trapped. In such a case, except of the bands due to monomers, the bands 

originating from dimers and higher associates appear in the spectrum. The intensities of the bands 

due to associates depend on the matrix/guest ratio, the ability of the compound to aggregate (e.g. 

it depends on the possibility of formation of intermolecular hydrogen bonds), the temperature in 

which the matrix was formed, and the quality of the matrix. 

(iv) Appearance of the bands due to impurities. The traces of water or other atmospheric 

components are difficult to eliminate because of the leaks in the vacuum elements and cryostat. In 

addition, the impurities from vacuum pumps may contaminate the matrix. The presence of such 

impurities may be observed in the matrix spectrum in the form of additional bands. 

 

2.3. Tautomerism and phototautomerism 
 
The first publication on prototropic tautomerism of the heterocyclic compounds appeared at 

the beginning of the 20th century. The most of this works was dedicated to the researches of 

tautomeric equilibrium in the solvents and in the solid state. It was found out that tautomeric 

equilibrium constant depends on the solvent polarity [114, 115]. But first research of 2-pyridinone 

system in the gas phase [116] showed that the tautomeric equilibrium changes significantly in 

the case when the molecule does not interact with the environment. 

The comparison of available data on tautomeric equilibria of the same systems in the gas 

phase and in the matrix has shown that relative participation of the tautomers of the isolated in 

the low-temperature matrix molecule corresponds to the equilibrium existing in the gas, from 

which the matrix was formed. One can say that tautomeric equilibrium state that exists in the gas 

is “frozen” in the matrix. That is why in all thermodynamic considerations, carried out using 

the data obtained from the spectra of matrices, not the temperature of the matrix itself, but 

the temperature of vapor during deposition of the matrix was applied as the temperature in which 

the tautomeric equilibrium was achieved. 
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Phototautomerism 
 

The proton transfer (or hydrogen atom transfer) from one functional group to another is one of 

the most important reaction which play a fundamental role in chemistry and biochemistry [117]. 

This reaction is the base of many chemical and biochemical processes, including mechanisms 

regulating acid-base equilibrium in the cell [118] and enzymatic reaction [119]. Depending on 

the system, reaction can be intra- or intermolecular. Two types of intramolecular proton transfer 

processes induced by excitation to electronic states higher than S0 are commonly known. One of 

them is the excited state intramolecular proton transfer (ESIPT) [120-123], and the second is 

Norish II type reaction [124, 125]. 

The proton transfer can be activated thermally or by excitation of the system with radiation. 

We have deal with the case when the activation energy allows proton to transit above the barrier 

dividing the substratum and the product. But many cases are known when the proton is tunneling 

through the barrier (proton tunneling) [126]. 

In this work, much less known process of intramolecular proton (hydrogen atom) transfer 

simulated by UV-Vis radiation was studied. The effect of this photoreaction is the change of 

tautomeric form of irradiated molecule. The nature of this photoreaction is different from those 

well known mechanisms like ESIPT and Norrish type II reaction. The difference between these 

reactions is that in above mentioned photoreactions, the proton transfer occurs along 

the intramolecular hydrogen bridge. However, in the molecules, which undergo 

the phototautomeric reaction of the type studied in this work, there are no intramolecular 

hydrogen bonds. Intermolecular hydrogen bonds are excluded by isolation in low-temperature 

matrix. 

Excited S1 state of the photoproduced tautomers (hydroxy, thiol or selenol) is energetically 

higher than the S1 state of the initial tautomers (oxo, thione or selenone) [127-129] (Figure 2.1). In 

the ground electronic state, the photoproduced tautomers are separated by a high-energy barrier 

from the initial form. Hence, the photogenerated tautomers are stable (at least for several hours) 

under low-temperature conditions. In the case when the molecule is in other environment than 

matrix, i.e. when the molecule is not isolated, the barrier between tautomers is significantly 

lowered due to intermolecular interactions, and the process of tautomerism is much faster. 
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Figure 2.1. Scheme of the phototautomeric reaction in the molecules with N-H and C=O groups. 

 

The proton transfer phenomenon which leads to the change of the tautomeric form from oxo 

to hydroxy due to irradiation of the matrix by the UV-light, was observed for the first time by 

M.J. Nowak et al. during studies of isolated 4-pyrimidinone [26]. Next, the same type of 

the reactions of phototautomerism was observed for the several other molecules, where the oxo-

hydroxy, imino-amino, tion-tiol tautomerism is possible [26-39, 130-132] (Figure 2.2). 
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  X=O – oxo-hydroxy tautomerism 

  X=NH – imino-amino tautomerism 

  X=S – tion-tiol tautomerism 

 
 
Figure 2.2. Types of prototropic tautomerism 

 

The experiments show, that photoreaction (the proton transfer from N-H group to O, S or Se 

atom due to the irradiation of the UV-light) is typical of the whole class of simple or heterocyclic 

molecules, and this is not an accidental occurrence characteristic of one or two species [26, 31, 

34-37, 133]. 

The mechanism of the photoinduced proton transfer processes described here is still not well-

elucidated. The most promising theoretical explanation of the phototautomeric phenomena may be 

drawn from the theoretical model provided by Sobolewski and co-workers [134-136]. On 

the basis of the advanced CASPT2 calculations authors postulate a key role of the exited 1πσ* 
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states in hydrogen-atom-detachment and proton-transfer processes occurring in a variety of 

molecular systems. For the molecules with N-H groups, the excited 1πσ* states have a repulsive 

character with respect to the N-H stretching coordinate (Figure 2.3). 

For a simple heterocyclic molecule, such as pyrrole, the optically dark 1πσ* state is 

energetically the lowest of all excited states. In more complex heterocycles, containing more 

heteroatoms (that lowers the energy of the nπ* excited state) or/and more extended π-electron 

system (that lowers the energy of the ππ* excited state), 1πσ* excited state is usually not 

the lowest, but it can be accessed upon crossing a low-energy barrier (Figure 2.3). Detachment of 

hydrogen atom from UV-excited pyrrole was recently experimentally demonstrated by Wei et. al. 

[138]. 

It can easily be imagined that in systems with either the C=O, C=S or the C=Se group in 

a direct vicinity of the N-H moiety, the proton which looses its attractive connection with 

the nitrogen atom can be trapped and form a new O-H, S-H or Se-H bond, instead of a complete 

detachment from a molecule. This mechanism seems to be the most promising way for 

rationalizing the experimental observations of the proton transfer processes described in this 

work. 
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Figure 2.3. Schematic representation of the excited 1πσ* state in a heterocyclic molecule 

(after [134, 137]). 
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In this work we will deal with the type of tautomerism which is connected with intramolecular 

proton transfer between nitrogen atom of the heterocyclic ring and the C=O group in α-position 

with respect to each other, or with proton transfer between different nitrogen atoms in 

the heterocyclic ring (tautomerism N(7)-N(9) in purines). The studied compounds can exist in 

several tautomeric forms. Experimentally, the structures of the lowest free energy are observed. 

Relative energy of the tautomers depends of the properties of the molecule, and of the conditions 

in which the molecule exists. 

It is observed that phototautomeric reaction proceeds independently on the ratio between 

tautomers existing in the matrix. As a result of the irradiation by the UV (UV-Vis) light, 

the relative intensities of the bands corresponding to the different tautomers have been changed. 

The increase of the intensity of the bands corresponding to one tautomer (hydroxy) and 

simultaneously, decrease of the bands from another tautomer (oxo) are observed. This effect gives 

an opportunity to assign absorption bands, which intensities change simultaneously, to different 

tautomeric forms appearing in the matrix. For the first time this method was applied to separate 

the spectra of tautomers of 4-pyrimidinone [26, 28]. At present, the results of separation of 

the spectra, obtained employing this method, are usually confirmed by comparison with spectra 

theoretically predicted for the tautomers of studied molecule. 
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3. Experimental 

 

3.1. Experimental setup 
 

Low-temperature matrices were prepared in the continuous-flow liquid helium cryostat 

designed by M.J. Nowak (Figure 3.1; k in Figure 3.2). The cold finger of the cryostat was cooled 

by liquid helium which was continuously transferred from the Dewar vessel (8 in Figure 3.2). 

The flow of the liquid helium was regulated by the needle valve placed in the helium transfer line. 

The rotary pump (9 in Figure 3.2) pumped gaseous helium from the cryostat to the gas line 

leading to the helium liquefier. The cryostat was equipped with an internal shield cooled with 

liquid nitrogen. This shield allowed better thermal isolation and acted as liquid nitrogen trap in 

the cryostat. Rests of water vapor and other gaseous impurites, which were not removed during 

the pumping before cooling the cryostat, were frozen on it. 

The matrix was deposited on the window from caesium iodide monocrystal (CsI). The cold 

spectroscopic window was placed on the copper block, which was attached to the cold finger of 

the cryostat. Temperature of the copper block was measured with the silicon diode DT-471 of 

Lake Shore Cryonics (which is especially designed for measurements of the helium temperatures, 

3 in Figure 3.2). The temperature of the CsI window was usually maintained at 10 K. 

The matrix gas introduced to the cryostat passed trough a coil in the liquid-N2-cooled jacket of 

the cryostat before deposition. The matrix-gas flow was controlled by the precise needle valve. 

The rate of matrix gas deposition on the CsI window was determined by controlling the pressure 

inside the cryostat during the matrix deposition. 

During deposition of the matrix, the solid sample of the studied compound sublimated from 

a small electric oven located near the cold window. Temperature of this oven was regulated by 

changing electric current. The power supplier EL 302D of the Thurby-Thandar Instruments (4 in 

Figure 3.2) allowed precise regulation of the current. 

In the case when at room temperature the saturated vapor pressure over the solid sample of 

the compound was high, the compound was placed in a glass tube connected to the vacuum 

chamber of the cryostat through a regulating valve. 

The vapors of the studied compound were deposited with a large excess of inert gas on 

the cold window. The matrix gases (used in this work) are: argon (Ar) and nitrogen (N2). Argon 

matrix gas of spectral purity 6.0 was supplied by Linde AG. Nitrogen of spectral purity was 

obtained from Technische Gase, Leipzig. 
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The matrix deposition lasted usually about two hours. The art of preparation of a good matrix 

consists in achieving a proper balance between concentration of the studied molecules and 

the thickness of a matrix, because the matrix should contain sufficient number of molecules of 

the studied compound in the path of the infrared spectrometer beam. The concentration of 

molecules introduced into a matrix should be as low as possible to avoid their association. 

The thickness of a matrix layer cannot be too large to avoid scattering of the spectral beam. 

 

 

 

Figure 3.1. Scheme of the continuous flow cryostat. 
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The vacuum system with two stage mechanical vacuum pump and oil diffusion pump ensured 

the high vacuum inside the cryostat necessary for preservation of low temperatures and to create 

conditions for deposition of a matrix. The system allowed achieving vacuum of about 10-3  Torr in 

the area of forevacuum obtained by the two stage mechanical pump (14 in Figure 3.2) and 10-5 

Torr in the area of high vacuum obtained by diffusion pump (11 in Figure 3.2). This vacuum 

system was equipped additionally with two liquid nitrogen traps to remove the rests of oil getting 

out from the pumps. The pressure in the vacuum system was measured with the resistance gauge 

PWN100 (TEPRO) (13 in Figure 3.2). The pressure inside the cryostat was controlled by 

Penning's gauge VPG1 (LP Praga) (2 in Figure 3.2). It allowed registration of the pressure inside 

the cryostat during the matrix deposition when the vacuum line was disconnected from 

the cryostat. The pressure inside cooled cryostat (at 10 K) was of the order of 10-7 Torr, during 

deposition of the matrix the pressure was about 3×10-4 Torr. 

The spectra were recorded using Fourier transform infrared spectrometer Thermo Nicolet 

Nexus 670 (1 in Figure 3.2). The infrared beam from the spectrometer passed through the center 

of the optical window of the cryostat. The spectra were recorded in the range of 4000 – 400 cm-1 

using KBr beam-splitter and a DTGS detector. The spectra in the low-frequency range up to 200 

cm-1, the limit of the spectral transmission of CsI, were obtained using solid-substrate beam-

splitter and DTGS detector equipped with polyethylene window. The IR spectra were recorded 

with 0.5 cm-1 resolution. The spectrum was obtained after cumulating interferograms from 200 

scans. The interferograms were collected and Fourier transformation was made by PC computer 

connected on-line to the spectrometer. The computer software OMNIC was used in this purpose. 

The same program was used in further processing of the collected spectra. 

The space inside the spectrometer should be free of gases such as water vapor and carbon 

dioxide, which absorb in the infrared spectral range. For this purpose the spectrometer was 

connected to the air dryer. It consisted of the Parker Balston Purge Gas Generator Model 75-52 

(6 in Figure 3.2) and compressor Atlas-Copco SF2 (5 in Figure 3.2). 

Matrices were irradiated with the light from HBO200 high-pressure mercury lamp, which 

emitted ultraviolet irradiation. This lamp was fitted with a water filter (of 7 cm optical path 

length) which cut-off the infrared radiation from the lamp. The high energy part of the UV 

radiation was filtered from the mercury lamp light using different cut-off filters. 
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Fig. 3.2. Scheme of the system used in the experiments. 

 

1. FT-IR Spectrometer (Thermo Nicolet Nexus 670), k –continuous-flow helium cryostat 

with cool (10 K) CsI window. 

2. Vacuometer with the gauge inside the cryostat. 

3. Controller of the CsI window temperature; temperature detector was a silicon diode. 

4. The power supplier for the electric oven inside the cryostat. 

5. Air compressor. 

6. Columns with desiccant of the air purge generator. 

7. Glass reservoir with the matrix gas. 

8. Dewar vessel with liquid helium. 

9. Rotary pump pumping helium to the helium liquefier system. 

10. System transferring gaseous helium to the helium liquefier. 

11. Diffusion oil pump. 

12. Forevacuum chamber in the vacuum line. 

13. Vacuum gauge in the vacuum system. 

14. Two stage mechanical pump in the vacuum system. 
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The following cutoff filters from Advanced Optics SCHOTT AG were used: UG5 transmitting 

light with λ > 240 nm, UG11 transmitting light with λ > 270 nm, WG 345 transmitting light with 

λ > 345 nm, WG 335 transmitting light with λ > 335 nm, WG 320 transmitting light with 

λ > 320 nm and WG 295 transmitting light with λ > 295 nm. The ФС-7 filter which transmitted 

light in the range of the near ultraviolet (275-375 nm), was used to cut-of the visible part of 

the emission spectra of the Hg lamp (which heated the matrix). The time of the irradiation of 

the matrix and the combination of the filters depended on the type of the studied substance and on 

the experiment. The time of irradiation of the matrices was usually in the limits from several 

minutes (in the case of the fast photochemical reaction) to several hours (when the photochemical 

reaction was slow). 

 

3.2. The studied compounds 
 
Allopurinol (mp >300 °C) used in the present study was a commercial product supplied by 

Aldrich. A sample of 9-methylhypoxanthine was kindly made available by Professor Bernhard 

Lippert from Fachbereich Chemie, Universitat Dortmund, Germany. 
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allopurinol 9-methylhypoxanthine  
 

The sample of hypoxanthine (mp > 300 °C) used in the present study was supplied by 

Aldrich. 
 

N

N N

N

O
H

H

hypoxanthine

 
 

2-Pyridinone (mp = 280-281 °C), 4-pyrimidinone (mp = 163-165 °C), 2-quinolinone 

(mp = 198-199 °C), 1-isoquinolinone (mp = 211-214 °C), 3-hydroxyisoquinoline (mp = 192-

194 °C), 2-quinoxalinone (mp = 271-272 °C) and 4-quinazolinone (mp = 216-219 °C ) used in 

the present study were commercial products supplied by Sigma-Aldrich. The sample of 

2-pyrazinone (mp = 188 °C) was synthesized using the procedure described in Refs [139-141]. 
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The sample of N-hydroxypyridine-2(1H)-thione used in the present study was supplied by 

Aldrich (as 2-thiopyridine-N-oxide) Its isotope analogue with the labile hydrogen atom replaced 

by deuterium was prepared by two cycles of dissolving in deuterated methanol (99% D, Aldrich) 

or deuterated ethanol (99.5% D, Aldrich) followed by drying in a stream of clean, gaseous 

nitrogen coming from above liquid N2. Even at room temperature (typically 24 ºC) the saturated 

vapor pressure over the solid compound was sufficiently high for deposition of the matrixes. 

 

N S
O

H

N-hydroxypyridine-2(1H)-thione  
 

The nomenclature used above refers to the compounds neverless of their tautomeric form. If 

the further text will concern specified tautomer of a molecule then it will be explicitly indicated. 
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4. Theoretical background 

 

4.1. Ab initio methods of quantum chemistry 
 

The effects of interaction of molecules with electromagnetic radiation, studied experimentally, 

cannot be interpreted without theoretical background of quantum chemistry. The quantum 

chemistry has risen in the first half of 20th century, when the quantum mechanics has been applied 

to analyze the properties of the molecular systems. The present methods of quantum chemistry 

allowed determining many properties of the molecules: 

 molecular energies and structures, 

 energies and structures of transition states, 

 bond and reaction energies, 

 molecular orbitals, 

 multipole moments, 

 atomic charges and electrostatic potentials, 

 vibrational frequencies in IR and Raman spectra, 

 UV/VIS spectra, 

 NMR properties, 

 polarizabilities and hyperpolarizabilities, 

 thermochemical properties, 

 reaction pathways. 
 

Spectroscopic methods, (such as microwave, infrared and ultraviolet/visible and NMR 

spectroscopy) are widely applied for verification of theoretically predicted molecular properties. 

In order to resolve the physical or chemical problem for microscopic systems it is necessary to 

solve the Schrödinger equation for the whole system. In consequence there is a necessity of 

handling the second-order differential equations with singular potentials for thousands of variables. 

Because of its complexity, the exact solution of the Schrödinger equation is not possible for 

molecular systems. However, a number of simplifying assumptions allow obtaining an 

approximate solution for a range of systems. If the solution was generated without reference to 

the experimental data, the methods are usually called ab initio, in contrast to semi-empirical 

models. The latter methods are almost entirely substituted nowadays by ab initio methods in 

studies of molecular systems of small and medium size. 

A molecular system consists of relatively heavy nuclei and much lighter electrons. Because of 

heavy masses of the nuclei, the electron motion occurs on a comparatively faster time scale. 
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Therefore, instantaneous changes in electronic structure (e.g. electronic excitation) occur with 

essentially stationary positions of the nuclei. The movements of the nuclei and the electrons can 

be approximately considered as independent. This leads to a commonly known Born-

Oppenheimer approximation. 

The simplest method of determination of electronic structure of a quantum mechanical system 

by solving the Schrödinger equation (within the Born-Oppenheimer approximation) is the Hartree-

Fock (HF) or self-consistent field approximation. One of the limitations of HF calculations is that 

they do not include electron correlation. This means that HF takes into account the average effect 

of electron repulsion, but not the explicit electron-electron interaction. Within HF theory 

the probability of finding an electron at some location around an atom is determined by 

the distance from the nucleus but not the distance to the other electrons as shown in Figure 4.1. 

This is not physically true, but it is the consequence of the central field approximation, which 

defines the HF method. 
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Figure 4.1. Two arrangement of electrons around the nucleus of an atom having the same 

probability within HF theory, but not in correlated calculations. 

 

A number of types of calculation begin with a HF calculation and then correct for correlation. 

Some of these methods are Møller-Plesset perturbation theory (MPn, where n is the order of 

correction), coupled cluster theory (CC), configuration interaction (CI) method. 

 

4.1.1. Møller-Plesset theory MP2 
 

 

Correlation can be added as a perturbation from the Hartree-Fock wave function. This is 

called Møller-Plesset perturbation theory. In mapping the HF wave function onto a perturbation 

theory formulation, HF becomes a first-order perturbation. Thus, a minimal amount of correlation 

is added by using the second-order MP2 method [142]. Third-order (MP3) and fourth-order 

(MP4) calculations are also common. The accuracy of an MP4 calculation is roughly equivalent to 

the accuracy of a CISD (Configuration Interaction Single and Double excitations, see 
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Section 4.1.2) calculation. MP5 and higher calculations are seldom done due to the high 

computational cost. 

In the Møller-Plesset method, the zero-order Hamiltonian is defined as the sum of all the N 

one-electron Hartree-Fock operators, : )(ˆ iF

∑
=

=
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iFH

1

)0( )(ˆˆ                 (1) 

The first-order perturbation is the difference between the zero-order Hamiltonian (1) and 

the electronic Hamiltonian: 
)0()1( ˆˆˆ HHH −=      (2) 

The Hartree-Fock ground-state wavefunction HFψ  is an eigenfunction of the Hartree-Fock 

Hamiltonian )0(Ĥ , with an eigenvalue of )0(E  (the sum of the orbital energies of all occupied 

spin-orbitals):  
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The Hartree-Fock energy is associated with the normalized ground-state HF wavefunction: 
)1()0()1()0( ˆˆˆ EEHHHE HFHFHFHFHFHFHF +=+== ψψψψψψ   (5) 

Hence, the HF energy is the sum of the zero and first-order energy. 

Using the formalism of perturbation calculation of Rayleigh-Schrödinger, the energy of 

the system can be obtained: 
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The second item is a second-order correction, where as a wavefunctions  the Slater 

determinants are used, corresponding to the energies  and fulfilling the condition 

)0(
kψ

)0(
kE

0)0( =HFk ψψ . This correction takes into account the dynamic correlation of the electrons. 

The explicit formula for second-order Møller-Plesset correction is 
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Symbols i, j, k are used for the occupied and a, b, c for virtual spin-orbitals, ε  is 

the eigenvalue of one-electron Fock operator. 
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The MP2 method gives less accurate results of the calculation of the frequencies of 

the vibrations than DFT method. The error of obtained frequencies of out-of-plane vibrations in 

the molecule reaches up to 100 cm-1. 

 

4.1.2. Configuration interaction (CI), Quadratic configuration interaction with single and 

double excitation (QCISD) and Quadratic configuration interaction with single, double 

excitation and perturbative corrections for triple excitations (QCISD(T)) 
 

A configuration interaction wave function is a multiple-determinant wave function. This is 

constructed by starting with the HF wave function and making new determinants by promoting 

electrons from the occupied to unoccupied orbitals. 

Hartree-Fock single-determinant wave function:  

}...det{
!

1
10 nn

φφψ = ,      (8) 

where iφ  (i = 1,…n) are occupied spin orbitals. 

Configuration interaction calculations [143] are classified by the number of excitations used to 

make each determinant. If only one electron has been moved for each determinant, it is called a 

configuration interaction single-excitation (CIS) calculation. CIS calculations give an 

approximation to the excited states of the molecule, but do not change the ground-state energy. 

Single and double excitation (CISD) calculations yield a ground-state energy that has been 

corrected for correlation. Triple excitation (CISDT) and quadruple excitation (CISDTQ) 

calculations are done only when very-high-accuracy results are desired. 

The CI wave function: 021 ,...),( ψψ TTfCI = . 

The substitution operators: 
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3  - triple substitution operator, 

where a arrays involve coefficients to be determined; are elementary substitution operators. 

Symbols i, j, k are used for the occupied and a, b, c for virtual spin orbitals. 

ab
ijt̂

The expansion coefficients are then varied using a variational approach until a minimum 

energy is achieved. 
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Quadratic configuration interaction calculations (QCI) use an algorithm that is a 

combination of the CI [143] and CC (Coupled Cluster) [144, 145] algorithms. This method might 

be described as configuration interaction with quadratic terms added to restore size-consistency. 

Thus, a QCISD method is an approximation to a CCSD calculation. These calculations are 

popular since they often give an optimal amount of correlation for high-accuracy calculations on 

organic molecules. Most popular is the single- and double-excitation calculation, QCISD. 

Sometimes, triple excitations are included as well, QCISD(T). The T in parentheses indicates that 

the triple excitations are included perturbatively. 

If we define ncorrelatioHF EEtotalE +=)( , HFEtotalHH −= )( , the proposed equations leading 

to expression of the energy QCISD would be: 
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where  is the singly substituted determinant , is a double substituted determinant 
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where (ab||ij) are the usual antisymmetrized two-electron integrals, , 
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the linear arrays used in CISD theory,  and  are the quadratic arrays. 
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The general concept of quadratic configuration interaction can also be applied to higher levels 

of substitution. But implementation of QCISDT for large system is impractical because of 

handling the large number of triple-triple Hamiltonian matrix elements. The useful approximation 

is the method in which the triple corrections ΔET is added to the QCISD energy, and it is denoted 

QCISD(T), as it represents a compromise in which triples are only treated in a partial manner. 

The formula for the triples correction ΔET: 
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4.1.3. Density Functional Theory (DFT) 
 

All ab initio methods start with a Hartree-Fock (HF) approximation that results in the spin- 

orbitals, and then electron correlation is taken into account. Though the results of such 

calculations are reliable, the major disadvantage is that they are computationally intensive and 

cannot be readily applied to large molecules of interest. Density functional (DF) methods provide 

an alternative route that, in general, provides results comparable to CI and MP2 computational 

results; however, the difference is that DF computations can be done on molecules with 100 or 

more heavy atoms. Therefore, Density functional theory (DFT) has become very popular in 

recent years. 

The basis for Density Functional Theory (DFT) is the theorem of Hohenberg and Kohn that 

ground-state energy of the molecule can be determined completely by the electron density ρ 

instead of a wave function. The goal of DFT methods is to design functionals connecting 

the electron density with the energy. 

The electron density is expressed as a linear combination of basis functions: 

2
2/1

2/1
221132 |),,...,,,,(|...)( NNN rrrdddNr σσσψτττρ

σ
∑∫

−=

=    (16) 

By contrast with HF method, DF models start with a Hamiltonian corresponding to an 

“idealized” many-electron system for which an exact wavefunction is known. The solution is 

obtained by optimizing the “ideal” system closer and closer to the real system. So, general DFT 

energy can be written as 

][][][0 ρρρ xcncDFT EJETE +++= ,    (17) 

where T0 is the kinetic energy of non-interacting electron system, 

Enc is the potential energy of the nuclei-electron interaction, 

and    ∫ ∫ −
= 21
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is the expression for the classical Coulomb interaction electron-electron, 

Exc term is the exchange-correlation energy. 

The equations for energy of a system using the electron density approach are expressed as 

[146]:  

iiieff rV φεφ =⎟
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⎜
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1 2
1)( ,   (19) 

where is the Laplace operator, 2∇ iφ  are the  Kohn-Sham orbitals, iε  - the Kohn-Sham orbital 

energy, Veff(r) is the Kohn-Sham operator: 
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The first term represents the electron-electron interactions (characterized by the electron 

density ρ(r2) and distance between the electrons |r1-r2|). The second term contains nuclei-electron 

interactions (ZA is the charge of nucleus A and |r1-RA| is the distance from nucleus A to electron). 

The last term, exchange-correlation potential  

)(
][)(

1
1 r

ErV xc
xc δρ

ρδ
=       (21) 

is a derivative of the exchange-correlation energy Exc with respect to the density. 

This approach does not contain any approximation and is in principle exact. 

The approximation emerges when the unknown functional Vxc is to be calculated. The estimation 

of unknown Vxc gives rise to several approximations in density functional theory, known as 

different functionals. 
 

The simplest approximation to the complete problem is one based only on the electron 

density, called a Local Density Approximation (LDA). For high-spin systems, this is called a 

Local Spin Density Approximation (LSDA). A more complex set of functionals utilizes 

the electron density and gradient. These are called gradient-corrected methods. There are also 

hybrid methods that combine functionals from other methods with pieces of a Hartree-Fock 

calculation, usually the exchange integrals. 

The hybrid B3LYP functionals were the most widely used for molecular calculations. This is 

due to the accuracy of the B3LYP results obtained for a large range of compounds, particularly 

organic molecules. The exchange term was proposed by Becke [147], and the correlation 

functional by Lee, Yang and Parr (the abbreviation is LYP) [148]. This approximation gives also 

good results for vibrational spectra. 
 

In general, ab initio calculations give very good qualitative results and can yield increasingly 

accurate quantitative results as the molecules in question become smaller. The advantage of ab 

initio methods is that they converge to the exact solution once all the approximations are made 

sufficiently small in magnitude. 

Sometimes, the calculation with smallest basis set gives a very accurate result for a given 

property. There are four sources of error in ab initio calculations: 
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1. The Born-Oppenheimer approximation 

2. The use of an incomplete basis set 

3. Incomplete correlation 

4. The omission of relativistic effects 
 

The heterocyclic molecules, which were studied in the current work, may adopt different 

tautomeric forms. In the case when the molecule exists in a gas phase as a mixture of more than 

one tautomer, the difference of energy between those tautomeric forms may be determined 

experimentally. Equilibrium between tautomers at room temperature is possible when those 

tautomers are very close in energy. In other cases, only theoretical calculations may provide 

information on relative energy of different forms of a molecule and hence, an information on 

the structure of a molecule which can be expected in an experiment. In this respect, modern 

quantum chemical methods that could provide this information with a possible high accuracy are 

very helpful in complementing many experimental studies. From the other side, the experimental 

data on the relative population (and hence the relative stability) of tautomers of the compound in 

inert environment (isolation conditions) provide very important data for verification of an 

accuracy of theoretical methods. The experimental conditions are important, in this case, since 

the high level calculations concern non-interacting molecules in the gas phase. 

The relative energies of the energetically low-lying tautomers of DNA bases were 

theoretically studied by Piacenza et. al. using variety of different quantum chemical methods 

[149]. In particular, there were employed: Density Functional Theory (DFT) using the six 

functionals HCTH407, PBE, BP86, B-LYP, B3-LYP, and BH-LYP, and the ab initio methods: 

Hartree-Fock (HF), standard second-order Møller-Plesset perturbation theory (MP2), an improved 

version of the last method (SCS-MP2), quadratic configuration interaction including single and 

double excitations (QCISD) and perturbative triple corrections [QCISD(T)]. 

Good example, showing how accurate are the listed above methods (with respect to 

the experimental data), provided the computations concerning 2-pyridinone (2PD). In Figure 4.2 

are presented the relative energies between the oxo and hydroxy forms of 2-pyridinone (2PDo) - 

2-hydroxypyridine (2PDh) obtained in different calculations (according to Piacenza [149]). 
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Figure 4.2. Relative energies of 2-pyridone (2PDo) with respect to 2-hydroxypyridine (2PDh) obtained 

by various quantum chemical methods [TZV(2df,2dp) basis set] (according to Piacenza [149]). The area 

under a red grid displays the range of the energy in which the values of different experimental results 

were obtained. 

 

All DFT calculations predicted wrongly that the oxo tautomer of 2PD is more stable than 

the hydroxy form, with the exception of calculations using BH-LYP functionals. The DFT(BH-

LYP) calculation gave result close to the experimental value. The DFT(B3-LYP) calculations 

gave small deviation from experiment, but still a wrong sign of ΔE. So, the DFT methods 

underestimate the stability due to the aromatic character of the heterocyclic ring of the hydroxy 

tautomer. The experimental data obtained by Nowak et. al. for 2-pyridone using IR spectra in gas 

phase indicate that the hydroxy form is more stable than oxo form and the relative ΔE = -3.0 ± 

0.6 kJ mol-1 [27] while Hatherley et al. obtained ΔE = -3.2 kJ mol-1 with the use of microwave 

spectroscopy [150]. 

Although the MP2 method predicts correctly the relative stability of the isomers (i.e. 

the hydroxy form of the compound as a more stable), the energy difference is significantly 

overestimated (by 9 kJ mol-1). As it will be shown further, the calculations carried out within 

the current work (presented in Table 5.1) provided the similar result. 
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More accurate are the results of theoretical predictions of the relative energies of the 2PDh 

and 2PDo forms obtained using the QCISD and QCISD(T) methods. The calculations carried out 

at these levels (previously by Piacenza and Grimme [149] and in the current work (Table 5.1)) 

yielded quite close value to the experimental data. One of the aims of the present work is to assess 

if these methods (QCISD and QCISD(T)) would predict accurately the energy differences 

between tautomers of other heterocyclic molecules, also. 
 

The accumulated, up to now, theoretical data clearly indicate that the popular DFT and MP2 

methods are not able to reproduce correctly the experimentally measured difference of energies of 

the tautomers with accuracy better than ca. 10 kJ mol-1. Thus, it seems that the QCISD method 

gives the most accurate results for the heterocyclic compounds system. 

 

4.2. Basis sets 
 

One of the approximations inherent in all the ab initio methods is the introduction of a basis 

set. The smaller the basis, the poorer the representation. It is of prime importance to make 

the basis set as small as possible without compromising the accuracy, therefore many publications 

are dedicated to this problem [151-157]. 
 

The quantum-chemical calculations for molecules are carried out using LCAO MO (i.e. Linear 

Combination of Atomic Orbitals - Molecular Orbitals) approximation. This means that molecular 

orbitals are formed as a linear combination of atomic orbitals: 

∑
=

=
n

ii c
1μ

μμ φψ ,      (22) 

where iψ  is molecular orbital, are coefficients of linear combination, icμ μφ are atomic orbitals 

and n is the number of atomic orbitals. 

At early stage of the method development, the Slater Type Orbitals (STO) were used as basis 

functions due to their similarity to hydrogen-like orbitals. However, it turned out that the Slater 

functions are difficult to calculate. As an alternative solution, Gaussian Type Orbitals (GTO) have 

been introduced. The shape of an STO orbital could be approximated by summing up a number of 

GTOs: 
nmlr zyxNezyxnmlGTO

2

),,;,,,( αα −= ,   (23) 

where N is a normalization constant, α is exponent, x, y and z are Cartesian coordinates and l, m 

and n are the exponents at Cartesian coordinates, r2=x2+y2+z2. 
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Since gaussians GTOs are not really orbitals, but simpler functions, in recent literature they 

are frequently called gaussian primitives. 

The minimal basis set is the smallest possible set, i.e., it contains only one function per 

occupied atomic orbital in the ground state. The most popular minimal basis sets are the STO-nG, 

where n denotes number of primitives in the contraction. 
 

In Pople's terminology [158-160], where the basis set structure is given for the whole 

molecule rather than particular atom, the notation emphasizes also a split valence (SV) nature of 

these sets. Symbols like n-ijG or n-ijkG can be encoded as: n - number of primitives for the inner 

shells; ij or ijk - number of primitives for contractions in the valence shell. The ij notations 

describe sets of valence double zeta quality and ijk sets of valence triple zeta quality. 

The contractions related to valence shells are frequently augmented with other functions. 

The most popular are the polarization [161-165] and diffuse functions [166-168]. 
 

The polarization functions are simply functions having higher values of l (the orbital quantum 

number) than those present in occupied atomic orbitals for the corresponding atom. For 

the Pople's basis sets the following notation is used: n-ijG*, or n-ijkG* when polarization 

gaussians are added to a standard basis set on heavy atoms, and n-ijG**, or n-ijkG** are obtained 

by adding polarization p-type gaussian on the hydrogens. At present, the most precise manner is 

used to notate the basis set with polarization functions: n-ijkG(a,b), where a is the number and 

type of the gaussian on the heavy atoms, and b – on the hydrogens (for example, 6-311G(3d2f, 

2p)). 

The basis sets are also frequently augmented with the so-called diffuse functions. These 

gaussians have very small exponents and decay slowly with distance from the nucleus. Diffuse 

gaussians are usually of s and p type, however sometimes diffuse polarization functions are also 

used. Diffuse functions are necessary for correct description of anions and weak bonds (e.g. 

hydrogen bonds) and are frequently used for calculations of such properties as dipole moments, 

polarizabilities, etc.. For the Pople's basis sets the following notation is used: n-ij+G, or n-ijk+G 

when 1 diffuse s-type and p-type gaussian are added to a standard basis set on heavy atoms. 

The s- and p-type function has the same exponents in this case. The n-ij++G, or n-ijk++G are 

obtained by adding 1 diffuse s-type and p-type gaussian on heavy atoms and 1 diffuse s-type 

gaussian on hydrogens. 

The number of contractions used to represent a single Slater atomic orbital (i.e. zeta, ζ) is 

a measure of the basis set’s quality. This terms like single zeta (SZ), double zeta (DZ), triple zeta 

(TZ), quadruple zeta (QZ), etc. In the minimal basis set (i.e. SZ) only one basis function 
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(contraction) per Slater atomic orbital is used. DZ sets have two basis functions per orbital, etc. 

Since valence orbitals of atoms are more affected by forming a bond than the inner (core) orbitals, 

more basis functions should be assigned to describe valence orbitals. This prompted development 

of split-valence (SV) basis sets, i.e., basis sets in which more contractions are used to describe 

valence orbitals than core orbitals. So, DZP means double-zeta plus polarization, TZP stands for 

triple-zeta plus polarization, etc. Sometimes the number of polarization functions is given, e.g. 

TZDP, TZ2P, TZ+2P stands for triple-zeta plus double polarization. Letter V denotes split valence 

basis sets, e.g., DZV represents basis set with only one contraction for inner orbitals, and two 

contractions for valence orbitals. 

Dunning has proposed a somewhat smaller set of primitives which yield good results [169]. 

The correlation consistent (cc, convention is to use small letters for the acronym, to distinguish it 

from Coupled Cluster, CC) basis sets are geared toward recovering the correlation energy of 

the valence electrons. The name correlation consistent refers to the fact that the basis sets are 

designed so that functions which contribute similar amounts of correlation energy are included at 

the same stage, independently of the function type. For example, the first d-function provides 

a large energy lowering, but the contribution from a second d-function is similar to that from 

the first f-function. The energy lowering from a third d-function is similar to that from the second 

f-function and the first g-function. Addition of polarization functions should therefore be done in 

the order: 1d, 2dlf and 3d2f lg. An additional feature of the cc basis sets is that the energy error 

from the sp-basis should be comparable to (or at least not exceed by) the correlation error arising 

from the incomplete polarization space and the sp-basis therefore also increases as 

the polarization space is extended. Several different sizes of cc basis sets are available in terms of 

final number of contracted functions. These are known by their acronyms: cc-pVDZ, cc-pVTZ, 

cc-pVQZ, cc-pV5Z and cc-pV6Z (correlation consistent polarized Valence Double/ Triple/ 

Quadruple/ Quintuple/ Sextuple Zeta). A step up in terms of quality increases each type of basis 

function by one, and adds a new type of higher-order polarization function. 
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4.3. Potential Energy Distribution (PED) 
 

The interpretation of the experimental IR spectra is based on the assumption that if 

theoretically calculated wavenumbers and intensities of the IR bands are close to that observed 

experimentally, then forms of the vibrations calculated theoretically describe the real vibrations of 

the molecule with a good approximation. Information about the form of the vibrations of 

the molecule is obtained from normal vibration analysis. The forms of vibrations can be described 

by the elements of Potential Energy Distribution (PED) matrix. 

The frequencies (or wavenumbers) of normal vibrations can be obtained within the harmonic 

approximation by solving the equation [170-171]: 

     ΛLLF qqq =        (24) 

where:  

Fq is the force constant matrix expressed in “mass weighted” Cartesian coordinates q;  

XMq Δ= 2
1

( M – diagonal matrix of atomic masses, X - Cartesian coordinates, ΔX – nuclear 

displacements from the equilibrium positions). 

Λ – diagonal matrix of eigenvalues λi; , (here c – speed of light in cms222 ~4 ii c νπλ = -1, 

iν~  – wavenumber of ith normal vibration in cm-1), 

Lq -is the matrix of forms of normal vibrations, 

Fq can be obtained from the matrix of quadratic force constants expressed in Cartesian 

coordinates FX from the equation:  

2
1

2
1

−−
= MFMF Xq .      (25) 

Then equation (24) can be rewritten:  

ΛLLMFM qqX =
−−

2
1

2
1

,     (26) 

The normal vibrations are best described using the normal coordinates Q. In the normal 

coordinates the kinetic energy and potential energy operators adopt the diagonal form. The normal 

coordinates (Q) might be expressed by “mass weighted” Cartesian coordinates (q): 

      q = LqQ.      (27) 

Deformations of a molecule during vibrations (such as bond stretching, bending and torsion of 

angles) may be expressed in internal coordinates S, which can be defined for each molecule. 

Matrix B allows transformation between Cartesian and internal coordinates: 

S = BX      (28) 
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Force constants matrix in internal coordinates (FS) is connected with force constants matrix in 

Cartesian coordinates (FX) by equation: 

FX = BTFS B.      (29) 

Pulay [172] proposed the procedure, where the normal coordinates are expressed by internal 

coordinates (S) using a transformation matrix LS:  

S = LSQ      (30) 

LS matrix may be obtained from Lq matrix:  

LS = qLM 2
1

B      (31) 

The elements of LS matrix are egenvectors of the Wilson equation: 

GFSLS = ΛLS     (32) 

and the G matrix:   

          G = BM-1 BT                            (33) 

Such transformations of the force constants with respect to the Cartesian coordinates to 

the force constants with respect to the molecule-fixed internal coordinates allowed the normal-

coordinate analysis to be performed as described by Schachtschneider [173]. 

Usually, the forms of the normal vibrations are expressed by vectors of potential energy 

distribution matrix (PED) [174, 175]. Elements of this matrix PED are defined by the formula: 

PED(i,j) = ∑∑
∑

k l
SSS

k
SSs

ilLikLlkF

ijLjkLkjF

),(),(),(

),(),(),(

,   (34) 

Where i – numbers of normal coordinates, j,k,l – numbers of internal coordinates. 

In order to calculate the values of the PED matrix elements the specially designed programs 

were used. The first module was the program “Balga” which was created in Pulay’s group and 

the additional modules were written by L. Łapiński. In these calculations, matrices of the force 

constants in Cartesian coordinates FX and Cartesian coordinates corresponding to the optimized 

geometry were taken from the Gaussian program output. The internal coordinates used in this 

analysis were defined following the recommendations of Pulay et al. [172]. The first step to 

analyze the normal vibration was calculation of the matrix B (matrix of transition between vector 

of internal and Cartesian coordinates). Using this matrix, it was possible to calculate the matrix of 

force constants in internal coordinates FS according to equation (29). Then the G matrix was 

calculated (equation (33)). From the Wilson equation (32) the matrix of eigenvectors LS (matrix of 

normal vibrations) was obtained. Then PED matrix could be calculated from equation (34). 
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The PED(i,j) values of PED matrix elements determine a percent of participation of vibration 

performed along i-th internal coordinate in potential energy of i-th normal vibration. 

The matrix of the quadratic force constants FX can be obtained in calculations made by 

modern quantum-mechanical programs such as Gaussian. 

The next important step (beside calculation of frequencies of normal vibrations and 

corresponding intensities of the bands) is to determine which of the intramolecular vibrations take 

part in the given vibration, and an estimate of their participation. 

 

 

4.4. Technical aspects 
 

The structures of all species considered in the current work are presented in Section 3.2. 

The geometries of these forms were optimized using DFT method with B3LYP functional. 

Dunning’s basis set cc-pVTZ, as well as 6-311++G(d,p) basis set were used in these calculations. 

Using the reference optimized geometries, the harmonic vibrational frequencies and IR intensities 

were calculated. To correct for the systematic shortcomings of the applied methodology (mainly 

for anharmonicity), the predicted vibrational wavenumbers were scaled down by a single factor of 

0.98. The theoretical normal modes, calculated for the tautomers of the studied compounds were 

analyzed by carrying out the potential energy distribution (PED) calculation. The internal 

coordinates used in this analysis are listed in Tables in the Appendix. Potential energy distribution 

(PED) matrices [175] have been calculated and the elements of these matrices greater than 10% 

are given in Tables in the Appendix. 

In this work, the theoretical calculations were performed using different basis sets: cc-pVTZ, 

cc-pVDZ as well as 6-31++G(d,p). The relative energies, harmonic vibrational frequencies and IR 

intensities were calculated for all tautomeric forms of the compounds studied in the current work. 

Our observations show that the theoretically simulated IR spectra calculated using different basis 

sets do not differ much between each other.  

The experimental spectrum of 2-hydroxypyridine, which is a product of oxo→hydroxy 

photoreaction, presented in Figure 4.3 (trace a), is compared with the spectra calculated using 

density functional theory at the cc-pVTZ (trace b), cc-pVDZ (trace c) and at 6-31G++(d,p) 

(trace d) levels, obtained under the harmonic approximation, for the geometry optimized at 

DFT(B3LYP)/6-311++(d,p) level. The general agreement between the experimental and 

the calculated spectra is good, suggesting a close match between the theoretically optimized 

geometry of 2-hydroxypyridine and the structure of the molecule in the matrix. In spite of 
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the good agreement between the experimental and calculated spectra, as usual the theoretical 

frequencies are slightly overestimated, mainly due to neglect of anharmonicity. The scaling factor 

of 0.98 was used in order to reduce the average deviations of the scaled theoretical frequencies 

from the experimentally observed ones. Hence, the cc-pVTZ calculations predict the frequencies 

a little closer to experiment than those performed with the cc-pVDZ and 6-31++(d,p) basis sets 

(see Figure 4.3). In practical terms this means that the 6-31++(d,p) basis set (which requires 

a substantially smaller computational effort) can be used instead of the more extended cc-pVTZ 

basis to further investigate heterocyclic compounds without any significant loss of quality in 

the theoretical predictions. 
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Figure 4.3. Comparison of the (a) IR spectrum of 2-hydroxypyridine 2PDh isolated in an argon matrix at 10 

K with (b) the spectra calculated at DFT(B3LYP)/cc-pVTZ, (c) DFT(B3LYP)/cc-pVDZ  and (d) 

DFT(B3LYP)/6-31++G(d,p) levels of theory at geometry optimized using the DFT(B3LYP)/6-311++G(d,p) 

method. The calculated wavenumbers were scaled by the single factor of 0.98. 

 

 



theoretical background 40 

 

As it has been shown earlier, the DFT method reproduces well the infrared spectra but 

provides less reliable values of relative electronic energies. That is why the relative energies of 

the most stable isomeric forms of were also calculated using the MP2, QCISD and QCISD(T) 

methods. The MP2 energy calculations were performed not only at the DFT(B3LYP) optimized 

geometry, but also at geometry optimized at the MP2 level. For the 2-pyridinone-

2-hydroxypyridine system (Table 5.1), ΔEel was also calculated using the coupled-cluster method 

[144, 145] with single, double, and noniterative triple excitations [CCSD(T)]. Both cc-pVDZ and 

cc-pVTZ basis sets were utilized in these calculations. 
 

In order to compute the Gibbs free energy differences between the hydroxy and oxo 

tautomers, the relative electronic energies were corrected for thermal and entropy terms using 

the harmonic oscillator and rigid rotor approximations. The temperature parameter used in these 

calculations was equal to the temperature of evaporation of a compound during matrix deposition. 

For a tautomerization reaction, the ΔpV and pΔV terms equal zero, hence the Gibbs free energy 

difference between tautomers (ΔG) equals the Helmholtz free energy difference (ΔF). 

All the calculations in the current work were carried out using the Gaussian 03 program [176]. 
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5. Results and discussion 
 

 

5.1. Thermodynamic parameters of tautomeric interconversions 
 
Irrespective of the type of tautomeric system, a prototropic interconversion between two 

tautomeric forms is quantitatively described by a tautomeric equilibrium constant, KT, which is 

frequently also used in the form pKT = − log KT. 

For rearrangements caused by the intramolecular proton transfer, the equilibrium constant KT 

is defined as the concentration ratio or, equivalently, the percentage content ratio of the two 

tautomers, Ti and Tj, that are in tautomeric equilibrium. In equation (35), [Ti] and [Tj] denote 

the concentrations of Ti and Tj, and x is the percentage content of Ti. 

x)(100
x

T
T

j

i

−
==TK       (35) 

The mole ratio of the tautomers in the low-temperature matrix could be determined by several 

methods. The simplest and most commonly applied (also for tautomerism in the gas phase) is 

an approximate method where it was assumed that absolute intensities (integral absorption 

coefficients) of the bands due to the stretching vibration of the OH and NH groups are very 

simmilar (it concerns the case of oxo-hydroxy tautomerism). With this assumption, the ratio of 

integral intensities of these absorption bands is an estimation of the relative concentration of 

the tautomers: 

I(NH)
I(OH)

]oxo[
]hydroxy[

≅
     (36) 

According to the second and more precise method, the ratio of tautomers is obtained using 

the ratio of the sums of the integral intensities of all experimentally observed bands of both 

tautomers, scaled by the sum of the theoretically determined absolute intensities of 

the corresponding bands (equation 37): 

∑
∑

∑
∑ ⋅≅

I(oxo)
(oxo)A

(hydroxy)A
I(hydroxy)

[oxo]
[hydroxy] th

th ,    (37) 

where (tautomer) - is the sum of the integral intensities of the bands observed in 

the spectrum of the tautomer, (tautomer) - is the sum of the theoretically predicted absolute 

intensities of the corresponding bands. 

∑I

∑ thA
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The third method of determination of the ratio of tautomers in a matrix may be applied only 

for molecules for which the phototautomeric reaction occurs and all the molecules in the oxo form 

have been transformed into the hydroxy form under irradiation of the matrix with the UV-light. In 

the case when this conversion occurred with the 100% efficiency, the ratio between the tautomers 

can be obtained applying the equation: 

I(hydroxy)-(hydroxy)*I
I(hydroxy)

]oxo[
]hydroxy[

≅ ,    (38) 

where I(hydroxy) is the integral intensity of the chosen absorption band of the hydroxy form 

before irradiation of the matrix, I*(hydroxy) is the intensity of this band after irradiation. 

This three methods described above has been used simultaneously to estimate ratio of 

the tautomers of 4-pyrimidinone in an Ar matrix [28], the obtained results are very similar: 

[hydroxy] : [oxo] =0.42, 0.45, 0.48, respectively for the three methods described above. 

 

Tautomeric equilibrium can be described by such thermodynamic parameters as: 

- the relative internal energies (ΔE),  

- the relative enthalpies (ΔH),  

- the relative Gibbs free energies (ΔG),  

- the relative free Helmholtz energy (ΔF) of tautomers. 

For monomolecular tautomerization process Δp=ΔV=0 (it is isobaric and isochoric process), 

hence ΔF= ΔG and the difference of the free energy ΔF can be related with the difference of 

the free enthalpy ΔH: 

ΔF=ΔG=ΔH-TΔS,     (39) 

ΔS is the entropy change during tautomeric transformation of the molecule. 

The change of entropy during proton shift in a molecule is usually small, therefore often ΔS is 

neglected, and then the difference of internal energy can be approximated by enthalpy change: 

ΔE=ΔH≈ΔG [177]. 

In the case when the influence of the environment disturbing the tautomeric equilibrium is 

negligibly small, the tautomer equilibrium constant 
j

i

T
T

=TK  is related with the difference of 

the free Helmholtz energy ΔF by the relation 

T
TK ΔF/R

j

i e
T
T −==  ,    (40) 
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where R is the gas constant, T is the temperature. 

So the method of determination of ΔFexp on the basis of the spectrum of the compound 

isolated in a low-temperature matrix is: 

[oxo]
]hydroxy[lnexp RTFFF oxohydroxy −=−=Δ     (41) 

 

As it was mentioned, the entropy term value is close to zero, and ΔH can be expressed by 

difference of the electronic energy ΔEel of the tautomers and difference of zero point vibrational 

energy ΔEzpe: 

ΔH ≅  ΔEel + ΔEzpe     (42) 

Here ΔEel is the energy which is obtained from theoretical calculations; ΔEzpe can be estimated 

from all (3N-6) vibrational frequencies of the molecule νi determined experimentally or 

theoretically: 

∑
−

=Δ
63

izpe h2/1E
N

i

ν      (43) 

The difference between electronic energies of tautomers obtained in calculation, ΔEel, can be 

compared with experimentally determined ratio of tautomers: 

zpeelji ΔEΔE])]/[Tln([T RT +≅
     (44) 

The difference of the free Helmholtz energy ΔF comes from the electronic and vibrational 

contribution:  

vib
el ΔFΔEΔ +≅F ,      (45) 

where ΔF vib - the difference of the free energy which is due to vibrations of the molecule.  

Then, 

vib
elji ΔFΔE])]/[Tln([T R +=T     (46) 

The Fvib value can be estimated using calculated theoretically or determined experimentally 

frequencies of all (3N-6) molecular vibrations νi: 

 

∏
−

=

−−−−=
63N

1i

/khν/khνvib ]e )e(1[ln  RTF ii TT    (47) 
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Applying equation (46) one can obtain an accurate value of the electronic energy difference of 

the tautomers using only experimental data. This value can be compared with the theoretically 

calculated ΔEel. Such comparison allows experimental verification of the methods of quantum 

chemistry. 

As it has been mentioned already, the ratio of the tautomers in the low-temperature matrix 

corresponds to the equilibrium of the gas phase in the temperature of the sublimation of 

the compound (temperature of the oven). It has been proved on the example of the 2-pyridinone, 

which has been studied in the gas phase and in the matrix. Figure 5.1 shows the high frequency 

region of these spectra, where the bands corresponding to both forms, hydroxy and oxo, where 

observed. The ratio of the intensities of the bands which correspond to the νOH and νNH 

vibrations is almost the same in the spectrum of gaseous sample and in the matrix. 
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Figure 5.1. The high frequency region of the IR spectra of 2-pyridinone: (a) in the gas phase 

(T=473 K) and (b) in an argon matrix. 

 

The spectra in gas phase were taken in several temperatures. ΔE was obtained from the slope 

of the obtained Van Hoff relation: 

const
R
ΔS1

R
ΔE

I(NH)
I(OH)ln +−⋅=

T
,    (48) 

To determine ΔE by this method, it is no need to make any assumption for absolute intensities for 

the bands. The values of ΔEel obtained from the experiments in the gas phase and in the matrix 

are: -2.1 ± 0.6 and -2.4 ± 0.6 kJ mol-1, respectively [27]). 
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5.2. Systems with single heterocyclic ring 
 

2-pyridinone 
 
2-pyridinone is the simplest heterocyclic compound which exhibits prototropic oxo-hydroxy 

tautomerism (Figure 5.2). Both tautomers exist in similar amount when the molecule is in inert 

environment. The tautomerism 2-hydroxypyridine/2-pyridinone (the tautomers are denoted here 

as 2PDh and 2PDo, respectively) is frequently considered to be the prototype for oxo-hydroxy 

tautomerization processes in heterocyclic compounds [178-180]. Also, in this work, 

2-hydroxypyridine / 2-pyridinone has served as a model system for studies of prototropic 

tautomerism of heterocyclic compounds structurally related to this compound. 
 

N

O
H

N

O

H

2PDo 2PDh

2-pyridinone

 
 

Figure 5.2. Reaction of oxo-hydroxy tautomerization in 2-pyridinone. 

 

Numerous studies were devoted to estimation of the tautomeric equilibrium of this system in 

pure crystalline state and in different solutions [178-179]. Those studies resulted in a conclusion 

that tautomeric equilibrium strongly depends on the environment. In the crystalline state and in 

solutions with polar solvents the oxo form strongly dominates, while in diluted solutions with 

nonpolar solvents both forms were detected. Several experimental results showed that 

the tautomeric equilibrium in gas phase differs significantly. A variety of methods was applied to 

determine the tautomeric equilibrium and free energy difference between the hydroxy and the oxo 

forms of 2-pyridinone. Among these methods were: IR spectroscopy, UV spectroscopy [181-183], 

X-ray [184], UV photoelectron spectroscopy [186], microwave spectroscopy [150], and IR 

spectroscopy in inert gas matrices [27]. These measurements led to the conclusion that the free 

energy difference between the hydroxy form and the oxo form (see Figure 5.2) is 2÷3 kJ mol-1 in 

favor of the hydroxy form of this compound. 

The first attempt to estimate the ratio of the tautomers of 2-pyridinone in the gas phase was 

made by Levin and Rodionova [116]. They estimated the [hydroxy]:[oxo] ratio in the vapors of 
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2-pyridinone at 573 K as 2 : 1. Their findings were followed by Beak et al. [181-183], who 

estimated the [hydroxy]:[oxo] ratio at 412 K as 2.6 : 1. 

Beak et al. [181-183], who investigated the gas-phase tautomeric equilibria of 2-pyridinone 

using UV and IR spectroscopy, estimated the free Helmholtz energy difference 

ΔF = F(hydroxy) – F(oxo) = -3.2 kJ mol-1. Brown et al. [184] performed the X-ray photoelectron 

spectroscopy (X-ray PES) studies of the gas-phase tautomeric equilibria of 2-pyridinone. Having 

assumed equal ionization cross sections for both tautomers, they evaluated the free energy 

differences as -2.4 kJ mol-1 (at 403 K) in favor of the hydroxy form. 

The internal energy difference (ΔE) between 2PDo and 2PDh forms (see Figure 5.2) of this 

compound in the gas phase was experimentally determined in a reliable way by Hatherley et al. 

[150]. These authors investigated the tautomerism of the 2PDo ↔ 2PDh system by microwave 

spectroscopy. From the relative intensities of the observed microwave absorption bands and using 

the measured values of the dipole moments, Hatherley et al. estimated the energy difference 

between the ground states of the two (hydroxy and oxo) tautomers to be ΔE = -3.2 kJ mol-1 

(the hydroxy form is more stable). Earlier, the results of infrared investigation of gaseous 2PD at 

variable temperature were reported by Nowak et al. [27]. From the van't Hoff relation (see 

equation 48) the energy difference ΔE between the ground states of the two tautomers was 

estimated to be equal -3.0 ± 0.6 kJ mol-1. The results obtained by Hatherley et al. are in good 

agreement with this value. 

The studies of 2-pyridinone isolated in low-temperature matrices have been carried out 

previously in the research group of M.J. Nowak in Warsaw. The IR spectra of the compound 

obtained in the current work are in full agreement with the spectra of previous report; however, 

spectra reported in this work are obtained with better spectral resolution [185]. This studies 

showed, that after deposition of the matrix, both tautomeric forms – oxo and hydroxy coexist in 

the matrix, but the dominating is the hydroxy tautomer. The infrared spectrum of 2-pyridinone 

monomers isolated in an argon matrix is presented in Figure 5.3. During deposition of the matrix, 

solid 2-pyridinone was heated in a micro-oven to 340 K. In the high-frequency region of the IR 

spectrum, two bands were observed at 3574 and 3438 cm−1, in spectral positions of 

the characteristic bands due to the stretching vibrations of OH and NH groups. These bands 

originate from the hydroxy and oxo tautomers of the compound, respectively. A low intensity of 

νNH band (at 3438 cm-1), alongside the much stronger νOH band (at 3574 cm-1) indicates that 

a small fraction of 2PD molecules adopt the oxo 2PDo form. 
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Figure 5.3. The IR spectrum of 2-pyridinone isolated in an Ar matrix. 

 

The IR spectroscopy with combination of matrix isolation technique is a method which allows 

estimating values of relative populations of 2PDo and 2PDh forms of 2-pyridinone. A quite 

reliable measure of the ratio of tautomers in the matrix might be obtained from the ratio of 

the sums of intensities of all observed IR bands of a tautomer, scaled by the sums of their 

theoretically predicted intensities (see equation 37). 

To apply this formula, the IR spectra of both tautomers (oxo and hydroxy) must be separated. 

The phototautomerization phenomenon was used to separate the spectra of 2-pyridinone. 

The change of the intensities of the IR bands after irradiation of the matrix with UV (λ > 295 nm) 

was a good criterion used to assign the absorption bands to the spectra of oxo and hydroxy 

tautomers. 

Upon UV (λ > 295 nm) irradiation of the monomers of the 2-pyridinone isolated in an Ar 

matrix, the bands originating from the oxo tautomeric form of the compound decreased. The band 

due to the νNH vibration (at 3438 cm-1) has disappeared completely; instead, the intensity of 

the νOH due to the stretching vibration of the OH group has increased (Figure 5.4). This 

observation allowed to postulate that the oxo (2PDo)→hydroxy (2PDh) photoreaction 

(Figure 5.2) occurred for the monomers of 2-pyridinone isolated in a low-temperature matrix. 

The effect of UV irradiation is shown on the example of the high frequency part of IR spectra 

of 2-pyridinone isolated in an Ar matrix. The spectra obtained before and after irradiation are 

presented in Figure 5.4. The photoprocess induced by UV (λ > 295 nm) irradiation of monomeric 

2-pyridinone lead to the total conversion of the oxo form 2PDo into the hydroxy tautomer 2PDh. 
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Figure 5.4. High-frequency regions of the infrared spectra of 2-pyridinone (2PD) isolated in Ar 

matrices: (a) spectrum recorded after deposition of the matrix, (b) spectrum recorded after 1h of UV 

(λ > 295 nm) irradiation, and (c) difference spectrum, trace b minus trace a. The IR bands present in 

this spectral range are due to νOH and νNH vibrations and are characteristic of the hydroxy and oxo 

tautomers, respectively. 

 

In the low-frequency region of the IR spectra of 2-pyridinone, the most characteristic and 

an intensive band due to the stretching vibration of CO group (νC=O) at 1704 cm-1 was observed 

before irradiation of the matrix with UV light. After UV (λ > 295 nm) irradiation of the matrix, 

the behavior of this band is analogous to that at 3438 cm-1 (due to νNH vibration) – the band 

vanished completely, as it can be seen in the left panel of Figure 5.5. 

The right panel of Figure 5.5 demonstrates the effect of irradiation of the matrix at the 1650-

400 cm-1 region of the IR spectra. The bands originating from the oxo tautomer of 2-pyridinone 

(which vanish upon UV irradiation) in the spectrum recorded after deposition of the matrix are 

connected with the negative peaks of the difference spectrum (trace c in Figure 5.5) by red dotted 

lines. The bands directed downwards in the difference spectrum show decrease of intensity after 

irradiation of the matix with UV (λ > 295 nm) light. 

At the same time, the bands due to the hydroxy tautomer increase after irradiation with UV 

(λ > 295 nm) light, in the difference spectrum this bands are directed upwards. In the low-

frequency region of the IR spectra, the characteristic band was found at 470 cm-1. It is due to 

the torsion vibration of the OH group (τOH). In this case, τOH participates in normal modes of 

two absorption bands: one very weak band at 535 and another, at 470 cm-1, which are easy 
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recognizable in this region of the spectra (Figure 5.5). These bands originate from the hydroxy 

form of 2-pyridinone and increase in intensity after irradiation of the matrix.  
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Figure 5.5. Fragments of the IR spectrum of 2-pyridinone (2PD) isolated in an Ar matrix: (a) spectrum 

recorded after deposition of the matrix; (b) spectrum recorded after 1h of UV (λ > 295 nm) irradiation, (c) 

difference spectrum:  spectrum b minus spectrum a. The bands directed downwards indicate the positions of 

the weak absorption bands present in the initial spectrum and vanishing upon UV (λ > 295 nm) irradiation. 

These bands are the spectral signatures of the oxo 2PDo tautomer. The bands directed upwards indicate 

the positions of the bands originating from the hydroxy tautomer; these bands growing upon UV (λ > 295 nm) 

irradiation. 

 

Hence, the spectrum recorded after irradiation was the pure spectrum of 

2-hydroxypyridone. The pure spectrum of the oxo form was obtained by subtracting the spectrum 

recorded upon irradiation (divided by an appropriate scale factor) from the initial spectrum of 

the mixture of the tautomers. These extracted spectra are compared with the spectra theoretically 

predicted for the oxo and hydroxy tautomers of 2-pyridinone at DFT(B3LYP)/cc-pVTZ level 

(Figure 5.6). These two experimental spectra are well reproduced by the results of the theoretical 

predictions of the spectra of form oxo (Figure 5.6 traces a, b) and of form hydroxy (Figure 5.6 

traces c, d), respectively. 

 

Assignment of the observed absorption bands to the theoretically predicted normal modes of 

oxo and hydroxy tautomers of the compound is given in the Tables A2 and A3 in the Appendix. 
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The agreement between the frequencies and intensities of the bands observed experimentally and 

predicted theoretically is very good. Table A2 contains experimental wavenumbers and relative 

integral intensities of the bands decreasing upon UV irradiation of the matrix compared with 

wavenumbers, absolute intensities and potential energy distribution (PED) calculated for 

the 2PDo tautomer. Table A3 contains analogous experimental data of the bands increasing upon 

UV irradiation compared with wavenumbers, absolute intensities and PED calculated for 

the 2PDh tautomer. The symmetry coordinates used in the normal mode analysis are provided in 

Table A1 in the Appendix. 
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Figure 5.6. Comparison of the separated spectra of two tautomers existing in an Ar matrix: (a) spectrum 

corresponding to the hydroxy tautomer (the bands significantly increasing upon UV  irradiation, 

λ > 295 nm), (c) spectrum corresponding to the oxo tautomer (the bands which disappeared after 

irradiation of the matrix with UV light, λ > 295 nm), with the spectra calculated at 

the DFT(B3LYP)/cc-pVTZ level for the hydroxy (2PDh) tautomer (trace b) and the oxo (2PDo) tautomer of 

2-pyridinone (trace d). The calculated wavenumbers were scaled by a factor of 0.98. 
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For the first time the IR spectra of 2-pyridinone tautomers isolated in Ar matrix were 

interpreted in Ref. [27]. The authors obtained the [hydroxy]:[oxo] ratio for 2-pyridinone isolated 

in Ar and N2 matrices equal to 2.80 : l and 2.99 : 1, respectively. In this estimation, the theoretical 

intensities Ath predicted at the SCF/6-31G** level were used. 

In the current work, the ratio of the tautomers was estimated in a similar way (equation 37), 

but using the higher level of theory than in previous report: B3LYP/cc-pVTZ level. The relative 

contribution of both tautomeric forms has been estimated as: [hydroxy]:[oxo] = 2.8 : 1 in an Ar 

matrix (Table 5.2 in the next section). 

The 2PDo ↔ 2PDh equilibrium has served as a test for theoretical calculations of relative 

stability of tautomers [178-180]. Almost all quantum chemical methods have been applied in 

order to predict the difference of energy of these tautomers, as it was described in Section 4. 

The relative energies of the oxo and hydroxy tautomers of 2-pyridinone were studied by 

Piacenza et. al. using different computational methods [149]. The calculations carried out within 

the current work are presented in Table 5.1. The results of these calculations are in good 

agreement with the previous results gained by Piacenza ([149], see also Figure 4.2 and Table 5.1). 

The QCISD and QCISD(T) calculations of the relative energies of the 2PDh and 2PDo 

tautomers (carried out by Piacenza and Grimme [149], as well as those carried out in the current 

work, presented in Table 5.1), are in good proximity to the experimentally measured value of ΔE 

(ΔEexp ≈ -3 kJ mol-1, the hydroxy form is most stable). 
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Table p5.1: Calculated electronic energy difference ΔEel = ΔEel(hydroxy) - ΔEel(oxo), internal energy 

difference ΔE = ΔE(hydroxy) - ΔE(oxo) and free Helmholtz energy difference ΔF = ΔF(hydroxy) - ΔF(oxo) 

between the hydroxy and oxo tautomers of 2-pyridinone/2-hydroxypyridine (kJ mol-1). 

 

method ΔEel
ΔE=ΔH a

(at 340 K) 

ΔF=ΔG a

(at 340 K) 
B3LYP/cc-pVTZ//B3LYP/cc-pVTZ 2.52 1.83 2.40 

MP2/cc-pVDZ//MP2/cc-pVDZ 

MP2/cc-pVTZ//MP2/cc-pVTZ 

-10.70 

-11.76 

-11.20 

-12.26 

-10.54 

-11.72 

MP2/cc-pVDZ//B3LYP/cc-pVTZ 

MP2/cc-pVTZ//B3LYP/cc-pVTZ 

-10.44 

-11.82 

-11.13 

-12.51 

-10.56 

-11.94 

CCSD(T)/cc-pVDZ//B3LYP/cc-pVTZ 

CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ 

-5.76 

-6.48 

-6.45 

-7.17 

-5.88 

-6.60 

QCISD/cc-pVDZ// B3LYP/cc-pVTZ 

QCISD/cc-pVTZ// B3LYP/cc-pVTZ 

-2.50 

-3.32 

-3.19 

-4.01 

-2.62 

-3.44 

QCISD(T)/cc-pVDZ// B3LYP/cc-pVTZ 

QCISD(T)/cc-pVTZ// B3LYP/cc-pVTZ 

-4.79 

-5.49 

-5.48 

-6.18 

-4.91 

-5.61 

    

experiment [27] -2.5±0.6 b -3.0 ± 0.6b -2.9±0.5 c

 

The results of theoretical calculation are taken from Ref. [185]. 

a Vibrational contributions to the theoretical values of ΔE and ΔF were calculated at 

the DFT(B3LYP)/cc-pVTZ level, except for calculations carried out at 

the MP2/cc-pVDZ//MP2/cc pVDZ and MP2/cc-pVTZ//MP2/cc-pVTZ levels where vibrational 

contributions were calculated using MP2/cc-pVDZ//MP2/cc-pVDZ and MP2/cc-pVTZ//MP2/cc-pVTZ 

methods, respectively. 
b The value of ΔEel was estimated by subtraction from the experimentally measured ΔF [27]; 

the ΔZPE = -0.54 kJ mol-1 value calculated at the DFT(B3LYP)/cc-pVTZ level. 
c The value of ΔF was experimentally estimated using of the ratio of oxo and hydroxy tautomers trapped 

from the gas phase (at 340K) into a low-temperature Ar matrix.  
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4-Pyrimidinone 

 
The structure of 4-pyrimidinone (4PM) is similar to that of 2-pyridinone. It differs only by a 

number of nitrogen atoms in heterocyclic ring (nitrogens are in 1 and 3 position of the ring), while 

a H-N-C=O fragment is the same (Figure 5.7). 
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Figure 5.7. Oxo-hydroxy tautomerism in 4-pyrimidinone. 

 
Numerous theoretical and experimental investigations concerned evaluation of the oxo-

hydroxy tautomerism of 4-pyrimidinone. It was found by Nowak et al. that in the solid state this 

molecule exists only in the oxo form [26]. It was in accordance with earlier X-ray studies of 

crystalline compound [187]. Chevrier et al. [188] found that tautomeric equilibrium of this 

compound in solutions depends on the solvent polarity. Beak et al. [182] investigated 

4-pyrimidinone in the gas phase and found two coexisting forms: oxo and hydroxy. They 

estimated the tautomeric equilibrium [hydroxy]:[oxo] = 0.55 at 500 K. A similar ratio of 

the tautomeric forms was observed by Nowak [28, 189] in inert gas matrices. The authors 

estimated the ratio applying equation 37 (see Section 5.1), and it was equal to 0.43, 0.45, 0.46 and 

0.34 for the Ne, Ar, N2 and Xe matrices, respectively (in this case, the theoretically predicted 

intensities Ath at the SCF/6-21G level were used in assessment of the ratio of tautomers). 

The difference in obtained values of the ratio of tautomers reflects the accuracy of the used 

methods. The obtained value was ΔF = 2.4 ± 0.3 kJ mol-1 in favor of the oxo form of 

4-pyrimidinone (measurements in an Ar matrix) [28]. 

Sanchez et al. estimated the free energy difference ΔF (ΔFhydroxy – ΔFoxo) by Free Jet 

Absorption Millimeterwave Spectroscopy [190]. On the basis of obtained relative intensities of 

the observed absorption bands and measured dipole moments the authors obtained 

ΔF = 2.1 kJ mol-1 (the oxo form is more stable). 
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The IR spectra of 4-pyrimidinone isolated in low-temperature inert matrices have been studied 

earlier in Nowak group [26, 28, 189]. It was demonstrated that the matrix-isolated compound 

exists as a mixture of the oxo and hydroxy tautomeric forms. The authors discovered, that upon 

UV (λ > 295 nm or λ = 308 nm) irradiation of the matrix the predominant oxo form converts into 

the hydroxy form. This intramolecular proton transfer photoreaction allowed separating the IR 

spectra of the two tautomers. The bands which intensity increased during UV irradiation were 

attributed to the spectrum of 4-hydroxypyrimidine (4PMh), while the decreasing bands to 

the spectrum of 4-pyrimidinone (4PMo). 

In the current work, the IR spectra of 4-pyrimidinone isolated in an Ar matrix were also 

studied. The results were analogous to the previously reported [28, 189]; however, the new 

spectra were obtained with a better resolution [185]. This studies confirmed, that after deposition 

of the matrix, both tautomeric forms – oxo and hydroxy are present simultaneously, and that 

the dominating is the oxo tautomer (unlike the 2-pyridinone, where the hydroxy form was 

the dominating). 
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Figure 5.8. The IR spectrum of 4-pyrimidinone isolated in an Ar matrix (trace a) compared with the results of 

theoretical simulations of the spectra (trace b): blue sticks for the hydroxy tautomer (4PMh) and red sticks 

for the oxo tautomer (4PMo). Two different ordinate scales are used to reflect the ratio between hydroxy and 

oxo tautomers in the theoretical spectrum. The calculated, at DFT(B3LYP)/cc-pVTZ level, wavenumbers were 

scaled by the single factor of 0.98. 
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The infrared spectrum of 4-pyrimidinone monomers isolated in an argon matrix is presented in 

Figure 5.8 and compared with the results of theoretical simulations of the spectra of the oxo and 

hydroxy tautomers of the compound at DFT(B3LYP)/cc-pVTZ level. As it is seen, the agreement 

between the frequencies and intensities predicted theoretically at DFT(B3LYP)/cc-pVTZ level 

and the experimentally observed spectrum is very good.  

In the high-frequency region, two bands due to the OH and NH stretching vibrations of 

the hydroxy and oxo form, respectively, were observed at 3562 and 3428 cm−1. A low intensity of 

νOH band (at 3562 cm-1), alongside the stronger νNH band (at 3428 cm-1) confirms that 

a dominating form is the oxo form 4PMo of the compound (Figure 5.9 trace a). For 

the 4-pyrimidinone, the oxo form predominates in the gas phase and in the matrix and this form is 

more stable than the hydroxy tautomer. 
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Figure 5.9. High-frequency region of the infrared spectrum of 4-pyrimidinone (4PM) isolated 

in an Ar matrix: (a) spectrum recorded after deposition of the matrix and (b) spectrum 

recorded after 2 h of UV (λ > 300 nm) irradiation. The IR bands present in this spectral range 

are due to νOH and νNH vibrations and are characteristic of the hydroxy and oxo tautomers, 

respectively. 

 

Upon UV (λ > 300 nm) irradiation of the monomers of the 4-pyrimidinone isolated in an Ar 

matrix, the photoprocess leading to a total conversion of the oxo form of the compound into 

the hydroxy form occurred. The band originating from the oxo tautomeric form like νNH (at 

3428 cm-1) disappeared completely, whereas the band due to νOH (at 3562 cm-1) originating from 

the hydroxy tautomer increased in the intensity (Figure 5.9).  
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Figure 5.10. Fragments of the IR spectra of 4-pyrimidinone (4PM) isolated in an Ar matrix: (a) 

spectrum recorded after deposition of the matrix; (b) spectrum recorded after 2 h of UV (λ > 300 

nm) irradiation, (c) difference spectrum:  spectrum b minus spectrum a. The bands directed 

downwards indicate the positions of the absorption bands which are vanishing upon UV (λ > 300 

nm) irradiation. These bands are the spectral signatures of the oxo 4PMo tautomer. The bands 

directed upwards indicate the positions of the bands originating from the hydroxy tautomer; these 

bands are growing upon UV (λ > 300 nm) irradiation. 

 

In the low-frequency region of the IR spectra of 4-pyrimidinone, the band due to the stretching 

vibration of CO group (νC=O) at 1726 cm-1 was observed before irradiation with UV light and 

vanished completely after UV (λ > 300 nm) irradiation of the matrix (Figure 5.10, left panel). 

The right panel of Figure 5.10 demonstrates the effect of irradiation of the matrix at the 1650-

400 cm-1 region of the IR spectra. The bands originating from the oxo tautomer of 4-pyrimidinone 

(which are vanish upon UV irradiation) are directed downwards in the difference spectra (trace c) 

showing its decreasing manner after irradiation of the matix with UV (λ > 300 nm) light. 

The bands due to the hydroxy tautomer increase after irradiation with UV (λ > 300 nm) light, in 

the difference spectrum this bands are directed upwards.  

On the basis of this observation one can postulate that the oxo → hydroxy (4PMo → 4PMh) 

photoreaction (Figure 5.7) occurred for the monomers of 4-pyrimidinone isolated in a low-

temperature matrix. 
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Using the numerical subtraction of the spectra, recorded before and after UV irradiation, it 

was possible to separate the spectra of the two tautomers (oxo and hydroxy) of the compound. 

Due to the reliable separation of the IR spectra of the tautomers, a quite precise [hydroxy] : [oxo] 

ratio and, hence, the free energy difference of the tautomers was possible to estimate. 

 
As it was demonstrated in Figure 5.8, the IR spectra of 4-pyrimidinone recorded in this work 

are very well reproduced by the theoretical calculation carried out at DFT(B3LYP)/cc-pVTZ level 

for this compound. The absorption bands in the spectra of tautomers have been assigned to normal 

vibrations theoretically simulated at DFT(B3LYP)/cc-pVTZ level (previously the spectra were 

interpreted by comparison with the spectra predicted at HF/3-21G level [28, 189]). The full 

interpretation of the IR spectra of 4-pyrimidinone is presented in the Appendix. Assignment of 

the observed absorption bands to the theoretically predicted normal modes of oxo and hydroxy 

tautomers of the compound is given in Tables A5 and A6. Experimental wavenumbers and 

relative integral intensities of the bands due to the oxo form compared with wavenumbers, 

absolute intensities and potential energy distribution (PED) calculated for the 4PMo tautomer is 

given in Table A5. Table A6 contains analogous experimental data of the bands due to 

the hydroxy tautomer compared with wavenumbers, absolute intensities and PED calculated for 

the 4PMh tautomer. The symmetry coordinates used in the normal mode analysis are provided in 

Table A4 in the Appendix. 

Using the absolute intensities of the absorption bands obtained at QCISD/cc-pVTZ level of 

theory, and the intensities of the respective bands observed in the experimental spectra of 

4-pyrimidinone isolated in an Ar matrix (see equation 37 in Section 5.1), the ratio of 

[hydroxy]:[oxo] tautomers have been calculated, and it equals to 1 : 2.1. The free energy 

difference have been estimated as ΔF = 2.4 ± 0.3 kJ mol-1 in favor to the oxo tautomer (Table 5.2). 

Theoretical calculations were carried out in this work to predict the tautomeric equilibrium. 

The electronic energies of 4PMo and 4PMh tautomers were calculated at QCISD/cc-pVDZ or 

QCISD(T)/cc-pVDZ levels using the geometries of the respective tautomers optimized at 

DFT(B3LYP)/cc-pVTZ level. The results of such calculations were compared with experimental 

measurements. The results of the QCISD/cc-pVDZ or QCISD(T)/cc-pVDZ calculations 

(presented in Table 5.2) showed that these methods quite correctly predict the increase of 

the relative stability of the oxo tautomer of 4PM in comparison to the tautomeric equilibrium in 

2PD. Whereas for 2PD the hydroxy tautomer is more stable and in the gas phase the ratio of 

the hydroxy and oxo forms was experimentally determined as 2.8 : 1, the tautomeric equilibrium 

4PMo ↔ 4PMh is somewhat different, and the ratio of hydroxy and oxo tautomers is 1 : 2.1 

(Table 5.2). 



results and discussion 58 

The QCISD and QCISD(T) calculations of the relative energies of the 4PMh and 4PMo 

tautomers (presented in Table 5.2), yielded good approximations to the experimentally measured 

value of ΔF (ΔFexp ≈ 2.4 kJ mol-1). 

 
Table 5.2: Experimental and theoretically calculated free energy differences between the hydroxy and 

oxo tautomers of 2-pyridinone, 4-pyrimidinone and 2-pyrazinone (kJ mol-1). 
 

compounds 
 ΔEel

a ΔF=ΔG b

at T 
ΔFexp=ΔGexp

at T 

T 
 

Kelvin 

Experimental ratio 
of hydroxy and 
oxo forms (at T) 
[hydroxy]:[oxo] 

N

O
H

N

O
H

2PD  

-2.50 
(-4.79) 

-2.62 
(-4.91) 

-2.9 ± 0.5 340 2.8 : 1 

N

O

N

H

N

O

N

H

4PM
 

4.02 
(2.09) 

4.19 
(2.26) 2.4 ± 0.3 400 1 : 2.1 

N

O

N

H

N

O

N

H

2PZ  

-5.26 
(-6.78) 

-5.19 
(-6.71) -8.0 ± 1.0 360 14 : 1 

 
a ΔEel difference of electronic energies (Ehydroxy-Eoxo) calculated at the QCISD/cc-pVDZ or QCISD(T)/cc-pVDZ 

(given in parenthesis) levels at geometry optimized using the DFT(B3LYP)/cc-pVTZ method. The results of 

QCISD(T)/cc-pVDZ calculation is taken from ref. [185]. 
b ΔF=ΔG difference of free Helmholtz = free Gibbs energies (Fhydroxy-Foxo) calculated using the ΔEel 

values and ΔEZPE corrections obtained on the basis of the DFT(B3LYP)/cc-pVTZ calculations. 
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2-Pyrazinone 
 

2-Pyrazinone is an analog of 2-pyridinone with heterocyclic ring containing two nitrogen 

atoms in para position (Figure 5.11). 
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Figure 5.11. Tautomeric equilibrium oxo-hydroxy in 2-pyrazinone 

 

Tautomerism of 2-pyrazinone isolated in low-temperature inert gas matrices has been 

investigated earlier by Nowak et. al by means of IR spectroscopy [191]. The UV-induced 

phototautomeric reaction has been used to separate the IR spectra of the oxo and hydroxy 

tautomers of this compound, but only a few bands due to the oxo form were observed. Because of 

difficulties in the assigning the bands to the oxo or hydroxy tautomer of the 2-pyrazinone, 

the [hydroxy] : [oxo] ratio for this compound was estimated using simplest method of estimation 

of the ratio of tautomers, described by the equation 36 (in Section 5.1). The obtained ratio 

[hydroxy] : [oxo] was equal to 8.6. 
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Figure 5.12. High-frequency regions of the infrared spectra of 2-pyrazinone (2PZ) isolated in Ar 

matrixes. The IR bands present in this spectral range are due to νOH and νNH vibrations and are 

characteristic of the hydroxy and oxo tautomers, respectively. 
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The results of the current work are similar [185]. For 2-pyrazinone isolated in an Ar matrix 

the hydroxy form of the compound was found to dominate significantly over the oxo form. In 

the IR spectrum of this compound, isolated in Ar matrix, only traces of the few most intense 

bands originating from the oxo form: at 3431 (Figure 5.12), 1711 (Figure 5.14), and much weaker 

bands at 792, 688, 552 and 391 cm-1 (Figure 5.13) were observed. Those bands were identified 

using the irradiation procedure with UV light (λ > 340 nm). 
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Figure 5.13. Fragment of the IR spectrum of 2-pyrazinone (2PZ): (a) IR spectrum of the hydroxy 

tautomer 2PZh predicted theoretically. (b) Experimental spectrum recorded after deposition of 

the matrix. Asterisks indicate the positions of the weak absorption bands present in the initial 

spectrum and vanishing upon UV (λ > 340 nm) irradiation. These bands are due to the oxo 

tautomer (2PZo) of the compound; (c) IR spectrum of the oxo tautomer 2PZo predicted 

theoretically. The calculations were carried out at the DFT(B3LYP)/cc-pVTZ level and 

the obtained wavenumbers were scaled by the single factor of 0.98. 

 

Upon UV (λ > 340 nm) irradiation of the monomers of the 2-pyrazinone isolated in an Ar 

matrix, the photoprocess, which converts the oxo form of the compound into hydroxy form 

occurred. Due to the phototautomeric reaction the IR bands corresponding to the oxo form 

vanished. The band at 3431 cm-1 (which is due to νNH vibration) originating from the oxo 

tautomeric form, which was very weak after deposition of the matrix, has completely disappeared 

(see Figure 5.14). However, the increase of the intensities of the bands due to the hydroxy form 

was so small that a reliable determination of the value of tautomer ratio [hydroxy]:[oxo] based on 

the method applying equation 38 (in Section 5.1) was not possible. 
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Figure 5.14. Fragments of the IR spectra of 2-pyrazinone illustrating the effect of UV 

(λ > 340 nm) irradiation. (a) Spectrum recorded after deposition of the matrix. The arrow 

indicates the position of the absorption band due to hydroxy tautomer (2PZh) of the compound; 

(b) IR spectrum obtained after UV irradiation. Upon irradiation, the bands due to the oxo 

tautomer (2PZo) vanished. This effect indicates the presence of a small amount of the oxo 

tautomer in the freshly deposited matrix. 

 

Assignment of the observed absorption bands to the theoretically predicted normal modes at 

DFT(B3LYP)/cc-pVTZ level of oxo and hydroxy tautomers of 2-pyrazinone is given in 

Tables A8, A9 in the Appendix. This assignment was based on the comparison between 

experimental and theoretically predicted spectra. Almost all observed bands of the hydroxy form 

were interpreted, but only 8 bands in the spectrum of the oxo form could be attributed to this 

form. The two bands at 3431 and 1726 cm-1 due to the oxo form could be easily assigned because 

they appear in such spectral positions where the most intense characteristic bands were already 

observed for 2-pyridinone and 4-pyrimidinone. In the spectra of the oxo forms of these 

compounds the strong bands observed near, 3420 cm-1 were assigned to the stretching vibration of 

the NH group νNH and the bands near 1720 cm-1 were interpreted as originating from the in-plane 

stretching C=O vibration νCO. 

The relative concentration of hydroxy and oxo forms of 2-pyrazinone was estimated using 

the obtained in the experiment integral intensities of the bands at 3575, 1546, 1119, 840, 454, 

408 cm-1 from the spectrum of the hydroxy form and the bands at 3431, 1711, 792, 688 cm-1 from 

the spectrum of the oxo form scaled by the intensities of the respective bands obtained in 

the theoretical calculations at the DFT(B3LYP)/cc-pVTZ level (according to equation 37, 

Section 5.1). The obtained ratio [hydroxy] : [oxo] was equal to 14 : 1 (see Table 5.2). 

The increase of the relative stability of the hydroxy tautomer of 2-pyrazinone, with respect to 

the corresponding values obtained for 2PD, was well predicted theoretically at QCISD and 

QCISD(T) levels. Not only shifts of tautomeric equilibria of 2PZo↔2PZh with respect to 
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the equilibrium in 2PDo↔2PDh, but also the absolute values of the computed energy differences 

between the oxo and hydroxy tautomers of 2-pyrazinone are in fair agreement with experiment 

(see Table 5.2). These results showed that the QCISD and QCISD(T) methods are able to provide 

reliable relative energies of tautomers not only for the particular case of 2PDo↔2PDh but also 

for other heterocyclic compounds. The results of theoretical and experimental estimations of 

the free energy difference between the hydroxy and oxo forms of 2-pyrazinone are presented in 

Table 5.2. 

 

Upon examination of the experimental and theoretical results it is seen that the gas-phase 

tautomeric equilibria of heterocyclic compounds depend on the number of heterocyclic N atoms 

and on the relative position of the two nitrogen atoms in the ring. This dependency is presented in 

Figure 5.15, where it is possible to observe a systematic shift of the tautomeric equilibrium from 

the dominance of the oxo form (for 4PM) via the mixture of the oxo and hydroxy forms to 

the dominance of the hydroxy form (2PZ) of the compounds. 

One of the aims on this work was to determine the influence of direct attachment of benzene 

ring to heterocyclic molecules on their tautomeric equilibria. The tautomeric equilibrium 

determined for “parent molecules” with one six-membered ring served as a reference value. In 

the next chapter the results of experimental and theoretical investigations concerning analogs of 

2-pyridinone, 2-pyrazinone and 4-pyrimidinone with a benzene ring fused with a heterocyclic ring 

will be presented. 
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Figure 5.15. Juxtaposition of high-frequency regions of the IR spectra of 2-pyrazinone (2PZ), 

2-pyridinone (2PD), and 4-pyrimidinone (4PM) isolated in argon matrices. The IR bands 

presented in this spectral range are due to νOH and νNH vibrations and are characteristic of 

the hydroxy and oxo tautomers, respectively. 
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5.3. Systems with fused heterocyclic and benzene rings 
 
 

In the following section, the QCISD and QCISD(T) methods were used to predict gas-phase 

tautomeric equilibria for a series of the compounds: 2-quinolinone (2QL), 1-isoquinolinone 

(1IQ), 3-hydroxyisoquinoline (3IQ), 4-quinazolinone (4QZ), and 2-quinoxalinone (2QX). No 

report on reliable experimental or theoretical studies of tautomerism of these systems was 

available to date. These compounds are analogous to those considered above (with a single 

heterocyclic ring), but with a benzene ring directly attached to a heterocyclic six-membered ring. 

The results of such calculations are compared with the experimental observations of the gas-phase 

equilibrium of tautomers trapped in low-temperature matrices. 

 
 

2-Quinoxalinone 
 

2-quinoxalinone is a compound which contains a benzene ring fused with a heterocyclic ring 

in position C5-C6 of 2-pyrazinone (Figure 5.16). 
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Figure 5.16. Reaction of tautomerization oxo-hydroxy in 2-quinoxalinone 

 

The tautomerism of 2-quinoxalinone is determined by positions of labile hydrogen atom in 

the pyrazine ring of the molecule. The relative energies of the tautomeric forms of 

2-quinoxalinone were calculated at the QCISD and QCISD(T) levels [185]. These calculations 

predict that the oxo tautomer 2QXo (see Figure 5.16) is the most stable. Hydroxy tautomer 2QXh 

is higher in energy by ΔE = 14.43 kJ mol-1 (QCISD) or 11.34 (QCISD(T)), with respect to 

the energy of the oxo tautomer 2QXo. Hence, for the gaseous 2-quinoxalinone at 450 K, 

the tautomeric form 2QXo is expected to dominate, whereas tautomer 2QXh can be populated 

only in a very small amount. 
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The studies of IR spectra of 2-qunoxalinone isolated in low-temperature Ar matrices confirm 

the theoretical results that majority of molecules of this compound adopt the oxo (2QXo) form 

[185]. The high-frequency region of the infrared spectrum of 2-qunoxalinone monomers isolated 

in an argon matrix is presented in Figure 5.17. In this fragment of the spectrum, two bands were 

observed: one at 3420 cm-1 is due to the NH stretching vibrations of the oxo form, and another, 

a weak band at 3568 cm-1 is due to the stretching vibration of the OH group of the hydroxy form. 

The frequency of these bands due to the stretching νNH and νOH vibrations is close to that of 

the corresponding νNH and νOH bands, which were observed in the IR spectrum of 2-pyrazinone 

isolated in an Ar matrix at 3431 and 3574 cm-1, respectively (see Figure 5.21). Another 

characteristic band originating from the hydroxy form is due to the torsion vibration of OH group. 

In this case τOH participates in normal modes of two absorption bands at 533 and 501 cm-1 (see 

Figure 5.19 and Table B3 in the Appendix). The presence of the bands due to vibrations of OH 

group in the initial spectrum indicates that a small amount of the hydroxy tautomer 2QXh is 

present in the low-temperature matrix (after deposition). 
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Figure 5.17. High-frequency region of the IR spectrum of 2-quinoxalinone (2QX) isolated in an Ar 

matrix. The IR bands present in this spectral range are due to νOH and νNH vibrations and are 

characteristic of the hydroxy and oxo tautomers, respectively. 

 

Other very weak bands due to the hydroxy 2QXh tautomer were identified in the IR spectrum 

thanks to the effect of UV irradiation of the matrix. Upon such irradiation, the molecules in 

the oxo form converted into the hydroxy tautomer and the IR spectrum of this latter form 

increased many times (see Figure 5.18). 

Upon UV (λ > 335 nm) irradiation of the monomers of the 2-qunoxalinone isolated in an Ar 

matrix, the bands originating from the oxo tautomeric form of the compound decreased. The band 
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due to the νNH vibration (at 3420 cm-1) has decreased, instead, the intensities of the bands , due to 

the stretching and torsion vibrations of the OH group (νOH at 3568 cm-1 and τOH at 533 and 

501 cm-1, which are characteristic of the hydroxy tautomer), has increased. The most striking 

changes in the spectra during irradiation concern the decrease of the intensity of the bands 

originating from the oxo form. The changes of the intensities of the IR bands upon UV irradiation 

are more clearly illustrated in the difference spectrum (Figure 5.18), where the positive peaks 

correspond to the increasing bands of the hydroxy form and the negative peaks to the decreasing 

bands of the oxo form. On the basis of this observation one can postulate that the oxo → hydroxy 

(2QXo→2QXh) photoreaction occurred for the monomers of 2-qunoxalinone isolated in a low-

temperature matrix. 
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Figure 5.18 Fragments of the IR spectrum of 2-quinoxalinone (2QX) isolated in an Ar matrix: (a) 

spectrum recorded after deposition of the matrix; (b) spectrum recorded after 6.5 h of UV (λ > 335 

nm) irradiation, (c) difference spectrum:  spectrum b minus spectrum a. The bands directed upwards 

indicate the positions of the weak absorption bands present in the initial spectrum and growing upon 

UV (λ > 335 nm) irradiation. These bands are the spectral signatures of the hydroxy 2QXh tautomer. 

 

Without this photoeffect, it would be very difficult to identify the bands due to the hydroxy 

2QXh tautomer in the initial IR spectrum of the compound. Having the observed IR bands 

assigned to either the oxo form or the hydroxy form, the ratio of the tautomers in the matrix was 

assessed using sums of integrated intensities of the bands which were identified in the spectra of 

the hydroxy and oxo forms, and sums of absolute intensities of the corresponding bands 

calculated at the DFT(B3LYP)/cc-pVTZ level (see equation 37 in Section 5.1). As a result, 

the ratio of the hydroxy and oxo forms of 2-qunoxalinone in an Ar matrix was estimated to be 
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equal to 1:40. The ratio of tautomers trapped in a low-temperature matrix is believed to be equal 

to the ratio of these forms in the gas phase from which the matrix was formed, as it was 

demonstrated earlier on an example of 2-pyridinone, where tautomerism of the 2PDh ↔ 2PDo 

system was studied for the compound in the gas phase as well as for the compound isolated in 

low-temperature matrixes. 
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Figure 5.19. Comparison of experimentally observed absorption bands of 2-qunoxalinone isolated in 

an Ar matrix: (a) difference spectrum, the bands correspond to: directed upwards are due to 

the hydroxy tautomer 2QXh (significantly increasing upon UV (λ > 335 nm) irradiation (the bands 

connected with dotted lines are due to the τOH vibration), directed downwards are due to the oxo 

tautomer 2QXo (decreasing upon UV (λ > 335 nm) irradiation), with the spectra calculated at 

the DFT(B3LYP)/cc-pVTZ level for (b) the oxo (2QXo) tautomer and (c) the hydroxy (2QXh) 

tautomer of the compound. The calculated wavenumbers were scaled by a factor of 0.98. 

 

Hence, on the basis of the ratio of the hydroxy and oxo forms isolated in an Ar matrix, 

the experimental difference of free energies of the two tautomers can be estimated using 

the equation 46 (see Section 5.1). The result of such an assessment is presented in Table 5.3, 

where obtained free energy difference ΔFexp is compared with the results of theoretical 

predictions. As can be seen, the agreement between the experimental and theoretically predicted 

 



results and discussion 68 

ΔF values is quite satisfactory. Theory (at the QCISD level) and experimental estimations provide 

the value ΔF ≈ 14 kJ mol-1, in favor of the significantly more stable 2QXo oxo tautomer. 

Due to the effect of UV irradiation of monomers of the 2-qunoxalinone, it was possible to 

separate the spectra of two tautomers, and to assign the observed absorption bands to 

the theoretically predicted normal modes of oxo and hydroxy forms of the compound. This 

assignment is present in Figure 5.19, and in Figure 5.20 where the extracted spectrum of 

photoproduct compared with spectra theoretically predicted at DFT(B3LYP)/cc-pVTZ level. 

The agreement between the frequencies and intensities of the experimentally observed bands and 

predicted theoretically is very good, in this level of theory. The positions and intensities of 

the bands (compared with corresponding experimental values) for oxo and hydroxy tautomers are 

presented in Table B2 and B3 in the Appendix. The theoretical bands have been assigned to 

the normal modes gained by using internal coordinates presented in Table B1 in the Appendix. 
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Figure 5.20. (A) Infrared spectrum of the photoproduct generated upon 6.5 h of UV (λ > 335 nm) irradiation 

of 2-quinoxalinone isolated in an Ar matrix. The spectrum of the unreacted substrate of the photoreaction 

(the oxo tautomer 2QXo) has been removed by electronic subtraction. (B) Infrared spectrum of the hydroxy 

tautomer 2QXh theoretically predicted at the DFT(B3LYP)/cc-pVTZ level. The calculated wavenumbers were 

scaled by the single factor of 0.98. 

 

 

The experimental observation of a strong dominance of the oxo form of 2QX is in sharp 

contrast to the observations of tautomeric equilibrium in 2-pyrazinone (2PZ), a one-ring analog of 

2-quinoxalinone. For the 2PZ, the dominating form is the hydroxy tautomer. Comparison of 

the [hydroxy]:[oxo] ratio in 2QX (1:40) with the corresponding ratio for 2PZ (14:1) shows 

the magnitude of the difference in tautomeric equilibria in these two related compounds. This is 
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illustrated by a substantial difference of relative intensities of the bands due to the νOH and νNH 

vibrations observed in the IR spectra recorded for both compounds isolated in Ar matrixes (see 

Figure 5.21). Such a sizable shift of tautomeric equilibrium, introduced by a direct attachment of 

benzene ring to the heterocyclic ring of 2PZ, is also predicted theoretically. The results of 

theoretical and experimental estimations of the free energy difference between the hydroxy and 

oxo forms of 2PZ are compared in Table 5.3 with the corresponding ΔF values obtained for 2QX. 
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Figure 5.21. High-frequency regions of the infrared spectra of 2-pyrazinone (2PZ), and 

2-quinoxalinone (2QX) isolated in Ar matrixes. The IR bands present in this spectral range are 

due to νOH and νNH vibrations and are characteristic of the hydroxy and oxo tautomers, 

respectively. 
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2-Quinolinone (carbostyril) 
 

2-Quinolinone (or carbostyril) is a compound which contains a benzene ring fused with 

a heterocyclic ring in position C5-C6 of 2-pyridinone. 

2-Quinolinone can exist in two forms, referred to as the oxo 2QLo and hydroxy 2QLh 

tautomers (Figure 5.22). These two forms may interconvert by H-atom transfer between 

the oxygen atom and the nitrogen atom of the pyridine ring. 
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Figure 5.22. Reaction of tautomerization oxo-hydroxy in 2-quinolinone 

 

The electronic properties and absorption spectra of the tautomers of 2-quinolinone have been 

investigated by several authors [181, 192-194]. These studies refer to the widely cited gas 

calorimetric measurement results, [181] which claim that the hydroxy 2QLh form of gaseous 

2-quinolinone is lower in energy (by 1.2 kJ mol-1) than the oxo 2QLo tautomer of the compound. 

As it will be shown further, the experimental results obtained in this work demonstrate that 

the data reported by Beak [181] are not correct. In the experiments on 2-quinolinone molecules in 

seeded supersonic jet expansions [194], the observed spectra of dispersed fluorescence (DF) and 

of fluorescence excitation (FE) were more intense for the hydroxy tautomer 2QLh than for 

the oxo form 2QLo. This observation might suggest that (in agreement with Beak's report [181]) 

the population of the 2QLh tautomer in the gas phase is greater than the population of 2QLo. 

However, the transition moments between S0 and S1 states can be very different for both 

tautomers in question, and conclusion about relative populations of the tautomers based on DF 

and FE spectra can be misleading. 

 

Calculations carried out at QCISD or QCISD(T) levels predict the oxo form of 2-quinolinone 

(2QL) to be more stable than the hydroxy tautomer (see Table 5.3). At the QCISD level of theory 

the predicted value of the free energy difference between the 2QLh and 2QLo forms is as high as 

16 kJ mol-1. This value is even higher than ΔF predicted (at the same theory level) for 

the 2-quinoxalinone (2QX) system (discussed in the paragraph above). Similarly, the calculations 
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carried out at the QCISD(T) level predict also a larger difference in stabilities of the hydroxy and 

oxo forms (in favor of the oxo tautomer) in the case of 2QL, in comparison with 

the corresponding value obtained for 2QX (Table 5.3). 

 

 
Table 5.3. Experimental and theoretically calculated free energy differences between the hydroxy and oxo 

tautomers of 2-pyridinone, 2-quinolinone, 2-pyrazinone and 2-quinoxalinone (kJ mol-1) 

 

compounds 
 

R(C-N)a 

Å 
ΔEel

b 

 
ΔF=ΔG c

at T 
ΔFexp=ΔGexp

at T 

T 
 

Kelvin 

Experimental ratio 
of hydroxy and 
oxo forms (at T) 
[hydroxy]:[oxo] 

N

O
H

N

O
H

2PD  

1.408 -2.50 
(-4.79) 

-2.62 
(-4.91) 

-2.9 ± 0.5 340 2.8 : 1 

N

O

H
N

O
H

2QL
 

1.393 15.65 
(12.84) 

15.70 
(12.89) 17 ± 1.5 450 1 : 95 

N

O

N

H

N

O

N

H

2PZ  

1.400 -5.26 
(-6.78) 

-5.19 
(-6.71) -8.0 ± 1.0 360 14 : 1 

N

O

H

N
N

O
H

N

2QX
 

1.382 14.43 
(11.34) 

14.65 
(11.56) 14 ± 1.0 450 1 : 40 

 
 

a Distance between C and N atoms in the H-N-C=O fragment of the oxo tautomer. The value has been obtained by 

geometry optimization carried out at the DFT(B3LYP)/cc-pVTZ level.  
b ΔEel difference of electronic energies (Ehydroxy-Eoxo) calculated at the QCISD/cc-pVDZ or QCISD(T)/cc-pVDZ 

(given in parenthesis) levels at geometry optimized using the DFT(B3LYP)/cc-pVTZ method. The results of 

QCISD(T)/cc-pVDZ calculation is taken from ref. [185]. 
c ΔF=ΔG difference of free Helmholtz = free Gibbs energies (Fhydroxy-Foxo) calculated using the ΔEel values and 

ΔEZPE corrections obtained on the basis of the DFT(B3LYP)/cc-pVTZ calculations. 
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These predictions are in nice agreement with experimental observations [185]. In the IR 

spectrum of 2QL isolated in an Ar matrix, the bands indicating the presence of a very tiny amount 

of the hydroxy tautomer are barely detectable and the whole spectrum is dominated strongly by 

the bands due to the oxo form. In the freshly deposited matrix, two bands due to the oxo form 

could be easily assigned because they appear in such spectral positions where the most intense 

characteristic bands were already observed in the oxo tautomers of 2-pyridinone, 4-pyrimidinone 

and 2-pyrazinone. In the spectra of 2-quinolinone the strong band observed at 1702 cm-1 was 

interpreted as originating from the stretching C=O vibration (νCO). In the high-frequency region 

of the spectrum of 2QL monomers isolated in an Ar matrix (Figure 5.23), the band at 3428 cm-1 

was assigned to the stretching vibration of the NH group νNH. In this spectrum, the absorption at 

the usual position of a band due to νOH vibration is extremely weak. Nevertheless, using methods 

similar to those applied for the case of 2QX, it was possible to assess the relative populations of 

the 2QLh and 2QLo tautomers of 2-quinolinone in the matrix (1:95) and to estimate 

experimentally the ΔF for this compound (Table 5.3). 
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Figure 5.23. High-frequency region of the infrared spectra of 2-quinolinone (2QL) isolated in Ar 

matrix. The IR bands present in this spectral range are due to νOH and νNH vibrations and are 

characteristic of the hydroxy and oxo tautomers, respectively. 

 

The comparison of the experimental IR spectrum of 2-quinolinone isolated in a low-

temperature Ar matrix with the spectrum theoretically predicted (at the DFT(B3LYP)/cc-pVTZ 

level) for isomer oxo (2QLo) is presented in Figure 5.24. Good agreement between the patterns of 
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experimental and theoretical spectra supports the conclusion that the oxo tautomeric form 2QLo 

is adopted by 2-quinolinone monomers isolated in an Ar matrix. Assignment of the observed 

absorption bands to the theoretically predicted normal modes of tautomer 2QLo of the compound 

is given in Table B5 in the Appendix. 
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Figure 5.24. The low-region fragment of the IR specta of 2-quinolinone (2QL) isolated in an Ar 

matrix: (a) spectrum recorded after deposition of the matrix; (b) IR spectrum of the oxo tautomer 

2QLo theoretically predicted at the DFT(B3LYP)/cc-pVTZ level. The calculated wavenumbers 

were scaled by the single factor of 0.98. 

 

UV (λ > 320 nm) irradiation of the matrix-isolated monomers of 2-quinolinone led to 

the decrease of the bands belonging to the spectrum of the oxo form and to the increase of 

the (initially very weak) bands of the spectrum of the hydroxy tautomer (Figure 5.25). 

The increase of the intensities of the bands corresponding to the stretching vibration at 3570 cm-1 

and torsion vibration at 551 and 502 cm-1 of OH group is evidence that the hydroxy 2QLh form 

arise as a product of this photoreaction. Hence, the main photochemical process observed for 

monomeric 2-quinolinone can be reliably interpreted as a proton transfer 2QLo → 2QLh reaction 

(Figure 5.22). 

The infrared spectrum of 2-quinolinone irradiated with UV light is presented in Figure 5.25 

(trace b) and compared with the results of theoretical simulations of the spectra of the hydroxy 

tautomer of the compound at DFT(B3LYP)/cc-pVTZ level (trace d). As it seen, the agreement 
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between the frequencies and intensities predicted theoretically and the experimentally observed 

spectrum is good. 

However, in the IR spectra of irradiated 2-quinolinone, alongside with the bands originating 

from the hydroxy 2QLh form of the compound, some bands are present which are difficult to 

interpret. It is possible, that these bands are due to the species, which are products of reactions of 

decomposition of studied compound, which take place during irradiation of the matrix. In 

Figure 5.25 these bands are marked with asterisks. 

Because of this reason, not all the bands arising during UV irradiation could be 

unequivocally assigned to the spectrum of the hydroxy tautomer 2QLh. 
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Figure 5.25. Fragments of the IR spectra of 2-quinolinone (2QL) isolated in an Ar matrix: (a) 

spectrum recorded after deposition of the matrix; (b) spectrum recorded after 4.5 h of UV (λ > 320 

nm) irradiation, (c) difference spectrum: spectrum b minus spectrum a. The bands directed 

downwards indicate the positions of the absorption bands present in the initial spectrum and 

decreasing upon UV (λ > 320 nm) irradiation (bands due to the oxo 2QLo form), the bands directed 

upwards indicate the positions of the weak absorption bands present in the initial spectrum and 

growing upon UV (λ > 320 nm) irradiation (bands due to the hydroxy 2QLh tautomer). Asterisks 

indicate the bands due to the unidentified secondary photoproduct; (d) IR spectrum of the hydroxy 

tautomer 2QLo theoretically predicted at the DFT(B3LYP)/cc-pVTZ level. The calculated 

wavenumbers were scaled by the single factor of 0.98. 
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The values of the ratio of the hydroxy and oxo tautomers of the compound, presented in 

Table 5.3, were compared with the corresponding data obtained for 2-pyridinone (2PD), a single-

ring analogue of 2QL. From this comparison (as well as from the graphical comparison of 

the high-frequency regions of the IR spectra of 2PD and 2QL, presented in Figure 5.26), it is 

evident that direct attachment of a benzene ring to the C(5)-C(6) bond of the 2PD ring leads to 

a dramatic shift of the tautomeric equilibrium in favor of the higher stability of the oxo tautomer. 

The experimental observations of tautomeric equilibrium in 2QL (well supported by the results of 

theoretical calculations) sharply contradict the previous report by Beak [181] where the energy 

difference between 2QLh and 2QLo was (unfortunately erroneously) estimated to be 

-1.2 kJ mol-1, in favor of the hydroxy form. At this point, mentioning the pair of compounds 

2-thiopyridine and 2-thioquinoline (analogous to 2PD and 2QL, but with sulfur atom replacing 

oxygen atom) seems also to be noteworthy. Whereas for 2-thiopyridine [35] the thiol form 

dominates strongly (with the thiol : thione ratio in an Ar matrix equal to 27 : 1), for 

2-thioquinoline [37] the thione form was found to be significantly more stable and the thiol:thione 

ratio was estimated in this latter case to be equal to 1 : 7.7. This shows that attachment of 

a benzene ring considerably shifts the tautomeric equilibrium not only for the oxo compounds 

(with structure similar to 2PD), but also for the corresponding thione compounds. One can treat 

a thiol tautomer as an analogue of a hydroxy form and a thione tautomer as an analogue of an oxo 

form, then one can say that for both thione and oxo compounds the direction of a change in 

tautomeric equilibrium, between the “parent” compounds and benzo-annelated derivatives, is 

the same. For species such as 2-quinoxalinone, 2-quinolinone, and 2-thioquinoline, the stabilities 

of the oxo or thione tautomers (with respect to the hydroxy or thiol forms) are significantly higher 

than those for the single-ring compounds 2-pyrazinone, 2-pyridinone, and 2-thiopyridine. 
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Figure 5.26. High-frequency regions of the infrared spectra of 2-pyridinone (2PD), 2-quinolinone 

(2QL), 2-pyrazinone (2PZ), and 2-quinoxalinone (2QX) isolated in Ar matrices. The IR bands 

present in this spectral range are due to νOH and νNH vibrations and are characteristic of 

the hydroxy and oxo tautomers, respectively. 
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1-Isoquinolinone (isocarbostyril) 

 

1-Isoquinolinone (or isocarbostyril, 1IQ) is an isomer of 2-quinolinone (2QL). Although both 

compounds (1IQ and 2QL) have the same structural elements, 2-pyridinone 2PD and a directly 

fused benzene ring, they differ by the position at which the benzene ring is attached to 2PD. For 

2QL, the benzene ring is fused at the C(5)-C(6) bond of 2PD (which is formally a double bond in 

the structure of the 2PDo form). In the case of 1IQ, the benzene ring is attached at the C(3)-C(4) 

bond (double in the 2PDo structure) (Figure 5.27). Using the position of the benzene ring with 

respect to the N-C-O fragment as a criterion, 1IQ (as 4QZ, see next paragraph) can be considered 

as a group of compounds structurally different from 2QX and 2QL, discussed in previous 

paragraphs. 
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Figure 5.27. Reaction of tautomerization oxo-hydroxy in 1-isoquinolinone. 

 

Theoretical calculations, carried out at QCISD and QCISD(T) levels, predict for 

1-isoquinolinone 1IQ that tautomeric forms of this compound should differ in energy by more 

than 20 kJ mol-1
 (Table 5.4). For this compound, the oxo form was predicted to be 

the significantly more stable tautomer. Such a big calculated energy difference for 1IQ should 

preclude experimental observation of the less stable tautomers. Indeed, in the experimental 

investigations on 1IQ isolated in low-temperature Ar matrix, no IR bands which could indicate 

the presence of any amounts of the hydroxy forms were detected [185]. This is illustrated in 

Figure 5.28, where at the usual spectral position of a νOH band no absorption is visible. 
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Figure 5.28. High-frequency region of the infrared spectrum of 1-isoquinolinone (1IQ) isolated in an 

Ar matrix. The IR band presented in this spectral range is due to νNH vibration and is characteristic of 

the oxo tautomers. No trace of band due to the νOH of the hydroxy form was observed. 

 

The comparison of the experimental IR spectrum of 1-isoquinolinone isolated in a low-

temperature Ar matrix with the spectrum theoretically predicted (at the DFT(B3LYP)/cc-pVTZ 

level) for isomer oxo (1IQo) supports the conclusion that the molecules of this compound occur 

only in its oxo form in the freshly deposited matrix. This comparison is presented in the in 

Figure 5.29, where one can see a very good agreement between the patterns of experimental and 

theoretical spectra. 
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Figure 5.29. The low-region fragment of the IR spectrum of 1-isoquinolinone (1IQ) isolated in an 

Ar matrix: (a) spectrum recorded after deposition of the matrix; (b) IR spectrum of the oxo 

tautomer of 1IQo theoretically predicted at the DFT(B3LYP)/cc-pVTZ level. The calculated 

wavenumbers were scaled by the single factor of 0.98. 
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UV (λ > 320 nm) irradiation of the monomers of the 1-isoquinolinone isolated in an Ar matrix 

stimulated the photoprocess leading to a conversion of the oxo form of the compound into 

hydroxy form. This photoreaction led to the decrease of the bands belonging to the spectrum of 

the oxo form and to the growth of the bands of the spectrum of the hydroxy tautomer 

(Figures 5.30 and 5.31). 

The bands originating from the oxo tautomeric form (νNH at 3444 cm-1) of the compound 

decreased, whereas the bands originating from the hydroxy tautomer arised. Among them 

appeared easily recognizable bands due to the νOH (at 3572 cm-1, see Figure 5.30), and due to 

the τOH (at 3572 cm-1, see Figure 5.31) vibrations. This observation supports the conclusion that 

the oxo → hydroxy (1Iqo → 1IQh) photoreaction (Figure 5.27) occurred for the monomers of 

1-isoquinolinone isolated in a low-temperature matrix. 
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Figure 5.30. High-frequency region of the infrared spectrum 1-isoquinolinone (1IQ) isolated 

in an Ar matrix: (a) spectrum recorded after deposition of the matrix and (b) spectrum 

recorded after 1.5 h of UV (λ > 320 nm) irradiation. 

 

 

Having two spectra (recorded before and after UV irradiation) of matrices containing different 

relative populations of the oxo and the hydroxy forms of 1-isoquinolinone, it was possible to 

extract (by subtracting the initial spectra due to the oxo tautomer) the spectra of the hydroxy 

tautomer of the compound. These two separated experimental spectra of tautomers are well 

reproduced by the results of the theoretical predictions of the spectra of form oxo 1IQo and 

hydroxy 1IQh (Figure 5.31). The absorption bands in the spectra of both tautomers have been 
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assigned to normal modes theoretically calculated at DFT(B3LYP)/cc-pVTZ level (see Appendix, 

Tables B7 and B8). 
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Figure 5.31. Panel (a). Fragments of the experimental spectra of 1-isoquinolinone: (blue line) 

recorded after deposition of the matrix, (red line) generated upon UV (λ > 320 nm) irradiation. 

Panel (b). The corresponding fragments of the spectra calculated at the DFT(B3LYP)/cc-pVTZ 

level for the following: (blue) the oxo tautomer (1IQo) and (red) the hydroxy tautomer (1IQh) of 

1-isoquinolinone. The calculated wavenumbers were scaled by a factor of 0.98. Asterisks indicate 

the bands intensities of which reach out of the scale. 

 

The results of theoretical estimation of the free energy difference between the hydroxy and 

oxo forms of 1-isoquinolinone are given in Table 5.4. Free energy difference cannot be obtained 

from experiment; it is only estimated as higher than the value obtained for the limit of detection of 

rare tautomer.  
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Table 5.4. Experimental and Theoretically Calculated Free Energy Differences Between the Hydroxy and 

Oxo Tautomers of 2-Pyridinone, 1-Isoquinolinone, 4-Pyrimidinone and 4-Quinazolinone (in kJ mol-1) 

 

compounds 

 
R(C-N)a 

Å 
ΔEel

b 

 
ΔF=ΔG c

at T 
ΔFexp=ΔGexp

at T 

T 
 

Kelvin 

Experimental ratio 
of hydroxy and 
oxo forms (at T) 
[hydroxy]:[oxo] 

N

O
H

N

O
H

2PD  
1.408 

-2.50 

(-4.79) 

-2.62 

(-4.91) 
-2.9 ± 0.5 340 2.8 : 1 

N

O

H
N

O
H

1IQ  
1.391 

23.97 

(21.17) 

23.68 

(20.88) 
>17 420 

hydroxy form 

not observed 

N

O

N

H

N

O

N

H

4PM  

1.415 
4.02 

(2.09) 

4.19 

(2.26) 
2.4 ± 0.3 400 1 : 2.1 

N

O
H

N

N

O
H

N 4QZ  
1.399 

28.79 

(25.77) 

28.78 

(25.76) 
>17 470 

hydroxy form 

not observed 

 

a Distance between C and N atoms in the H-N-C=O fragment of the oxo tautomer. The value has been obtained 

by geometry optimization carried out at the DFT(B3LYP)/cc-pVTZ level. 
b ΔEel difference of electronic energies (Ehydroxy-Eoxo) calculated at the QCISD/cc-pVDZ or QCISD(T)/cc-pVDZ 

(given in parenthesis) levels at geometry optimized using the DFT(B3LYP)/cc-pVTZ method. The results of 

QCISD(T)/cc-pVDZ calculation is taken from ref. [185]. 
c ΔF=ΔG difference  of free  Helmholtz = free Gibbs energies  (Fhydroxy-Foxo) calculated using the ΔEel values and 

ΔEZPE corrections obtained on the basis of the DFT(B3LYP)/cc-pVTZ calculations. 
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4-Quinazolinone 
 

4-quinazolinone (4QZ) is a compound which contains a benzene ring fused with 

a heterocyclic ring in position C3-C4 of 4-pyrimidinone (Figure 5.32). It was mentioned 

previously, that 4-quinazolinone is an analogous compound with 1-isoquinolinone (1IQ). 

The applied criterion is the position of the benzene ring with respect to the N-C-O fragment. In 

both compounds (4QZ and 1IQ), the benzene ring is attached in the same position C3-C4 to 

the single-ring compound: 4-pyrimidinone in the case of 4-quinazolinone, and 2-pyridinone in 

the case of 1-isoquinolinone. 
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Figure 5.32. Reaction of tautomerization oxo-hydroxy in 4-quinazolinone 

 

Theoretical calculations, carried out for 4QZ at QCISD and QCISD(T) levels, predict (as it 

was in the case of 1IQ) that tautomeric forms of this compound should differ in energy by more 

than 25 kJ mol-1 (Table 5.4). For 4QZ, the oxo form was predicted to be the significantly more 

stable tautomer. Free energy differences as big as those calculated for 4QZ (by analogy with 1IQ) 

should preclude experimental observation of the less stable tautomers. Figure 5.33 presents 

a high-frequency region of 4-quinazoline isolated in an Ar matix. This figure illustrates that there 

is no absorption in the spectral position typical of νOH. It indicates the absence of detectable 

amount of the molecules in the hydroxy 4QZh form in the matrix. 

Hence, on the basis of experimental and theoretical data, one can conclude that attachment of 

a benzene ring at a position such as in 4QZ and 1IQ leads to very pronounced (even more 

pronounced than was the case for 2QL and 2QX) relative stabilization of oxo tautomeric forms. 

Although for the “parent”, single-ring compounds (4PM and2PD) the hydroxy tautomers are well 

populated, the populations of the hydroxy forms of 4QZ and 1IQ in the gas phase must be so low 

that no traces of these tautomers could be found for 1IQ and 4QZ trapped from the gas into low-

temperature matrices [185]. 
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Figure 5.33. High-frequency region of the infrared spectra of 

4-quinazolinone (4QZ) isolated in Ar matrices. The IR band 

presented in this spectral range is due to νNH vibration and 

is characteristic of the oxo tautomers. No trace of band due to 

the νOH of hydroxy form was observed. 

no hydroxy form
was observed

 

 

 

The comparison of the experimental IR spectrum of 4-quinazolinone isolated in a low-

temperature Ar matrix with the spectrum theoretically predicted (at the DFT(B3LYP)/cc-pVTZ 

level) for isomer oxo (4QZo) is presented in Figure 5.34. A very good agreement between 

the patterns of experimental and theoretical spectra supports the conclusion that the oxo 

tautomeric form 2QLo is adopted by 4-quinazolinone monomers isolated in an Ar matrix. 

Assignment of the observed absorption bands to the theoretically predicted normal modes of 

tautomer 4QZo of the compound is given in Table B10 in the Appendix. 
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Figure 5.34. Comparison of (a) the experimental spectrum of isolated 4-quinazolinone in an Ar 

matrix (after deposition), the bands are due to the oxo form 4QZo, with (b) the theoretical 

spectrum of the oxo tautomer 4QZo of 4-quinazolinone calculated at the DFT(B3LYP)/cc-pVTZ 

level. Theoretical wavenumbers were scaled by a factor of 0.98. 
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The irradiation of the monomers of 4-quinazolinone isolated in an Ar matrix with UV 

(λ > 295 nm) light leads to decreasing of the bands belonging to the spectrum of the oxo form, and 

to arising of the new bands of the spectrum of the hydroxy tautomer. Particularly, the band due to 

the νNH vibration at 3432 cm-1, which is a characteristic of the oxo tautomer, has decreased, 

whereas the bands due to the νOH vibration (at 3561 cm-1) and τOH at 530 cm-1 originating from 

the hydroxy tautomer, have arised (Figures 5.35 and 5.36). The frequency of these bands due to 

the νOH and τOH vibrations is close to that of the corresponding νOH band at 3562 cm-1, and of 

τOH bands (at 535 and 470 cm-1), which were observed in the IR spectrum of 4-pyrimidinone 

isolated in an Ar matrix. On the basis of the spectra of 4-quinazolinone, recorded before and after 

UV irradiation of the matrices, one can conclude that the oxo → hydroxy (4QZo → 4QZh) 

phototautomeric reaction occurs also for monomers of 4-quinazolinone isolated in a low-

temperature matrix (Figure 5.32), as it was in the case of the bicyclic heterocycles considered in 

previous paragraphs. This photoreaction converts the oxo forms (4QZo) into the hydroxy 

tautomer (4QZh). 
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Figure 5.35. High-frequency regions of the infrared spectra of 4-quinazolinone (4QZ) 

isolated in an Ar matrix: (a) spectrum recorded after deposition of the matrix and (b) 

spectrum recorded after 4.5 h of UV (λ > 300 nm) irradiation. The IR bands present in this 

spectral range are due to νOH and νNH vibrations and are characteristic of the hydroxy and 

oxo tautomers, respectively. 
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A minor product emerging after UV irradiation of the matrix and coexisting with 

the dominating photoproduct 4QZh has a characteristic, comparatively broad band at 2250 and 

2138 cm−1. The spectral position and complex pattern with many maxima indicate that this band 

may be originating from the conjugated ketene. The most characteristic band in the spectra of 

ketenes is a very strong band due to the “antisymmetric” stretching vibration of the  –C=C=O 

group at the same region of IR spectra. 

The experimental difference of free energies of the two tautomers ΔFexp was estimated as 

larger than 17 kJ mol-1. The results of experimental and theoretical assessments of ΔF are 

presented in Table 5.4. As can be seen, theoretically obtained value of ΔF is above 

the experimentally estimated lower limit of this value. Theory (at the QCISD level) and 

experimental estimations provided the conclusion that of 4QZo oxo tautomer is significantly more 

stable. 

 

0

100

1400 1200 1000 800 600

0.00

0.05

ab
so

rb
an

ce

 wavenumbers / cm-1

 k
m

 m
ol

-1

b

a

τOH

 
 

Figure 5.36. Comparison of (a) the extracted spectrum of the photoproduct obtained after UV 

irradiation of 4-quinazolinone in an Ar matrix, with (b) the theoretical spectrum of the hydroxy 

tautomer 4QZh of 4-quinazolinone calculated at the DFT(B3LYP)/cc-pVTZ level. Theoretical 

wavenumbers were scaled by a factor of 0.98. 

 

Because of bands originating from the minor photoproduct, the assignment of the bands due to 

the hydroxy 4QZh tautomer of 4-quinazolinone needed more attention. The IR spectrum of 

hydroxy form was extracted by a numerical subtraction of the bands originating from the oxo 

form of the compound (see Figure 5.36). 

The assignment of the observed absorption bands due to the hydroxy tautomer of 

the 4-quinazolinone to the theoretically calculated normal modes of the form 4QZh is given in 

Table B11 in the Appendix. 
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The values of the ratio of the hydroxy and oxo tautomers of 4-quinazolinone (and 

1-isoquinolinone, see previous section), presented in Table 5.4, were compared with 

the corresponding data obtained for 4-pyrimidinone (4PM) (or 2-pyridinone 2PD in the case of 

1-isoquinolinone 1IQ), a single-ring analogue of 4-pyrimidinone (and 1-isoquinolinone). From 

this comparison (as well as from the graphical comparison of the high-frequency regions of the IR 

spectra of 4PM and 4QZ (2PD and 1IQ), presented in Figure 5.37, it is evident that direct 

attachment of a benzene ring to the C(5)-C(6) bond of the 4PM (and 2PD) ring leads to 

a dramatic shift of the tautomeric equilibrium in favor of the higher stability of the oxo tautomer. 
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Figure 5.37. High-frequency regions of the infrared spectra of 2-pyridinone (2PD), 

1-isoquinolinone (1IQ), 4-pyrimidinone (4PM), and 4-quinazolinone (4QZ) isolated in Ar 

matrixes. The IR bands present in this spectral range are due to νOH and νNH vibrations and are 

characteristic of the hydroxy and oxo tautomers, respectively. 
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3-Hydroxyisoquinoline 
 

Alongside 2-quinolinone 2QL and 1-isoquinolinone 1IQ, which are two compounds built of 

benzene and 2PD subunits fused together, there exists also a third isomer, 3-hydroxyisoquinoline 

(3IQ). This latter compound 3IQ is built by a fusion of the benzene ring with 2-pyridinone 2PD at 

the C(4)-C(5) bond (Figure 5.38). However, it does not seem that 3IQ is just a third isomer, which 

should be similar in its properties to 2QL and 1IQ. The very fact that in 2QL and 1IQ benzene is 

attached at one of the double bonds of the 2PDo form, whereas in 3IQ the two rings are fused at 

the C(4)-C(5) bond of 2PD (formally single in 2PDo), turned out to be of crucial importance for 

stabilization of the 3IQo tautomer. For the hydroxy form of 3IQ, the single- and double bond 

system in both rings is regularly aromatic, but the single and double-bond system in the oxo 3IQo 

tautomer does not contribute well to the stabilization of this form. This destabilization is reflected 

in the results of theoretical prediction of relative energies of the 3IQh and 3IQo tautomers. 
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Figure 5.38. Two tautomeric forms (oxo and hydroxy) of 3-hydroxyisoquinoline 

 

The energy of 3IQh was calculated at both QCISD and QCISD(T) levels to be lower by 

29 kJ mol-1 than the energy of the 3IQo form (Table 5.5). Such a big calculated energy difference 

for 3IQ should preclude experimental observation of the less stable tautomers. The experimental 

observations on 3IQ monomers isolated in an Ar matrix are in full agreement with the theoretical 

predictions [185]. Only the hydroxy 3IQh form was experimentally observed in an Ar matrix 

after deposition, with the 3IQo population (if any) below the detection limits. This is reflected in 

the high-frequency region of the infrared spectrum of 3IQ (Figure 5.39), where only the νOH 

band is observed and no absorption is detectable at the usual position of the νNH band. 
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Figure 5.39. High-frequency regions of the infrared spectra of 2-pyridinone (2PD) and 

3-isoquinolinone (3IQ) isolated in Ar matrixes. The IR bands present in this spectral range are 

due to νOH and νNH vibrations and are characteristic of the hydroxy and oxo tautomers, 

respectively. 

 

The comparison of the experimental IR spectrum of 3-hydroxyisoquinoline isolated in a low-

temperature Ar matrix with the spectrum theoretically predicted (at the DFT(B3LYP)/cc-pVTZ 

level) for isomer hydroxy (3IQh) confirms the conclusion, that the hydroxy tautomeric form 

3IQh is adopted by 3-hydroxyisoquinoline monomers isolated in an Ar matrix. It is presented in 

Figure 5.40, where a very good agreement between the patterns of experimental and theoretical 

spectra is illustrated. Assignment of the observed absorption bands to the theoretically predicted 

normal modes of tautomer 3IQh of the compound is given in Table B13 in the Appendix. 

After irradiation of the monomers of 3-hydroxyisoquinoline with UV light (λ > 275 nm), no 

changes in the intensities of the IR bands were observed on the time scale of an hour, and no 

indication of arising of a new substrate as a photoproduct. Hence, the spectrum recorded after 

irradiation was the pure spectrum of 3-hydroxyisoquinoline. 
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Table 5.5. Experimental and theoretically calculated free energy differences between the hydroxy and oxo 

tautomers of 2-tyridinone and 3-hydroxyisoquinoline (in kJ mol-1). 

 

compounds 
 

R(C-N)a 

Å 
ΔEel

b 

 
ΔF=ΔG c

at T 
ΔFexp=ΔGexp

at T 

T 
 

Kelvin 

Experimental ratio 
of hydroxy and 
oxo forms (at T) 
[hydroxy]:[oxo] 

N

O
H

N

O
H

2PD  

1.408 -2.50 
(-4.79) 

-2.62 
(-4.91) 

-2.9 ± 0.5 340 2.8 : 1 

N

O

H
N

O
H

3IQ  

1.427 -29.54 
(-29.00) 

-29.34 
(-28.80) < -17 420 oxo form not 

observed 

 
a Distance between C and N atoms in the H-N-C=O fragment of the oxo tautomer. The value has been obtained by 

geometry optimization carried out at the DFT(B3LYP)/cc-pVTZ level. 
b ΔEel difference of electronic energies (Ehydroxy-Eoxo) calculated at the QCISD/cc-pVDZ or QCISD(T)/cc-pVDZ 

(given in parenthesis) levels at geometry optimized using the DFT(B3LYP)/cc-pVTZ method. The results of 

QCISD(T)/cc-pVDZ calculation is taken from ref. [185]. 
c ΔF=ΔG difference of free Helmholtz = free Gibbs energies (Fhydroxy-Foxo) calculated using the ΔEel values and 

ΔEZPE corrections obtained on the basis of the DFT(B3LYP)/cc-pVTZ calculations. 
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Figure 5.40. Comparison of (a) the experimental spectrum of isolated 3-hydroxyquinoline in an Ar 

matrix, the bands are due to the hydroxy form 3IQh before UV irradiation with (b) the theoretical 

spectrum of the hydroxy tautomer 3IQh of 3-hydroxyquinoline calculated at the DFT(B3LYP)/cc-pVTZ 

level. Theoretical wavenumbers were scaled by a factor of 0.98. 
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The systematic survey of tautomerism of benzo-annelated derivatives of 2-pyridinone, 

4-pyrimidinone, and 2-pyrazinone revealed a substantial influence of fusion with a benzene ring 

on the oxo-hydroxy equilibrium. It was shown, using experimental and theoretical methods, that 

(except for a special case of 3-hydroxyisoquinoline) benzo-annelation leads to significant 

stabilization of the oxo tautomers with respect to the hydroxy forms. In the case of 

3-hydroxyisoquinoline, the attachment of a benzene ring to 2-pyridinone shifts the equilibrium 

towards the hydroxy tautomer. The theoretical results of all calculations carried out in this work 

are in good agreement with the experimental data. 

This effect was demonstrated for 2-quinolinone, 1-isoquinolinone, 2-quinoxalinone, and 

4-quinazolinone. A similar shift of a tautomeric equilibrium has recently been theoretically 

predicted for cytosine and its benzo-fused derivative [196]. It seems probable that an effect of 

the same nature contributes to greater stabilization of the oxo forms (relative to the hydroxy 

tautomers) of hypoxantine and allopurinol (see next paragraph, and [195, 197]) with respect to 

a corresponding tautomeric equilibrium in 4-pyrimidinone. In all of these cases, extension of 

a π-electron system (being a consequence of direct attachment of a second ring) seems to be 

the crucial factor. The results described in the present work should contribute to better 

understanding of a link between aromaticity and tautomerism [198]. 
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5.4. Systems with fused heterocyclic six- and five-membered rings 

 

Allopurinol and hypoxanthine are important compounds due to their biological functions. 

Both molecules are bicyclic. One of the rings of these compounds has the structure of 

4-pyrimidinone while the second is five-membered with two nitrogen atoms; it is pyrazole in 

the case of allopurinol and imidazole in the case of hypoxanthine. Pyrazole and imidazole are 

heterocyclic aromatic compounds and they are attached to the double bond of 4-pyrimidinone. 

Therefore, one may expect, having in mind the conclusions from the previous section, that for 

allopurinol and hypoxanthine the oxo-hydroxy tautomeric ratio should be shifted in favor of 

the oxo form with respect to the tautomeric ratio observed for 4-pyrimidinone. 

 

The biological activity of both compounds is described in the Introduction (Section 1.2). 

Hypoxanthine forms nucleoside - inosine. 9-Methylhypoxanthine is a model compound of 

inosine; the methyl group mimics the sugar moiety. 

 

 

Allopurinol 
 

The tautomerism of allopurinol is determined by the positions of two labile hydrogen atoms in 

the molecule. For this compound, there are 9 tautomers with canonical structures (see 

Figure 5.41). 

The crystal structure of allopurinol has been determined using three-dimensional X-ray data 

[199]. This X-ray structure analysis has revealed that the oxo form AI (see Figure 5.41) is 

the preferred tautomer in the crystal. The Raman and IR spectra recorded for crystalline 

allopurinol indicated also the presence of the oxo tautomers in the solid state [200]. Electronic 

absorption, dispersed fluorescence, and fluorescence excitation spectra were measured for this 

compound in aqueous solutions of different pH [201]. These studies showed that in water 

solutions the molecules of allopurinol adopt oxo AI tautomeric form. Coexistence of the oxo-

N(1)H (AI) and the oxo-N(2)H (AII) tautomers of allopurinol (see Figure 5.41 for atom 

numbering) in DMSO solution was suggested on the basis of the 13C NMR spectroscopic 

measurements [202]. 
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Figure 5.41. Canonical tautomeric forms of allopurinol. Forms AIIIa and AIVa refer to 

the rotamers with hydroxyl group directed towards N(5) atom, while forms AIIIb and AIVb are 

rotamers with hydroxyl group directed to C(3) atom. 

 

The theoretical calculations were carried out by Costas [203] at DFT level with the BP86 and 

B3LYP exchange-correlation functionals, and the DZVP and 6-31++G(d,p) basis sets. These 

studies demonstrate that AI and AII forms of allopurinol are the most stable oxo forms, but 

the relative energy of the AII is higher by a 15.4 kJ mol-1, with respect to AI tautomer. 

The relative energies of the tautomeric forms of allopurinol were calculated in the current 

work at the DFT(B3LYP), MP2, and QCISD levels. These calculations predicted that the oxo 

tautomer AI with one of the labile hydrogens attached to N(1) and the other to N(5) nitrogen 

atoms is the most stable form. The relative energies of five other tautomers which were calculated 

in the current work (AII, AIII, AIV, AV, AVI) are given in Table 5.5. 

 

 



 

Table 5.5. Relative electronic (ΔEel), zero-point vibrational (ΔZPE) and total (ΔEtotal = ΔEel + ΔZPE) energies (kJ mol-1) of allopurinol isomers. 
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H
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H

O
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N

N N
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 AI AII AIIIa AIIIb AIVa AV AVI AIVb 

ΔEel(DFT) 0 14.8 23.2 47.8 52.3 53.5 76.5 82.0 

ΔZPE(DFT) 0 0.0 -0.5 -1.6 -0.4 -1.4 -3.5 -2.0 

ΔEel(DFT)+ ΔZPE(DFT) 0 14.8 22.7 46.2 51.9 52.1 73.0 80.0 

ΔEel(MP2) 0 11.4 20.1      

ΔEel(MP2)+ ΔZPE(DFT) 0 11.4 19.6      

ΔEel(QCISD) 0 15.5 27.7  55.5    

ΔEel(QCISD)+ ΔZPE(DFT) 0 15.5 27.2  55    

 
The energy of the form AI was taken as reference. The results of DFT (using the B3LYP functional) and MP2 calculations obtained using 6-31++G(d,p) basis set; the results of 

QCISD obtained using cc-pVDZ basis set (geometry optimized at DFT(B3LYP)/cc-pVDZ level). 
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The forms AVII, AVIII and AIX (not listed in this table) are very high in energy (by more 

than 100 kJ mol-1) and can be safely ruled out from further discussion. Among the low-energy 

isomers of allopurinol, the oxo tautomer AII is higher in energy by 15.5 kJ mol-1 (QCISD), with 

respect to the energy of the oxo tautomer AI. The energy difference between the most stable 

hydroxy form AIIIa and tautomer AI is considerably high and is equal 27.7 kJ mol-1 (QCISD). 

Theoretical calculations carried out earlier by several authors at a lower level [203, 204] give 

a similar results of relative energies of allopurinol tautomers. Hence, for the gaseous allopurinol at 

ca. 450 K, the tautomeric form AI is expected to dominate, whereas tautomer AII can be 

populated only in a very small amount. The thermal population of any of the hydroxy tautomers 

should be so low that these forms would not be detectable either in the gas phase or in the low-

temperature matrices [195]. 

The infrared spectrum of allopurinol monomers isolated in an argon matrix is presented in 

Figure 5.42 (trace a). In the high-frequency region, two bands due to the NH stretching vibrations 

of the oxo form were observed at 3491 and 3432/3430 cm-1. These bands should correspond to 

the νN1H vibration in the pyrazole ring and to the νN5H vibration in the pyrimidine ring, 

respectively. The frequency of the latter band due to the stretching N5H vibration is very close to 

that of the corresponding νN3H band (3428 cm-1), which was observed in the IR spectrum of 

4-pyrimidinone isolated in an Ar matrix (see Section 5.2, [189]). It indicates that this band is due 

to the stretching vibration of the NH group in the pyrimidine ring. No absorption was found in 

frequency range 3650 – 3550 cm-1, where the bands due to the OH stretching vibrations should be 

expected.  

Another evidence that the oxo form is dominant is a very intense band at 1747 cm-1 which was 

interpreted as originating from the stretching C=O vibration νCO of the oxo tautomer of 

allopurinol (see Figure 5.42, trace a).  

The absence of the νOH band in the IR spectrum of allopurinol and the presence of a band due 

to the νCO vibration indicate that only oxo tautomer (or tautomers) of the compound exist(s) in 

the Ar matrix after its deposition.  
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Figure 5.42. Comparison of (a) the experimental IR absorption spectrum of allopurinol isolated in an Ar matrix 

with (b) the spectrum of the oxo tautomer AI and (c) the spectrum of the oxo tautomer AII theoretically simulated 

at the DFT(B3LYP)/6-31++G(d,p) level. The calculated wavenumbers were scaled by a factor of 0.98. 

 

The comparison of the experimental IR spectrum of allopurinol isolated in a low-temperature 

Ar matrix with the spectrum theoretically predicted (at the DFT(B3LYP)/6-31++G(d,p) level) for 

isomer AI is presented in Figure 5.42 (trace b). Good agreement between the patterns of 

experimental and theoretical spectra supports the conclusion that the oxo tautomeric form AI is 

adopted by allopurinol monomers isolated in an Ar matrix. Assignment of the observed absorption 

bands to the theoretically predicted normal modes of tautomer AI of the compound is given in 

Table C2 in Appendix. Comparison of the experimental spectrum of allopurinol with the spectra 

calculated for tautomers AI and AII does not allow assigning unequivocally any band, in 

the whole mid-IR range, to tautomer AII. Hence, there are no clear spectral signatures of 

the presence of this form in a low-temperature Ar matrix. On the other hand, the presence of 

a very small amount of allopurinol adopting the tautomeric form AII cannot be excluded based on 

the present experimental observations.  
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Figure 5.43. Phototautomeric reaction observed for allopurinol. 

 

Upon UV (λ > 230 nm) irradiation of the monomers of the compound isolated in an Ar matrix, 

all the bands of the initial spectrum (including the most intense νC=O band at 1747 cm-1) 

decreased, whereas a new spectrum of photoproduct(s) emerged (see Figure 5.44). The appealing 

feature of this new spectrum is the presence of the band at 3559 cm-1, which can be assigned to 

the stretching vibration of the OH group (νOH). The position of this band is quite similar to that 

of the νOH band found previously at 3564 cm-1 in the spectrum of 4-hydroxypyrimidine (see 

Section 5.2, [189, 26, 28]). On the basis of this observation one can postulate that 

the oxo → hydroxy (AI→AIII) photoreaction (Figure 5.43) occurred for the monomers of 

allopurinol isolated in a low-temperature matrix. Photoreactions of the same type were described 

earlier (see Sections 5.2 and 5.3 of the current work). Photoreaction is analogous to that observed 

for matrix-isolated 4-pyrimidinone [26, 28, 29]. 
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Figure 5.44. Portions of the IR spectrum of allopurinol isolated in an Ar matrix recorded:      

(a) after deposition; (b) after 4 h of UV (λ > 230 nm) irradiation; (c) difference spectrum: trace 

b minus trace a. 
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The photoprocess induced by UV (λ > 230 nm) irradiation of monomeric allopurinol did not 

lead to total conversion of the oxo form AI into the hydroxy tautomer AIIIa (for the structure see 

Figure 5.43). Upon prolonged (4 h) UV irradiation the intensities of the IR bands due to AI 

substrate decreased to 48% of their initial values. Hence, 52% of the AI form was converted into 

photoproduct(s) (Figure 5.44). The extracted spectrum of the photoproduct(s) is compared in 

Figure 5.45 with the spectrum of the hydroxy form AIIIa theoretically predicted at 

the DFT(B3LYP)/6-31++G(d,p) level. Good overall agreement between these two spectra 

supports the conclusion that the main photogenerated species is tautomer AIII. No such 

agreement was observed between the experimental spectrum of the photoproduct(s) and 

the theoretical spectra of other hydroxy isomers; e.g. form AIVa (see Figure 5.45, trace c). 

The assignment of the observed absorption bands to the theoretically calculated normal modes of 

the form AIIIa is given in Table C3 in Appendix.  
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Figure 5.45. Comparison of (a) the experimental spectrum of the photoproducts generated upon UV 

(λ > 230 nm) irradiation of allopurinol isolated in an Ar matrix with (b) the spectrum of the hydroxy 

tautomeric form AIIIa and with (c) the spectrum of the hydroxy tautomeric form AIVa, theoretically 

simulated at the DFT(B3LYP)/6-31++G(d,p) level. The calculated wavenumbers were scaled by a factor of 

0.98. Asterisks in the experimental spectrum point to the bands which indicate UV-induced creation of 

the ketene form with the open pyrimidine ring. The spectrum of unreacted oxo tautomer AI was subtracted.  
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A minor product emerging after UV irradiation of the matrix and coexisting with 

the dominating photoproduct AIII has a characteristic, comparatively broad band at 2153 cm-1 

(Figure 5.46). The frequency, complex pattern with many maxima, and high absolute intensity are 

typical of a band due to the “antisymmetric” stretching vibration of the –C=C=O group [28, 29, 

205]. The conjugated ketene may be formed after photohemical opening of the six-membered 

ring. The conjugated ketene can exist in several possible stable isomeric forms; one of them is 

presented  in  Figure 5.46.  For  this  structure, an extremely intense (1116 km mol-1) band due to 

–C=C=O “antisymmetric” stretching vibration with frequency 2159 cm-1 was theoretically 

predicted at the DFT(B3LYP) level. Analogous calculations carried out for other possible stable 

isomeric forms of open-ring conjugated ketene resulted in predictions of equally strong IR bands 

at nearly the same (±20 cm-1) frequency. The comparison between the experimental observation 

with the theoretically predicted frequency and intensity of the band due to –C=C=O 

“antisymmetric” stretching vibration suggests that a ring-opening reaction occurs for allopurinol 

upon UV irradiation. The low intensity of the band at 2153 cm-1 in the experimental spectrum and 

its high absorption coefficient indicate that only small fraction of allopurinol molecules was 

converted to the open-ring ketene structure upon UV irradaition. 
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Figure 5.46. The spectral range where the band due to the “antisymmetric” vibration of the ketene 

–C=C=O group should be expected. A: fragment of IR spectrum of allopurinol recorded after 

deposition of matrix; B: the spectrum recorded after UV irradiation of the matrix; C: the spectrum 

theoretically simulated at the DFT(B3LYP)/6-31++G(d,p) level with the corresponding ketene 

structure. The calculated wavenumber was scaled by a factor of 0.98. 

 

As it was mentioned already, the phototautomeric reaction observed for allopurinol did not 

lead to the total conversion of the initial oxo forms of the compounds into the corresponding 

hydroxy forms. The possible reasons for that are described in Section 5.6. 
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9-Methylhypoxanthine 

 

9-Methylhypoxanthine is a molecule of hypoxanthine with methyl group at the N(9) position. 

Methylation at the N(9) nitrogen atom fixes the form of hypoxanthine in which the compound is 

present in inosine. In 9-methylhypoxanthine, the number of possible tautomeric forms is 

significantly reduced with respect to hypoxanthine itself (see Figure 5.47). For this species, there 

is only one labile hydrogen atom (comparing with hypoxanthine, where there are two labile 

hydrogen atoms, see next section), which can be attached to either the oxygen atom or to one of 

the nitrogen atoms of the pyrimidine ring.  
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Figure 5.47.  Possible tautomeric forms of 9-methylhypoxanthine. 

 

The experimental physicochemical investigations on inosine and the model hypoxanthine 

derivatives substituted at N(9) atom (such as 9-methylhypoxanthine) concerned mostly 

the organometallic complexes of these species [206, 207]. The photoelectron spectra of gaseous 

hypoxanthines methylated at different positions (including 9-methylhypoxanthine) have been 

measured by Lin and co-workers [208]. Although this type of measurements gives usually only 

rough information about tautomerism, the authors concluded that the oxo forms of 

the investigated species predominate. As for inosine, its structure in the solid state has been 

determined using the X-ray crystallographic methods [209]. 

Theoretical calculations, carried out in the present work at DFT, MP2 and QCISD levels, 

showed that there are two low-energy forms of 9-methylhypoxanthine: the oxo-N(1)H-tautomer 
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and the hydroxy tautomer (the tautomers are denoted here as mHxI and mHxII, respectively), 

whereas the third tautomeric form mHxIII is much higher in energy (see Table 5.7). 

The oxo-N(1)H tautomer mHxI was predicted at all applied levels of theory to be the most stable 

form. The energy of the hydroxy forms mHxIIa and mHxIIb was calculated to be 10–19 kJ mol-1 

higher.  
 

 
Table 5.7. Relative electronic (ΔEel), zero-point vibrational (ΔZPE) and total (ΔEtotal=ΔEel+ΔZPE) energies 

(kJ mol-1) of 9-methylhypoxanthine isomers.  
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 mHxI mHxIIa mHxIIb mHxIII 

ΔEel(DFT) 0 13.6 18.8 85.9 

ΔZPE(DFT) 0 0.0 0.1 -3.7 

ΔEel(DFT)+ ΔZPE(DFT) 0 13.6 18.9 82.2 

ΔEel(MP2) 0 10.3 15.1  

ΔEel(MP2)+ ΔZPE(DFT) 0 10.3 15.2  

ΔEel(QCISD) 0 13.6 18.2 87.1 

ΔEel(QCISD)+ ΔZPE(DFT) 0 13.6 18.3 82.4 

 
The energy of the form mHxI was taken as reference. The results of DFT (using the B3LYP functional) and MP2 

calculations obtained using 6-31++G(d,p) basis set; the results of QCISD obtained using cc-pVDZ basis set 

(geometry optimized at DFT(B3LYP)/cc-pVDZ level). 

 

 

In the high frequency range (3600–3400 cm-1) of the experimental spectrum of 9-methyl-

hypoxanthine isolated in an Ar matrix (Figure 5.48), two bands were observed. The high-intensity 

band, assigned to the N1H stretching vibration was found at the frequency 3433 cm-1, similar to 

the frequencies of analogous bands in the spectra of allopurinol and 4-pyrimidinone. The lower-

intensity band was detected at the frequency 3557 cm-1, characteristic of the stretching vibration 

of the OH group. This picture strongly suggests that two tautomeric forms of 

9-methylhypoxanthine were trapped into a low-temperature Ar matrix: oxo and hydroxy (unlike 

allopurinol, where only oxo tautomer was detected in the freshly deposited Ar matrix) [195]. 

Based on the observed ratio of intensities of the experimental νOH and νNH bands and taking into 
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account the calculated absolute intensities of these bands, equal 106 and 68 km mol-1, 

respectively, the ratio of populations of the oxo and hydroxy tautomers was estimated as 11.7:1. 

Equation 37 was used for this purpose (see Section 5.1). 
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spectrum of 9-methylhypoxanthine isolated in an Ar 

matrix. The IR bands presented in this spectral range 

are due to νOH and νNH vibrations and are 

characteristic of the hydroxy and oxo tautomers, 

respectively. 

 

 
 

Assuming that the relative population of 9-methylhypoxanthine isomers, characteristic of 

the gaseous phase equilibrium prior to deposition, is retained in the matrix, it is possible to 

estimate the difference in energies between the two forms. The temperature of the oven used for 

deposition of 9-methylhypoxanthine in this study was equal to ca. 480 K. At this temperature 

the observed ratio of tautomers (11.7:1) corresponds, according to the Boltzmann distribution, to 

the energy difference of 9.8 kJ mol-1. This value is in a good correspondence with the energy 

difference 13.6 kJ mol-1 calculated by QCISD approach (see Table 5.7). 
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Figure 5.49. Phototautomeric reaction observed for 9-methylhypoxanthine 

 

UV (λ > 270 nm) irradiation of the matrix-isolated monomers of 9-methylhypoxanthine led to 

the decrease of the bands belonging to the spectrum of the oxo form (the bands due to the νC=O 

vibration at 1750 cm-1 and due to the νNH vibration at 3433 cm-1, which are characteristic of 

the oxo form of the compound) and to the increase of the (initially very weak) bands of 
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the spectrum of the hydroxy tautomer (Figure 5.50). The increasing of the intensity of the band at 

3559 cm-1, which can be assigned to the stretching vibration of the OH group (νOH) indicates that 

after irradiation of the matrix the oxo → hydroxy photoreaction occurred for the monomers of 

9-methylhypoxanthine isolated in a low-temperature matrix.  
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Figure 5.50. Portions of the IR spectrum of 9-methylhypoxanthine isolated in an Ar matrix: (a) 

after deposition of the matrix; (b) after 12 h of UV (λ > 270 nm) irradiation; (c) difference 

spectrum: trace b minus trace a. 

 

Having two spectra (recorded before and after UV irradiation) of matrices containing different 

relative populations of the oxo-N(1)H and the hydroxy forms of 9-methylhypoxanthine, it was 

possible to separate (using numerical subtraction) the spectra of the two tautomers of 

the compound and to assign the observed absorption bands to the theoretically predicted normal 

modes of oxo and hydroxy forms of the compound. These separated spectra are compared (in 

Figures 5.51 and 5.52) with the spectra calculated (at the DFT(B3LYP)/6-31++G(d,p) level) for 

tautomers oxo mHxI and hydroxy mHxII. Identification of the substrate of the photoreaction as 

form mHxI and the photoproduct as tautomer mHxII is strongly supported by the good 

agreement between the experimental and theoretical IR spectra. Hence, the main photochemical 

process observed for monomeric 9-methylhypoxanthine can be reliably interpreted as a proton 

transfer mHxI → mHxII reaction (Figure 5.49). The positions and relative intensities of 

the absorption bands found in the experimental spectra of both tautomers are compared with 

the theoretically predicted wavenumbers and absolute intensities of the bands in Tables C5 and C6 
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in the Appendix. The theoretically obtained bands have been assigned to the normal modes, which 

were presented using internal coordinates given in Table C4 in the Appendix. 
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Figure 5.51. Comparison of (a) the extracted experimental spectrum of the bands due to the oxo tautomer of 

9-methylhypoxanthine dominating in the Ar matrix before UV irradiation with (b) the theoretical spectrum of 

the oxo tautomer mHxI of 9-methylhypoxanthine calculated at the DFT(B3LYP)/6-31++G(d,p) level. 

Theoretical wavenumbers were scaled by a factor of 0.98. 

 

It does not seem very likely that both rotamers mHxIIa and mHxIIb are generated upon UV 

irradiation. The theoretically predicted spectrum of form mHxIIb does not reproduce well 

the experimental spectrum of the photoproduct(s) (see the comparison shown in Figure 5.52). 

Form mHxIIb is predicted to be higher in energy by 5 kJ mol-1, with respect to form mHxIIa and 

the barrier between these two forms was calculated (at the DFT (B3LYP)/6-31++G(d,p) level) to 

be 35 kJ mol−1. 
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Figure 5.52. Comparison of (a) the extracted spectrum of the bands due to the main photoproduct 

(the hydroxy tautomer) generated upon UV (λ > 270 nm) irradiation of 9-methylhypoxanthine isolated in 

an Ar matrix with (b) the theoretical spectrum of the hydroxy isomer mHxIIa and (c) the theoretical 

spectrum of the hydroxy isomer mHxIIb. The theoretical spectra were calculated at the DFT(B3LYP)/6-

31++G(d,p) level. The calculated wavenumbers were scaled by a factor of 0.98. 

 

Similarly as it was in the case of allopurinol, a minor product emerging after UV irradiation of 

the matrix and coexisting with the dominating photoproduct mHxII was detected. A small amount 

of the open-ring conjugated ketene occurred also for 9-methylhypoxanthine, and it has 

a characteristic, comparatively broad band at 2151 cm-1 due to the “antisymmetric” stretching 

vibration of the –C=C=O group (Figure 5.53). The conjugated ketene can exist in several possible 

stable isomeric forms, the theoretical simulation spectra (at DFT(B3LYP) level) in the Figure 5.53 

was calculated for one of possible forms, and this form is presented in in the right part of 

the figure. For this structure, an extremely intense (1082 km mol-1) band due to –C=C=O 

“antisymmetric” stretching vibration with frequency 2169 cm-1 was theoretically predicted at 

the DFT(B3LYP) level. Analogous calculations carried out for other possible stable isomeric 

forms of open-ring conjugated ketene 9-methylhypoxanthine resulted in predictions of equally 

strong IR bands at nearly the same (±20 cm-1) frequency. The comparison between 
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the experimental observation with the theoretically predicted frequency and intensity of the band 

due to –C=C=O “antisymmetric” stretching vibration suggests that a ring-opening reaction occurs 

for 9-methylhypoxanthine upon UV irradiation. 
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Figure 5.53. The spectral range where the bands due to the “antisymmetric” vibrations of the ketene 

–C=C=O group should be expected. (A) part of IR spectrum of 9-methylhypoxanthine recorded after 

deposition of matrix ; (B) the spectrum recorded after UV irradiation of the matrix; (C) the spectrum 

theoretically simulated at the DFT(B3LYP)/6-31++G(d,p) level and the structure of ketene. 

The calculated wavenumber was scaled by a factor of 0.98. 

 

Hence, upon irradiation of the matrix with UV light, the oxo form of 9-methylhypoxanthine 

existing in the matrix converts into hydroxy tautomeric form (as it was illustrated in Figure 5.49). 

As it was in the case of allopurinol, the oxo → hydroxy phototautomeric reaction observed for 

9-methylhypoxanthine did not lead to the total conversion of the initial oxo forms of 

the compounds into the corresponding hydroxy forms. Most probably, that for this compound 

the reaction of phototautomerism is reversible and as a result of irradiation the photostationary 

state is obtained (see Section 5.6). 
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Hypoxanthine 

 

Hypoxanthine is a purine base and consists of two heterocyclic rings: one is six-membered 

and has the structure of 4-pyrimidinone and the second has a five-membered structure of 

imidazole ring with two nitrogen atoms. Hypoxanthine (Hx) exhibits oxo-hydroxy tautomerism 

and tautomerism which is related with proton shift in the imidazole ring N9H ↔ N7H. Eight 

stable neutral tautomeric forms can be drawn: four oxo forms and four hydroxy forms. For each 

hydroxy form, except hydroxy-N1H, two rotameric forms may exist, depending on the position of 

the OH group. The structures of possible tautomers of hypoxanthine (Hx) are presented in 

Figure 5.54.  
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Figure 5.54.  Possible tautomeric forms of hypoxanthine. 

 

A variety of computational methods, including semi-empirical and ab initio, has been applied 

in order to predict the relative energy of different tautomers of hypoxanthine. In the gas phase, 

semi-empirical methods have predicted that the oxo-N(9)-H (form HxI) is more stable than 

oxo-N(7)-H (form HxII) by about 4 kJ/mol [222, 223]. However, the results of ab initio and 

density functional methods indicate that the form oxo-N(7)-H (HxII) is the most stable tautomer. 

Within the limits of the latter calculation, Costas et. al [210] reported the energetic stability, 

structural and electronic properties for 13 possible isomers of neutral hypoxanthine calculated at 

the DFT(BP)/DZVP level of theory. It was found that the most stable is oxo-N(7)-H (HxII) 
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tautomer, whereas the oxo-N(9)-H (HxI) form is predicted to be higher in energy only by 

3.5 kJ mol-1. For the hydroxy-N(9)-H (HxIII) and the hydroxy-N(7)-H (HxIV) tautomers of 

hypoxanthine, the calculated energies are significantly higher (by 24.8 and 34.8 kJ mol-1, 

respectively) than the energy of the most stable oxo-N(7)-H form. Hernandes [204] reported 

the calculated (at MP2 and DFT level of theory) energy difference for seven isomeric forms of 

hypoxanthine. According to the calculations performed at the MP2/6-31+G(d,p) level the oxo-

N(7)-H tautomer should be the most stable, the oxo-N(9)-H form is predicted to be higher in 

energy by 3.8 kJ mol-1; for hydroxy-N(9)-H and the hydroxy-N(7)-H tautomers the calculated 

energies are significantly higher (by 11.7 and 21.3 kJ mol-1, respectively) than the energy of 

the most stable oxo-N(7)-H form. Similar values of the relative energies of hypoxanthine 

tautomers were obtained at the MP2/6-31++G(d,p), [211] DFT(B3LYP)/6-311++G(d,p) [212] and 

DFT(B3LYP)/6-31+G(d,p) [204] levels of theory. 

Hence, all results of ab initio and density functional methods predicted that the oxo-N(7)-H 

(HxII) form is the most stable tautomer. However, the theoretical Monte Carlo calculations of 

the thermodynamic properties of water solutions of hypoxanthine [213] showed that in water 

environment the oxo-N(9)-H (HxI) tautomer would only be slightly favored as compared with 

the oxo-N(7)-H form. According to these results, for neutral hypoxanthine in aqueous solutions, 

the populations of both tautomers should be similar. 

In this work, the relative stabilities of seven isomeric forms of hypoxanthine were studied at 

different levels of theory. Calculations were made for two oxo tautomers [oxo-N(7)-H and 

oxo-N(9)-H] and for five hydroxy forms [two rotamers of hydroxy-N(7)-H tautomer, two 

rotamers of hydroxy-N(9)-H tautomer and form hydroxy-N(1)-H], the structures of which are 

shown in Table 5.8. The results of calculations at the DFT/6-31++G(d,p) and MP2/cc-pVDZ 

levels (see Table 5.8) indicate that the oxo tautomer (HxII) is the most stable. The difference in 

electronic energies due to proton shift between nitrogens N7 (HxII) and N9 (HxI) is small 

(3.5 kJ mol-1 at DFT and 3.2 kJ mol-1 at MP2 levels of theory). The calculations made at QCISD 

level of theory (cc-pVDZ basis set) predicted that oxo-N(9)-H tautomer has the lowest energy 

(with energy difference about -0.1 kJ mol-1 between oxo-N(7)-H and oxo-N(9)-H tautomers). 

When the difference between zero-point-energy of these tautomers was taken into account then 

the QCISD calculations indicate that the form oxo-N(7)-H is slightly more stable (by 

0.1 kJ mol-1). The relative energies of seven tautomers calculated in the current work are 

summarized in Table 5.8.  



 

 

 

Table 5.8. Relative electronic (ΔEel), zero-point vibrational (ΔZPE) and total (ΔEel+ΔZPE) energies (kJ mol−1) of hypoxanthine tautomers. 
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 HxII HxI HxIV  HxIII   

ΔEel(DFT) 0 3.5 28.2 65.4 17.5 23.2 83.6 

ΔZPE(DFT) 0 0.2 1.0 4.0 0.3 0.3 1.5 

ΔEel(DFT)+ΔZPE(DFT) 0 3.7 29.2 69.4 17.8 23.5 85.1 

ΔEel(MP2) 0 3.2 24.1  13.5   

ΔEel(MP2)+ΔZPE(DFT) 0 3.4 25.1  13.8   

ΔEel(QCISD) 0 -0.1 27.7  13.8   

ΔEel(QCISD)+ΔZPE(DFT) 0 0.1 28.7  14.1   
 
The energy of the form HxII oxo-N(7)-H was taken as reference. The results of DFT (using the B3LYP functional) and MP2 calculations obtained using 

6-31++G(d,p) basis set (geometry optimized at DFT(B3LYP)/ 6-31++G(d,p) level); the results of QCISD obtained using cc-pVDZ basis set (geometry 

optimized at DFT(B3LYP)/cc-pVDZ level). 
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A variety of experimental measurements, including ultraviolet spectroscopy [214], ultraviolet 

photoelectron spectroscopy [208], IR spectroscopy in inert gas matrix [215] and X-ray [216], have 

led to different conclusions on hypoxanthine tautomerism. Ultraviolet photoelectron spectra of 

hypoxanthine in the gas phase indicate the high stability of the oxo-N(7)-H tautomer than 

the oxo-N(9)-H form [208]. In crystal, hypoxanthine exists in the oxo-N(9)-H tautomeric form 

[Munns]. In the case of xanthine, a dioxypurine, the oxo-N(7)H form is predicted to be 

the dominant tautomer present in the gas phase and in aqueous media [217, 218]. Neutron 

diffraction studies pointed out that in the crystalline phase the molecules of hypoxanthine exist 

predominantly in oxo-N(9)-H tautomeric form with an approximately planar purine ring; 

however, a minor contribution from other tautomers of hypoxanthine could not be excluded with 

certainty [216].  

Tautomerism involving change of position of a proton within the five-membered imidazole 

ring has been studied on the basis of spectroscopic investigations of neutral hypoxanthine in 

solutions. [219, 220, 214] These studies suggest that the relative population of the tautomeric 

species is strongly dependent on the solvent dielectric constant.  

The experimental matrix-isolation studies performed hitherto [211, 221, 215] suggested that 

monomers of hypoxanthine isolated in low-temperature matrices adopt predominantly the oxo-

N(7)-H and oxo-N(9)-H tautomeric forms. Spectral signatures of a small amount (less than 5%) of 

hydroxy form [211, 215] were also reported. Hence, although these experimental studies suffered 

from technical imperfections and provided no reliable method for distinguishing between the IR 

bands due to different tautomers, they seemed to confirm the theoretical predictions. 

 

The infrared spectrum of hypoxanthine monomers isolated in and argon matrix, recorded in 

the present study [197], is not quite identical to the spectra reported previously [211, 221, 215]. 

The most striking difference concerns the region 3520 – 3400 cm-1, where the bands due to N-H 

stretching vibrations are expected. The band at 3464 cm-1 was reported in all of the previous 

papers as the strongest absorption in this range. However, in the IR spectra recorded within 

the current work no absorption appears at this frequency (see Figure 5.55). This shows that 

a significant amount of species other than hypoxanthine monomers was present in matrices 

reported by other authors [211, 221, 215]. The presence of some impurities was also indicated by 

appearance of 15 other IR bands reported by other authors but missing in the spectra recorded 

within the current work. 
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Figure 5.55. The high-frequency region of the IR spectrum of hypoxanthine isolated in an 

Ar matrix. Arrow indicates the position of the absorption band reported by other authors 

but absent in the spectra collected within the present work. 

  

According to the theoretical calculations of relative energies of tautomeric forms of 

hypoxanthine, both oxo-N(9)-H form (HxI) and oxo-N(7)-H form (HxII) should be populated in 

the gas phase in comparable quantities, with somewhat higher population of the latter tautomer. 

Such a predominance of the oxo-N(7)-H tautomer in the gas phase was previously observed by 

means of UV photoelectron spectroscopy [208]. As a consequence, these oxo forms (HxII and 

HxI) should be also trapped into a low-temperature matrix.  

The infrared spectrum of hypoxanthine monomers isolated in an argon matrix is presented in 

Figures 5.55 and 5.56. In the high-frequency region, two split bands due to the NH stretching 

vibrations of the oxo forms of the compound were observed at 3490/3478 and 3431/3428 cm-1. 

These bands should correspond to the stretching vibration of the NH groups which belong to 

the pyrazole and pyrimidine rings, respectively. The frequency of the latter band due to 

the stretching N1H vibration is very close to that of the corresponding νN3H band (3428 cm-1), 

which was observed in the IR spectrum of 4-pyrimidinone isolated in an Ar matrix (see 

Section 5.2, [189]). It indicates that this band is due to the stretching vibration of the NH group in 

the pyrimidine ring.  

In the region 1800-1600 cm-1 of the IR spectra of isolated hypoxanthine, two strong bands due 

to the stretching vibration of the C=O group (νC=O) were observed at 1753 and 1735cm-1. This 

point out that oxo forms of the studied compound are populated in a low-temperature matrix after 

deposition. The comparison of the experimental spectrum of hypoxanthine monomers with 

the theoretical spectra calculated for the oxo-N(9)-H form (HxI) and for the oxo-N(7)-H form 

(HxII) presented in Figure 5.56 strongly suggest that both these tautomeric forms are present in 

the low-temperature matrix. 
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Figure 5.56. The IR spectrum of hypoxanthine isolated in an Ar matrix (10 K) compared with 

the results of theoretical simulations of the spectra: (blue sticks) for the oxo-N(7)-H (HxII) tautomer 

and (red sticks) for the oxo-N(9)-H (HxI) tautomer. The calculated (at DFT(B3LYP)/6-31++G(d,p) 

level) wavenumbers were scaled by the single factor of 0.98. 

 

 

Upon UV (λ > 270 nm) irradiation of matrix-isolated hypoxanthine, one set of IR bands 

substantially decreased in intensity, whereas the bands belonging to another set were almost 

unchanged (Figure 5.57). For example, the band due to the stretching vibration of the C=O group 

(νC=O) observed at 1753 cm-1 decreased strongly, but a band due to the same type of vibration, 

found at 1735 cm-1 (corresponding to the band in the theoretical spectrum of the other oxo 

tautomer) did not. Comparison with the spectra theoretically predicted at 

the DFT(B3LYP)/6-31++G(d,p) level (Figures 5.56 and 5.57) suggests that these two bands 

should be assigned to the oxo tautomers HxI and HxII, respectively. The lower frequency of 

the νC=O vibration in molecules adopting the oxo-N(7)-H form HxII reflects the effect of 



results and discussion 112 

the hydrogen-bond-like (but much weaker than a typical hydrogen bonding) interaction between 

the N(7)-H proton and the oxygen atom of the C=O group. Also the analysis of other regions of 

IR spectra (presented in Figure 5.57) recorded before and after UV (λ > 270 nm) irradiation 

confirms the assignment of structure HxI to the form being the substrate significantly consumed 

in the photoreaction induced by exposure to UV (λ > 270 nm) light. 
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Figure 5.57. Fragments of the IR spectrum of hypoxanthine isolated in an Ar matrix: (A) after 

deposition of the matrix, (B) after 4 h of UV (λ > 270 nm) irradiation; compared with corresponding 

fragments of the spectrum calculated at the DFT(B3LYP)/6-31++G(d,p) level for (C) the oxo-N(9)-H 

(HxI) tautomer and (D) the oxo-N(7)-H (HxII) tautomer of the compound. The calculated 

wavenumbers were scaled by a factor of 0.98. 

 

Decrease of the population of form HxI was accompanied by generation of a photoproduct. If 

the photoreaction consuming tautomer HxI is a phototautomeric reaction presented in Figure 5.58, 

then the photoproduct generated in this photoprocess should have the hydroxy-N(9)-H structure 

HxIII. It is noteworthy, that the bands due to the product of the phototransformation of form HxI 

grow at the positions of very weak absorptions present already (see Figure 5.59) in the spectrum 
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collected before exposure of the matrix to UV (λ > 270 nm) light. One of these bands was 

observed at 3566/3561 cm-1 that is at a frequency typical for the O-H stretching vibrations (νOH). 

Analogous (νOH) bands in the spectra of the hydroxy forms of related compounds such as 

allopurinol and 9-methylhypoxanthine, were found at very similar frequencies: 3564 cm-1 and 

3557 cm-1, respectively (see previous paragraphs). These experimental facts strongly suggest that 

the photoproduct is the hydroxy-N(9)-H form HxIII and that a very small amount of this tautomer 

were present in the Ar matrix before any irradiation. 
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Figure 5.58. Unimolecular oxo → hydroxy photoreactions in hypoxanthine 

 

On the basis of the effects induced by UV (λ > 270 nm) irradiation of matrix-isolated 

hypoxanthine it was possible to assign the bands found in the IR spectrum of the compound to 

the separated spectra of the oxo-N(9)-H (HxI), oxo-N(7)-H (HxII) and hydroxy-N(9)-H (HxIII) 

tautomeric forms. For most of the observed IR bands, this assignment could be done in 

the unequivocal manner; somewhat less certain assignments concern cases of significant overlap 

of bands due to two or three tautomers. The spectrum of the bands substantially decreasing during 

UV (λ > 270 nm) irradiation (decreasing in the same manner as the νC=O band at 1753 cm-1) is 

graphically presented in Figure 5.60 trace C. The spectrum of the bands decreasing only slightly 

during UV (λ > 270 nm) irradiation (behaving in the same manner as the νC=O band at 

1735 cm-1) is shown in Figure 5.60 trace A. These spectra were extracted by electronic 

subtractions of the spectra recorded before and after irradiation of the matrix. These two 

experimental spectra are well reproduced by the results of the theoretical predictions of the spectra 

of form HxI (Figure 5.60 trace D) and of form HxII (Figure 5.60 trace B), respectively. The very 
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good agreement between experimental and theoretical spectra presented in Figure 5.60 leaves no 

doubt about the correctness of identification of forms HxI and HxII.  
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Figure 5.59. Fragments of the IR spectrum of hypoxanthine isolated in an Ar matrix: (A) after 

deposition of the matrix, (B) after 4 h of UV (λ > 270 nm) irradiation. Arrows indicate 

the positions of the weak absorption bands present in the initial spectrum and growing upon UV 

(λ > 270 nm) irradiation. These bands are the spectral signatures of the hydroxy-N(9)-H (HxIII) 

tautomer. 

 

The list of IR bands observed in the initial spectrum of hypoxanthine isolated in a low-

temperature Ar matrix is given in Table C9 in the Appendix. These bands are assigned to 

a particular tautomeric form HxI, HxII or HxIII and interpreted by comparison with the spectra 

calculated at the DFT(B3LYP)/6-31++G(d,p) level. The theoretical spectra of tautomers of 

hypoxanthine are presented in the Appendix in Tables C11-C14. These tables provide also 

detailed PED analysis of the calculated normal modes.  
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Figure 5.60. Comparison of the spectra of two substrates of the observed photoreactions: (C) spectrum of 

the bands significantly decreasing upon UV (λ > 270 nm) irradiation (showing the same behavior as the band 

at 1753 cm-1 presented in Figure 5.56), (A) spectrum of the bands only slightly decreasing upon UV (λ > 270 

nm) irradiation (showing the same behavior as the band at 1753 cm-1 presented in Figure 5.56), with 

the spectra calculated at the DFT(B3LYP)/6-31++G(d,p) level for (B) the oxo-N(7)-H (HxII) tautomer and (D) 

the oxo-N(9)-H (HxI) tautomer of hypoxanthine. The calculated wavenumbers were scaled by a factor of 0.98. 

Asterisks indicate the bands intensities of which reach out of the scale. 

 

An attempt was made to estimate the ratio of tautomers of hypoxanthine trapped in the low-

temperature Ar matrix. The ratio of populations of the oxo-N(9)-H (HxI) and the oxo-N(7)-H 

(HxII) forms was estimated using equation 37 (see Section 5.1), using sums of intensities of 

experimental bands that could be safely assigned to the oxo-N(9)-H and the oxo-N(7)-H forms, 

and sums of the absolute intensities of corresponding bands in the spectra theoretically calculated 

for these two tautomers. The obtained value is k1= [HxI] : [HxII] = 0.51. 

The strongly overlapping bands due to N-H stretching vibrations (see Table C9) were not 

taken into account in this assessment. Assuming that the observed ratio of tautomers (k1=0.51) 

corresponds to the frozen gas-phase equilibrium at the temperature of evaporation of 

the compound (T=500 K), the free energy difference between the two oxo forms was estimated as 
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ΔF=2.8 kJ mol-1 in favor of form HxII. This value is higher than theoretical predictions at 

QCISD/ cc-pVDZ//DFT(B3LYP)/6-31++G(d,p) levels by 2.7 kJ mol-1 (Table 5.8). 

In the case of oxo – hydroxy tautomeric equilibrium, the situation is more complicated. 

Because of small initial population of the hydroxy-N(9)-H form HxIII, infrared bands due to this 

tautomer are very weak. Hence, the assessment of k2= [HxIII] : [HxI] using the same method as 

in the case of k1 would suffer from substantial uncertainty. Nevertheless, such an effort was 

undertaken and the resulting ratio of the hydroxy-N(9)-H form to the oxo-N(9)-H form was 

k2= [HxIII] : [HxI] = 0.1 ± 0.03.  

Such values of k1 and k2 mean, that after deposition of the matrix tautomers HxII, HxI and 

HxIII are present in the ratio of 1 : 0.51 : 0.05. 

Another method has also been applied in order to assess the relative population of tautomeric 

form HxIII. This approach was based on the changes of populations of the oxo-N(9)-H form HxI 

and hydroxy-N(9)-H form HxIII during the transformation HxI → HxIII, induced by UV 

(λ > 270nm) light. Consumption of form I and generation of form III can be described by equation 

(49), 

[HxI]i - [HxI]f = [HxIII]f - [HxIII]i    (49) 

where: [HxI]i and [HxIII]i are populations of forms HxI and HxIII before UV irradiations,  

[HxI]f and [HxIII]f are populations of forms HxI and HxIII after UV irradiations.  

Equation 49 is strictly valid as far as the HxI → HxIII conversion is quantitative. 

On the basis of the experimental spectra, collected before and after UV (λ > 270 nm) 

irradiation, the following values were obtained: [HxIII]f :[HxIII]i = 8.3 and [HxI]f :[HxI]i = 0.24. 

By combination of these relations with equation 49, the ratio of populations of forms HxIII 

and HxI was assessed, 
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Because upon exposure of matrix-isolated hypoxanthine to UV (λ > 270 nm) light the oxo → 

hydroxy phototautomeric reaction was accompanied by a minor photodecomposition process (see 

the spectral signatures in the Figures 5.61 and 5.62), the value  must be treated as an upper limit 

of the ratio of forms HxIII and HxI in the Ar matrix before any irradiation. Nevertheless, as it 

'
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could be seen, both methods of evaluation of relative population of form HxIII gave the same 

values . 1.0'
22 == kk
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Figure 5.61. Fragment of the IR spectrum of hypoxanthine isolated in an Ar matrix: (A) after deposition of 

the matrix; (B) after 4 h of UV (λ > 270 nm) irradiation; (C) recorded in a separate experiment after 2 h of 

UV (λ > 230 nm) irradiation of the matrix. Infrared bands due to different tautomers of hypoxanthine are 

marked with different color of the background: (green) oxo-N(9)-H (HxI); (violet) oxo-N(7)-H (HxII); 

(orange) hydroxy-N(9)-H (HxIII); (yellow) hydroxy-N(7)-H (HxIV). Intensities of the bands recorded in 

the two experiments are normalized by the factor correcting for the slightly different amount of 

the compound deposited in both experiments. 

 

For the temperature T=500K and the ratio of tautomers HxII : HxIII = 0.05 the free energy 

difference between forms HxII and HxIII is equals to 12.5 ± 1 kJ mol-1 in favor of oxo-N(7)-H 

form HxII. This value corresponds nicely to the energy difference for tautomers HxII and HxIII 

calculated at the MP2/6-31++(d,p) level (ΔE + ΔZPE = 13.8 kJ mol-1) and QCISD/cc-pVDZ// 

DFT(B3LYP)/ 6-31++G(d,p) level (ΔE + ΔZPE = 14.1 kJ mol-1), see Table 5.8.  

The oxo-hydroxy equilibrium HxI : HxIII observed within N(9)-H tautomers of hypoxanthine 

is quite similar to that obtained for 9-methylhypoxanthine (see previous paragraph). For the latter 

compound, the ratio of the oxo and hydroxy tautomers trapped in an Ar matrix was 11.7 : 1, 

whereas for hypoxanthine the analogous ratio was approximately equal HxI : HxIII = 10 : 1. It 

 



results and discussion 118 

could be anticipated that tautomerism, in which N(1) and O atoms are directly involved, would 

not be significantly influenced by the replacement of the hydrogen atom by a methyl group at 

the remote N(9) position. Hence, it is not surprising that the experimentally estimated difference 

of free energies (9.8 kJ mol-1 at T=480K) of the hydroxy and oxo tautomers of 9-methyl-

hypoxanthine is so similar to the corresponding value obtained for the hydroxy (HxIII) and 

oxo-N(9)-H (HxI) tautomers of hypoxanthine (9.6 kJ mol-1 at T=500K). 

Whereas irradiation of matrix-isolated hypoxanthine with UV (λ > 270 nm) light led only to 

slight consumption of the oxo-N(7)-H tautomer HxII and to generation of correspondingly small 

amount of the hydroxy-N(7)-H form HxIV, the phototautomeric HxII → HxIV transformation 

was considerably more pronounced when the matrices were exposed to shorter-wavelength UV 

(λ > 230 nm) light, see Figure 5.62. The spectra shown in Figure 5.61 demonstrate 

the dependency of relative effectiveness of HxII → HxIV and HxI → HxIII phototautomeric 

reactions on the wavelength of UV light used for irradiation. The bigger amount of 

the hydroxy-N(7)-H tautomer HxIV generated upon UV (λ > 230 nm) irradiation is evidenced by 

much higher intensity of the band at 1567/1566 cm-1 (Figure 5.61 trace C), in comparison to 

the intensity of this band in the spectrum recorded after irradiation of the matrix with UV 

(λ > 270 nm) light (Figure 5.61 trace B). The IR band at 1566 cm-1 is a very characteristic feature, 

which can reliably be assigned to the spectrum of the hydroxy-N(7)-H form HxIV. 
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Figure 5.62. The change of the intensity of the band at 1566 cm-1 with time of irradiation: after 

irradiation with λ > 270 nm light - green trace; after irradiation with λ > 230 nm light- blue trace. 

This band is a characteristic feature of the hydroxy-N(7)-H form (HxIV) in the IR spectra of 

hypoxanthine. 
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The experimental spectra of photoproducts generated upon UV (λ > 230 nm) irradiation and 

upon UV (λ > 270 nm) irradiation are compared in Figure 5.63 with the spectra theoretically 

predicted for the hydroxy tautomers HxIII and HxIV. This comparison supports the conclusion 

that exposure of matrix-isolated hypoxanthine to UV light leads to phototautomeric reactions 

HxI → HxIII and HxII → HxIV (Figure 5.58), with the first process relatively more effective 

upon (λ > 270 nm) irradiation and the second process more pronounced upon (λ > 230 nm) 

irradiation. The bands which could be reliably assigned to the spectra of hydroxy tautomers HxIII 

and HxIV are listed in Table C10 in the Appendix. These bands are also compared with 

the results of theoretical predictions and interpreted in terms of DFT-calculated normal modes. 
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Figure 5.63. Panel (A). Fragments of the experimental spectra of photoproducts: (red line) generated upon UV 

(λ>270 nm) irradiation, (blue line) generated upon UV (λ>230 nm) irradiation. The spectra of the oxo-N(9)-H 

(HxI) and oxo-N(7)-H (HxII) tautomers were removed by electronic subtraction from the spectra recorded 

after UV irradiation. Panel (B). The corresponding fragments of the spectra calculated at 

the DFT(B3LYP)/6-31++G(d,p) level for: (red) the hydroxy-N(9)-H tautomer (HxIII) and (blue) 

the hydroxy-N(7)-H tautomer (HxIV) of hypoxanthine. The calculated wavenumbers were scaled by a factor of 

0.98. Asterisks indicate the bands due to unidentified photoproducts other than the hydroxy tautomers HxIII 

and HxIV. 
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Alongside the IR bands, which should be assigned to photoproducts HxIII and HxIV, several 

other bands appear in the spectra recorded after UV irradiation. One of these IR absorptions 

(a broad and structured feature at 2144 cm-1) indicates photogeneration of the open-ring 

conjugated ketene (Figure 5.64). Analogous bands (due to “antisymmetric” stretching vibrations 

of the –C=C=O group) were observed at 2153, 2151 and 2139 cm-1 in the IR spectra of UV-

irradiated allopurinol, 9-methylhypoxanthine and 4-pyrimidinone, respectively (see Sections 5.2 

and 5.4). Other bands (e.g. those shown in Figure 5.63) indicating occurrence of unidentified 

phototransformations accompanying the HxII → HxIV and HxI → HxIII phototautomerism 

were observed at: 2144, 1673, 1590, 1476, 1355/1353, 1137, 822 and 718 cm-1. These bands 

appeared already upon UV (λ > 270 nm) irradiation of matrix-isolated hypoxanthine. The yield of 

unidentified photoproducts, other than the hydroxy tautomers HxIII and HxIV, was higher when 

the shorter-wavelength UV (λ > 230 nm) light was used. Photogeneration of these species was 

even more pronounced when matrices were exposed to unfiltered light of the high-pressure 

mercury lamp (λ > 200 nm). 
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Figure 5.64. The spectral range where the bands due to the “antisymmetric” vibrations of 

the ketene -C=C=O group should be expected. Progress of UV irradiation of hypoxanthine 

isolated in an Ar matrix: the black trace corresponds to the IR spectrum recorded after deposition 

of the matrix; blue and green traces correspond to the spectra recorded after 45 and 105 min 

irradiation of the matrix with UV light using cutoff filter λ > 230 nm, respectively; olive and red 

traces correspond to the spectra recorded after further irradiation (60 and 120 min, respectively) 

of the matrix with UV light without any filter (λ > 200 nm). 
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5.5. N-hydroxypyridine-2(1H)-thione 

 

N-hydroxypyridine-2(1H)-thione (Np) (other names are omadine or pyrithione) is known as a 

candidate for a good photochemical precursor of hydroxyl radicals (·OH). This compound has 

been used as a photochemical source of ·OH radicals in a number of studies on oxidative damage 

of DNA [95-98]. It was observed that hydroxyl radicals were photogenerated already upon UV 

(λ > 350 nm) irradiation. These mild photochemical conditions constitute an obvious advantage of 

N-hydroxypyridine-2(1H)-thione as a precursor. On the other hand, Aveline and coworkers [102-

104] claimed that N-hydroxypyridine-2(1H)-thione was a nonspecific hydroxyl radical generator, 

and beside the ·OH radical cleavage, this compound undergoes other primary photoprocesses, 

which are pH-dependent [102-104]. 

N-Hydroxypyridine-2(1H)-thione (Np) is known under commercial name 2-mercaptopyridine 

N-oxide. These two names correspond to structures NpI and NpII, respectively (see Figure 5.65). 

The possibility of the molecule to adopt structures NpI and NpII, differing only by the position of 

the labile hydrogen atom, is caused by prototropic tautomerism. Hence, for the compound in 

the gas phase, an equilibrium reflecting (in terms of Boltzmann's distribution) relative stabilities 

of forms NpI and NpII should be expected. In the current work, relative energies of forms NpI 

and NpII were calculated at the MP2/6-311++G(d,p) and QCISD/6-31++G(d,p) levels. 

The results of these calculations made for several isomers of the compound are presented in Table 

5.9. The N-hydroxy form NpI was predicted to be substantially more stable (by ca. 30 kJ mol-1) 

than the N-oxide form NpIIa. Crystallographic investigation by Bond and Jones demonstrated 

that in the solid state the compound adopts the N-hydroxy thione form NpI [224]. 
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Figure 5.65. Structures of N-hydroxypyridine-2(1H)-thione, its deuterated derivative and 

2-mercaptopyridine N-oxide. 
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Table 5.9. Relative electronic (ΔEel), zero-point vibrational (ΔZPE) and total (ΔEel+ΔZPE) energies 

(kJ mol−1) of N-hydroxypyridine-2(1H)-thione (Np) isomers. 
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NpIIIb NpIIIa NpI NpIIa NpIIb 

ΔEel(DFT) -53.8 -56.4 0.0 28.5 42.0 

ΔZPE(DFT) 2.7 2.9 0.0 8.0 6.8 

ΔEel(DFT)+ΔZPE(DFT) -51.1 -53.5 0.0 36.5 48.8 

ΔEel(MP2) -66.7 -66.9 a 0.0 21.1 31.9 

ΔEel(MP2)+ΔZPE(DFT) -64.0 -64.0 0.0 29.1 38.7 

ΔEel(QCISD) b -85.0 -81.6 0.0 24.8 35.3 

ΔEel(QCISD)b+ΔZPE(DFT) -82.3 -78.7 0.0 32.8 42.1 

 
The energy of the form NpI was taken as reference. The DFT(B3LYP) and MP2 calculations were carried 

out using the 6-311++G(d,p) basis set. 
a Nonplanar structure, torsion angles: τ(HOSC)=55.70, τ(OSCN)=32.50

bQCISD calculations were carried out using the 6-31++G(d,p) basis set at geometry optimized at 

the DFT(B3LYP)/6-311++G(d,p) level. 
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The geometries of five isomers of N-hydroxypyridine-2(1H)-thione (presented in Table 5.9) 

were fully optimized using the MP2 and DFT(B3LYP) methods. Another four isomeric forms of 

the compounds were also taken into consideration, but the geometry optimization showed that 

there are no local minima for this forms, all of them were converted into another isomers of 

N-hydroxypyridine-2(1H)-thione (Np). The results were as follows:  
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Energy minimization by optimization of geometry of this rotamer of form NpI led 

to a barrierless convergence to structure NpI with intramolecular hydrogen bond 

O-H···S. 
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Upon optimization this structure converts to form NpIIIa (see Table 5.9); 
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H  

 

 

upon optimization both structures convert to form NpIIIb (see 

Table 5.9). 
N S

O
H  and N S
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H

 
 

For isomer NpII, the energy of its rotameric form NpIIb, with SH group rotated by 180° 

the energy was predicted to be higher (by ca 10 kJ mol-1, see Table 5.9) than the energy of 

the rotamer of NpIIa. The difference in energy reflects stabilization of the latter form by an 

interaction of the -SH hydrogen atom with the lone electron pair of the N→O oxygen atom. Due 

to analogous reasons, form NpI (as it is presented in Figure 5.65) should be lower in energy with 

respect to its rotamer with OH group rotated by 180°. This latter form turned out not to 

correspond to a minimum on the potential energy surface.  

The results presented in Table 5.9 suggest also that form NpIII should be substantially more 

stable (by ca. 64 – 82 kJ mol-1) than form NpI. However, N-hydroxypyridine-2(1H)-thione cannot 

easily change the configuration of its atoms and adopt form NpIII. In fact, though form NpIII is 

built of the same set of atoms as N-hydroxypyridine-2(1H)-thione, it should be treated as another 

compound (2-hydroxysulfanyl-pyridine). Transformation of NpI (or NpII) into NpIII would 

involve breaking of the N-O bond, which is quite stable in the ground electronic state of 

N-hydroxypyridine-2(1H)-thione. Nevertheless, comparison of calculated energies of forms NpI 

and NpIII is interesting and it seems to be important for the sake of interpretation of experimental 

occurrences observed in this work. 

Taking into account the results of the theoretical predictions of relative energies of forms NpI 

and NpII, one can expect that in the gas phase at moderate temperatures the N-hydroxy isomer 

NpI should strongly dominate. As a consequence, isomer NpI should be the almost exclusively 

populated in the low-temperature matrices [231]. In Figure 5.66 the infrared spectra of monomers 

of N-hydroxypyridine-2(1H)-thione and of the deuterated isotopologue of N-hydroxypyridine-

2(1H)-thione isolated in a low-temperature Ar and N2 matrices are presented. 

Comparing these spectra with the spectra theoretically predicted [at 

the DFT(B3LYP)/6-311++G(d,p) level] for isomer NpI and deuterated form NpDI one can see 

that the theoretically simulated spectra are in good agreement with the experimentally recorded 

spectra of N-hydroxypyridine-2(1H)-thione (Figure 5.66). The assignment of the IR bands 

observed in the experimental spectra of N-hydroxypyridine-2(1H)-thione isolated in low-
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temperature matrices to the theoretically calculated normal modes for the form NpI is given in 

Table D2 in the Appendix,  
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Figure 5.66. Experimental IR spectra of N-hydroxypyridine-2(1H)-thione isolated in Ar marix (trace B) 

and in N2 matrix (trace A); its deuterated isotopologue isolated in Ar matrix (trace E) and in N2 matrix 

(trace D), compared with the spectra calculated at the DFT(B3LYP)/6-311++G(d,p) level for form NpI 

(trace C) and for deuterated form NpDI (trace F). The theoretical wavenumbers were scaled by 

the single factor of 0.98. 
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whereas the analogous assignment concerning the deuterated isotopologue NpDI is presented in 

Table D3 in the Appendix. The theoretical bands have been assigned to the normal modes gained 

by using internal coordinates presented in Table D1 in the Appendix. 

The calculated spectrum of 2-mercaptopyridine N-oxide (form NpII) reproduces 

the experimentally recorded spectra of N-hydroxypyridine-2(1H)-thione slightly less accurately 

than the spectrum calculated for NpI (Figure 5.67). However, the identification of the species 

isolated in low-temperature matrices, when based on comparison of experimental spectra with 

the spectra calculated for NpI and NpII, would not be unambiguous. In this respect, conclusions 

based on calculations of relative energies of isomers NpI and NpII seem to be much more 

reliable. 
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Figure 5.67. Experimental IR spectra of N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (trace C) 

and in a N2 matrix (trace D), compared with the spectra calculated at the DFT(B3LYP)/6-311++G(d,p) 

level for form NpI (trace B) and for 2-mercaptopyridine N-oxide NpII (trace A). The theoretical 

wavenumbers were scaled by the single factor of 0.98. 

 

 



results and discussion 126 

The characteristic feature of the IR spectra of monomeric N-hydroxypyridine-2(1H)-thione 

(NpI) is the obvious lack of a well-defined band (see Figure 5.68) due to the stretching vibration 

of the free OH group (νOH). For isolated compounds without intramolecular hydrogen bonds 

[225], such band is expected in the spectral range 3650 – 3550 cm-1. If an intramolecular 

hydrogen bond (involving OH group) exists in a molecule, then the νOH band is significantly 

shifted towards lower wavenumbers. This effect is accompanied by a substantial broadening of 

such νOH band [225].  

In the spectrum obtained after deposition of the low-temperature matrix (Figure 5.68), in 

2800 – 2400 cm-1 spectral range, a broad band was observed and interpreted as νOH band due to 

vibration of OH group involved in intramolecular hydrogen bond. The observed IR spectra of 

monomeric N-hydroxypyridine-2(1H)-thione demonstrated that the intramolecular –O-H⋅⋅⋅S=C 

hydrogen bond in NpI is quite a strong interaction leading to a very pronounced broadening and 

low-wavenumber shift of the νOH band. 
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Figure 5.68. High-frequency region of the infrared spectra of N-hydroxypyridine-2(1H)-thione isolated 

in a N2 matrix recorded after deposition of the matrix. The arrow indicates the spectral position where 

the band due to the stretching vibration of OH group not involved in a hydrogen bond should appear. 

 

Upon UV irradiation of the low-temperature Ar or N2 matrices containing monomers of NpI 

photogeneration of two products was observed. The relative yield of these two photoproducts was 

found to be dependent on the wavelengths of the light used for irradiation (Figs 5.69).  

When the longer-wavelength light was applied (λ > 385 nm for Ar and λ > 345 nm for N2 

matrices), one of the products was generated. Figure 5.69 (traces B at left panel and E at right 

panel) illustrate the high-frequency region of IR spectra of N-hydroxypyridine-2(1H)-thione after 

longer-wavelength irradiation. In the IR spectrum of this species, no sharp band due to νOH 

vibration was found. Instead, a very broad and long-wavelength shifted absorption was observed 

at ca. 3050 cm-1, see Figure 5.69. This shows that (similarly to the case of the precursor NpI) also 

in the structure of the photoproduct in question, the OH group interacts with a lone-electron pair 

of a heteroatom. 
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When the matrices were irradiated with shorter-wavelength UV light (λ > 345 nm – Ar or 

λ > 295 nm – N2) photogeneration of a second product was observed (traces C and F in Figure 

5.69). This was indicated by appearance of a new spectrum with a characteristic band at 3577 cm-1 

(Ar) or 3566 cm-1 (N2). Such sharp bands are typical of OH stretching vibrations of OH groups 

not involved in a hydrogen bond. If a deuterated isotopologue NpDI was used as a precursor, 

analogous UV (λ > 345 nm or λ > 295 nm) irradiation led to generation of a photoproduct 

characterized by an IR spectrum (Figure 5.70) with the band at 2643 cm-1 (Ar) or 2636 cm-1 (N2). 

Such bands are typical of stretching vibrations of a free OD group, not involved in a hydrogen 

bond. 
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Figure 5.69. High-frequency region of the infrared spectra recorded in an Ar (left panel) matrix: (A) of 

N-hydroxypyridine-2(1H)-thione recorded after deposition of the matrix, (B) of the first photoproduct recorded 

after 100 minutes of UV (λ > 385 nm) irradiation, (C) of the second photoproduct recorded after subsequent 50 

minutes of UV (λ > 345 nm) irradiation; and in N2 (right panel): (D) of N-hydroxypyridine-2(1H)-thione recorded 

after deposition of the matrix, (E) of the first photoproduct recorded after 15 minutes of UV (λ > 345 nm) 

irradiation, (F) of the second photoproduct recorded after subsequent 15 minutes of UV (λ > 295 nm) irradiation. 

 

 

Figure 5.71 demonstrates the changes that occur in the low-frequency region of the IR spectra 

upon UV irradiation of the low-temperature matrices. In an Ar matrix, after UV irradiation with 

λ > 385 nm, the bands of the IR spectra due to the initial substrate are decreasing (traces A and B 

in Figure 5.71), at the same time new bands appear due to the first product of the photoreaction. 

As it was shows earlier (Figure 5.69), this photoproduct is characterized by an intramolecular 

hydrogen bond. After subsequent irradiation with shorter wavelength, the bands due to both initial 

substrate and first photoproduct disappeared completely, whereas the bands due to the second 

photoproduct appear (traces C in Figure 5.71). The high-frequency region of the IR spectra after 
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UV irradiation of the matrix indicates that no intramolecular hydrogen bond occurs in this species 

(Figure 5.69 traces C and F). 
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Figure 5.70. High-frequency region of the infrared spectra recorded in an Ar (left panel) matrix: (A) of 

deuterated N-hydroxypyridine-2(1H)-thione recorded after deposition of the matrix, (B) of the first 

photoproduct recorded after 9 minutes of UV (λ > 360 nm) irradiation, (C) of the second photoproduct 

recorded after subsequent 20 minutes of UV (λ > 300 nm) irradiation; and in N2 (right panel): (D) of 

deuterated N-hydroxypyridine-2(1H)-thione recorded after deposition of the matrix, (E) of the first 

photoproduct recorded after 15 minutes of UV (λ > 360 nm) irradiation, (F) of the second photoproduct 

recorded after subsequent 20 minutes of UV (λ > 300 nm) irradiation. 

 

In a N2 matrix, 15 min. of irradiation with λ > 345 nm leads to complete vanishing of 

the bands due to the initial substrate. As can be seen in Figure 5.71 (traces E and F), two types of 

the bands due to the photoproducts appear: one type increases and the second type vanishes 

completely upon subsequent irradiation of the matrix with shorter-wavelength irradiation 

(λ > 295 nm). Described spectral changes demonstrated that also in N2 matrix two different 

photoproducts were generated upon UV irradiation. The first product (that was observed in an Ar 

matrix after UV irradiation with longer-wavelength) is characterized by a very broad band at 

3050 cm-1 and thus, involves the intramolecular hydrogen bond; the second product is identical to 

the photoproduct of irradiation of Ar matrix with shorter-wavelength and has no intramolecular 

hydrogen bonds. The bands due to this second photoproduct increase in the intensities after 

shorter-wavelength irradiation (trace F in Figure 5.71); this species is a final product of 

the photoreactions that occur in N-hydroxypyridine-2(1H)-thione monomers isolated in low-

temperature matrices.  
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Figure 5.71. Fragments of the IR spectrum of N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix; (A) 

spectrum recorded after deposition of the matrix; (B) spectrum recorded after 100 minutes of UV (λ > 385 nm) 

irradiation, (C) spectrum recorded after subsequent 50 minutes of UV (λ > 345 nm) irradiation. Corresponding 

fragments of the IR spectrum of N-hydroxypyridine-2(1H)-thione isolated in a N2 matrix; (D) spectrum recorded 

after deposition of the matrix; (E) spectrum recorded after 15 minutes of UV (λ > 345 nm) irradiation, (F) 

spectrum recorded after subsequent 15 minutes of UV (λ > 295 nm) irradiation. 
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Figure 5.72. 2-Hydroxysulfanyl-pyridine, its deuterated analog and pyridythyil radical.  

 

The observed sharp bands in high-frequency region of the IR spectra after shorter-wavelength 

UV (λ > 345 nm or λ > 295 nm) irradiation may originate from the stretching vibration of 

the O-H bond in the ⋅OH radical. This supposition would follow the known pattern of 

photochemical behavior of N-hydroxypyridine-2(1H)-thione in solution. This compound is known 

to be a photochemical source of hydroxyl radicals. 

The experimental observations might suggest that upon shorter-wavelength UV irradiation 

the bond between the OH group and the rest of the molecule breaks and free ⋅OH (or ⋅OD) radical 

is photogenerated. Hence, the candidates for the final products of photochemical transformations 

of matrix-isolated N-hydroxypyridine-2(1H)-thione would be: (1) the hydroxyl radical ⋅OH or 

⋅OD, and (2) the pyridylthiyl radical NpIV (see Figure 5.72).  

An UV-induced process having hydroxyl radical as well as pyridylthiyl radical as final 

products must involve movement of the smaller fragment outside the matrix cage, so that the two 

radicals are separated in matrix. This did not seem to be an improbable occurrence. Hydroxyl 

radicals were previously generated by in situ photolysis of matrix-isolated precursors such as 

H2O2 and HONO [226-229]. The IR bands due to the stretching vibration of the O-H bond in 

the ⋅OH radical were observed at 3554 cm-1 (Ar) [226], 3548 cm-1 (Ar) [230] and 3547 cm-1 (N2). 

If ⋅OH radicals were involved in a hydrogen bond, then the position of the νOH band was shifted 

towards lower wavenumbers (significantly lower than 3500 cm-1) [227].  

In comparison to the experimental data collected within the previous works on ⋅OH radicals 

generated by in situ photolysis of matrix-isolated precursors [226-228], the spectral positions of 

the νOH bands observed (within the current work) in the spectra of the final products of UV-

induced transformations of N-hydroxypyridine-2(1H)-thione were considerably higher [3577cm-1 

(in an Ar matrix) and 3566 cm-1 (in a N2 matrix)]. This does not support (and seems to contradict) 

the interpretation of the final steps of UV-induced changes of N-hydroxypyridine-2(1H)-thione in 

terms of generation of free hydroxyl radicals separated in the matrix lattice from pyridylthiyl 

radicals NpIV.  
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The possibility of UV generation of pyridylthiyl radical NpIV should be proven by 

identification of the IR spectrum obtained in matrices after short wavelength irradiation. 

The experimental spectra of the final photoproduct were compared with theoretically predicted IR 

spectra of two alternate possible photoproducts: pyridylthiyl radical IV and 2-hydroxysulfanyl-

pyridine NpIII (see Figure 5.72). The results are shown in Figure 5.73. The spectra predicted for 

both putative photoproducts NpIV and NpIII reproduce quite well the experimental spectrum of 

the final photoproduct in the range 1600 – 500 cm-1, however, the theoretical spectrum of radical 

IV did not contain the intensive band at ca. 350 cm-1 (which is due to the torsion vibrations of 

the OH group (τOH)). 
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Figure 5.73. Infrared spectra of the final photoproduct generated upon UV irradiation of 

N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (C) or in a N2 matrix (D); infrared spectra 

calculated at the DFT(B3LYP)/6-311++G(d,p) level for NpIIIb (trace A) and pyridilthiyl radial NpIV 

(trace B). The theoretical wavenumbers were scaled by the single factor of 0.98. 

 

The structure of the final product may be conclusively proven by considering the effects of 

UV irradiation of N-hydroxypyridine-2(1H)-thione I and its deuterated derivative DI. If the final 
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products of the photochemical transformations of matrix-isolated N-hydroxypyridine-

2(1H)-thione were hydroxyl radicals and pyridylthiyl radicals NpIV, then the spectra recorded 

after prolonged exposure of NpI or NpDI to UV (λ > 345 nm or λ > 295 nm) light, should consist 

of the spectrum of pyridylthiyl radical NpIV (see Figure 5.73) and a single band due to 

the stretching vibration of OH or OD bond. Hence, except for the νOH and νOD bands, 

the spectra of the final photoproducts generated from NpI and from NpDI should be identical, 

regardless whether the compound was deuterated or not. Therefore, the identity (or lack of it) of 

the spectra (below 2500 cm-1) recorded after prolonged λ > 345 nm (or λ > 295 nm) irradiation of 

NpI and the spectra recorded after analogous irradiation of NpDI should be a very important 

observation, crucial for the analysis of the photochemical changes of NpI. 
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Figure 5.74. High-frequency region of the IR spectra of the final photoproduct generated upon UV 

irradiation of N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (C) or in a N2 matrix (E); 

infrared spectra of the final photoproduct generated upon UV irradiation of the deuterated isotopologue 

of N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (D) or in a N2 matrix (F); infrared spectra 

calculated at the DFT(B3LYP)/6-311++G(d,p) level for NpIIIb (trace A) and for NpDIIIb (trace B). 

The theoretical wavenumbers were scaled by the single factor of 0.98. 
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The IR spectra of the final products of the UV-induced transformations of NpI and of NpDI, 

isolated in Ar matrices, are presented in Figures 5.74 and 5.75. It is apparent that most of 

the bands in these spectra are placed at the same (or very similar) position, regardless of the initial 

substrate NpI or NpDI. One of the differences, concerning the νOH and νOD bands 

(Figure 5.74), found respectively at 3577 and 2643 cm-1, and could be explained in terms of 

the pair of hydroxyl and pyridylthiyl radicals isolated separately in a matrix. But the spectra 

shown in Figure 5.75 (traces C and D) differ also by the positions of other absorptions. One of 

the pairs of such absorptions appears at the standard position of bands due to in-plane bending 

vibrations of the OH or OD groups (βOH or βOD). The band in spectrum C was observed at 1169 

cm-1, whereas the band in spectrum D was found at 863 cm-1. A second pair of such bands, which 

can be interpreted as originating from out-of-plane torsions of the OH or OD groups (τOH or 

τOD), appear at 372 cm-1 (spectrum C) and 282 cm-1 (spectrum D). Comparison of the spectra 

recorded after prolonged UV (λ > 345 nm or λ > 295 nm) irradiation of NpI (Figure 5.75 trace E) 

and NpDI (Figure 5.75 trace F) isolated in N2 matrices yields the same picture. Correctness of 

the assignment of the βOH and τOH bands (indicated in Figure 5.75) is supported by their 

broadening and shift towards higher-wavenumbers, when Ar matrix environment was replaced by 

solid N2.  

Appearance of the βOH / βOD as well as τOH / τOD bands (by which the spectra of 

product(s) generated from NpI differ from the spectra of product(s) generated from NpDI) 

strongly contradicts the hypothesis that the final products of the photochemical changes of 

N-hydroxypyridine-2(1H)-thione could be the ⋅OH radical and the pyridylthiyl radical NpIV.  

In search of an alternative interpretation of the UV-induced transformations of matrix-isolated 

N-hydroxypyridine-2(1H)-thione (observed by FTIR spectroscopy), theoretical simulations of 

infrared spectra have been carried out [at the DFT(B3LYP)/6-311++G(d,p) level], for a number of 

trial structures of the photoproducts. By this method the final product photogenerated from NpI 

has been identified as the form NpIIIb. The spectra calculated for this species (as well as for its 

deuterated isotopologue NpDIIIb) are compared (in Figures 5.74 and 5.75) with the experimental 

spectra recorded after prolonged UV (λ > 345 nm or λ > 295 nm) irradiation of matrix-isolated 

NpI or NpDI. The general agreement between the experimental and theoretical spectra is very 

good. This is true for non-deuterated species NpIIIb as well as for deuterated NpDIIIb. Identity 

of the experimental spectra of the final products photogenerated from non-deuterated NpI and 

deuterated NpDI precursors, except for bands due to νOH, βOH, τOH and νOD βOD, τOD, is 

well reproduced in theoretical simulations. Also the isotope shifts of the νOH / νOD,  βOH / βOD 

and τOH / τOD bands are well theoretically predicted. In the structure of NpIIIb, the OH group is 
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not involved in an intramolecular hydrogen bond. Hence, in agreement with experimental 

observation, the IR band due to νOH vibration is predicted at high wavenumbers. The frequencies 

and integrated intensities of the bands observed in the IR spectra of the final product of 

the photoinduced transformations of NpI (and NpDI) are collected in Tables D4 and D5 (in 

the Appendix). In these tables the experimental spectra are interpreted by comparison with 

frequencies, intensities and normal mode forms theoretically predicted for NpIIIb and NpDIIIb. 
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Figure 5.75. Infrared spectra of the final photoproduct generated upon UV irradiation of N-hydroxypyridine-

2(1H)-thione isolated in an Ar matrix (C) or in a N2 matrix (E); infrared spectra of the final photoproduct generated 

upon UV irradiation of the deuterated isotopologue of N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (D) 

or in a N2 matrix (F); infrared spectra calculated at the DFT(B3LYP)/6-311++G(d,p) level for NpIIIb (trace A) and 

for NpDIIIb (trace B). The theoretical wavenumbers were scaled by the single factor of 0.98. 
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Figure 5.76. Infrared spectra of the intermediate product (C) and the final photoproduct (D) generated 

upon UV irradiation of N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix; infrared spectra 

calculated at the DFT(B3LYP)/6-311++G(d,p) level for NpIIIa (trace A) and for NpIIIb (trace B). 

The theoretical wavenumbers were scaled by the single factor of 0.98. 

 

Identification of the final product of photochemical changes of matrix-isolated 

N-hydroxypyridine-2(1H)-thione provided also a hint for identification of the intermediate 

product appearing in the course of UV-irradiation of NpI. Following the progress of the UV-

induced reaction it was easy to observe that the spectra of the intermediate and the final 

photoproducts are quite similar (see Figure 5.76). The similarity of the IR spectra suggested that 

the two photogenerated species must have very similar structures. This requirement is best 

fulfilled by form NpIIIa as a candidate for the structure of the intermediate photoproduct. Forms 

NpIIIa and NpIIIb differ only by a rotation of the OH group with respect to the 2-pyridinethione 

frame. However, the rotation of the OH has one important consequence: there is an intramolecular 

hydrogen bond in NpIIIa, but in NpIIIb there are no intramolecular hydrogen bonds. That is why 

the sharp bands due to stretching vibrations of free OH (or OD) groups were observed in the IR 

spectra of the final product, whereas in the spectrum of the intermediate product the broad νOH 
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and νOD bands were observed at much lower wavenumbers (Figure 5.77), indicating involvement 

of the OH and OD groups in a hydrogen bond.  
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Figure 5.77. High-frequency region of the infrared spectra of N-hydroxypyridine-2(1H)-thione 

isolated in a N2 matrix recorded: (D) after deposition of the matrix, (E) after 15 minutes of irradiation 

with UV(λ > 345 nm) light, (F) after subsequent 15 minutes of irradiation with UV(λ > 295 nm) light. 

The corresponding fragments of the spectra calculated at the DFT(B3LYP)/6-311++G(d,p) level for 

NpI (trace A), for NpIIIa (trace B) and for NpIIIb (trace C). The theoretical wavenumbers were 

scaled by the single factor of 0.98. 

 

Another evidence that the intermediate photoproduct has the structure of NpIIIa provides 

the analysis of the spectra obtained during irradiations with the light of different wavelengths. 

Figure 5.78 presents juxtaposed fragments of the spectra which were obtained at different stages 

of UV irradiation and the IR spectra theoretically simulated at DFT(B3LYP)/6-311++G(d,p) level 

for isomeric forms NpI, NpIIIa and NpIIIb. As it can be seen from the figure, the spectral 

position of the experimentally observed bands corresponding to the intermediate and the final 

photoproducts are in good agreement with the bands calculated for NpIIIa and NpIIIb isomers. 
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Figure 5.78. Fragments of the IR spectrum of N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix; (A) spectrum 

recorded after deposition of the matrix; (B) spectrum recorded after 100 minutes of UV (λ > 385 nm) irradiation, (C) 

spectrum recorded after subsequent 50 minutes of UV (λ > 345 nm) irradiation. Corresponding fragments of the IR 

spectrum of N-hydroxypyridine-2(1H)-thione isolated in a N2 matrix; (D) spectrum recorded after deposition of 

the matrix; (E) spectrum recorded after 15 minutes of UV (λ > 345 nm) irradiation, (F) spectrum recorded after 

subsequent 15 minutes of UV (λ > 295 nm) irradiation. Vertical lines indicate bands due to the unreacted initial 

substrate (Ar matrix) or the final photoproduct (N2 matrix). Corresponding fragments of the spectra calculated at 

the DFT(B3LYP)/6-311++G(d, p) level for NpI (G), NpIIIa (H), and NpIIIb (I). The theoretical wavenumbers were 

scaled by the single factor of 0.98. 
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The extracted experimental spectra of the intermediate products photogenerated from NpI or 

NpDI are well reproduced by the spectra theoretically predicted for structures NpIIIa and 

NpDIIIa, respectively (see Figures 5.79 and 5.80). Also the magnitude of the isotope shift of 

νOH / νOD,  βOH / βOD and τOH / τOD bands (indicated in figures) are well reproduced by 

theoretical calculations. However, the frequencies obtained for those modes are less accurately 

predicted than positions of other bands. This is due to high anharmonicity of vibrations of OH/OD 

group engaged in intramolecular hydrogen bond.  

The correctness of the identification of the intermediate product as form NpIIIa as well as 

the assignment of structure NpIIIb to the final photoproduct is further supported by the fact that, 

although the experimental spectra of these two products are quite similar (see Figure 5.76), 

the details by which they differ (see Figure 5.78) are very well reproduced by the spectra 

calculated for NpIIIa and NpIIIb. The assignment of IR bands observed in the spectra of 

the intermediate product, appearing during UV irradiation of matrix isolated NpI or NpDI, to 

the frequencies and forms of the normal modes calculated for NpIIIa and NpDIIIa is given in 

Tables D6 and D7, in the Appendix. 
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Figure 5.79. Extracted infrared spectrum of the intermediate photoproduct generated upon UV 

irradiation of N-hydroxypyridine-2(1H)-thione isolated in a N2 matrix (C); extracted infrared spectrum 

of the intermediate photoproduct generated upon UV irradiation of the deuterated isotopologue of 

N-hydroxypyridine-2(1H)-thione isolated in a N2 matrix (D); infrared spectra calculated at 

the DFT(B3LYP)/6-311++G(d,p) level for NpIIIa (trace A) and for NpDIIIa (trace B). The theoretical 

wavenumbers were scaled by the single factor of 0.98. 
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Figure 5.80. Extracted infrared spectra of the intermediate photoproduct generated upon UV irradiation of 

N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (C) or in a N2 matrix (E); extracted infrared 

spectra of the intermediate photoproduct generated upon UV irradiation of the deuterated isotopologue of 

N-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (D) or in a N2 matrix (F); infrared spectra 

calculated at the DFT(B3LYP)/6-311++G(d,p) level for NpIIIa (trace A) and for NpDIIIa (trace B). 

The theoretical wavenumbers were scaled by the single factor of 0.98. 
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Described above experiments allowed unambiguous identification of the photoproducts 

obtained after UV irradiation of monomeric N-hydroxypyridine-2(1H)-thione isolated in matrices 

as two isomers of 2-hydroxysulfanyl-pyridine (NpIIIa and NpIIIb). As far as we know, this 

compound has not been known previously and in the current work this thioperoxy derivative of 

pyridine was obtained for the first time. The photoprocesses leading to transformation of matrix-

isolated N-hydroxypyridine-2(1H)-thione NpI into intermediate and final products 

(2-hydroxysulfanyl-pyridine in NpIIIa and NpIIIb forms) may be described according to 

the following scheme: 
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Figure 5.81. Phototransformations of monomeric N-hydroxypyridine-2(1H)-thione isolated in low-

temperature Ar or N2 matrices. 

 

In this scheme (Figure 5.81), the initial step concerns homolytic cleavage of the N-O bond of 

the N-hydroxypyridine-2(1H)-thione molecule excited by a near-UV photon. The released 

hydroxyl radical ⋅OH can be easily trapped, especially in a cage of a low-temperature matrix, by 

the sulfur atom of the pyridylthiyl radical NpIV. This recombination of the radicals yields a new 

compound 2-hydroxysulfanyl-pyridine NpIII, which can adopt two rotameric structures NpIIIa 

and NpIIIb. As it follows from experimental observations, breaking of the intramolecular 

hydrogen bond in NpIIIa and generation of NpIIIb requires some excess of the excitation energy. 

That is why for photogeneration of this latter form irradiation of the matrices with shorter-

wavelength UV light was necessary. The interpretation described above is fully supported by 

a theoretical model based on theoretical CC2 calculations of the potential energy surfaces of 

the ground and first excited singlet electronic states of the system [231]. After electronic 

excitation of the monomeric N-hydroxypyridine-2(1H)-thione, the molecule envolves to 

the conical intersection of the potential energy surfaces of the excited and the ground states and 

then to the global minimum of the ground state corresponding to 2-hydroxysulfanyl-pyridine. 
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5.6. Reversibility of the phototautomeric reaction 

 

Experimental results of UV irradiation of the isolated molecules, which consist of one or two 

heterocyclic rings: 2-pyridinone, 4-pyrimidinone, 2-pyrazinone, 2-quinolinone, 1-isoquinolinone, 

2-quinoxalinone, 4-quinazolinone, and allopurinol, 9-methylhypoxanthine and hypoxanthine 

indicate that the oxo → hydroxy phototautomeric reaction occurs for monomers of these 

heterocycles. This photoreaction converts the oxo forms of these compounds into its 

corresponding hydroxy tautomers. The phototautomeric reactions observed for the bicyclic 

compounds mentioned above did not lead to the total conversion of the initial oxo forms of 

the compounds into the corresponding hydroxy forms. The spectra presented in Figures 5.18, 

5.25, 5.30, 5.35, 5.44 and 5.50 of the current work support this observation. There are two 

possible reasons for that. 

First, due to photoreversibility of the phototautomeric reaction, a concomitant hydroxy → oxo 

phototransformation occurred (together with the photoreaction transforming the oxo forms of 

the compounds into the hydroxy tautomer). In such a case the observed photoprocess would lead 

to a photostationary state. 

The second reason, is that the phototautomeric reactions in 2-quinolinone, 1-isoquinolinone, 

and 4-quinazolinone were accompanied (to a greater or lesser extent, depending on the compound 

and wavelengths of the applied UV light) by competing photoreaction(s), partially consuming 

the reagent. As a rule, the progress of the phototautomeric reactions in 2-quinoxalinone 2QX, 

2-quinolinone 2QL, 1-isoquinolinone 1IQ, and 4-quinazolinone 4QZ was considerably slower 

than was the case for single-ring compounds 2-pyridinone 2PD and 4-pyrimidinone 4PM. 

Although it was quite slow, the photoreaction induced by UV irradiation of the oxo 2QXo form of 

2-quinoxalinone seems to produce only one product: the hydroxy 2QXh tautomer. This is 

illustrated (Figure 5.20 in Section 5.3) by a good agreement between the experimental IR 

spectrum growing in the course of UV irradiation (the spectrum of the photoproduced species) 

with the spectrum calculated at the DFT(B3LYP) level for the 2QXh form. 

Photoreversibility of the oxo → hydroxy phototautomerism of the type observed for 

the studied compounds was experimentally proven for the model system 4-pyrimidinone / 

4-hydroxypyrimidine [195]. This model molecule has a six-membered ring and the possibility of 

the tautomerism involving pyrazole or imidazole ring is automatically excluded.  

Both oxo and hydroxy forms of this model compound are populated in the gas phase and are 

trapped into a low-temperature Ar matrix (see Section 5.2, [26, 28]). Irradiation of matrix-isolated 
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4-pyrimidinone with UV (λ > 270 nm) light leads to an almost total conversion of the oxo form 

into the hydroxy tautomer (Figures 5.9 and 5.82). Upon subsequent UV (λ > 230 nm) irradiation 

partial recovery of the oxo tautomer occurred (Figure 5.82 traces b, c, d). The spectral signature of 

this reverse hydroxy → oxo photoprocess is the reappearance and increase of the νNH band (at 

3428 cm-1) and the νC=O band (at 1726 cm-1), both characteristic of the IR spectrum of the oxo 

tautomer [29]. This was the first experimental observation of the photoreversibility of the oxo–

hydroxy intramolecular phototautomerization in the compounds where the hydrogen atom is 

shifted between the N–H and C=O groups placed at alpha position with respect to each other. 
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Figure 5.82 Portions of the IR spectra of 4-pyrimidinone isolated in an Ar matrix: (a) after deposition of 

the matrix; (b) after UV irradiation with λ > 270 nm; (c) after UV irradiation with λ > 230 nm; (d) 

difference spectrum: trace c minus trace b. 

 

 

The phototautomeric reaction of the same type occurred also for the compounds, for which 

4-pyrimidinone/4-hydroxypyrimidine is a model compound. The choice of an appropriate cutoff 

filter was guided by the fact that the oxo tautomeric forms of the compounds in question absorb at 

longer wavelengths than their hydroxy counterparts. The energies of 0-0 electronic transitions 

were previously determined by dispersed fluorescence and fluorescence excitation spectra, for 
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2-pyridinone, 4-pyrimidinone, and 2-quinolinone tautomers in supersonic jet expansions. The 0-0 

lines in these spectra were found at 335 and 277 nm for 2PDo and 2PDh [128], at 328 and 283 

nm for 4PMo and 4PMh [127], and at 344 and 319 nm for 2QLo and 2QLh [194], respectively. 

If the wavelength of the UV light used for irradiation of a matrix was such that only the oxo form 

was excited, then only the oxo → hydroxy transformation was induced and complete 

transformation of all the molecules into the hydroxy form was observed. In a dedicated 

experiment (carried out for 4PM) [195], the first irradiation of the matrix (leading to total 

conversion of all the material to the hydroxy form) was followed by an irradiation with shorter 

wavelength UV light (λ > 230 nm). This led to partial recovery of the population of the oxo form 

(totally consumed during the first irradiation). Hence, the occurrence of the photoreaction in 

the hydroxy → oxo direction (accompanying the dominating oxo → hydroxy 

phototransformation) was demonstrated and the photoreversibility of the phototautomeric reaction 

was proven. 
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5.7. Aromaticity and tautomerism 
 
Better understanding of the principles of the aromaticity may considerably facilitate 

the understanding of the tautomeric equilibrium [198]. Moreover, the aromaticity concept is 

a cornerstone to rationalize and understand the structure and thus the behavior of heterocyclic 

compounds [237-241]. 

The characteristics which distinguish aromatic from non-aromatic compounds have been 

realized for a very long time. Heteroaromatic compounds must accord with the general 

characteristics: 

1. to be a cyclic structures with significant resonance energies;  

2. their electronic structures have to be in agreement with Hückel's (4n + 2) π-electron rule. 

In agreement with Hückel's rule, cyclic delocalization of monocyclic systems with 4n+2 

π-electrons leads to all the attributes of aromatic stabilization, in contrast to systems with 

4n electrons, which are anti-aromatic and destabilized; 

3. their rings have to possess diamagnetic currents; 

4. they tend to react by substitution rather than addition; 

5. the bond orders and lengths tend to be intermediate between single and double. 
 
The degree of aromaticity of a ring has a profound influence on the properties of hydroxy 

substituents (and also of amino or mercapto substituents [233]). Phenol is weakly acidic, aniline 

much less so, and toluene almost not at all. Furthermore, there is no tendency for these benzenoid 

derivatives to tautomerize to their alternative tautomeric forms because of the loss of aromaticity 

that this would entail. The increased tendency toward proton loss from such substituents as OH, 

NH2, and SH relative to their benzenoid congeners when situated α or γ to a pyridine-like nitrogen 

atom results in higher acidity and the possibility of tautomerism to an alternative form. 

2-Hydroxypyridine could tautomerize in two fundamentally different ways: if the proton 

moves to the nitrogen, cyclic conjugation and hence aromaticity is preserved, whereas movement 

of the proton to a ring carbon is unfavorable; only the former process occurs and leads to 

the favored tautomeric form at equilibrium (Figure 5.83). As it has been mentioned above, 

the tautomeric equilibrium of pyridones and analogous compounds are highly dependent on 

the medium: this implies that aromatic stability also depend on the medium. 
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Figure 5.83. Tautomerism in pyridines 

 

In the view of the basic importance of aromaticity, many scales of aromaticity have been 

proposed. The different “dimensions” of aromaticity can show different quantitative or qualitative 

values or variations for a given compound or series of compounds. The multidimensionality of 

aromaticity derives partly from the statistical treatment of the data matrices which are built up of 

variously defined aromaticity indices for many model systems. 

Three major approaches to the quantization of aromaticity exist: (a) the increased 

thermodynamic stability of aromatic compounds is the basis of the energy scale. (b) the geometry 

of the ring was proposed as a criterion for the degree of aromaticity. Today, interand 

intramolecular bond length data are easily collected by routine X-ray measurements. On the basis 

of these measurements, the harmonic oscillator model of aromaticity (HOMA) concept has been 

successfully used as evidence of the aromatic character in many π-electron systems. This model 

relates the decrease of aromaticity to two geometric/energetic factors: one describing the bond 

length alternation (GEO) and the other describing the extension of the mean bond length (EN). (c) 

Magnetic property measurements led to a quantitative approach to aromaticity. Diamagnetic 

susceptibility was the first magnetic property studied in connection with the concept of resonance 

energy. More recently, 1H NMR spectroscopy has become a tool in the study of ring currents in 

cyclic π-conjugated systems. More about aromaticity see [198, 232, 234-236]. 
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6. Concluding discussion 
 

 

Matrix isolation is a powerful tool for studying photochemical transformations occurring in 

isolated molecules exposed to the UV radiation. This work contains examples of unimolecular 

photochemical processes leading to the change of a structure of irradiated molecule. Several cases 

of phototautomeric oxo → hydroxy reaction were described and one example of formation of a 

new chemical compound, which formally is an isomer of the substrate molecule. Phototautomeric 

processes, described in this work, can be studied only under matrix-isolation conditions. In such 

an environment, thermodynamical equilibration practically does not take place (or it is extremely 

slow); hence, unstable tautomers trapped in the matrix can be easily characterized 

spectroscopically. The photochemical formation of a new compound – 2-hydroxy sulfanyl-

pyridine, described in the last part of this work, most probably, occurred due to the matrix 

environment. Isolation of a substrate molecule in a matrix cage prevented fast detachment of 

photochemically formed ·OH radical, and allowed formation of a final product.  

The change of a relative amount of tautomers in a matrix after irradiation allowed 

experimental determination of a ratio of tautomers frozen during formation of a matrix. 

The differences in ratios of tautomers measured for the compounds: 2-pyridinone, 4-pyrimidinone 

and 2-pyrazinone showed that tautomeric equilibria of these heterocyclic compounds depend on 

the number of heterocyclic N atoms and on the relative position of the two nitrogen atoms in 

the ring. A systematic shift of the tautomeric equilibrium from the dominance of the oxo form (for 

4-pyrimidinone, 4PM) via the mixture of the oxo and hydroxy forms (2-pyridinone 2PD) to 

the dominance of the hydroxy form of the compounds (2-pyrazinone, 2PZ) was illustrated in 

Figure 5.15 (in Section 5.2). 

The tautomeric ratios measured for the bicyclic compounds which consist of a benzene ring 

connected to the heterocyclic ring in different positions (2-quinoxalinone 2QX, 2-quinolinone 

2QL, 1-isoquinoline 1IQ, 4-quinazolinone 4QZ) strongly suggest that direct attachment of 

the benzene ring at one of the double bonds in the structure of 2PD, 2PZ, or 4PM leads to a 

significant increase of stability of the oxo tautomers (2QXo, 2QLo, 1IQo, and 4QZo), with 

respect to the corresponding hydroxy forms (2QXh, 2QLh, 1IQh, and 4QZh). On the contrary, 

direct attachment of the benzene ring at the single bond in the structure of 2PD, 2PZ, or 4PM 

leads to an increase of stability of the hydroxy tautomer (the case of 3-hydroxyisoquinoline 

3IQh), with respect to the corresponding oxo form (3IQo). 

In an attempt to rationalize these observations, aromaticity of the tautomeric forms of 2PD, 

2PZ, or 4PM and their double-ring analogues was considered. The heterocyclic ring of 
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the hydroxy 2PDh form is more aromatic than the ring of the oxo 2PDo form; the same is true for 

analogous pairs of tautomers in 2PZ and 4PM. Certainly, higher aromatic character of the 2PDh 

ring contributes to the stabilization of this form much more strongly than is the case for the 2PDo 

form. The “least aromatic” fragment of the ring of oxo forms of these compounds (2PDo, 2PZo or 

4PMo) is the N–C bond in the H–N–C=O group. This N–C bond has a single-bond character, 

which breaks the alternation of single and double bonds around the ring, and hence leads to 

decrease of its aromaticity.  

Direct attachment of a benzene ring to a double bond of heterocyclic ring substantially extends 

the π-electron system of a molecule. Numerous π-electrons in 2QXo, 2QLo, 1IQo, and 4QZo can 

be shared all over the molecule, making also the heterocyclic rings of the oxo forms somewhat 

more aromatic. Hence, the single N-C bond in the H–N–C=O group should gain (in 2QXo, 2QLo, 

1IQo, and 4QZo) a bit of a double bond character. It was shown that the length of this bond 

decreased in comparison with analogous N-C bond in single-ring compound. This result was 

obtained by geometry optimizations carried out for single-ring (2PDo, 2PZo, and 4PMo) as well 

as double-ring (2QXo, 2QLo, 1IQo, and 4QZo) compounds. The calculations showed that, with 

the attachment of a benzene ring, the N–C bond (in H–N–C=O) gets systematically shorter 

(Tables 5.3 and 5.4). This suggests that the difference of aromaticity of the heterocyclic rings of 

the hydroxy and oxo tautomers is somewhat reduced in double ring compounds, in comparison to 

their single-ring analogues. Therefore, the stability advantage of the hydroxy forms, introduced by 

the aromaticity factor, should be much lower for double-ring systems than it was for single-ring 

species.  

The influence of aromaticity can be best described when the oxo and hydroxy forms of 

formamide are taken as a reference. Formamide is the simplest possible system containing 

H-N-C=O fragment and for this compound (see Table 6.1) the aromaticity factors (in a sense 

discussed above) do not exist at all. As it results from experimental observations [31, 32] and 

theoretical calculations [149], the oxo tautomer of formamide is more stable (by at least 

40 kJ mol-1) than the hydroxy form of this compound. In 2-pyridinone, the higher stability of 

the oxo form of the amide group is balanced by the higher stability of the aromatic ring in 

the hydroxy form. The high difference of the aromaticity in favor of hydroxy form causes that 

the energy of both tautomers oxo (2PDo) and hydroxy (2PDh) are almost the same 

(ΔF = -3 kJ mol-1). For 1IQ where the aromaticity advantage of the hydroxy tautomer is 

noticeably reduced, the oxo tautomeric forms become again the most stable (Table 6.1). The same 

deduction can be made about tautomerism of 2QX, 2QL, and 4QZ.  
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In case when pyrimidine and benzene rings are fused on a single bond, as it is in 

3-hydroxyisoquinoline (3IQ), then aromaticity of the oxo form is even reduced, in comparison 

with parent compound 2-pyridinone, and therefore the hydroxy form (3IQh) is more stable. 

The length of N-C bond in 3IQo is greater than in 2PDo (Table 5.5). 

 

Table 6.1 Free energy difference between hydroxy and oxo tautomers of formamide, 2-pyridinone and 

2-quinolinone. 

compound tautomers ΔF = ΔF(hydroxy) - ΔF(oxo) 

formamide 
N

O

H

H

H

N

O

H

H
H

 

ΔF ≈ 40 kJ mol-1 

(calculated) [149] 

2-pyridinone N

O

H
N

O
H

 

ΔF ≈ -3 kJ mol-1

2-quinolinone 

ΔF > 17 kJ mol-1 
(experiment) 

 
ΔF ≈ 21 kJ mol-1 

(calculated) 

 

N

O

H
N

O
H

 

Purines, which contain five-membered second heterocyclic ring, also may be characterized by 

its aromatic properties. Hypoxanthine and allopurinol contain 4-pyrimidinone ring. In 

4-pyrimidinone, the higher stability of the amide group in the oxo form is balanced by the higher 

stability of the aromatic ring in the hydroxy form. A big difference of the aromaticity in favor of 

hydroxy form causes that the energy of both tautomers oxo and hydroxy are almost the same 

(ΔF = 2.5 kJ mol-1). For allopurinol and hypoxanthine, where the aromaticity advantage of 

the hydroxy tautomers is noticeably reduced, the oxo tautomeric forms become again the most 

stable (Table 6.2). In the case of allopurinol, the energy difference has to be very high, since in 

the initial spectra of the compound isolated in an Ar matrix, no signatures of hydroxy form were 

observed. The theoretical methods predict ΔF (for this system) to be approximately near 

20 kJ mol-1. For hypoxanthine and its methylated analogue (9-methylhypoxanthine) a tiny amount 

of hydroxy tautomer were observed after deposition of the matrix, the estimated values of ΔF are 

9.8 and 12.5 kJ mol-1, respectively. 
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Table 6.2. Free energy difference between hydroxy and oxo tautomers of 4-pyrimidinone, allopurinol and 

hypoxanthine. 

compound tautomers ΔF = ΔF(hydroxy) - ΔF(oxo) 

4-pyrimidinone N

O

N

H
N

O

N

H

 

ΔF ≈ 2.5 kJ mol-1 

(experiment) 

allopurinol N

N N
N

O

H

H
N

N N
N

O
H

H  

ΔF ≈ 20 kJ mol-1 

 

(calculated) 

hypoxanthine N

N N

NH
HO

N

N N

N

O
H

H

 

ΔF ≈ 9.6 kJ mol-1 

 

(experiment) 

 

 

Another factor may affect the stabilization of the tautomeric forms of the studied compounds. 

Intramolecular interactions contribute to the internal energy of a tautomer. In heterocyclic 

molecules in the oxo form, the very weak interactions exist between lone electron pair of oxygen 

and vicinal hydrogen from N-H group (in H-N-C=O). This very weak interaction is not a real 

hydrogen bond because of very unfavorable geometry for H-bond to be formed. Atoms from N-H 

group may interact, also, with lone electron pair from neighboring nitrogen.  
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Figure 6.1. Most stable oxo forms of purine, hypoxanthine, 9-methylhypoxanthine and allopurinol.  
 

In Figure 6.1 the oxo forms of purine, hypoxanthine, 9-methylhypoxanthine and allopurinol 

are presented with lone electron pairs attending in above mentioned intramolecular interactions. 

The most stable forms of these compounds are indicated with circles. In purine, the weak 

intramolecular interaction N(9)-H····N(3) exist only in the molecule in the form oxo-N(9)-H. As 

a consequence, only the N(9)-H tautomer, stabilized by this interaction, is populated in the gas 

phase and in low-temperature Ne, Ar and N2 matrices [242-244]. 

The intamolecular interactions may explain tautomerism of hypoxanthine, which is related 

with proton shift in the imidazole ring N9H ↔ N7H. The oxo-N(7)-H tautomeric form was 

observed as a dominating isomer of the hypoxanthine isolated in an Ar matrices The second form 

which was populated it was the oxo-N(9)-H tautomer, in which the hydrogen atom is attached to 

another nitrogen atom within the imidazole ring. Both positions of the hydrogen atom, at N(7) or 

N(9) nitrogen atoms, are stabilized by weak interactions with the lone-electron pairs of O(6) 
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oxygen or N(3) nitrogen atoms, respectively. Apparently, the stabilizing interaction is stronger in 

the first case. This is due to a more favorable geometry of the quasi-ring closed by 

a N(7)-H····O(6) interaction. In this case a five-membered quasi-ring is closed by a hydrogen-

bond-like interaction, whereas for tautomer oxo-N(9)-H, the quasi-ring is only four-membered. 

Moreover, in the tautomer oxo-N(7)-H, one of the lone-electron pairs of O(6) is directed towards 

the N(1)-H group. Such a favorable factor does not appear in the case of 

the oxo-N(9)-H-tautomer. In a similar way the existence of N(1)-H····O(6) interactions explains 

higher stability of the oxo-N(1)-H tautomer of 9-methylhypoxanthine. The most stable tautomer 

of allopurinol, the oxo-N(5)-H, N(1)H form, (different atom numbering in this molecule!) has two 

interacting N-H groups: N(5)-H····O(4) and N(1)-H····N(7). This is why only this form was 

observed in an Ar matrix. Juxtaposition of the results of the studies on tautomerism of purine, 

hypoxanthine 9-methylhypoxanthine and allopurinol demonstrates the role of the weak 

intramolecular interactions as an important factor governing tautomeric equilibria in purine bases. 

In this work, it was demonstrated that upon UV irradiation the reaction of intramolecular 

proton transfer occurs in the studied compounds, which consist of one or two rings. In the studied 

compounds, the proton was transferred from nitrogen atom to oxygen in the six-membered 

heterocyclic ring. In the case of allopurinol, 9-methylhypoxanthine and hypoxanthine, along with 

oxo → hydroxy photoreaction, the accompanied process was observed which results, most 

probably, from the formation of ring-open species (conjugated ketenes). 

The more complicate process, caused by UV light occurred for hypoxanthine. Upon UV-

irradiation, two simultaneous photochemical processes were observed: reaction converting oxo-

N7 form into hydroxy-N7 tautomer, and oxo-N9 form into corresponding hydroxy-N9 form. One 

of the photoproducts, the hydroxy form with N9-H group is populated upon UV irradiation with 

(λ > 270 nm), the second product the hydroxy form N7-H is a result of phototautomeric reactions 

relatively more effective upon λ > 230 nm irradiation. 

In the current work, the IR spectra of the oxo-N(7)-H and of the oxo-N(9)-H tautomers of 

hypoxanthine were experimentally separated thanks to the UV induced transformations of both 

forms. The previous attempts to assign the observed IR bands to the spectra of tautomers oxo-N9 

and oxo-N7 were based on a mere comparison with the spectra theoretically predicted for the two 

forms [211]. In comparison to such methods, the separation of the spectra done in the present 

work is much more reliable. 

The studies of the photochemical transformations of N-hydroxypyridine-2(1H)-thione and its 

deuterated isotopologue allowed a conclusion, that the final product of the photoreaction is 

thioperoxy derivative of pyridine. This is the first report on generation of this species. 
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Experimental identification of the intermediate and final products of the UV-induced 

transformations of matrix-isolated N-hydroxypyridine-2(1H)-thione as the rotameric forms of 

2-hydroxysulfanyl-pyridine (NpIIIa and NpIIIb, respectively), allowed proposition of a self-

consistent scheme of the observed photoreaction (Figure 5.81). In this scheme, the initial step 

concerns homolytic cleavage of the N-O bond of the N-hydroxypyridine-2(1H)-thione molecule 

excited by a near-UV photon. The released hydroxyl radical ·OH can be easily trapped, especially 

in a cage of a low-temperature matrix, by the sulfur atom of the pyridylthiyl radical NpIV. This 

recombination of the radicals yields a new compound 2-hydroxysulfanyl-pyridine NpIII, which 

can adopt two rotameric structures NpIIIa and NpIIIb. As follows from experimental 

observations, breaking of the intramolecular hydrogen bond in NpIIIa and generation of NpIIIb 

requires some excess of the excitation energy. That is why for photogeneration of this latter form 

the irradiation of the matrixes with shorter-wavelength UV light was necessary. 

In this work, the assignment of obtained IR spectra of almost all tautomeric forms of 

the studied compounds was carried out. This was performed as for tautomers initially present in 

low-temperature matrices, as for the spectra of photoproducts populated in the matrix upon UV 

irradiation. In this purpose, the experimental spectra were compared with the spectra theoretically 

simulated with help of quantum-mechanical calculations at DFT(B3LYP) level. The good 

agreement allowed assignment of experimental absorption bands to the normal modes calculated 

for theoretically predicted spectra. Theoretical analysis of the normal modes was carried out for 

each compound, and with help of calculated matrix elements of potential energy distribution, 

the forms of vibrations connected with absorption bands were described. 

The relative electronic energies of the most stable tautomers of the studied molecules were 

theoretically estimated using QCISD method (for geometry optimized at the DFT(B3LYP) 

level).The comparison of obtained data with experimentally assessed values of ΔE showed that 

this method predicts well not only the shifts of tautomeric equilibria for the studied compounds, 

but provides also a reliable values (withing an accuracy of a few kJ mol-1) for calculated energy 

differences between tautomers of a given compound. This method gave results closer to 

experiment than MP2 calculations for 2-pyridinone, however, it seems that for 

9-methylhypoxanthine and hypoxanthine MP2 results are better. The accurate calculations of 

molecule stability needs more advanced theoretical method. 
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Appendix 
 

 
This Section contains: 

 

- Schemes of molecular structures with atom numbering for the studied compounds: 2-

pyridinone, 4-pyrimidinone and 2-pyrazinone (Appendix A), 2-quinoxalinone, 2-quinolinone, 

1-isoquinolinone, 4-quinazolinone and 3-hydroxyisoquinoline (Appendix B), allopurinol, 

9-methylhypoxanthine and hypoxanthine (Appendix C), and N-hydroxypyridine-2(1H)-thione 

(Appendix D). 

 

- The tables are presented providing definitions of the internal coordinates used in the normal 

mode analysis carried out for the tautomers of these compounds. In these tables ri,j is the distance 

between atoms Ai and Aj; βi,j,k is the angle between vectors AkAi and AkAj; τi,j,k,l is the dihedral 

angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms;  γi,j,k,l is 

the angle between the vector AkAi and the plane defined by atoms Aj, Ak, Al. 

a = cos 144º= -0.8090; b = cos 72º = 0.3090. 

 

- The tables providing wavenumbers and relative intensities of observed absorption bands 

compared with theoretical predictions of the infrared spectra (including the PED analysis of 

the normal modes) of the oxo and hydroxy tautomers of the compounds are also presented. In these 

tables, integral intensities of the observed spectral bands are given in arbitrary units. Theoretical 

calculations carried out at DFT(B3LYP) level, using different basis sets: cc-pVTZ for compounds in 

Appendices A and B, 6-31++(d,p) for the compounds in Appendices C and D. The theoretical 

positions of absorption bands were scaled down by a factor of 0.98. PED’s lower than 10% are not 

included. Wavenumbers of the strongest components of split bands are bold. 
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Spectroscopic data of systems with one heterocyclic ring 
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Scheme A1. Atom numbering for tautomers of 2-pyridinone. 
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Table A1. Internal coordinates used in the normal mode analysis for 2-pyridinone and 

2-hydroxypyridine (atom numbering as in Scheme A1). 

 
In-plane 

Ring stretching   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2C3 
S3 = r3,4  ν C3C4 
S4 = r4,5  ν C4C5 
S5 = r5,6  ν C5C6 
S6 = r6,1  ν C6C1 
Stretching NH, CO, CH   
S7 = r2,7  ν CO  
S8 = r1,8 oxo ν N1H 
S'8 = r7,8 hydroxy ν OH  
S9 = r3,9  ν C3H 
S10 = r4,10  ν C4H 
S11 = r5,11  ν C5H 
S12 = r6,12  ν C6H 
Ring in-plane deformation   
S13 = (6-1/2)(β6,2,1 - β1,3,2 + β2,4,3 - β3,5,4 + β4,6,5 - β5,1,6)  β R1 
S14 = (12-1/2)(2β6,2,1 - β1,3,2 - β2,4,3 + 2β3,5,4 - β4,6,5 - β5,1,6)  β R2 
S15 = (1/2)(β1,3,2 - β2,4,3 + β4,6,5 - β5,1,6)  β R3 

Bending CO, CH, NH, OH   
S16 = (2-1/2)(β2,8,1 - β6,8,1) oxo β N1H 
S'16 = β8,2,7 hydroxy β OH 
S17 = (2-1/2)(β3,7,2 - β1,7,2)  β CO 
S18 = (2-1/2)(β4,9,3 - β2,9,3)  β C3H 
S19 = (2-1/2)(β5,10,4 - β3,10,4)  β C4H 
S20 = (2-1/2)(β6,11,5 - β4,11,5)  β C5H 
S21 = (2-1/2)(β1,12,6 - β5,12,6)  β C6H 

Out-of-plane 
Wagging CO, NH, CH   
S22 = γ7,1,2,3  γ CO 
S23 = γ9,2,3,4  γ C3H 
S24 = γ10,3,4,5  γ C4H 
S25 = γ11,4,5,6  γ C5H 
S26 = γ12,5,6,1  γ C6H 
S27 = γ8,6,1,2 oxo γ N1H 
Torsion OH   
S'27 = (2-1/2)(τ8,7,2,3 + τ8,7,2,1) hydroxy τ OH 
Ring torsion   
S28 = (6-1/2)(τ2,1,6,5 - τ1,6,5,4 + τ6,5,4,3 - τ5,4,3,2 + τ4,3,2,1 - τ3,2,1,6)  τ R1 
S29 = (12-1/2)(2τ1,6,5,4 - τ2,1,6,5 - τ6,5,4,3 + 2τ4,3,2,1 - τ5,4,3,2 - τ3,2,1,6)  τ R2 
S30 = (1/2)(τ2,1,6,5 - τ6,5,4,3 + τ5,4,3,2 - τ3,2,1,6)  τ R3 

 



appendix A 
 

163

Table A2. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 2-pyridinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the 2-pyridinone. 
 

Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/cc-pVTZ 

ν~  I ν~  Ath
PED (%) 

3438, 3434, 3431 80 3522 57 ν N1H (100) 
  3160 4 ν C5H (87), ν C6H (10) 
  3146 2 ν C3H (95) 
  3134 2 ν C6H (89), ν C5H (10) 
  3104 11 ν C4H (95) 

1704, 1702 430 1722 583 ν CO (65) 
1693, 1689 42    
1629, 1623 67 1631 42 ν C5C6 (36), ν C3C4 (21), β C6H (11) 

1551 26 1551 52 ν C3C4 (29), ν C4C5 (17), ν C5C6 (15) 
  1465 1 ν C6C1 (22), β C6H (22), β C5H (21), ν C3C4 (11) 

1399 6 1428 7 β N1H (28), β C4H (18), ν CO (12), ν C4C5 (10), β C3H (10) 
1348, 1344 7 1364 3 β C4H (22), β N1H (18), β C3H (17), β C5H (15), β C6H (11) 
1237, 1233 15 1214 23 β C6H (20), ν C6C1 (18), ν N1C2 (15), ν C5C6 (11), β N1H (11) 

1203 16 1199 5 β C3H (33), β C6H (20), ν C2C3 (15) 
1152, 1149 22 1144 19 β C4H (32), β C5H (27), ν N1C2 (10) 
1087, 1084 15 1090 17 ν C6C1 (24), ν C5C6 (20), β C5H (16), β N1H (11) 

1001 2 999 5 ν C4C5 (57) 
  997 0 γ C4H (78), γ C3H (37) 

991 15 984 12 β R1 (80) 
  936 0 γ C6H (77), γ C5H (36) 

840 17 847 18 γ C3H (52), γ CO (26), γ C4H (15) 
814 8 802 9 ν N1C2 (41), ν C2C3 (34) 
761 63 761 62 γ C5H (39), γ CO (36), γ C6H (14) 

722 11 730 4 τ R1 (28), γ C5H (21), γ N1H (16), γ CO (13), γ C3H (11), 
γ C4H (10) 

683, 680 43 691 39 γ N1H (66), τ R1 (42) 
  607 1 β R2 (49), β R3 (24), ν C2C3 (11) 

542, 540 13 538 7 β R3 (59), β R2 (21) 
485 34 483 38 τ R2 (28), τ R1 (26), γ CO (19), γ N1H (16) 
453 10 449 7 β CO (69), β R2 (17) 

  385 1 τ R3 (86), τ R2 (27) 
  171 3 τ R2 (53), τ R3 (25), τ R1 (23) 
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Table A3. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum 

of 2(1H)-pyridone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) and 

potential energy distribution (PED / %) calculated for the 2-hydroxypyridine. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I ν~  Ath
PED (%) 

3577, 3574 111 3683 76 ν OH (100) 
  3144 2 ν C3H (78), ν C4H (11), ν C5H (10) 

3105 3 3137 14 ν C5H (78), ν C3H (15) 
  3112 8 ν C4H (85) 

3038 7 3092 16 ν C6H (95) 
1610, 1608 59 1617 85 ν C2C3 (24), ν C5C6 (20), ν C3C4 (11) 
1586, 1583 74 1594 86 ν C4C5 (23), ν C3C4 (22), ν N1C2 (18), β C4H (12) 
1481, 1479 144 1484 113 β C6H (29), β C3H (18), ν N1C2 (15) 

1464, 1461, 1455, 1453 53 1464 54 β C5H (28), ν C5C6 (12), β C4H (12), ν C6C1 (11), ν C2C3 (10) 
1346, 1343 23 1346 24 β C6H (32), β OH (25), β C4H (19), β C3H (11) 

1314 11    
1300 66 1301 88 ν CO (40), ν C3C4 (14), β R1 (13) 

1261, 1259 14 1285 10 ν C6C1 (42), ν N1C2 (13), ν C5C6 (12) 
1209, 1207 12    

1189 23    
1180 5    

1173, 1170 89 1176 135 β OH (41), β C5H (16), ν N1C2 (11), ν C2C3 (10), β C6H (10) 
1141, 1140 48 1144 37 β C4H (30), β C3H (28), β C5H (13) 
1095, 1090 22 1088 27 β C5H (23), ν C5C6 (22), ν C3C4 (12) 

1065 8    
1041 5 1043 4 ν C4C5 (41), ν C5C6 (17), β C3H (14) 

993, 992 10 989 7 β R1 (57), ν N1C2 (12), ν C6C1 (11) 
  988 0 γ C4H (67), γ C5H (26), γ C3H (18), γ C6H (10) 
  965 0 γ C6H (78), γ C4H (15), γ C5H (11) 

863 2 867 2 γ C3H (61), γ C5H (25), γ C6H (10) 
846, 844 15 846 13 ν CO (26), ν C2C3 (22), β R1 (17), β R3 (14), ν N1C2 (12) 

779 59 783 54 γ C5H (34), γ CO (33), τ R1 (18) 
738 6 745 7 τ R1 (64), γ C3H (13), γ C4H (10), γ C5H (10) 
626 2 630 3 β R2 (62), β R3 (21) 

  557 1 β R3 (55), β R2 (19), ν CO (14) 
535, 534 5 552 24 τ OH (43), γ CO (22), τ R1 (20), τ R2 (14) 
470, 468 102 491 88 τ OH (56), γ CO (21), τ R2 (13) 

  417 0 τ R3 (96), τ R2 (15) 
418, 415 19 412 16 β CO (78), β R2 (10) 

  212 1 τ R2 (69), γ CO (15), τ R3 (11) 
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Scheme A2. Atom numbering for tautomers of 4-pyrimidinone. 
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Table A4. Internal coordinates used in the normal mode analysis for 4-pyrimidinone and 

4-hydroxypyrimidine (atom numbering as in Scheme A2). 

 
In-plane 

Ring stretchings   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2N3 
S3 = r3,4  ν N3C4 
S4 = r4,5  ν C4C5 
S5 = r5,6  ν C5C6 
S6 = r6,1  ν C6C1 
Stretching NH, CO, CH   
S7 = r4,7  ν CO  
S8 = r3,8 oxo ν N3H 
S'8 = r7,8 hydroxy ν OH  
S9 = r2,9  ν C2H 
S10 = r5,10  ν C5H 
S11 = r6,11  ν C6H 
Ring in-plane deformation   
S12 = (6-1/2)(β6,2,1 - β1,3,2 + β2,4,3 - β3,5,4 + β4,6,5 - β5,1,6)  β R1 
S13 = (12-1/2)(2β6,2,1 - β1,3,2 - β2,4,3 + 2β3,5,4 - β4,6,5 - β5,1,6)  β R2 
S14 = (1/2)(β1,3,2 - β2,4,3 + β4,6,5 - β5,1,6)  β R3 

Bending CO, CH, NH,   
S15 = (2-1/2)(β2,8,3 - β4,8,3) oxo β N3H 
S'15 = β8,4,7 hydroxy β OH 
S16 = (2-1/2)(β3,7,4 - β5,7,4)  β CO 
S17 = (2-1/2)(β1,9,2 - β3,9,2)  β C2H 
S18 = (2-1/2)(β4,10,5 - β6,10,5)  β C5H 
S19 = (2-1/2)(β5,11,6 - β1,11,6)  β C6H 

Out-of-plane 
Wagging CO, NH, CH   
S20 = γ7,3,4,5  γ CO 
S21 = γ9,1,2,3  γ C2H 
S22 = γ10,4,5,6  γ C5H 
S23 = γ11,5,6,1  γ C6H 
S24 = γ8,2,3,4 oxo γ N3H 
Torsion OH   
S'24 = (2-1/2)(τ8,7,4,3 + τ8,7,4,5) hydroxy τ OH 
Ring torsion   
S25 = (6-1/2)(τ2,1,6,5 - τ1,6,5,4 + τ6,5,4,3 - τ5,4,3,2 + τ4,3,2,1 - τ3,2,1,6)  τ R1 
S26 = (12-1/2)(2τ1,6,5,4 - τ2,1,6,5 - τ6,5,4,3 + 2τ4,3,2,1 - τ5,4,3,2 - τ3,2,1,6)  τ R2 
S27 = (1/2)(τ2,1,6,5 - τ6,5,4,3 + τ5,4,3,2 - τ3,2,1,6)  τ R3 
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Table A5. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 4-pyrimidinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the 4-pyrimidinone. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I  ν~  Ath
PED (%) 

3441, 3428, 3421 106 3506 50 ν N3H (100) 
  3152 2 ν C5H (97) 
  3104 11 ν C6H (92) 
  3096 14 ν C2H (94) 

1767 9    
1754 9    
1726 530 1744 588 ν CO (72) 
1690 4    
1681 9    
1651 7    
1648 3    
1622 2    
1611 68 1616 74 ν N1C2 (39), ν C5C6 (23), β C2H (11) 

1546, 1544, 1540, 1538 72 1543 99 ν C5C6 (34), ν N1C2 (19) 
1434 7 1434 8 β N3H (39), ν C2N3 (28) 
1414 14 1419 21 β C5H (24), β C6H (24), β C2H (16), ν C6C1 (13) 
1397 3    
1394 1    

1366, 1360 22 1370 14 β C2H (44), β C6H (18), ν N1C2 (16) 
1226 67 1224 45 β C6H (26), ν C6C1 (16), ν C2N3 (13), β C2H (11) 

1206, 1203 3 1187 7 β C5H (32), ν C4C5 (21), ν N3C4 (19) 
1116,  
1103 

8 
6 1114 11 ν C2N3 (31), β N3H (25), ν N1C2 (10) 

1025 12 1019 11 β R1 (35), ν C6C1 (23), β C5H (16), ν N3C4 (10) 
  1004 0 γ C6H (85), γ C5H (25) 

972 43 973 39 β R1 (45), ν C6C1 (33) 
  945 0 γ C2H (100) 

838, 833 39 846 35 γ C5H (62), γ CO (27), γ C6H (16) 
827 5 813 4 ν N3C4 (46), ν C4C5 (32) 
754 13 760 16 γ CO (46), τ R1 (42), γ N3H (12) 

709, 705 33 718 33 γ N3H (76), τ R1 (28) 
651 1 650 1 β R3 (73), ν C4C5 (12) 
535 1 531 1 β R2 (81) 
502 43 501 48 τ R3 (33), τ R1 (21), γ CO (19), γ N3H (17) 
455 10 451 10 β CO (71), β R3 (10) 

  358 0 τ R2 (111) 
  171 10 τ R3 (74), τ R1 (25) 

 

 



appendix 168 

Table A6. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum 

of 4-pyrimidinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) and 

potential energy distribution (PED / %) calculated for the 4-hydroxypyrimidine. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I ν~  Ath
PED (%) 

3562 117 3671 83 ν OH (100) 
  3151 2 ν C5H (98) 

3100 14 ν C2H (93) 3047 10 
3094 21 ν C6H (91) 

1607 122 1609 145 ν C4C5 (34), ν N1C2(15) 
1596 6    
1589 26    

1580, 1578, 1575 161 1583 219 ν C5C6 (30), ν N3C4 (19), ν C6C1 (14), β C6H (14) 
1565 3    
1559 3    
1544 12    
1522 5    
1479 136 1480 116 β C2H (27), ν N3C4 (15), β C5H (14), β C6H (12), ν CO (11) 

1398, 1395 55 1404 52 β C2H (18), β C6H (15), ν C2N3 (13), ν C6C1 (11), 
ν N1C2 (10), ν C5C6 (10) 

1358 11 1356 5 β C2H (32), β OH (21), β C6H (18), β C5H (15) 
1311 25 1318 35 ν CO (36), ν C2N3 (20), β C6H (15), β R1 (12) 

1277, 1275 15    
1246 
1244 73 1263 84 ν N1C2 (35), ν C2N3 (20), β OH (15) 

1210 7    
1177 7    
1168 6    
1160 42 1180 35 ν C6C1 (26), β C6H (15), β C5H (12), ν C5C6 (10), β R1 (10) 
1145 63 1142 120 β OH (40), ν C4C5 (17), ν N1C2 (15), ν N3C4 (11) 
1116 23    

1046, 1042 9 1063 1 β C5H (42), ν C6C1 (21), ν C5C6 (17) 
  1005 0 γ C6H (64), γ C2H (35), γ C5H (10) 

992 16 986 16 β R1 (46), ν C6C1 (13), ν N1C2 (10), ν C2N3 (10) 
  969 0 γ C2H (70), γ C5H (16), γ C6H (26) 

867 34 867 31 ν CO (27), ν C4C5 (22), β R1 (16), ν N3C4 (14), β R2 (13) 
837, 835 29 840 31 γ C5H (70), γ CO (23), γ C6H (14) 

776 10 785 10 τ R1 (81), γ CO (21) 
679 7 680 6 β R3 (82) 
564 3 580 20 τ OH (44), γ CO (21), τ R1 (17), τ R3 (16) 
554 3 551 3 β R2 (75), ν CO (12) 

498, 496 102 518 94 τ OH (54), γ CO (21), τ R3 (13) 
419 16 415 14 β CO (79) 

  383 0 τ R2 (106) 
  207 0 τ R3 (74), γ CO (15), τ R1 (11) 
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Table A7. Internal coordinates used in the normal mode analysis for 2-pyrazinone and 2-hydroxypyrazine 

 (atom numbering as in Scheme A3). 

 
In-plane 

Ring stretching   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2C3 
S3 = r3,4  ν C3N4 
S4 = r4,5  ν N4C5 
S5 = r5,6  ν C5C6 
S6 = r6,1  ν C6C1 
Stretching NH, CO, CH   
S7 = r2,7  ν CO  
S8 = r1,8 oxo ν N1H 
S'8 = r7,8 hydroxy ν OH  
S9 = r3,9  ν C3H 
S10 = r5,10  ν C5H 
S11 = r6,11  ν C6H 
Ring in-plane deformation   
S12 = (6-1/2)(β2,4,3 - β3,5,4 + β4,6,5 - β5,1,6 + β6,2,1 - β1,3,2)  β R1 
S13 = (12-1/2)(2β2,4,3 - β3,5,4 - β4,6,5 + 2β5,1,6 - β6,2,1 - β1,3,2)  β R2 
S14 = (1/2)(β3,5,4 - β4,6,5 + β6,2,1 - β1,3,2)  β R3 

Bending CO, CH, NH,   
S15 = (2-1/2)(β2,8,1 - β6,8,1) oxo β N1H 
S'15 = β8,2,7 hydroxy β OH 
S16 = (2-1/2)(β3,7,2 - β1,7,2)  β CO 
S17 = (2-1/2)(β4,9,3 - β2,9,3)  β C3H 
S18 = (2-1/2)(β4,10,5 - β6,10,5)  β C5H 
S19 = (2-1/2)(β5,11,6 - β1,11,6)  β C6H 

Out-of-plane 
Wagging CO, NH, CH   
S20 = γ7,1,2,3  γ CO 
S21 = γ9,2,3,4  γ C3H 
S22 = γ10,4,5,6  γ C5H 
S23 = γ11,5,6,1  γ C6H 
S24 = γ8,6,1,2 oxo γ N1H 
Torsion OH   
S'24 = (2-1/2)(τ8,7,2,3 + τ8,7,2,1) hydroxy τ OH 
Ring torsion   
S25 = (6-1/2)(τ5,4,3,2 - τ4,3,2,1 + τ3,2,1,6 - τ2,1,6,5 + τ1,6,5,4 - τ6,5,4,3)  τ R1 
S26 = (12-1/2)(2τ6,5,4,3 - τ5,4,3,2 - τ4,3,2,1 + 2τ3,2,1,6 - τ2,1,6,5 - τ1,6,5,4)  τ R2 
S27 = (1/2)(τ5,4,3,2 - τ4,3,2,1 + τ2,1,6,5 - τ1,6,5,4)  τ R3 
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Table A8. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 2-pyrazinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the 2-pyrazinone. 
 

Observed 
Ar matrix, T = 10 K Calculated B3LYP/cc-pVTZ 

ν~  I ν~  Ath
PED (%) 

3430 62 3514 60 ν N1H (100) 
  3152 11 ν C5H (63), ν C6H (36) 
  3134 0 ν C6H (63), ν C5H (37) 
  3095 8 ν C3H (99) 

1723, 1711, 1700, 1673 444 1727 493 ν CO (74) 
1615 32 1616 39 ν C5C6 (41), ν C3N4 (21), β C6H (13) 

1549, 1545, 1539 145 1526 23 ν C3N4 (45), β N1H (12), ν C5C6 (10) 
  1463 6 ν C6C1 (25), β C5H (25), β C6H (15), β N1H (14) 
  1385 6 β N1H (32), ν N4C5 (15), β C5H (11), β C6H (10) 
  1338 2 β C3H (63), β C5H (20) 
  1213 22 ν N1C2 (30), ν C2C3 (22), ν C5C6 (11) 
  1208 4 β C6H (40), β C5H (24) 

1144, 1122 67 1121 23 ν C6C1 (29), β N1H (17), ν C5C6 (12), β C5H (12), ν N4C5 (10) 
  1035 4 ν N4C5 (34), β R1 (29), ν C6C1 (11), ν C5C6 (10) 
  973 9 β R1 (55), ν N4C5 (19) 
  930 0 γ C3H (50), γ C5H (35), γ C6H (20) 
  925 4 γ C6H (48), γ C3H (47), γ C5H (18) 

835, 820 62 809 18 ν N1C2 (41), ν C2C3 (30) 
792 27 800 35 γ C5H (47), γ C6H (31), γ CO (16) 

  753 5 γ CO (39), γ N1H (28), τ R1 (28) 
688 54 704 73 γ N1H (58), τ R1 (46) 

  606 3 β R2 (71), ν C2C3 (18) 
  550 13 β R3 (71) 
  485 7 γ CO (30), τ R2 (21), γ N1H (19), τ R1 (18) 
  435 10 β CO (68), β R3 (16) 
  401 11 τ R3 (87), τ R2 (23) 
  163 4 τ R2 (67), τ R1 (21), τ R3 (14) 
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Table A9. Experimental wavenumbers (ν~ /cm-1 ) and relative integral intensities (I) of the absorption bands in 

the spectrum of 2-hydroxypyrazine isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1 ), absolute 

intensities (Ath / km mol-1) and potential energy distribution (PED / %) calculated for the 2-hydroxypyrazine. 
 

Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/cc-pVTZ 

ν~  I ν~  Ath
PED (%) 

3575 78 3679 78 ν OH (100) 
  3118 20 ν C5H (71), ν C6H (23) 
  3107 19 ν C3H (94) 
  3096 5 ν C6H (75), ν C5H (25) 

1607 18 1600 15 ν C2C3 (23), ν C5C6 (21) 
1546 110 1560 100 ν N1C2 (31), ν C3N4 (25), ν N4C5 (13), ν C6C1 (13) 
1475 49 1479 49 β C6H (26), β C3H (16), β C5H (15), ν N4C5 (13), ν C6C1 (13) 

1459, 1442, 1439, 
1431 105 1445 89 β C5H (26), ν C5C6 (14), ν CO (12), ν C2C3 (11), ν C3N4 (11), 

β OH (10) 
1382 2    
1340 3    
1324 16 1328 10 β C3H (32), β C6H (26), β OH (17), β C5H (12) 

1305, 1293 61 1306 92 ν CO (35), β C3H (14), β C6H (12), ν C3N4 (10) 
1262 4    
1219 39 1230 22 ν C6C1 (33), ν C3N4 (15), ν N4C5 (15), β OH (14), ν C5C6 (11) 

1200, 1191 
1173 

27 
20 1195 43 β C5H (24), ν C3N4 (18), β C3H (16), β OH (13) 

1133, 1119 141 1128 167 β OH (32), ν N4C5 (20), ν C2C3 (14), ν N1C2 (13) 
1184 
1061 

6 
7 1063 8 ν C5C6 (38), ν N4C5 (24), β C6H (14) 

1010 30 1006 29 β R1 (57), ν N1C2 (13), ν C2C3 (13), ν C6C1 (10) 
988 5    

  968 0 γ C6H (71), γ C5H (42) 
917 2 925 1 γ C3H (85), γ C5H (10) 
856 5 860 2 ν CO (22), ν C2C3 (18), β R1 (17), β R2 (16), ν N1C2 (12) 
840 29 848 28 γ C5H (51), γ C6H (23), γ CO (14), γ C3H (11) 
754 1 765 1 τ R1 (86), γ CO (10) 

  635 0 β R2 (71) 
574 2 573 1 β R3 (69), ν CO (14) 
542 26 559 46 γ CO (41), τ OH (27), τ R2 (16), τ R1 (13) 
454 111 484 69 τ OH (71), γ CO (19)  
421 3 429 6 τ R3 (70), τ R2 (36) 
408 17 405 15 β CO (79) 

  204 0 τ R2 (51), τ R3 (32), γ CO (13) 
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Appendix B 
 
 

Spectroscopic data of systems with heterocyclic ring and fused benzene ring 
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Scheme B1. Atom numbering for tautomers of 2-quinoxalinone. 

 



appendix 174 

 

Table B1. Internal coordinates used in the normal mode analysis for 2-quinoxalinone forms oxo and hydroxy 

(atom numbering as in Scheme B1). 
 

In-plane 
Ring stretchings   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2C3 
S3 = r3,4  ν C3N4 
S4 = r4,10  ν N4C10 
S5 = r10,9  ν C10C9 
S6 = r9,1  ν C9N1 
S7 = r10,5  ν C10C5 
S8 = r5,6  ν C5C6 
S9 = r6,7  ν C6C7 
S10 = r7,8  ν C7C8 
S11 = r8,9  ν C8C9 
Stretching NH, CO, CH   
S12 = r1,12 oxo ν N1H 
S'12 = r11,12 hydroxy ν OH 
S13 = r2,11  ν CO 
S14 = r3,13  ν C3H 
S15 = r5,14  ν C5H 
S16 = r6,15  ν C6H 
S17 = r7,16  ν C7H 
S18 = r8,17  ν C8H 
Ring in-plane deformation   
S19 = (6-1/2)(β9,2,1 - β1,3,2 + β2,4,3 - β3,10,4 + β4,9,10 - β10,1,9)  β R1 
S20 = (12-1/2)(2β9,2,1 - β1,3,2 - β2,4,3 + 2β3,10,4 - β4,9,10 - β10,1,9)  β R2 
S21 = (1/2)(β1,3,2 - β2,4,3 + β4,9,10 - β10,1,9)  β R3 

S22 = (6-1/2)(β7,9,8 - β8,10,9 + β9,5,10 - β10,6,5 + β5,7,6 - β6,8,7)  β R4 
S23 = (12-1/2)(2β7,9,8 - β8,10,9 - β9,5,10 + 2β10,6,5 - β5,7,6 - β6,8,7)  β R5 
S24 = (1/2)( β8,10,9 - β9,5,10 + β5,7,6 - β6,8,7)  β R6 
Bendings CO, CH, NH,   
S25 = (2-1/2)(β2,12,1 - β9,12,1) oxo β N1H 
S'25 = β12,2,11 hydroxy β OH 
S26 = (2-1/2)(β3,11,2 - β1,11,2)  β CO 
S27 = (2-1/2)(β4,13,3 - β2,13,3)  β C3H 
S28 = (2-1/2)(β6,14,5 - β10,14,5)  β C5H 
S29 = (2-1/2)(β7,15,6 - β5,15,6)  β C6H 
S30 = (2-1/2)(β8,16,7 - β6,16,7)  β C7H 
S31 = (2-1/2)(β9,17,8 - β7,17,8)  β C8H 

Out-of-plane 
Wagging CO, NH, CH   
S32 = γ11,3,2,1  γ CO 
S33 = γ13,4,3,2  γ C3H 
S34 = γ14,10,5,6  γ C5H 
S35 = γ15,5,6,7  γ C6H 
S36 = γ16,6,7,8  γ C7H 
S37 = γ17,7,8,9  γ C8H 
S38 = γ12,9,1,2 oxo γ N1H 
Torsion OH   
S'38 = (2-1/2)(τ12,11,2,3 + τ12,11,2,1) hydroxy τ OH 
Ring torsions   
S39 = (6-1/2)(τ2,1,9,10 - τ1,9,10,4 + τ9,10,4,3 - τ10,4,3,2 + τ4,3,2,1 - τ3,2,1,9)  τ R1 
S40 = (12-1/2)(2τ1,9,10,4 - τ2,1,9,10 - τ9,10,4,3 + 2τ4,3,2,1 - τ10,4,3,2 - τ3,2,1,9)  τ R2 
S41 = (1/2)(τ2,1,9,10 - τ9,10,4,3 + τ10,4,3,2 - τ3,2,1,9)  τ R3 
S42 = (6-1/2)(τ9,8,7,6 - τ8,7,6,5 + τ7,6,5,10 - τ6,5,10,9 + τ5,10,9,8 - τ10,9,8,7)  τ R4 
S43 = (12-1/2)(2τ8,7,6,5 - τ9,8,7,6 - τ7,6,5,10 + 2τ5,10,9,8 - τ6,5,10,9 - τ10,9,8,7)  τ R5 
S44 = (1/2)(τ9,8,7,6 - τ7,6,5,10 + τ6,5,10,9 - τ10,9,8,7)  τ R6 
Two rings relative torsion   
S45 = (2-1/2)(τ5,10,9,1 - τ4,10,9,8)  τ RR 
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Table B2. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 2-quinoxalinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the oxo form of 2-quinoxalinone. 

Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/cc-pVTZ 

ν~  I ν~  Ath
PED (%) 

3419 65 3505 36 ν N1H (100) 
  3140 9 ν C5H (54), ν C6H (37) 
  3128 8 ν C7H (41), ν C5H (37), ν C6H (18) 
  3118 6 ν C6H (43), ν C7H (33), ν C8H (15) 
  3103 4 ν C8H (80), ν C7H (18) 
  3091 8 ν C3H (100) 

1784 13    
1747 7    

1724, 1710, 1698, 1678 623 1724 621 ν CO (76) 
1617, 1599 59 1620 53 ν C5C6 (21), ν C8C9 (16), ν C10C5 (13), ν C7C8 (13) 

  1600 0 ν C3N4 (41), ν C10C9 (14) 
1565 7 1574 20 ν C3N4 (30), ν C6C7 (11) 
1493 3 1494 2 β C6H (21), ν C10C5 (13), β C8H (12), β C5H (10) 

1479, 1477 25 1475 20 β C7H (17), ν C5C6 (13), ν C10C9 (11), β C8H (11), 
ν C9N1 (10) 

1439 2    
  1403 1 β N1H (34), β C7H (15), ν C9N1 (11) 

1365, 1357 10 1356 7 β C3H (57), ν N4C10 (14)  
1335, 1331 25 1332 16 ν C10C9 (16), ν C7C8 (16), ν C5C6 (10), ν C8C9 (10) 
1320, 1318 4    
1312, 1310 2    
1306, 1303 8 1290 12 β C5H (24), ν N1C2 (16), ν C2C3 (10) 

1266 2 1251 5 ν N1C2 (22), β C8H (21) 
1249, 1245, 1241, 1237, 1235 9 1242 11 β N1H (29), ν C9N1 (20), ν C8C9 (13) 

  1196 1 ν N4C10 (27), β C6H (17) 
1155, 1151 6 1154 5 β C7H (36), β C8H (18), ν C7C8 (10) 

1121 4 1121 5 β C6H (20), β C5H (18), ν C5C6 (14), ν C7C8 (12), β R4 (11) 
1033, 1031 5 1031 5 ν C6C7 (46), ν C5C6 (13), ν C7C8 (13), β C5H (12) 

  982 0 γ C6H (51), γ C5H (33), γ C7H (33) 
945 12 955 6 γ C5H (39), γ C7H (39), γ C8H (21) 
940 21 932 28 ν N1C2 (26), β R1 (26), ν C2C3 (24) 
923 7 931 8 γ C3H (89), γ CO (11) 

917, 914, 912 3 912 5 β R4 (50), β R1 (11) 
  863 0 γ C8H (45), γ C6H (19), γ C5H (17) 

775 8 784 4 τ R1 (33), τ R4 (28), γ C8H (15), γ CO (14) 
771 2 772 2 ν C10C9 (21), ν N4C10 (18), ν C10C5 (18), β R1 (12) 

758, 752, 751 64 758 77 γ C6H (35), γ C7H (21), γ C5H (14), γ C8H (11) 
716 1    
705 27 717 32 γ CO (44), γ N1H (36), τ R4 (22) 

  714 0 ν C2C3 (22), β R1 (18), β R5 (12), ν C10C9 (10) 
626 35 640 29 γ N1H (57), τ R4 (27), τ R1 (13) 

604, 602 13 605 12 β R5 (42), β R2 (27), ν C2C3 (14) 
  550 0 τ R5 (42), τ R4 (23), τ R2 (14) 

530 2 529 3 β R6 (34), β R5 (17), β R3 (13), ν N4C10 (11) 
515 2    

486, 481 15 479 18 β CO (38), β R3 (30), β R2 (19) 
467, 462 6 466 6 τ R6 (41), τ RR (33), τ R3 (18) 

459 7 457 7 β R2 (32), β R3 (24), ν C9N1 (10) 
  396 2 τ R3 (39), τ R6 (39), τ R5 (11) 
  306 2 β R6 (29), β CO (22), β R3 (11) 
  265 6 τ R1 (30), τ R6 (25), τ RR (23), τ R5 (18) 
  173 0 τ R2 (32), τ R5 (26), τ RR (18), τ R3 (15) 
  100 1 τ R2 (39), τ R3 (36), τ RR (10) 
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Table B3. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 2-quinoxalinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1 ), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the hydroxy form of 2-quinoxalinone. 
 

Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/cc-pVTZ 

ν~ ν~ I  Ath
PED (%) 

3581, 3568 127 3675 77 ν OH (100) 
  3136 12 ν C5H (44), ν C6H (26), ν C8H (16), ν C7H (13) 
  3130 12 ν C8H (57), ν C5H (29), ν C7H (12) 
  3119 6 ν C6H (40), ν C5H (23), ν C7H (20), ν C8H (17) 
  3107 2 ν C7H (55), ν C6H (32) 
  3097 11 ν C3H (100) 

 1828 4   
 1818 12   
 1644 17   

1618 7 1626 13 ν C7C8 (21), ν C5C6 (19) 
1593, 1591, 1588 135 1594 159 ν N1C2 (36), ν C3N4 (21) 

1581 20 1580 4 ν C10C9 (16), ν C3N4 (14), ν C6C7 (10) 
 1544 15   

1519, 1510, 1507 52 1516 34 ν C6C7 (17), ν C8C9 (10) 
1480, 1473 16 1479 15 β C7H (17), β C6H (16), ν C8C9 (10) 

1448, 1435, 1433, 1420 77 1439 72 ν CO (12), ν C3N4 (11), ν C2C3 (10), β C5H (10) 
1384 10 1380 40 ν C3N4 (22), ν C10C9 (17), β C8H (14), ν N1C2 (12) 

  1361 0 β C3H (31), ν C9N1 (14), β OH (12), ν N4C10 (10) 
1357 5    

1347, 1341 60 1342 53 ν C10C9 (21), ν C7C8 (16), ν C5C6 (13), ν CO (10) 
  1279 1 β C5H (17), β C3H (15), β R1 (14), β C7H (10), β C8H (10) 

1237 6 1236 4 ν C9N1 (24), ν C10C5 (20) 
  1209 5 ν N4C10 (24), β C3H (18), ν C8C9 (12), β R4 (11), β C6H (11) 

1192, 1191 
 1166 

101 
140 1172 317 β OH (51), ν CO (14), ν N1C2 (10)  

1139, 1134 87 1142 29 β C7H (26), β C6H (14), β C8H (11) 

1124 8 1124 6 β C5H (15), β C6H (15), ν C5C6 (14), ν C7C8 (12), β R4 (11), 
β C7H (10) 

1020, 1013 8 1018 10 ν C6C7 (50), β C5H (11), β C8H (11), ν C5C6 (10), ν C7C8 (10) 
  992 0 γ C7H (45), γ C6H (41), γ C8H (19), γ C5H (18) 

989, 983 25 981 25 ν C2C3 (36), β R1 (19) 
954 4 968 3 γ C5H (42), γ C8H (31), γ C7H (20), γ C6H (17) 
923 4 917 11 γ C3H (93) 

β R4 (54), β R1(10) 912 8 908 7 
  884 1 γ C8H (28), γ C5H (21), τ R1 (17), γ C6H (11) 

805 1 802 1 τ R1 (39), τ R4 (29), γ C8H (13) 
775 5 773 1 ν C10C9 (28), ν C10C5 (18), ν N4C10 (15) 

769, 763, 762 60 770 60 γ C6H (34), γ C7H (23), γ C5H (19), γ C8H (10) 
 741 5   

718 5 717 6 β R1 (23), ν C2C3 (15), ν CO (15) 
682 8 692 11 τ R4 (38), τ R1 (15), γ CO (33), τ R2 (11) 
614 5 617 5 β R5 (46), β R2 (33) 

556, 553 20 566 41 τ R4 (30), τ R5 (24), τ OH (23), γ CO (16) 
  532 1 β R6 (26), β R3 (23), β R5 (17), ν C8C9 (12) 

501 30 523 40 τ OH (47), τ R5 (11), τ R3 (12), τ RR (12) 
475 9 480 25 τ RR (25), τ OH (24), τ R6 (21), τ R3 (17) 

465, 464 55 474 18 β CO (36), β R3 (23), β R6 (13) 
  464 5 β R2 (30), β R3 (19), β R5 (11) 
  418 1 τ R6 (48), τ R3 (36) 
  308 0 τ R5 (27), γ CO (19), τ R1 (20), τ R6 (20) 
  296 5 β CO (38), β R6 (26) 
  177 1 τ RR (30), τ R2 (21), τ R5 (19), τ R3 (14), τ R6 (12) 
  117 1 τ R2 (45), τ R3 (17), τ RR (15), τ R5 (11) 
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Scheme B2. Atom numbering for tautomers of 2-quinolinone. 
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Table B4. Internal coordinates used in the normal mode analysis for 2-quinolinone forms oxo and 

hydroxy (atom numbering as in Scheme B2). 
In-plane 

Ring stretchings   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2C3 
S3 = r3,4  ν C3C4 
S4 = r4,10  ν C4C10 
S5 = r10,9  ν C10C9 
S6 = r9,1  ν C9N1 
S7 = r10,5  ν C10C5 
S8 = r5,6  ν C5C6 
S9 = r6,7  ν C6C7 
S10 = r7,8  ν C7C8 
S11 = r8,9  ν C8C9 
Stretching NH, CO, CH   
S12 = r1,12 oxo ν N1H 
S'12 = r11,12 hydroxy ν OH 
S13 = r2,11  ν CO 
S14 = r3,13  ν C3H 
S15 = r4,14  ν C4H 
S16 = r5,15  ν C5H 
S17 = r6,16  ν C6H 
S18 = r7,17  ν C7H 
S19 = r8,18  ν C8H 
Ring in-plane deformation   
S20 = (6-1/2)(β9,2,1 - β1,3,2 + β2,4,3 - β3,10,4 + β4,9,10 - β10,1,9)  β R1 
S21 = (12-1/2)(2β9,2,1 - β1,3,2 - β2,4,3 + 2β3,10,4 - β4,9,10 - β10,1,9)  β R2 
S22 = (1/2)(β1,3,2 - β2,4,3 + β4,9,10 - β10,1,9)  β R3 

S23 = (6-1/2)(β7,9,8 - β8,10,9 + β9,5,10 - β10,6,5 + β5,7,6 - β6,8,7)  β R4 
S24 = (12-1/2)(2β7,9,8 - β8,10,9 - β9,5,10 + 2β10,6,5 - β5,7,6 - β6,8,7)  β R5 
S25 = (1/2)( β8,10,9 - β9,5,10 + β5,7,6 - β6,8,7)  β R6 
Bendings CO, CH, NH,   
S26 = (2-1/2)(β2,12,1 - β9,12,1) oxo β N1H 
S'26 = β12,2,11 hydroxy β OH 
S27 = (2-1/2)(β3,11,2 - β1,11,2)  β CO 
S28 = (2-1/2)(β4,13,3 - β2,13,3)  β C3H 
S29 = (2-1/2)(β10,14,4 - β3,14,4)  β C4H 
S30 = (2-1/2)(β6,15,5 - β10,15,5)  β C5H 
S31 = (2-1/2)(β7,16,6 - β5,16,6)  β C6H 
S32 = (2-1/2)(β8,17,7 - β6,17,7)  β C7H 
S33 = (2-1/2)(β9,18,8 - β7,18,8)  β C8H 

Out-of-plane 
Wagging CO, NH, CH   
S34 = γ11,3,2,1  γ CO 
S35 = γ13,4,3,2  γ C3H 
S36 = γ14,10,4,3  γ C4H 
S37 = γ15,10,5,6  γ C5H 
S38 = γ16,5,6,7  γ C6H 
S39 = γ17,6,7,8  γ C7H 
S40 = γ18,7,8,9  γ C8H 
S41 = γ12,9,1,2 oxo γ N1H 
Torsion OH   
S'41 = (2-1/2)(τ12,11,2,3 + τ12,11,2,1) hydroxy τ OH 
Ring torsions   
S42 = (6-1/2)(τ2,1,9,10 - τ1,9,10,4 + τ9,10,4,3 - τ10,4,3,2 + τ4,3,2,1 - τ3,2,1,9)  τ R1 
S43 = (12-1/2)(2τ1,9,10,4 - τ2,1,9,10 - τ9,10,4,3 + 2τ4,3,2,1 - τ10,4,3,2 - τ3,2,1,9)  τ R2 
S44 = (1/2)(τ2,1,9,10 - τ9,10,4,3 + τ10,4,3,2 - τ3,2,1,9)  τ R3 
S45 = (6-1/2)(τ9,8,7,6 - τ8,7,6,5 + τ7,6,5,10 - τ6,5,10,9 + τ5,10,9,8 - τ10,9,8,7)  τ R4 
S46 = (12-1/2)(2τ8,7,6,5 - τ9,8,7,6 - τ7,6,5,10 + 2τ5,10,9,8 - τ6,5,10,9 - τ10,9,8,7)  τ R5 
S47 = (1/2)(τ9,8,7,6 - τ7,6,5,10 + τ6,5,10,9 - τ10,9,8,7)  τ R6 
Two rings relative torsion   
S48 = (2-1/2)(τ5,10,9,1 - τ4,10,9,8)  τ RR 
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Table B5. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 2-quinolinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the oxo form of 2-quinolinone. 
 

Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/cc-pVTZ 

ν~  I ν~  Ath
PED (%) 

3427 62 3515 37 ν N1H (100) 
3148 2 ν C3H (97) 
3134 14 ν C6H (64), ν C7H (26) 
3119 15 ν C7H (51), ν C6H (20), ν C8H (20) 
3106 2 ν C5H (66), ν C8H (22) 
3102 7 ν C8H (56), ν C7H (21), ν C5H (15) 

3088 
3073 
3068 
3060 
3055 
3042 

 
 
 

20 

3096 7 ν C4H (94) 
1752 20    

1702, 1693 728 1716 720 ν CO (69) 
1628 14 1631 38 ν C3C4 (21), ν C10C5 (12), ν C7C8 (11) 
1611 35 1612 23 ν C3C4 (22), ν C5C6(20), ν C8C9 (11), ν C10C9 (10) 
1572 5 1573 16 ν C7C8 (16), ν C3C4 (14), ν C6C7 (13), ν C10C9 (11), β C7H (11) 
1500 0.2 1503 2 β C8H (17), β C5H (14), β C6H (14), ν C6C7 (11), ν C10C5 (10) 
1469 21 1466 21 ν C9N1 (13), β C6H (13), β C7H (12), ν C3C4 (11), ν C5C6 (11) 
1419 9 1425 7 β N1H (23), β C4H (17), ν CO (10), β CO (10) 

1399, 1392 12 1392 5 β CO (16), β N1H (13), β C4H (13), β C5H (11), β C7H (11) 
1339 15 1341 12 ν C7C8 (19), ν C10C9 (18), ν C5C6 (17) 
1311 7    

1297, 1295 7    
  1287 0 β C5H (18), ν C9N1 (12), ν C10C5 (12), β CO (10) 

1267 30 1254 12 β N1H (18), β C8H (18), ν C8C9 (10), β C5H (13) 
1254, 1249 22 1246 49 ν N1C2 (29), ν C2C3 (13), β CO (13), ν C9N1 (11) 
1221, 1216 8 1218 8 ν C4C10 (20), ν C8C9 (17), β C4H (15), ν C10C5 (11), β C6H (10) 
1155, 1149 8 1161 5 β C7H (26), β C6H (23), β C8H (12), β C5H (11) 
1440, 1135 13 1138 18 ν C5C6 (15), β C7H (14), ν C7C8 (12), β C6H (10) 
1120, 1119 14 1119 16 β CO (28), β C4H (14), β R4 (11) 

1035 2 1036 2 ν C6C7 (48), ν C5C6 (13), ν C7C8 (13) 
  998 0 γ C4H (72), γ C3H (43) 
  973 0 γ C7H (51), γ C6H (43), γ C5H (15), γ C8H (12) 

937 2 942 3 γ C5H (51), γ C7H (24), γ C8H (21), γ C6H (13) 
921 4 β R1 (35), β R4(28) 

926, 922 10 
915 9 β R4 (26), ν N1C2 (19), ν C2C3 (19) 

857 6 865 7 γ C8H (34), γ C3H (15), γ C6H (14), γ C5H (13) 
830 44 835 47 γ C3H (31), γ CO (27), γ C4H (17), γ C8H (15) 

  774 0 τ R4 (39), τ R1 (35), γ CO (18) 
769 4 765 4 ν C10C9 (27), ν C4C10 (18), ν C10C5 (14) 

757, 751 58 754 59 γ C6H (36), γ C7H (22), γ C5H (15), γ C8H (12) 
729 1 725 1 β R1 (25), ν C2C3 (19), β R6(10) 
693 14 702 15 γ CO (29), γ N1H (29), τ R4 (24), γ C3H (11) 
620 23 632 30 γ N1H (69), τ R4 (17), τ R1 (13) 
619 23 621 7 β R5 (49), β R2 (26) 
541 1 546 1 τ R5 (43), τ R4 (23), τ R2 (13) 
526 5 526 6 β R6 (34), β CO (16), β R5 (15), ν C4C10 (11), β R3 (10) 
484 8 484 9 β R2 (40), β CO (26), β R3 (13) 

461, 456 13 459 17 τ R6 (45), τ RR (30), τ R3 (20) 
444 5 442 5 β R3 (43), ν C9N1 (12) 

  379 1 τ R3 (47), τ R6 (38) 
  301 2 β R6 (29), β CO (18), β R3 (15) 
  259 2 τ R1 (34), τ R5 (22), τ R6 (22), τ RR (20) 
  168 1 τ R2 (38), τ R5 (22), τ RR (20), τ R3 (12) 
  104 2 τ R3 (38), τ R2 (34), τ RR (12) 
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Scheme B3. Atom numbering for tautomers of 1-isoquinolinone. 
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Table B7. Internal coordinates used in the normal mode analysis for 1-isoquinolinone forms oxo and 

hydroxy (atom numbering as in Scheme B3). 
In-plane 

Ring stretchings   
S1 = r1,2  ν C1N2 
S2 = r2,3  ν N2C3 
S3 = r3,4  ν C3C4 
S4 = r4,10  ν C4C10 
S5 = r10,9  ν C10C9 
S6 = r9,1  ν C9C1 
S7 = r10,5  ν C10C5 
S8 = r5,6  ν C5C6 
S9 = r6,7  ν C6C7 
S10 = r7,8  ν C7C8 
S11 = r8,9  ν C8C9 
Stretching NH, CO, CH   
S12 = r1,11  ν CO  
S13 = r2,12 oxo ν N2H 
S'13 = r11,12 hydroxy ν OH  
S14 = r3,13  ν C3H 
S15 = r4,14  ν C4H 
S16 = r5,15  ν C5H 
S17 = r6,16  ν C6H 
S18 = r7,17  ν C7H 
S19 = r8,18  ν C8H 
Ring in-plane deformation   
S20 = (6-1/2)(β9,2,1 - β1,3,2 + β2,4,3 - β3,10,4 + β4,9,10 - β10,1,9)  β R1 
S21 = (12-1/2)(2β9,2,1 - β1,3,2 - β2,4,3 + 2β3,10,4 - β4,9,10 - β10,1,9)  β R2 
S22 = (1/2)(β1,3,2 - β2,4,3 + β4,9,10 - β10,1,9)  β R3 

S23 = (6-1/2)(β7,9,8 - β8,10,9 + β9,5,10 - β10,6,5 + β5,7,6 - β6,8,7)  β R4 
S24 = (12-1/2)(2β7,9,8 - β8,10,9 - β9,5,10 + 2β10,6,5 - β5,7,6 - β6,8,7)  β R5 
S25 = (1/2)(β8,10,9 - β9,5,10 + β5,7,6 - β6,8,7)  β R6 
Bendings CO, CH, NH,   
S26 = (2-1/2)(β3,12,2 - β1,12,2) oxo β N2H 
S'26 = β12,1,11 hydroxy β OH 
S27 = (2-1/2)(β2,11,1 - β9,11,1)  β CO 
S28 = (2-1/2)(β4,13,3 - β2,13,3)  β C3H 
S29 = (2-1/2)(β10,14,4 - β3,14,4)  β C4H 
S30 = (2-1/2)(β6,15,5 - β10,15,5)  β C5H 
S31 = (2-1/2)(β7,16,6 - β5,16,6)  β C6H 
S32 = (2-1/2)(β8,17,7 - β6,17,7)  β C7H 
S33 = (2-1/2)(β9,18,8 - β7,18,8)  β C8H 

Out-of-plane 
Wagging CO, NH, CH   
S34 = γ11,9,1,2  γ CO 
S35 = γ13,2,3,4  γ C3H 
S36 = γ14,3,4,10  γ C4H 
S37 = γ15,10,5,6  γ C5H 
S38 = γ16,5,6,7  γ C6H 
S39 = γ17,6,7,8  γ C7H 
S40 = γ18,7,8,9  γ C8H 
S41 = γ12,1,2,3 oxo γ N2H 
Torsion OH   
S'41 = (2-1/2)(τ12,11,1,2 + τ12,11,1,9) hydroxy τ OH 
Ring torsions   
S42 = (6-1/2)(τ2,1,9,10 - τ1,9,10,4 + τ9,10,4,3 - τ10,4,3,2 + τ4,3,2,1 - τ3,2,1,9)  τ R1 
S43 = (12-1/2)(2τ1,9,10,4 - τ2,1,9,10 - τ9,10,4,3 + 2τ4,3,2,1 - τ10,4,3,2 - τ3,2,1,9)  τ R2 
S44 = (1/2)(τ2,1,9,10 - τ9,10,4,3 + τ10,4,3,2 - τ3,2,1,9)  τ R3 
S45 = (6-1/2)(τ9,8,7,6 - τ8,7,6,5 + τ7,6,5,10 - τ6,5,10,9 + τ5,10,9,8 - τ10,9,8,7)  τ R4 
S46 = (12-1/2)(2τ8,7,6,5 - τ9,8,7,6 - τ7,6,5,10 + 2τ5,10,9,8 - τ6,5,10,9 - τ10,9,8,7)  τ R5 
S47 = (1/2)(τ9,8,7,6 - τ7,6,5,10 + τ6,5,10,9 - τ10,9,8,7)  τ R6 
Two rings relative torsion   
S48 = (2-1/2)(τ5,10,9,1 - τ4,10,9,8)  τ RR 
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Table B8. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 1-isoquinolinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the oxo form of 1-isoquinolinone. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I  ν~  Ath
PED (%) 

3449, 3444 106 3534 70 ν N2H (100) 
  3150 9 ν C4H (52), ν C3H (47) 
  3139 7 ν C8H (83), ν C7H (15) 
  3133 0 ν C3H (52), ν C4H (47) 
  3125 14 ν C6H (42), ν C7H (34), ν C8H (13), ν C5H (11) 
  3114 14 ν C7H (43), ν C5H (39), ν C6H (14) 
  3101 2 ν C5H (49), ν C6H (42) 

1702, 1696, 1684, 1681 521 1708 492 ν CO (74) 
1641 59 1642 72 ν C3C4 (53), β C3H (10) 
1623 4    

1615, 1608 15 1616 25 ν C5C6 (23), ν C7C8 (16), ν C8C9 (13), ν C10C5 (10), 
β R6 (10) 

1563 5 1558 6 ν C6C7 (23), ν C10C9 (15), ν C7C8 (10), β C7H (10) 
1504 2    

1493, 1490 25 1495 26 ν C4C10 (13), β C5H (12) 
1460 1    

  1463 0 β C7H (23), β C6H (12), ν C8C9 (11), ν C5C6 (10) 
1447, 1440, 1434 9 1446 19 β N2H (18), ν N2C3 (17), β C4H (12), β C5H (12) 

1423 2    
1397, 1392 7 1398 2 β N2H (26), β C3H (20), β C4H (11) 

1338 22 1329 23 ν C10C9 (22), ν C7C8 (17), ν C5C6 (15), ν C10C5 (10), 
ν C8C9 (10) 

1319 18    
1306 9 1290 16 β C5H (17), ν C9C1 (14), ν C1N2 (13), β C7H (10) 
1271 3    

1251, 1242 5 1249 8 β C8H (25), ν C8C9 (13), ν C1N2 (10), β C5H (10) 
1219, 1217 9 1209 9 ν C4C10 (17), β C3H (16), ν C10C5 (14), ν C9C1 (13) 

1203 21 1201 27 β C4H (31), β C3H (19), β N2H (14), ν N2C3 (11) 
1188 8    
1155 4 1159 4 β C6H (32), β C5H (17), β C7H (15) 

1135, 1132, 1127 20 1129 17 β C7H (21), ν C7C8 (17), ν C5C6 (12), ν C1N2 (11) 
1096 7 1095 9 β R4 (22), ν N2C3 (17), β C4H (14), ν C3C4 (12) 

1063, 1058 17 1061 15 ν N2C3 (22), β R4 (15) 
1026 11 1027 15 ν C6C7 (44), ν C5C6 (13), ν C7C8 (13) 
1013 2    

  995 0 γ C7H (47), γ C8H (42), γ C6H (27) 
963 2 972 1 γ C6H (45), γ C8H (35), γ C5H (30) 

  929 0 γ C3H (73), γ C4H (43) 
905 4 901 3 β R1 (39), β R4 (16) 
877 2 885 2 γ C5H (44), γ C7H (23), γ C8H (15) 

  804 0 γ CO (40), τ R4 (23), τ R1 (13), γ C5H (12) 
789 15 789 7 β R4 (21), β R1 (18), β R6 (17), ν C4C10 (10), ν C10C5 (10) 
784 62 787 69 γ C7H (25), γ C4H (22), γ C3H (12), γ C6H (10) 

  738 0 γ C4H (38), γ C3H (20), γ C7H (11) 
  717 0 β R5 (27), ν C10C9 (20), ν C1N2 (12), ν C9C1 (12) 

705 77 713 80 γ CO (38), τ R4 (33), γ N2H (30) 
625 27 634 21 γ N2H (51), τ R4 (31), τ R1 (17) 
589 2 588 2 β R5 (45), β R2 (18), ν C1N2 (10), β CO (10) 
565 2 570 2 τ R1 (24), γ N2H (21), τ R3 (21), τ RR (14), τ R4 (10) 
530 5 529 5 β CO (33), β R2 (24), β R6 (22) 
487 5 484 4 β R2 (32), β R3 (18), β R6 (18) 
466 3 463 2 β R3 (29), ν C9C1 (16), ν C10C5 (11), β R5 (11) 
452 2 460 1 τ R5 (54), τ R2 (38) 
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Table B8. (Continuating). 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I  ν~  Ath
PED (%) 

409 6 414 10 τ R6 (82) 
  289 6 β R6 (27), β R3 (24), β CO (20), ν C9C1 (10) 
  225 2 τ R2 (27), τ RR (27), τ R3 (16), τ R6 (11), τ R5 (10) 
  164 2 τ RR (34), τ R2 (23), τ R3 (15), τ R5 (14), τ R6 (10) 
  120 5 τ R3 (53), τ R1 (24), τ R5 (13) 
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Table B9. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 1-isoquinolinone isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the hydroxy form of 1-isoquinolinone. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I ν~  Ath
PED (%) 

3572 117 3679 93 ν OH (100) 
  3142 6 ν C8H (87), ν C7H (12) 
  3126 19 ν C4H (55), ν C6H (15), ν C3H (10) 
  3124 21 ν C6H (31), ν C4H (28), ν C7H (22) 
  3114 10 ν C7H (48), ν C5H (41) 
  3102 1 ν C6H (38), ν C5H (32), ν C3H (17), ν C7H (10) 
  3101 11 ν C3H (66), ν C4H (15), ν C5H (10) 

1643, 1638 100 1638 50 ν C5C6 (10) 
1601 47 1603 20 ν C3C4 (23), ν C5C6 (20) 
1583 57 1581 88 ν C10C9 (19), ν C7C8 (18), ν C1N2 (16), ν C6C7 (11) 
1506 48 1512 53 ν C6C7 (14), β C6H (11), β C5H (10) 
1460 17 1464 7 β C3H (19), β C7H (17), β C4H (10) 
1442 39 1442 43 ν C9C1 (15), β C6H (13), ν C3C4 (10) 
1413 30 1417 66 β C3H (14), ν CO (13), β C6H (11) 
1391 48 1386 76 ν C1N2 (24), ν C3C4 (16), ν C10C9 (14), β C5H (10) 

  1357 1 ν C10C9 (18), ν C5C6 (16), ν C7C8 (14) 
1280 13 1287 31 β R1 (17), β C8H (17), ν N2C3 (13), ν CO (13), β C3H (12) 
1268 36 1256 24 β C5H (20), β C3H (16), β C8H (10) 

1254, 1251 23 1221 22 β C4H (21), β OH (14), ν C4C10 (12), β R4 (10) 
1224 56 1200 66 β OH (24), β C7H (17), β C6H (13), ν C9C1 (10) 
1210 32    
1201 18    
1151 30 1154 43 β C7H (29), β C8H (20), ν C7C8 (14) 
1146 14 1149 5 β C6H (25), β C5H (24), ν C5C6 (16) 
1097 4 1092 4 β R4 (21), β C4H (17), ν C3C4 (11), ν CO (10) 
1049 82 1049 90 ν N2C3 (24), β R4 (12) 

1026, 1018 27 1023 13 ν C6C7 (53), ν C5C6 (11), ν C7C8 (10) 
  991 0 γ C6H (45), γ C7H (40), γ C8H (20), γ C5H (17) 
  968 0 γ C8H (30), γ C3H (26), γ C5H (18), γ C4H (14), γ C6H (14), γ C7H (11) 
  962 1 γ C3H (56), γ C4H (19), γ C8H (15), γ C5H (10), γ C6H (10) 

898 6 894 7 β R1 (32), β R4 (21) 
871 4 880 5 γ C5H (34), γ C8H (19), γ C7H (13) 
814 53 818 51 γ C4H (55), γ C3H (18), γ C7H (13) 

  802 0 τ R1 (31), τ R4 (26), γ CO (20), γ C5H (12) 
789 24 793 6 β R4 (21), β R1 (20), β R6 (13), β R3 (12) 
775 24    
769 16    
748 12 753 17 γ C7H (24), γ C6H (16), γ C4H (14), γ C8H (13), γ C5H (11) 

  722 1 β R5 (24), ν C10C9 (20), ν C9C1 (10) 
683 
676 

26 
20 685 36 τ R4 (53), γ CO (32) 

 

588 2 588 3 β R5 (40), β R2 (26) 
580 5 587 10 τ R1 (35), τ R4 (17), τ R3 (16), γ CO (15), τ RR (10) 
505 52 535 64 τ OH (86) 
517 8 516 9 β R2 (27), β R6 (21), β CO (21) 

  496 0 β R6 (24), β R2 (20), β R3 (20) 
  468 0 τ R5 (48), τ R2 (47) 
  467 1 β R3 (27), β CO (25), ν C10C5 (12),  R5 (10) 

413 11 418 16 τ R6 (80), τ RR (10) 
  277 5 β CO (28), β R6 (26), β R3 (21) 

  264 5 τ R3 (39), τ R5 (16), γ CO (14), τ R2 (13) 
  170 1 τ RR (48), τ R6 (19), τ R3 (14) 
  131 0 τ R3 (34), τ R2 (23), τ R5 (22), τ R1 (12) 
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Scheme B4. Atom numbering for tautomers of 4-quinazolinone. 
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Table B10. Internal coordinates used in the normal mode analysis for 4-hydroxyquinazoline forms oxo 

and hydroxy (atom numbering as in Scheme B4). 
 

In-plane 
Ring stretchings   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2N3 
S3 = r3,4  ν N3C4 
S4 = r4,10  ν C4C10 
S5 = r10,9  ν C10C9 
S6 = r9,1  ν C9N1 
S7 = r10,5  ν C10C5 
S8 = r5,6  ν C5C6 
S9 = r6,7  ν C6C7 
S10 = r7,8  ν C7C8 
S11 = r8,9  ν C8C9 
Stretching NH, CO, CH   
S12 = r4,11  ν CO  
S13 = r3,12 oxo ν N3H 
S'13 = r11,12 hydroxy ν OH  
S14 = r2,13  ν C2H 
S15 = r5,14  ν C5H 
S16 = r6,15  ν C6H 
S17 = r7,16  ν C7H 
S18 = r8,17  ν C8H 
Ring in-plane deformation   
S19 = (6-1/2)(β9,2,1 - β1,3,2 + β2,4,3 - β3,10,4 + β4,9,10 - β10,1,9)  β R1 
S20 = (12-1/2)(2β9,2,1 - β1,3,2 - β2,4,3 + 2β3,10,4 - β4,9,10 - β10,1,9)  β R2 
S21 = (1/2)(β1,3,2 - β2,4,3 + β4,9,10 - β10,1,9)  β R3 

S22 = (6-1/2)(β7,9,8 - β8,10,9 + β9,5,10 - β10,6,5 + β5,7,6 - β6,8,7)  β R4 
S23 = (12-1/2)(2β7,9,8 - β8,10,9 - β9,5,10 + 2β10,6,5 - β5,7,6 - β6,8,7)  β R5 
S24 = (1/2)( β8,10,9 - β9,5,10 + β5,7,6 - β6,8,7)  β R6 
Bendings CO, CH, NH,   
S25 = (2-1/2)(β2,12,3 - β4,12,3) oxo β N3H 
S'25 = β12,4,11 hydroxy β OH 
S26 = (2-1/2)(β3,11,4 - β10,11,4)  β CO 
S27 = (2-1/2)(β1,13,2 - β3,13,2)  β C2H 
S28 = (2-1/2)(β10,14,5 - β6,14,5)  β C5H 
S29 = (2-1/2)(β5,15,6 - β7,15,6)  β C6H 
S30 = (2-1/2)(β6,16,7 - β8,16,7)  β C7H 
S31 = (2-1/2)(β7,17,8 - β9,17,8)  β C8H 

Out-of-plane 
Wagging CO, NH, CH   
S32 = γ11,3,4,10  γ CO 
S33 = γ13,1,2,3  γ C2H 
S34 = γ14,10,5,6  γ C5H 
S35 = γ15,5,6,7  γ C6H 
S36 = γ16,6,7,8  γ C7H 
S37 = γ17,7,8,9  γ C8H 
S38 = γ12,2,3,4 oxo γ N3H 
Torsion OH   
S'38 = (2-1/2)(τ12,11,4,3 + τ12,11,14,10) hydroxy τ OH 
Ring torsions   
S39 = (6-1/2)(τ2,1,9,10 - τ1,9,10,4 + τ9,10,4,3 - τ10,4,3,2 + τ4,3,2,1 - τ3,2,1,9)  τ R1 
S40 = (12-1/2)(2τ1,9,10,4 - τ2,1,9,10 - τ9,10,4,3 + 2τ4,3,2,1 - τ10,4,3,2 - τ3,2,1,9)  τ R2 
S41 = (1/2)(τ2,1,9,10 - τ9,10,4,3 + τ10,4,3,2 - τ3,2,1,9)  τ R3 
S42 = (6-1/2)(τ9,8,7,6 - τ8,7,6,5 + τ7,6,5,10 - τ6,5,10,9 + τ5,10,9,8 - τ10,9,8,7)  τ R4 
S43 = (12-1/2)(2τ8,7,6,5 - τ9,8,7,6 - τ7,6,5,10 + 2τ5,10,9,8 - τ6,5,10,9 - τ10,9,8,7)  τ R5 
S44 = (1/2)(τ9,8,7,6 - τ7,6,5,10 + τ6,5,10,9 - τ10,9,8,7)  τ R6 
Two rings relative torsion   
S45 = (2-1/2)(τ5,10,9,1 - τ4,10,9,8)  τ RR 
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Table B11. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of 4-hydroxyquinazoline isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute 

intensities (Ath/km mol-1) and potential energy distribution (PED/%) calculated for the oxo form of 4-hydroxyquinazoline. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I ν~  Ath
PED (%) 

3432 105 3519 63 ν N3H (100) 
  3139 9 ν C5H (57), ν C6H (19), ν C8H (16) 
  3135 5 ν C8H (67), ν C5H (23) 
  3123 8 ν C6H (53), ν C7H (20), ν C5H (17), ν C8H (10) 
  3108 4 ν C7H (65), ν C6H (26) 
  3093 12 ν C2H (100) 

1738, 1731, 1722, 1714, 1704 489 1730 496 ν CO (78) 
1681 24    
1625 100 1632 96 ν N1C2 (58), β C2H (10) 
1618 80 1616 108 ν C5C6 (20), ν C10C5 (13), ν C7C8 (13), ν C8C9 (12) 
1571 4 1566 6 ν C6C7 (24), ν C10C9 (17), β R5 (10) 
1478 51 1479 49 β C8H (17), β C5H (16), ν C10C9 (12) 
1468 16 1470 19 β C7H (23), β C6H (21), ν C10C5 (10) 
1429 13 1426 23 β N3H (41), ν C2N3 (21) 

1414, 1411 9    
1390 12    

  1393 8 β C2H (64), ν N1C2 (11), ν C9N1 (10) 
1351 7    

1319, 1318 40 1320 23 ν C10C9 (24), ν C5C6 (16), ν C10C5 (13), ν C7C8 (11), ν 
C8C9 (11) 

1307, 1303 
1292, 1286 

5 
12 1295 20 β C8H (18), β C6H (12), ν C4C10 (10), β C5H (10) 

1250, 1243 19 1238 25 β C5H (23), ν N3C4 (11), β C8H (11) 

1225, 1222 13 1215 5 ν C9N1 (23), ν C4C10 (14), ν C8C9 (10), β C2H (10), 
β C7H (10) 

1153 6 1155 8 β C7H (27), β C6H (20), β C8H (15), ν C6C7 (10) 
1133 41 1129 38 ν C5C6 (15), β C6H (15), ν N3C4 (14) 
1103 6 1103 9 β R4 (26), ν C2N3 (22), β N3H (12) 

1071, 1068 11 1066 10 ν C2N3 (18), β R4 (16), ν N3C4 (13), β CO (11) 
1021 10 1025 11 ν C6C7 (45), ν C7C8 (14), ν C5C6 (13) 

  1001 0 γ C7H (46), γ C6H (38), γ C5H (20), γ C8H (19) 
965 2 981 2 γ C5H (49), γ C8H (29), γ C7H (20), γ C6H (13) 
931 5 935 5 γ C2H (100) 

911, 908 13 901 11 β R1 (47), ν N3C4 (10) 
  896 1 γ C8H (36), γ C5H (19), γ C6H (17) 

811 5 811 6 β R4 (29), β R6 (16), ν C9N1 (13), ν C8C9 (10), β R1 (10) 
  806 1 γ CO (37), τ R4 (24), τ R1 (18), γ C8H (10) 

781, 776 47 784 42 γ C6H (36), γ C7H (18), γ C5H (13), τ RR (10) 
709 74 719 80 γ CO (37), γ N3H (36), τ R4 (22) 

  718 1 β R5 (26), ν C10C9 (20), ν C4C10 (13), ν N3C4 (12) 
652, 646 18 656 14 γ N3H (44), τ R4 (36), τ R1 (15) 
582, 580 11 586 7 γ N3H (21), τ R1 (18), τ R3 (18), τ R4 (15), τ RR (13) 

  581 2 β R5 (45), β R2 (13), ν N3C4 (12), β CO (12) 
528 9 527 9 β CO (31), β R2 (25), β R6 (23) 

  492 1 β R3 (40), β R6 (16), β R2 (10) 
488 4 485 4 β R2 (36), β R5 (16) 

  467 4 τ R5 (57), τ R2 (38) 
416 9 422 10 τ R6 (85) 

  290 4 β R6 (27), β CO (24), β R3 (19), ν C4C10 (12) 
  229 0 τ RR (32), τ R2 (24), τ R6 (13), τ R5 (11), τ R3 (10) 
  158 6 τ RR (31), τ R2 (27), τ R3 (21), τ R5 (11), τ R6 (10) 
  123 7 τ R3 (48), τ R1 (26), τ R5 (16) 
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Table B12. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum 

of 4-hydroxyquinazoline isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath/km mol-1) 

and potential energy distribution (PED / %) calculated for the hydroxy form of 4-hydroxyquinazoline. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I ν~  Ath
PED (%) 

3561 146 3669 103 ν OH (100) 
  3140 7 ν C5H (65), ν C6H (17), ν C8H (12) 
  3136 6 ν C8H (74), ν C5H (17) 
  3122 9 ν C6H (55), ν C7H (22), ν C5H (15) 
  3107 4 ν C7H (65), ν C6H (28) 
  3097 25 ν C2H (100) 

1641, 1636 52    
  1632 85 ν C7C8 (15), ν C10C5 (11), ν C5C6 (11), ν C4C10 (10) 

1596, 1592 93 1600 78 ν N3C4 (21), ν N1C2 (18), ν C5C6 (13) 
1576, 1572 101 1572 114 ν C10C9 (21), ν C6C7 (14), ν C5C6 (10), β R5 (10) 

1500, 1496 127 1505 139 ν C6C7 (13), ν N3C4 (10), ν C8C9 (10), β C5H (10), β C7H (10), 
β C8H (10) 

1457 9 1465 10 β C6H (18), β C2H (15), β C7H (13) 
1436 67 1436 103 ν CO (21), β C5H (12), ν C4C10 (11) 
1419 2 1405 8 β C2H (47), ν C9N1 (12) 
1376 67 1370 62 ν C10C9 (23), ν N1C2 (18), ν N3C4 (16) 
1322 35 1330 60 β OH (19), ν N1C2 (17) 

  1297 3 ν C2N3 (21), β C2H (16), ν CO (15) 
1267, 1263 25 1272 15 β C5H (21), β C8H (17), β R1 (10) 

1216 19    
1206 84 1202 43 β OH (20), β C6H (17), β C7H (16), ν C9N1 (12) 
1196 15    
1183 23 1188 15 ν C2N3 (13), β C8H (12), β R4 (11) 
1148 32 1148 45 β C6H (23), β C5H (14), β OH (11) 

  1117 1 β R4 (16), β C7H (15), β C8H (13), ν C7C8 (11), ν C2N3 (10) 
1064, 1061, 1058 88 1060 111 ν C2N3 (19), β R4 (16), ν CO (13) 

1028 6 1020 7 ν C6C7 (54), ν C7C8 (12), ν C5C6 (10) 
  1001 0 γ C7H (58), γ C8H (32), γ C6H (25) 

965 11 976 5 γ C2H (34), γ C5H (34), γ C6H (24), γ C8H (16) 
  969 1 γ C2H (72), γ C5H (18), γ C6H (10) 

903 30 899 32 β R1 (40), β R4 (12), ν CO (11) 
890 7 891 3 γ C8H (29), γ C5H (22), τ R1 (15), γ C7H (13), γ C6H (10) 
820 4 819 4 β R4 (31), β R6 (13), β R3 (12), ν C8C9 (11), β R1 (11) 
800 19 813 3 τ R1 (34), τ R4 (24), γ CO (18), γ C8H (12) 
771 80 779 47 γ C6H (35), γ C7H (19), γ C5H (18), τ RR (11) 
712 16 726 2 β R5 (22), ν C10C9 (21), ν C4C10 (12), ν C10C5 (11) 

686, 676 31 
33 696 43 τ R4 (51), γ CO (31) 

  606 3 τ R1 (27), τ R4 (24), τ R3 (16), γ CO (13) 
583 5 583 8 β R5 (41), β R2 (23) 

530, 527 54 558 70 τ OH (85) 
  517 2 β R2 (29), β R6 (20), β CO (15) 
  504 0 β R3 (26), β R2 (22), β R6 (18) 
  491 3 β CO (28), β R3 (14), β R5 (13), ν C8C9 (12) 

482 5 469 1 τ R5 (49), τ R2 (44) 
419 15 425 12 τ R6 (78) 

  279 5 β CO (32), β R6 (26), β R3 (16) 
  263 0 τ R3 (34), τ R5 (15), τ R2 (14), γ CO (14), τ RR (11) 
  170 2 τ RR (48), τ R3 (21), τ R6 (19) 
  128 0 τ R3 (29), τ R2 (27), τ R5 (24), τ R1 (13) 
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Scheme B5. Atom numbering for tautomers of 3-hydroxyquinoline. 
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Table B13. Internal coordinates used in the normal mode analysis for 3-hydroxyisoquinoline (atom 

numbering as in Scheme B5). 
 

In-plane 
Ring stretchings  
S1 = r1,2 ν C1N2 
S2 = r2,3 ν N2C3 
S3 = r3,4 ν C3C4 
S4 = r4,10 ν C4C10 
S5 = r10,9 ν C10C9 
S6 = r9,1 ν C9C1 
S7 = r10,5 ν C10C5 
S8 = r5,6 ν C5C6 
S9 = r6,7 ν C6C7 
S10 = r7,8 ν C7C8 
S11 = r8,9 ν C8C9 
Stretching NH, CO, CH, OH  
S12 = r1,13 ν C1H 
S13 = r11,12 ν OH  
S14 = r3,11 ν CO  
S15 = r4,14 ν C4H 
S16 = r5,15 ν C5H 
S17 = r6,16 ν C6H 
S18 = r7,17 ν C7H 
S19 = r8,18 ν C8H 
Ring in-plane deformation  
S20 = (6-1/2)(β9,2,1 - β1,3,2 + β2,4,3 - β3,10,4 + β4,9,10 - β10,1,9) β R1 
S21 = (12-1/2)(2β9,2,1 - β1,3,2 - β2,4,3 + 2β3,10,4 - β4,9,10 - β10,1,9) β R2 
S22 = (1/2)(β1,3,2 - β2,4,3 + β4,9,10 - β10,1,9) β R3 

S23 = (6-1/2)(β7,9,8 - β8,10,9 + β9,5,10 - β10,6,5 + β5,7,6 - β6,8,7) β R4 
S24 = (12-1/2)(2β7,9,8 - β8,10,9 - β9,5,10 + 2β10,6,5 - β5,7,6 - β6,8,7) β R5 
S25 = (1/2)( β8,10,9 - β9,5,10 + β5,7,6 - β6,8,7) β R6 
Bendings CO, CH, NH, OH  
S26 = (2-1/2)(β2,13,1 - β9,13,1) β C1H 
S27 = β12,3,11 β OH 
S28 = (2-1/2)(β4,11,3 - β2,11,3) β CO 
S29 = (2-1/2)(β10,14,4 - β3,14,4) β C4H 
S30 = (2-1/2)(β6,15,5 - β10,15,5) β C5H 
S31 = (2-1/2)(β7,16,6 - β5,16,6) β C6H 
S32 = (2-1/2)(β8,17,7 - β6,17,7) β C7H 
S33 = (2-1/2)(β9,18,8 - β7,18,8) β C8H 

Out-of-plane 
Wagging CO, NH, CH  
S34 = γ11,2,3,4 γ CO  
S35 = γ13,9,1,2 γ C1H 
S36 = γ14,3,4,10 γ C4H 
S37 = γ15,10,5,6 γ C5H 
S38 = γ16,5,6,7 γ C6H 
S39 = γ17,6,7,8 γ C7H 
S40 = γ18,7,8,9 γ C8H 
Torsion OH  
S41 = (2-1/2)(τ12,11,3,4 + τ12,11,3,2) τ OH 
Ring torsions  
S42 = (6-1/2)(τ2,1,9,10 - τ1,9,10,4 + τ9,10,4,3 - τ10,4,3,2 + τ4,3,2,1 - τ3,2,1,9) τ R1 
S43 = (12-1/2)(2τ1,9,10,4 - τ2,1,9,10 - τ9,10,4,3 + 2τ4,3,2,1 - τ10,4,3,2 - τ3,2,1,9) τ R2 
S44 = (1/2)(τ2,1,9,10 - τ9,10,4,3 + τ10,4,3,2 - τ3,2,1,9) τ R3 
S45 = (6-1/2)(τ9,8,7,6 - τ8,7,6,5 + τ7,6,5,10 - τ6,5,10,9 + τ5,10,9,8 - τ10,9,8,7) τ R4 
S46 = (12-1/2)(2τ8,7,6,5 - τ9,8,7,6 - τ7,6,5,10 + 2τ5,10,9,8 - τ6,5,10,9 - τ10,9,8,7) τ R5 
S47 = (1/2)(τ9,8,7,6 - τ7,6,5,10 + τ6,5,10,9 - τ10,9,8,7) τ R6 
Two rings relative torsion  
S48 = (2-1/2)(τ5,10,9,1 - τ4,10,9,8) τ RR 
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Table B14. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of carbostyril isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for 3-hydroxyisoquinoline. 
 

Observed  
Ar matrix, T = 10 K 

Calculated 
B3LYP/CC-pVTZ 

ν~  I ν~  Ath
PED (%) 

3585, 3582 153 3689 103 ν OH (100) 
  3131 4 ν C4H (96) 

3074 17 3128 19 ν C7H (58), ν C6H (25) 
3044 4 3116 22 ν C5H (41), ν C6H (29), ν C7H (21) 

  3104 2 ν C8H (42), ν C5H (35), ν C6H (21) 
  3099 3 ν C8H (41), ν C6H (23), ν C7H (18), ν C5H (17) 

2997 4 3071 17 ν C1H (99) 
1656, 1652, 1644, 

1641, 1632 157 1642 188 ν C3C4 (16) 

1625 7    
1611 37 1618 41 ν C5C6 (23), ν C3C4 (19), ν C7C8 (11) 

1586, 1581 33 1576 33 ν C10C9 (18), ν C7C8 (18), ν C1N2 (16) 
1566, 1561 10    

1515, 1505, 1498 69 1513 69 ν C4C10 (13), ν C6C7 (13), ν C10C5 (10), β C6H (10) 
1482 6    

1465, 1464, 1461 62 1465 49 β C6H (15), β C7H (13), ν C8C9 (10) 
1453, 1451 69 1458 84 β C1H (15), β C4H (13), ν N2C3 (10) 

1393 6 1383 3 ν C10C9 (22), ν C9C1 (11), β C5H (10) 
1368 4 1379 3 ν C5C6 (16), β C1H (16), ν C7C8 (14), β C5H (11) 
1333 29 1348 15 ν C1N2 (41), β C8H (10) 

1298, 1296 108 1302 130 β C1H (21), ν CO (19), ν C4C10 (12) 

1273, 1269 14 1265 17 ν C9C1 (14), β C4H (14), β R1 (12), β R4 (12), ν C10C5 (10), 
β C5H (10), β C8H (10) 

1228, 1224, 1219 113 1227 95 ν C8C9 (22), ν C9C1 (14), β C1H (10) 
1201 12 1195 19 β OH (33), β C5H (12) 

1171, 1163 81 1167 91 β C7H (27), β C4H (17), β C8H (14), β C6H (12), β OH (10) 
1139, 1128 10 1142 24 β C6H (24), β C5H (18), ν C5C6 (17) 

1118, 1111, 1108 62 1129 38 ν C7C8 (15), β C4H (15), β C7H (13), β C8H (12), ν C10C5 (10) 
1075 0.5    
1014 3 1018 3 ν C6C7 (57) 

  985 0 γ C6H (56), γ C7H (31), γ C5H (25), γ C8H (11) 
956 6 962 5 γ C8H (42), γ C1H (23), γ C7H (18), γ C5H (17), γ C6H (11) 
959 22 958 25 ν N2C3 (30), β R1 (19), ν C3C4 (13), β R4 (10) 
927 5 936 3 γ C1H (77), γ C7H (12) 

911, 910 21 909 16 β R4 (50) 
870, 867 27 875 24 γ C4H (43), γ C5H (17), γ C8H (12), γ C6H (11) 

839 13 844 13 γ C4H (49), γ C5H (19), γ C8H (17), γ C7H (13) 
  781 0 τ R1 (49), τ R4 (35) 
  780 0 ν C10C9 (40), β R2 (19) 

754, 748 40 752 35 γ C7H (31), γ C8H (19), γ C6H (17), γ C5H (11) 
  739 1 β R1 (29), ν CO (14), ν C8C9 (13) 

691 12 700 14 τ R4 (38), γ CO (31), τ R1 (15) 
628 10 632 9 β R5 (57), β R2 (26) 

535, 532 5 543 7 τ R5 (34), τ R4 (29), γ CO (17), τ R1 (13) 
  532 2 β R6 (44), β CO (20), β R3 (14) 
  495 33 τ OH (66), τ R3 (11), τ RR (11) 

471 1 471 1 β R2 (34), β R5 (16), β CO (10) 
446, 441 107 462 71 τ OH (30), τ R3 (25), τ R6 (21), τ RR (18) 

423 5 422 7 β R3 (56), β CO (24) 
  421 1 τ R6 (41), τ R3 (30), τ R5 (13), τ R2 (11) 

  290 4 β R6 (29), β CO (28) 
  286 0 τ R6 (26), τ R5 (20), τ R1 (18), γ CO (12), τ R3 (12), τ RR (12) 
  180 0 τ R2 (35), τ R5 (28), τ RR (19) 
  116 0 τ R3 (29), τ R2 (28), τ RR (24) 
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Appendix C 
 
 

Spectroscopic data of systems with heterocyclic ring and fused five-membered ring 
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Scheme C1. Atom numbering for tautomers of allopurinol. 
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Table C1. Internal coordinates used in the normal mode analysis for allopurinol forms oxo AI and hydroxy 

AIII (atom numbering as in Scheme C1). 

 
In-plane 

Ring stretchings 
S1 = r1,2 ν N1N2 
S2 = r2,3 ν N2C3 
S3 = r3,9 ν C3C9 
S4 = r8,9 ν C8C9 
S5 = r1,8 ν N1C8 
S6 = r4,9 ν C4C9 
S7 = r4,5 ν C4N5 
S8 = r5,6 ν N5C6 
S9 = r6,7 ν C6N7 
S10 = r7,8 ν N7C8 
Stretchings CO, OH, NH, CH 
S11 = r4,10 ν CO 
S12 = r11,5 AI ν N5H 
S'12 = r11,10 AIII ν OH 
S13 = r12,6 ν C6H 
S14 = r13,1 ν N1H 
S15 = r14,3 ν C3H 
Ring in-plane deformation 
S16 = (6-1/2)(β5,7,6 - β6,8,7 + β7,9,8 - β8,4,9 + β9,5,4 - β4,6,5) β R1 
S17 = (12-1/2)(2β5,7,6 - β6,8,7 - β7,9,8 + 2β8,4,9 - β9,5,4 - β4,6,5) β R2 
S18 = (1/2)(β6,8,7 - β7,9,8 + β9,5,4 - β4,6,5) β R3 
S19 = ((1+ 2a2 + 2b2)-1/2)(β3,1,2 + a(β9,2,3 + β2,8,1) + b(β8,3,9 + β1,9,8)) β R4 
S20 = (2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(β9,2,3 - β2,8,1) + (1 - a)(β8,3,9 - β1,9,8)) β R5 
Bendings CO, OH, NH, CH 
S21 = (2-1/2)(β5,10,4 - β9,10,4) β CO 
S22 = (2-1/2)(β6,11,5 - β4,11,5) AI β N5H 
S'22 = β11,4,10 AIII β OH 
S23 = (2-1/2)(β7,12,6 - β5,12,6) β C6H 
S24 = (2-1/2)(β2,13,1 - β8,13,1) β N1H 
S25 = (2-1/2)(β9,14,3 - β2,14,3) β C3H 

Out-of-plane 
Torsion OH 
S'26 = (2-1/2)(τ11,10,4,5 + τ11,10,4,9) AIII τ OH 
Wagging CO, NH, CH 
S26 = γ11,4,5,6 AI γ N5H 
S27 = γ10,9,4,5 γ CO 
S28 = γ12,5,6,7 γ C6H 
S29 = γ13,2,1,8 γ N1H 
S30 = γ14,9,3,2 γ C3H 
Ring torsions 
S31 = (6-1/2)(τ5,6,7,8 - τ6,7,8,9 + τ7,8,9,4 - τ8,9,4,5 + τ9,4,5,6 - τ4,5,6,7) τ R1 
S32 = (12-1/2)(2τ5,6,7,8 - τ6,7,8,9 - τ7,8,9,4 + 2τ8,9,4,5 - τ9,4,5,6 - τ4,5,6,7) τ R2 
S33 = (1/2)(τ6,7,8,9 - τ7,8,9,4 + τ9,4,5,6 - τ4,5,6,7) τ R3 
S34 = ((1 + 2a2 + 2b2)-1/2)(τ8,9,3,2 + b(τ3,4,1,8 + τ2,1,8,9) + a(τ9,3,2,1 + τ1,8,9,3)) τ R4 
S35 = (2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(τ1,8,9,3 - τ9,3,2,1) + (1 - a)(τ2,1,8,9 - τ3,2,1,8)) τ R5 
Two rings relative torsion 
S36 = (2-1/2)(τ4,9,8,1 - τ3,9,8,7) τ RR 
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Table C2. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of allopurinol isolated in an Ar matrix, compared with wavenumbers (ν~ /cm-1), absolute intensities 

(Ath / km mol-1) and potential energy distribution (PED / %) calculated for the oxo form AI. 

 
Observed 

Ar matrix, T = 10 K 
Calculated 

B3LYP/6-31++G(d, p) 

ν~  I ν~  Ath
PED (%) 

3491, 3488 163 3594 113 ν N1H (100) 
3432, 3430 113 3531 75 ν N5H (100) 

  3209 0 ν C3H (99) 
  3135 4 ν C6H (100) 

1747, 1744, 1730, 1725 607 1753 710 ν CO (72), ν C4C9 (13) 
1695 33    
1644 3    

1610, 1603, 1597 110 1608 156 ν C6N7 (53), β C6H (13) 
1558, 1550 115 1561 91 ν N7C8 (26), ν C8C9 (22), β N1H (18), ν N1C8 (13) 

1517 16 1515 20 ν N1C8 (18), ν C3C9 (16), β C3H (11) 
1502 4    
1450 4    
1434 7 1443 12 ν N2C3 (21), β N5H (16), β N1H (11), ν N5C6 (10) 
1412 1 1408 1 β N5H (24), ν C8C9 (20), ν N1C8 (16), ν N5C6 (10) 
1391 21 1397 25 ν N2C3 (28), ν C3C9 (20), ν C4C9 (13), β N5H (10) 
1382 7    

1363, 1360, 1355 21 1368 10 β C6H (57), ν C6N7 (11), ν N2C3 (10) 
1303 7 1298 2 β N1H (45), ν N1C8 (10) 
1269 3    

1230, 1222 28 1222 25 β C3H (26), β R5 (24), ν C4C9 (16) 
1202, 1196 27 1205 33 β C3H (33), ν C3C9 (12) 

1169 1    
1151 2    

1118, 1112 15 1116 10 ν N5C6 (43), β N5H (22) 
1098 4    
1077 10 1075 31 ν N1N2 (59) 
1066 1    
1047 43 1039 36 ν C4N5 (32), β CO (16), ν N1N2 (12) 

1017, 1013 16    
942 25 934 39 β R4 (61), ν C8C9 (13) 
935 22 926 3 γ C6H (107) 
897 10 887 13 β R1 (51), β R2 (12) 
870 13 871 18 γ C3H (103) 

783, 781 31 765 20 γ CO (37), τ R1 (37), τ R4 (19) 
725, 723 28 715 47 γ CO (42), γ N5H (34), τ R5 (14) 

691 8 685 10 ν N7C8 (22), ν C4N5 (19), ν N1C8 (10) 
662 3 661 2 τ R5 (54), τ R4 (25), γ N5H (19) 
656 3    

643, 637 57 636 61 γ N5H (42), τ R4 (30), τ R3 (15), γ CO (11) 
598 12 594 11 β R5 (28), ν C4C9 (19), β R2 (12), β CO (11) 
549 70 550 88 γ N1H (54), τ R2 (17), τ R4 (16), τ R1 (15) 

534, 532 4 526 4 β R2 (37), β CO (23), ν C4N5 (10), β R1 (10) 
509, 507 3 506 2 γ N1H (42), τ R2 (25), τ R5 (15), τ R1 (13) 

504 3 498 2 β R3 (68) 
  307 3 β CO (34), β R2 (18), ν C4C9 (13) 
  261 0 τ R3 (57), τ RR (19), τ R5 (14), τ R4 (10) 
  192 2 τ RR (63), τ R3 (25) 
  154 6 τ R2 (59), τ R1 (28), τ R3 (10) 
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Table C3. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of the form photoproduced upon UV irradiation of allopurinol isolated in an Ar matrix, compared with 

wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) and potential energy distribution (PED / %) calculated 

for the hydroxy form AIIIa.  

Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/6-31++G(d, p) 

ν~  I ν~  Ath
PED (%) 

3559, 3555 189 3676 108 ν OH (100) 
3498, 3495 180 3601 117 ν N1H (100) 

3479 60    
  3206 1 ν C3H (99) 
  3137 13 ν C6H (100) 

1646, 1642, 1634 193 1637 211 ν C4C9 (34), ν N7C8 (11), ν C3C9 (10) 
1588, 1585, 1580  160 1589 260 ν C8C9 (21), ν N7C8 (17), β N1H (10) 

1518, 1513 45    
1493 11    
1483 43 1492 48 ν C4N5 (17), β C6H (17), ν N2C3 (14), ν N1C8 (13) 

1465, 1462, 1459, 1455 108 1472 137 ν N2C3 (30), ν CO (16), ν C4N5 (11) 
1437 15 1433 11 ν N1C8 (27), β N1H (17), β C6H (14), ν C8C9 (12) 
1369 19 1375 47 β C6H (24), ν C8C9 (16), ν N2C3 (14), ν CO (11) 
1358 6    

1351, 1346 57 1359 94 ν C6N7 (29), ν C3C9 (21), ν N7C9 (12) 
1335 49 1325 53 ν C6N7 (20), β OH (17), ν C4N5 (12), ν C3C9 (12), ν N2C3 (11) 

1315, 1307 43 1313 33 ν N5C6 (22), β C6H (21), β OH (14), β N1H (11), ν CO (10) 
1300 9    
1271 9 1276 10 β N1H (29), ν N5C6 (12), β OH (11) 
1262 3    
1249 5    
1234 3    
1207 4    

1201, 1199 8 1211 12 β C3H (49), β OH (15) 
1152 19 1152 9 β R5 (22), ν N5C6 (17) 

1087, 1081 104 1084 164 β OH (17), ν C4N5 (16), ν N1N2 (14), ν N5C6 (13) 
1059 10 1065 3 ν N1N2 (61) 

981, 976 26 957 4 γ C6H (108) 
936 53 931 57 β R4 (60), ν C8C9 (16) 
926 5    
887 21 882 32 β R1 (49), β R2 (19) 

857, 856 10 856 17 γ C3H (101) 
798 27 788 23 τ R1 (56), γ CO (19), τ R4 (16) 

  706 3 ν N7C8 (21), β R5 (10) 
692 10 683 18 γ CO (47), τ R5 (24), τ RR (14), τ R3 (10) 
656 19 656 8 τ R4 (55), τ R5 (37) 

  603 1 β R5 (30), ν C4C9 (20), β R2 (14) 
559 38 560 115 τ  OH (22), τ R2 (21), τ R1 (17), γ N1H (15) 

527, 526, 523 79 552 51 τ  OH (70), τ R1 (10) 
  521 0 β R3 (51), β R2 (23) 
  519 4 β CO (32), β R2 (16), ν N1C8 (13), β R3 (13) 

489 485 21 494 31 γ N1H (81) 
  293 5 β CO (44), β R2 (12), ν C4C9 (10) 
  292 1 τ R3 (56), τ R5 (15), τ R4 (10) 
  203 1 τ RR (71), τ R3 (20) 
  166 0 τ R2 (67), τ R1 (16), γ CO (11) 
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Scheme C2. Atom numbering for tautomers of 9-methylhypoxanthine. 
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Table C4. Internal coordinates used in the normal mode analysis for 9-methylhypoxanthine forms mHxI and 

mHxII (atom numbering as in Scheme C2). 
 

In-plane 
Ring stretchings 

S1 = r1,2 ν N1C2 
S2 = r2,3 ν C2N3 
S3 = r3,4 ν N3C4 
S4 = r4,5 ν C4C5 
S5 = r5,6 ν C5C6 
S6 = r6,1 ν C6N1 
S7 = r5,7 ν C5N7 
S8 = r7,8 ν N7C8 
S9 = r8,9 ν C8N9 
S10 = r9,4 ν N9C4 
Stretchings CO, OH (for hydroxy form), NH, CH 

S11 = r10,6  ν CO 
S'12 = r11,10 mHxII ν OH 
S12 = r11,1 mHxI ν N1H 
S13 = r12,2 ν C2H 
S14 = r13,8 ν C8H 
S15 = r14,9 ν N9C14 
Stretchings of methyl-group 
S16 = (3-1/2)(r14,15 + r14,16 + r14,17) ν Me1 
S17 = (6-1/2)(2r14,15 - r14,16 - r14,17) ν Me2 
S18 = (2-1/2)(r14,16 - r14,17) ν Me3 
Ring in-plane deformation 

S19 = (6-1/2)(β1,3,2 - β2,4,3 + β3,5,4 - β4,6,5 + β5,1,6 - β6,2,1) β R1 
S20 = (12-1/2)(2β1,3,2 - β2,4,3 - β3,5,4 + 2β4,6,5 - β5,1,6 - β6,2,1) β R2 
S21 = (1/2)(β2,4,3 - β3,5,4 + β5,1,6 - β6,2,1) β R3 
S22 = ((1+ 2a2 + 2b2)-1/2)(β7,9,8 + a(β5,8,7 + β8,4,9) + b(β4,7,5 + β9,5,4)) β R4 
S23 = (2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(β5,8,7 - β8,4,9) + (1 - a)(β4,7,5 - β9,5,4)) β R5 
Bendings CO, OH, NH, CH 

S24 = (2-1/2)(β1,10,6 - β5,10,6) β CO 
S'25 = β11,6,10 mHxII β OH 
S25 = (2-1/2)(β2,11,1 - β6,11,1) mHxI β N1H 
S26 = (2-1/2)(β3,12,2 - β1,12,2) β C2H 
S27 = (2-1/2)(β7,13,8 - β9,13,8) β C8H 
S28 = (2-1/2)(β8,14,9 - β4,14,9) β N9C14 
Bendings of methyl-group  

S29 = (6-1/2)(β15,17,14 + β15,16,14 + β17,16,14 - β9,15,14 - β9,16,14 - β9,17,14) β Me1 
S30 = (6-1/2)(2β17,16,14 - β15,17,14 - β15,16,14) β Me2 
S31 = (6-1/2)(2β9,15,14 - β9,17,14 - β9,16,14) β Me3 
S32 = (2-1/2)(β15,17,14 - β15,16,14) β Me4 
S33 = (2-1/2)(β9,17,14 - β9,16,14) β Me5 

Out-of-plane 
Torsion OH 
S'34 = (2-1/2)(τ11,10,6,1 + τ11,10,6,5) mHxII τ OH 
Wagging CO, NH, CH 
S34 = γ11,6,1,2 mHxI γ N1H 
S35 = γ10,5,6,1 γ CO 
S36 = γ12,1,2,3 γ C2H 
S37 = γ13,7,8,9 γ C8H 
S38 = γ14,8,9,4 γ N9C14 
Ring torsions 
S39 = (6-1/2)(τ1,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,1 + τ5,6,1,2 - τ6,1,2,3) τ R1 
S40 = (12-1/2)(2τ1,2,3,4 - τ2,3,4,5 - τ3,4,5,6 + 2τ4,5,6,1 - τ5,6,1,2 - τ6,1,2,3) τ R2 
S41 = (1/2)(τ2,3,4,5 - τ3,4,5,6 + τ5,6,1,2 - τ6,1,2,3) τ R3 
S42 = ((1 + 2a2 + 2b2)-1/2)(τ4,5,7,8 + b(τ7,8,9,4 + τ8,9,4,5) + a(τ5,7,8,9 + τ9,4,5,7)) τ R4 
S43 = (2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(τ9,4,5,7 - τ5,7,8,9) + (1 - a)(τ8,9,4,5 - τ7,8,9,4)) τ R5 
Two rings relative torsion 
S44 = (2-1/2)(τ6,5,4,9 - τ7,5,4,3) τ RR 
Torsion of methyl-group 
S45 = (6-1/2)(τ15,14,9,8 + τ15,14,9,4 + τ17,14,9,8 + τ17,14,9,4 + τ16,14,9,8 + τ16,14,9,4) τ Me 
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Table C5. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of the oxo form of 9-methylhypoxanthine isolated in an Ar matrix, compared with wavenumbers 

(ν~ /cm-1), absolute intensities (Ath / km mol-1) and potential energy distribution (PED / %) calculated for the oxo form 

mHxI.  

 
Observed 

Ar matrix, T = 10 K 
Calculated 

B3LYP/6-31++G(d, p) 

ν~  I ν~  Ath PED (%) 

3433, 3430, 3424, 3422 100 3527 68 ν N1H (100) 
  3190 0 ν C8H (99) 

3115 1 3136 4 ν C2H (100) 
2998 3 3095 6 ν Me2 (93) 
2961 9 3073 9 ν Me3 (93) 

2930, 2922, 2888 11 3002 37 ν Me1 (98) 
1775 8    

1764, 1760, 1750, 1744 583 1761 764 ν CO (72), ν C5C6 (13) 
1738, 1732, 1725 178    

1702 35    
1658 12    
1594 79 1597 126 ν C2N3 (54), β C2H (15) 

1579, 1576 8    
1547 51 1547 40 ν N3C4 (23), ν N9C4 (18), ν N7C8 (15), ν C4C5 (14) 
1522 46 1516 57 ν C4C5 (26) 
1506 2    
1475 9 1486 14 β Me2 (76), β Me3 (11) 

1450, 1447 6 1456 11 β Me4 (89) 
  1447 1 β N1H (26), ν N7C8 (20) 

1440 1 1434 4 β Me1 (72), ν N7C8 (11) 

1408, 1404 19 1409 15 
ν N7C8 (16), β Me1 (15), β N1H (13), ν N9C4 (12), ν N1C2 (10), 
ν C4C5 (10) 

1377 25 1373 20 β C2H (26), ν C5C6 (14), ν N9C14 (10) 
1353 40 1356 34 β C2H (33), ν C2N3 (18), ν C5N7 (16) 
1343 19 1342 18 ν C8N9 (25), ν C5N7 (16) 
1290 1    

1272, 1268, 1264 10 1271 5 β C8H (28), ν C8N9 (12), β Me3 (11) 
1215 43 1214 41 β C8H (36), ν N9C14 (15) 

1141, 1139 61 1133 40 ν N1C2 (33), β N1H (19), ν C6N1 (12) 
1127 0 1126 1 β Me5 (87) 
1101 17 1098 28 ν N1C2 (17), β R1 (16) 

1084, 1081 1    
1051, 1045, 1040 34 1043 34 β Me3 (45), ν C8N9 (26), β R4 (13) 

  1008 15 ν C6N1 (25), β R4 (17), β CO (12), β R5 (11) 
924, 921 3 910 4 γ C2H (107) 

899 4 892 5 β R1 (47), β R2 (10), ν C5N7 (10) 
839, 832  6 819 11 γ C8H (100) 

784 12 758 8 γ CO (33), τ R1 (32), τ R4 (26) 
725 8 721 14 ν N9C14 (31), β R4 (28), β R2 (13), ν C8N9 (10) 
721 11 713 37 γ N1H (47), γ CO (40) 
713 1    

704, 702 13 697 14 ν N3C4 (24), ν C6N1 (14), ν N9C4 (12), β R4 (10) 
660, 654 56 650 61 τ R5 (45), γ N1H (30), τ RR (12), τ R4 (10) 

640 1 636 0 τ R4 (51), γ N1H (17), γ CO (14), τ R3 (11) 
599, 595 13 587 11 β CO (25), ν C6N1 (23), β R5 (18) 
545, 542 12 536 18 τ R2 (39), τ R1 (27), τ R5 (26), γ N1H (10) 
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Table C5. (Continuating). 
 

Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/6-31++G(d, p) 

ν~  I ν~  Ath PED (%) 

522 1 518 3 β R2 (35), β R5 (14), ν N9C14 (11), β N9C14 (10) 
  504 2 β R3 (69), β R2 (11) 
  352 4 β CO (41), β N9C14 (19), ν C5C6 (16) 
  267 0 τ R3 (62), γ N9C14 (22) 
  246 1 τ RR (55), γ N9C14 (24) 
  224 1 β N9C14 (51), β R2 (11) 
  170 12 τ R2 (35), τ R3 (30), γ N9C14 (18), τ RR (14) 
  109 0 γ N9C14 (29), τ R2 (24), τ R1 (21) 
  50 0 τ Me (95) 
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Table C6. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in 

the spectrum of the hydroxy form of 9-methylhypoxanthine isolated in an Ar matrix, compared with wavenumbers 

(ν~ /cm-1), absolute intensities (Ath / km mol-1) and potential energy distribution (PED / %) calculated for the oxo form 

mHxIIa.  

       Observed 
Ar matrix, T = 10 K 

Calculated 
B3LYP/6-31++G(d, p) 

ν~  I ν~  Ath
PED (%) 

3577, 3563, 3557 100 3682 106 ν OH (100) 
  3185 0 ν C8H (99) 

2995 6 3137 14 ν C2H (100) 
2963 11 3093 7 ν Me2 (99) 
2924 13 3072 9 ν Me3 (99) 
2801 15 3001 38 ν Me1 (99) 

1639, 1636 98 1633 224 ν C5C6 (39) 
1585 120 1586 180 ν N3C4 (26), ν C4C5 (22), ν N1C2 (10) 
1520 69 1517 57 ν N7C8 (21), β C8H (17) , β R5 (11) 
1490 6    
1478 26 1489 36 β Me2 (74), β Me3 (13) 

1471, 1468, 1467 100 1472 132 β C2H (31), ν C6N1 (23), ν CO (12), ν C2N3 (11) 
1447 19 1454 11 β Me4 (90) 
1430 18 1441 15 β Me1 (42), ν N7C8 (31) 
1413 26 1417 26 β Me1 (46), ν N9C14 (15), ν N7C8 (10) 
1361 31 1363 37 β C2H (41), ν C6N1 (11) 
1347 34 1345 55 ν C5N7 (15), ν N7C8 (13), ν C4C5 (12), ν C2N3 (10), ν C8N9 (10) 

1327, 1318, 1313 147 1330 169 ν C2N3 (19), ν C8N9 (14), ν CO (12) 
1307 19 1323 10 ν N1C2 (26), ν C2N3 (16), ν CO (14), β C2H (10) 

1282, 1272 11 1289 15 β OH (33), ν C5N7 (23), ν N1C2 (15) 
1236, 1235 31 1243 27 β C8H (41), ν N7C8 (11), β Me3 (10) 
1213, 1207 43 1204 55 ν N9C14 (17), β C8H (17) 

1192 6    
1126 7 1127 1 β Me5 (89), β Me4 (10) 

1111, 1109, 1107 58 1111 98 β OH (27), ν N1C2 (20), ν C6N1 (20) 
1052, 1050 12 1045 8 β Me3 (50),ν C8N9 (28) 
1023, 1022 86 1019 99 β R4 (25), ν CO (16), ν N9C14 (10), β R5 (10) 

952 4 946 5 γ C2H (108) 
894, 889 9 887 8 β R1 (43), β R2 (15) 

855 2 845 7 γ C8H (100) 
809, 803, 802 24 786 12 τ R1 (52), τ R4 (22), γ CO (18) 

735 6 731 5 ν N9C14 (21), β R2 (17), ν C8N9 (10), β R4 (10) 
727 5    
718 12 714 11 β R4 (29), ν N3C4 (13), ν C5C6 (12) 
686 2 677 7 γ CO (49), τ R3 (14), τ R5 (11), τ RR (11), τ R4 (10) 

647, 646 33 644 40 τ R4 (52), τ R5 (32) 
  592 2 β R5 (25), β CO (25) 

535 4 560 2 τ R2 (32), τ R5 (28), τ R1 (24) 
515, 512 45 540 89 τ OH (88) 

  529 4 β R3 (35), ν N9C14 (12), β R2 (11), β N9C14 (10) 
  520 1 β R3 (35), β R2 (34) 
  331 10 β CO (49), β N9C14 (22) 
  298 0 τ R3 (63), τ R5 (11) 
  253 1 τ RR (48), γ N9C14 (32) 
  220 5 β N9C14 (49), β R2 (10) 
  190 1 τ R2 (47), γ N9C14 (24), τ RR (17) 
  110 5 γ N9C14 (34), τ R2(23), τ R1 (10) 
  13 0 τ Me (96) 
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Scheme C3. Atom numbering for tautomers of hypoxanthine. 
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Table C7. Internal coordinates used in the normal mode analysis for hypoxanthine forms HxI and HxII 

(atom numbering as in Scheme C3). 

 
In-plane 

Ring stretchings   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2N3 
S3 = r3,4  ν N3C4 
S4 = r4,5  ν C4C5 
S5 = r5,6  ν C5C6 
S6 = r6,1  ν C6N1 
S7 = r5,7  ν C5N7 
S8 = r7,8  ν N7C8 
S9 = r8,9  ν C8N9 
S10 = r9,4  ν N9C4 
Stretching CO   
S11 = r10,6  ν C=O 
Stretching CH, NH   
S12 = r11,1  ν N1H 
S13 = r12,2  ν C2H 
S14 = r13,8  ν C8H 
S15 = r14,9 HxI  ν N9H 
S'15 = r14,7 HxII  ν N7H 
Ring in-plane deformation   
S16 = (6-1/2)(β1,3,2 - β2,4,3 + β3,5,4 - β4,6,5 + β5,1,6 - β6,2,1)  β R1 
S17 = (12-1/2)(2β1,3,2 - β2,4,3 - β3,5,4 + 2β4,6,5 - β5,1,6 - β6,2,1)  β R2 
S18 = (1/2)(β2,4,3 - β3,5,4 + β5,1,6 - β6,2,1)  β R3 
S19 = ((1+ 2a2 + 2b2)-1/2)(β7,9,8 + a(β5,8,7 + β8,4,9) + b(β4,7,5 + β9,5,4))  β R4 
S20 = ((2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(β5,8,7 - β8,4,9) + (1 - a)(β4,7,5 - β9,5,4))  β R5 
Bendings CO, CH, NH,   
S21 = (2-1/2)(β1,10,6 - β5,10,6)  β C=O 
S22 = (2-1/2)(β2,11,1 - β6,11,1)  β N1H 
S23 = (2-1/2)(β3,12,2 - β1,12,2)  β C2H 
S24 = (2-1/2)(β7,13,8 - β9,13,8)  β C8H 
S25 = (2-1/2)(β8,14,9 - β4,14,9) HxI  β N9H 
S'25= (2-1/2)(β5,14,7 - β8,14,7) HxII  β N7H 

Out-of-plane 
Wagging CO, NH, CH   
S26 = γ10,5,6,1  γ C=O 
S27 = γ11,6,1,2  γ N1H 
S28 = γ12,1,2,3  γ C2H 
S29 = γ13,7,8,9  γ C8H 
S30 = γ14,8,9,4 HxI γ N9H 
S'30= γ14,5,7,8 HxII γ N7H 
Ring torsions   
S31 = (6-1/2)(τ1,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,1 + τ5,6,1,2 - τ6,1,2,3)  τ R1 
S32 = (12-1/2)(2τ1,2,3,4 - τ2,3,4,5 - τ3,4,5,6 + 2τ4,5,6,1 - τ5,6,1,2 - τ6,1,2,3)  τ R2 
S33 = (1/2)(τ2,3,4,5 - τ3,4,5,6 + τ5,6,1,2 - τ6,1,2,3)  τ R3 
S34 = ((1+ 2a2 + 2b2)-1/2)(τ4,5,7,8 + b(τ7,8,9,4 + τ8,9,4,5) + a(τ5,7,8,9 + τ9,4,5,7))  τ R4 
S35 = ((2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(τ9,4,5,7 - τ5,7,8,9) + (1 - a)(τ8,9,4,5 - τ7,8,9,4))  τ R5 
Two rings relative torsion   
S36 = (2-1/2)(τ6,5,4,9 - τ7,5,4,3)  τ RR 
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Table C8. Internal coordinates used in the normal mode analysis for hypoxanthine forms HxIII and HxIV 

(atom numbering as in Chart S1) 

 
In-plane 

Ring stretchings   
S1 = r1,2  ν N1C2 
S2 = r2,3  ν C2N3 
S3 = r3,4  ν N3C4 
S4 = r4,5  ν C4C5 
S5 = r5,6  ν C5C6 
S6 = r6,1  ν C6N1 
S7 = r5,7  ν C5N7 
S8 = r7,8  ν N7C8 
S9 = r8,9  ν C8N9 
S10 = r9,4  ν N9C4 
Stretching CO   
S11 = r10,6  ν CO 
Stretching OH, CH, NH   
S12 = r11,10  ν OH 
S13 = r12,2  ν C2H 
S14 = r13,8  ν C8H 
S15 = r14,9 HxIII ν N9H 
S'15= r14,7 HxIV ν N7H 
Ring in-plane deformation   
S16 = (6-1/2)(β1,3,2 - β2,4,3 + β3,5,4 - β4,6,5 + β5,1,6 - β6,2,1)  β R1 
S17 = (12-1/2)(2β1,3,2 - β2,4,3 - β3,5,4 + 2β4,6,5 - β5,1,6 - β6,2,1)  β R2 
S18 = (1/2)(β2,4,3 - β3,5,4 + β5,1,6 - β6,2,1)  β R3 
S19 = ((1+ 2a2 + 2b2)-1/2)(β7,9,8 + a(β5,8,7 + β8,4,9) + b(β4,7,5 + β9,5,4))  β R4 
S20 = ((2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(β5,8,7 - β8,4,9) + (1 - a)(β4,7,5 - β9,5,4))  β R5 
Bendings CO, CH, NH, OH   
S21 = (2-1/2)(β1,10,6 - β5,10,6)  β C-O 
S22 = β11,6,10   β OH 
S23 = (2-1/2)(β3,12,2 - β1,12,2)  β C2H 
S24 = (2-1/2)(β7,13,8 - β9,13,8)  β C8H 
S25 = (2-1/2)(β8,14,9 - β4,14,9) HxIII β N9H 
S'25 =(2-1/2)(β5,14,7 - β8,14,7) HxIV β N7H 

Out-of-plane 
Torsion OH   
S26 = (2-1/2)(τ11,10,6,1 + τ11,10,6,5)  τ  OH 
Wagging CO, NH, CH   
S27 = γ10,5,6,1  γ CO 
S28 = γ12,1,2,3  γ C2H 
S29 = γ13,7,8,9  γ C8H 
S30 = γ14,8,9,4 HxIII γ N9H 
S'30= γ14,5,7,8 HxIV γ N7H 
Ring torsions   
S31 = (6-1/2)(τ1,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,1 + τ5,6,1,2 - τ6,1,2,3)  τ R1 
S32 = (12-1/2)(2τ1,2,3,4 - τ2,3,4,5 - τ3,4,5,6 + 2τ4,5,6,1 - τ5,6,1,2 - τ6,1,2,3)  τ R2 
S33 = (1/2)(τ2,3,4,5 - τ3,4,5,6 + τ5,6,1,2 - τ6,1,2,3)  τ R3 
S34 = ((1+ 2a2 + 2b2)-1/2)(τ4,5,7,8 + b(τ7,8,9,4 + τ8,9,4,5) + a(τ5,7,8,9 + τ9,4,5,7))  τ R4 
S35 = ((2(a - b)2 + 2(1 - a)2)-1/2)((a - b)(τ9,4,5,7 - τ5,7,8,9) + (1 - a)(τ8,9,4,5 - τ7,8,9,4))  τ R5 
Two rings relative torsion   
S36 = (2-1/2)(τ6,5,4,9 - τ7,5,4,3)  τ RR 
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Table C9. Spectral positions (wavenumbers ν~ /cm-1) and relative intensities (I) of the absorption bands found in 

the IR spectrum of hypoxanthine isolated in an Ar matrix (10K). 

 
 I form normal mode 

number ν~ description of the mode  

3566, 3561 0.5 HxIII   
3490, 3484, 3482 18.3 HxI Q1 ν N9H  

3478 18.5 HxII Q1 ν N7H 
3431 15.9 HxII Q2 ν N1H 
3428 11.4 HxI+HxII Q2 ν N1H  
1772 1.5 HxI   

1753, 1751, 1742 50.9 HxI Q5 ν C=O  
1735, 1733, 1727 106.3 HxII Q5 ν C=O 

1712 5.9 HxII   
1642, 1635 0.4 HxIII   
1600, 1596 9.7a HxII Q6 ν ring 
1597, 1593 overlapa HxI Q6 ν ring 

1582 0.4 HxI   
1560, 1555 7.1 HxI Q7 ν ring 
1534, 1531 4.8 HxII Q7 ν ring 

1522, 1519, 1515, 1512 0.9 HxII   
1510 0.3 HxI   
1500 1.2 HxI Q8 ν ring 
1471 0.7 III   
1450 0.3 HxI Q9 ν ring, β N1H  
1437 4.2 HxII Q9 ν ring, β CH, β ring 

1415, 1412, 1409 2.4 HxII Q10 β N1H, β N7H, ν ring 
1407 0.5 HxI Q10 β N1H, ν ring, β CH 
1400 0.8 HxII   

1388, 1387, 1381 11.9 HxII Q11 β CH, ν ring 
1373 0.4 HxI Q11 β N9H, β CH, ν ring 
1371 9.9 HxII Q12 ν ring, β N7H 
1351 0.7 HxII   

1350, 1349 1.3 HxI Q12 ν ring, β CH 
1342 1.6 HxI Q13 ν ring, β CH 
1330 0.1 HxIII   

1326, 1325 3.3 HxII Q13 β CH, ν ring  
1319, 1318 0.2 HxIII   

1315 0.5 HxII   
1281, 1278 0.5 HxII   

1269 0.4 HxIII   
1267 0.3 HxI Q14 β CH, ν ring 

1239, 1237 0.2 HxIII   
1190, 1185 12.7 HxII Q15 β CH, β ring, ν ring 
1173, 1172 5.7 HxI Q15 β CH, β ring 
1112, 1111 1.3 HxII Q16 ν ring, β N1H 
1101, 1100 1.7 HxI Q16 ν ring, β N1H 

1087 0.4 HxI   
1089, 1084, 1081 7.0 HxII Q17 ν ring, β N7H, β CH 

1074 0.1 HxIII   
1062, 1055 5.5 HxII Q18 ν ring, β ring, β C=O 
1059, 1058 1.1 HxI Q17 ν ring, β N9H  

1048 0.5 HxI Q18 ν ring, β C=O 
931 0.3 HxI Q19 β ring 
925 0.1 HxIII   
924 0.2 HxI Q20 γ CH 
919 0.8 HxII Q20 γ CH 
892 0.6 HxI Q21 β ring 
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Table C9. (Continuating). 

ν~  I form normal mode 
number description of the mode  

891 0.5 HxII Q21 β ring 
886 0.1 HxIII   

859, 858 1.7 HxII Q22 γ CH 
837 0.5 HxI Q22 γ CH 
811 0.4 HxII   

788, 787, 785 2.7a HxII Q23 τ ring 
787, 785 overlapa HxI Q23 γ C=O, τ ring 
729, 728 4.1 HxII Q24 γ C=O, γ N1H 

720 2.4 HxI Q24 γ N1H, γ C=O 
701 0.4 HxII Q25 ν ring 
693 0.6 HxI Q25 ν ring 
659 4.4a HxII Q26 γ N1H, τ ring 
659 overlapa HxI Q26 τ ring 
641 0.8 HxI Q27 τ ring, γ N1H 

628, 624 4.7 HxII Q27 τ ring, γ N1H 
605 1.2 HxII Q28 β ring, ν ring, β C=O 
600 0.6 HxI Q28 β ring, ν ring, β C=O 

563, 560, 558 7.0 HxI Q29 γ N9H, τ ring 
555, 554 3.9 HxII Q29 τ ring 
535, 533 0.8 HxI Q30 β ring, β C=O  
526, 523 11.9 HxII Q31 γ N7H 

510 0.7 HxII Q32 β ring 
 

a Summaric intensity of overlapping bands. 
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Table C10. Spectral positions (wavenumbers ν~ /cm-1) ) and relative intensities (I) of the absorption bands attributed to 

the hydroxy tautomers of hypoxanthine. The bands were found in the IR spectra obtained after UV irradiations of 

hypoxanthine isolated in an Ar matrix. 

 
ν~  I Mode 

number Description of the mode 

Form  HxIII  hydroxy-N(9)-H 

3566, 3561 7.3 Q1 ν OH 
3496 4.4 Q2 ν N9H 

1642, 1635 3.9 Q5 ν ring 
1624 4.8 Q6 ν ring 
1471 4.8 Q8 ν ring, β CH 
1421 0.8 Q9 ν ring 
1338 2.7 Q11/Q12 ν ring, β CH / ν C-O, ν ring 
1330 1.6 Q11/Q12 ν ring, β CH / ν C-O, ν ring 

1319, 1318 2.0 Q11/Q12 ν ring, β CH / ν C-O, ν ring 
1291 0.7 Q13 ν ring, β CH 
1269 1.5 Q14 β OH, ν ring 

1239, 1237 1.2 Q15 β CH, ν ring 
1083, 1074 4.6 Q17 ν ring, β OH 

925 0.4 Q20 β ring, ν ring 
886 0.4 Q21 β ring 
570 1.2 Q28 τ ring, γ N9H 

523, 521 4.0 Q29 τ OH 

Form  HxIV  hydroxy-N(7)-H 

3568, 3563 12.9 Q1 ν OH 
3490 7.8 Q2 ν N7H 
1662 7.2 Q5 ν ring 
1566 14.4 Q6 ν ring 
1492 2.1 Q7 ν ring, β CH 
1480 1.7 Q8 β CH, ν ring  
1398 7.6 Q9 β N7H, ν ring 

1385, 1381 10.4 Q10 ν ring 
1354 5.6 Q11 ν ring 
1332 2.6 Q12 β CH, ν ring 
1304 0.9 Q13 ν ring, β OH 
1236 2.1 Q15 β CH, β OH, ν ring 
1054 7.3 Q18 ν C-O, β ring, β N7H 

956, 951 1.1 Q19 γ CH 
878, 875 1.2 Q21/Q22 β ring, γ CH 

490 8.2 Q31 τ OH 
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Table C11. Calculated vibrational frequencies, intensities and potential energy distributions for hypoxanthine 

form HxI (oxo-N9) (frequencies (ν ) in cm-1, intensities (Ath) in km mol-1, PED’s in %). Definition of internal 

coordinates is given in Table C7.  

 
Normal vibrations calculated at the DFT(B3LYP)/6-31++G(d, p) level 

Nr ν Ath
PED 

Q1 3582 89 ν N9H (100) 
Q2 3528 66 ν N1H (100) 
Q3 3202 0 ν C8H (99) 
Q4 3137 4 ν C2H (100) 
Q5 1764 723 ν C=O (73), ν C5C6 (13) 
Q6 1598 102 ν C2N3 (55), β C2H (15) 
Q7 1564 66 ν N3C4 (25), ν C4C5 (18), ν N9C4 (14), β N9H (14), ν N7C8 (14) 
Q8 1499 33 ν N7C8 (21), ν C4C5 (20), β C8H (12) 
Q9 1454 4 ν N7C8 (24), β N1H (23) 

Q10 1407 5 β N1H (18), ν C4C5 (17), β C2H (17), ν N1C2 (16) 
Q11 1379 23 β N9H (24), β C2H (18), ν C8N9 (16) 
Q12 1352 35 ν C5N7 (30), β C2H (21), ν C2N3 (14) 
Q13 1332 4 ν C5C6 (15), ν N9C4 (14), β C8H (14), β C2H (12) 
Q14 1274 5 β C8H (31), ν N7C8 (14), β N9H (10), ν N3C4 (10) 
Q15 1170 80 β C8H (18), β R1 (14), ν N1C2 (11) 
Q16 1115 11 ν N1C2 (41), β N1H (21) 
Q17 1061 18 ν C8N9 (53), β N9H (31) 
Q18 1045 41 ν C6N1 (34), β C=O (21) 
Q19 926 5 β R4 (76), ν C4C5 (11) 
Q20 914 3 γ C2H (107) 
Q21 884 9 β R1(52), β R2 (13) 
Q22 821 15 γ C8H (100) 
Q23 759 8 γ C=O (34), τ R1 (32), τ R4 (27) 
Q24 713 46 γ N1H (48), γ C=O (38) 
Q25 688 10 ν N3C4 (22), ν C6N1 (19), ν N9C4 (12) 
Q26 656 18 τ  R5 (56), τ R4 (23), γ N1H (14) 
Q27 638 15 τ R4 (32), γ N1H (32), γ C=O (17), τ R3 (15) 
Q28 595 8 β R5 (31), ν C5C6 (20), β C=O (12) 
Q29 557 121 γ N9H (53), τ R2 (19), τ R1 (17) 
Q30 526 11 β R2 (41), β C=O (19), ν C6N1 (11), β R1 (10) 
Q31 516 13 γ N9H (48), τ R2 (22), τ R5 (16), τ R1 (12) 
Q32 498 2 β R3 (69) 
Q33 315 1 β C=O (38), β R2 (17), ν C5C6 (12) 
Q34 263 0 τ R3 (58), τ RR (20), τ R5 (15) 
Q35 203 17 τ RR (63), τ R3 (28) 
Q36 149 1 τ R2 (59), τ R1 (31) 
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Table C12. Calculated vibrational frequencies, intensities and potential energy distributions for hypoxanthine 

form HxII (oxo-N7) (frequencies (ν ) in cm-1, intensities (Ath) in km mol-1, PED’s in %). Definition of internal 

coordinates is given in Table C7.  

 
Normal vibrations calculated at the DFT(B3LYP)/6-31++G(d, p) level 

Nr ν Ath PED 

Q1 3582 102 ν N7H (100) 
Q2 3531 70 ν N1H (100) 
Q3 3203 1 ν C8H (99) 
Q4 3134 6 ν C2H (100) 
Q5 1739 796 ν C=O (64), ν C5C6 (16) 
Q6 1608 75 ν C2N3 (52), β C2H (10) 
Q7 1526 30 ν C4C5 (18), β N7H (14), ν C2N3 (12), ν C8N9 (11), ν C5N7 (10) 
Q8 1515 9 ν C4C5 (27), ν N3C4 (25) 
Q9 1441 36 ν C8N9 (32), β C8H (15), β R5 (13), ν C5N7 (11) 

Q10 1410 25 β N1H (39), β N7H (16), ν N1C2 (16), ν N7C8 (11) 
Q11 1387 33 β C2H (45), ν C5N7 (11), ν C2N3 (10), ν C4C5 (10), ν N3C4 (10) 
Q12 1378 90 ν N7C8 (16), ν N9C4 (13), β N7H (13), ν C8N9 (11) 
Q13 1325 28 β C2H (29), ν N9C4 (22), ν C5N7 (13), ν N3C4 (12) 
Q14 1273 0 β C8H (31), ν C8N9 (24), ν C5C6 (11), ν N9C4 (10) 
Q15 1184 75 β C8H (18), β R1 (18), ν C6N1 (15), ν C5N7 (10) 
Q16 1101 8 ν N1C2 (43), β N1H (20) 
Q17 1080 43 ν N7C8 (48), β N7H (23), β C8H (10) 
Q18 1060 14 ν C6N1 (21), β R5 (14), β C=O (13) 
Q19 938 1 β R4 (73), ν C4C5 (13) 
Q20 910 6 γ C2H (107) 
Q21 882 3 β R1 (53), β R2 (15) 
Q22 845 13 γ C8H (103) 
Q23 757 5 τ R1 (43), τ R5 (27), τ R4 (13), γ C=O (12) 
Q24 716 32 γ C=O (69), γ N1H (25), τ R5 (10) 
Q25 697 3 ν N3C4 (25), ν C6N1 (16), ν N9C4 (10) 
Q26 658 28 γ N1H (46), τ R5 (32), τ R4 (13) 
Q27 620 41 τ R4 (41), γ N1H (21), γ N7H (12), τ R3 (11), γ C=O (11) 
Q28 600 6 β R5 (33), ν C5C6 (17), β C=O (13) 
Q29 547 20 τ R2 (39), τ R1 (29), τ R4 (12), τ R5 (12), γ N1H (11) 
Q30 538 3 β R2 (35), β C=O (22), ν C6N1 (11) 
Q31 516 84 γ N7H (86) 
Q32 504 3 β R3 (68), β R2 (11) 
Q33 300 17 β C=O (39), β R2 (17), ν C5C6 (12) 
Q34 270 5 τ R3 (54), τ RR (25), τ R4 (12) 
Q35 191 12 τ RR (54), τ R3 (37), τ R2 (10) 
Q36 156 15 τ R2 (52), τ R1 (36) 
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Table C13. Calculated vibrational frequencies, intensities and potential energy distributions for hypoxanthine 

form HxIII (hydroxy-N9) (frequencies (ν ) in cm-1, intensities (Ath) in km mol-1, PED’s in %). Definition of 

internal coordinates is given in Table C8. 

 
Normal vibrations calculated at the DFT(B3LYP)/6-31++G(d, p) level 

Nr ν Ath PED 

Q1 3681 104 ν OH (100) 
Q2 3587 94 ν N9H (100) 
Q3 3198 0 ν C8H (99) 
Q4 3138 13 ν C2H (100) 
Q5 1638 168 ν C5C6 (35), ν N3C4 (11) 
Q6 1597 238 ν C4C5 (23), ν N3C4 (20), ν N1C2 (11) 
Q7 1499 26 ν N7C8 (49), β C8H (21) 
Q8 1477 158 ν C6N1 (29), β C2H (26), ν C-O (14), ν C2N3 (13) 
Q9 1415 29 ν N9C4 (28), ν C4C5 (20), ν N7C8 (11) 

Q10 1393 8 β C2H (33), β N9H (31), ν C8N9 (17) 
Q11 1340 90 ν C4C5 (16), β C8H (16), ν C6N1 (11), ν C5N7 (10) 
Q12 1335 150 ν C-O (17), ν C5N7 (15), ν C2N3 (15), β R1 (14) 
Q13 1311 7 ν C2N3 (35), ν N1C2 (28), β C2H (17) 
Q14 1275 23 β OH (42), ν C5N7 (25) 
Q15 1249 23 β C8H (38), ν N7C8 (17), β N9H (10) 
Q16 1131 2 β R5 (14), ν N1C2 (13), ν C2N3 (10) 
Q17 1081 185 ν C6N1 (21), β OH (18), ν C-O (13), β R5 (10) 
Q18 1061 11 ν C8N9 (56), β N9H (32) 
Q19 948 5 γ C2H (108) 
Q20 921 14 β R4 (73), ν C4C5 (13) 
Q21 880 15 β R1 (49), β R2 (20) 
Q22 847 10 γ C8H (100) 
Q23 785 11 τ R1 (52), τ R4 (22), γ C-O (18) 
Q24 712 2 ν N3C4 (19), ν N9C4 (11) 
Q25 676 13 γ C-O (49), τ R3 (14), τ R5 (13), τ R4 (11), τ RR (10) 
Q26 652 11 τ R4 (48), τ R5 (40) 
Q27 607 1 β R5 (36), ν C5C6 (19), β R2 (10) 
Q28 567 37 τ R2 (29), τ R1 (23), τ R5 (18), γ N9H (16) 
Q29 545 135 τ OH (88) 
Q30 525 8 β C-O (28), β R2 (22), ν N9C4 (13), β R3 (11) 
Q31 520 0 β R3 (54), β R2 (21) 
Q32 508 40 γ N9H (79) 
Q33 297 13 β C-O (48), β R2 (12) 
Q34 296 0 τ R3 (59), τ R5 (16) 
Q35 216 12 τ RR (70), τ R3 (17) 
Q36 162 3 τ R2 (64), τ R1 (17), γ C-O (12) 
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Table C14. Calculated vibrational frequencies, intensities and potential energy distributions for hypoxanthine 

form HxIV (hydroxy-N7) (frequencies (ν) in cm-1, intensities (Ath) in km mol-1, PED’s in %). Definition of 

internal coordinates is given in Table C8.  

 
Normal vibrations calculated at the DFT(B3LYP)/6-31++G(d, p) level 

Nr ν Ath PED 

Q1 3683 104 ν OH (100) 
Q2 3593 95 ν N7H (100) 
Q3 3196 1 ν C8H (99) 
Q4 3137 15 ν C2H (100) 
Q5 1662 167 ν C5C6 (43), ν C5N7 (13) 
Q6 1566 260 ν N3C4 (24), ν C6N1 (23), ν C4C5 (22) 
Q7 1504 50 ν C8N9 (52), β C8H (19) 
Q8 1485 24 β C2H (35), ν C2N3 (17), ν C6N1 (15) 
Q9 1399 136 β N7H (40), ν N7C8 (24) 

Q10 1380 128 ν C4C5 (20), ν C2N3 (19), ν C5N7 (18), ν N3C4 (13), β C2H (10) 
Q11 1362 53 ν N9C4 (18), ν C4C5 (13), β R1 (11), ν C2N3 (11), ν C8N9 (10) 
Q12 1337 47 β C2H (45), ν N9C4 (13), β OH (11), ν N3C4 (10) 
Q13 1303 5 ν C2N3 (29), ν C5N7 (14), β OH (13), ν C8N9 (12) 
Q14 1266 22 ν N1C2 (40), β OH (13) 
Q15 1239 49 β C8H (35), β OH (15), ν C8N9 (13), β N7H (10) 
Q16 1130 21 ν N1C2 (20), β OH (16), β R5 (11) 
Q17 1084 46 ν N7C8 (48), β N7H (17) 
Q18 1055 146 ν C-O (15), β R5 (14), β N7H (13) 
Q19 949 6 γ C2H (108) 
Q20 929 3 β R4 (70), ν C4C5 (17) 
Q21 872 20 β R1 (47), β R2 (19) 
Q22 865 14 γ C8H (103) 
Q23 781 12 τ R1 (56), τ R5 (21), τ R4 (11) 
Q24 713 2 ν N3C4 (22), ν N9C4 (11), β R5 (10) 
Q25 684 5 γ C-O (48), τ R5 (31), τ RR (12) 
Q26 623 3 τ R4 (58), τ R5 (17) 
Q27 606 1 β R5 (36), ν C5C6 (19) 
Q28 572 0 τ R2 (35), τ R1 (25), γ C-O (15), τ R5 (14) 
Q29 536 0 β C-O (26), β R3 (23), β R2 (16), ν N9C4 (15) 
Q30 518 1 β R3 (42), β R2 (30) 
Q31 512 138 τ OH (93) 
Q32 449 83 γ N7H (93) 
Q33 299 4 τ R3 (54), τ R4 (15), τ RR (14) 
Q34 287 13 β C-O (49), β R2 (11) 
Q35 212 7 τ RR (62), τ R3 (19), τ R2 (15) 
Q36 165 4 τ R2 (57), τ R1 (20), γ C-O (12) 
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Appendix D 

 
Spectroscopic data of N-hydroxypyridine-2(1H)-thione 
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Scheme D1. Atom numbering for isomers of N-hydroxypyridine-2(1H)-thione.  
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Table D1. Internal coordinates (Si) used in the normal mode analysis for N-hydroxypyridine-2(1H)-thione (NpI) 

and 2-hydroxysulfanyl-pyridine (NpIII) (atom numbering as in Chart D1). 

 
Ring stretching 
S1 = r1,2 ν N1C2 
S2 = r2,3 ν C2C3 
S3 = r3,4 ν C3C4 
S4 = r4,5 ν C4C5 
S5 = r5,6 ν C5C6 
S6 = r6,1 ν C6N1 
Stretching CS, CH 
S7 = r2,7 ν CS 
S8 = r3,8 ν C3H 
S9 = r4,9 ν C4H 
S10 = r5,10 ν C5H 
S11 = r6,11 ν C6H 
Ring in-plane deformation 
S12 = (6-1/2)(β1,3,2 - β2,4,3 + β3,5,4 - β4,6,5 + β5,1,6 - β6,2,1) β R1 
S13 = (12-1/2)(2β6,2,1 - β1,3,2 - β2,4,3 + 2β3,5,4 - β4,6,5 - β5,1,6) β R2 
S14 = (1/2)(β1,3,2 - β2,4,3 + β4,6,5 - β5,1,6) β R3 
Bending CS, CH 
S15 = (2-1/2)(β3,7,2 - β1,7,2) β CS 
S16 = (2-1/2)(β4,8,3 - β2,8,3) β C3H 
S17 = (2-1/2)(β5,9,4 - β3,9,4) β C4H 
S18 = (2-1/2)(β6,10,5 - β4,10,5) β C5H 
S19 = (2-1/2)(β1,11,6 - β5,11,6) β C6H 
Wagging CS, CH 
S20 = γ7,1,2,3 γ CS 
S21 = γ8,2,3,4 γ C3H 
S22 = γ9,3,4,5 γ C4H 
S23 = γ10,4,5,6 γ C5H 
S24 = γ11,5,6,1 γ C6H 
Ring torsion 
S25 = (6-1/2)(τ1,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,1 + τ5,6,1,2 - τ6,1,2,3) τ R1 
S26 = (12-1/2)(2τ2,3,4,5 - τ3,4,5,6 - τ4,5,6,1 + 2τ5,6,1,2 - τ6,1,2,3 - τ1,2,3,4) τ R2 
S27 = (1/2)(τ3,4,5,6 - τ4,5,6,1 + τ6,1,2,3 - τ1,2,3,4) τ R3 

 
Stretching NO, SO, OH  
S28 = r1,12 NpI ν NO 
S'28 = r7,12 NpIII ν SO 
S29 = r12,13 ν OH 
Bending NO, SO, OH 
S30 = (2-1/2)(β2,12,1 - β6,12,1) NpI β NO 
S'30 = β12,2,7 NpIII β SO 
S31 = β13,1,12 NpI β OH 
S'31 = β13,7,12 NpIII β OH 
Out-of-plane NO, SO, OH  
S32 = γ12,6,1,2 NpI γ NO 
S'32 = (2-1/2)(τ12,7,2,1 + τ12,7,2,3) NpIII τ SO 
S33 = (2-1/2)(τ13,12,1,2 + τ13,12,1,6) NpI τ OH 
S'33 = τ13,12,7,2 NpIII τ OH 



 

Table D2. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum of N-hydroxypyridine-2(1H)-thione 

isolated in low-temperature matrixes, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) and potential energy distribution (PED / %) 

calculated for form NpI. 

 

Experimental 

Ar matrix N2 matrix 
Calculated 

B3LYP/6-311++G(d, p) 

ν~  I ν~  I ν~  Ath
PED (%) 

   3170 1 ν C6H (80), ν C5H (18) 
   3154 0.2 ν C3H (59), ν C5H (24) 
   3152 1 ν C5H (54), ν C3H (36), ν C6H (10) 
   3121 6 ν C4H (91) 
   3018 258 ν OH (98) 

1620, 1611, 1605, 
1590

78 1620, 1610 56 1616 75 ν C5C6 (27), ν C3C4 (24), ν C6N1 (11) 

1570, 1566 112 1579, 1569, 1557 128 1577 92 β NO (48) 
1497, 1491, 1489 143 1499, 1489 118 1501 98 β NO (28), ν C4C5 (21), ν C3C4 (18), β C4H (13) 

1475, 1474 5 1477 8    
1461 138 1461 170 1459 87 β C3H (25), β C6H (23) 

1420, 1419, 1413 174 1421, 1417 199 1415 108 β C5H (25), β C4H (19), ν C2C3 (12), β NO (11), ν C6N1 (10) 
1269 41 1272, 1263 49 1263 43 β C6H (28), β C3H (20), ν C6N1 (17) 

1217, 1212 15 1215 17 1209 2 ν C2C3 (31), β C3H (19), ν N1C2 (18), ν C6N1 (13) 
1195 36 1197 35 1191 41 ν NO (37), ν C5C6 (20), β C5H (13), β R1 (12) 
1179 58 1182, 1180, 1177 57 1166 25 β C4H (43), ν C3C4 (16), ν CS (11) 

1157, 1154, 1150 14 1163 11    
1141, 1140 92 1144 90 1133 96 β C5H (29), ν N1C2 (20), β C6H (18) 

1117 7 1112 6    
1104 6      
1079 27 1080 30 1079 42 β R1 (46), ν CS (12) 
1016 7 1019 9 1019 5 ν C4C5 (56) 

   969 0.2 γ C4H (75), γ C3H (39) 
927, 925 1 934 2 917 1 γ C6H (65), γ C5H (47) 

 



 

Table D2. (Continuating). 
 

Experimental 

Ar matrix N2 matrix 
Calculated 

B3LYP/6-311++G(d, p) 

ν~  I ν~  I  ν~  Ath
PED (%) 

832 1 848 1 830 1 γ C3H (55), γ C6H (22), γ C4H (16) 
816 22 815 21 811 19 β R1 (30), ν NO (26), β R2 (10) 

743, 742, 740 83 752, 748 86 735 70 γ C5H (46), γ C6H (21), γ C4H (17), γ C3H (10) 
717 14 716 16 710 8 β R3 (37), ν N1C2 (26), ν CS (18) 

   645 3 τ R1 (72), γ CS (37) 
613, 609 40 618 29 585 46 τ OH (91), τ R1 (13) 
567, 566 2 566 3 564 2 β R2 (51), β R3 (14), ν C2C3 (11), ν NO (10) 

531 18 533, 534 22 526 14 β OH (52), ν CS (12) 
515, 513 9 514 8 494 18 τ R3 (38), γ CS (30), γ NO (19), τ R1 (13) 
421, 415 12 423 11 407 8 τ R2 (71), γ NO (31) 
397, 396 8  398 7 β R3 (27), β OH (22), ν CS (19), β R2 (18) 

302 7  299 5 β CS (81) 
  240 0.01 γ NO (56), τ R2 (33), γ CS (16) 
  141 0.2 τ R3 (71), τ R1 (25), γ CS (10) 

 

 



 

Table D3. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum of deuterated 

N-hydroxypyridine-2(1H)-thione isolated in low-temperature matrixes, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) and potential 

energy distribution (PED / %) calculated for NpDI.  

 

Experimental Calculated 

Ar matrix N2 matrix B3LYP/6-311++G(d, p) 

ν~  I ν~  I ν~  Ath
PED (%) 

 3170 1 ν C6H (80), ν C5H (18) 
 3154 0.3 ν C3H (59), ν C5H (24) 
 3152 1 ν C5H (54), ν C3H (35), ν C6H (10) 
 3121 6 ν C4H (92) 
 2197 147 ν OD (98) 

1632, 1621, 1610 54 1630, 1620, 1608 60 1616 64 ν C5C6 (29), ν C3C4 (23), ν C6N1 (10) 
1543, 1541 87 1544, 1542 86 1538 86 ν C4C5 (27), ν C5C6 (16), ν C3C4 (14) 

1492 9     
1461 130 1461 158 1459 84 β C3H (25), β C6H (23), ν C3C4 (10) 

1447, 1439, 1432 52 1449, 1445, 1437 63 1440 40 β C4H (26), ν C6N1 (21), β C5H (14), ν C2C3 (10) 
1308 36 1306 39 1311 26 β C6H (23), ν C6N1 (17), β NO (14), β C5H (13) 

1242, 1237, 1228 65 1239, 1235, 1228, 1225 72 1230 48 ν C2C3 (34), β C3H (27), ν N1C2 (12) 
1204, 1193 52 1206, 1204, 1194, 1191 51 1192 42 ν NO (40), ν C5C6 (15), β R1 (13), β C5H (11) 
1178, 1176 46 1174 36 1168 23 β C4H (41), ν C3C4 (19), ν CS (11), β C3H (11) 

1146, 1141, 1139 102 1157, 1144 89 1140 65 β C6H (28), β C5H (24), ν NO (10) 
1115 80 1116, 1115 85 1103 115 β R1 (23), ν N1C2 (19), β NO (19), ν CS (13), β C4H (10) 
1054 30 1054 27 1050 15 β NO (28), β R1 (20), ν C4C5 (11), ν C6N1 (11), ν C3C4 (10), β C5H (10) 

1010, 1006 14 1013, 1008 22 1007 13 ν C4C5 (42), β NO (18) 
  969 0.2 γ C4H (75), γ C3H (39) 
  917 1 γ C6H (65), γ C5H (47) 

850, 846 6  830 1 γ C3H (55), γ C6H (22), γ C4H (16) 
810 16 811 14 807 16 β R1 (29), ν NO (26), ν C6N1 (11), β R2 (11) 

743, 740 71 751, 747 84 735 70 γ C5H (46), γ C6H (21), γ C4H (17), γ C3H (10) 
717 11 715 15 710 8 β R3 (37), ν N1C2 (26), ν CS (18) 

 



 

Table D3. (Continuating). 
 

Experimental Calculated 

Ar matrix N2 matrix B3LYP/6-311++G(d, p) 

ν~  I ν~  I ν~  Ath
PED (%) 

  644 1 τ R1 (78), γ CS (33) 
565, 563 4 563 4 562 3 β R2 (48), β R3 (15), ν C2C3 (10) 
516, 513 19 518, 514 18 511 14 β OD (44), ν CS (13), β CS (11) 

  502 3 γ CS (43), τ R3 (30), γ NO (19), τ R1 (19) 
457, 454 10 463 3 429 15 τ OD (64), τ R2 (32) 

408, 405, 403 26 410 24 398 27 τ R2 (42), τ OD (37), γ NO (23), τ R3 (11) 
393, 392 9 394 7 β R3 (25), β OD (23), ν CS (17), β R2 (17) 

296 11 292 6 β CS (77), β OD (13) 
 238 0.1 γ NO (57), τ R2 (32), γ CS (15) 
 141 0.1 τ R3 (71), τ R1 (25), γ CS (10), τ R2 (10) 

 

 

 



 

Table D4. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum of the photoproduct generated upon UV (λ > 345 nm) 

irradiation of N-hydroxypyridine-2(1H)-thione and its deuterated isotopomer isolated in Ar matrices, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) 

and potential energy distribution (PED / %) calculated for the form NpIIIb and NpDIIIb. 
 
Experimental, Ar matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIb deuterated NpDIIIb not deuterated NpIIIb deuterated NpDIIIb 
 ν  I   ν  I   ν A th PED (%)  ν Ath PED (%) 

3588, 3577 118      3711 83 ν OH (100)     
3091 3      3149 2 ν C3H (95)  3149 2 ν C3H (95) 

 3134 11 ν C5H (85)  3134 11 ν C5H (85) 3061 21  3062 37  
 3110 9 ν C4H (86)  3110 9 ν C4H (86) 

3000 4  2984 35   3094 16 ν C6H (93)  3094 16 ν C6H (93) 
   2650, 2643 55       2703 48 ν OD (100) 
1603 3  1603 3          
1577 78  1588, 1577 80   1581 105 ν C3C4 (28), ν C5C6 (16), ν C6N1 (14)  1581 105 ν C3C4 (28), ν C5C6 (16), ν C6N1 (14) 
1565 33  1565 30   1572 35 ν C4C5 (32), ν N1C2 (16), ν C2C3 (12), 

ν C5C6 (10) 
 1572 35 ν C4C5 (32), ν N1C2 (15), ν C2C3 (12), 

ν C5C6 (10) 
1465 8  1463 7          
1452, 1450 44  1452, 1450 40   1450 48 β C6H (37), β C3H (18), ν N1C2 (17)  1450 49 β C6H (37), β C3H (18), ν N1C2 (17) 
1422, 1421 92  1421 88   1420 71 β C4H (28), β C5H (26), ν C2C3 (14), 

ν C6N1 (13) 
 1420 71 β C4H (28), β C5H (26), ν C2C3 (14), 

ν C6N1 (13) 
1280 5  1279 4   1281 4 β C6H (42), ν C6N1 (19), β C3H (18)  1281 3 β C6H (42), ν C6N1 (19), β C3H (18) 
       1268 2 ν N1C2 (27), ν C6N1 (24), ν C2C3 (12), 

ν C5C6 (10) 
 1268 2 ν N1C2 (27), ν C6N1 (24), ν C2C3 (12), 

ν C5C6 (10) 
1153, 1150 17  1153, 1149 20   1150 3 β C4H (41), ν C3C4 (18), β C3H (14), 

β C5H (14) 
 1149 2 β C4H (41), ν C3C4 (18), β C3H (14), 

β C5H (14) 
1169 60      1131 66 β OH (68)     
1142, 1140, 1133 35  1141, 1139, 1136,  

1132 
37   1125 29 β OH (32), β R1 (12), β C5H (12), 

ν C2C3 (11) 
 1127 54 β R1 (18), β C5H (16), ν C2C3 (15), 

ν CS (13) 
1095 1  1095 3   1085 6 β C5H (21), β R1 (18), β C3H (16), 

ν C5C6 (13) 
 1085 6 β C5H (22), β R1 (18), β C3H (16), 

ν C5C6 (13) 
1042 5  1042 3   1039 5 ν C4C5 (36), ν C5C6 (24)  1039 6 ν C4C5 (36), ν C5C6 (24) 
       987 0.02 γ C4H (59), γ C5H (29), γ C3H (20), 

γ C6H (13) 
 987 0.02 γ C4H (59), γ C5H (29), γ C3H (20), 

γ C6H (13) 
 

 

 



 

Table D4. (Continuating). 
 
Experimental, Ar matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIb deuterated NpDIIIb not deuterated NpIIIb deuterated NpDIIIb 
 ν  I   ν  I   ν A th PED (%)  ν Ath PED (%) 
986 5  986 4   983 4 β R1 (46), ν N1C2 (16), ν C2C3 (12), 

ν C6N1 (12) 
 983 4 β R1 (46), ν N1C2 (16), ν C2C3 (12), 

ν C6N1 (12) 
       961 1 γ C6H (74), γ C4H (18)  961 0.5 γ C6H (74), γ C4H (18) 
       877 0.5 γ C3H (59), γ C5H (30), γ C6H (11)  877 0.5 γ C3H (59), γ C5H (30), γ C6H (11) 
   863 26       827 26 β OD (101) 
782, 777, 773 76  781, 775, 772 65   756 61 γ C5H (40), γ C4H (24), γ C3H (19)  756 61 γ C5H (40), γ C4H (24), γ C3H (19) 
762, 758 57  757, 756 62   732 5 τ R1 (95)  732 0.3 τ R1 (102) 
735 5  735 2   732 8 β R3 (38), ν SO (25), ν CS (16)  731 9 β R3 (41), ν SO (25), ν CS (17) 
729 39  729 26   707 84 ν SO (69), β R3 (16)  704 76 ν SO (74), β R3 (14) 
616 3  616 3   616 4 β R2 (76), β R3 (12)  616 4 β R2 (76), β R3 (12) 
480 6  477 4   476 6 τ R3 (47), γ CS (42)  475 4 τ R3 (49), γ CS (43) 
454 6  453 6   442 6 β SO (30), ν CS (27), β R3 (14)  441 4 β SO (30), ν CS (27), β R3 (14) 
396 6  396 2   399 4 τ R2 (110)  399 4 τ R2 (111) 
372 81      353 111 τ OH (90)     
344 5      331 16 ν CS (30), β SO (27), β CS (23)  331 4 ν CS (30), β SO (28), β CS (25) 
   282 55       261 69 τ OD (94) 
       181 5 β CS (54), β SO (38)  179 4 β CS (50), β SO (35) 
       164 3 τ R3 (50), γ CS (38)  161 4 τ R3 (43), γ CS (35) 
       82 3 τ SO (100)  79 2 τ SO (100) 

 

 



 

Table D5. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum of the photoproduct generated upon UV (λ > 295 nm) 

irradiation of N-hydroxypyridine-2(1H)-thione and its deuterated isotopomer isolated in N2 matrixes, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) 

and potential energy distribution (PED / %) calculated for the form NpIIIb and NpDIIIb. 

 
Experimental, N2 matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIb deuterated NpDIIIb not deuterated NpIIIb deuterated NpDIIIb 
 ν  I   ν  I   ν A th PED (%)  ν Ath PED (%) 

3566 163      3711 83 ν OH (100)     
3091 2  3091 1   3149 2 ν C3H (95)  3149 2 ν C3H (95) 
3070 4  3070 6   3134 11 ν C5H (85)  3134 11 ν C5H (85) 
3061 14  3061 13   3110 9 ν C4H (86)  3110 9 ν C4H (86) 
3000 1  3000 2   3094 16 ν C6H (93)  3094 16 ν C6H (93) 
   2643, 2636, 2634 115       2703 48 ν OD (100) 
1603 3  1603 4          
1589, 1576 91  1589, 1577, 1576 90   1581 105 ν C3C4 (28), ν C5C6 (16), ν C6N1 (14)  1581 105 ν C3C4 (28), ν C5C6 (16), ν C6N1 (14) 
1564 35  1564 30   1572 35 ν C4C5 (32), ν N1C2 (16), ν C2C3 (12), 

ν C5C6 (10) 
 1572 35 ν C4C5 (32), ν N1C2 (15), ν C2C3 (12), 

ν C5C6 (10) 
1452 52  1451 44   1450 48 β C6H (37), β C3H (18), ν N1C2 (17)  1450 49 β C6H (37), β C3H (18), ν N1C2 (17) 
1422 96  1422 83   1420 71 β C4H (28), β C5H (26), ν C2C3 (14), 

ν C6N1 (13) 
 1420 71 β C4H (28), β C5H (26), ν C2C3 (14), 

ν C6N1 (13) 
1280 6  1280 6   1281 4 β C6H (42), ν C6N1 (19), β C3H (18)  1281 3 β C6H (42), ν C6N1 (19), β C3H (18) 
       1268 2 ν N1C2 (27), ν C6N1 (24), ν C2C3 (12), 

ν C5C6 (10) 
 1268 2 ν N1C2 (27), ν C6N1 (24), ν C2C3 (12), 

ν C5C6 (10) 
   1184 5          
1151 12  1151 16   1150 3 β C4H (41), ν C3C4 (18), β C3H (14), 

β C5H (14) 
 1149 2 β C4H (41), ν C3C4 (18), β C3H (14), 

β C5H (14) 
1198 54      1131 66 β OH (68)     
1143, 1133 37  1144, 1142, 1134 33   1125 29 β OH (32), β R1 (12), β C5H (12), 

ν C2C3 (11) 
 1127 54 β R1 (18), β C5H (16), ν C2C3 (15), 

ν CS (13) 
1092 3  1093 1   1085 6 β C5H (21), β R1 (18), β C3H (16), 

ν C5C6 (13) 
 1085 6 β C5H (22), β R1 (18), β C3H (16), 

ν C5C6 (13) 
1069, 1061 3  1067 3          
1042 6  1041 7   1039 5 ν C4C5 (36), ν C5C6 (24)  1039 6 ν C4C5 (36), ν C5C6 (24) 
       987 0.02 γ C4H (59), γ C5H (29), γ C3H (20), 

γ C6H (13) 
 987 0.02 γ C4H (59), γ C5H (29), γ C3H (20), 

 C6H (13) γ

 



 

 

Table D5. (Continuating). 

Experimental, N2 matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIb deuterated NpDIIIb not deuterated NpIIIb deuterated NpDIIIb 
 ν  I   ν  I   ν A th PED (%)  ν Ath PED (%) 
992, 987 7  986 4   983 4 β R1 (46), ν N1C2 (16), ν C2C3 (12), 

ν C6N1 (12) 
 983 4 β R1 (46), ν N1C2 (16), ν C2C3 (12), 

ν C6N1 (12) 
       961 1 γ C6H (74), γ C4H (18)  961 0.5 γ C6H (74), γ C4H (18) 
       877 0.5 γ C3H (59), γ C5H (30), γ C6H (11)  877 0.5 γ C3H (59), γ C5H (30), γ C6H (11) 

   886, 879 50       827 26 β OD (101) 
783 87  782, 779 65   756 61 γ C5H (40), γ C4H (24), γ C3H (19)  756 61 γ C5H (40), γ C4H (24), γ C3H (19) 
763 68  765, 761 63   732 5 τ R1 (95)  732 0.3 τ R1 (102) 
736 2  736 1   732 8 β R3 (38), ν SO (25), ν CS (16)  731 9 β R3 (41), ν SO (25), ν CS (17) 
728 24  728 24   707 84 ν SO (69), β R3 (16)  704 76 ν SO (74), β R3 (14) 
616 3  616 4   616 4 β R2 (76), β R3 (12)  616 4 β R2 (76), β R3 (12) 
487 29  479 5   476 6 τ R3 (47), γ CS (42)  475 4 τ R3 (49), γ CS (43) 
457 14  455 6   442 6 β SO (30), ν CS (27), β R3 (14)  441 4 β SO (30), ν CS (27), β R3 (14) 
       399 4 τ R2 (110)  399 4 τ R2 (111) 
       353 111 τ OH (90)     
       331 16 ν CS (30), β SO (27), β CS (23)  331 4 ν CS (30), β SO (28), β CS (25) 
           261 69 τ OD (94) 
       181 5 β CS (54), β SO (38)  179 4 β CS (50), β SO (35) 
       164 3 τ R3 (50), γ CS (38)  161 4 τ R3 (43), γ CS (35) 
       82 3 τ SO (100)  79 2 τ SO (100) 

 
 

 



 

Table D6. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum of the photoproduct generated upon UV (λ > 385 nm) 

irradiation of N-hydroxypyridine-2(1H)-thione and its deuterated isotopomer isolated in Ar matrixes, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) 

and potential energy distribution (PED / %) calculated for forms NpIIIa and NpDIIIa. 

 
Experimental, Ar matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIa deuterated NpDIIIa not deuterated NpIIIa deuterated NpDIIIa 
 ν  I   ν  I a   ν  A th PED c (%)  ν Ath PEDc (%) 
       3347 153 ν OH (100)     
       3140 8 ν C5H (80), ν C4H (13)  3140 7 ν C5H (81), ν C4H (12) 
       3125 8 ν C3H (56), ν C4H (33), ν C5H (10)  3125 8 ν C3H (56), ν C4H (32), ν C5H (10) 
       3111 3 ν C4H (50), ν C3H (40)  3111 3 ν C4H (50), ν C3H (39) 
       3104 13 ν C6H (85)  3104 12 ν C6H (85) 
           2435 85 ν OD (100) 
1593, 1589 111  1592, 1589 106   1591 107 ν C3C4 (27), ν C5C6 (20), ν C6N1 (11), 

ν C2C3 (10) 
 1591 107 ν C3C4 (27), ν C5C6 (20), ν C6N1 (11), 

ν C2C3 (10) 
1560 46  1559 69   1564 45 ν C4C5 (31), ν N1C2 (17)  1564 45 ν C4C5 (31), ν N1C2 (16) 
1490 8  1467 12          
1456, 1453 82  1455, 1453 40   1454 51 β C6H (36), β C3H (21), ν N1C2 (15)  1454 49 β C6H (36), β C3H (22), ν N1C2 (15) 
1427, 1423, 1420 133  1423, 1422 93   1421 70 β C5H (27), β C4H (26), ν C2C3 (14), 

ν C6N1 (14) 
 1421 73 β C5H (27), β C4H (26), ν C2C3 (14), 

ν C6N1 (13) 
1314, 1308 108      1293 27 β OH (47), ν C6N1 (20), β C6H (14)     
1264, 1244, 1241 54      1263 99 β OH (47), ν C6N1 (22)     
1285, 1283 20  1285 12   1284 10 β C6H (25), ν N1C2 (24), ν C2C3 (20)  1285 7 β C6H (40), ν N1C2 (25), ν C2C3 (15) 
   1270 3       1276 8 ν C6N1 (32), ν N1C2 (25), ν C5C6 (12) 
1196 3             
1169 5  1177, 1175 5          
1161, 1159, 1157 8  1162, 1159,1157 14   1155 4 β C4H (42), ν C3C4 (17), β C3H (15), 

β C5H (14) 
 1155 3 β C4H (42), ν C3C4 (17), β C3H (16), 

β C5H (15) 
1146, 1142 78  1146, 1143, 1138,  

1136 
92   1131 67 β R1 (19), β C5H (17), ν C2C3 (15), 

ν C5C6 (11), ν CS (11) 
 1131 73 β R1 (19), β C5H (17), ν C2C3 (15), 

ν C5C6 (11), ν CS (11) 
1095 5  1094 3   1091 13 β R1 (22), β C5H (20), β C3H (13), 

ν C5C6 (12), ν C6N1 (11) 
 1091 15 β R1 (22), β C5H (21), ν C5C6 (13), 

β C3H (13)ν C6N1 (10) 
1038 2  1038 7   1037 3 ν C4C5 (43), ν C5C6 (17)  1038 8 ν C4C5 (43), ν C5C6 (17) 
988, 987 14  990 20   983 11 β R1 (44), ν N1C2 (17), ν C2C3 (14), 

ν C6N1 (12) 
 983 11 β R1 (44), ν N1C2 (17), ν C2C3 (14), 

ν C6N1 (12) 
       981 0.04 γ C4H (68), γ C5H (26), γ C3H (19)  981 0.03 γ C4H (68), γ C5H (26), γ C3H (19) 

 



 

 
Table D6. (Continuating). 

Experimental, N2 matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIa deuterated NpDIIIa not deuterated NpIIIa deuterated NpDIIIa 
 ν  I a   ν  I a   ν  b A th PED c (%)  ν b Ath PEDc (%) 
       957 0.2 γ C6H (79), γ C4H (14), γ C5H (13)  957 0.2 γ C6H (79), γ C4H (14), γ C5H (13) 
   970, 966 71       944 50 β OD (98) 
      856 0.03 γ C3H (56), γ C5H (35), γ C6H (12)  856 0.04 γ C3H (56), γ C5H (35), γ C6H (12) 
783, 776 88  786, 782 75   748 64 γ C5H (36), γ C3H (27), γ C4H (23)  748 62 γ C5H (36), γ C3H (27), γ C4H (23) 
753 79  755, 752 73   732 15 ν SO (51), β R3 (22), ν CS (14)  731 12 ν SO (48), β R3 (24), ν CS (14) 
744 9      720 3 τ R1 (100), γ CS (15)  718 2 τ R1 (100), γ CS (14) 
729, 728 32  730, 728 32   717 64 ν SO (47), β R3 (33), ν CS (10)   717 64 ν SO (51), β R3 (31) 
627, 626 6  627, 626 8   625 5 β R2 (78)  625 5 β R2 (78) 
480, 478 13  473 7   461 10 β SO (33), ν CS (27), β CS (15), 

β R3 (14) 
 455 10 ν CS (30), β SO (28), β R3 (15), 

β CS (15) 
439 19      515 26 τ OH (46), τ R3 (23), γ CS (19), 

τ R1 (11) 
    

430 25      428 59 τ OH (37), τ R3 (24), γ CS (23), 
τ R2 (16)  

    

           479 0.03 τ R3 (47), γ CS (40), τ R1 (10) 
   408, 403 18       406 15 τ R2 (100) 
374 5      394 4 τ R2 (92), τ OH (17)     
       355 4 ν CS (32), β SO (27), β R3 (12), 

β CS (11) 
 350 5 ν CS (29), β SO (27), β CS (15), 

β R3 (11) 
   372 19       322 4 τ OD (93) 
       209 4 β CS (63), β SO (32)  202 4 β CS (60), β SO (35) 
       162 1 τ R3 (55), γ CS (40)  162 1 τ R3 (56), γ CS (40) 
       80 2 τ SO (101)  80 2 τ SO (101) 

 
 

 



 

Table D7. Experimental wavenumbers (ν~ /cm-1) and relative integral intensities (I) of the absorption bands in the spectrum of the photoproduct generated upon UV (λ > 345 nm) 

irradiation of N-hydroxypyridine-2(1H)-thione and its deuterated isotopomer isolated in N2 matrices, compared with wavenumbers (ν~ /cm-1), absolute intensities (Ath / km mol-1) 

and potential energy distribution (PED / %) calculated for forms NpIIIa and NpDIIIa. 
 
Experimental, N2 matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIa deuterated NpDIIIa not deuterated NpIIIa deuterated NpDIIIa 
ν I  ν I   ν A th PED  (%)  ν Ath PED (%) 
3050 205      3347 153 ν OH (100)     
       3140 8 ν C5H (80), ν C4H (13)  3140 7 ν C5H (81), ν C4H (12) 
       3125 8 ν C3H (56), ν C4H (33), ν C5H (10)  3125 8 ν C3H (56), ν C4H (32), ν C5H (10) 
       3111 3 ν C4H (50), ν C3H (40)  3111 3 ν C4H (50), ν C3H (39) 
       3104 13 ν C6H (85)  3104 12 ν C6H (85) 
   2245 110       2435 85 ν OD (100) 
1590 120  1589 110   1591 107 ν C3C4 (27), ν C5C6 (20), ν C6N1 (11), 

ν C2C3 (10) 
 1591 107 ν C3C4 (27), ν C5C6 (20), ν C6N1 (11), 

ν C2C3 (10) 
1559 50  1559 49   1564 45 ν C4C5 (31), ν N1C2 (17)  1564 45 ν C4C5 (31), ν N1C2 (16) 
1465, 1456 87  1456 62   1454 51 β C6H (36), β C3H (21), ν N1C2 (15)  1454 49 β C6H (36), β C3H (22), ν N1C2 (15) 
1422 113  1423 117   1421 70 β C5H (27), β C4H (26), ν C2C3 (14), 

ν C6N1 (14) 
 1421 73 β C5H (27), β C4H (26), ν C2C3 (14), 

ν C6N1 (13) 
1311 83      1293 27 β OH (47), ν C6N1 (20), β C6H (14)     
1269, 1245 67      1263 99 β OH (47), ν C6N1 (22)     
1285 22  1287 12   1284 10 β C6H (25), ν N1C2 (24), ν C2C3 (20)  1285 7 β C6H (40), ν N1C2 (25), ν C2C3 (15) 
   1257, 1245 7       1276 8 ν C6N1 (32), ν N1C2 (25), ν C5C6 (12) 
1158 13  1162, 1157 7   1155 4 β C4H (42), ν C3C4 (17), β C3H (15), 

β C5H (14) 
 1155 3 β C4H (42), ν C3C4 (17), β C3H (16), 

β C5H (15) 
1144, 1133 88  1146, 1138 98   1131 67 β R1 (19), β C5H (17), ν C2C3 (15), 

ν C5C6 (11), ν CS (11) 
 1131 73 β R1 (19), β C5H (17), ν C2C3 (15), 

ν C5C6 (11), ν CS (11) 
1094 5  1095 4   1091 13 β R1 (22), β C5H (20), β C3H (13), 

ν C5C6 (12), ν C6N1 (11) 
 1091 15 β R1 (22), β C5H (21), ν C5C6 (13), 

β C3H (13)ν C6N1 (10) 
1039 2  1039 9   1037 3 ν C4C5 (43), ν C5C6 (17)  1038 8 ν C4C5 (43), ν C5C6 (17) 
987 16  990 16   983 11 β R1 (44), ν N1C2 (17), ν C2C3 (14), 

ν C6N1 (12) 
 983 11 β R1 (44), ν N1C2 (17), ν C2C3 (14), 

ν C6N1 (12) 
       981 0.04 γ C4H (68), γ C5H (26), γ C3H (19)  981 0.03 γ C4H (68), γ C5H (26), γ C3H (19) 
       957 0.2 γ C6H (79), γ C4H (14), γ C5H (13)  957 0.2 γ C6H (79), γ C4H (14), γ C5H (13) 
   965 68       944 50 β OD (98) 

 

 



 

Table D7. Continuating). 

Experimental, N2 matrix Calculated, B3LYP/6-311++G(d,p) 
not deuterated NpIIIa deuterated NpDIIIa not deuterated NpIIIa deuterated NpDIIIa 
 ν  I   ν  I   ν A th PED (%)  ν b Ath PEDc (%) 
       856 0.03 γ C3H (56), γ C5H (35), γ C6H (12)  856 0.04 γ C3H (56), γ C5H (35), γ C6H (12) 
781 97  779 78   748 64 γ C5H (36), γ C3H (27), γ C4H (23)  748 62 γ C5H (36), γ C3H (27), γ C4H (23) 
761 99  759 85   732 15 ν SO (51), β R3 (22), ν CS (14)  731 12 ν SO (48), β R3 (24), ν CS (14) 
       720 3 τ R1 (100), γ CS (15)  718 2 τ R1 (100), γ CS (14) 
731, 726 40  730 37   717 64 ν SO (47), β R3 (33), ν CS (10)   717 64 ν SO (51), β R3 (31) 
626 7  626 8   625 5 β R2 (78)  625 5 β R2 (78) 
477 10  471 4   461 10 β SO (33), ν CS (27), β CS (15), 

β R3 (14) 
 455 10 ν CS (30), β SO (28), β R3 (15), 

β CS (15) 
528 8      515 26 τ OH (46), τ R3 (23), γ CS (19), 

τ R1 (11) 
    

448 27      428 59 τ OH (37), τ R3 (24), γ CS (23), 
τ R2 (16)  

    

           479 0.03 τ R3 (47), γ CS (40), τ R1 (10) 
   405 17       406 15 τ R2 (100) 
       394 4 τ R2 (92), τ OH (17)     
       355 4 ν CS (32), β SO (27), β R3 (12), 

β CS (11) 
 350 5 ν CS (29), β SO (27), β CS (15), 

β R3 (11) 
           322 4 τ OD (93) 
       209 4 β CS (63), β SO (32)  202 4 β CS (60), β SO (35) 
       162 1 τ R3 (55), γ CS (40)  162 1 τ R3 (56), γ CS (40) 
       80 2 τ SO (101)  80 2 τ SO (101) 
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