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Abstract: The prototropic tautomerism in 3(5)-aminopyrazoles was investigated by matrix isolation 

infrared (IR) spectroscopy, supported by DFT(B3LYP)/6-311++G(d,p) calculations. In consonance 

with the experimental data, the calculations predict tautomer 3-aminopyrazole (3AP) to be more 

stable than the 5-aminopyrazole (5AP) tautomer (calculated energy difference: 10.7 kJ mol−1; Gibbs 

free energy difference: 9.8 kJ mol−1). The obtained matrix isolation IR spectra (in both argon and 

xenon matrices) were interpreted, and the observed bands were assigned to the tautomeric forms 

with help of vibrational calculations carried out at both harmonic and anharmonic levels. The ma-

trix-isolated compound (in argon matrix) was then subjected to in situ broadband UV irradiation (λ 

> 235 nm), and the UV-induced transformations were followed by IR spectroscopy. Phototautomer-

ization of the 3AP tautomer into the 5AP form was observed as the strongly prevalent reaction. 

Keywords: 3(5)-aminopyrazoles; UV-induced phototautomerism; matrix isolation; infrared spec-

troscopy; DFT and TD-DFT calculations; anharmonic frequencies 

 

1. Introduction 

Like other nitrogen-containing heterocyclic compounds, pyrazoles (five-membered 

heterocycles with two adjacent nitrogen atoms) have been attracting a growing interest 

due to their unique features and extensive range of applications [1–4]. Pyrazoles are prone 

to prototopic tautomerism, which appears as a key factor in determining their chemical 

reactivity. Indeed, in these compounds, 1,2-H shifts between the two vicinal nitrogen at-

oms are in general easy, energetically accessible processes that lead to tautomerism. This 

tautomerism correlates structurally, for example, the identically-substituted 3- and 5-py-

razoles (from here after abbreviated as 3(5)-pyrazoles). 

The 3(5)-aminopyrazoles are currently used as starting materials in many important 

chemical reactions. Their use spans from the synthesis of different types of compounds 

with applications in pharmaceutics and agrochemical industries to the development of 

functional materials [5–8]. In spite of their widespread practical interest, these compounds 

have only been scarcely studied from the structural point of view at the molecular level, 

and the available information about their vibrational properties and photochemistry is 

also lacking. This is particularly critical in the case of the non-substituted 3(5)-aminopy-

razoles, for which, to the best of our knowledge, no previous experimental studies have 

been reported hitherto in the gas phase (or for the isolated molecules in general), while 

the theoretically available data are also very limited. Previously reported experimental 

investigations on 3(5)-aminopyrazoles have been carried out for a few substituted com-

pounds in solution or in the solid state, either by NMR spectroscopy or X-ray diffraction 

[9–12], while past theoretical studies on 3(5)-aminopyrazoles focused mostly on the eval-

uation of the relative stabilities of the 3-amino vs. the 5-amino tautomer in the gas phase 

or in solution [13–16]. The last studies indicated that the 3-amino tautomer is more stable 
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than the 5-amino tautomer, but the relative stability of pyrazole tautomers have been 

found to be very much dependent on the nature of the substituents [13–16]. 

In line with our previous investigations on the structure and reactivity of 3(5)-substi-

tuted pyrazoles, with focus on the 3(5)-amino analogue and the prototropic tautomerism 

phenomenon as a fundamental modulatory feature of the reactivity of the class [17], in the 

present work, we studied the tautomerism in unsubstituted 3(5)-aminopyrazoles using 

low-temperature matrix isolation IR spectroscopy (in argon and xenon matrices), com-

bined with theoretical calculations performed at the density functional theory level with 

the B3LYP functional and the standard 6-311++G(d,p) split-valence triple- basis set aug-

mented with diffuse functions. Theoretical calculations were used to obtain structural in-

formation on the tautomeric species and on their spectroscopic properties in order to sup-

port the analysis of the experimentally obtained infrared spectroscopy data. In addition, 

the effect of in situ broadband UV (λ > 235 nm) irradiation of the matrix-isolated 3(5)-

aminopyrazoles was investigated. As described below in detail, it was found that, under 

these experimental conditions, the dominant photoprocess observed in both argon and 

xenon matrices was the phototautomerization of 3AP into its 5AP tautomer. The present 

study aimed to contribute to a better understanding of the molecular properties of pyra-

zoles, in particular their vibrational properties and photo-induced intramolecular tautom-

erism. 

2. Results and Discussion 

2.1. Geometries and Energies 

The 3(5)-aminopyrazoles considered in this study correspond to a pyrazole ring bear-

ing an amine substituent at the position 3 or 5, respectively, in the case of 3-aminopyrazole 

(1H-pyrazol-3-amine, 3AP) and 5-aminopyrazole (1H-pyrazol-5-amine, 5AP) (Figure 1). 

These two tautomers can undergo interconversion via 1,2-H intramolecular shift and/or 

through intermolecular exchanges with neighboring molecules [17]. They are essentially 

rigid molecules with a single conformer each (in each case corresponding to a 4-fold sym-

metry degenerated structure). Table 1 shows the relevant structural parameters for the 

two tautomers. 

 

Figure 1. DFT(B3LYP)/6-311++G(d,p) optimized structures of 3AP (structures (a,b)) and 5AP (structures (c,d)) tautomers, 

with the atom numbering adopted in this work. Colors: C-grey, H-white and N-blue. 
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Table 1. B3LYP(6-311++G(d,p) calculated selected relevant structural parameters for 3AP and 5AP 
a. 

Parameter 3AP Parameter 5AP 

C3–N8 1.395 C5–N8 1.399 

C3–N2 1.329 C3–N2 1.326 

C5–N1 1.353 C5–N1 1.359 

N1–N2 1.359 N1–N2 1.360 

C3–C4 1.421 C3–C4 1.415 

C4–C5 1.379 C4–C5 1.384 

N1–H6 1.006 N1–H6 1.007 

N8–H9 1.012 N8–H9 1.013 

N8–H10 1.010 N8–H10 1.011 

C3–N8–H9 112.6 C5–N8–H9 114.1 

C3–N8–H10 114.2 C5–N8–H10 112.4 

H9–N8–H10 111.5 H9–N8–H10 109.9 

N2–C3–N8–H9 15.1 N1–C5–N8–H9 59.2 

N2–C3–N8–H10 143.6 N1–C5–N8–H10 −174.8 
a Bond lengths in Å; bond angles in degrees. For atom numbering, see Figure 1. 

The 3AP tautomer has its amine group with the hydrogen atoms making dihedral 

angles N2–C3–N8–H9 and N2–C3–N8–H10 equal to 15.1 and 143.6°, respectively, while the 

N1–C5–N8–H9 and N1–C5–N8–H10 dihedrals in 5AP are equal to 59.2 and −174.8°, i.e., in 3AP 

the amine H atom located closest to the plane of the ring (H9) stays 15.1° out of the plane, 

pointing towards the bare N2 atom, while in 5AP the amine hydrogen atom located closest 

to the plane of the ring (H10) is only 5.2° out of the ring plane and points towards C4. These 

structural differences are easy to rationalize: in 3AP, the positively charged H9 atom 

(+0.248 e; Mülliken charge) approaches the negatively charged undecorated N2 atom 

(−0.191 e), allowing also the second amine hydrogen atom (H10) to reduce the repulsive 

interaction with the ring H11 atom (+0.157 e); on the other hand, in 5AP both amine hydro-

gen atoms face a ring hydrogen atom, since in this case N1 is protonated, and the adopted 

geometry allows minimizing the repulsion with the ring H atom of larger charge, i.e., H6 

(+0.297 e), bound to N1, compared with H11 (bound to C4), which has a charge of only 

+0.142 e (note that Mülliken populational analysis provides charge values that are very 

much dependent of the basis set and method used; however, even if the absolute values 

of the Mülliken atomic charges are basis set and method dependent, differences of the 

charge values calculated for structurally similar compounds are generally well predicted, 

at least qualitatively, so that we can expect that the observed trends are reliable). This 

geometry also allows the 5AP molecule to direct the amine group lone electron pair to a 

direction close to the ring N1–H6 bond, while in 3AP the lone pair is perpendicular to the 

ring (which favors electron delocalization through the -system). Very interestingly, the 

tilt of the N8 amine nitrogen atom out of the plane of the ring assumes an identical value 

in the two tautomers (3.4°), while the degree of pyramidalization of N8 is somewhat more 

pronounced in 5AP compared with 3AP, as reflected in the relative values of the H9–N8–

H10 angle (109.9° in 5AP, compared with 111.5° in 3AP), and of the C5–N8–(H9)–H10 im-

proper dihedral angle in 5AP (127.3°) vs. the C3–N8–(H9)–H10 angle in 3AP (130.0°). The 

smaller degree of pyramidalization in 3AP (i.e., a more planar amine group) can also be 

correlated with a greater  electron delocalization between the amine group and the py-

razole ring in this tautomer, which is consistent with the different orientations adopted 

by the amine group in the two tautomers pointed out above and is also in agreement with 

the shorter C3–N8 bond length in 3AP (1.395 Å) compared with the C5–N8 bond length in 

5AP (1.399 Å). As it can be seen in Table 1, the remaining related structural parameters do 

not differ very much in the two molecules. 

The relative energy of the tautomers, as estimated by the DFT(B3LYP)/6-311++G(d,p) 

calculations, amounts to 10.7 kJ mol−1 in favor of 5AP, when zero-point vibrational energy 
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contributions are taken into account, while the Gibbs energy difference between the two 

tautomers amounts to 9.8 kJ mol−1. This result follows the general trend previously noticed 

for pyrazoles substituted with -electron donating groups [13–16]. Marín-Luna et al. [13] 

conducted a DFT(B3LYP) theoretical study on the basicity of a series of 150 pyrazole de-

rivatives in both the gas phase and in aqueous solution and, for the 3(5)-aminopyrazoles 

studied in this work, their results fully agree with ours, the energy difference between the 

two tautomers reported by those authors matching the one presented in our work. Catalán 

et al. [14] carried out a semi-empirical INDO investigation for estimation of pKa values in 

a series of azoles, also concluding that the 3AP tautomer should be more stable than the 

5AP form, while Jarónczyk et al. [15] investigated the substituent effects on the pyrazole 

ring on the stability of the related tautomers at the MP2/6-311++G(d,p) level and con-

cluded that electron donating groups such as Cl, F, OH and NH2 stabilize the structure 

that for the 3(5)-amino-substituted pyrazole corresponds to the 3AP tautomer, whereas 

electron withdrawing groups such as CFO, COOH and BH2 favor the tautomer structur-

ally related to 5AP. 

The reasons for the higher stability of the 3AP tautomer compared with 5AP were 

briefly addressed in Reference [15], through analysis of  and δ orbital interactions. The 

authors noticed the structural differences related with the orientation adopted by the 

amine group in the two tautomers, in particular the different orientation of their lone elec-

tron pair, stressing its importance for the stabilization of the 3AP form in consequence of 

an increased -delocalization. As pointed out above, the present structural results fully 

confirm this hypothesis, while they also demonstrate the relevance of electrostatic inter-

actions between the amine hydrogen atoms and the nearby located ring hydrogen atoms 

in determining the relative energy of the two tautomers. 

The harmonic oscillator model of aromaticity (HOMA) index [18–20], 

HOMA = 1 −∑
𝛼𝑗

𝑛𝑗
∑(𝑅𝑜𝑝𝑡

𝑗
− 𝑅𝑖

𝑗
)
2

𝑖𝑗

 (1) 

was used to estimate the degree of aromaticity of the pyrazole ring in the two tautomers. 

The values of the α parameter and C–C, C–N and N–N optimal bond lengths (Ropt) re-

quired to calculate the HOMA index were extracted from [19]. In Equation (1), n is the 

number of bonds in the ring of type j (C–C, C–N and N–N), and Ri corresponds to the 

actual bond lengths. The calculated HOMA index for 3AP and 5AP was found to be large, 

in consonance with the aromatic character of the pyrazole ring and approximately equal 

(0.87 and 0.88, respectively), demonstrating that the degree of aromaticity of the pyrazole 

ring in the two tautomers is similar, and it is not a crucial factor in determining their rel-

ative energies. 

2.2. Infrared Spectra of Matrix-Isolated AP 

The IR spectra of the matrices prepared using the pyrazole sample (see Section 3.1 

for experimental details) are shown in Figure 2. The top two panels in this figure corre-

spond to the mid-IR spectra obtained in xenon and argon matrices, at 15 K and 10 K, re-

spectively, while the two bottom panels of the figure show the DFT(B3LYP)/6-311++G(d,p) 

computed harmonic (scaled) and anharmonic infrared spectra of 3AP (black solid line) 

and 5AP (green dotted line). The assignment of the bands to the fundamental modes of 

the two tautomers is provided in Tables 2 and 3, respectively, for 3AP and 5AP. 
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Figure 2. Experimental IR spectra of 3(5)-aminopyrazole isolated in Xe and Ar matrices and 

B3LYP/6-311++G(d,p) calculated harmonic (scaled) and anharmonic IR spectra for 3AP and 5AP 

tautomers. Bands due to trace H2O impurity were subtracted. 
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Table 2. Experimental IR bands assigned to 3AP isolated in Ar and Xe matrices and DFT(B3LYP)/6-

311++G(d,p) calculated IR data for 3AP, with tentative assignments a. 

 
Experi-

mental 
 

Calculated 

(Harmonic) 

Calculated 

(Anharmonic) 

Approximate  

Description 
Ar Matrix  Xe Matrix  IIR  IIR 

(NH) 3519.0 3496.0 3516.4 97.6 3507.3 73.9 

 3517.5 3494.0     

 3515.5 3491.0     

 3514.0      

 3511.5      

 3510.5      

(NH2)a 3478.0 3464.5 3484.1 20.4 3489.1 16.4 

(NH2)s 3409.0 3379.5 3393.1 12.3 3397.4 8.6 

 3393.5      

(CH)s 3182.5 3181.0 (?) 3114.6 0.4 3137.5 1.4 

(CH)a 3151.0 3157.0 3097.7 1.4 3118.2 2.3 

δ(NH2) 1611.0 1604.5 1618.8 118.9 1617.6 90.6 

(C4C5) − (C3N2) 1557.0 1554.0 1558.5 80.8 1553.5 71.8 

(C3C4) − (C3N8) 1500.5 1489.0 1484.8 82.1 1477.7 44.5 

 1491.0 1486.5     

δ(NH) + (C5N1) 1450.0 1448.0 1458.0 12.1 1441.7 4.3 

(C4C5) + (C3N2) − 

(C3C4) 
1401.5 1400.0 1390.9 3.5 1392.5 0.8 

(C5H) + (C4H) + 

(NH) 
1294.0 1291.0 1291.4 20.9 1290.0 11.0 

(NN) 1196.5 1195.0 1198.6 1.5 1185.9 1.7 

  1193.0     

tw(NH2) + (C5N1) 1109.0 1112.0 1104.2 11.9 1109.4 8.5 

  1106.0     

(C4H) + tw(NH2) 1048.5 1068.0 1062.8 5.1 1065.9 6.0 

(C5H) + (NN) 1037.5 1041.5 1032.4 40.1 1031.8 5.6 

  1036.5     

  1034.5     

  1032.5     

(C3C4) + (ring-NNC3) 982.0 982.0 973.1 10.4 977.7 10.4 

 977.0 978.0     

 976.0 975.0     

(ring-NNC5) 927.0 925.0 922.0 0.1 930.7 1.7 

(CH)a 853.0(?) n.obs. 820.3 0.4 843.9 1.8 

(CH)s + (NH2) + τ(ring) 742.0 741.0 738.6 147.4 715.0 139.3 

 741.0 739.0     

(CH)s − (NH2) 723.0 718.0 711.5 29.2 703.5 87.6 

(C3N8) + (ring-CCN2) 696.0 694.5 687.8 1.3 686.9 74.7 

(NH2) + τ(ring) 649.0 651.0 639.9 140.0 620.4 245.1 

τ(ring) + (NH) 635.0 n.i. 623.4 34.5 578.1 160.4 

 630.5      

(NH) 503.1 n.i. 391.0 79.6 449.5 61.6 

δ(C3N8) n.i. n.i. 388.6 9.2 390.6 15.0 

(C3N8) n.i. n.i. 299.8 17.0 328.7 28.1 

(NH2) n.i. n.i. 241.0 39.3 223.2 36.0 
a Wavenumbers () in cm−1; calculated intensities (IIR) in km mol−1; s = symmetric; a = antisymmet-

ric; ν = stretching;  = in-plane bending; γ = out-of-plane rocking; tw = twisting; τ = torsion; n.obs. = 

not observed; n.i. = not investigated: ? = uncertain. 
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At the first look at the spectra, two main conclusions could be extracted. On one side, 

the experimental spectra show a general agreement with the calculated spectrum for 3AP 

(in the region between 700–500 cm−1 the anharmonic calculations fail to predict properly 

the spectra, in particular regarding intensities; this point will be discussed later on), and 

on the other side, they exhibit a number of extra bands that cannot be ascribed to 3AP, 

otherwise matching well the predicted frequencies for 5AP. Taken together, these obser-

vations indicate that both tautomers are present in the matrices, the lowest energy 3AP 

tautomer being the dominant species. 

The matrices were prepared from a solid sample (labelled as 3AP by the provider) by 

sublimation, as described in Section 3.1. The crystal structure of the material is not avail-

able in the literature, and the characteristics of the solid sample did not allow us to obtain 

a suitable crystal for X-ray diffraction structure determination. Nevertheless, it seems very 

much probable that in the solid state the molecules form dimeric units with a pseudo six-

membered ring bound by two intermolecular hydrogen bonds, N–H…N’ and N’–H’…N 

(where the plica is used to distinguish molecule 1 from molecule 2 in the dimer). Such 

structural arrangement allows that both tautomers (3AP and 5AP) form upon sublima-

tion, most probably in the solid–gas interface, thus justifying the observation of both tau-

tomers in the matrix. This mechanism is consistent with the dominance of the 3AP tauto-

mer in the studied matrices (and in the gas phase from where the molecules were trapped 

into the cryogenic media) since its higher stability can be expected to favor its release from 

the solid to the gas phase in larger amounts. Note that the tautomerization cannot take 

place in the gas phase because the energy barrier for interconversion between the 3AP and 

the 5AP tautomers via intramolecular H-shift (~200 kJ mol−1) is prohibitive, and no equili-

bration between the tautomers is expected to take place in the gas phase at room temper-

ature by this mechanism. The relative population of the two tautomers in the gas phase 

is, otherwise, determined by the chemistry taking place at the solid–gas interface during 

sublimation. It is also interesting to note that previous studies [16] have revealed that py-

razoles bearing -electron donating substituents at positions 3 or 5 of the ring, like the 

3(5)-aminopyrazoles, may undergo easy double intermolecular proton transfer (as well as 

solvent-assisted proton transfer), which is a conclusion in line with the explanation given 

above for observation of both tautomers in the studied matrices. 

Considering the general good reproduction of the experimental spectra by the theo-

retical calculations, the assignment of the spectra was straightforward. Moreover, the as-

signment of the bands to the tautomers was facilitated by the fact that, as described in the 

next section, upon UV-irradiation tautomer 3AP converts to tautomer 5AP. There are, 

however, a few observations that shall be here discussed in more detail: 

(i) The first point to note is the fact that several bands appear site split, indicating the 

existence of multiple trapping sites in both matrices. This is a common feature for 

matrix isolation IR spectra, and as usual, the bands of higher intensity are those ex-

hibiting more extensive splitting due to the fact that they correspond to more polar-

ized oscillators, which are more sensitive to changes in the local environment. 

(ii) As already mentioned, somehow surprisingly the anharmonic calculations fail to re-

produce properly the observed spectra in the region between 700 and 500 cm−1. The 

frequencies are also not well predicted, but the estimation of the intensities is very 

much in error, being by far more intense than the observed ones. Interestingly, the 

agreement between the calculated harmonic (scaled) frequencies and intensities and 

the observed spectra, in this spectral region, is much better, describing fairly well the 

observations. The reason(s) for the failure of the anharmonic calculations in predict-

ing appropriately this spectral region must be scrutinized in a dedicated investiga-

tion where several molecules have to be considered, but this lays outside the scope 

of the present study. Nevertheless, the problem seems to be related to the description 

of the amine moiety (or, at least, an amine fragment directly bound to an aromatic 

ring) since most of the vibrations giving rise to bands in this spectral region have 

major contributions from modes of this molecular fragment, in particular the γ(NH2) 
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rocking mode (in line with this reasoning, a strong underestimation of the intensity 

of the δ(NH2) vibration of 5AP by the anharmonic calculations shall also be noticed; 

see Table 3). 

(iii) Among all the calculated frequencies, those obtained for g(NH) mode are the ones 

predicted as more deviated from the experimental frequencies. In this case, the an-

harmonic calculations provide considerably better results than the harmonic ones 

(even after scaling these latter using the same scale factor as for all other vibrations 

absorbing below 1800 cm−1) but still underestimate the observed frequencies by ap-

proximately 10% (~50 cm−1). In this case, however, one can attribute the disagreement 

as being mostly determined by interactions between the N–H fragment and the ma-

trix host that make the movement of the hydrogen atom out of the plane of the ring 

more difficult (i.e., they lead to a larger force constant for this oscillator in the matrix 

than in the free molecule). Two different (possibly acting simultaneously) types of 

interactions can be considered: on the one side, packing-related interactions, which 

can be expected to favor the planarity of the molecule (hence increasing the energy 

of the system upon the hydrogen atom movement to out of the plane of the ring), 

and, on the other side, H-bond like interactions, where the N–H group appears as 

donor and the host matrix atoms as acceptors (this type of interaction is well-known 

for molecules bearing an O–H moiety [21–23] but can also be expected to occur in the 

case of an N–H group). 

(iv) A final note shall be made regarding the origin of the band observed in the argon 

matrix at 853 cm−1. This band can be partially due to the (CH)a mode of 3AP (calcu-

lated intensity ~1 km mol−1; see Table 2), but the observed intensity appears to be too 

large for this to be the sole contribution to the intensity of the band. It can be tenta-

tively suggested that the intense (~6 km mol−1) combination mode predicted by the 

anharmonic calculations at 833 cm−1 also contributes to the observed band. This com-

bination mode is associated with the vibration whose fundamental transition gives 

rise to the intense band observed at 649 cm−1 (a mixed vibration with major contribu-

tions from (NH2) and a torsion of the ring) plus the torsion of the amine group 

(τ(NH2, whose fundamental was predicted at 223 cm−1 by the anharmonic calcula-

tions). 

Table 3. Experimental IR bands assigned to 5AP isolated in Ar and Xe matrices and DFT(B3LYP)/6-

311++G(d,p) calculated IR data for 5AP, with tentative assignments a. 

 
Experi-

mental 
 

Calculated 

(Harmonic) 

Calculated 

(Anharmonic) 

Approximate Description Ar Matrix  Xe Matrix  IIR  IIR 

(NH) 3505.0  3485.0 3496.6 76.0 3497.1 59.6 

 3503.0 3479.0     

 3495.5      

(NH2)a 3461.0 3452.0 3467.7 23.7 3476.1 19.0 

(NH2)s 3380.0 3358.0 3374.3 9.4 3366.9 4.9 

 3371.5      

(CH)s 3163.0 3176.0 (?) 3106.7 1.4 3129.6 2.0 

(CH)a 3145.0 3146.0 3083.3 6.8 3103.4 8.3 

δ(NH2) 1620.5 1615.5 1629.6 84.5 1632.7 7.3 

(C4C5) − (C5N8) 1593.5 1586.5 1580.4 90.3 1574.1 88.8 

 1589.5      

(C5N1) + (C3N2) 1510.5 1499.5 1493.8 64.9 1481.3 40.0 

(NH) + (C5N1) 1420.0 1401.0 1414.1 24.2 1407.6 6.4 

(C3N2) + (C3C4)+(C4H) 1353.0 (?) n.obs. 1352.5 0.6 1346.9 0.8 

(C3H) + (NH) n.obs. n.obs. 1294.2 1.7 1289.4 0.6 

(C3H) + (C4H) 1243.0 (?) 1242.0 (?) 1219.5 0.7 1219.0 1.4 

tw(NH2) + (C5N1) 1100.5 n.obs. 1102.2 6.6 1110.7 2.4 

(NN) + τω(NH2) 1063.0 1057.5 1076.9 20.7 1052.4 7.2 



Molecules 2021, 26, 4299 9 of 13 
 

 

(C3H)–(C4H)+(C3C4) 1045.0 n.obs. 1034.2 7.2 1036.2 11.3 

 1041.0      

(C4C5) + (C5N1) 1023.5 1006.0 (?) 1018.4 9.2 1021.8 9.4 

(ring-NNC3) 919.0 898.5 913.0 24.1 915.6 35.5 

 917.0      

 910.0      

(C3H) 888.5 855.0 886.3 9.9 870.2 8.6 

 881.5 845.0     

 875.0      

 872.0      

 869.0      

 867.5      

(C4H) 752.2 730.0 756.4 143.6 737.9 86.9 

(NH2) − (C4H) 707.0 702.0 713.1 62.5 680.3 63.0 

(ring-CCN1) + (C5N8) 690.0 668.0 677.3 14.8 656.7 66.7 

τ(ring) 663.5 660.0 (?) 652.3 15.5 648.0 39.6 

t(ring) + (NH) 655.5 655.0 (?) 636.9 106.8 611.0 99.1 

(NH) 523.0 n.i. 462.8 47.9 478.8 25.4 

δ(CN8) n.i. n.i. 373.0 6.6 365.2 14.1 

(CN8) n.i. n.i. 275.9 7.3 277.3 9.5 

τ(NH2) n.i. n.i. 138.2 45.3 125.2 37.1 
a Wavenumbers () in cm−1; calculated intensities (IIR) in km mol−1; s = symmetric; a = antisymmetric; 

ν = stretching;  = in-plane bending; γ = out-of-plane rocking; tw = twisting; τ = torsion; n.obs. = not 

observed; n.i. = not investigated: ? = uncertain. 

2.3. UV-Induced Phototautomerization 

The deposited argon matrix of 3(5)-aminopyrazole was subjected to in situ irradia-

tion with broadband UV-Vis light (λ  235 nm), as described in Section 3.1. Figure 3 shows 

the resulting IR difference spectrum obtained by subtracting the spectrum of the as-de-

posited matrix from that recorded after irradiation (5.5 h; 10 K). This figure also shows the 

simulated difference spectrum built based on the calculated harmonic (scaled) IR spectra 

of 3AP and 5AP. 

It is clear from Figure 3 that irradiation induces conversion of tautomer 3AP into 5AP. 

Minor bands belonging to additional photoproducts were also observed in the IR spectra 

obtained after irradiation, in particular in the 2260–2240 and 2180–2070 cm−1, which with 

all probability belong to products resulting from the opening of the pyrazole ring. Possible 

photoproducts include cyanamide (NC–NH2), ethynamine (H–CC–NH2), carbodiimide 

(HN=C=NH) and ketenimine (CH2=C=NH), which have the most intense bands in these 

spectral ranges (and weak bands both above and below these regions that could not be 

identified in the spectra of the photolysed matrix) [24–26]. In any case, the photolysis of 

the compounds occurs in a reduced extension, leading to very small amounts of the cor-

responding products, the 3AP → 5AP phototautomerization process being clearly domi-

nant. 

Since the molecules are isolated, the observed phototautomerization must occur via 

intramolecular H-shift. Excitation was performed at λ > 235 nm, which, according to the 

performed TD-DFT(B3LYP)/6-311++G(d,p) calculations on the most stable 3AP tautomer 

(see Table S1 and Figure S1, provided as Supplementary Materials), corresponds to exci-

tation within the long-wave wing of the S3 ← S0 transition, whose maximum was predicted 

at 223.6 nm (535.1 kJ mol−1) with an oscillator strength of 0.0354. The calculations also pre-

dict that S1 stays 257.5 nm (464.6 kJ mol−1) higher in energy than the ground state. This 

energy is much higher than the calculated energy barrier for the intramolecular H-shift in 

the ground state (194.4 kJ mol−1; for structure of the transition state see Supplementary 

Materials Figure S2 and Table S2), so that energy relaxation from S1 to S0 occurs with 

enough energy being released to overcome the barrier, suggesting that the H-shift occurs, 

most probably, in the vibrationally excited ground state. Nevertheless, the possibility of 
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the H-shift taking place in the excited state cannot be ruled out on the grounds of the 

present study and requires further examination through detailed calculations of the ex-

cited states’ potential energy surfaces of the studied system. 

 

Figure 3. Experimental IR difference spectra obtained by subtracting the spectrum of the as-deposited argon matrix from 

that obtained after UV irradiation (λ  235 nm; 5.5 h; 10 K) in different spectral regions (top panels) and DFT(B3LYP)/6-

311++G(d,p) calculated IR spectra of 3AP (black) and 5AP (green) calculated within the harmonic approximation. In the 

calculated spectra, wavenumbers were scaled, and the intensities in the spectrum of 3AP were multiplied by −1. 

3. Materials and Methods 

3.1. Experimental Details 

A low melting solid sample (m.p. 34–37 °C) labelled as 3-aminopyrazole (99% purity) 

was purchased from Fluorochem (Hadfield, Glossop, UK), with spectroscopic grade. Prior 

to usage, the sample was placed in a glass tube and connected to the vacuum chamber of 

a helium-cooled cryostat through a needle valve. Matrices were prepared by co-deposi-

tion of vapors of the compound together with a large excess of the matrix host-gas (Ar 

N60, or Xe N48), obtained from Air Liquide] onto a CsI substrate assembled at the cold 

(10 K in argon experiments; 15 K in xenon experiments) tip of the cryostat (APD Cryogen-

ics closed-cycle helium refrigeration system with a DE-202A expander in the case of the 

argon matrices, or ARS Cryogenics closed-cycle helium refrigeration system with a DE-

202SI expander for the xenon matrices). The temperature of the CsI window was meas-

ured directly at the sample holder by a silicon diode sensor connected to a digital temper-

ature controller (Scientific Instruments, model 9650−1 or LakeShore 335), which provides 

an accuracy of ±0.1 K. Both the valve nozzle and the sample glass container were kept at 

room temperature (298 K). 

The IR spectra were obtained using a Thermo Nicolet 6700 Fourier (Thermo Electron 

Corporation, Waltham, MA, USA) transform infrared spectrometer, equipped with a deu-

terated triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter for the studies per-

formed on the argon matrices, or a Thermo Nicolet iS50 Fourier transform infrared spec-

trometer equipped with an MCT/A detector and a KBr beam splitter for the studies un-

dertaken on the xenon matrices. The spectral ranges covered were 4000–400 cm−1 and 

4000–650 cm−1 for argon and xenon experiments, respectively, the spectral resolution be-

ing 0.5 cm−1 for both cases. To avoid interference from atmospheric H2O and CO2, a stream 
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of dry and CO2-filtered air was continuously purging the optical path of the spectrome-

ters. 

Broadband irradiation of the matrices was carried out with UV light provided by a 

500 W high-pressure Hg(Xe) lamp (Oriel Instruments, Newport, RI, USA), with output 

power set to 250 W, through the outer KBr window of the cryostat (λ > 235 nm, as defined 

by the onset of KBr transmission in the UV). 

3.2. Computational Details 

The quantum chemical calculations were performed using the Gaussian 16 program 

package (Rev. B.01) [27] at the DFT(B3LYP) [28–30] level of theory using the 6-311++G(d,p) 

basis set [31,32]. All geometries were optimized using the TIGHT convergence criteria of 

Gaussian 16, and the nature of all described stationary points was further characterized 

through the analysis of the corresponding Hessian matrices. Transition state structures 

were located using the synchronous transit-guided quasi-Newton (STQN) method [33]. 

The UV absorption spectra were computed at the same level, using the same functional 

and basis set [34,35]. Vibrational calculations were performed both using harmonic and 

anharmonic potentials, and in the estimation of relative energies, the zero-point vibra-

tional energy (ZPVE) corrections were also accounted for. Harmonic wavenumbers were 

scaled by 0.955 and 0.980, respectively, above and below 3000 cm−1. Anharmonic IR spec-

tra were computed using the fully automated second-order vibrational perturbative ap-

proach developed by Barone and co-workers [36,37], allowing for the evaluation of anhar-

monic infrared intensities up to 2 quanta, including overtones and combination bands 

[37–39]. The resulting wavenumbers together with the calculated IR intensities were used 

to simulate the spectra shown in the figures through convolution with Lorentzian func-

tions having a full-width-at-half-maximum (fwhm) equal to 2 cm−1. The vibrational anal-

ysis was supported by the animation of the vibrations of both tautomers provided by 

Chemcraft software [40]. 

4. Conclusions 

In the present research, 3(5)-aminopyrazole was investigated in argon and xenon ma-

trices and by quantum chemical calculations at the DFT(B3LYP)/6-311++G(d,p) level of 

theory. The structure of the two tautomers, 3AP and 5AP, was compared and the reasons 

for their relative energy evaluated. It was found that both electronic interactions involving 

the lone-electron pair of the amine group nitrogen atom and the -system of the pyrazole 

ring as well as electrostatic repulsions between the amine nitrogen atoms and the closest 

located ring hydrogen atoms are relevant factors in determining the relative stability of 

the tautomers, while the degree of aromaticity of the pyrazole ring in the two forms is 

similar. The assignment of the IR spectra obtained in both studied matrices was under-

taken, revealing the presence in the matrices of the two tautomers, 3AP and 5AP, and a 

mechanism was postulated to explain the simultaneous presence of the two tautomeric 

species in the as-deposited matrices. Interpretation of the spectra was supported by vibra-

tional calculations carried out at both harmonic and anharmonic levels, and the abilities 

of the two types of calculations as applied to the present case study were discussed. 

The matrix-isolated compound (in argon matrix) was subjected to in situ broadband 

UV irradiation (λ > 235 nm), and the UV-induced transformations were followed by IR 

spectroscopy, revealing that, under the used experimental conditions, phototautomeriza-

tion of the 3AP tautomer into the 5AP form strongly predominates over pyrazole ring 

opening photolysis. According to the performed TD-DFT calculations, the bright-state in 

the photochemical experiments corresponds to S3 (of the 3AP tautomer), which upon de-

cay may lead to a vibrationally excited S0 state that has enough energy to surpass the en-

ergy barrier for H-shift, resulting in the observed tautomeric process. 

Supplementary Materials: The following are available online, Table S1: The TD-DFT(B3LYP)/6-

311++G(d,p) calculated transition energies (to the 6 lowest singlet excited states) of the 3AP tautomer 
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and oscillator strengths, Table S2: The Cartesian coordinates of the ground state transition state for 

intramolecular tautomerization as calculated at the DFT(B3LYP)/6-311++G(d,p) level, Figure S1: The 

simulated TD-DFT(B3LYP)/6-311++G(d,p) UV spectrum of 3AP, and Figure S2: The graphical struc-

ture of the DFT(B3LYP)/6-311++G(d,p) calculated ground state transition state for intramolecular 

tautomerization. 
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