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The Fourier transform infrared and Raman spectra of the adamantane-based compound ethyl

4-[3-(adamantan-1-yl)-4-phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-1-yl]methylpiper-

azine-1-carboxylate were recorded in the ranges of 3200–650 cm�1 and 3200–150 cm�1, respec-
tively. The UV/Vis spectrum of solution of the title compound in ethanol was measured in the
range of 450–200 nm. The DFT calculations at the B3LYP/cc-pVDZ and B3LYP/cc-pVTZ
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levels of the theory were performed to obtain the equilibrium geometric structure and to predict

vibrational IR and Raman spectra of the title molecule. The TDDFT calculations at the CAM-
B3LYP/cc-pVTZ level of the theory, as well as MRPT calculations at the CASSCF(4,5)/

XMCQDPT2 level of the theory were carried out to reproduce the electronic absorption spec-

trum. The experimental IR, Raman and UV/Vis spectra were interpreted on the basis of results

of quantum chemical modeling. Based on Mulliken and L€owdin atomic population analysis, it
was established that the compound under study exhibits features of an intramolecular charge

transfer.

Keywords: Adamantane-based compounds; FTIR spectrum; Raman spectrum; UV/Vis

spectrum; density functional theory; multi-reference perturbation theory.

1. Introduction

Adamantane derivatives have found wide practical applications in the ¯eld of

medicine as possible candidates for the drug design and drugs delivery.1,2 The

pronounced lipophilicity, chemical and thermal stability, conformational rigidity

of adamantyl cage are re°ected on the adamantane-based derivatives leading to

improvement of their pharmacokinetic properties.3 After the development of

amantadine as an e±cient antiviral drug against in°uenza A viruses,4 and as anti-

parkinsonian drug,5 numerous adamantane derivatives were developed and currently

used as e®ective therapeutic agents. The major pharmacological activities displayed

by adamantane-based derivatives are the antiviral,6–10 anticancer,11–13 antibacterial

and antifungal,14–17 antimalarial,18 anti-in°ammatory,19,20 and hypoglycemic

activities.21 On the other hand, 1,2,4-triazole derivatives were reported to exhibit

diverse biological activities including antifungal,22 anti-in°ammatory23 and anti-

cancer activities.24

In continuation of our ongoing interest in the pharmacological and structural

properties of adamantane derivatives,25–28 on the basis of experimental (infrared

(IR), Raman and Ultraviolet (UV)/Vis spectroscopy) and theoretical (Density

Functional Theory (DFT), Time-Dependent Density Functional Theory (TDDFT)

and Multi-Reference Perturbation Theory (MRPT) calculations) methods, we report

herein the geometric, electronic and spectral characteristics of the title adamantane-

triazole hybrid derivative.

The main goal of the study is to use the results of the quantum chemical

calculations to investigate the spectral properties and to perform a complete and

noncontradictory interpretation of the spectra obtained for achieving a better un-

derstanding of the physicochemical properties of adamantane-based compounds as

promising candidates for the design of new drugs.

2. Experimental Details

2.1. Instruments

The IR spectrum of the title compound for the crystalline phase was measured using

an FT-IR spectrometer Nexus (Thermo Nicolet, USA) supplied with an IR
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microscope setup Continuum (Thermo Fisher Scienti¯c, USA) with a 15�-objective.
Measurements in the range of 3200–650 cm�1 were performed in the re°ection mode,

where the probe radiation entered small area of thinned crystalline powder on the top

of a re°ective surface.

The Raman scattering spectrum also for the crystalline phase was measured in the

range of 3200–150 cm�1 using a compact solid-state cw-Nd:YAG laser (second harmonic,

532nm wavelength), a holographic notch ¯lter, a grating spectrometer (600 grooves per

mm) Spectra Pro500i (Acton Research, USA) and a silicon cooled CCD-camera.

The electronic absorption (UV/Vis) spectrum of the ethanol solution of the title

compound was measured by a Cary 500 (Varian) spectrophotometer in the range of

450–200 nm. Since the main absorption bands lie in the near UV range, care has been

taken to minimize contribution from the solvent. For this reason, a cell with the

solvent was used in the reference channel during measurements to ensure correct

subtraction of solvent contribution.

2.2. Chemical synthesis of the title compound

The title compound (E) was synthesized starting with adamantane-1-carbohy-

drazide (A) via reaction with phenyl isothiocyanate (B) to yield the intermediate

thiosemicarbazide derivative (C), which was cyclized to the triazole derivative (D).

The reaction of (D) with ethyl piperazine-1-carboxylate and formaldehyde solution,

in ethanol, at room temperature yielded the title compound (E) in 80% yield

(Fig. 1).17 The structure of the title compound was established by 1H and 13C NMR

and single crystal X-ray crystallography.29

3. Computational Details

The calculations of the structural and vibrational spectral characteristics of the

title compound were realized with the use of the quantum chemical package

Fig. 1. The synthetic approach of the title compound (E).
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GAMESS-US.30,31 The optimization of the equilibrium structure, calculations of the

Hessians (force ¯elds), normal coordinates analysis and intensities for the IR and

Raman spectra were performed using the standard Dunning's cc-pVDZ and cc-pVTZ

basis sets32 by DFT methods with the help of the hybrid B3LYP functional.33–35 The

modern DFT methods are a high-reliable tool to establish the molecular structure of

the ground state of organic compounds.36 In its turn a high accuracy of the structural

predictions is a prerequisite for the adequate spectra simulation.

Firstly, the full geometric optimization without any constraints was carried out.

The vibrational frequencies were calculated in the harmonic approximation. For this,

Hessians (matrices of second derivatives of the energy with respect of nuclear coor-

dinates, or force constants matrices) were derived by seminumerical method. This

method does analytical ¯rst derivatives and numerical second ones. The diagonal-

ization of Hessian gives squares of the vibrational frequencies. In the force ¯eld

computation, we took into account two displacements (one positive and one nega-

tive) in each Cartesian direction. This gives a small improvement (�20–50 cm�1, or
�1%) in the accuracy of the computations of vibrational frequencies and this avoids

the appearance of imaginary frequencies for low-frequency deformation modes in

some cases. Since the calculated values at the B3LYP/cc-pVTZ level of theory

harmonic frequencies of the high-frequency stretching modes usually exceed the

experimental ones by 3–4%, such improvement in accuracy is very signi¯cant.

Analysis of the calculated Hessian matrices testi¯es the absence of imaginary fre-

quencies, con¯rming the stability of the equilibrium structure. The intensities of IR

bands and Raman lines were calculated assuming their proportionality to squares of

derivatives of the electric dipole moment and polarizabilities with respect to normal

coordinates, respectively.36

TDDFT is currently widely used for electronic spectra simulation of polyatomic

molecular systems.37 It is known that quantum chemical calculations using, for ex-

ample, the hybrid functional B3LYP in terms of the TDDFT approximation display

deviations of the excited state energies from the available experimental values up to

0.4 eV.38 Especially this is typical for molecular systems with charge transfer. The

presence of phenyl, piperazine and triazole groups in the structure of the title mol-

ecule allows one to classify it as a molecular system that may exhibit the intramo-

lecular charge transfer (ICT). In this case, the Coulomb-attenuating method

(CAM)39 makes it possible to qualitatively and quantitatively improve the results of

the calculations.

The calculations of spectral and energetic characteristics of the excited singlet

electronic states for the title compound were performed in terms of the TDDFT

approximation using the cc-pVTZ basis set32 and the hybrid CAM-B3LYP func-

tional.39 The calculations were carried out also by the GAMESS-US quantum

chemical package. The in°uence of solvent (ethanol) was taken into account in the

approximation of the Solvation Model Density (SMD).40

An alternative to the TDDFT method is multi-reference approximation (for ex-

ample, MRPT). Recently,26–29 we have shown that the ab initio calculations at the
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multi-reference CASSCF/XMCQDPT2 (Complete Active Space Self-Consistent

Field/eXtended Multi-Con¯guration Quasi-Degenerate 2nd Order Perturbation

Theory)41 level of theory successfully explain the UV/Vis absorption spectra of

the N0-(adamantan-2-ylidene)benzohydrazide,26 3-(adamantan-1-yl)-4-ethyl-1-

[(4-phenylpiperazin-1-yl)methyl]-1H-1,2,4-triazole-5(4H)-thione,27 3-(adamantan-1-yl)-

1-[(4-benzylpiperazin-1-yl)methyl]-4-phenyl-1H-1,2,4-triazole-5(4H)-thione,27 and

3-(adamantan-1-yl)-4-phenyl-1-[(4-phenylpiperazin-1-yl)methyl]-1H-1,2,4-triazole-

5(4H)-thione28 molecules.

The CASSCF/XMCQDPT2 calculations for the title molecule were performed

using the Fire°y42 quantum chemical package with the standard cc-pVTZ basis set.

Firstly, the CASSCF calculations with the state-averaged (SA) procedure were done.

The active space for the CASSCF calculations comprises four electrons and ¯ve

orbitals. The SA-CASSCF(4,5) procedure was realized for three singlet and two

triplet states. Finally, the calculations for singlets were performed at the

XMCQDPT2 (Ref. 41) level of theory. All 127 lowest double occupied orbitals are

included in the perturbation-based calculation. The ISA shift of 0.001 was used in the

present approach.

The knowledge of the structure of the compound under investigation allows one to

predict the so-called indices of its biological activities/inactivities (Pa/Pi), which

mean the probabilities of the presence (Pa) or absence (Pi) of a biological activity of

a particular species. Biological activity is a property of a chemical compound that

characterizes its interaction with biological systems and exhibits any therapeutic,

cosmetic or other properties.43 The calculation of biological activity indices was

carried out using the PASS database (prediction of activity spectra for substances).44

PASS-online45 makes it possible to predict more than 4000 kinds of biological ac-

tivity on the basis of the structure of the compound. The main idea46 is that similar

structures have similar biological activities or in other words the molecular structure

determines the spectrum of biological activities.

4. Results and Discussion

4.1. Geometric structure

The title compound, namely ethyl 4-[3-(adamantan-1-yl)-4-phenyl-5-sulfanylidene-

4,5-dihydro-1H-1,2,4-triazol-1-yl]methylpiperazine-1-carboxylate (C26H35N5O2S), the

equilibrium structure of which is shown in Fig. 2, represents a structure consisting of

conformationally stable fragments of phenyl, triazole and piperazine rings, as well as

methylene, ethyl, carbonyl, and adamantyl groups connected by single bonds. More-

over, piperazine, triazole and methylene groups form the molecular skeleton, to which

all other groups are attached. Due to steric e®ects rotation around single bonds is

unavailable that leads to rigid structure of the compound indicating the absence of

structural conformers. The only exception is related to the rotation around the single

bond between oxygen atom and carbon atom of ethyl group that raises two possible

Spectral and quantum chemical analysis of adamantane-based compound
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orientation of ethyl group. But these two conformers possess almost the same energy

(the di®erence is less than 10 cm�1).
The experimental values of the geometric parameters (values of bond lengths,

bond angles and dihedral angles) obtained by X-ray analysis for the crystalline phase

of the title compound.29 We should note that most of the structural parameters were

determined experimentally,29 with the exception of C–H bond lengths. Moreover, the

values of the selected parameters seem to be incorrect. The C–H bond lengths of the

adamantyl and phenyl fragments were found to be 0.99–1.0 �A and 0.95 �A, respec-

tively. However, it is known that the experimental value for adamantyl fragment is

1.112 �A (Ref. 47) and for phenyl �1:09 �A.48 The same situation is observed for CH

bonds in piperazine ring, methylene and ethyl fragments. Based on this, we can

conclude that the lengths chosen as parameters do not correspond to the actual

values and the discussion of the comparison of the calculated data with the values of

these parameters will not be given, since it leads to large errors (up to 9–14%).

The results of calculations of geometry parameters performed in the B3LYP/cc-

pVDZ and B3LYP/cc-pVTZ approximations for the gas phase of the title compound

are in agreement with the experimental data obtained for the crystalline phase. The

calculated geometric parameters are presented and compared with the experimental

data in Table S1 (see Supplementary Information). For most bond lengths, the

deviations of the calculated values from the experimental values do not exceed 1%.

The exceptions are the bond lengths comprising nitrogen (C–N and N–N of the

piperazine and triazole rings and C–N bonds between methylene and piperazine and

Fig. 2. The optimized structure of the title compound obtained at the B3LYP/cc-pVTZ level of theory.

Arrow shows the direction of dipole moment of the molecule and labels and digits show the numbering of

atoms.
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methylene and triazole fragments) and oxygen (for the single bond between the

oxygen atom and the carbon atom of the ethyl fragment), as well as for the C–C bond

in the ethyl fragment. For the mentioned bond lengths, the deviations were 1.1–1.8%

(C–N), 1.1% (N–N), 1.1–1.5% (C–O) and 2.4–2.7% (C–C).

Such errors are supposed to be connected with the presence of heteroatoms in

structure and have already occurred earlier and been discussed.25,27,28 Planar angles

follow the same pattern: deviations of calculated angles from experimental ones are

not more than 1%. For planar angles, which include nitrogen and oxygen atoms,

an error not exceeding 4.6% is observed. However, the largest (7.7%) value of the

deviation was for the angle between the carbon atom in methylene fragment and the

N–C bond in piperazine ring. The errors mentioned may be related to the choice of

the basis set and the functional used for calculations, as well as to the fact that

calculations were performed for gas phase in contrast to experiment, which was

performed for solid samples. In general, according to the comparative table, the

values of the geometric parameters obtained using doubly and triply splitted basis

sets di®er little. Meanwhile, using a larger basis leads to some decrease in the average

error for bond lengths (the average error is 0.49% for cc-pVTZ and 0.72% for

cc-pVDZ) and a slight decrease for bond angles (0.68% for cc-pVTZ and 0.70% for

cc-pVDZ). Therefore, for optimization of the geometry for the compound under

study, in order to reduce the time spent on computational process, one can use cc-pVDZ

basis. In our case, optimization procedure is followed by calculations of vibrational

frequencies, for which the expansion of basis set can reduce the error associated with

overestimation of the frequencies, for example, for stretching vibrations.

4.2. Vibrational spectra

For the compound under consideration, IR and Raman spectra were predicted at the

B3LYP/cc-pVTZ level of theory in harmonic approximation. As it was mentioned,

the structure of the studied compound includes various functional groups, and in

most cases the vibrations are localized on one of those functional groups. Such

functional groups as adamantyl, phenyl, or ethyl have characteristic frequencies and

vibrational modes, and therefore the assignment of the corresponding bands in the

spectra does not cause any particular di±culties. However, other groups, such as

piperazine and triazole, form the molecular skeleton and the vibrations localized on

these groups often interact with each other, which makes the spectra interpretation

di±cult. Based on the calculations, we carried out a complete interpretation of IR

and Raman vibrational spectra for the title compound, which has 201 vibrational

modes.

Figure 3 shows the experimental and calculated IR and Raman spectra of the

studied compound. The results of the interpretation of the experimentally obtained

IR and Raman spectra on the basis of the calculated ones are given in Table 1, where

the normal modes are denoted as follows: � denotes stretching; � denotes bending;

� denotes rocking; � denotes scissoring; ! denotes wagging; � denotes twisting;

Spectral and quantum chemical analysis of adamantane-based compound
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i.p. denotes in-plane bending; o.o.p. denotes out-of-plane bending vibrations. Band

and line intensities IIR and IRaman are normalized to the strongest band or line; vs.

denotes very strong; s denotes strong; m denotes medium; w denotes weak; vw

denotes very weak; sh denotes shoulder. The following symbols were also used to

designate functional groups: Ph denotes phenyl group, M denotes methylene group,

P denotes piperazine, A denotes adamantyl fragment, T denotes triazole fragment,

Et denotes ethyl group.

The calculated frequencies as usual for harmonic approximation exceeded the

experimental values for C–H stretching vibrations by 3.1–5.5% (in the region about

2940–3200 cm�1) and reproduced very well (overestimation is 0.2–2.8%) the

Fig. 3. Experimental (1–5) and calculated (B3LYP/cc-pVTZ) (6–10) IR (1, 2, 6, 7) and Raman spectra

(3–5, 8–10) of the title compound.
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Table 1. Assignment of vibrational frequencies of the title compound.

Experimental Calculated

�IR, cm
�1 �Raman, cm

�1 �, cm�1 IIR IRaman Assignment

3095 w 3202 0.00 0.70 �CH(Ph)

3089 w 3198 0.01 0.01 �CH(Ph)

3086 w 3189 0.05 0.27 �CH(Ph)
3080 m 3180 0.00 0.31 �CH(Ph)

3062 w 3061 vw 3170 0.00 0.11 �CH(Ph)

3049 w 3046 vw 3151 0.01 0.15 �CH(P)

3034 w 3135 0.01 0.13 �CH(P)
3025 w 3125 0.00 0.08 �CH2(M)

3018 sh 3019 w 3110 0.09 0.03 �CH3þ �CH2(Et)

3003 w 3004 w 3102 0.07 0.25 �CH3(Et)
2984 sh 2� 1496

3091 0.02 0.16 �CH(P)

2976 m 2975 m 3087 0.09 0.43 �CH2(A)

3084 0.01 0.04 �CH2(A)
2969 m 3081 0.01 0.23 �CH2 þ �CH3(Et)

2949 m 2942 vs 3078 0.05 0.11 �CH2(A)

2931 sh 3072 0.10 0.38 �CH2ðPÞ þ �CH2(M)

3068 0.01 0.12 �CH2ðMÞ þ �CH2(P)
3050 0.05 0.25 �CH2(Et)

2926 vs 3049 0.22 0.51 �CH2(A)

3047 0.11 1.00 �CH2ðAÞ þ �CH(A)
3044 0.01 0.14 �CH2ðAÞ þ �CH(A)

3044 0.04 0.09 �CH2(A)

2911 m 3037 0.04 0.64 �CH3(Et)

2912 s 3036 0.12 0.53 �CHþ �CH2(A)
2908 sh 3032 0.27 0.10 �CHþ �CH2(A)

2901 sh 3029 0.14 0.22 �CHþ �CH2(A)

2895 s 3022 0.07 0.07 �CHþ �CH2(A)

2876 w 3020 0.00 0.18 �CHþ �CH2(A)
2865 sh 2868 w 3011 0.03 0.11 �CHþ �CH2(A)

2854 s 3010 0.03 0.15 �CHþ �CH2(A)

3010 0.03 0.19 �CHþ �CH2(A)
2848 w 2993 0.24 0.43 �CH(P)

2991 0.03 0.08 �CH(P)

2830 w 2957 0.08 0.35 �CH(P)

2942 0.07 0.12 �CH(P)
2818 w 2821 vw 1456þ 1360

2805 w 1443þ 1362

2791 w 1479þ 1313

2773 sh 1406þ 1360

2758 w 1537þ 1221

2750 vw 2752 vw 1456þ 1296; 1406þ 1346

1686 vs 1690 w 1755 0.99 0.02 �C ¼ O

1647 w 1650 w 1001þ 646; 993þ 654; 1090þ 557

1599 w 1598 s 1644 0.02 0.07 �CCðPhÞ þ �(i.p.)CCC(Ph)

1633 0.01 0.02 �CCðPhÞ þ �(i.p.)CCC(Ph)

1533 m 1537 vs 1578 0.12 0.24 �CN(T)
1498 m 1496 vw 1536 0.09 0.00 �CCðPhÞ þ �(i.p.)CCC(Ph)

1528 0.02 0.01 �CH2ðEtÞ þ �CH3(Et)

1523 0.00 0.00 �CH2(A)
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Table 1. (Continued )

Experimental Calculated

�IR, cm
�1 �Raman, cm

�1 �, cm�1 IIR IRaman Assignment

1508 0.01 0.01 �CH2ðPÞ þ �CH2(M)
1479 m 1477 sh 1501 0.03 0.01 �CH2ðAÞ þ �CH2(P)

1501 0.03 0.01 �CH2(A)+�CH2ðPÞ þ �CH2(M)

1501 0.01 0.00 �CH2(A)
1501 0.01 0.03 �CH2ðEtÞ þ �CH3(Et)

1498 0.03 0.00 �CH2(A)

1493 0.02 0.01 �CH2(P)

1490 0.00 0.02 �CCðPhÞ þ �CH2(P)
1456 s 1490 0.01 0.01 �CCðPhÞ þ �CH2(P)

1488 0.00 0.03 �CH2(A)

1488 0.01 0.03 �CH3(Et)

1486 0.00 0.04 �CH2(A)
1443 s 1470 0.09 0.06 �CH2(M)

1448 s 1463 0.54 0.01 �CNðPÞ þ �CH2ðPÞ þ !CH2(Et)

1433 vs 1444 0.25 0.03 �CNðTÞ þ �CH2(M)

1407 w 1425 0.01 0.01 �CH2ðMÞ þ !CH2(P)
1406 m 1422 0.10 0.00 �CH3ðEtÞ þ !CH2(Et)

1413 0.01 0.01 !CH2ðPÞ þ �CH2ðMÞ þ !CH3(Et)

1408 0.02 0.01 �CH2ðMÞ þ !CH2ðPÞ þ !CH3(Et)
1381 s 1379 s 1404 0.00 0.01 !CH2(A)

1402 0.00 0.00 !CH2(A)

1398 0.00 0.00 !CH2(A)

1375 sh 1395 0.08 0.02 !CH2ðPÞ þ !CH2(M)
1392 0.03 0.00 !CH2ðEtÞ þ !CH3(Et)

1360 m 1362 sh 1385 0.07 0.04 !CH2ðAÞ þ �CNðTÞ þ �CH2(M)

1381 0.00 0.00 !CH2(A)

1346 m 1344 sh 1380 0.07 0.04 �CNðTÞ þ !CH2ðAÞ þ �CH2(M)+ �CH2(P)
1369 0.01 0.01 !CH2(P)

1360 0.00 0.00 !CH2(A)

1356 0.00 0.00 �CC(Ph)
1354 0.00 0.00 !CH2(A)

1313 s 1348 0.23 0.01 �CH2ðMÞ þ �CNðTÞ þ �CN(P)

1344 0.14 0.06 �CNðTÞ þ �CSðTÞ þ �CH2ðMÞþ
�CCHðAÞ þ �NCH(P)

1296 m 1294 m 1325 0.00 0.00 �CCðPhÞ þ �CCH(Ph)

1317 0.00 0.00 �CCðAÞ þ �CH2(A)

1315 0.05 0.01 �CCCðAÞ þ �CCHðAÞ þ �NCN(T)

1313 0.00 0.00 �CCðAÞ þ �CCH(A)
1284 m 1286 m 1308 0.27 0.03 �CNðTÞ þ �CC(A)

1301 0.12 0.01 �CNðPÞ þ �HCNðPÞ þ �CH2(M)

1297 0.01 0.01 �CH2ðEtÞ þ �CH3(Et)

1259 sh 1260 s 1292 0.04 0.04 �CH2ðAÞ þ �CNC(T)
1283 0.00 0.04 �CCH(A)

1275 0.15 0.04 �CNCðTÞ þ �CCH(A)

1246 vs 1245 sh 1265 1.00 0.01 �C–Oþ �CH2(P)
1225 s 1220 vw 1240 0.24 0.02 �CNðPÞ þ �CH2ðPÞ þ �CH2ðMÞ þ �CS(T)

1211 sh 1235 0.01 0.02 �CH2(P)

1188 m 1190 s 1209 0.01 0.03 �CH2(A)

1209 0.00 0.03 �CH2(A)
1200 0.00 0.01 �(i.p.)CCH(Ph)
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Table 1. (Continued )

Experimental Calculated

�IR, cm
�1 �Raman, cm

�1 �, cm�1 IIR IRaman Assignment

1176 m 1170 vw 1191 0.10 0.01 �CNðPÞ þ �CNðTÞ þ �CH2(P)
1186 0.00 0.01 �(i.p.)CCH(Ph)

1183 0.01 0.00 �CH2ðEtÞ þ �CH3(Et)

1153 sh 1152 vw 1180 0.31 0.01 �C(M)NðPÞ þ �NCH(P)
1136 s 1138 vw 1144 0.35 0.00 �COþ �NCH(P)

1143 0.00 0.00 �CH2(A)

1134 0.00 0.00 �CH2(A)

1134 0.01 0.02 �CCðEtÞ þ �CCHðEtÞ þ �CC(Et)O
1131 0.08 0.01 �CNðPÞ þ �CNðTÞ þ �CH2ðMÞ þ �CH2(A)

1109 m 1107 m 1128 0.03 0.02 �CH2(A)

1125 0.02 0.01 �CH2(A)

1123 0.00 0.01 �CH2(A)
1104 0.01 0.00 �CCðPhÞ þ �(i.p.)CCH(Ph)

1100 0.02 0.02 �CCCðAÞ þ �CCCðPhÞþ
�CNCðTÞ þ �CH2(P)

1090 vs 1086 sh 1098 0.15 0.01 �CCðPÞ þ �CH2(P)
1057 m 1057 vw 1084 0.03 0.00 �CNðTÞ þ �CNðPÞ þ �CH2(M)

1079 0.01 0.00 �CH2ðPÞ þ �CCN(P)

1032 w 1053 0.01 0.01 �CCðPhÞ þ �(i.p.)CCC(Ph)
1034 s 1052 0.05 0.03 �COþ �CCðEtÞ þ �CCN(P)

1050 0.00 0.00 �CC(A)

1049 0.00 0.00 �CC(A)

1044 0.00 0.00 �CC(A)
1026 0.01 0.07 �CCðPhÞ þ �(i.p.)CCC(Ph)

1001 sh 1003 vs 1018 0.16 0.01 �CNðPÞ þ �CH2(P)

993 vs 1014 0.09 0.03 �(i.p.)CCCðPhÞ þ �CN(P)

1012 0.02 0.01 �(o.o.p.)CCH(Ph)
1010 0.03 0.01 �NNðTÞ þ �CCðPÞ þ �CH2(M)

976 m 979 s 999 0.02 0.02 �CCðEtÞ þ �CCðPÞ þ �O–C(Et)

992 0.00 0.00 �(o.o.p.)CCH(Ph)
947 w 943 w 986 0.00 0.02 �CC(A)

984 0.00 0.02 �CC(A)

983 0.00 0.02 �CC(A)

926 w 923 w 948 0.00 0.01 �CCðAÞ þ �(o.o.p.)CCH(Ph)
942 0.00 0.00 �CCðAÞ þ �(o.o.p.)CCH(Ph)

942 0.00 0.00 �CCðAÞ þ �(o.o.p.)CCH(Ph)

935 0.00 0.00 �CNðPÞ þ �CH2(M)

894 vw 897 vw 900 0.00 0.00 �CH2(A)
899 0.00 0.00 �CH2(A)

897 0.00 0.00 �CH2(A)

876 w 875 w 888 0.01 0.02 �COþ �CCðEtÞ þ �CCH(Et)

866 w 865 sh 869 0.02 0.02 �CC(A)
847 w 843 vw 857 0.00 0.00 �CCNðPÞ þ �CH2(P)

857 0.00 0.00 �(o.o.p.)CCH(Ph)

831 w 833 vw 833 0.02 0.01 �COþ �CCHðEtÞ þ �CN(P)
818 w 818 vw 820 0.00 0.00 �CCðAÞ þ �CCC(A)

819 0.00 0.00 �CCðAÞ þ �CCC(A)

815 0.00 0.00 �CH2ðEtÞ þ �(o.o.p.)CH3(Et)

796 m 798 m 794 0.07 0.00 �(o.o.p.)CCHðPhÞ þ �(o.o.p.)CCC(Ph)
777 0.00 0.02 �CNCðPÞ þ �(o.o.p.)N(P)C ¼ O
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Table 1. (Continued )

Experimental Calculated

�IR, cm
�1 �Raman, cm

�1 �, cm�1 IIR IRaman Assignment

774 0.04 0.03 �(o.o.p.)CCHðPhÞ þ �CCC(A)
771 s 771 0.06 0.03 �CNCðPÞ þ �(o.o.p.)N(P)C ¼ O

768 s 760 0.08 0.02 �CCCðAÞ þ �N(P)C(M)N(T)

721 w 724 w 737 0.00 0.00 !NCN(T)
702 s 704 m 720 0.05 0.02 �(o.o.p.)CCC(Ph)

696 sh 699 sh 713 0.07 0.00 �(o.o.p.)CCC(Ph)

693 0.00 0.00 �CCCðAÞ þ �CNCðTÞ þ �(i.p.)CCC(Ph)

683 sh 679 vw 674 0.02 0.01 �(o.o.p)CNCðTÞ þ �CH2(P)
667 w 666 vw 665 0.01 0.00 �CCNðPÞ þ �N(P)C–O

657 0.00 0.00 �CCC(A)

654 vw 655 0.00 0.01 �CCC(A)

646 vw 644 0.04 0.01 �(o.o.p.)CCHðPhÞ þ �CCNðPÞ þ �NCN(T)
626 w 633 0.00 0.01 �(i.p.)CCC(Ph)

599 vw 605 0.03 0.00 �CNCðPÞ þ �N(T)C(M)N(P)

558 w 560 0.01 0.02 �C(T)Sþ �NCNðTÞ þ �CH2(M)

545 sh 543 0.02 0.00 �N(P)C–Oþ �CCHðEtÞ þ �CCN(P)
494 w 497 0.00 0.01 �CCNðPÞ þ �(o.o.p.)CCCðPhÞ þ �CH2(M)

489 sh 490 0.00 0.00 �CCN(P)

482 sh 483 0.01 0.00 �(o.o.p.)CCCðPhÞ þ �CCCðAÞ þ �CNC(P)
466 vw 467 0.00 0.00 �CCC(A)

446 w 454 0.01 0.00 �CCCðAÞ þ �CNC(P)

441 sh 440 0.00 0.00 �CCC(A)

438 0.00 0.00 �CCC(A)
425 vw 424 0.00 0.00 �(o.o.p.)CCC(Ph)

412 vw 415 0.00 0.00 �CCC(A)

414 0.00 0.00 �CCCðAÞ þ �CH2(M)

402 vw 400 0.00 0.00 �CH2ðMÞ þ �CNCðPÞ þ �CCC(A)
397 sh 398 0.00 0.01 �CNCðPÞ þ �CH2(M)

389 sh 388 0.00 0.00 �CCCðAÞ þ �(o.o.p.)CNNðTÞ þ �CH2(M)

384 vw 382 0.04 0.00 �O–CCðEtÞ þ �CNCðPÞ þ �CH2(M)
363 w 346 0.00 0.00 �CCCðAÞ þ �CNCðPÞ þ �O–CC(Et)

327 vw 328 0.01 0.01 �CCCðAÞ þ �CNCðPÞ þ �O–CCðEtÞþ
�CCC(Ph)

317 vw 318 0.01 0.00 �CNCðPÞ þ �C–O–CðEtÞ þ �CCC(A)
312 vw 314 0.00 0.00 �CCC(A)

303 w 309 0.00 0.00 �CCCðAÞ þ �CNN(T)

298 sh 294 0.02 0.00 �(o.o.p.)CNC(P)

270 sh 272 0.00 0.01 �(o.o.p.)CCCðPhÞ þ �CH2(P)
259 0.00 0.00 �CH3ðEtÞ þ �CH2(Et)

238 0.00 0.00 �CCCðPhÞ þ �CH2(P)

229 0.01 0.00 �CH2ðPÞ þ �C–O–C(Et)

210 0.00 0.01 �CCCðAÞ þ �N(P)C(M)N(T)
201 0.01 0.00 �CCCðAÞ þ �N(P)C(M)N(T)

173 0.01 0.00 �NC(T)Sþ �C(M)NCðPÞ þ �C–O–C(Et)

162 0.00 0.00 �(o.o.p.)NC(T)Sþ �CNC(T)
146 0.00 0.00 !C–O–CðEtÞ þ �N(T)C(M)NðPÞþ

�NCN(T)

121 0.00 0.00 !C–O–CðEtÞ þ �CH2(Et)

115 0.00 0.01 �C(T)CCðAÞ þ �CC(Ph)NðPÞ þ �CC(Et)–O
111 0.00 0.00 �O–C = Oþ �CNC(P)
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frequencies in the middle IR region (660–1700 cm�1). The Lorentzian pro¯les were

used for broadening in calculated spectra. For consistency with experimental spectra,

the values of full width at half maximum (FWHM) were taken 10 cm�1 for both IR

and Raman spectra.

4.2.1. Adamantyl fragment vibrations

Adamantane is a tricyclic saturated hydrocarbon C10H16, the structure of which

consists of six CH2 and three CH bonds,47,49 forming a \chair" conformation. The

spectral regions of the adamantyl group include stretching vibrations of the CH and

CC bonds, as well as scissoring, wagging, twisting, and rocking deformation vibra-

tions of the CH and CH2 bonds and skeletal vibrations of the CCC bonds.47,49,50 It is

known that the adamantane molecule possesses a high symmetry (Td) and the vi-

brational frequencies in such case are not di±cult to interpret. As a result of the

monosubstitution of the adamantyl fragment the decrease of symmetry occurs and,

therefore, a splitting of the observed vibration frequencies happens. It was previously

established50 that the stretching CH and CH2 vibrations in the case of mono-

substitution are located in the 2996–2945 cm�1 and 2952–2850 cm�1 regions, re-

spectively.49,50 Based on the calculated results, we assigned the bands 2976, 2949,

2926, 2912, 2895, 2865, and 2854 cm�1 in the IR spectrum and the peaks 2975, 2942,

2901, 2876, and 2868 cm�1 in the Raman spectrum as stretching CH and CH2

vibrations of the adamantyl fragment. According to Ref. 50, scissoring vibrations of

CH2 can be found in the 1475–1440 cm�1 region. We also found the scissoring

vibrations very close to this region: the bands 1479 cm�1 and 1456 cm�1 and line

1477 cm�1 in IR and Raman spectra, respectively. Due to the diminishing of the

symmetry as a result of monosubstitution the wagging vibrations CH2 near

1350 cm�1 split and raise a particular sequence of bands in the range of 1400–

1300 cm�1.49 Thus the bands 1381, 1360, 1346, and 1331 cm�1 and lines 1379, 1362,

Table 1. (Continued )

Experimental Calculated

�IR, cm
�1 �Raman, cm

�1 �, cm�1 IIR IRaman Assignment

89 0.00 0.00 �C–O–CðEtÞ þ �O–CC(Et)
85 0.00 0.00 �CC(Ph)NðTÞ þ �NC(T)CðAÞþ

�CN(P)C(M)

66 0.00 0.00 �CC(Ph)NðTÞ þ �NC(T)CðAÞ þ �CN(P)–C

60 0.00 0.01 �CC(Ph)NðTÞ þ �NC(T)C(A)
57 0.00 0.00 �O–CCðEtÞ þ �C–O–CðEtÞ þ �CNC(P)

50 0.00 0.02 �CC(Ph)NðTÞ þ �O–CC(Et)

33 0.00 0.00 �O–CCðEtÞ þ �CN(P)–Cþ
�CNCðPÞ þ �O = C–O

30 0.00 0.00 �CC(Ph)NðTÞ þ �O–CC(Et)

26 0.00 0.00 �CC(A)CðTÞ þ �O–CC(Et)

14 0.00 0.00 �CN(P)–Cþ �CC(Ph)N(T)
9 0.00 0.00 �CN(P)–Cþ �C(T)CC(A)

Spectral and quantum chemical analysis of adamantane-based compound

1950029-13



1344, and 1335 cm�1 were assigned as corresponding to wagging vibrational modes.

The twisting and rocking deformation vibrations of CH2 can be found near

1200 cm�1 and 1100 cm�1 (Ref. 50) and in our case they appear in spectra as bands

(lines) 1296 (1294), 1259 (1260), 1188 (1190), and 1136 (1138) cm�1 for twisting

vibrations and 1109 (1107) cm�1 for rocking vibrations. Stretching vibrations of the

CC bond of the adamantyl fragment lie near 800 cm�1, and deformation vibrations of

the adamantyl frame CCC can be found in the regions 780–740 cm�1 and 460–

330 cm�1.49 This knowledge allows us to assign bands 866 cm�1 and 818 cm�1 and

lines 865 cm�1 and 818 cm�1 to stretching vibrations of the CC, and bands 768, 696,

667 and peaks 699, 666, 466, 446, 441, 412, 389, 363, and 312 cm�1 to deformation

vibrations of the adamantyl frame CCC.

4.2.2. Phenyl group vibrations

The vibrational frequencies of the phenyl ring correspond to the stretching vibrations

of the CH and CC bonds, as well as to planar and out-of-plane vibrations of the CCC

and CCH bonds.51 For aromatic compounds, the stretching CH vibrations are lo-

cated in the region of 3100–3000 cm�1.51 The vibrations of frame, as well as CC

stretching vibrations are related to the absorption in the 1600–1585 cm�1 and 1500–

1400 cm�1 region. It is also known that the bands of in-plane bending modes are

located in the range of 1300–1000 cm�1. The out-of-plane CH vibrations are observed

in low-frequency range of 900–675 cm�1. Taking into account the usual regions of

vibrations of aromatic compounds,51 we assigned bands 1599, 1498, 1456 cm�1 of IR
spectrum and lines 1598 cm�1 and 1496 cm�1 of Raman spectrum to the stretching

vibrations CC. The bands 1188, 1176 and 1034 cm�1 and lines 1190 cm�1 and

1170 cm�1 were identi¯ed as in-plane bending vibrations. The out-of-plane bending

vibrations were found for 976, 926, 847, 796, 702, and 696 cm�1 bands and 979, 923,

843, 798, 704, 699, and 646 cm�1 lines of studied spectra.

4.2.3. C ¼ O and C–O vibrations

It is known that ketones, carboxylic acids, aldehydes, carboxylic esters, and other

compounds comprising C ¼ O possess strong absorption band associated with the

stretching vibration ofC¼O in the 1870–1540 cm�1 region.51 The conjugation ofC¼O

groupwith other groups causes the reduction of the observed frequency region. Thus, we

identi¯ed strongband 1686 cm�1 in IR spectrumand line 1690 cm�1 inRaman spectrum

as stretchingC¼Ovibration.The stretchingC–Ovibrations for esters are located in the

1300–1000 cm�1 frequency range and the bands usually possess high intensity.51 These

stretching vibrations of C–O were found in spectra of the title compound as the bands

1246, 1136 and 1034 cm�1 and lines 1245 cm�1 and 1138 cm�1.

4.2.4. Ethyl and methylene vibrations

Asymmetric and symmetric stretching vibrations of the CH2 and CH3 bonds of the

ethyl group are observed in the regions 2950–3050 cm�1 and 2900–2995 cm�1,
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respectively.51 The methylene group CH2 is located between two bulky rings and

demonstrates a mixture of its normal modes with the triazole and piperazine ones.

The IR spectrum band at 2931 cm�1 and the Raman spectrum line at 3025 cm�1 are
de¯ned as stretching CH2 vibrations of methylene group. The stretching CH3 vi-

brational bands and lines of ethyl group were assigned to 3018 cm�1 and 3003 cm�1

and 3019, 3004 cm�1, respectively. We de¯ned the lines 2969 cm�1 and 2911 cm�1 as
being related to stretching CH2 vibrations of ethyl group. Bending vibrations CH3

are localized near 1375 cm�1 and 1450 cm�1. And it is known for the former band to

be overlapped with the bending vibrations (scissoring) of CH2 group
51 which usually

occur near 1465 cm�1. The rocking vibrations of methylene group are observed near

720 cm�1, wagging and twisting vibrations of CH2 appear in the range of 1350–

1150 cm�1.51 The bands (lines) 1456, 1406 (1407) and 1375 cm�1 in our spectra

correspond to bending CH3 vibrations, as well as the bands (lines) 1346 (1344), 1313

and 1284 (1286) cm�1 correspond to twisting CH2 vibrations and 1176 (1170) cm�1

and 818 (818) cm�1 correspond to rocking CH2 vibrations. Also, we have to note that

it is di±cult to identify these bending vibrations as they are mixed with the bending

modes of other groups (triazole and piperazine ones).

4.2.5. Piperazine ring vibrations

The spectral region of the piperazine ring includes stretching vibrations of the CH,

CC and CN bonds as well as deformation CH2 modes. The stretching vibrations of

CH bonds in heterocyclic structures occupy a region of 2800–3100 cm�1.52,53 Previ-
ously, it was found that piperazine stretching CH2 vibrations occur at approximately

3087, 2987, 2914, 2853, and 2750 cm�1 for the IR spectrum53 and at 2833 cm�1,
2771 cm�1 for the Raman spectrum53 and 2944 cm�1 for the IR spectrum.52 However,

the frequencies 2750 cm�1 and 2771 cm�1 are quite low for stretching modes of CH2

and by their nature are very similar to overtones or combinations frequencies.

Therefore, for this assignment, we slightly raised the lower limit for the frequency

range of the mentioned stretching modes. Considering the above-mentioned, we

assigned the bands 3049, 2976, 2931, and 2848 cm�1 in IR spectrum and the lines

3046, 2975, and 2830 cm�1 in Raman spectrum to stretching CH and CH2 vibrations.

The bending CH2 modes (scissoring, wagging and rocking) for pure piperazine were

found in the region of 1458–1431 cm�1,52 near 1426 cm�1,53 1382 cm�1 (Ref. 52); 1390,
1364 and 1360 cm�1,53 and near 852 cm�1,52 respectively. For 1-phenylpiperazine,54

scissoring modes appeared near 1407 cm�1 and wagging modes appeared near

1190 cm�1. The bands 1346, 1331, 1211, and 1188 cm�1 in IR spectrum and lines 1407,

1344, 1335, and 1190 cm�1 in Raman spectrum were assigned as bending CH2 vibra-

tions. It has been established51 that as a result of the interaction of heteroaromatic

rings, it is not possible to distinguish individual vibration frequencies of the CC, CN

and NN bonds. The stretching vibrations of heteroaromatic compounds appear in the

same region (1600–1300 cm�1 (Ref. 51)) as vibrations of aromatic compounds, which

complicates the interpretation and leads to the overlapping of vibrational bands.
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In Ref. 47, the bands at 1177, 1115 and 933 cm�1 and the lines at 1184, 1109 and

836 cm�1 in IR and Raman spectra of the pure piperazine were assigned to the frame

vibrations. According to Ref. 52, stretching CN vibrations occur at 1323, 1268, 1218,

1173, and 1055 cm�1 in IR and at 1294, 1120 and 1049 cm�1 in Raman spectrum. The

CC stretching modes were observed at 1199 cm�1 (IR) and at 1186 cm�1 (Raman).53

The bands in the studied IR spectrum 1225, 1176 and 1001 cm�1 and the lines 1220,

1170 and 1003 cm�1 in the Raman spectrum were assigned to the stretching CN and

CC frame vibrations. The in-plane and out-of-plane bending modes of piperazine

fragment are observed below 847 cm�1.

4.2.6. Triazole ring vibrations

The triazole ring substituted by sulfur mainly exhibits stretching vibrations of CN,

C ¼ N, NN and CS bonds, deformations of the ring itself, as well as planar and out-

of-plane vibrations of NH and CS bonds.55,56 The stretching skeleton vibrations of

triazole fragment (in our case CN, NN and CS) also interact with each other like the

ones in the piperazine ring. Another di±culty is related to the fact that the fre-

quencies of these stretching vibrations depend on the type of substitution. The bands

and lines corresponding to breathing modes of the 1H-1,2,4-triazole ring previously

were assigned at 1540,55 1495–1482,55,56 1473,55 1390–1361,55,56 1272–1255,56 1146,56

1190,55 and 1062–1055 cm�1.56 The bands and lines 1533 (IR), 1537 (Raman), 1346

(IR), 1344 (Raman), 1284 (IR), 1286 (Raman), 1259 (IR), and 1260 (Raman) cm�1

were assigned as stretching triazole ring modes. Bending modes of triazole ring are

observed below 768 cm�1 (see Table 1).

The bands at 1313, 1225, 1176, 1153, 1057, and 993 cm�1 in the IR spectrum and

lines at 1220, 1170, 1152, and 1057 cm�1 in the Raman spectrum are associated with

the stretching delocalized modes, where the delocalization occurs on the molecular

skeleton and di®erent functional groups comprising the molecule.

4.3. UV/Vis spectrum

The experimental UV/Vis absorption spectrum of the title compound in ethanol

solution as well as calculated ones are shown in Fig. 4. The maximum of the long-

wavelength band in the experimental spectrum (Fig. 4, curve 1) corresponds to the

wavelength of 256 nm and the shortwave band is located around 200 nm. It is not

possible to establish the exact value of shortwave band, since in this wavelength

region ethanol absorption begins and there is also a restriction on wavelengths

associated with the operating range of the UV/Vis spectrometer.

The simulated UV/Vis spectra were obtained in the terms of the CAM-

B3LYP/cc-pVTZ, CAM-B3LYP/cc-pVTZþ SMD (ethanol) and CASSCF(4,5)/

XMCQDPT2 approximations. The results of the calculations (wavelengths and

oscillator strengths) are presented in Fig. 4 (curves 2–4) and Table 2. The

Gaussian pro¯les were used for broadening in calculated spectra. The value of an

FWHM was taken as 14 nm.
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The intensities of calculated bands were normalized. Note that the title compound

comprises di®erent functional groups (for example, phenyl, piperazine and triazole),

which can exhibit ICT. This aspect was taken into account on the step of choosing

the methods of calculation and interpretation of the electronic absorption spectra.

Although the functional CAM-B3LYP provides the possibility of accounting of ICT

in molecules,39 it is not always successful in predicting of the UV/Vis spectra. The

TDDFT calculations in the terms of the CAM-B3LYP functional of the UV/Vis

spectra of the title compound predict a high value of wavelengths for S1  S0
(277 nm) and S2  S0 (254 nm) transitions with low intensity (see Table 2). More-

over, for the gas phase, the main contributions to the S1  S0 transition were made

by the following molecular orbitals (MOs): HOMO� 1! LUMOþ 1 (with a weight

5.5%), HOMO� 1! LUMOþ 2 (84.5%), HOMO� 1! LUMOþ 3 (2.3%),

HOMO� 1! LUMOþ 4 (3.4%). For the S2  S0 transition, the main pair of MOs

is HOMO! LUMO with a weight 95.5%.

The mentioned MOs are shown in Fig. 5, and these MOs are localized not on the

only one functional group (chromophore), but rather are delocalized on several ones

(for example, on the sulfur atom, triazole and phenyl rings). When taking into

account the solvent (ethanol), a hypsochromic shift is observed (for example, for

Fig. 4. Experimental (1) and calculated at the TDDFT/CAM-B3LYP/cc-pVTZ (2), TDDFT/CAM-

B3LYP/cc-pVTZ+SMD (ethanol) (3), and CASSCF(4,5)/XMCQDPT2 (4) levels of theory spectra of the

title compound.

Table 2. Wavelengths (�) and oscillator strengths (f) of electronic transitions calculated at the CAM-
B3LYP/cc-pVTZ, CAM-B3LYP/cc-pVTZþ SMD (ethanol) and CASSCF(4,5)/XMCQDPT2 level of

theory.

CAM-B3LYP/cc-pVTZ CAM-B3LYP/cc-pVTZþ SMD CASSCF(4,5)/XMCQDPT2

Transition �, nm f �, nm f �, nm f

S1  S0 277 0.001 263 0.001 268 0.001

S2  S0 254 0.001 238 0.281 233 0.003
S3  S0 242 0.016 233 0.007 215 0.002

S4  S0 240 0.059 226 0.001 188 0.336

S5  S0 238 0.153 221 0.012 118 0.000
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S1  S0 transition, it is equal to 14 nm). It would seem that the solvent e®ects have

to provide more correct results, which are in agreement with the experimental

spectrum. However, the predicted wavelengths are still overestimated, and the in-

tensity of the S2  S0 transition (oscillator strength) is increased more than 280

times. In formation of S1  S0 transition the HOMO� 2! LUMOþ 2 with weight

2.6%, HOMO� 1! LUMOþ 1 (9.2%) and HOMO� 1! LUMOþ 2 (83.4%)

MOs took part, and the combination of MOs HOMO! LUMO (3.5%), HOMO!
LUMOþ 1 (8.3%) and HOMO! LUMOþ 2 (81.9%) was obtained for S2  S0
transition.

We assume that the incorrect prediction of UV/Vis absorption spectrum of the

title compound by TDDFT method, even with the CAM-correction, is associated

with ICT, the character of which is partially re°ected through MOs involved in the

transitions (Fig. 5).

Let us consider in detail the results of calculations of the UV/Vis spectrum

obtained at the CASSCF(4,5)/XMCQDPT2 level of theory. The long-wavelength

absorption band was obtained at 268 nm (S1  S0), and the shortwave band

corresponding to the S2  S0 transition was predicted at 233 nm. The intensities of

the calculated transitions turned out to be relatively small (see Table 2).

Some words about the choice of the active space should be said. There are several

chromophores in the title molecule (¼ S, phenyl ring and triazole ring), which, as we

expect, may be responsible for optical transitions. We are also interested in the

S1  S0 and S2  S0 transitions, which were assumedly registered in the solution.

Thus, we decide that those molecular orbitals, which are localized on the mentioned

chromophores and which contribute to the S1  S0 and S2  S0 transitions, should

be included in the active space. A quantitative description of the active space is

related to the occupation of the orbitals: the orbitals, whose occupation is very close

to 2.00 or 0.00, should be ignored, as well as the electrons on these orbitals, since they

will not practically participate in optical transitions. So, as a result of our calculation

at the CASSCF level of theory, for the selected active space of 4 electrons in 5

orbitals, the occupations of molecular orbitals were: 1.97 (1st MO), 1.20 (2nd MO),

Fig. 5. Molecular orbitals contributing into S1  S0 and S2  S0 transitions, obtained at the CAM-
B3LYP/cc-pVTZ level of theory.
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0.41 (3rd MO), 0.40 (4th MO), 0.02 (5th MO). Also, these ¯ve MOs were localized on

the three already mentioned chromophores. Thus, the selected active space is fully

consistent with the qualitative and quantitative description of the transitions under

consideration.

At the ¯rst stage of calculations, MOs in the active space were common for all

states (due to the state-averaging procedure). However, after taking into account the

dynamic component of the electron correlation energy, the MOs of the active space

for each of the state became individual. Figures 6–8 show the natural MOs for the

ground, ¯rst and second excited singlet states, the numbers indicate the occupancy of

the MOs for each state.

Although it is not possible to select certain MOs corresponding to, for example

HOMO or LUMO, within the multi-reference approach, population values, which

signi¯cantly di®er from 0 and 2, indicate orbitals that give the maximum contri-

bution to electron transfer. Let us pay attention to the shape and localization of the

natural MOs dominating the transitions. For the S1  S0 transition, the main

Fig. 7. Natural molecular orbitals of the active space and their respective occupations obtained for the

¯rst singlet excited state S1 at the CASSCF(4,5)/XMCQDPT2 level of theory.

Fig. 6. Natural molecular orbitals of the active space and their respective occupations obtained for the

ground state S0 at the CASSCF(4,5)/XMCQDPT2 level of theory.
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contribution is made by 2nd and 3rd active orbitals of the ¯rst excited state (Fig. 7).

The shape of the molecular orbitals and the contribution of the dominant atomic

orbitals indicate the n! �� transition type. Lone pair electrons localized on the

sulfur atom leads to the formation of a nonbonding MO, which is easily excited. The

antibonding �� orbital is localized on the triazole group. Due to the small

spatial overlap of MOs, the intensity of such a transition is not high, which is

re°ected in the small value of the oscillator strength of the corresponding transition

(see Table 2). The S2  S0 transition is also a low-intensity n! �� transition type:

the easily excited unshared valence electrons of the nonbonding MO transfer to the

next energetically favorable vacant �� orbital delocalized on the phenyl ring (see 2nd

and 3rd MOs at Fig. 7). We will not discuss the high-lying excited singlet states and

transitions to the ground state, related to them, since only the ground state (S0) and

the ¯rst two excited (S1, S2) singlet states participated in the SA-CASSCF procedure

over ¯ve states (namely, three singlet and two triplet states).

It should be noted that the calculation in the multi-reference approximation was

carried out for the gas phase, but the absorption UV/Vis spectrum of the title

compound was measured in a polar ethanol solution. A well-known fact is the e®ect

of the solvent on the n! �� transition.57 When using more polar media (in contrast

to the �! �� transition, which leads to a shift to the long-wavelength region of the

spectrum) for the n! �� transition, a hypsochromic shift (blue shift) of the corre-

sponding bands in the UV/Vis spectrum is observed. This is due to the stabilization

of the ground state by the polar solvent (for example, through hydrogen bonds),

which leads to a decrease of the ground state energy, while the e®ect of the solvent on

the excited state energy is insigni¯cant. Thus, an increase in the energy di®erence

between the ground and excited states leads to a decrease in the wavelength of

the electron transition and the observed blue shift. Given the above, the

spectrum obtained in the framework of the multi-reference approximation, taking

into account the hypsochromic shift, is completely in agreement with the experi-

mental spectrum.

Fig. 8. Natural molecular orbitals of the active space and their respective occupations obtained for the

second singlet excited state S2 at the CASSCF(4,5)/XMCQDPT2 level of theory.
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ICT can be e±ciently analyzed using atomic populations according to Mulliken

and/or L€owdin. It is known that the atomic population strongly depends on the basis

set,36 however, we are not interested in the absolute values of charges localized on

atoms, but in changes in charges delocalized on functional groups as a result of

electronic transitions. Both methods of analyzing atomic populations showed charge

transfer (0.8e for Mulliken and 0.7e for L€owdin), occurring from the sulfur atom to

the triazole ring as a result of the S1  S0 transition. The S2  S0 transition is also

characterized by a charge transfer of 0.8e for both methods from the sulfur atom to

the phenyl ring. Thus, sulfur in this molecule acts as a donor of electrons, and the

triazole and phenyl rings as acceptors that accept these electrons, which is consistent

with the analysis of natural molecular orbitals with maximum contribution to the

electronic transitions under consideration.

4.4. Biological activities

The indices of biological activities of the studied compound (the probabilities of the

presence of Pa or the absence of Pi activity of a certain type) determined by using

the PASS Online database are listed in Table 3. If the index Pa > 0.7, then the

compound under study will most likely demonstrate this kind of activity in the

experiment; if 0:5 < Pa < 0:7, the compound is likely to show activity in the ex-

periment, but the probability is less; and, if Pa< 0.5, it is unlikely that the com-

pound will demonstrate this activity in the experiment.44 The probabilities of the

biological activities Pa are given in Table 3 for values greater than 0.5. These data

indicate that the compound most likely possesses analgesic (Pa > 0:8) and anti-

atherosclerotic activities (Pa > 0:7). The probabilities of adverse or toxic e®ects for

this compound are small. It should be noted that the PASS program cannot predict

whether a particular substance will become a drug, since creating drugs is a rather

complicated task and depends on a number of di®erent factors. But prediction,

however, can help to determine for which type of biological activity should

the compound be tested ¯rstly and which substances are most likely to show the

required types of activity.

Table 3. The largest indices of biological activi-
ties of compound under study predicted by PASS

database.

Possible biological activities

Pa Pi Activity

0.845 0.005 Analgesic

0.786 0.005 Analgesic, nonopioid

0.725 0.005 Atherosclerosis treatment
0.597 0.020 Antiviral (Picornavirus)

0.592 0.004 Calcium channel N-type blocker
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5. Conclusions

The comprehensive spectral and theoretical analysis of the adamantane-triazole

hybrid derivative, namely, ethyl 4-[3-(adamantan-1-yl)-4-phenyl-5-sulfanylidene-

4,5-dihydro-1H-1,2,4-triazol-1-yl]methylpiperazine-1-carboxylate, has been carried

out. The experimental IR and Raman spectra for the crystalline phase have been

analyzed and interpreted based on quantum chemical modeling at the B3LYP/cc-

pVTZ level of theory. Contributions from the adamantyl, phenyl, triazole, and pi-

perazine groups within the molecule are identi¯ed. The UV/Vis spectra simulations

at the TDDFT and MRPT levels of theory have demonstrated unsuitability of the

¯rst approximation (namely TDDFT) for description of the experimental spectrum

of the title molecule. It is highly probable that this is a consequence of the ICT. The

results obtained by second approximation (namely MRPT) have been in agreement

with the experimental spectrum. The presence of the ICT was veri¯ed by Mulliken

and L€owdin atomic population analysis, which has shown the charge transfer oc-

curring from sulfur atom (donor) to triazole and phenyl rings (acceptors). Also, the

indices of the biological activities were calculated based on the molecular structure

and showed that the title compound is likely to possess analgesic and antiathero-

sclerotic activities. The results obtained could be useful for medicinal chemistry and

for analytical purposes.
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