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Abstract—A study of the structure and spectral properties of the compound (£)-2-({2-[3-(pyridin-2-yl)-1H-
1,2,4-triazol-5-yl]phenylimino } methyl)phenol and its binuclear complex with zinc was carried out by the
quantum-chemical calculations at a level of density functional theory. Within the framework of the time-
dependent density functional theory were calculated electron spectra of both compounds, which gave good
agreement with experiment, and was revealed the nature of the absorption bands in the visible and near UV
region taking into account the solvent effect. Complete interpretation of the absorption bands in the infrared
spectra of the complex and protonated ligand was given, and the frequency shift and changes in the intensities
of IR bands of the ligand at the complex formation were analyzed.
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The organometallic structures capable of the
effective mutual transformation of electric and light
energy, have attracted much attention of researchers in
different fields of science and technology [1—4]. This
is due primarily to the development of technology of
organic light-emitting diodes used in microelectronics,
whose operating principle is based on the ability of an
organic or organometallic compound to electro-
luminescence. Such requirements are satisfied by the
synthesized earlier 1,2,4-triazole derivative, (£)-2-({2-
[3-(pyridin-2-yl)-1H-1,2,4-triazol-5-yl|phenylimino} -
methyl)phenol (H,L) [5]. Electroluminescence of a
sensor devices based on this compound and its
binuclear complex with zinc (Zn,L;) has been studied
[6], and the complex Zn,L, was shown to exhibit a
more stable electroluminescence and is more resistant
to oxidation (burning out) than the compound H,L.

This paper concerns the results of quantum-
chemical study of the structure and spectral properties
of the compound H,L and its binuclear complex with
zinc (Zn,L,). The data obtained explain the influence

of complexation on the structure and spectral
properties of these compounds. On the basis of the
calculations we revealed the nature of compound H,L
and its complex absorption in the visible and infrared
regions, which can be useful in designing new
electroluminescent devices. A detailed study of IR
spectra allowed us to determine the nature of all the
bands, as well as to trace the changes in the
frequencies and intensities of infrared absorption at the
complexation. This provides additional criteria for
establishing the relationship between the structure of
the compounds, the nature of complex formation, and
their electronic and photophysical properties.

Analysis of the Structure of Molecular Complex Zn,L,
and Protonated Ligand H,L

Optimized structure of the complex Zn,L, is shown
in Fig. 1. All calculated frequencies in the vibration
spectrum of the complex are real, indicating that it
corresponds to the true global minimum on the
potential energy hypersurface of the molecule.
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Fig. 1. Optimized molecular structure of the complex of zinc with (E)-2-({2-[3-(pyridin-2-yl)-1H-1,2,4-triazol-5-yl]phenylimino}-

methyl)phenol.

The results of X-ray diffraction studies of single
crystals of the complex [Zn,L,]-:0.5C,HsOH [5]
indicate that the complex has a binuclear structure.
Zinc ions are coordinated by two pentadentate ligands
in the deprotonated form (L*). Each zinc atom is
located inside a distorted tetragonal pyramid: it base
includes four nitrogen atoms and at the top is phenolic
oxygen atom. The DFT optimized structure of Zn,L,
complex (Fig. 1) agrees well with X-ray analysis [5].

As seen from Fig. 1, the central six-membered
metallocycle Zn,N, has bath conformation, in agree-
ment with X-ray study [5]. The zinc atoms are located
out of the plane of four nitrogen atoms at 1.459 A in
the direction of the oxygen atoms. The Zn*’~Zn>*
distance equals 4.074 A, which is close to the
experimental data (4.038 A [5]). Planar phenyl and
pyridyl fragments are quasi-coplanar with the plane of
the triazole fragment. Thus, the calculated dihedral
angles C*C°C''N'" and C*C**C'N'"" are —9.7° and 9.4°,

respectively, and the angles N°C’C'N’ and
C*CP”C'N* are —6.3° and 14.1°. The 2-imino-
methylphenol fragment is almost planar (angle

N#C*CYC™ equals 176.9°) and is turned by 45° to
the benzene ring (angle C**C*N*C* is 44.97°). The
calculated bond lengths and bond angles for the Zn,L,
coordination sphere and those obtained experimentally
for the solvate complex [Zn,L,,]-0.5C,HsOH are given
in Table 1. Table 2 compares the calculated bond
lengths and bond angles for the H,L and Zn,L,
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molecules (the shown parameters are those changed in
bond length at the complex formation not less than
0.002 A, in bond angle not less than 2°).

As seen from Table 1, the related geometric
parameters of the coordination spheres of both zinc
ions are equal, that is not fully consistent with the
experimental data. This is due to the fact that the X-ray
analysis was performed for the solvate complex
[Zn,1,]:0.5C,HsOH in which ethanol molecules are
coordinated through the phenolic oxygen atom of one
of the ligands, which slightly distorts the geometry of
the coordination sphere of one zinc ion in comparison
with other. Pentacoordinated environment of each zinc
jon is composed of two ionic bonds [Zn**Y-Q'?),
Zn?CY-N*@] which compensate the positive charge
of Zn*" and provide electroneutrality of the complex.
The three remaining bonds Zn—N are the coordination
bonds of the donor—acceptor type due to the lone
electron pairs of nitrogen atoms and three vacant 4p-
AO of zinc ions. The Zn—N coordination bonds are not
equal, due to the peculiarities of the geometric and
electronic structure of the H,L molecule: the length of
the zinc ion bond with the pyridyl nitrogen [Zn*?*?—N%“%
is 2.205 A, with azomethine nitrogen [Zn***Y—N?4>
2.139 A, and with triazole nitrogen [Zn**CY-N*®]
2.096 A. From the obtained bond lengths can be
judged their strength. The participation of the
azomethine nitrogen in the formation of coordination
bond led to the loss of the p—m-conjugation between

No. 11 2011
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Table 1. Calculated and experimental bond lengths (A) and  Table 2. Calculated bond lengths (A) and bond angles (deg)
bond angles (deg) of the coordination sphere of the zinc  changed upon complexation, in the protonated ligand H,L
complex with (E)-2-{[2-(3-(pyridin-2-yl)-1H-1,2,4-triazol-  and complex Zn,L,

5-yl)phenylimino]methyl} phenol
Bond, angle® Calculation Experiment [5] Bond, angle H,L Zngl,
Zn*N’ 2.096 2.094 c'c’ 1.395 1.387
54N\729
(Zn**N%) 2.096 2.072 N 1342 1351
Zn*>N® 2205 2.171 s
(Zn**N®) 2205 2145 c'C 1.389 1.385
Zn**N? 2.047 2.052 c’c’ 1.453 1.442
(Zn**N*) 2.047 2.043 CION!! 1369 1345
Zn**N¥ 2.139 2.113 o
(Zn**N*) 2.139 2.101 CN 1333 1356
Zn*0% 1.923 1.923 NN 1.358 1.355
(Zn™0") 1.923 1.922 cles 1.447 1.451
Zn**Zn” 4.074 4.038 NS 1,406 1420
0”Zn*N? 130.61 126.62 ' ’
(0'2ZnN%) 130.60 129.75 N*#c* 1.284 1.307
0”Zn**N® 105.84 102.12 cYcy 1.448 1.420
(0"Zn*N%) 105.86 100.16 7 a8
e c’c 1.399 1.431
N"Zn™*N 88.45 87.90
(NBZn?2N%) 88.45 89.54 c*o” 1380 1.302
0% Zn*N*® 90.24 92.20 cBc® 1.387 1.414
(0"Zn**N%) 90.25 93.70 1950
o s c¥c 385 1371
NZn*N 82.92 81.83 o1
(NZOZn32N28) 82.93 82.97 Cc'C 1.391 1.405
N*Zn**N* 163.66 166.05 c’lc® 1.381 1.369
29 S54n\745
(I\i3 21514 I\io ) 163.69 165.55 e 1397 1.413
O0”Zn"N 100.90 108.33 oy
(02Zn*2N%) 100.90 100.65 C'N°N 111.6 106.6
N*Zn**N* 128.49 125.01 N*N*C! 102.1 106.1
(N*Zn**N°) 128.50 129.46 N2CIN! 1082 1114
NZn*N? 75.71 76.10 ot
(NPZn**N") 7571 71.51 C C 104.5 1114
N*Zn**N° 98.92 99.68 C’C''N" 122.1 128.6
407 54\745
(N*Zn*'N*) 98.96 100.15 NUCle® 126.2 4.1
{lng Es(rientheses are given the analogous parameters for the second NCoes 1243 1185
C''C’N® 118.3 114.8
. . . . . 105 ~4
the nitrogen lone pair and benzene ring, which is ccc 119.3 123.4
reflected by the bond length C*'®Y-N?"*> (1,426 A in CHCHNS 118.9 1213
H,L and 1.440 A in Zn,L,) . OIS 91 1198
The greatest changes in the bond lengths and bond CHNA 1217 1176
angles at the complex formation occur in imino- o5 e ' "
methylphenol fragment and triazole ring (Table 2), as a N7C™C 1222 116.5
result of deprotonation of (F)-2-{[2-(3- (pyridin-2-yl)- crCyes 119.8 124.4
1H-1,2,4-triazol-5-yl)phenylimino]methyl}phenol  at 47 A8 53
. Lo . c¥C”0 117.1 123.3
the complex formation and the redistribution of
. . . . . o 5348 ~49
electron density in the ligand due to coordination with 0"C7C 121.8 119.1
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zinc ions. Thus, in iminomethylphenol fragment the
length of C*—_C"™®" bond increases by 0.032 A,
CB®_O1269 decreases by 0.078 A, C136N_1946)
decreases by 0.028 A, C""*-N" " increases by 0.023 A.
In the triazole ring the C'*”-N'"CY bond length
increases by 0.023 A, and the bond C'G”-N'GD
decreases in te length by 0.024 A. The bond length of
NN decreases by only 0.003 A. Because of
these changes, in the bound triazole ring occurs a
strong deformation of the aromatic 6m-electron system,
and in iminophenol fragment, along with the
redistribution of electron density in the aromatic ring
and donating it onto the phenolic oxygen atom and the
azomethine group, is formed a system of conjugated
bonds C'®C'"N?. These changes in the structure of the
molecule H,L at the complex formation are reflected in
the spectral properties of the Zn,L, complex.

Analysis of the IR Absorption Spectra of the Molecular
Complex Zn,L; and Compound H,L

Describing the IR absorption spectra of the
molecules we used the continuous numbering of all
normal modes in accordance with increasing fre-
quencies. For indication of assignment of the vibra-
tions we used common literal designations (Table 3).

The vibration spectrum of molecules H,L and
Zn,L, have respectively 117 and 234 normal modes.
Most of them are listed and interpreted in Table 3.
Figure 2 compares the experimental and theoretically
calculated infrared spectra of the molecules in the most

Table 3. The calculated and experimental frequencies (v, cm

2335

important spectral range of 1650400 cm'. The
vibration frequencies of identical bonds (or groups of
atoms) in the first and second ligands of the complex
usually are pairwise degenerate. Number of a pair
mode, its frequency and intensity are given in Table 3
in parentheses.

Comparison of experimental and theoretically
calculated IR spectra (Fig. 2) shows that some
experimental bands are shifted to either larger, or
lower frequencies. This is especially true for the
compound H,L, which, in our opinion, is due to the
intermolecular interactions in the solid compound and
the influence of the crystal lattice. Accounting for this
situation, to estimate the effect of complexation on the
nature of the absorption bands we compared the
calculated IR spectra of the complex and the H,L
compound (absorption frequency and intensity).

Vibrations of COH and COZn fragments.
Presence of hydroxyl groups in the molecule H,L leads
to the appearance of absorption bands associated with
vibrations of O—H and C-O bond. The characteristic
frequency of the O—H bond stretching vibrations in the
H,L. molecule, according to our calculations, should
occur at 3525 cm' (I = 60.7 km mol™). In the
experimental IR spectrum of H,L this band is shifted
to lower frequencies (3213 cm '), which is typical for
the polyassociates [7].

The presence of C-O bond induces appearance in
the experimental IR spectrum of H,L of strong bands

) and IR intensities (/, km mol™") of normal vibrations of the

complex Zn,L, and protonated ligand H,L in the region of 1650—400 cm!

Zn2L2 HZL
Vibration mode*
mode Veale Vexp I mode Veale Vexp 1

V(C=C)genz, Vs(C=C)pn, V(CH=N), v{(C=C and C=N)p,, | 204 (203) 1599 " 28.3 100 1597 " 14.2
VS(C:N)TTD V(CPy_CTrz)a V(CBenz_CTrz) (145)
Vs(C=C)genz> Vs(C=C)pp, V(CH=N), (CH)azm 202 (201) 1576 1576 162.6 99 1585 " 40.9

(39.3)
vs(C=C and C=N)py, Vi(C=C)pnpenz» Vs(C=N)1r,| 206 (205) 1605 1591 24.5 98 1583 1595 | 63.1
semiring, V(CnycTrz): V(CBenzchrz) [V(CH=N), (2418)
6(COH)]
v(CH=N), vi(C=C)py, Vs(C=C)genz, (CH)azm, 208 1613 1612 493.6 102 1611 1628 | 67.1
v(C-0) [6(NH), v(C-O) not occurs]
V(CH=N), vy(C=C)pp, Vs(C=C)genz, O(CH)azm, 207 1611 " 127.6 101 1607 " 56.9
v(C=0) [6(NH), (COH), v(C-0) not occurs]
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Table 3. (Contd.)
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Zn,L, H,L
Vibration mode *
mode Veale Vexp 1 mode Veale Vexp I
Vs(C=C)penzs Vs(C=C)pn, V(CH=N), 8(CH)azm 200 (199) 1565 " 350.5 (164.2) 97 1564 | 1570 | 77.9
Vs(C=C and C=N)p, 198 (197) 1559 " 1.6 (49.0) 96 1559 | 1549 | 17.1
V(Cpy—Crrz), V(Cenr—Crrr), Vs(C=N)1, semiring, | 196 (195) | 1530 (1522) | 1533 |212.4(97.8) 95 1528 | 1523 | 36.0
Vas(C=Cpenzs  Vas(C=C and  C=N)py, Va(C=C)pn,
Vas(C—CH=N) [6(NH)]
V(Cpy—Crrz), V(Chenr—Crrz), Vas(C=C and C=N)py, | 194 (193) | 1517 (1516) 245.1 (192.7) 93 1486 | 1487 | 21.1
Vas(C=C)ph, Vs(C=N)1,, semiring [6(COH)]
Vas(C=C)genz, Vas(C=C and C=N)py, Vvs(C=N)ry, | 192 (191) 1493 1498 | 23.2(74.1) 94 1497 8.6
V(Cpy—Crrz), V(Cgens—Crrz), V(Cenz—N)
Vas(C=C)pn, V(Cpr—C) 190 (189) 1456 1458 8.8 (170.9) 91 1442 | 1448 | 57.7
Vas(C=C)Benzs Vas(C=C and C=N)py, vs(C=N)r, semir- | 188 (187) 1443 1444 |128.9 (205.3) 92 1454 | 1458 | 43.9
ing, V(Cgen,—N), v(C-O) [3(NH)] 90 1441 78.2
v(CH=N), v(C-0) 184 (183) 1430 1435 6.0 (253.5) - - - -
Vas(C=C and C=N)py, vs(C=N)1y, 182 (181) 1416 1415 1.8 (44.3) 89 1428 1.5
8(CH) Azm 180 (179) 1404 " 125.5 (28.4) 87 1380 | 1373 | 69.6
1362
V(Cpy—Crrz), V(Cgenr—Crr,), deformation of the Ph-, | 178 (177) 1398 1388 |203.8 (44.1) 88 1401 | 1419 | 82.7
Trz-rings
O(CH) Azm ph, deformation of the Ph-ring [6(COH)] 176 (175) 1368 123.8 (53.6) 85 1343 | 1336 | 17.6
Vs(C=N)ry, 174 (173) 1360 1350 3.0(37.3) 86 1349 | 1349 | 10.3
(1358)

Vas(C=N)1y,, V(C-0), deformation of the Benz- and | 172 (171) 1324 1331 | 63.0(0.006) 84 1325 8.3
Ph-rings [6(COH), 6(NH), zet v(C-0)]
V(C-0), V45(C=N)1y, [6(COH), 3(NH), et v(C-0)] | 170 (169) 1312 1321 0.9 (62.1) 83 1308 | 1304 | 21.9
Vas(C=N)ry, semiring [6(COH)] 168 (167) 1291 1287 | 39.5(22.1) 82 1295 | 1290 | 46.9
[6(NH), Va5(C=N)ry,), VIN-N)] - - - - 81 1288 | 1282 | 19.7
[6(NH), vas(C=N)1r,)] - - - - 79 1260 2.8
V(C-0), V(Cgens—N), 8(CpnCamN) 162 (161) 1250 1254 | 23.4(40.2) 78 1244 | 1234 | 834
[t(NH), deformation of the Ph-ring] - - - - 77 1226 27.7
V(Cgen—N), V(Cpn—Cazm), 6(COZn) [§(COH)] 158 (157) 1221 2.3 (50.1) 76 1220 9.3
v(N-N) 156 (155) | 1179 (1177) 28.3 (41.3) - - - -
V(Cgenz—N), 8(CH)genzph 152 (151) 1171 1173 | 85.9(75.2) 75 1179 | 1184 | 1.1

74 1174 1.8

73 1171 14.0
S(CH)pn 150 (149) 1165 8.9 (10.4) - - - -
S(CH)py 148 (147) 1164 7.9 (3.2) 72 1160 43
3(CH)py, vVIN-N) [v(C'*-N""), 5(NH)] 146 (145) | 1154 (1152) | 1147 | 38.5(14.6) 71 1158 | 1159 | 26.1
3(CH)genz» VIN-N) [v(C'°-N'1)] 144 (143) 1121 21.7 (31.5) 69 1121 | 1107 | 32.9
S(CH)pp, [6(COH)] 142 (141) 1119 1128 0.03 (66.9) 70 1143 | 1149 | 88.1
S(CH)genz,py [3(COH)] 140 (139) 1090 1.7 (1.4) 68 1088 | 1084 | 16.1
Breathing of Trz ring, deformation of the Py-ring, | 138 (137) 1070 11.2 (5.5) 67 1076 | 1084 | 26.9
S(CH)genzpy [V(C-0), $(COH)] 66 1071 54.5
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Table 3. (Contd.)
Zn,L, H,L
Vibration mode *
mode Veale Vexp 1 mode Veale Vexp 1

[V(N-N), 8(NH), v(C-0), §(COH)] - - - - 65 1067 40.0
Breathing of Benz-ring, deformation of the Trz-ring | 136 (135) 1044 1049 10.5 (8.8) 64 1036 | 1053 | 4.4
Breathing of Trz-, Py-, Benz-rings 134 (133) 1032 1036 9.4 (20.6) 62 1028 | 1037 | 8.2
Breathing of Trz-, Py-, Benz-rings 130 (129) 1018 1016 72.6 (1.6) - - - -
Breathing of Ph-ring 128 (127) 1016 21.2(10.2) 63 1030 24
Y(CH)ph,Azm Benz 124 (123) 1001 1000 4.1 (18.1) 59 1009 | 1003 | 8.8

58 1002 8.9
Deformation of the Py-ring — plane, breathing of | 120 (119) 988 990 2.7(22.4) - - - -
Trz-, Benz-rings
Y(CH)gen 116 (115) 975 3.0(2.8) 57 978 985 6.1
Breathing of Py-, Benz-, Trz-rings 114 (113) | 970 (968) 2.8(2.4) 52 941 930 | 18.7
Y(CH)genz, deformation of the Ph-ring — plane, | 108 (107) 911 920 14.8 50 897 906 3.0
3(CppCazmN) and 3(Cpen,NCazm) [Y(INH)]
[y(NH)] - - - - 49 876 874 | 91.9
Y(CH)ph,Benz 104 (103) 870 860 1.3 (10.6) 47 861 860 | 15.0
Deformation of the Ph-, Benz-rings — plane, | 102 (101) 838 26.3 46 834 845 | 19.2
V(Cgen—N), d(CprCazmN), V(Zn-0) [v(C-0)]
Y(CH)py, deformation of the Trz-ring — plane 100 (99) 805 800 47.8 (14.6) 45 814 798 | 38.5
Y(CH)gen, breathing of Ph-ring, v(Zn—O) [v(C-O)] 98 (97) 796 74.3 (44.6) 44 785 15.3
Y(CH)gen 96 (95) 772 14.4 (0.5) 43 777 30.5
Y(CH)p 94 (93) 771 18.6 (90.8) 42 772 85.9

41 769 34.5
Y(CH)py 92 (91) 763 752 65.4 (59.0) 40 756 741 | 38.6
Y(CH)pnpypen, [deformation of the Trz-ring —| 90 (89) 762 11.8 (44.9) 39 739 7.2
out-of-plane]
Deformation of the Py-, Trz-, Benz-rings — out-of-| 86 (85) 728 727 32.3(29.3) 38 729 725 | 24.7
plane
Deformation of the Py ring — plane 84 (83) 722 722 6.8 (27.1) 37 716 696 | 20.4
Deformation of the Py-, Trz-, Benz-, Ph-rings —| 80 (79) 682 687 6.1 (5.6) 35 677 681 2.2
plane
Deformation of the Py-ring — plane 76 (75) 636 640 11.1 (4.8) 33 616 2.0
Deformation of the Ph-, Benz-rings — plane,| 74 (73) 596 604 10.0 (1.0) 34 632 631 1.6
v(Zn-0)
Deformation of the Ph-, Benz-rings — plane, twist of | 68 (67) 556 561 33.6 (15.4) 31 569 575 | 12.7
Trz-ring
Deformation of the Ph-ring, CpyCa,mN — out-of-| 58 (57) 477 496 15.8 (16.7) 26 491 488 7.8
plane, 5(ZnOC) 25 490 14.7
Deformation of the Ph-ring — out-of-plane 56 (55) 456 457 2.7(32.9) 24 459 451 | 11.9
Deformation of the Ph-ring — out-of-plane 52 (51) 428 425 3.0(1.4) 23 445 436 6.9
Deformation of the Ph-ring — out-of-plane,| 50 (49) | 426 (423) 412 3.5(1.6) 22 413 409 35
8(Zn0OC), §(CprCazmN)

* (v) is stretching vibration: (s) symmetric, (as) asymmetric. Bending vibrations: (8) in-plane deformation vibration, (t) twist, (y) out-of-
plane deformation vibration. The indicies: (Ph) phenolic ring; (Benz) benzene ring; (Py) pyridine ring, (Trz) triazole ring, (Azm)

azomethine group.
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Fig. 2. (I, 3) Calculated and (2, 4) experimental IR spectra of molecules (3, 4) H,L and (/, 2) Zn,L, in 1650400 cm 'region.

at 1234 cm™' (estimated: 1244 cm™', mode 78), 1084 cm™
(estimated: 1071-1067 cm ', modes 66 and 65) and at
798 cm™' (Fig. 2, Table 3). In the region of 1336
1290 cm™' occur the plane bending vibrations of OH
groups (estimated: 1343—-1295 cm™', mode 85-82). In
the low-frequency region there is a strong band of
rocking vibrations of OH groups (Veu. = 340 em; [=
60.7 km mol"). Formation of complex increases
multiplicity of C-O bond, and in the IR spectrum of
the complex in it inherent vibrations of both single
bond (mode 162 (161), Ve = 1250 cm’l, Vexp = 1254 cm’l),
and at higher frequencies (exp.: 1321, 1331, 1435,
1612 cm™"). The bands in which contributes vibrations
of C—O bond in the frequency range 1612-1321 cm ',
have greater intensity of absorption compared with the
band at 1254 cm'. The band of the C-O bond
stretching vibrations at 1435 cm ' does not occur in the
IR spectrum of H,L.

Vibrations of the Zn—O bond occur in the frequency
range 838-268 cm'. The vibrations associated with
changes in the COZn angle appear at 1221 cm ™' [mode
58 (57)] instead of 6(COH) in the molecule H,L, and at
the frequencies below 500 cm'. Low-frequency
vibrations 8(COZn) are associated with deformations
of phenol rings or vibrations of the Zn—O bond.

Vibration of NH group. The characteristic
absorption frequency of stretching vibrations of the
N-H bond are in the region of 3500-3300 cm™' [7].
According to our calculations for the molecule H,L, a
non-associated amino group of the triazole ring
absorbs at 3411 cm'. Like a hydroxyl group, amino
group is inclined to the formation of intermolecular
hydrogen bonds, that results in the shift of the N-H
stretching vibration absorption band to lower
frequencies. It is well known that these shifts are
smaller than for the hydroxyl group [7]. Therefore, a
broad band in the experimental spectrum with a peak
at 3269 cm', in our opinion, is formed by the
superposition of the absorption bands of hydroxyl and
amino groups. Since the intensity of infrared N-H
absorption band is much larger than that of O—H band
(364.1 and 60.7 km mol ', respectively), the main peak
in the first band in high-frequency region (exp. 3269 cm™)
is attributed to vibrations of the amino group and weak
peak (exp. 3213 cm™") to the hydroxyl group.

Plane bending vibrations of the NH group of
secondary amines are usually observed in the region of
1650-1550 cm ™' [7]. In the calculated IR spectrum of
H,L the 8(NH) vibrations of the triazole ring are
predicted in the region of 1611-1607 cm ™' (exp.
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Table 4. The absorption maxima (Ay,,) and their intensity (€), the wavelengths of the vertical transitions (), their energies
(E), assignment, nature and oscillator strengths (f) in the electron absorption spectra of the H,L and Zn,L, molecules

calculated in the framework of PCM (THF ) model

Amax, NM A, nm Assignment E, eV f g, mol' cm™' | Transition nature
H,L

371 371 HOMO—-LUMO (84%) 3.34 0.488 5.3x10* So—SF
n—n*

334 334 HOMO-1-LUMO (87%) 3.71 0.103 1.23x10* So—Sr*
o

Zn,L,

387 409 HOMO—LUMO (56%) 3.03 0.079 4.16x10* So—St
HOMO-1-LUMO (23%) n-n*

" 408 HOMO-1-LUMO (56%) 3.04 0.075 " So—S%
HOMO—LUMO (20%) n—m*

" 388 HOMO-1-LUMO+2 (32%) 3.20 0.132 " So—S¥
HOMO—LUMO+1 (30%) n—m*

" 387 HOMO-1-LUMO+1(31%) 3.20 0.189 " So—S¥F
HOMO—LUMO+2 (27%) n-n*

338 340 HOMO-2—LUMO (59%) 3.65 0.055 1.50x10* So—S¥
HOMO-3—LUMO+I1 (20%) n—n*

" 338 HOMO-2—-LUMO+1 (39%) 3.75 0.085 " So—SthH
HOMO-3—-LUMO (31%) n—m*

1628 cm™), as well as at lower frequencies (Table 2).
The absence in the Zn,L, IR spectrum of the vibration
modes corresponding to the NH absorption in the IR
spectrum of H,L at 1288, 1260, and 1067 cm!
confirms the correctness of their assignment. Intense
band at 874 cm™' in the experimental IR spectrum of
H,L. we assign to the out-of-plane vibrations of NH
(calc. 876 cm ™).

Vibrations of the azomethine group CH=N. The
absorption bands of C=N systems of the type R-—
CH=N-R' are in the range of 1690-1625 cm .
Conjugation with aromatic group reduces vibration
frequency of C=N bond to 1630-1615 cm' [7].
According to our calculations, the stretching vibrations
of the C=N bonds in a CH=N group occur in the region
1611-1528 cm™ (exp: 1628-1523 cm ™). As seen from
Table 4, these vibrations do not form independent
bands in the infrared spectra of H,L and Zn,L,, but are
mixed with the vibrations of the aromatic rings and
other types of vibrations, forming a band of high
intensity.

Stretching vibrations of C—H bond of the azo-
methine group occurs at a lower frequency (estimated
2965 cm') compared to the CH stretching vibrations

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 81

in aromatic rings (estimated 3085-3000 cm'). Upon
complexation, this band is shifted by 40 cm™ to lower
frequencies. This shift is the most clear manifestation
of the coordination with the metal ion.

Plane CH bending vibrations of the azomethine
group in 87 mode are not mixed with other types of
vibrations, while in 85 mode are mixed with skeletal
vibrations of the phenol ring to form in the
experimental IR spectrum of H,L a strong complex
band with the peaks at 1362 and 1336 cm ' and a
shoulder at 1373 cm ' (Fig. 2). The frequency of the
related vibration in the complex increases by 25 cm .

The out-of-plane CH vibrations of the azomethine
groups were observed in the region of 1000 cm™
(modes 59 and 58 in H,L, 124 and 123 in Zn,L,). To
these vibration modes contribute also the out-of-plane
CH vibrations of aromatic rings. The band
corresponding to these vibrations in the IR spectra of
H,L and Zn,L, is weak.

Vibrations of atoms in the substituted aromatic
rings. Symmetric vibrations of C=C and C=N bonds of
aromatic rings in the calculated IR spectrum of H,L
induce strong bands at 1611, 1583 and 1564 cm . To
these bands also contribute C=N vibrations of
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azomethine group and skeletal vibrations of C—C bond
between the rings. In the experimental IR spectrum of
the ligand the corresponding bands are at 1628, 1595,
1570, 1549 cm™'. The calculation shows that the
formation of the complex increases intensity of these
bands considerably, and the band at 1595 cm', to
which contribute vibrations of C=C and C=N of the
aromatic rings is shifted to higher frequencies (modes
206 and 205 in Zn,L,, Table 3). In the calculated
infrared spectrum of the complex, this band is
overlapped by the stronger band at 1612 cm™', and in
the experimental IR spectrum is seen a slight shift of
this band and change its shape. A weak band at
1549 c¢m™' in the experimental IR spectrum of H,L
belonging to the symmetric C=C and C=N vibrations
of pyridine (mod 96) shall not be displaced at the
complex formation (modes 198 and 197), but it is
overlapped by the stronger band at 1533 c¢cm™' upon
complexation.

Asymmetric vibrations of aromatic C=C and C=N
bonds in the calculated IR spectrum of H,L induces
absorption bands at 1528, 1486 with a shoulder at
1497 cm™', and at 1441 with a shoulder at 1454 cm .
In the experimental IR spectrum of H,L to these
vibrations correspond the strong band at 1523 cm™" and
1487, 1458 and 1440 cm'. Note that the skeletal
vibrations of C=N bonds in the triazole ring remain
symmetric up to 1350 cm™'. In the calculated IR
spectrum of the complex, the asymmetric C=C and
C=N vibrations are at 1530, 1517, 1493, 1456, and
1443 cm'. Based on this result, the bands in the
experimental IR spectrum of Zn,l, at 1533, 1498,
1458, and 1444 cm™' are assigned by us to the
vibrations of this type.

Asymmetric C=N vibrations in the triazole ring
occur in the region 1324-1260 cm ' and are not very
sensitive to complex formation.

The calculated by us N-N vibrations in the triazole
ring in the IR spectrum of H,L are at 1288 cm ™' (mod
81) (exp: 1282 cm'). The main contribution to this
mode makes the in-plane NH deformation vibration, so
in the infrared spectrum of the complex the
corresponding mode is missing, but there are modes of
156 (155) of medium intensity at 1179 (1177) cm
belonging to the N—N vibrations. The modes 71 and 69
in the IR spectrum of H,L at 1158 and 1121 cm’l,
respectively, belong to the in-plane bending vibrations
of aromatic CH bonds, and have a contribution from
the C'°-N'!" and N-N vibrations of the triazole ring.
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The IR spectrum of the complex, the related modes do
not contain the contribution of v(C'°-N'"), which is
associated with significant redistribution of electron
density in a triazole core upon complexation, but the
frequency shift and intensity change is not happening.
In the region of 1084950 cm ' in the IR spectrum of
the ligand and the complex appears a weak absorption
bands caused by the “breath” of aromatic rings
(Table 3). A significant shift of the frequencies from
941 to 968 cm ' upon the complex formation shows
the mode 52 [in the complex 114 (113)], belonging to
the “breath” deformations in the phase of the triazole,
pyridine and benzene rings, but the intensity of this
mode is not sufficient (2.4 km mol') for the
observation of the corresponding bands. The phenol
ring “breath” (mode 63 in the IR spectrum of H,L), on
the contrary, decreases the frequency of vibrations
from 1030 cm™' (H,L) to 1016 cm ™' (the complex), and
the intensity of absorption increases. Most intense in
the IR spectrum of complex (I = 72.6 km mol™") in the
given frequency range is the vibration mode 130 (calc:
1018 cm ), belonging to the “breath” oscillations (in
antiphase) of triazole, pyridine and benzene rings. The
corresponding mode is absent in the IR spectrum of the
ligand.

In the 920-540 cm ' region, in the IR spectra of the
compounds observed in-plane deformation modes of
aromatic rings (Table 3). Of these, it should be noted
the mode 33 (pyridine ring deformation), whose
frequency increases by 20 cm ' at the complex
formation, and the mode 34, to which along with the
aromatic ring deformation contribute the Zn-O
stretching vibrations, which vibration frequency
decreases upon the complex formation from 631 to
604 cm'. Absorption in the region 500-350 cm' is
associated with the out-of-plane deformations of
aromatic rings, and below 350 cm™' with the ring
twisting.

The Zn-N bond vibrations. The Zn-N bond
stretching vibrations occur in the low frequency region
270-160 cm ™' along with the aromatic rings twisting,
and some modes aew very intense. Thus, the intensity
of the most high of /the considered vibrations (modes
37, 36, at 268 and 249 cm') are equal to 35 and
34 km mol ', respectively. These modes belong to the
symmetric vibrations of Zn—Nr,, semiring and Zn—Nps.

Electron Absorption Spectra of H,L and Zn;L,

In the electron absorption spectrum of the H,L
compound the most intense band has a maximum at
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384 nm [6]. In the spectrum of the Zn,L, complex the
similar band is shifted bathochromically by 23 nm and
observed at 407 nm. We were able to identify these
bands by (PCM) TDDFT calculations, and to establish
the nature of the bands not previously described. The
calculated electron absorption spectra are shown in
Fig. 3.

As seen from Fig. 3, the electron spectra of
compounds H,L and Zn,l, consist of two bands: a
low-intensity band at short wavelength and more
intense in the long-wavelength region. The long-
wavelength band in the absorption spectrum of the
complex is formed by two pairs of quasi-degenerate
singlet-singlet excitations: 387, 388 nm and 408, 409
nm (Table 4).

2341
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Fig. 3. Electron absorption spectra of H,L and Zn,L,,
molecules calculated with PCM(THF)/TDDFT/B3LYP/
Lanl2DZ method.
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Fig. 4. Energetic diagram of the molecular orbitals of Zn,L, molecule.
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Electronic transitions at 387 and 388 nm are more
intense and correspond to the maximum in the curve of
the absorption spectrum of the complex. Excitation at
408 and 409 nm does not form a single absorption
band, but increases the width and intensity of the long-
wavelength band. Nature of this band can be described
in terms of five-level model shown in Fig. 4.
According to this model, the electronic transitions at
408 (S2) and 409 (S1) nm correspond to the one-
electron 1 — w* excitations HOMO-1 — LUMO (S,)
and HOMO — LUMO (S;) with intraligand charge
transfer from the phenol ring on the pyridine ring
through triazole bridge. Analysis of the components of
the electric dipole moment of this transition shows the
possibility of charge transfer of the “ligand—ligand”
type through the zinc—triazole bridge.

Electronic transitions at 387 (S;) and 388 (S;) nm
correspond to a mixture of the configurations
HOMO — LUMO+2, HOMO-1 — LUMO+1 (S;,) and
HOMO-1 — LUMO+2, HOMO — LUMO+1 (S35) in
equal proportion. All configurations are of 1 — =*
nature, and the HOMO-1 — LUMO+1 (S;) and
HOMO — LUMO+1 (S;) excitations occur with
charge transfer, the HOMO — LUMO+2 (S;) and
HOMO-1 — LUMO+2 (S3) excitations correspond to
the intraligand redistribution of electron density
(Fig. 4). These intense transitions are shifted relative to
those in the ligand due to the difference of their orbital
nature, and also because of the manifestation of an
excimer effect of two symmetrical ligands.

Various configurations of electronic excitations
from the HOMO-2 and HOMO-3 (Fig. 4) on the
vacant orbitals of LUMO-LUMO+3 occur with the
energy of the order of 3.65-3.80 eV and correspond to
low-intensity short-wave band in the absorption
spectrum of the complex (Fig. 3, Table 4) .

An intense long-wavelength band in the absorption
spectrum of H,L. compound corresponds to one-
electron excitation at 371 nm, which is connected with
the charge transfer from the pyridine—triazole—benzene
fragment on the phenol ring. Less intense shortwave
band with a maximum at 334 nm is a result of singlet-
singlet electronic transition defined by the charge
transfer from the pyridine ring on the phenol ring.

As seen from Fig. 3, the intensity of the absorption
band at 371 nm in the spectrum of H,L is slightly
higher than that of the band at 387 nm in the spectrum
of the complex that does not quite match the
experimental data [6]. Deviation from the experimental
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intensities may be due to the inadequacy of the
Lanl2DZ basis in the calculation of excited states of
the H,L molecule. However, we method of calculation
chosen by us gives reasonable values of the singlet-
singlet excitations energies, which coincide well with
the experimental data and allows reliable determining
the nature of the absorption bands in the absorption
spectra of the molecules.

Thus, calculation of the equilibrium geometry of
the binuclear zinc complex with (E)-2-{[2-(3-(pyridin-
2-yl)-1H-1,2 4-triazol-5-yl)phenyliminomethyl } phenol
showed a good agreement with the data of X-ray
analysis. Major changes in the structure of the ligand at
the complex formation occur in iminophenol and the
triazole rings, which is associated primarily with the
participation of the azomethine and two triazole
nitrogen atoms at the formation of coordination bonds,
as well as deprotonation of phenol and triazole rings.

Detailed assignment of absorption bands in the IR
spectra of compounds based on a comparison of
calculated and measured IR spectra confirm the
proposed structure of the complex. It is shown that the
absorption bands of the IR spectrum of the complex,
usually correspond to the shifted bands of the
compound H,L. Instead of the NH and OH vibrations
observed in the spectrum of free ligand, in the IR
spectrum of the complex appear additional bands of
C-0O, C=N and N=N stretching vibrations of the
triazole ring and the bands of bending vibrations of
aromatic rings. In the low frequency region, along with
the in-plane deformations, ring twisting and
displacement as well as their out-of-plane deforma-
tions, occur vibations of the coordination bonds Zn—-O
and Zn—-N, and bending vibrations with a change in the
angles involving the zinc atom.

The electron absorption spectra of the compound
(E)-2-{[2-(3~(pyridin-2-yl)-1H-1,2,4-triazol-5-yl)phenyl-
imino]methyl}phenol and its binuclear complex with
zinc showed good agreement with experiment and
allowed to explain the nature of the bands. We propose
a five-level orbital model, which explains the nature of
the absorption bands of the complex at 370460 nm. It
is assumed that the high intensity of the the first bands
in the absorption spectra of the Zn,L,complex and H,L
compound is due to the charge-transfer excitation.

EXPERIMENTAL

The geometry optimization of the of the molecules
was carried out initially by semiempirical self-
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consistent field method [8] in the PM3 approximation
[9], and then the resulting structural parameters were
optimized based on density functional theory (DFT)
using the hybrid functional B3-LYP [10, 11] in the
Lanl2DZ basis [12]. For the equilibrium geometry we
calculated by the same method the frequency and
intensity of IR absorption bands of the molecules H,L
and Zn,L,, the results were compared with those in the
IR spectra measured by us. Hybrid functional B3-LYP
reliably predicts the vibration frequencies of organic
and coordination compounds when the calculated
frequencies are corrected for anharmonicity [13, 14].
This correction in our calculations was 0.9488 for the
high-frequency infrared spectrum, and 0.9717 for the
region 1600-400 cm'. Experimental infrared spectra
of the synthesized compounds were taken from KBr
matrices on a Nikolet spectrometer 380 (Thermo) in
the range 4000-400 cm'. Electronic spectra were
calculated in the framework of the time-dependent
density functional theory (TD DFT) [15]. To simulate
the effect of solvent on the electron spectra, we carried
out calculations of vertical electronic excitation using
the polarizable continuum model (PCM) [16]. As a
model solvent was considered tetrahydrofuran (THF),
which has been used in the experiment. The electron
absorption spectra of solutions of the compound H,L
and the complex Zn,L, in THF (¢ = 5.10 mol dm™)
were taken on a EVOLUTION 600 (Thermo)
spectrophotometer. All the experimental methods used
in the study of the complex monitored directly the
electron shell of the molecule. In particular, the
intensity of IR bands is a sensitive criterion of changes
in the polarity of bonds at the vibration deformations
of the nuclear core.

The calculations were performed with the software
package GAUSSIAN 03 [17] on a PDC supercomputer
at the High Royal Technical School (Stockholm,
Sweden). The curves profiles of the calculated IR
absorption spectra of H,L and Zn,l, molecules were
modeled using SWizard 4.6. program [18, 19] using
the Lorentz line shape (10 cm™ half-width). To
construct the curves of the electron absorption spectra
was applied the Gauss line shape (half-width 2000 cm ',
which is typical for the UV spectra of solutions). The
presence of coordination bonds Zn—-N was revealed
basing on the analysis of electron density distribution
in the complex by the Bader method [20]. The
formation of coordination bond between the two
valence uncoupled atoms we fixed by the presence of a
critical point (3, —1) [20]. The topology of the electron
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density was analyzed using the software package
AIMAII [21].
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