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Bonding Analyses, Formation Energies, and Vibrational Properties of M-R.dtc Complexes
(M = Ag(l), Ni(ll), Cu(ll), or Zn(ll))
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Detailed theoretical studies based on density functional theory (DFT)/B3LYP calculations of dimethyl- and
diethyldithiocarbamate complexes of Ni(ll), Cu(ll), Zn(ll), and Ag(l) are performed to characterize the-metal
ligand bonding type as well as the metéigand bonding strength depending on the metal and the dialkyl
substituent. The metaligand interactions in the studied complexes are investigated by means of charge
decomposition analysis, energy partitioning analysis (EPA), and natural bond orbital analysis. According to
the EPA calculations, the electrostatic attraction is the dominant contribution to tH&(R.dtc) (dtc =
dithiocarbamate) bonding. The electrostatic and the orbital energies follow the order of the total binding
energy, and hence both contributions are responsible for the binding energy order gitd)(Bomplexes.

The stability of the M(Rdtc), complexes is estimated by means of calculated formation reaction energies in
the gas phase and solution, and it decreases in the ordexdidtifR> Cu(R.dtc), > Zn(R.dtc),. Larger formation
reaction energies are found for Mggtc), than for M(Medtc), complexes. The calculations predict stabilization

of M(I1)(Rdtc), complexes going from the gas phase to a polar solvent and destabilization of the bidentate
AgR.dtc complex in a polar solvent. Gas-phase frequency calculations of all possible bonding types,
symmetrical, asymmetrical, and uni- and bidentate, predict one band due #¢Q8¢ IR absorption, and
therefore the number of the bands in the 106Q0 cn1? region could not be used to discern the metal
ligand bonding type. Periodic DFT frequency calculations for Culfelp reveal that the splitting observed

in the solid-state spectra of the complexes arises from the nonplandrad8ient and intermolecular contacts

but not from asymmetrical bonding. The calculations suggest that the important vibrational characteristic that
can be used to discern uni- and bidentate bonding is the Raman activity sfG8¢ band: It is very high

for the unidentate dtc bonding(C=S)) and low for the bidentate bonding.{CS)).

1. Introduction in solution, vacuum sublimation, and evaluation of stability

Dithiocarbamates (dtc's) are a class of compounds with constants have been carried 6étThe global picture of the
important chemical and biological properties. The high coor- thermodynamic stability obtained from the experimental ap-
dination ability of dtc to transition metals prompted intensive Proaches consists of many coupled dissociation and association
experimental and theoretical investigations of the metal €quilibria, and it does not give information on detailed structural
dithiocarbamates:® Metal-chelating properties of dtc have Possibilities and on their relative stabilities. Quantum chemical
attracted great attention because of their application in wide and spectroscopic studies could provide essential information
areas such as analytical methods for determination of heavy©on the structure, conformational behavior, and reactivity of dtc.
atoms’ industrial separation processeagriculture? medicine!® The analysis of the theoretical results is important for under-
and the rubber industA}. The biological activity of dtc is based ~ standing of the factors responsible for the coordination ability
on the complex formation of the active dtc group with metal of dtc to different metal ions as well as for estimation of the
atoms of metal-containing enzymes, producing enzyme inhibi- mode and the strength of the-Ms(dtc) bonding, the character
tion.!2 The intensively utilized dtc fungicides influence the of M—S interactions, and the stability of the metal complexes.
biological activity and physical properties of the soil as well as Formation reaction energy calculations in the gas phase and
human health. It was established that dtc decomposition andsolution give the possibility to evaluate the effect of the solvent.
elimination from the natural environment are slowed down Deeper insight into the reactivity, stability, and-Mtc bonding
because of dtc complexation with metals in soil. However, would help the effective usage of chelating properties of dtc in
dithiocarbamate chelating agents have been used extensiveldiverse areas.
to remove heavy metals from various wastewatér: The  The first part of the present work describes the selection of
effectiveness of the dtc reagents for heavy metal binding requiresap appropriate density functional theory (DFT) method by means
high selectivity and coordination ability of the ligands to the ot comparison with ab initio methods accounting for electron
metal ions and stable precipitates that cannot decompo_se an@oyrelation (MP2 and CCSD methods) for the referenedtéd
release the metal to the environment during a short period of pygjecyle and by comparison with X-ray structural data of Ni-
time. .'I.'o obtain quantitative information on the Fhermodynamlc (Et,dtc), Cu(Etdtc), and Zn(Esdtc), (Et.dtc = diethyldithio-
stabilities of the metal dtc complexes, calorimetric measurementscarbamate)_ In the second part, we applied the method selected
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(R= Me (methyl) or Et (ethyl)). The solvation effect has been electron interactions between occupied orbitals, Afd;, is
computed using the polarized continuum model (PCM) based the stabilizing orbital interaction due to the relaxation of the
on a self-consistent reaction fielé:1° A variety of structural Kohn—Sham orbitals in the self-consistent field procedure. The
arrangements such as uni- or bidentate with respect to thebonding situation in the transition metal complexes edtR is
bonding of the thio group or cis/trans with respect to the relative investigated also in the frame of doreacceptor interaction
position of the two dtc molecules are considered. TheR4 by means of CDA® The CDA decomposes the KohiSham

dtc bonding mode and strength are evaluated on the basis ofdeterminant of a complex [ML] in terms of fragment orbitals
the binding energy calculations. The-NR.dtc bonding character  of the chosen ligand L and the metal [M]. The [M} L

is estimated by means of energy partitioning analysis (EPA) of donationg[d], is then given by mixing of the occupied orbitals
electrostatic, orbital, and repulsive energy contributions as well of L and vacant orbitals of [M]. The [M}~ L back-donation,

as by analysis af-donation andr-back-donation contributions  g[b], in return is given by the mixing of the occupied orbitals
to the donofr-acceptor interaction. A theoretical vibrational study of [M] and vacant orbitals of L. The mixing of the occupied
of different model metal complexes of;@Rc is performed to orbitals of both fragments gives the repulsive polarization term
find out vibrational criteria capable of discerning uni- or g, and the mixing of the unoccupied orbitals gives the residual
bidentate symmetrical and bidentate asymmetrical bonding typesterm q[s]. The CDA calculations of the M(®ltc), complexes

in the M—R.dtc complexes. The effect of the molecular are performed with the 6-31G(d,p) basis set on all of the atoms
symmetry, the coupling of the ligand modes, and the effect of (except for Ag(l)) because the larger B1 basis set including
the N-substituent on the vibrational behavior of Ag(hdi) diffuse functions gave great negative values for the residual term.
and M(I)(R.dtc), are investigated and discussed. The solid- A similar deterioration of the CDA results by applying a larger
state effect on the vibrational pattern of the complexes is basis set was reported already in the literafiire.

estimated by means of comparison of the results from the gas- The solvent effect of dimethylsulfoxide (DMSO) on the
phase calculations of Cu(ftc) with that from solid-state  reaction formation energy for the M¢Bc), complexes is

calculations. computed using a PCM 19
) ) The periodic DFT calculations of Cu(fgtc), are performed
2. Computational Details using the Vienna ab initio simulation package (VASPYhe

Geometry optimization, harmonic vibrational, and confor- DFT is parametrized in the local density approximation with

mational analyses are performed foskt, Medtc, Etdtc, and the exchangecorrelation functiongl proposed by I?erdew apd
their deprotonated forms. For selection of suitable DFT levels ZUnger and corrected for nonlocality in the generalized gradient

of calculations, the simplestzHtc and Hdtc~ molecules served ~ @PProximations using the Perdewvang91 (PW91) functional.
as benchmark examples. Calculations with the nonhybrid BLYP The interaction between the core and the electrons is described

functiona®2! and the hybrid B3LYP?22 and BHLYF20:23 using the projector augmented wave potentials for all atoms.
functionals are done, and their reliabilities are checked using ) .
reference MP2 calculations (frozen inner shéfiahd coupled- 3. Results and Discussion

cluster CCSD calculations with singles and doubles substitutions

R X 3.1. Molecular Geometries.3.1.1. Geometry Calculations
(frozen core approximation and full electron correlatiéh).

) h ical ies h h h h of Rdtc (R= H, Me, or Et). Conformational analysis of the
Previous theoretica studies have s own that the B3LYP o 1141 and deprotonated forms of alkyl dithiocarbamatge (R
functional is suitable also for geometry optimization of transition dtc) (R= H, Me, or Et) is performed in the gas phase (Figure
metal c_omple_xe%‘? For Ni(ll), Cu(ll), and Zn(ll), the 6-313 G- 1). Several functionals, nonhybrid BLYP and hybrid B3LYP
(d) basis set is used, for Ag(l) LANL2DZ, and for C, S, N, and 5 gy| yp, with the 6-3%+G(d,p) basis set are applied for
H atoms the 6-3++G(d,p) basis set. For the M(Hjtc the simplest Hdtc and Hdtc™ species, and the results are
complexes, the combined basis set will be referred as B1, andreferred to MP2 and CCSD calculations (Table 1). The BLYP
. Ag(l)—dtc_ as B2. BSI‘.YP functional caIcEgsmons_ aré  B3LYP, and BHLYP calculations predict the minimum structure
performed using the Gaussian 03 program packageomic ¢ 1y e in C, symmetry, whereas according to the MP2 and
chgrges are obt.alned usmg.the natural pop.ulatlon analysis ofccgp calculations the 4dtc minimum is inC; symmetry. The
Wemhqld and Hirshfeld?® Ba_3|s set superposition error (BSSE) C: symmetry lowers the energy by 6-0.17 kcal/mol than that
corrections to the M Rzdtc binding energy were calculated for ¢ 1o C, geometry and shows slightly out-of-plane deviation

the B1 (B2) basis set using the counterpoise meffiothe of the H atoms. The CCSD calculations with B3LYP and MP2

bonding situation in the MR.dic complexes is investigated o yimized structures reveal a small energy difference (0.03 kcal/
by means_(_)f energy partitioning analysis (EPA) and charge mol), indicating the small effect of the calculated geometry.
decomposition analysis (CDA)' The EPA IS based on the p DFT, MP2, and CCSD calculations predict a minimum in
methods of Morokun and Ziegler and Radkas implemented C. symmetry for the deprotonated.tic- and out-of-plane

in the ADF(2005.01) program packa@%.gge partitioning  yeviation of the two S atoms. The energy difference between
scheme is performed at the PW91/TZP |evelith B3LYP/ C; and C; geometries at different levels varies between 0.01

B1(B2) optimized structures. In these calculations, the relativistic 4,4 0 7 keal/mol. As compared to the CCSD bond lengths, the
effects have been considered by means of the zero-order regula[?,3|_w'D calculatéd &N bond length is in good agreemer’n

appr(_)ximation (ZORAJ= Within this me_thod,_ t_he total whereas the €S and S-H bond lengths are longer (with0.01
bonding energy between two fragmente, is split into the A). At the same time, BHLYP well reproduces the-S and
three components S—H bond lengths and gives shorter-& distances{0.01—
0.03 A). BLYP calculations give the worst geometry parameters
AEp = AEg g0t ABpaui+ AEgy @ in comparison to the CCSD results. As compared to CCSD-
(full) calculations, for Hdtc the absolute deviation of the
AEeqstat (electrostatic interaction energy) is computed using BHLYP bond lengths is 0.006 A and of the B3LYP bond lengths
the frozen electron density distribution of the fragments in the is 0.008 A, and for Kdtc™ it is 0.010 and 0.007 A, respectively.
geometry of the complexAEpay; represents the repulsive  Obviously, both DFT levels are appropriate for dtc geometry
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Figure 1. Optimized geometrires of (a) Atc, (b) Medtc, and (c)trans-Et.dtc ligands at the B3LYP/6-32+G(d,p) level of theory.

TABLE 1: Calculated Geometrical Parameters of Hdtc and H.dtc~ Species at Different Levels of Theory with the
6-31++G(d,p) Basis Set

CCSD/full® MP2
geometric parameters BLYP B3LYP BHLYP Cs Cs
Hodtc(CNSH3) Cs Cs Cs (imaginary frequencies) (imaginary frequencies)
C1-S2 1.678 1.658 1.647 1.651/1.649 1.641
Cl1-S1 1.820 1.795 1.772 1.782/1.779 1.779
S1-H 1.355 1.343 1.331 1.331/1.330 1.329
C1-N1 1.366 1.352 1.338 1.353/1.352 1.357
N1—-H 1.018 1.010 1.001 1.006/1.006 1.008
1.019 1.010 1.001 1.006/1.006 1.008
S1-C1-S2 125.2 124.7 124.4 124.8/124.7 125.0
S2-C1-N1 123.7 123.9 123.7 123.6/123.6 123.8
geometric parameters BLYP B3LYP BHLYP CCSDyfull® MP2
szth(CNSszf) C C: C: C, C:
C1-S2 1.733 1.718 1.706 1.707 1.697
Cil-s1 1.733 1.718 1.706 1.707 1.697
C1-N1 1.402 1.383 1.359 1.390 1.398
N1—-H 1.02 1.011 0.999 1.008 1.010
1.020 1.011 0.999 1.008 1.010
S1-C1-S2 128.2 127.9 127.6 127.8 128.0
S2-C1-N1 115.9 116.0 116.2 116.1 116.0

aValence electrons are included in a correlation calculatiéxl electrons are included in a correlation calculation.

SCHEME 1: Resonant Structures of Rgdtc— Species TABLE 2: Selected Calculated Bond Lengths (in A) of
Rzdtc (R = H, Me, or Et) and R,dtc™ and Natural Bond

Orbital Analysis of Deprotonated Species at the B3LYP/

\ / \ / N / \;=/ 6-31-++G(d,p) Level

N—C, C,
/ \ / \ / \ R/ \s' trans trans-
bond® H)dtc Medtic Etdtc Hdicc Medicc Etdtc
I I m v S1-H 1.343 1.344 1.344
calculations. We selected the B3LYP functional for all calcula- €171 1.795  1.805  1.809 1,'718 ,1'728 _1'728
. L [ 58:42¢) 58:42¢) 58:420)
tions because the B3LYP geometry for the active ligand form, 25:756)

H.dtc, in the metal complexation reaction is in best agreement
1-S2 1658 1.671 1675 1.718 1.728 1.728

with the CCSD results. Further, the ligand calculations are : : )
performed at the B3LYP/6-31+G(d,p) level. The neutral Me ~ P°! 58:420) 58:420) ggz;‘gg;
dtc and the deprotonated Mtitc™ species are minima i, '

symmetry. Generally, the C, N, and S atoms are obtained C1-N1 1.352 1.352 1.351 1.383 1.393 1.389
approximately in a plane, and the §Hroups are asymmetric PO fgfggg)) 36:640) 36:640)

(Figure 1b). According to the calculations, the neutral and the
deprotonated Etitc species have two minima with cis and trans N1-C2
orientations of the ethyl radicals. The trans conformation of the N1—C3
neutral form is more stable by 0.7 kcal/mol, and that of the  2Atom numbering is given in Figure 1. Pol is the percentage of
deprotonated form by 5.1 kcal/mol (Figure 1c). occupancy assigned to the first and second atoms.

Different resonant structures are possible fedte, Mexdtc,
and Egdtc™, as shown in Scheme 1. Natural bond orbital (NBO) indicates resonant structures Il and Ill, respectively. On the basis
analysis of the deprotonated ligands,dit~, Mexdtc™, and of the occupation percentage obtained from the NBO analysis,
Etdtc™, could suggest the most probable resonant structure, andC1 — N1 and S1(2)— C1 o bond polarizations are predicted.
the data obtained are given in Table 2. As seen in Table 2, theThat is important information used below to explain the bond
shortest CE+N1 bond length and double bond character of the length changes upon the metal interaction.
bond for Hdtc™ reveal the resonant structure 1V, whereas double  3.1.2. Geometry Calculations for M@&tc), (M=Ni(ll), Cu-
bond character of the €S bond for Medtc™ and Etdtc™ (1N, or Zn(l)). Table 3 gives selected calculated and experi-

1466 1.473 1.452 1.463
1.467 1.476 1.452 1.463
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TABLE 3: Calculated Geometrical Parameters of M(Etdtc), (M = Ni(ll), Cu(ll), or Zn(ll)), Compared to the Experimental
Values (Bond Lengths,R, in A; Bending Angles, A, in deg)

Ni(Et.dtc), (LS) Cu(Etdtc) Zn(Etdtc)
geometry expt B3LYP/B1 expb B3LYP/B1 PWOZE expt B3LYP/B1
R(M—S1) 2.207(2) 2.253 2.317(2) 2.359 2.325 2.443(3) 2.391
(2.375 HS)
RM—S2) 2.195(2) 2.253 2.297(2) 2.359 2.324 2.355(3) 2.392
(2.375 HS)
RM—ST) 2.253 2.301(2) 2.359 2.322 2.331(3) 2.393
(2.375 HS)
R(M—S2) 2.253 2.339(2) 2.359 2.330 2.815(2) 2.391
(2.375 HS)
R(S1-C1) 1.700(7) 1.731 1.711(8) 1.735 1.723 1.722(10) 1.745
R(S2-C1) 1.713(7) 1.731 1.713(8) 1.735 1.721 1.725(10) 1.744
R(C1-N1) 1.33(10) 1.338 1.350(10) 1.340 1.344 1.340(13) 1.342
R(N1-C2) 1.49(13) 1.473 1.470(12) 1.475 1.468 1.440(14) 1.476
R(N1-C3) 1.48(17) 1.473 1.470(11) 1.475 1.471 1.490(15) 1.476
R(C2-C4) 1.50(15) 1.531 1.520(16) 1.532 1.527 1.520(18) 1.531
R(C3-C5) 1.53(22) 1.531 1.520(17) 1.532 1.527 1.480(22) 1.531
R(S1—CY) 1.731 1.708(7) 1.735 1.721 1.723(10) 1.744
R(S2—C1) 1.731 1.736(7) 1.735 1.722 1.737(9) 1.745
R(C1'—N1') 1.338 1.330(8) 1.340 1.344 1.310(12) 1.342
R(N1'—C2) 1.473 1.46(1) 1.475 1.469 1.480(15) 1.476
R(N1'—C3) 1.473 1.48(1) 1.475 1.467 1.480(14) 1.476
R(C2—C4) 1.531 1.530(15) 1.532 1.527 1.510(21) 1.531
R(C3—-C5) 1.531 1.510(17) 1.532 1.527 1.530(20) 1.531
A(S1-M—S2) 79.11(11) 78.77 77.19')9 76.40 76.68 75.4713) 77.19
A(ST—-M—S2) 78.77 76.27 (9 76.40 76.68 69.3412) 77.18
AM—S1-C1) 85.25(26) 84.94 83.43 (28 84.60 84.68 81.5835) 82.61
84.44(26)
A(S1-C1-S2) 110.34(37) 111.35 114.36 (30 114.4 113.72 117.351) 117.55
A(ST—C6-S2) 111.35 112.56 (35 114.4 113.86 117.4{9) 117.55

aSee ref 39° See ref 40¢ Calculations with VASPY See ref 41.

mental bond lengths and bond angles of Nidt),, Cu(Ebdtc), bond length). Zn(Etdtc), shows the largest deviation of the
and Zn(Etdtc), complexes. The optimized compounds are calculated geometry data from the experimental data. This
presented in Figure 2. Experimental structural data for the difference is due to the intermolecular interactions in the solid
compounds are available from X-ray diffraction analy8ig! state, producing dimer formation. (The metal atom is five-
The calculations of high-spin (HSBu) and low-spin (LS, coordinatet!) Detailed vibrational investigations on Zngftc),
1Ag) states of Ni(Etdtc), in Cy, symmetry revealed stabilization  in the solid state and in solution predicted higher molecular
of the low-spin state by 1.4 kcal/mol. According to the symmetry in solution due to the removal of the intermolecular
calculations, the MS bond lengths for M(Etltc), increase in interaction in the crystal. Thus, in solution zinc is four-
the order NS (LS) < Cu—S < Zn-S, and this trend is  coordinate, and the Zn®hromophore polyhedron approaches
consistent with the experimental one. Similar-& bond lengths T4 geometry*? Because of the lack of the fifth ZnaS contact,
and the same order are calculated for Mghte), complexes. the Zn(Etdtc), geometry in solution is expected to be close to
In the case of high-spin Ni(Edtc), calculations, other orders that in the gas phase. The calculations of isolated MiEpL

of M—S bond lengths are obtained: €8 < Ni—S (HS) < molecules indicate that all four ™S bond lengths are equalized.
Zn—S. Therefore, it could be expected that the DFT/B3LYP/ Obviously, the observed asymmetrical bidentate $bonding

B1 level will correctly predict the spin state of the transition is produced mainly from the crystal packing effect (Table 3).

metal complexes of ®itc. In line with the experiment, Ni(&t The molecular geometry of Cu(fgtc), obtained from the solid-
dtc), and Cu(Etdtc), structures are minima i€z, symmetry state calculations is in better agreement with the X-ray data.
(Figure 2a). The geometry optimization of the Znfkt), The calculations are performed for the monoclinic unit cell of
complex in Cy, symmetry showed one imaginery frequency Cu(Etdtc), with the dimensions = 9.907,b = 10.627, anc
(—40 cnTY). The C; structure is more stable by 8.1.kcal/mol. = 16.591 A taken from X-ray diffraction analysi8In contrast

The relaxed structure of Zn(flc), has a bite angle of A(S1 to the calculated gas-phase geometry of CultE), the periodic
Zn—S2) = 128 and obviously leans toward tetrahedral DFT calculations, simulating the solid state, predicted different
symmetry; however, the ultimate boundary case (where A(S1 M-S bond lengths, i.e., asymmetrical bonding. On the basis
Zn—S4) = 109) has not been reached (Figure 2b). The of the reference CCSD calculations and available experimental
calculated minima of M(Ettc), complexes show trans positions geometries, the DFT/B3LYP/B1 method is selected as the
of the ethyl substituents of one dtc ligand in agreement with appropriate one for the theoretical consideration gftR(R=
their X-ray structures. The stabilization of tweansEt,dtc H, Me, or Et) and their metal complexes.

ligands in the metal complexes could be explained with a more  3.2. Analysis of the M—Rqdtc Bonding Situation. 3.2.1.
stabletrans-Et,dtc conformation (Figure 1c) than the cis one. Binding EnergiesThe M—dtc bonding situation and the electron
The average deviations of the bond lengths from the corre- density distribution for Agidtc and M(I)(Rdtc) (M(Il) =
sponding experimental values are 0.024 A for Ni@t),, 0.019 Ni(ll), Cu(ll), or Zn(Il); R = Me or Et) were investigated in

A for Cu(Etdtc), and 0.046 A for Zn(Ettc),. The B3LYP/ terms of NBO analysis, EPA, and CDA. The-\b(dtc) binding

B1 M—S bond lengths are longer (by 0:68.09 A) than the energy and the most important data for the bonding analysis
experimental ones (considering the average experiment&d M for the interactions between onedkc ligand and one MRitc
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Figure 2. Optimized geometries of (a) Ni(Eitc), and Cu(Edtc),
and (b) Zn(E4dtc), complexes at the B3LYP/B1 level of theory.

TABLE 4: Binding Energy M —S, (R.dtc) (AEp) and Energy
Partitioning Analysis of M —R,dtc Complexes (Bond Length,

R, in A, Energies in kcal/mol)
EPA (PW91/TZP)
AER?
(B3LYP/
Compound R(M_S) Bl(BZ)b) AER®  AEestat  AEom  AEpauii
Ni(Medtc), 2.252 —190.5 —200.7 —199.1 —1185 116.9
(106.1¥
Cu(Mexdtc), 2.359 —170.8 —178.1 —184.9 —93.9 100.6
(87.2F
Zn(Mexdtc), 2.395 —1825 —188.0 —187.6 —102.1 101.8
bi-AgMe.dtc 2594 —1716 —186.1 —196.4 —-654 75.7
uni-AgMe,dtc  2.431 —158.4
Ni(Et.dtc), 2.253 —188.6 —198.3 —196.9 —118.7 117.3
(108.5¥
Cu(Etdtc), 2.359 —168.2 —175.7 —182.9 —94.4 101.6
(89.4F
Zn(Etdtc), 2.392 —180.5 —185.2 —184.6 —103.3 102.8
bi-AgEtdtc 2586 —171.3 —1854 —195.7 —-66.7 76.9
uni-AgEtdtc 2429 —157.6

a AE, = E(M(R2dtc)) — E(MRzdtc’) — E(R.dtc™) for M = Ni(ll),
Cu(ll), or Zn(ll), andAE, = E(AgR.dtc) — E(Ag™) — E(R.dtc™). ® The

B1 basis set is for M(Il)(Rdtc), complexes, and the B2 basis set is for

AgR.dtc complexes; see Computational Details sectibg, at the
B3LYP/B1(B2) level are BSSE corrected valuééwvailable experi-
mental data forAE, are given in brackets; see ref 3 for Ni(hkc)
and Cu(Medtc), ref 44 for Ni(Etdtc), and ref 45 for Cu(Ettc),.
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TABLE 5: Atomic Charges (q) of Ni(ll), Cu(ll), Zn(ll) and
Ag(l) in the M —R.dtc Complexes Using Natural Population
Analysis (at the B3LYP/B1 Level), Hirshfeld Analysis (at the
PW91/TZP Level) and Charge Decomposition Analysis (at
the B3LYP/6-31G(d,p) Level}

charge CDA
qM)  a(m)
system NPA Hirshfeld q[d] q[b] qr] qls]
Ni(Me,dtc, 0.524 0.430 0.713 0.046—0.233 —0.105
Cu(Medtc), 0.867 0.491 0.626 0.044-0.054 —0.089
Zn(Medtcy 1.298 0.612 0.801 0.034—0.088 —0.083
uni-AgMedtc  0.474 0.583 0.034-0.067 —0.070
bi-AgMe dtc  0.674 0.867 0.029-0.131 —0.066
Ni(Et.dtc), 0.525 0.421 0.714 0.046-0.238 —0.105
Cu(Etdtc) 0.867 0.480 0.650 0.045—0.074 —0.090
Zn(Etdtc), 1.303 0.600 0.797 0.035-0.087 —0.085
uni-AgEtdtc  0.482 0.625 0.040—0.075 —0.073
bi-AgEt.dic  0.676 0.870 0.030—-0.133 —0.065

aq[d], donation L— M(Il); q[b] back-donation M(Il)— L; q[r],
repulsive polarizationg[s] nonclassical rest term.

Cw", or Zr*t and M"+ Rqdtc™ for M = Ag™ as bonding
partners. The bonding situation could be analyzed also using
the neutral fragments M@&8tc) + R.dtc, and the values of
the fragment charges should suggest which bonding situation
better describes the #L bonding in the M(Rdtc), complexes.
The Hirshfeld approach gives positive charges of M),
0.4¢6e for Ni(R2dtc)", 0.44e for Cu(R.dtc)*, and 0.5% for Zn-
(Rodtc)*, and negative charges for@®c (—0.43 to —0.51e).
Thus, the M(Rdtc), complexes appear to be a borderline case
of the two bonding situations. It should be mentioned that the
Hirshfeld charges are chemically meaningful whereas the NBO
model predicts often too large ionic characteilo describe
the bonding situation in the metal complexes efie, we select
the ionic fragments. However, in this case an overestimation
of the electrostatic contribution is expected, and it should be
taken into account.

First, the binding energiesAEy,) of M2™ with one Rdtc™
ligand are calculated\Ey, (absolute value) decreases in the order
Ni(Rodtc)t > Cu(R.dtc)™ > Zn(R.dtc)* in agreement with the
increasing M-S bond length order. The evaluation of the-M
binding energy in the complexes with twaed®c™, however, is
more complicated. The ML binding energy (absolute value)
calculated on the basis of the charged fragments decreases in
the order Ni-S; (Ni(R2dtc)) > Zn—S,; (Zn(Rdtc)) > Ag—S,
(AgRodtc) > Cu—S, (Cu(Rdtc)) (Table 4). The average
metal-sulfur bond-dissociation enthalpiB,,[(M—S) in M(Me,-
dtc), have been experimentally derived, and the laiygfNi—

S) value as compared to thi&,(Cu—S) value correlates with
the calculatedAEy trend: Ni-S(Redtc) > Cu—S(Redtc)34445
The M-S binding energy slightly depends on the Me/Et-
substituent £2 kcal/mol), and larger MS bond strength is

(or Ag) fragment are given in Table 4. The binding energy found for R= Me as compared to R Etxdtc. Although the
obtained from the Gaussian program is calculated with frozen binding energies from EPA (ADF) and the dissociation energies
fragment geometries at the complex geometry. Natural atomic obtained from the Gaussian program are not equivalent, both
charges of metal ions and CDA data, calculated for a series of approaches give the same trend of binding energies fo,M(R

complexes, Ni(Rdtc), Cu(Rdtc), Zn(R.dtc), and AgRdtc,
are given in Table 5. The bidentate M(kdic), structures are
minima inC; symmetry. (The minima of M(ktltc), structures

were discussed in the previous section.) The unidentate-AgR

dtc complexes are minima {@; symmetry, the bidentate AgMe
dtc is a minimum inC,, symmetry, and the bidentate AgHtc
is a minimum inC, symmetry. The bidentate AgBtc com-

dtc)y, complexes (Table 4). According to the calculations, the
electrostatic attraction between the charged fragments in all
complexes studied has a predominant contribution to the
M—S,(R2dtc) bonding. Very important information about the
covalent bonding situation comes from the orbital teXEy,.

The orders of the electrostatic attractions and the orbital
interactions follow the trend of the total binding energy, and

plexes are more stable byl7 kcal/mol than the unidentate ones.
The metat-ligand bonding in Rdtc complexes is described
using the charged fragments MRc)" + Rqdtc™ for M = Ni2t,

obviously both contributions are responsible for the binding
energy order. A survey of the metal atomic charges of M(R
dtc), reveals that they increase in the order NiH)Cu(ll) <
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Zn(ll). Lower metal atomic charge indicates larger ™ L Ni(II) Cu(Il Zn(IT)
charge transfer and hence more covalent bond. Our results shoy =00805au(22eV)  A=01779au(384eV) A =04355au(1185V)
that the order of the evaluated ™ L charge transfer in Cu-  —
(Rodtc), and Zn(Rdtc), does not correlate with the order of
the orbital interaction. As discussed in the literature, the o
information obtained from the atomic charges must be used with
caution, and a partitioning of the interaction energy is advisable —
when the chemical bond is analyzed in terms of covalent and| —H—
electrostatic contributior¥. —H— 4_": e

1
The calculated values of the Pauli repulsion energy give
information about the metaligand interactions. The Pauli

repulsion between the charged fragments in pR), is the Figure 3. Orbital energy diagram for the highest occupied (d) and
largest one for the Ni(ll) complexes and decreases in Zn(ll) lowest unoccupied (s) atomic orbitals for2Ni Ci2t, and Zr#+.

and Cu(ll) complexes. TABLE 6: Calculated F ion R ion E ies AE,)
. : , : Calculated Formation Reaction Energies
A strong Ag-S bonding (comparable with Zr5(R.dtc)) is and Gibbs Free Reaction EnergiesAG,) for the Gas Phase

found for the bidentate AgRitc complexes, which arises mainly  and Solution of M—R,dtc Complexes (Energies in kcal/mol)
from the large electrostatic attraction contribution. Among the

. . ) — gs — sol — sol
complexes studied, Agitc shows the weakest orbital interac- _Compound AR A& AG
tion and Pauli repulsion interaction. (NZI('(VIIVIeZC:jttC))ZZ gg? gg-g;gg-g Zé-‘l‘

. . . u(ivVieatc . . . .
To estimate th@-d_onatlon (met._eﬂ— I_|gand) and ther-back- Zn(Mexdtc), 32.9 46.5/43.9 64.1

donation (metal— ligand) contributions, the MSy(R.dtc) bi-AgMeydtc 195 12.9
bonding is studied in terms of doneacceptor interaction uni-AgMedtc 3.1 6.9
between the closed-shell ligand and the closed-shell metal Ni(Etdtc) 38.1 60.3
fragments using the CDA partitioning schefi&he CDA data Cu(Edtc), 38.0 57.4

I : Zn(Etdtc), 34.1 50.3
are given in Table 5. Among the bis-M{&c), complexes, the bi-AgEtdtc 19.8 15.6
largest donation is calculated for the Zn(Il) complex, followed uni-AgEtdtc 21 7.9

by the Ni(ll) and Cu(ll) complexes. The+ M donation trend
could be understood by examining the radii of the valence s-
and d-orbitals. The electronic ground states of Ni(ll), Cu(ll), .. . . .
and Zn(ll) ions are &°, d°°, and d%°, their valence s-orbitals g?ﬁ(g Z?CI\)/Za(t;\a/ldEy:ltit(alrl’r;stz?ﬁ)fogrrnggzg)rzasc&c;rlll Zr;e;?&f?if
serve as acceptor orbitals, and the valence d-orbitals are the 2 _ ’ ’

donor orbitals. The radius of the valence s-orbitals increases in _and bidentate Aghditc (R= Me or Et) complexes are calculated

the order Zn(1.200 Ax Ni(1.276 A) < Cu(1.374 A), which is in the gas phase and solution. The solvent effects are estimated

in agreement with the decreasing donation in the same order.!si"9 @ polar solvent (DMSO). In the case of a small specific

As e baclcdonaton srongycepends on the bond lengtn, [T 18 Senert (piiosdheen), e o
the m-back-donation interaction increases with decrease of the

bond distances in the order Z$ > Cu—S > Ni—S. However polar solvents as well. From the other side, it is expected that
the back-donation contributions were found to be very sr,nall the engrgetic results valid for a nonpolar solvent are similar to
and the donation contributions appeared dominant. those in the gas phase because the geometry in a nonpolar

o . . L solution is slightly affected and the solvation contribution is
The repulsion interaction estimated by CDA is in agreement ;g niicant, The formation reaction energies of-Rodtc
with the calculated Pauli repulsion above. The negative values ., jeves in the gas phase and solution are calculated according
for the repulsive polarizatiogindicate the depleted charge from ;"4 o following reaction scheme
the overlapping area of the occupied orbitals. The largest value
of the occupied/occupied repulsion term for-NR.dtc bonding .
reveals a significant charge organization. The calculations M(NO),(g/s)+ 2NaRdtc(g/s)
suggest that for the Ni(Il) complex thg,arbital is unoccupied M(R_dtc),(g/s)+ 2NaNOy(g/s) (2)
and for the Cu(ll) complex thexglorbital contains an unpaired
d-electron. The minimal occupation of thg drbital along M-S AgNO4(g/s)+ NaR.dtc(g/s)—

a Continuum solvation calculations without geometry optimization.

bonding decreases the-€s, repulsion during the M R.dtc AgR,dtc(g/s)+ NaNG;(g/s) (3)
interaction.
The orbital energies of Ni(ll), Cu(ll), and Zn(ll) shown in All species of the reactions with R Me,dtc are optimized

Figure 3 are also important for a complete understanding of in solution, and the calculations are performed with minima
the M(Il)—Rdtc bonds. The interaction of the filled S(dtc) structures. It is found that continuum solvent interaction
o-donor orbital with the filled (g) metal atomic orbital leads produces insignificant shortening of the-M bond length,
to o-repulsion. In general, sdnixing in the metal center shifts  visible shortening of the GN1 bond length0.012 A), and
the electron density away from the-Ms bond to thexy plane, elongation of the C%S (0.010 A) and N+C2 (~0.04 A) bond
decreasing the-repulsion and allowing for a shorter bond. The  |engths. For the gas phase and solution, the formation reaction
degree of the sd, mixing depends on the-sd, gap. The Ni- energiesAE,, given in Table 6, are negative, indicating that
(I1) ion, with the smallest sd, energy gap, forms the shortest the complex formation process is thermodynamically favored.
Ni—S bond lengths, whereas the Zn(ll) ion with the largesd;s ~ The formation reaction energies (absolute values) decrease in
energy gap gives the longest Z8 bond lengths (Table 3). the order Ni(Medtc), > Cu(Medtc)y, > Zn(Mexdtc),. The

3.3. Formation Energies The metal complexes of Jatc solvent effect lowers thAE; value of the M(Rdtc), complexes
reveal their interesting chemical behavior in solution, and by 13—23 kcal/mol. In addition to thé\E, value in solution,
therefore we extended our theoretical studies to include calcula-we computed the Gibbs reaction energia§; (Table 6). The
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inclusion of the thermochemical corrections does not change The calculated formation reaction energies in solution indicate
the formation reaction energy order; it only leads to more thatamong the four metals in the environment Ni(ll) is the metal
negative energies by 117 kcal/mol. The calculated formation  that most likely should inhibit the transformation reaction of
reaction energies are in agreement with the available experi-dtc in soil followed by Cu(ll), Zn(ll), and Ag(l).
mental data for Cu(Meltcy and Ni(Medtc), complexes, 3.4. Vibrational Study of the Bonding Type in M—Rdtc
revealing a more negative standard molar enthalpy of formation Complexes (M= Ag(l), Ni(ll), Cu(ll), or Zn(ll)).  The precise
in solution for the Ni(ll) complex {34.9 kcal/mol) than that  characterization of the metal complexes ofdR in the
for the Cu(ll) complex {-20.4 kcal/molf The order and the  environment requires vibrational criteria, capable of discerning
difference of the calculatedH, values for Cu(ll) and Ni(ll)  the bonding type in the Mdtc complexes when X-ray diffrac-
complexes follow the experiment, the calculated; enthalpies  tion data are not available. Previously, the-Sitc bonding type
belng~33 kcal/mol more negative. However, it is difficult to was Suggested using the popu|ar Boﬁ&jgo method, based
compare the results closely because we calculate specificon experimentally derived vibrational critefa.However,
substitution reactions while in the experimental analysis a global detailed comparison of the X-ray diffraction data for M(II¥R
modeling of a complex set of reactions has been performed. dtc), and M(lll)(R.dtc), showed that the dtc ligands, irrespective

The solvation energies of Ag(IYatc and M(ll)(Etdtc), are of the host complex or the ligand bonding type, are at sites of
calculated by means of single-point continuum solvation C; symmetry, thus ruling out the possibility of detecting the
calculations because the geometry changes produced by thdigand bonding type from the solid-state vibrational spetra.
solvation of M(Il)(Mexdtc), are found to be smal0.2 kcal/ The present vibrational study is based mainly on DFT calcula-
mol). As seen from Table 6, the geometry changes in solution tions and aims first at reliable assignment of the vibrational
lead to an increase of the formation reaction energies (obtainedmolecular modes and second at a better understanding of the
from single-point continuum solvation calculations) of the M(ll)-  established correlation between thgCS) vibrational behavior
(Mexdtc), complexes up to 6.3 kcal/mol, but the order of the and the metatligand bonding type. For that purpose, a number
calculated AE; value in solution is the same. The ethyl of M—R.dtc model complexes are considered:=MAg(l), Cu-
substituent does not change the order of the formation reaction(ll), Ni(ll), or Zn(ll); R = Me or Et. Uni- and bidentate bonding
energies obtained for M(Il)(Meltcy. According to theAE; types of the dtc ligands are modeled: (i) for Ag@) in a
calculations in the gas phase and solution, slightly larger ratio of M/R.dtc= 1:1 and (ii) for Cu(Rdtc), in a ratio of M/R-
stabilization is suggested of M(Il)(kitc, complexes than that  dtc = 1:2. Both symmetrical and asymmetrical bidentate
of M(Il)(Me odtc), and this result correlates with experimental bonding of the dtc ligand (with equivalent and nonequivalent
data showing that the metasulfur bond-dissociation enthalpies M—S bond lengths) are simulated and studied with the help of
of Dm(M—S)e are larger than that @m(M—S)ve. This finding, model complexes. The effect of the molecular symmetry, the
however, is not in line with the MS bonding strengths. It  coupling of the ligand modes, and the effect of the N-substituents
should be remarked that the available experimental thermo-on selected characteristic vibrational modes are discussed. A
chemical data for Ni(Rtc), and Cu(Rdtc), complexes can be = new approach was applied to study the crystal packing effect
interpreted in various ways depending on the purposes for on the complex vibrational pattern: Periodic DFT calculations
which these data are requiré@iMetal—ligand binding energies  (using the VASP program) are performed for Cu(fit),, and
can in principle be considered in the context of bond-energy the frequencies obtained are compared with the data calculated
schemes or in terms of bond-dissociation energies, and thefor the isolated complex.
applicabilities of these approaches are quite different. The bond-  3.4.1. Vibrational Analysis of M(&dtc), (M = Ni(ll), Cu-
energy schemes are not easily applied to coordination com-(|1) or Zn(ll)). First, frequency calculations are performed for
pounds, whereas the dissociation energies are not a direccomplexes with known crystal and molecular structures (Ni-
measure of the binding energies due to the reorganization (Et.dtc), Cu(Etdtc), and Zn(Eidtc),) with the purpose of
energies of the radicals. For that reason, the explicit comparisonreliable interpretation of the observed vibrational spectra. The
of the calculated energetic and thermochemical data with the vj(11) —Et,dtc bonding type in these structures is symmetrical
experiment is complicated and should be performed with pidentate. The full list of calculated and experimental spectra
caution. of the M(Etdtcy, complexes is given in Table 1S of the

The comparison between uni- and bidentate AfjRreaction Supporting Information. Selected calculated and experimental
formation energies in the gas phase and solution reveals thatvibrational frequencies of M(Edtc), complexes discussed in
AE; is larger for the bidentate species. It is interesting to note detail as to the ligand bonding type are given in Table 7. In
that the solvent effect produces a decrease of the reaction energgeneral, DFT/B3LYP/B1 calculated frequencies were found to
for the bidentate AgRltc and an increase of the reaction energy be in reasonable agreement with the observed vibrational spectra
for the unidentate AgRlitc. The calculations predict similar  of M(Et.dtc), complexes.
reaction energies for the bidentate Agide and AgEfdtc in The frequency calculations for Ni(gitc), and Cu(Exdtc),
the gas phase, and it is larger for Agdiit in solution. structures are performed at the optimized geometnCin

As was found above, the calculated larger reaction energy symmetry (Table 7). Because th€CS) modes were considered
(absolute value) of Ni(Ritc), than that of Cu(Rdtc), is in as indicative for the metalligand bonding type, below we
agreement with the experimental formation enthalpies of the mainly discuss its vibrational behavior. Two bands due to the
complexes. However, this finding does not correlate with the v,{CS) modes and two bands due to th€CS) modes should
stability order of Ni(Efdtc), < Cu((Ebtdtc), established onthe  appear for M(Efdtc), in the 1066-920 and~900-800 cnt?!
basis of metal exchange reactions between divalent metal ionsregions, respective§ For Cp, symmetry, one of the,dCS)
and their dithiocarbamate complexes in DM&Because the  vibrations is IR-active (B, and the other one is Raman-active
two experimental techniques provide different results for the (Bg). Hence, in the IR spectra of Ni(flc), and Cu(Efdtc),
M(R2dtc), stability order, it could be suggested that (1) the only one va{CS) band should appear. On the basis of the
experiments need to be refined or (2) specific solvent interac- calculations, the intense IR bands observed at 993'dor
tions have a decisive effect on M{@Rc), stability. Ni(Etydtc), and at 996 cm! for Cu(Etdtc), are assigned to the
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TABLE 7: Calculated (Scaled, Scaling Factor= 0.985) Frequencies, IR Intensity r) and Raman Activity (Ara) of Ni(Etodtc),,
Cu(Et.dtc),, Zn(Etdtc), at B3LYP/B1 Level and Comparison with Experimental IR Spectra

Ni(Etzdtc) Cu(Etdtc) Zn(Etdtc),
calcd Can) calcd C1) calcd Can) expt calcd C1)
expt frequency lir/Ara expt frequency frequency Iir/Ara frequency | r/Ara solid soft:C: frequency |ir/Ara assignment

1518(Ag)  0/65 1478 1515  39/56 1514 (Ag) 0/59 1515 0/BECH3) + ¥(SC-N)
1495vs 1514(Au) 677/0 1505s 1472 1511 588/2 1511 (Au) 616/0 1508vs 1500vs 1513 39@1B) + v(SC-N)

1459(Ag)  0/40 1418 1455  65/33 1454 (Ag)  0/50 1450 SHSC—N)S + 6(CCH)
1435m 1458(Au) 374/0 1435s 1418 1453  307/9 1454 (Au) 378/0 1435s 1437vs 1450  BESIB-N)®S+ 5(CCH)
993s 995(Bu) 40/0  996s 996 991 44/0 989 (Bu)  44/0 995s 989s 982 BEIB ks

972sh  987(Bg) 0/20 974sh 974 982 0/37 981(Bg) 0/41 983sh 981 36D )

916 m 908(Bu) 20/0 916 m 905 907 22/0 907 (Bu) 23/0 916m 913s 906 21ECN) + v(CC)
906(Bg)  0/18 902 904 0/28 904 (Bg) 0/31 906sh 906 216CCN) + (CC)
846(Ag)  0/7 841 843 6/3 843(Ag) 0/3 850m  846s 840 25/LCS), + 6(SCS)+

5(CCH)

854 m 846(Au) 32/0 848s 838 842 41/1 842 (Au) 50/0 843m 839 #CS) + 6(SCS)+

3(CCH)

391s 378(Au) 126/0 355 375 65/5 364 (Ag) 0/16 400vs 392vs 390 781a—S)

381w 368(Ag) 0/2 360s 351 367 47/7 362 (Au) 107/0 379 /M —S)
361(Bu)  2/0 327m 314 321 2/0 315(Au) 29/0 335m 333m 320 3B(CCN)+ »(M—S)
331(Au)  1/0 312 319 17/0 311 (Ag) 0/4 314 0/3(CCN) + 6(SCN)+

r(M—=S)

aUnscaled frequencies from periodic DFT calculatidh&symmetrical bonding: CuS = 2.377, 2.330, 2.300, and 2.330 ASymmetrical
bonding: Cu-S = 2.359 A. Au, Ag, Bu, and Bg represent the irreducible representations of the normal ma@gsmolecular symmetry.

TABLE 8: Calculated Frequencies (Scaling Factor= 0.985), IR Intensity (I,r), and Raman Activity (Ara) of AgMe,dtc and
AgEt,dtc at the B3LYP/B2 Level and Comparison with the Experimental Raman Spectra

AgMe dtc AgEtdtc
unidentate bidentate exdR)™> unidentate bidentate
frequency Ir/Ara  frequency Iir/lra assignment 10 (uni-) 10°5(bi-) frequency |r/Ara frequency |ir/Ara
1504 117/64 1513 158/3 6(CHs) + v(CN) 1521m 1514 m 1490 69/52 1504 107/20
1462 5/32 1465 26/22 O(CHg) 1438w 1448 m 1471 9/18 1472 1/16
1377 132/154 1378 232/8 v(CN) + 06(CHy) 1386vs 1386vs 1425 112/82 1435 133/8
1367sh

1250 57/93 1274 64/3 v(NCg) + 6(CHs) 1238vw 1210 51/87 1212 62/1
1133 94/138 1152 35/11 6(CNC)+ 6(HCN) 1148 m 1148s 1134 90/153 1148 66/8
1055 18/4 1054 23/0 O6(CrNC) 1035vw 1045 m 1063 20/4 1067 23/3

1002 20/139 992 3/12

977 84/457 951 129/10 v»(C=S) 933w 935w 968 41/203 962 54/7

(C—Shs

O0(CCN)+ »(CS) 904 16/131 894 54/7

882 15/52 877 0/4 v(C—S)+ v(CrN) 850w 827 25/17 833 13/2
573 6/10 574 9/13 O(CrNCg) + v(CS) 559w 563 m 579 0/0 589 0/0
438 12/5 431 8/12 O(CNC)+ 6(SCS) 440vw 441 m 488 6/8 491 7/0
323 14/131 361 4/3 v(M—S) 340vw 340 m 337 4/48 378 217

vadCS) vibrations. However, shoulders at 972 drfor Ni(Ety- same situation was predicted for the symmetrical bonding (all
dtc), and at 974 cmt for Cu(Etdtc), are observed in the solid-  Cu—S bonds are equal, 2.359 A), and therefore the splitting of
state IR spectra of the complexes, and the origin of these v,{CS) absorption in the 1066020 cn1! region (if observed)
shoulders is not clearly understood. It was previously acceptedcould not be due to the asymmetrical A8 bonding as
that splitting of the main/,{CS) absorption up to 20 crhis previously accepted by Bonati and U#@*® Searching for a
indicative of asymmetrical dtc bondirfg.However, it was reliable explanation of the observed splitting, we performed
further shown that due to the absence of a degenerate mode iradditional geometry and frequency calculations simulating the
the highest possible symmetry of the ligand bonding tyfag ( asymmetrical bonding situation in the solid state with the
no band splitting should be expected dowrCpsymmetry in nonplanar Cugfragment as obtained from X-ray diffraction

the seriesC,,—C,—Cs—C;, and hence the splittings observed
come from interligand or intermolecular couplirf§s$:or a better
understanding of the observed shoulder of the madCS) IR

analysis. The solid-state structure simulation of Cedtl,
confirmed the splitting of the,{CS) band; calculated frequen-
cies are at 996 and 974 cm (Table 7). The solid-state

absorption peak in the solid state, we performed a series of calculations revealed that due to the broken Qpi8narity the
calculations modeling in addition asymmetrical, uni- and Raman-active’,d CS) component becomes also IR-active, and
bidentate bonding types. First, we simulated asymmetric bonding as a result a shoulder appears next to the ma{€S) IR band.

for Cu(Etdtc), with different Cu-S bonds, and a planar CuS  Hence, the splitting of the,{CS) band €20 cnT?) in the
fragment, and selected calculated frequencies are presented i1060-920 cnT! region (when observed) does not indicate-$1
Table 7. The calculated two componentsgf CS) absorption asymmetrical bonding in transition metal dtc complexes but
differ by up to 10 cmit in both C,, (symmetrical bonding) and  rather the nonplanar CySragment produced from intermo-
C; (asymmetrical bonding) structures of Cufdt),. The lecular contacts in the solid state. In solution (CH), the
calculated IR intensities and Raman activities for the last caseintermolecular contacts are not present, and the IR spectra of
revealed that one of the vibrational modes is IR-active (991 Ni(Et.dtc), and Cu(Eidic), complexes are in line with the
cm1), and the second one is Raman-active (982 %niThe enhanced complex symmetry and exhibit only one band in the
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Figure 4. Optimized structures and calculated IR and Raman spectra of (a) unidentatediglded (b) bidentate AgMetc.

vadCS) regiort® Such a vibrational behavior was predicted from
our calculations of the isolated Ni@gtc), and Cu(Eidtc),
complexes.

As already mentioned, in the relaxed Znfdt), structure
the angle A(S+Zn—S2) = 128, and the symmetry leans
toward tetrahedral, but the ultimate boundary case with A(S1
Zn—S4) = 109 is not achieved. The gas-phase frequency
calculations at the optimized geometry of Zn(#t), revealed
two IR-activev,{CS) vibrations at the same wavenumbers (982

cm™1), and therefore only one band should appear in the IR
spectrum of isolated Zn(Ettc),. The prediction for the isolated
Zn(Etdtc), molecule is consistent with the solution spectrum
pattern of Zn(Efdtc) where intermolecular interactions are
absent: One,dCS) band is observed at 989 chn(Table 7).

In the solid-state spectrum, however, one band at 995 amd

a pronounced shoulder at 983 chwere observed. The presence
of two bands in the’,{CS) region in the solid-state spectrum
of Zn(Etdtc), is explained by the presence of intermolecular
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TABLE 9: Selected Calculated Frequencies (Scaling Factor= 0.985) and IR/Raman Intensities (in Brackets) of Medtc,
Me.dtc—, and Cu(Me,dtc), for Different Molecular Symmetries at the B3LYP/B1 Level of Theory

Me,dtc Medtc™ bidentate Cu(Mgltc), unidentate Cu(Mgiltc),
C C D2n C C, assignment

1517 (157) 1499 (14) 1523,40/4) 1537 (0/8) 1519 (123/278) O(CHs) + ¥(CN)
1519 B, (705/0) 1534 (540/0) 1514 (702/77)

1388(216) 1333(136) 1401,40/7) 1415 (0/33) 1397 (17/180) (CN) + 6(CHg)
1396 By, (699/0) 1412 (416/0) 1392 (586/197)

1010 (102) 972 (320) 990.B(89/0) 979 (88/0) 962(20/867) 12dCS)
978 Byg(0/71) 967 (0/63) 969(16/4089) v2dCS)

913 (74) 886 (4/) 885 N0/5) 901 (0/32) 872(6/144) v{(CS)+ 0(SCS)
885 B3, (2/0) 901 (1/0) 873(4/551) v{(CS)+ 0(SCS)
351 Ay (0/7) 363 (0/11) 381 (3/3) v(CuS)
350 By (117/0) 361 (122/0) 302 (0/160) v(CuS)
291 By, (2/0) 308 (2/0)
260 Byg (0/7) 285 (0/14)

ay(C=S) b¥(C—S)

coupling of the vibrational modes of the dimer Zndt), units Therefore, the Raman activity of téN—CS,) frequency could
(as obtained from X-ray diffraction analysis), producing non- be used to discern uni- and bidentate bonding in AG&

degenerate frequencies for the two IR-actiyCS) vibrations'? DFT frequency calculations of unidentate Agi complexes
The strong bands observed in the solid-state IR spectra Ofpredict they(C=S) and»(C—S) vibrations to appear at 977/
Ni(Etzdtc), at 854 cmi?, of Cu(Etdtc), at 848 cm’, and of 882 et for R = Me and at 968/827 cni for R = Et (Table
Zn(Etdtc), at 850 and 843 crt are assigned te(CS) modes. 8). Conversely to the common expectation, the low@=S)
As seen from Table 7, the vibrational behaviongfCS) modes and higherv(C—S) frequencies for AgMgltc than those for
for the complexes studied follows thatef{CS) ones discussed AgEtdtc should mean stronger Ag,(Medtc) bonding, in
above. ) ) ~ agreement with the predicted binding energies (Table 4). In the
~ 3.4.2. Vibrational Patterns of Uni- and Bidentate dtc Bonding .5se of unidentate bonding in AgRc, the calculations suggest
in MRxdtc (M = Ag(l) or Cu(ll); R = Me or Et). First, the Voes — ve_g) = 94 cnTt for R = Me andA(ve—s — vc_s)
vibrational patterns of uni- and bidentate bonding of dtc were —'147 cny1for R = Et. It should be noted that for AgMetc
studied in a 1:1 model for Agiltc complexes (R=Me or Et). - ,5,c=5) andi(C—S) frequencies are consecutive, whereas
The V|brat|qnal anglyss was mainly fpggsed on the positions ¢, AgEtdtc thed(CCN) vibration appears between th€C—
and the IR intensities and Rama_n act|V|t|esv(1|f_J—_C:SZ_), Vas S) and they(C—S) frequencies and makes an impressiom-of
(CS),v(CS), andv(AgS) frequencies as potential indicators of - c_g) pang splitting. A symmetrical bidentate bonding in

the bonding type of the dtc ligand. Selected calculated vibra- AgRudtc produces{CS) andv{(CS) vibrations at 951 and 877
tional frequencies of the Aglltc complexes are given in Table et for R = Me and at 962 and 833 crhfor R = Et (Table

8. Full vibrational analysis was performed, and the data are given8 . . :
) . . e . As compared to the unidenate Agie bonding, the bidentate
in the Table 2S of the Supporting Information. The optimized 21e gives glightly smaller values oi(vas — v :g 75 enr for

structures and the calculated IR and Raman spectra of uni- andg — Me and 129 cm’ for R = Et. According to the calculations

bidentate AgMedic are given in Figure 4. the v,{CS) vibration is strong to medium in the IR spectrum

Thev(N—CS,) frequency behavior in the Mdtc complexes - L
K ! : . - and weak in the Raman spectrum, whereag/t@eS) vibration
was used previously (i) to predict the-Mltc bonding type (uni is only Raman-active for R= Me and both IR- and Raman-

or bidentate) and (ii) to trace the effect of the N-substituent on ~_° : . .

the M—L intr)eracticgn) strength: Higher(N—CS,) frequencies active for R=Et. L_|ke qmdenate Agltitc, for bidentate Agkt

of M(Et.dtc) in comparison with that of M(Mseltc) have been dic, thed(CCN) ylbra'_[lon should appear between hg(CS)

related to stronger MEtdtc interactiong?° We will show a.rg)d thevsl(CS)Iv@ratlon (T(‘;’lble 8&' Ir(; Zummary, og; DfFT
: : vibrational analysis predicted one band due to#=S) o

below that both correlations are doubtful. According to the unidentate AgMadtc bonding or one due to theCS) of

model calculations for both uni- and bidentate bondings, the . R PR
Y(N—CS,) and 6(CHz) modes remain strongly coupled, ruling b%e_n;at;e AgMgdtc.bondlir:.gfjtlr:jtSe 10669210 ﬁm reggn, the
out the possibility of finding correlation and estimating the *(C=S) frequency is upshifted by-&7 cn* thanvaCS) one.

ligand bonding type (the bands at 1504/1377 and 1490/1425 | n€refore, the number of the bands in this region is not
cm-! for unidentate and 1513/1378 and 1504/1435 Efor indicative of uni- or bidentate bonding in AgtRc. In the 906
bidentate AgMeitc and AgEidtc). The calculations predict that 800 €M * region, onev(CS) band for uni- or oneg(CS) band
the(N—CS,) vibrations of HMedtc and HE#dtc should appear ~ fOF bidentate AgRdtc is expected at nearby positions.

at 1388 and 1439 cm, respectively. Obviously, the higher The calculations suggested further that important vibrational
(N—CS) frequency (second one) of tc could not originate characteristic that can be used to discern uni- and bidentate
from stronger M-Etydtc interaction, as accepted previously; it bonding in the 1068920 cnt* region is the Raman activity of

is rather an intrinsic ligand property caused by the N-substituent the »(CS) band: It is very high for the unidentate Agfc

(Me or Et). Hence, the position of th§N—CS,) frequencies bonding ¢(C=S) vibration) and low for the bidentate Ag&c
could not be used to distinguish the uni- and bidentate bonding bonding ¢2{CS)) (Figure 4). Therefore, Raman and surface-
types as well as to estimate the-Mdtc interaction strength. Our ~ enhanced Raman spectroscopy have been applied successfully
calculations revealed, however, that the Raman activity of the to distinguish uni- and bidentate geometries of ziram on a silver
»(N—CS) band varies significantly going from uni- to bidentate  surface It should be mentioned that the Raman activity of
AgR.dtc bonding. For unidentate Agé&c complexes, the the bands due to the bending HCN and CNC vibrations in the
Raman activity of thev(N—CS) vibration is high, and it 1130-1150 cn1?! region is also significant for unidentate
significantly decreases for the bidentate AdiR complexes. complexes and strongly decreases in bidentate ones (Figure 4).
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The v(AgS) frequencies of unidentate AgiRc complexes,
calculated at 323 cmt (R = Me) and 337 cm! (R = Et), are
at lower frequencies than those of bidentate AdjRcomplexes
(361 cnt! (R = Me) and 378 cm! (R = Et)). The IR intensity
of v(AgS) is low. However, high Raman activity of tréAgS)
frequency for unidentate bonding and low Raman activity for
bidenate AgRdtc bonding are found (Figure 4). Hence, the

Fraquency, cmi-1}
Figure 5. Optimized structures and calculated IR and Raman spectra of (a) unidentate @ejvend (b) bidentate Cu(Mdtc),.

symmetries. The bidentate Cu(hdkc), complex inD2, andCy
symmetries reveals a planar-§—N—C fragment. The more
stableC; structure (by 1 kcal/mol) is a minimum, and it differs
from the D, structure by the asymmetrical location of the £H
groups. In that case, the bidentate Cugtite), bondings inDz,

and C; symmetries revealed the same trendv(f—CS), v-
(CS), andv(CuS) frequencies and intensities. On passing from

(AgS) frequency and its Raman activity can also be used asMe,dtc and Medtc™ to the bidenate Cu(Metc), bonding, the

indicators of the dtc bonding type in the metal complexes.

r(N—CS) frequency is blue-shifted, indicating an increase of

Further, the vibrational behavior of uni- and bidentate bonding the carbor-nitrogen double bond character. Because the Cu-

of Rodtc is studied for Cu(ll) dtc complexes, using Cu@e
dtc), in the Cu/Medtc = 1:2 ratio. The calculated(N—CS,),

(Mexdtc), complex consists of two ligands, pairsigfN—CS,),
(CShs ¥(CS), andv(CuS) frequencies are suggested from the

v(CS), andv(CuS) frequencies of Mdtc, Medtc™, and Cu(Me- calculations. The bidentate bonding reveals that for each pair
dtc), are presented in Table 9. The calculated IR and Ramanone frequency is IR-active, and other one is Raman-active.
spectra of uni- and bidentate Cu(pdiéc), are given in Figure Hence, in the IR spectrum of bidentate Cughlte),, one narrow

5. To estimate the effect of molecular symmetry on the »(N—CS) (1534 or 1412 cmt), onev,{CS) (979 cm?), and
vibrational pattern, the vibrational calculations are performed onev(CuS) (361 cm?) band should appear (Figure 5). Due to
for bidentate bis-Cu(Mgltc), in the highesD,, and lowesiC, the low IR and Raman intensities, thg(CS) band is not
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indicative. Generally, the frequencies of the bidentate Cy{Me
dic), show low Raman activity. The unidentate bonding

Georgieva and Trendafilova

and bidentate bondings in Agékc complexes, one band in the
1060-920 cnt! IR/Raman region is expected (due=S)

produces two almost degenerate frequencies with IR and Ramarand v,{C—S) vibrations, respectively), (i) for the unidentate

activities for each vibration. Hence, broad bandsiipi—CS,),
(C=S), andv(C—S) modes of unidenate Cu(M#c), are

Cu(Mexdtc), complex, both/(C=S) frequencies are degenerate,
both are IR- and Raman-active, and therefore one br{@e-

expected. In contrast to the low Raman activity for the bidentate S) band should appear, and (iii) for bidentate GaR), one

bonding,»(N—CS,) (»(C=S) (962 cm?), »(C—S) (875 cnm?),
and»(Cu—S) (302 cntl) show high Raman activity (Table 9
and Figure 5). Therefore, the vibrational study of uni- and
bidentate Cu(Mgltc), complexes confirmed the trends obtained
for uni- and bidentate AgMeltc: high Raman activities far-
(N—-CS), »(CS), andv(CuS) bands in the case of unidentate

va{CS) band is IR-active, the other one is Raman-activex(

10 cnT?), and hence a shoulder of the maig(CS) band is
expected to appear when the symmetry lowers. The number of
bands in the 1066920 cnt?! region is not indicative of the

M —Rqdtc bonding type because one band is predicted for both
uni- and bidentate bonding of dtc as well as for symmetrical

bonding and low Raman activities in the case of bidentate and asymmetrical MS bondings. Periodic frequency calcula-
bonding. The calculated spectra of uni- and bidenate complexestions for Cu(Etdtc), showed that splitting of the maindCS)

reveal similar values oA (ve—s — vc—s/vas— vs) =70—80 cnml,

The comparison of the vibrational behavior of ildl—CS;),
v(CS), andv(CuS) modes of the bidentate Cufiit), complex
to those of the Cu(Mgltc), complex showed only one excep-
tion: The band next to the,{CS) band (which should appear
at~900 cnT?) is attributed to thes(CS) vibration for Cu(Me-
dtc), and to thed(CCN) vibrations for Cu(Edtc). ThevsCS)
vibrations of Cu(Eidtc), appear at a lower frequency, 840t
hence, the frequency differenca&(fs — vag) of Cu(Ebdtc), is
larger (~150 cnTY) than that of the Cu(Mgltc), complex (50
cm ).

4, Conclusions

The reliability of the DFT/B3LYP method (with 6-31+G-
(d,p) for the ligand atoms and 6-31G(d) for Ni(ll), Cu(ll),

band is an indication of the nonplanar Mfagment due to the
intermolecular couplings.

Uni- and bidentate AgMgltc and Cu(Medtc), complexes
produce a similar splitting of the(CS) bandA(vc=s — vc-¢
vas— vs) = 70—90 cnT?, whereas uni- and bidentate Agéfc
and Cu(Etdtc), complexes give a larger splitting of th€éCS)
bandA(vc=s — vc-g/vas — vs) = 120—140 cntl. In the case
of metal complexes of Edtc, they(C=S) andv(C—S) as well
asv,dCS) andv{(CS) frequencies are not consecutive; the
(CCN) vibration appears between them and makes an impression
of splitting of thev(CS) band.

The most important vibrational characteristic that can be used
to discern uni- and bidentate bonding of AgiR and Cu(R-
dtc), complexes is the Raman activity of thg(CS) ¢(C=S))
band in the 1066920 cnt? region: It is very high for the
unidentate bonding and low for the bidentate bonding. A similar

and Zn(ll) ions) to predict the geometrical parameters and spin yend is observed far(N—CS), vs(CS), and(MS) bands, and

state of metal complexes ob&c (R= H, Me, or Et) is verified

they also could be applied as indicators of the Rbdtc bonding

by virtue of available experimental geometries. Gas-phasetype_

optimization of Cu(Efdtc), reveals symmetrical MS bonding,
whereas the periodic DFT calculations (including unit cell
parameters) lead to asymmetricaH® bonding in agreement

Acknowledgment. The authors are grateful to the reviewer
for the constructive recommendations that improved the quality

with the experiment. The results obtained showed more of the paper.

complicated correlations for M(H)R.dtc bonding in M(Rdtc),
complexes than M(RIitc)t ones. According to the EPA calcula-

Supporting Information Available: Full list of experimen-

tions, the electrostatic attraction is the dominant contribution tal and calculated vibrational spectra of Nidft),, Cu(Etdtc),

to the M—S,(Rodtc) bonding. The orders of the electrostatic

and Zn(Etdtc), at the B3LYP/B1 level and calculated vibra-

attractions and the orbital interactions follow the trend of the tional spectra of Ag(Mgltc) and Ag(Eidtc) at the B3LYP/B2
total binding energy, revealing that both contributions are |evel. This material is available free of charge via the Internet

responsible for the binding energy order. The calculateelM
binding energy decreases in the orderIS; (Ni(R.dtc)) >
Zn—S; (Zn(Rudtc)) > Ag—S, (AgRqdtc) > Cu—S; (Cu(R-
dtc)). The calculatedr-back-donation is very small, and the
o-donation is the dominant contribution to the donacceptor
interaction in Ni(Rdtc),, Cu(R.dtc), and Zn(Rdtc), complexes.
The calculated formation reaction energies of M),

complexes in the gas phase and solution showed (i) a decrease’

of the stability in the order Ni(Rltc), > Cu(Rdtc) > Zn(Rx-
dtc), (ii) a slightly larger stabilization of M(ktlitc), complexes
than that of M(Medtc),, and (iii) a stabilization of M(I)(R-

dtc), complexes going from the gas phase (nonpolar solvent)

to a polar solvent and destabilization of the bidentate AR

in a polar solution. The calculated formation reaction energies
are in agreement with available experimental data. According

to the calculations in solution, Ni(ll) is the metal that most likely
should inhibit the transformation reaction of dtc in soil followed
by Cu(ll), Zn(Il), and Ag(l).

The results from the theoretical (DFT) vibrational study of
uni- and bidenate bonding inBc metal complexes for the
M(I)/R2dtc ratio= 1:1 (AgRedtc) and for the M(Il)/Rdtc ratio
= 1:2 (Cu(Rdtc),) showed the following trends: (i) For uni-

at http://pubs.acs.org.
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