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A GRADIENT-CORRECTED HYBRID HF-DFT STUDY
OF STRUCTURE AND VIBRATIONAL SPECTROSCOPIC
PROPERTIES OF THE DICHLORODIOXOCHROMIUM(VI)
COMPLEX WITH 1,10-PHENANTHROLINE

Ljup¢o Pejov, Mira Trpkovska, Bojan Soptrajanov

Abstract:In order to get a more exact basis for the band
assignments in the case of dichlorodioxochromium(VI) complex
with 1,10-phenanthroline (especially regarding the order of
appearance of the antisymmetric and symmetric CrO, stretching
bands) a quantum chemical study of this system was carried out.
Two levels of theory were employed — the HF/6-31++G(d,p) and
the density-functional-theory-based (DFT) method B3-LYP/6-
31++G(d,p). Full geometry optimizations of the title complex
were carried out, employing Schlegel's gradient optimization algo-
rithm. Harmonic vibrational analyses of the stationary points loca
ted on both potential energy hypersurfaces were subsequently
carried out in order to test their character and to compute the
harmonic vibrationa frequencies of the complex. Predictions of
the ab initio and DFT quantum chemical approaches regarding the
order of appearance of the antisymmetric and symmetric CrO,
stretching bands in the case of the studied complex were compa-
red to the cases of analogous 2,2-bipyridine and 2,2-biquinoline
complexes containing the CrO, group, which were previously
studied by us[1-6].

Key words: vibrational spectra; hybrid HF-DFT methodol ogy;
dichlorodioxochromium(V1) complex; 1,10-phenanthroline; CrO,
stretching vibrations
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1. INTRODUCTION

Some time ago, while spectroscopicaly studying the MO,Cl, (M e {Cr,
Mo, W}) complexes with 2,2-bipyridine [1], a clear trend was observed con-
cerning the separation between the bands originating from the essentially pure
O=M=0 stretching modes (groups of bands rather than single ones were ob-
served). The separation was largest in the case of the tungsten compound and
smallest in that of chromium (it should be borne in mind that the W atom has
the largest and the Cr one the smallest mass). If the OMO group is likened to a
triatomic molecule, if its vibrations are treated classically (and independent of
the rest of the molecule) and if the OMO angle is 90 °, the symmetric stretching
frequency should not depend on the mass of M. Although the above-mentioned
angleis not (and is not expected to be) 90 °, the antisymmetric OMO stretching
frequency should be more mass-dependent than the symmetric one. The pre-
liminary ab initio calculations (performed at the HF SCF level of theory)
showed that the symmetric stretching frequency in the case of the tungsten
compound is higher than the antisymmetric one and an anal ogous situation was
encountered in WO,(H,N-CH>-NH,)Cl, and WO,(NH5),Cl, — two hypothetical
compounds modelling the experimentally studied WO,(bpy)Cl,. However, our
later work (at a higher level of theory) [5] showed that for both CrO,(bpy)Cl,
and CrOy(H,N—CH>—NH,)Cl, the calculated value of the symmetric stretching
OCrO frequency is lower than that of the antisymmetric stretch. Thus it ap-
peared to be advantageous to check whether the situation would be analogous
in the case of the CrO,Cl, complex with 1,10-phenanthroline — aligand similar
to 2,2-bipyridine but larger than it. This was done by performing a gradient-
corrected hybrid HF-DFT study of CrO,(phen)Cl,. An additional gain from
such a study would be to have a complete set of assignments for the ligand vi-
brations although the exact frequency values may not be extremely precise, a
feature characteristic for all DFT computations and rectified by scaling with an
appropriate factor. In order for such a scaling to be meaningful, however, a set
of experimental frequencies must be available. Unfortunately, our attempts to
synthesize the complex were not entirely successful so that at this point a com-
parison between the calculated and experimental frequencies could not be
made. To circumvent this obstacle, the calculated frequencies were compared
with the experimentally available frequencies for other 1,10-phenanthroline
complexes [7, 8] and with the data for free phenanthroline [9].

As for the choice of the quantum chemical approach, we believed that
for the problem in hand the most efficient way isto employ not the simple DFT
method but a gradient-corrected hybrid HF-DFT one. The reasoning behind
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such a choice was that pure DFT methodologies do not account properly for the
exchange interaction component of the functional.

2. COMPUTATIONAL DETAILS

The present theoretical study was performed employing two levels of
theory to treat the electronic structure problem. The first approach was the sin-
gle-determinantal Hartree—Fock (HF) one, with the 6-31++G(d,p) basis set used
for orbital expansion. However, it has been shown that the HF theory system-
atically neglects the dynamical electron correlation effects in multi-electronic
systems, which leads to systematic overestimation of the values of the harmonic
vibrational frequencies computed from the Hessian matrices corresponding to
minima of the studied potential energy hypersurfaces (PEHS). Therefore in the
present study we have also adopted a second methodology, which circumvents
the previously elaborated problem with respect to both the dynamical electron
correlation effects and the exchange component of the overall energy for a
many-body fermionic system. This methodology was based on the Kohn-Sham
variant of the gradient-corrected hybrid HF-DFT approach. For the purpose of
this study, Becke's three-parameter adiabatic connection exchange functional
(B3 [10]) was used in combination with the Lee-Y ang—Parr correlation func-
tional (LYP[11]) — the methodology known under the acronym B3-LY P, often
written simply as B3LYP), with the same basis set as in the case of HF ap-
proach. Full geometry optimizations of the dichlorodioxochromium(V1) com-
plex with 1,10-phenanthroline were performed with the Schlegel’s gradient op-
timization technique (computing analytically the second derivatives of energy
with respect to the nuclear coordinates [12]). The characters of the stationary
points located at the molecular PEHs were tested with harmonic vibrational
analyses. The absence of imaginary frequencies (negative eigenvalues of the
second-derivative matrix) confirmed that both of them correspond to real min-
ima (rather than to saddle points). Within the density functional calculations,
the Kohn—Sham equations [13] were solved self-consistently using the previ-
ously mentioned basis sets for orbital expansions, and the (99,590) grid for nu-
merical integration (99 radial and 590 angular integration points).

All quantum chemical calculations were carried out with the Gaussian
98 series of programs[14].

IIpunosu, Onp. mat. Tex. Hayku, XXVII-XXVIII, 1-2 (2006-2007), ctp. 7-16



10 Lj. Pgjov, M. Trpkovska, B. Soptrajanov

3. RESULTS AND DISCUSSION

Due to its potential relevance to the spectroscopic problems which are
still open, the first task of this computational work was to determine the opti-
mized geometry of the CrO, fragment and its closest neighborhood in the stud-
ied system.

Although no symmetry restrictions were imposed during the geometry
optimizations, the minima located at molecular PEHs corresponded to C,,
symmetry. The calculated relevant geometric parameters for the studied com-
plex are summarized in Table 1. The main geometrical features are the non-
linearity of the CrO, group, the OCrO angles exceeding considerably the 90 °©
value and being, instead, closer to the tetrahedral one. It should be noted that
the calculated value of the OCrO angle in the present case is dlightly larger than
the value of the OWO one derived in [2]. Thus, accounting for our previous
results in this field, a general conclusion may be derived for the structure
around the central Cr atom. Namely, the inclusion of a more massive aromatic
system as a complexing agent leads to an increase of the Cr-O distances, and a
simultaneous decrease of the Cr—Cl and Cr—N distances, accompanied by a
dlight increase of the OCrO angle. Since the mass of the ligand in the presently
studied complex is even higher than that of 2,2'-bipyridine, the effects are ex-
pected to be even larger in the case of CrO(big)Cl..

The optimized geometry of CrO,Cl,(phenanthroline) calculated at the
B3-LYP/6-31++G(d,p) level of theory (i.e. the geometry corresponding to the
minimum on the studied PEHS) is presented in Fig. 1.

Fig. 1. The optimized geometry of CrO,Cl,(phenanthroline)
at the B3-LYP/6-31++G(d, p) level of theory
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Table1

Optimized geometry parameters of the studied system calcul ated
at B3-LYP/6-31++G(d,p) level of theory
(all distancesin angstroms, anglesin degrees)

Parameter HF B3-LYP
r(Cr-0) 1.582 1579
r(Cr—Cl) 2.368 2.355
r(Cr—N) 2.232 2.189
r(N-C) 1.483 1.358
r(C-C) - 1.476
r(N-H) 1.022 -
r(CH) 1.089 -
Z(0CrO) 111.8 110.3

Z(ClCrCl) 157.2 152.4
Z(NCrN) 63.1 72.9
Z(NCN) 102.4 —
Z(CNCr) - 117.8
Z(NCC) - 115.6

To address the spectroscopic problems related to the title species, we
have performed a harmonic vibrational analysis of the minima located on the
studied PEHs. The frequencies of the most relevant modes connected to the
CrO,Cl, fragment for the studied system are given in Table Il (the presented
values have been obtained without any empirical scaling). Comparisons with
our previously published data for other similar systems of this type [5] imply
that upon the increase of the ligand mass and/or size, the antisymmetric and
symmetric v(OCrO) modes shift to lower frequencies, while the §(OCrO) mode
shifts to higher frequencies. It isimportant to note that, contrary to our previous
results regarding the WO,(bpy)Cl, system, in the present case the antisymmet-
ric v(OCrO) mode appears at higher frequencies than the symmetric one, an
order which is more frequently observed in molecular spectroscopy. Data on
two phenanthroline modes (to be discussed later) are also included in Table 2.
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Table 2

Harmonic vibrational frequencies and IR intensities for the most relevant
modes involving the OCrO group within the studied system (all calculations
were carried out with the 6-31++ G(d,p) basis set)

Mode HF B3-LYP
Wavenumber I Wavenumber I
cm™* km mol ™ cm™* km mol ™
vas(OCrO) 1033.2 155.8 1165.8 120.3
v {(OCrO) 1020.1 1104 1140.2 98.3
8(0OCrO) 459.3 4.7 520.4 3.2
Viekus(CC) 1090.8 8.2 1112.3 7.5
v(CC) 1048.7 8.0 1089.5 6.5

In Table 3 the harmonic vibrational frequencies of selected other rele-
vant modes, primarily those localized in the phenanthroline aromatic part of the
complex, are presented. In this Table, the experimental IR spectroscopic data
for phenanthroline taken from Ref. [9] are also shown.

As can be seen, the agreement between the harmonic vibrational fre-
guencies obtained by the two methodologies in the present study and those ob-
tained by other DFT-based methodologies [9] is very good. This may be attrib-
uted to the fact that most of the localized vibrational motions within the phe-
nanthroline unit are only dslightly affected by complexation, due to the rather
rigid structure of this chelate ligand. The complexation effects on these modes
are comparable to the solid state effects on this molecular system [9].

In our previous studies of various benzene ring-containing systems, we
have paid particular attention to the reminiscent of the mode known as “Ke-
kulé-type vibration” within this ring [15, 16]. This particular vibration (the vi4
mode of B,, symmetry in benzene according to Wilson’s notation [15, 16]) has
long been recognized as a multiconfigurational problem within the language of
the electronic structure theory [15, 16]. Therefore it has been especidly inter-
esting to test the performances of various methods based on the density — func-
tional theory with respect to the prediction of the exact position of this mode in
the vibrational spectrum.
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Table 3

Harmonic vibrational frequencies of selected relevant modes, primarily
those localized in the phenanthroline aromatic part of the studied complex,
together with the experimental IR spectroscopic data for phenanthroline taken
from Ref. [ 14] (all calculations were carried out with the 6-31++G(d,p) basis
set). The presented values were scaled by standard scaling factors
for the corresponding levels of theory

Wavenumber / cm™

Modeno.”  Symmetry HF B3-LYP  Experimenta?
52 A 1600.2 1622.1 1616
51 B, 1584.1 1603.8 1599
50 A 1580.0 1599.3 1586
49 B, 1544.2 1571.2 1560
48 B, 1478.3 1498.5 1493
47 A 1495.6 1512.3 1503
46 A 1427.2 1455.2 1447
45 B, 1400.0 1428.3 1422
44 B, 1395.6 1412.8 1405
43 A 1375.8 1395.8 -
42 A 1322.1 1355.6 1345
41 B, 1300.8 1325.2 1312
40 A 1278.3 1301.3 1295
39 B, 1254.3 1296.3 1268
38 B, 1201.2 1224.9 1217
37 A 1190.7 1212.9 1204
33 A 1090.8 1112.3 1096
31 A 1048.7 1089.5 1034

2Datataken from Ref. [9]; ® Reminiscent of the Vkekuie( CC) mode.
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Besides the "Kekul€" mode, the v, (Byg) vibration (the ring puckering
mode), corresponding to a ring torsional motion, has also been shown to be par-
ticularly sendtive to electron correation effects and to the basis set size [15, 16]. It
has been demonstrated that even the MP2 methodology with the 6-31G(d,p)
basis set fails to describe these modes correctly, and much larger basis sets of
TZ2P + f quality are required for the successful treatment of this problem. On
the other hand, the BLY P methodology has proven to be capable of handling
both of these vibrations with sufficient accuracy, implying a correct description
of the correlated density provided by this gradient-corrected DFT method [15,
16]. In the present case, on the basis of the B3-LYP/6-31++G(d,p) vibrational
analysis, the “Kekulé-type” vibration in the studied system appears at signifi-
cantly higher frequencies than in the free benzene molecule. As the frequency of
this mode is not expected to be significantly affected by mono- and disubgtitution in
the benzene ring [15, 16], oneisleft with the conclusion that the presently employed
method does not describe properly this multiconfigurational mode.
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Pesume

N3YYYBAIBE CO TPAIJMEHTHO KOPUTUPAHA XUBPUJIHA HF-DFT
METOJOJOI'NJA HA CTPYKTYPATA U BUBPAIITMOHUTE
CIIEKTPOCKOIICKHN KAPAKTEPUCTUKHN HA KOMILJIEKCOT
HA JTUXJTOPOINOKCOXPOM(V]) CO 1,10-CPEHAHTPOJ/INH

Bo o6up ma ce mojme 1o MOTOYHA OCHOBA 3a aCHTHAIMja Ha JIEHTUTE BO WHQpamp-
BEHHOT crniekTap Ha guxiopopuokcoxpoM(VI) kommiaekcor co 1,10-penantponun (ocobe-
HO BO OJHOC Ha PefoCieioT Ha MOjaByBalke Ha JICHTUTE Off aHTHCHUMETPUYHATA U CHMe-
TpuuHaTa CrO, BaJICHTHN BUOpAIVH), U3BPIICHO € KBAHTHOXEMHICKO M3yUyBame Ha OBOj
cucreM. bea kopucrenu aBe HUBoa Ha Teopuja: HF/6-31++G(d,p) u MmeTopaTa Ga3upana Ha
TeopujaTa 3a (pyHKIHOHaAN Ha ryctuHata (DFT) B3-LYP/6-31++G(d,p). M3Bpiiena Gemre
[eJIOCHa ONTHMU3alyja Ha U3y4yBaHNOT KOMIUIeKc, Koprucrejku ro lllnerenosuoT rpanu-
C€HTeH ONTHMH3alMOHEeH anroputaM. I[loToa Gea W3BpIIEHH XapPMOHUCKU BUOPAIMOHU
aHaJIM3M 32 CTaIOHAPHUTE TOUYKYU Ha ABETE XUIEPIOBPIINHY Ha NOTEHIWjajlHATa EHePrH-
ja. OBa Gelle CTOPEHO 3a jla Ce TeCTUpa KapaKTepOT Ha OBHE TOUYKH M JIa ce mpecMeTaaT
XapMOHNCKHTE BHOpalyoHN (hpeKBEHIMH Ha KOMIUIEKCOT. IIpeBuayBamara 3a pefocie-
IOT Ha MOjaByBame Ha JICHTUTE Off ABeTe BajeHTHU BubGpanuu Ha CrO, pparmMeHTOT 106H-
€HM Bp3 OCHOBa Ha ab initio m DFT KBaHTHOXEMHUCKHUTE PUOAHU Oea CIOPENeHN CO pe3y-
TaTUTE TOOWEHN 32 AHAIIOTHUTE KOMIUIEKCH €O 2,2'-OunupuuH u 2,2'-ONXuHOINH.

Knyuynn 36opoBu: BuOpaiyonu cnekTpu; xubpugaa HF-DFT meTofonoruja; Kom-
mwiekc Ha puxaoponuokcoxpom(V1); 1,10-benantpomnun; CrO, BaJleHTHU BUOpaIu
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