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Abstract

Phenolic compounds generally have special smell aadeasily soluble in water, organic solventsafadts, esters, chloroform, ethyl
acetate) and in alkali. Phenols produce colouradptexes with heavy metal ions, such as with chromian. The molecular details
underlying the cross-linking mediated by transitioetal ions are largely unknown. Using HF/DFT hgibapproach B3LYP, this study
examines the structure, binding energy, spectraseoql electronic properties of complex formed ty attachment of €rwith a catechol
ligand. Our study shows that the binding ofQwith the catechol ligand is not as strong as thelibg of other metal ions with
catechol.The calculated FTIR spectra show strongiénsities due to large charge polarization. UheVis absorption spectrum of the
tris-catecholato-Gfcomplex shows a clear ligand-to-metal charge teandhe calculated electronic band gap is 4.06 #ithvis in the
range of transition metal ion tris-catechol compExThermodynamic properties studied in this wdrkws that the metal ion-ligand
binding energy (532.99 kcal/mol) is close to thokthe hexa-aqua complexes (ranging from 540 toksB®mol).
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[. Introduction compounds and widely used as the color matter & th

analytical determination reactions. The structurad

Catechol is one of the phenolic compounds known £ . X ;
o ; pectroscopic properties of the tris-catecholatSeBmplex,
pyrocatechol or 1,2-dihydroxybenzene with the molec which are known to play a central role in many ctioation

formula GH4(OH),. This colourless compound occurs : - 10 . .
GHa(OH), P cross-links, were examin€d™. Previous computational

g:;t;rgrlilﬁcg :g?gsir?mdg#rqitﬁé mzt?::eﬁonrrﬁ:;iceht?jlblzm stut_:hes on Cﬁ*—cateqholato complexes_ mqlude mol+ecular
materiald orsbltal (MO) ca_lculatlon_s for the [M(cal) series (M:C_ﬁ‘ or

' V®) and density functional theory (DFT) calculatiofus
Transition-metal ion complexes with catechols ars i[Cr(tren)(3,6-dtbc)] and its oxidized analogtfe In case of
derivatives have attracted considerable attenterabse of tris-catecholato-metal ion complex, one set of Ipa# (one
their potential use as conductive or magnetic na#ror from each O) is often delocalized into the p oibiththe
biologically active compounds For instance, effective structure of the tri-catechol ligands which giveserh
cross-linking strategies are provided between mete and selectivity to form strong metal-catechol compleasswell
catecholic amino acid dopa coordination (3,4as makes them attractive candidates for their egidns in
dihydroxypheylalanine) in mussel foot protein 1 frif) pharmaceutical industri€s Apart from the structural
chains by the tris-catecholato¥ecomplexes in mussel analysis, the theoretical studies for the charaaton of
byssus cuticlé®. Coordination complexes form cross-links,oxidation of chromium states in tris-catechol aseer For
when each of the two or more ligands donate a mmaling this reason, we have studied the structural, thdymamic,
electron pair to empty orbitals in a transition aheibn. spectroscopic and electronic properties of the - tris
Because of their high stability and rates of foiorgt catecholato-C¥ complex using HF/DFT hybrid approach
coordination-based cross-links have been propaseddow B3LYP.
certain biological structures with a number of dasle :
material pr(?perties, including triggered self-asslym 1. Computational Method
increased toughness, self-repair, adhesion andHzginess We have studied the tris-complex of*Cwith catecholate
in the absence of mineralization and mechanicadkity. ligand (Fig. 1). All calculations were done by B3RY
Natural products such as dark chocolate, blackdetiee, method*with the 6-311G(d,p) basis sets in gas phase using
etc. have got many polyphenolic antioxidants. ltwiell ~Gaussian 09 progrdm GaussView 5.0.8 was used for the
known that these compounds react with free radiadsthe visualization of the structure and simulated vilonaédl
product is more stableThey will stop the chain reaction of spectra. Geometry optimization of individual spedigand,
free radicals and damage DNA and protein whichase metal and complexes were performed. Geometry opaimi
important in our body. In some studies related le t tion was taken to be converged if the maximum atdiarice
biosensor, electrochemical biosensors, membranel amwas smaller than 0.00045 Hartree/Bohr. No symmeftg
polymeric materials including the catechol compotlrade imposed in all the calculations. After optimizindnet
been carried out. One of the most important a@twiof the geometry of the coordination complex, the metadtid
catechol is the ability to compose a compound Withiron  binding energy was calculated“as
ions”®. Although catechol is a simple molecule, the campl

compound formed by three catechol with*'Q@as shown in (Ecomplex_ Ereta™ E!igand)
the Fig. 1) can express different significahchis molecule AE=-
is well known in the metal-ligand type of the organ 3
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Whereg,, ., E e @Nd Eq,, are the energies of the tris- cr.o.c, (.,_,_'S). All the O-CF™-O angles, however,
catecholato-C¥ complex, the metal ion and catecholatgluctuate ~significantly from their average valuest o

ligand, respectively. ThereforeAE refers to the binding
energy per ligand.

The IR spectra of the tris-catecholato*Ccomplex were
calculated by performing frequency calculationsngsthe
analytic gradient and Hessian. The vibrational destties
were scaled by a factor of 0.9668, which produceddg

approximately 90°. The preserd ois close to those

Cr3+_
previously calculated for the hexa-aqua complexishe
metal ions ranging from Ti to E®

Calculated IR spectrum of the tris-catecholatd:@omplex
is shown in the Figure 2. Two intense peaks hayeaed

agreement with the experiment for a wide range ot 1260 and 1476 cfnEach of these two major peaks has
system&’. Electronically excited state calculation wagPriginated from an in-plane deformation mode invdgvthe

carried out to find the UV-Vis spectra of the tcatecholato-
Cr** complex. The vertical excitation energies wereaistad

C-C and C-O stretching and the C-H bending of dailzte.
Only two out of three catecholate groups are alstive

using the time-dependent DFT(TDDFT) at the level ofnvolved in these modes of vibration.

CAM-B3LYP*6-311+g(d,p) where
optimization was done first.

I1l. Resultsand Discussion

The structural parameters of fully optimized tregecholato-

Cr¥*complex (as shown in Fig. 1) are presented in Table

The metal ion and oxygen atoms are 2.02 A apart

average. The O-GrO angles are 90.1° on average

indicating almost octahedral geometry in the cawation.

Previous DFT® and X-ray analysf$ of the tris-catecholato-
Crcomplex reported Gi-O distances of 2.04 and 1.980 A

respectively.

Fig. 1. Metal binding to catechol, optimized geometry of this-
catecholato-Gf complex.

the ground statergpie 1. Geometric parameters of the tris-catecholato-

Cr* complex. The average values are listed with the
standard deviationsin parentheses.
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(present work) valueg?
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Fig. 2. IR spectrum of the tris-catecholato®Ccomplex. The two
strongest peaks are indicated by the arrows.

The present Gf-O distances are close to those previouslyne vibrational mode with a frequency of 1470 chas

calculated for the hexa-aqua complexes of the mietsd
ranging from Ti to F&.

The present O-C#-0O angle is significantly larger by 6.5°

than the previous X-ray crystal structure, 83°56Another

exhibited prominent C-H bending.These two majopHaks
are close to those previously observed for tris-(B;t-butyl-
o-semiquinato)chromium(lll) at 1265 and 1470 tnand
1258 and 1485 cthfor Mytilus edulisfoot protein ( Mefp-1)

DFT study predicted GO distance and O-Cr-O angle ason the iron substrai&™

1.934 A and 81.41° respectivély

Table 1 shows the average and standard deviatibtiseo
chromium-oxygen distances, d{,_,'s), carbon-oxygen

distances (l._,'S) and the angles of O-ErO triplets,
(6, ¢ _o's) the angles of C-C-O tripletdJ-__o'S and

The high intensities of IR peaks obtained in thizrkvarise
from the greater charge polarization due to thehlkig
positive CF* being surrounded by three negatively charged
catecholate ligands. Because of the charge polamizahe
vibrations result in unsymmetrical distortions loé ttcomplex
which induce large dipole moment changes and ldRje
intensities.
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Fig. 3 shows the UV-Vis absorption spectrum of this-

115

Potentials (CHelg§ methods. The charge varied according

catecholato-C¥complex. The absorption maximum is foundyg the scheme. For example, NPA gave a chargesf for

at 610 nm, agrees well with the experimental v&f2 nm
found for tris-catecholateo-&r*®

0.05

e
o
a

e
o
@

Cr, but the charge was found 1.385 if the MK schevas
used®. However, the present trend of the charge deviates
considerably from a uniform decrease with differsectieme,

as found for the hexa-aqua compleéles

Table 2. The electronic structure parameters, atomic
charges on the metal atom at various charge schemes,
NPA, MK, CHelpG and CHelp and binding energy
calculated for thetris-catecholato-Cr*" complex.

Oscillator strength(f)

o
o
R

AEg.deV) Atomic charge AE(kcal/mol)

T T T
560 580 600

Wavelength(nm)

T T
520 540 620

Fig. 3. UV-vis spectrum of the tris-catecholato®Crcomplex
obtained from the present calculation.

To characterize the electronic transitions, two nfier
molecular orbitals (MOs) are illustrated in the ufig 4,
ranging from the highest occupied MO-1 (HOMO-1)the
highest occupied MO (HOMO). The absorption maximatm

610 nm originated predominantly from the HOMO to

4.06 1.687 (NPA)
1.385 (MK)
1.672 (CHelpG)
1.884 (CHelp)
NPA = Natural Population Analysts
MK = Merz-Singh-Kollman scheni&
CHelpG = CHarges from Electrostatic Potentials wgtid
oriented”.

CHelp = CHarges from Electrostatic Potenfials

#The binding energy previously calculated for thedeejua

532.99 (553.41)

complex®.

LUMO transition. In the HOMO, the electron density
distributed mainly over three catecholate ligafiderefore,
the strongest peak in the UV-Vis spectrum has oaigid
clearly from ligand-to-metal charge transfer. Strametal
ligand delocalization is found to occur between twiathe
three ligands in each case.

The predominant bonding nature of the orbitals mis
antibonding with respect to both 30 and C-O for one
ligand. An electronic system with a larger HOMO-LOM
gap should be less reactive than one having aenggp. The
HOMO-LUMO gap of this complex is 4.06 eV (Table 2).

(@) (b) j‘i,
Y

Fig. 4. Frontier MOs (a) HOMO and (b) HOMO-1 of the tris-

catecholato-CG¥ complex. The H, C, and O atoms are shown aSherefore,

white, gray, and red spheres, respectively. Théadobes shown
in green and red represent the opposite phases.

The charge on the metal ion is presented in thdeTab
Four different schemes are used to calculate trargeh
natural population analysis (NPR) Merz-Singh-Kollman

We have investigated the metal-ligand binding epefghe

trivalent Cr ion. Table 2 shows that the presé&it value

greatly exceeds the typical physisorption energy aof
catechol molecule on a metallic surface. ke¢al reported

that a single catechol molecule binds to a titanaurface

with a binding energy of 22.2 kcal/n3al A similar value of
energy was reported by a DFT study of the adsarptib

DOPA to titanium oxide (25-30 kcal/mdf) The present
binding energy (532.99 kcal/mol) is much largemttihese
but very close to those of the hexa-aqua complé&eegjing

from 540.05 to 553.41 kcal/méf)

We have also investigated the solvent effects lier €F*
complex by employing the conductor-like polarizable
continuum modét®2 The energy of metal complex is
virtually unchanged in a water solvent, only vagyioy less
than 0.024% (Table 3). The structural change ottmaplex
due to the presence of the solvent was not coreiderthis
calculation. We, however expect that the near eciedi
geometry around the central metal ion of the comple
remains intact with the introduction of the solvent
the present metal-ligand binding energy
presumably will not deviate much from those in siodvent.

A systematic study on the solvent effects is regubrt

elsewher®. We have calculated the zero—point energy
(ZPEs), thermal energy, enthalpy, entropy, Gibbse fr
energy and dipole moment for the complex and ptedein
Table 4.

scheme (MK3°, CHarges from Electrostatic Potentials with

grid oriented (CHelpG) and CHarges from Electrostatic
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Table 3. Solvent effect of trivalent transition metal complex.

Metal complex | Electronic energy
(gas phase opt)

(a.u.)

crt -2189.3064 -2189.8262

Electronic energy (sol. phaseSolvent
gas phase optimized geometrykcal/mol)
was taken) (a.u.)

effect % Relative
deviation

-326.19 0.024

Table 4. Zero-point vibrational energies (kcal/mal), rotational constants (GHz), entropies (cal/mol K) and dipole
moment (D) for the complex (calculations performed with B3LY P/6-311g(d,p)).

Zero-point vibrational energy (kcal/mol) 158.78
Rotational constants/GHz 0.20978
Dipole moment/Debye 0.20917
0.11928
0.00570
E (Thermal) (kcal/mol) 171.871
CV(cal/ mol K) 84.591
Entropy (cal/mol K) 152.845
Sum of electronic and thermal enthalpies (a.u.) -2189.3064

IV. Conclusion

A complete description of the geometrical paranseter
spectroscopic, electronic and thermal propertietheftris-

catecholato-Cfcomplex was performed theoretically. The

present work will be helpful to understand the ctte of

the tris-catecholato-&ffor studying the structure-activity 7

relationship. The optimized bond distances and bargles
are in well accord with the available experimemtaia. The
simulated IR and UV-vis spectra of the tris-catdatm
Crcomplex are all consistent with

transition-metal ion coordinating to the catechgahds are
calculated. The metal-ligand binding energy is estst 1
order of larger than that of the metal-surface Huoyption.
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