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Abstract

Infrared and Raman spectra were obtained for tetrachlorophosphonium (V)
oxotetrachlorovanadate (V), PCI VOCI,, and a complementary quantum chemistry
theoretical study was made for both ions. The molecular structures of the PCI,* and VOCI
ions were optimised by means of ab-initio and Density Functional Theory, using different
basis sets. Such structures present the expected T, symmetry for PCI,* and C,, symmetry for
VOCI, . The wavenumber's corresponding to the normal modes of vibration were cal culated
and used to confirm the spectral band assignments. The harmonic force constants given by
theory were scaled to reproduce adequately the experimental wavenumbers.

Resumen

Se obtuvieron los espectros de infrarrojo y Raman del oxotetraclorovanadato (V) de
tetraclorofosfonio (V), PCI,VOCI,, y serealizo un estudio tedrico complementario utilizando
técnicas de la quimica cuantica. Las estructuras moleculares de los iones PCl,* yVOCI
fueron optimizadas por medio de los métodos de la Teoria de los Funcionales de Densidad,
utilizando distintas bases. Esas estructuras presentan la simetria T, esperada para el PCI,*
ylasimetria C, parael VOCI,. Se calcularon los nimeros de onda correspondientes a los
modos nor males de vibracién, que fueron utilizados para confirmar |a asignacion de bandas
realizada. Las constantes de fuerza armanicas suministradas por |os cél cul ostedricosfueron
escaladas con €l fin de reproducir adecuadamente |os datos experimentales.
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Introduction

Aspart of our sudiesabout thestructura and vibrationa propertiesof vanadium oxohaides,
which comprised the VO,X, anions [1] and the VOX, molecules [2], we considered the
oxotetrachlorovanadate (V) ion asthetetrachl orophosphonium (V) sdt. Asneither structurd data
nor avibrationa study of thissubstancewerefoundintheliterature, astudy wasundertakenwhich
includemessurement of itsinfrared and Raman spectraand cd culationsof themolecular sructureand
vibrational propertiesusing quantum chemistry procedures. TheVOCI, anionwasfirst prepared
intheform of saltsof different organic cationsby Nichollsand Wilkinson [3], who reported only
the corresponding V O stretching wavenumber, besidesthedectronic spectra. Later, Griffithsetd.
prepared the PCl,V OCl, salt and proposed an assignment for theinfrared spectra[4].

We present now amore detailed study of the vibrational spectrafor thiscompound and
usetherevised assgnment to defineaforcefield for eachion.

Experimental

PCl,VOCI, was prepared by reaction between a 1,2-dichloroethane solution of
phosphorus pentachl oride and vanadium (V) oxidetrichloridein aSchlenk apparatusunder dry
nitrogen [4]. Thered-brown precipitatewasfiltered off and dried in vacuum, after washing with
1,2-dichloroethane. The product appeared asan almost black solid with agreentinge.

Theinfrared spectraof the pure substance between AgCl or polyethylene windows at
roomtemperaturewererunonaBruker IFS113v FTIR spectrophotometer with aresol ution of
2.0cm?*(LANAIS-EFO, Universidad Naciona delLaPlata, Argentina). Theobtained infrared
spectrumisreproduced in Fig. 1, showing bandswhich are practically coincident with those
reported previously by Griffithset a. [4]. The Raman spectrum were obtained for the solid
contained inaglassvessel by means of aBruker FT Raman RF100S instrument, which used
1.064 nmradiationfromaNd/YAG laser for excitation with amaximum power of 1.5W and 2.0
cmt of resolution (Servicios Técnicosde Investigacion, Universidad de Jaén, Spain). Excitation
inthe near infrared resulted in an excellent Raman spectrum, reproduced in Fig. 2, which could
not be obtained by previousworkersusing visblelight [4].

Thebandsobserved for PCI,VOCI, intheinfrared and Raman spectraare collectedin
Table 1 and assigned to the normal modes of eachion, in accordancewith the previous proposal
[4] and the present cal culations.
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Figure. 1.- The infrared spectrum of PCI VOCI,.
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Calculations

Themolecular geometries of the PCl, *and VOCI, ionswere optimised by means of
Hartree-Fock proceduresand also with Density Functiona Theory (DFT) techniques, usingin
thislast casethe Becke' sthree-parametersexchangefunctiona [5] incombination withthe Lee-
Yang-Parr correlation functional [6], i.e. B3LY P, with several basis sets. Thewavenumbers
corresponding to the normal modes of vibration were subsequently cal culated with the same
methodsand basissets. All thecal culationswere performed with the Gaussian 98 set of programs
[7] considering the chemical speciesinvacuo, that is, with no interaction with the surroundings.

The harmonicforcefield in cartesian coordinateswhich resulted from the calcul ations
weretransformed to symmetry coordinates through the corresponding B matrix [8], obtained
withastandard program. The resulting forcefield was subsequently scaled using the scheme of
Pulay etd. [9], inwhichthediagona forceconstantsaremulltiplied by scaling factorsf; , f andthe
corresponding interaction constantsare multiplied by (f.. fl. )¥2, adjusting thesefactorsby means
of an iterative least squares procedure to reproduce as well as possible the experimental
wavenumbers. Thepotentia energy distribution was subsequently cal culated with theresulting
scal ed quantum mechanics (SQM) forcefield.

Theforcefield transformation, scaling and PE.D. ca culation were performed with the
program FCARTP[10]. Theatomic displacementsgiven by the Gaussian 98 programsfor each
vibrational modewereused to understand quditatively the nature of themolecular vibrations; for
that purpose, the corresponding datawere represented graphically by means of the program
GaussView[11].
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Figure. 2.- The Raman spectrum of PCI VOCI,.
The Wiberg bond indexes [12] in the studied species were calculated by means of

the Natural Bond Orbitals (NBO) approach [13] as implemented in the Gaussian 98
package, using the B3LYP/6-31+ G combination.
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Results of the geometry optimisations and wavenumber calculations using the
different theory levels, as well as the SQM force constants matrices, are deposited as
supplementary material (available on the Internet at www.quimica.unlp.edu.ar/cequinor
/varetti/PCI4VOCI14.pdf).

Results

Themid-infrared spectraof PCI,VOCI, aredominated mainly by the PCl,* bands. In
fact, with the exception of the 1017 cm* band, the VOCI, bands appear below 370 cm™. The
assignment of the PCl,* bandswasimmediate, after comparison withthedataof Griffithset al.
[4]. For the VOCI, anion, however, the assignments rested heavily on the calculated
wavenumbers.

Theresultsfor both ionscan be summarized asfollows:

The tetrachlor ophosphonium (V) ion, PCI *

Theca culaionsconfirmtheexpected T, symmetry for thiscation (Fig. 3). Themolecular
geometry optimized with themethod mentioned below lead toaPCl distanceof 1.98 A, coincident
with that measured by X-ray diffractionin PCI,ICl, [14]. Theninenormal modesof vibration
should belong to the following symmetry species: A, (R) + E(R) + 2F, (IR, R), wherethe
infrared (IR) and Raman (R) activitiesaregivenin parentheses.

Chy (Vg
£
Fi Y
.""I . 5
o
. o e I. 1 ] —
'y o - | - — _'
e ':|2 : .-:_'.,‘_I'A“ B
T - : — I E|3
& = cl — L
) = i 7 .
Cl : ' b ' | [ ]
a7 | _| Ny 3 '\.-1—-
Cly C -
= 1 ':.-l_q

Figure. 3. The calculated structures of the ions PCI,* and VOCI,.
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Table 1.- Observed bands in the infrared and Raman spectra of PCI VOCI,.

Experimental values (cm?) Assignment

Infrarrojo? Raman @

1337.8 (vw) - 2v, (PCI,Y)
1098.9 (m) - v, + v, (PCl,")
1015.6 (5) 1017.0(27) v, (VOCl,)
827.9(m) - v,+ v, (PCI,*)
763.9 (vw) - ?

699.8 (m) - v, + v, (PCl")
657.0 (V) 656.0 (6) ?
640.0 (vs) 641.0 (3) v, (PCI,")
588.9 (5) v+ v (VCL))
505.7 (M) - v,+ v, (VCL,)
488.6 (M) 456.0 (sh) ?

- 454.0 (47) v, (PCI,")
435.3(m) - v, (VCI,)

- 359.0 (100) v, (VOCI,)
368.0 (vs) - v, (VOCI,)
337.1(s) - v, (VOCI,)
256.0 (M) 260.0 (30) v, (VOCI,)
246.0 (M) 249.0 (28) v, (PCl,")

- 214.0(12) v, (VOCl,)
195.0 (w) 196.0 (24) v, (VOCI,)

- 178.0(15) v, (PCL,")

- 163.0 (11) v, (PCl,")
161.0 (m) - v, (VOCI,)
87.3 (w) 86 (10) b
68.8 (W) 69 (13) b

- 56 (8) b

b Probably lattice modes.

@ Relative intensity in parentheses.
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The normal mode wavenumberswere calculated using several theory levels, as
mentioned before. Comparison of the measured and theoretical wavenumbers showed that a
very good reproduction of the experimental dataisgiven by theB3LY P/6-31G* combination,
with aRoot Mean Square Deviation (RM SD) equa to 12.6 cm. Thecal culationsusing different
bas s sets showed that theinclusion of polarization functions caused aremarkabl eimprovement
inthe prediction of thevibrationa wavenumbersfor thision. The ca cul ated atomic displacement
vectorsdid agreewith the previoudy proposed assignment [4].

Theforcefieldin cartes an coordinates given by the cal culationswastransformed to aset
of symmetry coordinates adequatefor tetrahedral species[15]. Theresulting force constants
were subsequently scaled using the approach of Pulay et al. [9] already mentioned in the
Calculations section, in order to reproduce aswell as possi ble the experimental wavenumbers.

The observed and cal culated wavenumbersand their RM SD val ues, theoretical infrared
and Ramanintensitiesand potentia energy distribution appear in Table 2. The SQM forcefield
was used to cal culate thefollowing interna force constants: f(PCl) = 3.62; f(PCI/PCl) =0.22,in
mdyn. A-*and f(CIPCl) = 0.83; f(CIPCI/CIPCI) =-0.33, inmdyn.A .rad2.

Table 2.- Experimental and calculated wavenumbers (cn) and assignment for PCI*.

Symmetry Mode Obsarved  Cdculaed®  Cdc. IR Ramen PED  Assgnment

Soecies SOMP intendtiess  activities!  (>10%)
A 1 4540 4350 4531 00 259 100s,  v(PCl)
E 2 1630 1669 1632 00 56 100S, §(CIPCl)
F, 3 6400 639.2 6406 1580 34 102, v,(PCl)
F, 4 2460 2457 2455 65 72 88S, O(CIPC)

RMSD 126 056

(cm)

Key to table 2. v, stretching; S, deformation.
3 B3LYP/ 6-31G* calculation. Observed and calculated values in cm™’ .
® From scaled quantum mechanics force field. (see text).
¢ Units are km.mol .
d Units are A* (amu)™.

Theoxotetrachlorovanadate (V) ion, VOCI

Theoptimized geometry obtained by the cal culationsfor thisanion using different theory
levelspredictinal casesaC, structure, asshownin Fig. 3. The twelve normal modes of
vibration should beclassifiedas3A, (IR, R) + 2B, (R) + B, (R) +3E (IR, R), wheretheinfrared
(IR) and Raman (R) activitiesaregivenin parentheses.

Here again, the wavenumbers corresponding to the normal modes of vibration were
caculated using severd theory levels. The best agreement with the experimenta datawasgiven
by the B3LY P/ 6-31+G calculation, with aRM SD value of 18.4 cm. The corresponding
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optimized geometrical parameterswere: d, = 1.584A; d, , =2.322A; o, =86.9° B, =
103.5°. It should beremarked that in this case, in contrast with the cal cul ations made for PCI
theintroduction of polarization functionsinthe used basi s sets degraded notably the agreement
between cal culated and experimenta wavenumbers, whereastheintroduction of diffusefunctions
gave better results. Such observation is coincident with those madein the study of the VO, X
[1] andVOX, [2] speciesand point to anotably different behavior of thetheoretical calculations
whenthecentral atomisametal or anon-metal e ement.

Asinthecase of the cation, the cal cul ated force constantsin cartesian coordinateswere
transformed to the symmetry coordinatesgivenintheliteraturefor chemical specieshaving the
same geometry [16] and subsequently adjusted with the method proposed by Pulay et a. [9],
generating aSQM forcefield which reproducesthe experimental datawithaRM SD of 2.5 cmr
!, The observed and cal cul ated wavenumbers, potential energy distribution and other cal cul ated
dataappear in Table 3. The SQM forcefield served to calcul ate the internal force constants
whichfollows: f(VO) = 7.26; f(VCl) = 1.50; f(VO/VCl) = 0.14; f(VCI/VCl) = 0.33,inmdyn. A-
Land f(VOCI) = 0.52; f(CIVCI) = 1.00, inmdyn.A .rad2

Table 3.- Experimental and calculated wavenumbers (cm™) and assignment for VOCI,.

Symmetry Mode Obsaved Cdculded® Cdc IR Ramen PED Assgnment
Soecies SQMP intendties activities' (> 10%)
A 1 10150 10679 10129 1255 254 98 S, v(VO)
2 359.0 31 3523 48 03 98BS, v (VCl)
3 1780 181 1558 14 74 98 S, n(VOCl,)
B, 4 2140 274 2136 00 6.3 98 S, v.(VCl)
5 - 372 389 00 27 119s+22s, §(vC)
B, 6 195.0 2047 1989 00 52 100 S, o (vCl)
E 7 368.0 3688 367.8 2496 00 107 S, v,(VCl)
8 256.0 2%6.2 2556 13 33 76'S, n,(VCl)
9 161.0 1629 1620 129 10 112 S, d,(vCl)
RMSD 184 25
(cm)

v, stretching; 8, deformation; 7, deformation out of plane.

a B3LYP/6-31+G calculation. Observed and calculated values in cm.
® From scaled quantum mechanics force field (see text).

¢ Units are km.mol 2.

d Units are A* (amu)™2.

Discussion
Theinternal force constantsand other parameters obtained for VOCI, and for the
previously studied speciesVO,Cl. and VOCI, are compared in Table 4.
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Table 4 - Comparison of internal force constants # and other parameters for VO,Cl,,
VOClI, and VOCI,.

VO,Cl- (C,) vocl, (C,) vocl, (C,)
f(v-0) 6.5 7.73¢ 7.26 ¢
f(v-Cl) 1.87 267 1.50
f(VOIVCI) 0.17 0.18 0.14
f(vCI/VCl) 0.12 0.14 0.33
f(vOCl) 0.50 0.58 0.52
f(CIVCl) 0.46 0.41 1.00
d(vo) (A) 1.582¢ 1.570° 15809
Wi (VO) " 1.838 2.065 2.027
divel) (A) 2.226° 2.142° 2.3229
WI (VCl) " 0.698 1.091 0.841
o(CIVCl) 110.8¢ 111.01 86.99

2 Units are mdyn A for stretching and stretching/stretching interaction and
mdyn A rad 2 for angle deformation.

b Force constants from Ref. 1; ¢Force constants from Ref 2; ¢ Force constants
from this work; © Experimental value from Ref. 17; T Experimental value
from Ref. 18; ¢ Calculated with B3LYP/6-31+G; " Wiberg index calculated

with B3LYP/6-31+G.

Itisobserved that the VO force constants and Wiberg indexesfor the VO bond follow
thesametrend, withamaximuminVOCI,.. TheV O distances, however, arequitesimilar athough
thesmaller value measured for VOCI, seemto correspond with thelarger VO force constant.
The comparison of the V Cl force constants show againthelarger valuefor VOCI,,, correlated
with ardatively large Wiberg index and smaller VVCl bond distance.

TheVOCI, anion, with avery different geometry in comparison with the other two
species, show notably high valuesfor the CIV Cl deformation and V CI/V Cl interaction force
congtants. Such observation aswell astherdatively largeV Cl bond distance could be explained
by thesmall CIV Cl angle, which causesastrong interaction between the bulky chlorineatoms.

The potentia energy distributions obtained for both ions (Tables 2 and 3) shown that
thereisonly asmall degreeof mixing betweenthemodesof vibration defined by theused symmetry
coordinates. Thisisshown by the participation of the diagonal force constantsin each mode,
whichare= 88 % for PCl," and =76 % for VOCI .
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