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Raman spectroscopy has been used to study the liquid system CsCl—NbCls—NbOC]l; at temperatures between
340 and 650 °C. Molten NbOCl; shows Raman bands typical of bridging and terminal oxygen. In the basic
regions of the system the ions NbCls~, NbOCls?>~, and NbOCL~ have been identified. In the acidic region,
polymeric ions with bridging oxygen probably coexist with ions with terminal oxygen. The structure of NbClg™,
NbOCIs?~, and NbOCl,~ have been verified by and the interpretation of their spectra assisted with ab initio SCF
and CASSCEF calculations. SCF calculations have also been performed for NbCls and NbOCl;, and VOCI;,
VOCly~, and VOCls?~ for comparison. In the binary CsCl—NbOCl;, when xcc; > 0.5, the equilibrium NbOCL~
+ CI~ = NbOClIs?~ is established. This is also verified by quantum chemical calculations.

Introduction

There has been an increasing interest in the chemistry of
niobium in molten salts in the last years. This is linked to their
potential as electrolytes for electrodeposition of niobium.! The
chemistry of niobium in alkali chloride melts is interesting in
this context. As a part of a study on the chemistry of niobium
chlorides and oxochlorides?~> in molten alkali chloride melts,
we have investigated molecules and ions in the molten system
CsCl—-NbCls—NbOCl; by Raman spectroscopy and ab initio
quantum chemical calculations. The system is a part of the
reciprocal ternary system Cs;O—CsCl—NbCls—Nb;Os. The
binaries in the system, CsCl—NbCls—NbOCl;, CsCl—NbCls,
CsCl—NbOCls;, and NbCls—NbOCls, have been fairly well
studied by thermal analysis.>~'® Some IR and Raman spectro-
scopic investigations have also been reported for the first two
systems,'' =16 but for the ternary system, which is the subject
of the present work, the amount of data available in the literature
is scarce.
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In the system NbCls—CsCl one binary compound, CsNbCls,
is reported,® and Raman spectroscopic evidence of the octahedral
ion NbCle~ in the melt has been given.'''”> Raman spectra of
molten NbCls have been recorded'!”- and show that the melt
consists of monomeric NbCls and dimeric Nb,Cl,o. Spectra of
the solid show only bands belonging to the dimer,!!!® while
gas phase Raman spectra indicate that gaseous NbCls is
monomeric.'-1

There are some disagreements as to the numbers of solid
compounds formed in the system NbOCl;—CsCl. In one paper
it is claimed that Cs;NbOCIs and CsNbOCl, are the only two
compounds,’ while another paper presents evidence for a third
compound, Cs;NbOCls® Raman spectroscopic studies are
reported for both solid and gaseous NbOCls,!3 solid PPh;Me-
[NbOCL«(CH;CN)1,%° and [As(CsHs)s].2NbOCIs dissolved in
CH,Cl,.2' IR spectra are reported for solid Cs;NbOCls, 4716
(CsHsNH)NbOCL;,?? PPh;Me[NbOCL(CH3CN)]1,2° and (CoH7-
NH)NbOCL,.22 Both dissolved and solid NbOCls2~ show a band
at approximately 920 cm™' which is assigned to the Nb=0
stretching mode. Hiller and Strihle?® give the same assignment
to the band at 960 cm™! for NbOCLl;~. Gaseous NbOCl; has a
band at 993 cm™!, which also is assigned to the Nb=Q stretch.
Solid NbOCl3, (CsHsNH)NbOCly, and (CsH7NH)NbOCL, show
bands respectively at 770, 850, and 800 cm™', which are
attributed to oxygen bridging, i.e., Nb—O—Nb. Binary com-
pounds have not been found in the system NbCls—NbOCl;.
When heated at low pressures, NbOCl; partly disproportionates
to NbCls and Nb;Os. This disproportionation is greatly reduced
by the presence of molten NbCls.?2?

In the ternary system CsCl—NbOC1;—NbCls, the compound
CsNb,OCly has been prepared from NbOCI; and CsNbCle.'?
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Table 1. Wavenumbers of Important Vibrational Frequencies for Different Nb—Chiorides and Nb—Oxochlorides and Related Compounds”

Nb—O—Nb
compound Nb—X breath Nb=0 stretch sym. stretch other method ref
NbCls(g) 394 316 Raman 11, 19
NbCls(s) 397 Raman 11,18
NbCle™ 373 Raman 11, 12
NbOCli(g) 395 997 Raman 13
NbOCls(s) 421 770 Raman 13
NbOCl;(s) 767 IR 16
PPh;Me[NbOCL(CH3CN)] 333 960 312 Raman 20
PPh;Me[NbOCL(CH3CN)] 956 315 IR 20
(CsHsNH)NbOCl,4 850 IR 22
CyH,NH)NbOCl,4 800 IR 22
[As(CgHs)4]2NbOCls 340 923 241 Raman 21
Cs;NbOCls(s) 922 325 IR 14
Cs:NbOCls(s) 922 319 IR 16
NbF, (=3~ 626 371,290 Raman 25
NbOF, =3~ 583 921 307, 266 Raman 25
NbO,F, b= 878 815, 360 Raman 25
VOCli(g) 408 1042 125 Raman 13
VOCIy(1) 411.5 1037.5 132 Raman 27
[C13PNPCI;][VOCl,] 1023 165 IR 28

7 Wavenumbers in cm™! in this and the other tables,

Table 2. Nominal Compositions of the Mixtures Studied in this
Work (Concentrations in mol %)

spectra
sample CsCl NbOCl; NbCls description in figure
I 0 0 100  NbCl;s
I 0 100 0 NbOCI: 3
111 50 50 0  CsNbOCly 4
v 60 40 0  Cs;NbOCIs + CsNbOCly 4
\% 66.6 333 0  Cs:NbOCls 4
VI 80 20 0  Cs;NbOCls + 2CsCl 4
VII 95 5 0  Cs;NbOCIs + 17CsCl 4
VIII 50 0 50  CsNbClg 2
IX 333 333 33.3 CsNb,OClg 6
X 40 20 40 - CsNbCls + CsNb,OCly 7
XI 40 40 20  CsNbOCl, + CsNb,OCly 6
XII 50 25 25  CsNbOCl, + CsNbCle 5

The same authors also prepared KNb,OCls. Thermal analyses
have been performed in the systems KNbCls—NbOCls, KNb-
OCl;~NbCls, and KNbOCL,—KNbCls.>* Liquidus data for the
system NbOCI;—KNbCls suggest formation of KNb,OCls.

Niobium oxofluorides have also been studied by Raman
spectroscopy. von Barner et al.® found NbF,"~9~, NbOF, )~
and NbO,F,*~V~ when 2.7 mol % K;NbF; was added to a
molten mixture of LiF, NaF, and KF with different oxide
concentrations.

Both Raman and IR spectra have been recorded of vanadium
oxochlorides. Raman spectra of VOCl; in both the vapor and
the solid state show bands belonging to monomeric molecules
with C3, symmetry,'32¢ as is also found for liquid VOCI;.>" IR
spectra have been recorded of [ClsPNPCL;][VOCL]? and no
sign of bridging oxygen atoms were found. A summary of
vibrational frequencies for species of interest to the present work
is given in Table 1.

Apart from a geometry calculation for MoCls?® and electronic
structure determinations for VOCl; and NbOCls,* no ab initio
quantum chemical calculations for niobium chlorides or related
species have been found in the literature. Quantum chemical
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vibrational analysis on transition metal chlorides have been
reported for TiCL3! and Zn?* 3233 species. Although they both
handle first row transition elements, they indicate that SCF
calculations should work well when near degeneracy effects are
not important.

In the present work, quantum chemical calculations have been
included partly to establish an independent basis for the
assignment of the vibrational spectra of the species, and partly
to verify the symmetry of the ions. However, such structure
determinations sometimes end up with inaccurate, and even
erroneous, results, especially for charged species. Independent
verification of the results is therefore crucial, and a second
objective of the quantum chemical vibrational analysis is to
achieve testable predictions from the geometry calculations. This
principle of using quantum chemistry to predict a molecular
geometry and verify the result by comparing experimental and
theoretical vibrational spectra is well established in the literature,
although to a lesser extent for inorganic species.3*353% To
establish a sound basis for our conclusions we have included
in our calculations niobium chloride and oxochloride species
and the homologous vanadium oxochloride species. We have
also evaluated theoretically an equilibrium found in the CsCl—
NbOCl; system.

Experimental Section

All samples (typically 300 mg) were prepared by mixing NbCls (Alfa
grade 1), Nb,Os (Alfa, 99.9%, dried at 200 °C at 10~* mbar) and CsCl
(Fluka, 99.9%, melt bubbled with dry HCl and finally recrystallized)
in a quartz cell (0.d. 4 x 2 mm). All handling of the salts was
performed in a drybox with water and oxygen levels below 1 ppm.
The filled cell was sealed off on a vacuum line (<1072 mbar). Salts
melting at temperatures below 650 °C were melted and mixed and kept
in the molten state until all of the Nb;Os(s) was dissolved. The melting
and mixing procedure was done carefully due to high vapor pressures
of NbCls (bp 250 °C), and for the same reasons, the volume above the
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Figure 1. Compositions of the different samples studied plotted in a
quasi-ternary diagram CsCl—NbOCI;—NbCls. Compositions marked
with a circle are reporteds~!° to be stable solid compounds.
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Figure 2. Raman spectra of CsNbClg at 500 °C. VV and HV refer to
the direction of polarization of the laser light entering and exiting the
sample. VV indicates that incident and scattered radiation is polarized
perpendicular to the scattering plane. HV indicates that incident
radiation is polarized in the scattering plane and the scattered radiation
analyzed perpendicular to the scattering plane.

molten mixtures was kept below 20% of the total volume. To record
the spectra, the cell was introduced into a specially designed furnace
allowing transmission of laser light and collection of scattered light at
an angle of 90° to the laser beam.’” The temperatures were kept just
above the melting points of the samples to avoid too high vapor
pressures. The compositions of the samples are given in Table 2 and
in Figure 1.

The excitation source was a krypton laser emitting red light at 647.1
nm with a power of typically 100 mW. The scattered light was analysed
by a Spex 1403, 0.85 m double monochromator, equipped with an RCA
photomultiplier cooled to —20 °C and an EG&G/ORTEC photoncounter
and a rate meter connected to a PC. Spectra with both horizontal and
vertical polarized laser beams were recorded. The slits of the
monochromator were adjusted to give a resolution of 3 cm™!. Some
of the spectra given show a sharp peak at 97 cm™! which is due to a
plasma line at 651.1 nm.

(37) Papatheodorou, G. N. In Proceedings of the 10th Materials Research
Symposium on Characterization of High Temperature Vapors and
Gases; Hastie, J., Ed; NBS Publication 561-1; National Bureau of
Standards: Washington, DC, 1979; p 647.
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Figure 3. Raman scattering of NbOCl; at 440 °C.
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Figure 4. Raman spectra of five melts with different compositions in
the system CsCl—-NbOCI;. From the bottom and up, the compositions
and temperatures in the melts were as follows: 5%NbOCl; in CsCl at
650 °C; 20%NbOCl; in CsCl at 630 °C; 33%NbOCl; in CsCl at 650
°C; 40%NbOCl; in CsCl at 630 °C; 50%NbOCI; in CsCl at 560 °C.

Results

General Observations. NbCls melts at 205 °C and has a
vapor pressure of 1 atm at 250 °C. Both the melt and the gas
phase have a deep, orange color. CsNbCls melts at 470 °C,5
and the color .of molten CsNbCls is deeply red, almost black.
An orange color of the vapor phase, indicating a relatively high
vapor pressure of NbCls, was observed above pure melted
CsNbCls. The same orange color was seen also when moving
into the CsCl—NbCls—NbOCl; ternary. The pressure of NbCls
above the melts, indicated by the intensity of color, decreased
with increasing no/nny, ratio, and the gas phase above the melts
had no color when no/nny = 1.

The amount of CsCl also influenced the pressure of NbCls.
A cell containing the mixture CsNb,OCly exploded at 500 °C
due to a vapor pressure estimated to be 10 atm. A 1:]1 mixture
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+ _ - Table 4. Calculated Geometry and Vibrational Frequencies/IR
= -L—j —_ = -§: aa Intensities for Molecular NbCls, Compared with Experimental
8 £ L;‘; &_E 3 EE Vibrational Frequencies?
23| e~ 22 3 = assignments  obsd®  SCE* PED? VEF*
S ER e & =2
ri (Nb—Clyy) 2.285
+ - r2 (Nb—Cl,y) 2.345
o — = —_— _—
g8 2 E a -§'§_§' E: 54 55/0.08  r;41;a,91; 4, 163 100
2% z = = 3=g= E 148 151/0.2 o, 16, 5,94 156
Z48 e < N nns o Ay’ 184 186/0.3  ,75 126
STIER & & qexd E” 180 199 B, 68 145
4 A/ 317 305 ri, 44; r, 75 314
-l; A ~ E Ay 396 38177 r, 125; 3,4 394
55 -~ T _ —~ a~8 E A/ 394 401 ri, 53;r;, 20 358
§N z s ez < 2 ?E % E 430 4303 n, 105 440
Z2UIge ¢ 3 % = LES é “ Bond lengths in A, angles in deg, vibrational frequencies (wave-
© T ® SURCE - > numbers) in cm~!, intensities in D2 u~! A~2, bondlengths in A, PED in
- 2 % in this and the following tables. ® From refs 11 and 19, except for
5 @.{‘;Q . % the A;” modes taken from refs 38 and 39. < The diagonal and main
S| & 5284 2 §@'§ z off-diagonal valence force constants are (F and f in mdyn/A, H in
< 3 £ 38<Y = = £< 5 mdynA/rad?): F,, 2.600 (2.61); F., 2.135 (1.94); Hg, 0.181 (0.59);
Slge g= = e 2 0= = Hg, 0.812 (0.57); f,r,, 0.135: f,,r,, 0.237; f,,,,, 0.267. (Numbers in
s XTI ae & - . parentheses behind the force constants are values found by Nour® by
‘E a valence force field analysis). 4 On the basis of valence coordinates,
“; = o contributions below 10% omitted. Key o, Cleq—Nb—Cl,q angles; f,
O 8 28 a@- £ Cleg—Nb—Cl,, angles. ¢ Valence force field calculations by Nour.*
L EE 5 E SE g
Z, Zlaca e ¢ o @ Table 5. Calculated Geometry and Vibrational Frequencies/[R
3 CIEE& S8 & ==z 2 [ntensities for NbCls~, Compared with Experimental Data
" ; assignments obsd? SCF (ECP)* SCF?+ PED¢
20 2 2 : F(Nb—Cl) 234 2.390 2.395
33 E - € E S
22l a - o v . Ta 79/0 80/0 o, 110
,Zz- -8 g a3 i B T 162 163/0.5 162/0.5 o, 87
& § Ta 170—181 179/0 178/0 a, 58
= E¢ 288-281 272/0 271/0 r, 112
Bt = g T 333 336/7 32977 7,90
"E'. g g = a =3 y Ajq 366—373 366/0 364/0 r, 63
< 'ZD I o E A °E° o E : 2 Experimental bond length (A) from ref 41; experimental frequencies
E U}" N SY DI E o g (cm™) from refs 11 and 12. * The first data set is obtained with effective
E 5 core potentials on chlorine, whereas the second set is obtained with an
-“D:‘ o _ a2 & all electron description of chlorine (cf. Appendix). ¢ The diagonal and
° 8 2= a8 ) o the most important off-diagonal force constants are (F and f in mdyn/
= 2 =g YS e SE 5 A, Handhin mdynA/radz) as follows: F,, 1.715; Hy, 0.542; f,.. 0.20—
b Slgex e 2 257 § 0.22; hga(no common bond), —0.24. < On the basis of the valence force
g SRS oo a == - constants, contributions below 10% were omitted.
3 _ ]
& - & 5 Table 6. Calculated Geometry and Vibrational Frequencies/IR
2 g ~ ‘_é 2 aa 2 [ntensitie§ for NbOC1;, Compared with Experimental Vibrational
= E O c T TT _g Frequencies
3 BI-E & - E EE = assignments  obsd® SCF CASSCF scaled PED¢
s g2 & g 5 35 %
g Ko N N == % r (Nb—0) 1.642 1.679
a3 - g r2 (Nb—Cl) 2312 2324
5 Gc 2 .§- o o (O—Nb-Cl) 107.9 106.0
EE Z = 2 - i B (CI-Nb—C} 1110 1127
5| O|8 g & £ S E 106 107  102/0.1 102 4,93
2 Ny A 133 137 134/0.2 134 @,22;5, 54
3 2 g E 225 239 230/0.03 230 B.70
5 . < 3 A 395 392 383/0.5 383 88
3 &) % —~ B 3 E 448 440 43073 430 97
g 2 & & == s 2% E A 997 1164 104972 995 r, 100
% - § ; Q _-;3 g o(;. 5 S -g E ¢ Experimental frequencies ref from 13, except for v3(A;) taken from
5 & ¢ < & N =z 2% ref 38. # CASCF values, scale factor for F,, is 0.9, all others are 1.0.
£ - § After scaling, the diagonal force constants are (F in mdyn/A, H in
-E - ez s mdynA/rad?) as follows: F,, 7.92; F,,; 2.48; Hy, 0.62; Hp, 0.33. ¢ Based
g % < £ £ E E I on the scaled CASSCF valence force field, contributions below 10%
2| 7|3 IR Z =2 2 § omitted.
]
= S § Ball and stick drawings of the SCF optimized geometries are
';f < . ] shown in Figure 8. In Tables 6—8 the calculated data for
= E‘E < NbOCl3, NbOCl,~, and NbOCIs?~ are compared with experi-
= =x- mental data, and ball and stick drawings of the complete active
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Table 7. Calcuiated Geomery and Vibnutions: Frequencies/IR Tiensities fo3 NBQCL™ Compared winth Experimenial Geometries and

Vibranonal Frezuencics

assignments abxd® SCF CASSCF scaled” PENY
ry (Nb=0Q) 1.74, 1.65. 1.67 1.648 1.682
ry (Nb—CI) 2 28, 2.40, 2.1% 2.418 2.H6
a :0—-Nb=Ch 981,977,497 104.0 102.6
2(CI1=Nb-Cl) $8.8,. 48 9.890 £6.7 81.3
B 46 47/0 47 7. 100 5. 260
L 147 141/0.2 14) a, 84
Ay 150 161 187/0.3 156 o2 0l 108 44
f, 165 186 17970 179 a. 75
£ 212 237 251 23%/0.003 238 B.86: . 12
n. 168 259 2580 258 116
A 323 342 1304 333 r. 73
E 33318 358 34715 347 ry. 104; 5,13
Al 942—942 1144 1044/2 935 . 99

* Expenmenta. geometnes and frequencies from refs 20, 42, and 43, ® Scale facior for F,, = 0.8, all others were 1.0 After scaling, the diagonal
torce constanls are (F in mdyn/A, 1 in mdynAdead®) as follows: F,. 6.96 #,.. 1.59: N, 0.65. Hy. 0.78. < On the basts of the scaled CASSCE

valence force lteid, cortrisehans below 10% were omtted.

JRvY e
No 2T K NBOC

(C.'H : (C.:v )

WBOC ¥

(Cdv )

Flgore 9. Ball and siick drawirgs of the CASSCF opumized
peomelnes of NBOCH, NbOC:,~, and NvOCIs&* . Canrral atems ars
aiobiein. Oxyyzen atomrs are given as smaller and lighter spheres than
chlocre.

space SCE (CASSCF) optimized geomelries are shown in Figure
9. For comparison calculations ware performed for the ho-
mologous species VOCI; and VOCI,~ and experimental data
and theometica! results are given in Tables 9 and (0. Ball and
stick maodels of VOCi; and VOC(:~ drawr according (o the
SCF-optimized geometries are srown ‘n Figuce 10. Finally we
have caicutated the erecgy change for the reacton NbOCL ™ +
Cl~ = NbOCI*~. As seen v Table 11 the caleulation
performed on free ions is nat corvircing. Using overal! neuaal
model compounds (sea Figaee | 1), mach more reasonable cata
are oblained, especially for the MP2 energy calculations
(CASSCF geometry). e MP2 method (s the most reliable
tor energy calculatiens since SCF and CASSCF calculations
will underestimate the tncrease in correlation energy on the
formation of a new hond.

Discusston

Sample Preparation. The Gibb's free energy for the
reactions

ANbCly(g) + Nb,O((s) = SNDOC,(g) o))
and
2NBCly(g) + SiOy(s) - 2NbOCl(g) + SiCl(g)  (2)

are respectively —133.2 and —21.6 kJ mol '.*? indicating that
both NbyOx and fused silica can dissolve in melis copraining
NbCls. However, Raman spectra of Nb(V)—chloride melts
without oxide additions kept in fused silica cells at 550 °C for
an hour showed no oxide bands. Howevec, when oxide free
melts were exposed to fused silica at temperatures above 650
°C, oxide bands appeared in the spectra after about an hour.
After several hours, only bands belonging to niobium oxochlo-
ade species could be observed. When NbOCI; was peepared
from stoichiometric amounts of NbyOs and NbCls. not all of
the Nb>Q; dissolved and some NbCls was present in the gas
phase. However, the amauant of undissolved NbyO: was small,
and the volume of the gas phase was lowec thaa that of the
mell. Moreover, manomeric NbCls should give a rmedium
strong band at 316 ¢m™', but this is nat present in the spectrum
of moltea NbOC!y (Figure 3). It is therefore reasonable to
asstme that voreacted Nb;Oy and NbCls were present in the
cell as solid Nb.Os and pasesns NbCls, and that the mett mainly
was NbOCls. The spectra of thus melt is therefore probably
representative of fiquid NbOCls,

(38) Zavalishin, N, 1.; Matzev, A. A. Vesm, Mosk. Usie, 1976, 30 314,

(39) Werder, R. D.; Fray, R. A.; Gunthord, H. S. J. Chem. Phyy. 1967 47.
4159,

(40) Nour, E. M. Spectrociim. Acta 1986, 42A, 1411,

(41) Gaebell, H. C.; Meyer. G.. Boppe. R. Z. Anwrg. Allg. Chem 1981
493, 65,

(42% Kingelhdfer, P.; Miiller, U. Z. Anorg. Allg. Chem. 1984, 514 8%,

(43) Aspinal), H. C,; Robens, M. M. Inorg. Chem. 1984, 23, 1782

(44y Pajmer, K. J. /. Am. Chem. Soc. 1938, 60, 2360.

(45) Brockmer, W.; Jendrzok, B.; Mencel, F.: Jensen, V. R.: Ysicncs, M.
J. Mol. Struct. 1984, 3]9, &S,

(46) Willing, W.. Christophersen, R.; Miller, U.; Dehnicke. K. Z. 7. Anore
Allg. Chem. 1987, 555, 16.

(47) Chritchlow. S. C.: Lerchen, M. E.; Smith. R. C.. Doheny. N. M. J,
Am. Chem. Soc. 1988. 110, 16.

(48) BOye. H. A, Jaglayen, M.; Oksefjell, T.. Wilkes. J. S. Proceedings
Jrom the Ketil Motyfeldt Symposium, NTH: Trondheim, Norway, 1991:
p33.

(49) Barin. . Thermuchemical dot nf Pure Subsiances, VCH: Mannheim,
Germany, 1989.
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Table 8. Caiculated Geomery and Vibraticnal Frequencies/IR alensities for NbOCI>™ Cormpared w:ih Fxpermental Data

assignmcatk expil” SCF CASSCF scaed PED-
nINHD—O) d 1.664 1709
2 INB=CL) 241 2303 2,324
nNb—Cly) 2.555 2703 266"
a(0O-Nb-Cl,) 917 93.2 5.8
A(Ci.,—Nb=Cl.» 358 RPR £8.2
y (Cle—=Nb—Cl..) RG.S 868 849
E gs-37 ¥3 §3/0.0004 50 567, 5% a 16
B, 37 58 98/0 107 ©.42:8.39
E 156 145 1410.0" 155 y. A8, 3,42
B, 1677 149 14540 159 8. 69
A 1752 165 1623/4).05 179 y. 2+ e 23
A 23124 156 21374 213 r .
3 24R 231 128/0 251
E 1 266 24710.4 27]
£ =300 285 279/5.8 3C6 . 125
Al 324-1330 258 25%¢.5 Rl 3Nl 1D
Ay 328932 1102 97213." 922 r.oi

" Experiments. geometry {rom red 21 and (requencics from the present work and rafs (4 and (3. " Scale factor ter F. = 5.9, all others were 1.2

Afer scabng. the disgona! force consiants are (F in mdyr/A, B in mdynAsrad)) as (ollows. F.. 583 F.. 138 F,. 057 4. 563, H,: 0.58. H.
0.60. * Or. e basis of (he sciled CASSCE valence force feld, conuributions batow (0% were amited. # The paper® gives the disiance az 1.967 A,

but tis resoluis highly questionable. See lex).

Tuble 9. Calculated Geometry and Vibialiona! Frequzncies/IR
Intengisies for VOCI; Compared with Experimenial Vibrational
Frequencies

Table 10. Calcolated Geametry and Vibrateaal FreyuerziedIR
Intensities for VOCL™ Compared with Expenmencal Vibrational
Frequencies and Geomeuies

assignmenls obsd” SCF scaed? PED¥ A5sipTments obse” reaysigned” SCF alsdt PED
(V-0 .56 1 497 r (V~0) 1.58~1 41 1 498
r V=CI, 22 2136 n(v-C; 2.23-2.26 1291
a(0-V-Ch 1082 108.4 a(dD-V-Cl I -1 IC36
2iC—v-Cnh 113} 1 10.6 BC—~V~-C.; 88 LGRS
3 135132 1A4/0.02 128 a. 60 B 40 19 12008300
Al 163173 150/0.66 170 3,28 a, 48 E 65 ¢ 1654 (M) 12470 R4 @ &3
E 248-2%0 384/0 269 ool 72 A 200006 27 3.12; 540
A- S08—411 4147/0.5 4158 rs. 75 B, 282 m 228006 228 @ 7S
E 502-507 hRETAY 507 ;.93 B 363 mb 2827 256 289 nill6
A- 15AS— 1343 129577 1047 r.. o9 E 230,03 260 696:.28
- . . . A 463 363 mb 369/C.3 KEC BENY V.8
- l-_xpcnmr:nla! :rec‘ue.m' s o i 12, 2{3. 17, and 3.“3. .\'Ql.tiLhal g 42!—: 2 ‘.:2[:‘_: 403 -‘:;3.-’6 R 927
th: 1wo lowest freguency bands were rzversed By ref 13 basad on A 1622 « YTk IR I/ 1030 - 97

polanzalian measereime s, dut botk the potuasizanon measurament and
the assigrmert have been comecied by ref 38, Experimenial gas phase
electron difzacnian 2ala “or VOCh were rom rel 44, ° Scabrg factors:
(&S iar Fo 09 for thz other  After wabng, (he dizgonal {erce conzanis
were (F v mdyw/ A Hin mdynAsead’) as follows: F., 7.79: F,,. 2.64;
H,, 0.64 Ha 042 ¢ On the buass of (he scaled foree el and valznee
farce conseants, corabueons below 1042 were cmited.

The Binary CsCl—NbCls. The spectra of pure NbCl; and
CaNbCl, (Figure 2) showed no peaks in the region of the oxide
bards, ind:canng a acgligible commosion of the fused silica cell
used. Na visual signs of eorrosion of the ¢cell could be observad
af*er the measurement.

The Binacy NbCls—-NbOCI:. Most of the feateres of the
gascous spectrem of NhOCI; are present in the spectra in Figure
3, sueh as the polarsized band of the tecminal Nb=0 seretch at
993 ¢m™ ", the poiarized Nb—Cl stretching band at 394 cm™ .
and the bandx at 228 and 114 ¢m™ - (cf. Table 6). Monomeric
NbOCl, is thecefore prabably present in the melt. In addition
there i3 a polarized band at 420 cm™°, sicrilar ‘o what is fourd
in NBOCly(s). and 2 broad polarized band at ~800 em™!, which
is probadbly due o bridging oxygen. The band assigned to the
bridging exygea in the solid 1s capored ta be very shamp.’? while
the cormresponding band in the welt is very broad. This may
hint 1o a broad range of configuraticns of iorns with bridgirg
oxygen 1n the melt, or to a very short lifetime of the bridge.
Palymerie NBOCH similar te that fouad in the solid may
therefore be present in the melt.

“ Geometry ‘rem refs 28, 46, and <7, vibrational Irequenaies (om
ref 28: nt = medium, « = {uorg. 2nd b = broud. £ The oroud A wode
and spliting o1 the E-moiie v aker ox evidenze of disiomen of e
ion leading 10 reduced symmetry. The 165 cm™ band may b2 vrreng'y
:nfluceced by or due 0 larice visrations < F. scaled 0.70, the others
10. Afwrscalng the diagora’ foree conviani were (7 in mdvivA. H
i mdynAsrad?) zs tollews: F, (7840 F, L7850 H, 0.77: H, 109
“On 1he bans of the scaled SCF *ieid. contrihutons helow S0% were
omiteed.

VCCiy VOC.a

(cj‘/; ;‘54-,-)
Figare 10. Ball arnd <ick modeds of VOO ard VOCL™ drawr
aceerding 1o the caleclated geometries (SCFy Centvil woms are
vanadaim. Oxygen aloms are gaiver as snmalles and Ligher spheres thar
chlorine.

The Binary CsCI—NbOCly. Melis dilute in NbOCl: show
strong polarized bands at 224 and 923 ¢ . typical of the
NbOCI>™ ion (¢f. Table 8). When the concentration of N6OCl
is increasing. additional bandy show up at 348 and 970 cm ™.
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Table 11. Calcuinled Energy Change (/mo)) for the reaciion
NbOCL,™ + €I~ = NbOCls*

reacuoen method AF?

NBOCL, ~« Q) NbOCl*~ SCF 156
NaNbOC] - NaC) = Na;NbOCi SCF —70
CASSCF =93

MP2 114

° The geometries #re shown in Figure 5. The Na*'s were confined
ta be jin-planc with Nb end the two bridging Cl's ta ensure equa’ Na
Cl bonding conditions for the two madel species.

NaNoOC)s:
(Cy)

NaNeCCi,
)

Figure 11. Ba'l and stick drawines of the CASSCF opumized
peometries of the model compeunds NaNbOCI: and Na-NMOCl¢ used
(o estimate the 2guilibrium constant v the rezcuor N>OCL.” = CI”
= NbOCIs>~. (See Table 1).) The Na atoms were forced (o be in-
clare with Nt and the (wo bndging Cl atoms: terce, the geomelrics
do rot give global energy minima. Centra) a'omns are niohium. Oxygen
atoms are given ss smaller and Yighter spheres than chionne, and small
and dark atoms not cormaited with sticks are Na atoms.

At the composition CsNBOCL;. the bands belonging 10 NHOCl<?~
disappear, and it is reasonable to conclude that the spectrum at
this coraposition shows bands of the NbOCl,™ ior, including a
symmemical Nb—C) sireich at 348 cm ™' and 2 symmctrical
Nb=0 swrerch at 970 crn ™' (¢f, Table 7). Thus, in the binary
CsCl-NbOCl; at xamoc, < 0.5, the equilibrium

Cs,NbOCls = CsClL + CsNbOC, 3)

seems to be established. Assuming that equal concentralions
of NoOCLl,~ and NbOCI5*™ lead to peaks of similar intensities,
the equilibrium constant (pure component standard state) of
reaction 315 close to unity. However, since these binary melts
were slightly colored, preresonance berween the axciting laser
and charge transfer bands may occur, and the estimated
concentrations of NbOCL~ and NbOCI<®~ based on the spectra
raay be misleading. Quanmum chemical calculations (cf. Table
I1) of the energy change for a similar reaction NaNbOCY, —
NaCl = Na;NbOCls, gave z negative energy chanze. This will
drive the reaction to the right, but the higher entropy or the
left side of the reaction will oppose this driving force. leading
to a Gibbs free energy change considerably less negative than
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the calculated AE®. The quanturo chemical calculations thete
fore support the observed equjlibrium for reaction 3. However,
neither the Ramap spectia nor the caleulations allow ap accucate
determination of the equilibrium constant for reaction 3.

In a wixtuge of 5% NbOCl and 95% CsCl, only bands
belonging to NbOCls®  were observed. Bands due to a possible
NBOCls?™ ion could not be decected.

The Ternary C<Cl-NbCls—NbOC);. Spectra recorded of
melts with compositions within 1his terpary system strongly
reflect its acid—base propertics. As Cl  iong are removed., i.c..
the CsC) concentration 18 rcduced, the mejt becomes more
acidic. To compensate for the loss of C1  jons, the negative
Nb cosmaining jons tend to share the semaining chlonde and
oxide ions by forming bridgiog bopds. Figure 5 shows spectra
of a 111 muxture of CsNYOCL, and CsNoCls. Peaks typical of
the NbOCL ™ and NoCle ~ ions are the major features of these
spectra. These species are believed to be the main complex
ions in auch melts.

Whea the CsCl concentration is reduced to 33.3% and xwey,
= xnvoc); = 33.3%, the melt becomes more acidic. Thig melt
can be considered as 1:1 mixtures of CsNbClg- NbOCly or
CsNbQCL NbCls or simply as molen CsNb,OCly. [t is
interesting o notice that this mixture formed a glass when the
cell was eooled quickly in air or water. Both spectrs of the
glass and the liquid (Figure 6) show the strong polarized bands
of the symmetrical Nb—Cl stretching between 370 and 410
c¢m~!. Probably several Nb—O—Cl and Nb Cl complexes
coexist both in the melt and v the glass.

It is difficu)t to decide which complexes are present, but some.
suggestions can be made. In the spectrum of the lquid a smal)
peak can be scen at 970 ecm ', This is the same position as the
peak of the terminal Nb==0 stetch in NbOClLy~ (cf. Table 7).
This peak is not visible in the spectrurn of the glass. There are
also several bands berween 780 and 890 ¢!, suggesting that
both the melt and the glass contain bndging oxygen. The
relatively high velues of the wavenumbers (between 370 and
410 em™!) of the polarized Nb—Cf stretching bands indicate
fairly strong Nb—Cl bonds. These values arc comparable 1o
the wavenumbers of Nb—Cl stretching bands in spectra of
molten NbOCly (394 and 415 ecm™ '), NbyClyy (415 cm ™"y, NuCls
(397 ¢m™') and NbClg~ (368 em™") (cf. Tables 4—6). Fcom
these observations it is reasonable ta assumne that both mono-
mern¢ species with terminal oxygen and polymeric species with
bridging oxygen are present in the melt, whilc the glass contains
mostly polymeric species with bridging oxygen. Moreover, the
presence of terminal oxygen in the mele unplies that complexes
without oxides also exist since the piobium to oxide ratio, nay/
no = 2. Since the melt forms a glass when il is cooled fairly
rapidly, the melt is probably parly polymerized.

Not only the acidity of the melt is impontanl, also the oxygen
concentration secms to be essential for the formation of
polymers. The spectra of melts with the 1:1 compositions
CsNbCls—CsNb;0Cly (Figure 7) and CsNDOClL—~CsNbOCly
(Figure 6) illustrate this point. The latter melt was also glass
forming when the cell was cooled in water. The spectra are
very similar to the spectra of the CsNb»OCl; mixture, and thus
the complexes in this foelt are probably mainly (he same as in
the CsNby OClg mels. Tt is noteworthy that the spectra of Vie
glass do nol show apy sign of the termmna) oxide band a1 570
¢, only the band of the bridging oxygen at around 850 em™ !
This indicates that teminal oxyger atoms in the NDOCL ™ joas
become bridged to other Nb atorns when the glass is formed
cven whea np/nnp > 0.5, suggesting poiymers with several
bridging oxygen atoms and accordingty more thaa two Nb atomns
ner polymer.
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The 1:1 CsNbClg—CsNb,OCly did not form a glass. Bands
typical for NbClg~ are the major features in these spectra (Figure
7). The broad peak at ~850 cm™! indicates some bridging
oxygen, while the peak at 970 cm™' and the weak shoulder at
348 cm™! show that NbOCl,~ is also present. In addition there
is a weak shoulder at ~390 cm™', probably having the same
origin as the peaks in the CsNb,OCly mixture. The degree of
polymerization, however, seems to be smaller in the CsNbClg—
CsNb,OClg melt than in the CsNbOCL,—CsNb,OClg melt.

Comments to the Quantum Chemical Calculations. For
NbCls~ the fit between the experimental and calculated frequen-
cies (Table 5) are convincing, the slight overestimation of the
bond length is quite normal for charged species (see, e.g., ref
50). For NbCls (Table 4), for which no direct geometry
determination is known, the fit is less convincing. It should,
however, be noted that there is a considerable disagreement
between the reported vibrational spectra.!!'%3341 Some errone-
ous assignments given earlier, including one based on a normal
coordinate analysis*® (see Table 4), may also have led to
confusion.

For NbOCl; (Table 6) no experimental geometries are
reported, and for NbOCLs~ (Table 7) such data are known only
where organic ligands are associated with the central Nb atom,
almost making it six-coordinate.>#243 However, comparing the
experimental frequencies with the observed spectra reveal a very
strong calculated Nb—QO bond for NbOCl;, NbOCL~, and
NbOCIs?~ at the SCF level. CASSCF calculations improve the
fit significantly and show that this problem is due to near-
degeneracy. Still a scaling down of the Nb—O stretching force
constant is needed to obtain a satisfactory fit. The need for
scaling indicate that even more states should be included in the
CASSCF calculations. With this scaling, most modes are
modelled within a deviation of 5%, and large deviations are
not observed.

The deviations are in general smaller than those seen for the
geometry of MoCls calculated at a similar level.”® Hence it
seems safe to conclude that the calculations give a good picture
of the given species, and the absence of imaginary modes verify
their symmetries. In contrast, the deviation between the
calculated and experimental bond distance?' for Nb=Q in
NbOCls*~ (Table 8) is dramatic and must be due to a significant
error in either the theoretical or the experimental work. Despite
the influence of the charge (see below), we feel, for several
reasons, that it is reasonable to rely on the calculations. (1)
The experimental bond length is very much longer than what
is found for all the other Nb—O—Cl species, and indicates a
single bond, or even less. This is not reflected in the Nb—O
stretching frequency, which is only slightly lower than that for
NbOCl;~. (2) The difference between the scaling factors for
Nb—O and Nb—Cl stretch is not substantially different for the
three species. (3) There are some peculiarities in the crystal-
lographic study, such as an isotropic refinement for oxygen
whereas all other atoms are refined anisotropically, and the
temperature factor for Nb toward O is very large. (4) The
experimental study shows a longer axial Nb—Cl bond, which
does not make sense unless the Nb—O bond is stronger than a
normal single bond.

For charged species calculated as free ions there will in
general be an overestimation of bond lengths, due to a too high
electrostatic repulsion between the atoms within the ion. In a
real ionic lattice this repulsion will be reduced due to the
polarizability of the cations, i.e., the charge of the ions is in
general significantly lower than the perfect integral charge
assumed. If the ligands of the anion have different polariz-

(50) Ystenes, M.: Brockner, W.; Menzel, F. Vibr. Spectrosc. 1992, 3. 285.

Rosenkilde et al.

ability, this elongation effect will show up mainly for the most
polarizable ligands (compare e.g. the 15% overestimation of
the P—S bond relative to the P—O bonds in PSO;*~ %), In
NbOCls>~ we see a significant overestimation of the Nb—Cl
bond lengths, and the too long Nb—Cleq bond will in turn tend
to shorten the Nb—O bond. As a consequence, the difference
in the scaling factors for F, and the other parameters is
somewhat larger for NbOCls?~ than for the other Nb—O~Cl
species.

In the model compound Na,NbOCls (see Figure 11) the
calculated (SCF) Nb—O and Nb—Cl,, bond lengths are 0.02
and 0.12 A shorter, respectively, compared with the free anion.
The Nb—Cl,q bonds have almost exactly the same length in the
two models, although they are not directly comparable. Nev-
ertheless, the calculated geometry of Na,NbOClI;s verifies that
the charge effect cannot explain the difference between the
calculated and experimental Nb—O bond lengths.

Of the vanadium oxochloride compounds, VOCl;~ (Table 10)
is especially interesting since a series of experimental geometries
are known. These show clearly the underestimation of the V—0O
bond length in the SCF calculations. The same deviation is
seen for VOCI;, although the rather old electron diffraction
data* may be uncertain. CASSCF calculations appeared to
correct this deviation in the same way as for the Nb homologues,
but due to some instabilities in the CASSCF wave functions
we have not included the results from the CASSCF calculation.
Although the data for the experimental frequencies of VOCl4~
are incomplete, the fit to the experimental frequencies for the
vanadium oxochlorides is convincing after downscaling of the
V=0 stretching force constants.

Conclusions

Spectra of molten NbOCl; have been recorded, and evidence
for both terminal and bridging oxygen has been found.

When the CsCl content in the melt was higher than 50 mol
% and no oxide was present, NbCls~ was the major Nb
containing complex. When oxide was added to the melt, the
oxochlorides NbOCL,~ and NbOCls?>~ seem to participate in the
equilibrium

CsNbOCl, + CsCl = Cs,NbOCl;

Quantum chemical calculations on neutral model molecules
support the presence of this equilibrium.

In the acidic central regions of the CsCl—NbCls—NbOCl;
system, polymeric ions containing bridging oxygen probably
exist. However, complexes with terminal oxygen are also
present in these melts, which also were glass forming when
cooled rapidly.

Experimental and calculated frequencies and symmetries of
ions and molecules occurring in the binary CsCl—-NbOCl; are
consistent, and we may conclude that (1) the calculated
symmetries of the molecules and ions are probably correct, (2)
the calculated molecular and ionic geometries seem to be
reasonable, and (3) the scaled quantum mechanical calculations
seem to give a reliable basis for assignment of the vibrational
spectra.

The results also show that quantum chemical calculations of
niobium and vanadium species may yield good estimates of
geometry, energy, and vibrational frequencies. Significant
effects of near-degeneracy may appear that causes the need for
CASSCF or similar methods. However, these effects on the
vibrational frequencies of the niobium oxochloride species
studied may be corrected by simple scaling.
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Appendix

Computational Details. All geometries and Hessians have
been determined at the ab initio self consistent field (SCF) level
of theory. For species including oxygen, calculations at the
complete active space SCF (CASSCF)’! level of theory have
also been performed. The CASSCF calculations were done in
order to correlate the two doubly occupied MO’s resulting from
the oxygen 7-like bonding toward the metal with their respective
antibonding orbitals, resulting in a multiconfigurational (MC)
description including 20 configuration state functions (CSF’s).
Several (up to six) of these CSF’s had coefficients between 0.10
and 0.15, and thus a MC description of the wave function was
found to be necessary. Analytic gradients have been used in
all cases. The Hessians were obtained from finite differences
of the analytically determined gradients, and the corresponding
frequencies were calculated using the harmonic approximation.

Because of the size of the systems studied, it has been
imperative to include extensive use of effective core potentials
(ECP’s). For niobium, the relativistic ECP according to Hay
and Wadt>? was used. The 4s and 4p orbitals were described
by a single-{ contraction, the valence 5s and 5p by a double-§
contraction and the 4d orbitals by a triple-{ contraction,
including one diffuse function. Vanadium was described by
Wachters primitive (14s, 9p, 5d) basis set™ contracted to [10s,
8p, 3d] with some modifications. The most diffuse s function
was removed and replaced by one s function spanning the 3s—
4s region (a, = 0.231). Two p functions to describe the 4p
region were added (o, = 0.175, 0.068), and one diffuse
d-primitive was added (oq = 0.1007). For chlorine, the ECP
according to Hay and Wadt>* was used. The valence basis set
was double-{ in the 3s and 3p regions and single—¢ in the 3d
region (g = 0.75). A SCF calculation on NbCle¢~ with all-
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electron description of chlorine was also performed as a test
(Table 4). In this calculation, chlorine was described by the
Dunning and Hay®® valence double-{ augmented by one d
function with exponent 0.75. Oxygen was described by the
Dunning and Hay3 valence double-{ basis augmented by one
d function with exponent 0.80. For sodium, the ECP according
to Hay and Wadt®* was used and the valence basis set was
double-{ in the 3s and 3p regions. These basis sets and ECP’s
were used in all geometry optimizations and Hessian calculations
reported in this paper.

For the reaction NaNbOCL, + NaCl = Na,NbOC(ls, the
geometries of the Nb complexes were determined at the SCF
and CASSCEF levels of theory, with the Na™ ions constrained
to be in the NbCl,-plane, as can be seen in Figure 11. This
constraint was necessary in order to obtain an equal treatment
of the two Nb complexes, and this also gives the smallest
possible difference in geometry compared to the corresponding
anions. The NaCl structure was only determined at the SCF
level, as no Na or Cl orbitals are included in our active space
in the Nb complexes. For these neutral species, second order
Maller-Plesset (MP2)%6 energy corrections have been calculated
at the stationary points determined at the CASSCF level of
theory (SCF level for NaCl). Somewhat larger basis sets were
used in the MP?2 single point energy evaluations. For niobium,
three f primitives contracted to one function were added. The
chlorine and oxygen basis sets were augmented by one diffuse
p function with exponents 0.052 and 0.064, respectively. For
sodium, the basis set was augmented by a d function with
exponent 0.175.

All ab initio calculations presented in this paper were
performed with the electronic structure codes GAMESSS? and
Gaussian.®® Scaling of force constants, verification of the
symmetries of vibrations, and calculations of potential energy
distributions were done with the help of the programs GAM-
FORCE® and MOLVIB.5°
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