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The molecular structures of NbOBrs, NbSCls, and NbSBr; have been determined by gas-phase electron diffraction
(GED) at nozzle-tip temperatures of 250 °C, taking into account the possible presence of NbOCl; as a contaminant
in the NbSCl; sample and NbOBr; in the NbSBr; sample. The experimental data are consistent with trigonal-
pyramidal molecules having Cs, symmetry. Infrared spectra of molecules trapped in argon or nitrogen matrices
were recorded and exhibit the characteristic fundamental stretching modes for Cs, species. Well resolved isotopic
fine structure (*Cl and *'Cl) was observed for NbSCls;, and for NbOCl; which occurred as an impurity in the
NbSCl; spectra. Quantum mechanical calculations of the structures and vibrational frequencies of the four YNbX;
molecules (Y = O, S; X = Cl, Br) were carried out at several levels of theory, most importantly B3LYP DFT with
either the Stuttgart RSC ECP or Hay—Wadt (n + 1) ECP VDZ basis set for Nb and the 6-311G* basis set for the
nonmetal atoms. Theoretical values for the bond lengths are 0.01-0.04 A longer than the experimental ones of
type r,, in accord with general experience, but the bond angles with theoretical minus experimental differences of
only 1.0-1.5° are notably accurate. Symmetrized force fields were also calculated. The experimental bond lengths
(ry/A) and angles ([/deg) with estimated 2 uncertainties from GED are as follows. NbOBrs: r(Nb=0) = 1.694(7),
r(Nb—Br) = 2.429(2), O(O=Nb—Br) = 107.3(5), J(Br—Nb—Br) = 111.5(5). NbSBr3: r(Nb=S) = 2.134(10),
r(Nb—Br) = 2.408(4), O(S=Nb—Br) = 106.6(7), (Br—Nb—Br) = 112.2(6). NbSCls: r(Nb=S) = 2.120(10),
r(Nb—Cl) = 2.271(6), J(S=Nb—CI) = 107.8(12), J(CI—Nb—Cl) = 111.1(11).

Introduction vacuum. Having successfully used the GED method to
. . o , determine the molecular structures of the tungsten(VI)
Our structural interest in the compounds of this investiga- chalcogeno-chlorides WSCAnd WSeGiZ and the related
tion began over 25 years ago when we d.eveloped roOM-p omides WOBE3 WSeBg 4 and WSBE“ a similar applica-
temperaltture synthetic routes to the materials Np30H tion of the method to the niobium(V) chalcogeno-halides was
NbSBr.* These ternary compounds presented a structural o5y indicated. We expected the study of these compounds

challenge because attempts to obtain crystals by sublimation, e 11\ore challenging than those of the tungsten compounds,
led to complex reactions indicated by color changes that 5 it tyrned out to be so. An initial report of GED work on

occurred on heating the materials in sealed tubes underNbOBr3 and NbSBs is given in the thesis of R. J. Frengh.
We have now extended the original work to include matrix-
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isolated infrared spectroscopic data on NbSid NbSB, passing HS through acidified aqueous solutions of ShQlhe
and ab initio molecular orbital calculations on these com- reaction medium, CSwas dried over s and distilled three times

pounds as well as on the corresponding oxygen homologuesonto fresh BOs before use.

and on NbGJ. Of interest in its own right, this spectroscopic ~ Preparation of the sulfido-halides began by placing abayiof
and theoretical work was an important aid in the GED the corresponding niobium halide into a previously weighed reaction
analyses. ampule containing a Teflon-coated magnetic stirrer. The ampule

In the years following French’s thesis work, accounts of was quickly evacuated and left under a dynamic vacuum for 0.5 h.

. S At the end of this time, the ampule was reweighed. A cooled sample
several GED studies of other niobium compounds (NGOF of ShS;, previously held under a dynamic vacuum for 12 h at 200

N_bO_C"J and NbO/°) have app_eared. The results for all the °C, was added to the ampule in an amount sufficient to give a
niobium compounds are consistent with, symmetry for halide-to-sulfide ratio slightly greater than 3:1. The ampule was
the molecules in the gas phase. The present work makes Usghen evacuated, cooled t6196 °C, filled with CS,, sealed, and
of French’s diffraction patterns for his compounds, and allowed to warm to room temperature, at which point the mixture
patterns for NbSGI from new experiments. The main was stirred for 24 h. Extending the reaction time for the chloride
purpose of our studies of the title molecules was to identify beyond 24 h led to the formation of some 48kCl,, and it is the
the structural changes that occur with changes in the ligandsformation of this darker material that we believe has led to the
and to account for these both here and in other NpYX variety of colors ascribed to NbSCIn the literature*1® The
molecules in terms of the nature of the bonding and steric insoluble sulfido-halide_s Were_isolated by vacuum filtration. The
interactions. A satisfactory understanding of these effects in product was washeq with copious amounts OT dry @Sremove .

) any occluded She@ilFinally, the product was subjected to a dynamic
the WYX, compounds_(Y, a group 16 element; X, a group o cuum for 24 .
17 element) was obtained through the work already cited,

e . L The oxo-halide NbOBrwas prepared in a manner similar to
10 11
and by additional investigations of WQFWOCL,** WSF,, that for NbSBg except that resublimed commercial,©pwas used

and WSek."? instead of SpS;. The purity of the sulfido- and oxo-halides was
confirmed® by determination of halide and niobium concentration
using classical methods.

Preparation of Compounds.Details of the synthetic methods Matrix Isolation Infrared Spectroscopy. Extensive matrix
for creating a range of oxo- and sulfido-trihalides have been isolation studies were carried out on samples of NRS€id
previously published in several article® A brief description of NbSBpr, which were vaporized from break-seal ampules in an all-
the relevant material is presented here. Because the isolatedglass system. Temperatures in the-400 °C range produced
compounds are very air and moisture sensitive, preparation andsufficient sample vapor which was cocondensed with a large excess
purification were carried out using an all-glass vacuum line. Care (> x1000) of the matrix gas onto a Csl window cooled to 12 K.
was taken to remove surface moisture from the vacuum line and High purity nitrogen and argon (99.999%) were used as matrix
sample ampules by heating the glassware under a high and dynamienaterials. All infrared spectra were recorded on a Perkin-Elmer
vacuum to approximately 100C for 3 h. The vacuum line and 983G spectrophotometer; the general features of the matrix isolation
glovebox were filled with dry, oxygen-free nitrogen when solid apparatus have been described elsewkere.
products were transferred to sample ampules or while preparing |n addition to obtaining matrix IR data on NbSGind NbSBs,

Experimental Section

compounds for analysis. these studies also yielded matrix IR spectra of Nb@@H NbOBg

The chalcogenide trihalides, golden yellow Nb$@hd red- formed in small (and variable) amounts as a result of hydrolysis
orange NbSBy; were prepared by allowing Ng{X = Cl or Br) reactions arising from interaction with the glass surfaces. These
to react with SkS; at a 3:1 molar ratio in carbon disulfide at room  molecules were identified by comparison with earlier studies, but
temperature: in the case of NbOGJ it was possible to carry out a more detailed

analysis of the vibrational spectrum than was currently available.
Theoretical Calculations. Geometry optimizations and fre-
quency calculations of NbOBrNbSBgE, NbSCE, NbOCk, and
NbCls were carried out at the B3LYP DFT level of theory with
use of the Gaussian 98W program(NbOCk, which occurs as a
reaction byproduct, was found to be a likely impurity and Nyl
possible one.) The basis sets included the Stuttgart RSC ECP or
Hay—Wadt (h + 1) ECP VDZ bases for Nb and 6-311G* for Br,

3NbX, + Sb,S, — 3NbSX, + 2ShCl,

The niobium halides were prepared by the halogenation of metal
sheet at 300C (X = Cl) and 350°C (X = Br). Prior to their use,
the halogens (chlorine and bromine) were dried using concentrated
sulfuric acid and POs. High surface area $8; was prepared by

(6) Belova, I. N.; Giricheva, N. I.; Girichev, G. V.; Shlykov, S. A.

Struct. Chem1997 37, 609. Cl, O, and S. The principal role of these calculations was to yield
(7) Belova, I. N.; Giricheva, N. I.; Grichev, G. V.; Petrova, V. N.; Shlykov,  the basis, i.e. quadratic force fields, for interconversion of certain
S. A.J. Struct. Chem199§ 37, 224. types of interatomic distances that figure in the structure analysis

(8) Giricheva, N. I.; Girichev, G. V.; Shylokov, S. A.; Pavlova, G. Yu.;
Sysoev, S. V.; Golubenko, A. N.; Titov, V. Al. Struct. Chem1993

33, 517. (13) (a) Fowles, G. W. A.; Hobson, R. J.; Rice D. A.; Shanton KJ.J.

(9) Robiette, A. G.; Hedberg, K.; Hedberg, L. Mol. Struct.1977, 37, Chem. Soc., Chem. Commur@76 552. (b) Drew, M. G. B.; Rice,
105. D. A,; Williams, D. M. J. Chem. Soc., Dalton Tran$983 2251. (c)

(10) (a) Spiridonov, V. P.; Zasorin, E. Z.; Zharskii, I. M.; Novikov, G. I. Drew, M. G. B.; Rice, D. A.; Williams, D. MJ. Chem. Soc., Dalton
J. Struct. Cheml1972 13, 511. (b) lijima, K.; Shibata, Bull. Chem. Trans 1985 417. (d) Sands, D. E.; Zalkin, A.; Elson, R. Ecta
Soc. Jpn1974 47, 1393. (c) Zharskii, J. M.; Novikov, G. |.; Zasorin, Crystallogr. 1959 12, 21. (e) Drew, M. G. B.; Tomkins, |. BActa
E. Z.; Spiridonov, P., IVDokl. Akad. Nauk. BSSE976 20, 234. Crystallogr., Sect. BL97Q 26, 1161.

(11) Rice, D. A.; Hagen, K,; Hedberg, L.; Hedberg, K.; Staunton, G. M.; (14) Fairbrother, F.; Cowley, A. H.; Scott, l Less-Common Met959
Holloway, J. H.Inorg. Chem.1984 23, 1826. 1, 206.

(12) Hagen, K.; Rice, D. A.; Holloway, J. H.; Kaid¢ V. J. Chem. Soc., (15) Baba, I. B. PhD thesis, University of Reading, 1977.
Dalton Trans.1986 1821. (16) Ogden, J. S.; Wyatt, R. 8. Chem. Soc., Dalton Tran&987 859.
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Table 1. Theoretical Symmetry Force Constants and Wavenumbers/ton NbY X3; Molecules®

NbOCk NbOBr3
F1 Fas) F3e) w Fi Fas) F3e) w mode
Y F1 7.914 993 7.931 994 NBY str
8.108 1005 8.020 1000
F, 0.408 3.026 401 0.349 2.418 252 NK str
0.398 2.821 388 0.350 2.399 252
Fs3 —0.150 0.051 0.536 127 —0.148 0.031 0.552 96 *¥Nb—X bend
—0.154 0.050 0.550 128 —0.148 0.030 0.544 96
e Fa 2.564 447 2.196 342 NbX str
2.413 436 2.066 334
Fs —0.070 0.686 222 —0.049 0.671 197 ¥Nb—X bend
—0.069 0.710 222 —0.047 0.680 197
Fs 0.067 —0.025 0.350 101 0.045 —0.025 0.369 68 %Nb—X bend
0.065 —0.026 0.342 101 0.043 —0.025 0.369 68
NbSCk NbSBr;
F1a Faes) Fae) w Fia Fa) F3) w mode
a F1 4.397 565 4.355 561 NBY str
4573 576 4.505 570
F 0.291 2.956 395 0.256 2.403 250 —IX str
0.288 2.787 384 0.259 2.384 250
Fs —0.083 0.078 0.561 128 —0.080 0.060 0.589 96 *¥Nb—X bend
—0.086 0.077 0.578 128 —0.081 0.060 0.579 96
e Fa 2.536 440 2.193 330 NbX str
2.412 429 2.069 322
Fs —0.031 0.677 151 —0.008 0.684 129 ¥Nb—X bend
—0.031 0.698 150 —0.008 0.686 129
Fs 0.062 —0.010 0.355 102 0.042 —0.011 0.385 69 XNb—X bend
0.062 —0.010 0.355 102 0.041 —0.011 0.379 69

aNumbers in regular typeface are scaled force constants from B3LYP/Stuttgart theory with use of experimental wavenumbers when available; italicize

numbers are from theory only Values are aJ/Afor stretches, aJikad for stretch-bends, and aJ/rddor bends.

and for the calculation of amplitudes of vibration that could not be
reliably measured; no direct use was made of the optimized
geometries. The Cartesian force fields from the Stuttgart calculations
were converted to symmetrized force fields with the program
ASYMA40!8 and scaled in such a way as to provide a fit to available
experimental wavenumbers (NbQBP-292 NbOCk,2t NbSBI;,202
NbSCE2%). Theoretical vibrational wavenumbers from the B3LYP/
Stuttgart calculations were used when experimental ones were
unavailable. The symmetry force constants from this procedure were
used to calculate corrections for the effects of vibrational averaging.
Table 1 contains the two sets of symmetrized force constants. and
Table 2 gives the symmetry coordinates used for this work. Similar
calculations were also done for N? but results for this molecule

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(18) Hedberg, L.; Mills, I. M.J. Mol. Spectrosc200Q 203 82.

(19) Schulz, C. O.; Stafford, F. B. Phys. Chem1968 72, 4686.

(20) (a) This work. (b) Nowak, I. MSc. Thesis, University of Reading,
1993.

(21) (a) Beattie, I. R.: Livingstone, K. M. S.; Reynolds, D. J.; Ozin, G. A.
J. Chem. Soc. A97Q 1210. (b) Ozin, G. A.; Reynolds, D. J. Chem.
Soc., Chem. Commut969 884.

(22) (a) Beattie, I. R.; Ozin, G. Al. Chem. Soc. A969 1691. (b) Ischenko,
A. A; Strand, T. G.; Demidov A. V.; Spiridonov, V. B. Mol. Struct.
1978 43. 227. (c) Zavalishin, N.; Cand. Diss., University of Moscow,
1975.
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Table 2. Symmetry Coordinates for NbYaXMolecule$

a S =Arpp Nb=Y str
S = 1/3A(r13+ r1a+ ris) Nb—X str
83 = 1/«/6A(0~213+ Q214+ 0215 — Y=Nb—X bend

Ba1a— Pais— Ps19

e Sy = 1/V/6A(2r13— r14— r1s) Nb—X str
&, = 1/«/6A(2(1213 — 0214 — (1215) Y=Nb—X bend
S = 1/«/6A(2ﬁ314 — ﬁ415 - ,3513) X—Nb—X bend
S = 1V/2A(r13 — r12) Nb—X str
S = 1V2A(0t214 — 0219) Y=Nb—X bend
& = 1/«/2A(ﬂ415 - ﬁ513) X—Nb—X bend

a Atom numbering: 1= Nb; 2=1Y; 3, 4, 5= X.

did not figure importantly in the analyses and the results have not
been tabulated.

Electron Diffraction. GED measurements were carried out using
the apparatus at Oregon State University. Samples of the niobium
compounds (NbOBy NbSCk, and NbSBg) were held in sealed,

30 cm long glass ampules equipped with break-seals and were
attached as needed to the apparatus with the use of a 1/4 in.
Swagelock fitting. With the ampules under vacuum, the tubing
above the break-seals was heated to at least°@@r 1 h to
remove occluded moisture. The ampule was opened by dropping a
small, glass-encased metal plug onto the break-seal, and the sample
tube was then wrapped with heating tape and gradually warmed.
Vapor sufficient to produce good photographs was obtained with
bulk sample temperatures of about 280 The nozzle inlet tube
was heated to a slightly higher temperature to prevent condensation.
Photographs were recorded on Kodak projector slide plates (medium
contrast) and were developed in D-19 diluted 1 to 1. The best
photographs from each experiment were chosen for analysis. The
diffraction photographs for NbOBiand NbSBg were those made

for French’s thesis work but analyzed afresh with our improved
procedures in order to be consistent with those applied to the new
experiments on NbSglEach plate was traced and digitized with
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Table 3. Experimental Conditions for NbOBrNbSBg, and NbSH

NbOBl'g NbSBFg, NbSCb
LC MC MC LC MC
sample temperaturéC 331 299 260 250 248
nozzle temperaturéC 352 307 268 310 307
ambient pressure/Tost 106 1.7-1.8 1518 4.0-4.4 1.4 3.8-6.0
acceleration voltage/kV 45 48 48 60 60
beam currentg/A 0.41-0.44 0.43-0.52 0.46-0.47 0.30 0.45
exposure times/s #5100 1806-300 105-240 120-180 150-255
nominal electron wavelength/A 0.0566 0.0549 0.0549 0.0484 0.0483
nozzle-to-plate distance/mm 744.29 300.42 300.58 746.78 298.46
no. of plates 4 5 4 2 2
traces per plate 1 1 3 3 3
data rangesmi/A 1 to spayA 12 2.00-12.75 6.06-32.00 4.56-32.25 2.06-16.50 7.06-30.00
data interval/Ala 0.25 0.25 0.25 0.25 0.25
calibration substance GO CO, CO, CS CS
r(C=S)/A, orrg(C=0)/A 1.1646 1.1646 1.1646 1.557 1.557
r«(S++S)/A, orr,(O---O)/A 2.3244 2.3244 2.3244 3.109 3.109
as = 4741 sin(0/2).

a modified Joyce-Lobel microdensitometer. In most cases, a plate

was traced three times, and the resulting curves were averaged.

The experimental conditions employed for each sample are listed @) NbSBry

in Table 3. The scattered intensities are available as Supporting

Information.

b) NbSBry

Results

Matrix Isolation Infrared Spectroscopy. Matrix isolation
spectroscopy provided a convenient method to investigate
the vapor generated from heated NRSX = CI or Br)
samples. The infrared spectra of Nbg&hd NbSBs in argon
and nitrogen matrices contain prominent bands in the=Nb
S and Nb-X stretching regions. Some impurities were
noticeable in the initial matrix deposits; the most obvious
were Sb, a synthesis product, and the oxo-halides NOCI
and NbOBg. The latter two are believed to have been formed
by the hydrolysis of the sulfido-halides as they passed
through parts of the glass inlet system which could not be

adequately heated to remove adsorbed water. The identity

of the impurities was established by comparison with
previous work?® The presence of the oxo-halides could be
readily detected by their characteristicNO vibrations at

990 cnt?, and these higher wavenumber features did not

present any problems regarding spectral interpretation. In the.

Nb—Cl and Nb-Br stretching regions, however, the presence

of these impurities was found to complicate band assignments,

for both NbSC} and NbSBjs. A concern prior to the
experiment was that heating the samples would form the
species NbXand NbS:X,4 and that only the former would
be a volatile product, but there was no evidence of NimX
the matrix.

Figure 1 shows typical low-resolution (5 c) matrix
infrared spectra for deposits of NbSHa and b) in a nitrogen
matrix, and NbSGI(c) in an argon matrix. The prominent
bands at 560.9 (NBS) and 329.6 cmt (Nb—BFr) in Figure
1la,b are assigned to NbSBIn Figure 1a, the peak at 987.9
cm! (Nb=0) and the shoulder at 341.3 ck(Nb—Br) are
assigned to the impurity NbOBrBoth of these absorptions
are much less prominent in Figure 1b, leading to the

(23) Nunziante-Cesaro, S.; Maltese, M.; Spoliti, M.; JanissBectrochim.
Acta, Part A1984 40, 579.

T

300

% Transmittance

T T T T T T T T

1100 1000 900 800 700 600 500 400

Wavenumber/cm-!

Figure 1. Low-resolution matrix isolation infrared spectra for NbgBr
and NbSC. Spectra for NbSBr(a and b) are from molecules isolated in
a nitrogen matrix and show different amounts of Nb@Brpurity. Spectrum
(c) shows NbSGlin an argon matrix.

conclusion that this deposit contains less of the impurity.
Although a third, weaker, feature is expected for NbsS&gr
lower wavenumber, no such peak was found in the-330
200 cnttrange in any of the spectra. The possibility remains
that it lies too close to the 330 crhband to be observed
independently. To prevent buildup of the Nb@@hpurity

in the NbSC} deposition, the apparatus was “seasoned” prior
to use by flowing NbSGI vapor through the system. In
Figure 1c, there is no discernible feature in the=Mb
stretching region, and the three bands at 565, 439, and 393
cm ! are assigned as NbS@lindamentals. Table 4 lists band
positions from this and previous work, and assignments for
four NbYX3; molecules. A comparison of the listings in the
table shows that in the NbS stretching region both matrix
hosts give essentially the same vibration frequencies at low
resolution.

High-resolution spectra of the NICI stretching region
are displayed in Figure 2. The uppermost experimental curve
in Figure 2 is from a matrix deposit containing very little of
the NbOC} impurity. The well-resolved structure arises from
the presence of chlorine isotop&€| and 3’Cl in natural
abundance. The observed structure is highly diagridstic
a Cg, trichloride unit, and the patterns at 440 and 390 &m

Inorganic Chemistry, Vol. 42, No. 4, 2003 1299
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Table 4. Theoretical and Experimental Wavenumbers/érior Stretching Vibrations of NbYX Molecule$

Nb=Y, A3 Nb—X, E Nb—X, A

species matrix theory current lit. theory current lit. theory current lit.
NbOCk N2 996/993 [997/993] 444 [443]

Ar 993 [993] 448 [449] 400

vapor 1005 {997} 436 {448 388 {395
NbOBr; N2 987.9 [989] 341.3 [339]

Ar 985.0

vapor 1000 (994) 333 252
NbSCk N2 563.2 437 390

Ar 565.0 439 393

vapor 576 429 384
NbSBr N2 560.9 329.6 b

Ar 558.5 330.0 b

vapor 570 322 250

aValues in square brackets are from ref 23, those in braces are from ref 21a, and those in parentheses are frd@eefea.

Table 5. Observed and Calculated Isotopic Wavenumberstdior
NbOCk and NbSC in Argon Matrices

* Experimental

NbOCk NbSCk
NbSCly obsa@ calcd obsd calcdt assignment
993.0 993.0 ANb=0
* 565.0 565.0 ANb= 7325

5529 5522  ANb=3S
447.8 4483  439.7  440.0 E RACI; + A”Nb3CISSCl,
NbSCl + NbOCl3 4459 4459 4379 4377  'Ab®CPECl,
4436 4432 4352 4351  'AbB¥CI¥Cly
4409 4401 4324 4321  ERiCl; + A’ND3CICl,
430.8 site effect, see text
Theoretical 4015 4016 3950 3950  4Ab®Cls
397.9 3974 3914  391.4 'ADbSCICl,

Absorbance

NbSCL
AN 3 394.1 388.2 388.2 AND3SCIF’Cl,
391.8 385.0 ANDb®'Cl;
a Argon matrix.”? Based on a value of 107or the angle G-Nb—Cl
(ref 25) and assuming the following force constant values/milyh
NbOCI, Fnb—0) = 8.045,Fnp—ciy = 2.869, Fnb—cinb-—ciy = 0.105, F(nb—o,Nb—ci)

AN = 0.6.¢Based on a value of 106.7or the angle S Nb—CI (ref 25) and
assuming the following force constant values/mdyn: Fp—s)= 4.584,
Fab—chy = 2.780,Fnb—cino—cty = 0.147,Fnb=s,nb-cry = 0.5.

T T T T
460 45|0 4‘;0 4|30 420 410 400 390 380 . L .
contains two principal stretching force constafigp,—y) and

Fnb—x), and two stretch stretch interaction constants. These
four parameters, together with bond angles, permit the
vibrational modeling of all isotopic components in the
are identified as arising from the E and Wb—ClI stretching stretching region. Additionally, it has been shown that this
modes. The other experimental curve is from a deposit model can successfully reproduce relative infrared band
containing both NbSGland NbOC4. The latter compound  intensities, using the borelipole approach* Theoretical
has not been studied at this level of detabut a comparison ~ spectra calculated for the niobiurghlorine region of NbSGl
of the additional features observed in this spectrum to thoseand NbOC} made use of the extensive isotopic data obtained
above suggest their identification as isotopic structure arising by matrix isolation and assumed bond angles, respectively,
from the analogous E and:Ab—CIl modes in NbOGl A of 107.0 and 106.7.2° These accompany the experimental
listing of experimental and theoretical results for the various spectra shown in Figure 2. The satisfactory agreement
Nb—ClI isotopic components and their assignments can bebetween the experimental and theoretical spectra forms the
found in Table 5. basis for the proposed band assignments listed in the tables.
The spectral assignments given in Tables 4 and 5 ariseThe enhanced intensity of the component at 437.9%cm
directly from a “stretching modes only” vibrational analysis denoted by “*”, is believed to arise from a second site in
on theCs, monomers. The stretching modes in these NpYX the matrix which produces an equivalent, but displaced,
compounds have symmetries (Nb=Y), and A, + E (Nb— isotope pattern. This also explains the additional weak feature
X). A force field which suitably simulates the frequencies in the figure observed at 430.8 cindenoted by “s”.

of the various isotopic species in the stretching reffion (Bromine also has two naturally occurring isotopéBy and
81Br, but the isotopic splitting associated with the NBr

Wavenumber /cm™!

Figure 2. High-resolution infrared spectra from NbS@holecules isolated
in an argon matrix. See text for full description.

(24) (a)Wilson, E. B.; Decius, J. C.; Cross, P.@olecular Vibrations
McGraw-Hill: New York, 1955; p 166. (b) Beattie, I. R.; Blayden,  (25) These angles were invoked before our results for NpS@&re
H. E.; Hall, S. M.; Jenny, S. N.; Ogden, J. 5.Chem. Soc., Dalton available. They are, however, close to the measured values for each
Trans.1987 859. compound (see ref 7 for NbOg}I
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Figure 3. Intensity curves for NbS@I Curves of the data from each

O-Br BrBr

0 1 2 3 4 5 6
rlA

Figure 4. Radial distribution curve for NbOBr The vertical bars show

the positions and relative weights of the interatomic distances. The difference
curves are experimental minus theoretical for the final model (A). See Table
6 for model details.

exposure amplified five times are shown superimposed on their backgrounds;
each is the average of three photometric traces. The background-subtracted
curves are the molecular intensities on which the refinements were based.
The difference curves are experimental minus theoretical for the final model

(A). See Table 6 for model details.

stretching modes in NbBr; and NbOBg is too small to be
resolved with the apparatus available.)

The assignments given in Tables 4 and 5 are also supported
from the purely quantum-mechanical side. For example, the
wavenumbers calculated for the bond-stretching modes of

NbOCkL and NbS differ from the experimental ones by
only 11-14 cm™. Further, the values of the bond-stretching

Nb-Br BrBr
NbSBr3 Nb-S SBr
73 % I
I
NbOBr3 .
27% Nb-O |Nb* Br 0B IBf Br
Difference
A
B
T T T T T
0 1 2 3 4 5 6
r/A

Figure 5. Radial distribution curve for NbSBr The difference curves
(experimental minus theoretical) are for the preferred model A and for B

internal force constants obtained from theory are very close which contains no impurity; details are found in Table 6. The vertical bars
to those obtained by the “stretching modes only” analysis show the positions and relative weights of the interatomic distances for

already mentioned and given in footnoteandc to Table

5. For NbOC4, the theoretical values, in afAare fp—v)

= 8.108,f(Nb7x) = 2.549,f(Ntfx,Nb7x) =0.136, and(Nb=y,Nbf

x) = 0.230; and for NbSG] they arefno—y) = 4.573,f(no—x)

= 1-870,f(Nbe,Nbe) = _0.542, andf(Nb=Y’Nb7x) = 0.166.
Electron Diffraction. Curves of the total scattered intensi-

ties &'l1) for NbSCE are shown in Figure 3 along with the

background-subtracted molecular intensity cunag(§)),

the form used in the least squares refinement procedure.

Curves for NbOBg and NbSBg are similar and can be found
in the Supporting Information. With use of theoretical
intensity data in the unobserved regisn< 2.00 A1,
experimental radial distribution (RD) curves (Figures&}

model A.

were calculated from the functiosly(S)exsZnoZx/AnbAx)-
exp(0.002 8) (X = ClI or Br) according to procedures
previously describeéf The electron-scattering factors and
phases used in these and other calculations were taken from
tables?’

As previously reporteél;® C, symmetry for the molecules
of NbOR;, NbOCE, and NbO} was consistent with the GED
data and adopted as an assumption. The peaks of the RD
curves from the present study are also consistent with this
symmetry, and accordingly, the same assumption about the
molecular geometries was made. Preliminary analysis of the
NbOBr; data led to a good fit for essentially pure material

(26) (a) Hedberg, K.; lwasaki, MActa Crystallogr.1964 17, 529. (b)
Hedberg, L. Abstracts Fifth Austin Symposium on Gas-Phase
Molecular Structure, Austin, TX, March 1974; p 37. (c) Gundersen,
G.; Hedberg, KJ. Chem. Phys1969 51, 2500.

(27) (a) Elastic amplitudes and phases: Ross, A. W.; Fink, M.; Hilderbrandt,
R. L. International Tables for Crystallographynternational Union
of Crystallography; Kluwer: Boston; Vol. 4, p 245. (b) Inelastic
amplitudes and phases: Cromer, DJTChem. Physl969 50, 4857.
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Table 6. Least-Squares Refinement Results for Various Models of
NbOBr;, NbSBr, and NbSGP

NbOB; NbSBre NbSChe
paran{ A A B A B Cc
r(Nb=Y) 1.694(7) 2.134(10) 2.139(10) 2.120(10) 2.131(9) 2.125(10)
. r(Nb—X) 2.429(2) 2.408(4) 2.413(3) 2.271(6) 2.278(4) 2.274(6)
' mﬁpmmmal r(Y-X) 3.341(11) 3.637(16) 3.636(16) 3.541(29) 3.546(28) 3.544(27)
------- P e e e r(X+++X) 4,004(12) 3.986(17) 4.000(14) 3.733(27) 3.752(29) 3.741(25)

I(Nb=Y) 0.044(11) 0.073(10) 0.085(8) 0.036(13) 0.051(10) 0.039(13)
I(Nb—X) 0.062(3) 0.064(3) 0.065(3) 0.055(5) 0.057(5) 0.054(5)
Model A distances: I(Y+++X) 0.148(14) 0.167(28) 0.202(31) 0.122(29) 0.164(24) 0.123(30)
Nb-Cl [(X++X) 0.192(10) 0.195(21) 0.198(18) 0.154(51) [0.187]  0.154(50)
NbSCl3 NbrS| s-c1| |crCl O(Y=Nb—X) 106.9(5) 106.3(7) 105.9(6) 107.4(12) 107.1(13) 107.3(11)
68% | | O(X—Nb—X) 111.0(5) 111.7(6) 112.1(6) 110.5(11) 110.9(12) 110.7(10)

Nb-Cl % NbSX  [0] 73(10) [100]  68(5)  76(8)  78(8)
NbCl 5 FINo-Clax ¢yl % NbCk® 0] [0] [0] 17(5) 0] 22(8)
17% \ || Ol Clag Clac Clax % NbOX [100]  27(10) [0] 15(5) 249  [0]

Nb_Cl R 0.08 0.10 0.11 0.12 0.13 0.13

NbOCl3  np=0 |

159, oc Crcl a Cg, symmetry assumed for all modefsDistancesi(g) and amplitudes
° 1 )

: () are in angstroms, and angldsgf are in degrees; uncertainties arg 2
Difference and quantities in square brackets were assumklhdels of NbSBg and
A NbSCk differ in the impurities included®Y = O or S, X= Br or CI.
e Structural parameters were taken from this work (Nbg§)Bnd refs 22b
B (NbCls) and 7 (NbOG)). f Goodness of fit factor: R = [J WA
wili(obsdf]¥2 with A; = Ii(obsd)— li(calcd) andi; = s;.

C

curves to the experimental oiém the formsl(s) using a

unit weight matrix.

, . . . . For NbOBg with no evidence of impurity, all structural

0 1 2 3 4 5 6 and vibrational amplitude parameters refined smoothly to the
r/A results given in Table 6. The difference curve in Figure 4

Figure 6. Radial distribution curve for NbSl The difference curves —  ghaws that the final model provides an excellent fit to the
(experimental minus theoretical) A, B, and C are for the models containing

possible impurities as described in Table 6. Model D is the result if no €XPerimental data.
impurity is present. The positions of the distances in model A (the preferred  \Wjth the details of the NbORIstructure available, account

T e il B Wi each s eighe coui be taken of s presence in the NbS@fraction data

by adding the known values of its interatomic distances and

vibrational amplitudes to the model and refining only its
as the vapor. For NbSEland NbSBg however, the  amount with use of a mole-fraction parameter. The best fit
preliminary work indicated the presence of sample impuri- to the data was obtained with system model A that contained
ties: each RD curve contains a small peak at abautl.7 a ratio of NbSBgNbOBr; of about 3/1. For comparison,
A, which is shorter than the expected length of an  refinements were also carried out on a model B in which
bond (2.1 A), and about equal to the expected length of athe NbOBg impurity was omitted. Ther /0, parameter
Nb=0 bond. The likely impurities are thus the oxotrihalides values for both models are found in Table 7. The quality-
corresponding to NbOgland NbOB§ because they were  of-fit factors R for the two models as well as the difference
found to be present as impurities in the matrix studies of curves of Figure 5 indicate that model A provides somewhat
NbSCk and NbSBg. Another impurity concern was the  petter agreement with experiment than model B.
possible presence of NbCin the NbSC{ sample due to The analysis of the NbSgsystem was the most compli-
thermal disproportionation during volatilization. The analysis cated because allowance for the possible presence of two
of the NbSBg structure thus required allowance for the impurities, NbC} unreacted from the preparation and Nb@Cl
presence of NbOByand that of NbSGlallowance for both  from oxidation of the product, was required. Three models
NbOCL and NbCt. Fortunately, the structures of each have consisting of NbSGl and various combinations of the
been determined?° impurities were tested: model A contained both impurities,

The three structural parameters chosen to define theB had only NbOCJ, and C had only NbGl A model D

structures of the NbYXmolecules were the, bond lengths containing no impurity was also tested, but the results have
r(Nb=Y) andr(Nb—X), and the bond anglel(Y=Nb—X). not been tabulated because, as may be seen in Figure 6, it
Ther, distances were converted to thetype required by ~ gave much poorer agreement than the others. In preliminary
the scattering intensity formula with use of values for refinements, attempts were made to measure the structures
centrifugal distortions and perpendicular amplitudes calcu- of the impurities together with that of NoSCbut the results
lated with the program ASYM40 as described in an earlier were poor. Instead, the impurity structures were taken from
section. The vibrational parameters were the four rms the literature: NbGl with assumedDs, symmetry2® and
amplitudes of vibration corresponding to the different types NbOCk with Cs,.” All of the structural and vibrational-
of interatomic distance. The structure refinements were amplitude parameters associated with NkS@tre refined
carried out by least squares adjustment of theoretical intensitytogether with two composition parameters for the supposed

D
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Table 7. Structural and Vibrational Results for Preferred Models of Nb)BIbSBrE, and NbSG#

experimerft theory, B3LYP/
ro/Oo ro/g rd0a | Stuttgart H—wd le
NbOBr3
Nb=0 1.682 1.694(7) 1.693 0.044(11) 1.709 1.700 0.039
1.694 1.692(8) 0.044(11)
Nb—Br 2.417 2.429(2) 2.427 0.062(3) 2.451 2.452 0.062
2.429 2.427(2) 0.062(3)
O--+Br 3.330 3.341(11) 3.334 0.148(14) 3.384 3.375 0.140
3.344 3.337(19) 0.148(14)
Bre--Br 3.996 4.004(12) 3.995 0.192(10) 4.049 4.054 0.198
4.005 3.995(12) 0.192(10)
0(O=Nb—Br) 107.3(5) 106.8(9) 107.5 107.4
0(Br—Nb—Br) 111.5(5) 110.8(9) 111.4 1115
% NbOB# [100] [100]
Re 0.079 0.079
NbSBr
Nb=S 2.123 2.134(10) 2.131 0.073(10) 2.144 2.141 0.059
Nb—Br 2.397 2.408(4) 2.406 0.064(3) 2.444 2.444 0.059
SBr 3.628 3.637(16) 3.629 0.167(28) 3.717 3.711 0.177
Br---Br 3.978 3.986(17) 3.976 0.195(21) 4.025 4.030 0.187
0(S=Nb—Br) 106.6 106.3(7) 106.1 108.0 107.9
0(Br—Nb—Br) 112.2 111.7(6) 111.4 110.9 111.0
% NbSBE 73(9)
% NbOB#r 27(9)
Re 0.097
NbSCk
Nb=S 2.112 2.120(10) 2.120 0.036(13) 2.143 2.142 0.046
Nb—ClI 2.259 2.271(6) 2.270 0.055(5) 2.296 2.295 0.058
S--Cl 3.533 3.541(29) 3.537 0.122(29) 3.590 3.588 0.145
Cle--Cl 3.725 3.733(27) 3.726 0.154(51) 3.782 3.784 0.187
0(S=Nb—Cl) 107.8 107.4(12) 107.3 107.9 107.9
O(CI—Nb—Cl) 111.1 110.5(11) 110.4 111.0 111.0
% NbSCh 68(5)
% NbCk? 17(5)
% NbOCH 15(5)
Re 0.123

apreferred models are A of Table 4. Distancesand amplitudesl) in angstroms, angleg]] in degrees. Uncertainties are.? SymmetryCs, assumed
except for items in italics which result from refinements of all distances unrestricted by symfasis sets were Stuttgart RSC ECP for Nb and 6-311G*
for O, S, Cl, and Brd Basis sets were HayWadt VDZ (n + 1) ECP for Nb and aug-cc-pVTZ for O, S, Cl, and BiGoodness of fit factor: See footnotes
to Table 4.f Structural parameters for the impurity NbQEare given in this tabled Structural parameters for impurities NGE(Nb—Cl)O= 2.280 and
Ayo(Nb—Clax — Nb—Cleg) = 0.097) and NbOGI(ro(Nb=0) = 1.682,r((Nb—Cl) = 2.276, andJ(O=Nb—Cl) = 107.5) were taken from refs 22b and 7,
respectively.
impurities. The parameter values for all models are given in  Of the three molecules studied in this investigation, only
Table 6. It can be seen from tHe values that model A NbOBr; has the four interatomic distances sufficiently
produces the best fit to experiment, a conclusion supportedresolved in the radial distribution curve to allow their
by the difference curves in Figure 6. Table 7 contains the simultaneous, individual, refinement independent of the
experimental structural and vibrational details of the preferred structural constraints imposed by tlg, symmetry of the
models (A) for each of the compounds, together with molecule. The values from such a refinement differ in
theoretical values. Also found in the table are results for an principle from those obtained by a symmetry-constrained
independent distance model of NbQMBrat will be discussed  refinement due to the effects of vibrational averaging
later, and the parameters of the structures of the three NbYX (“shrinkage”); however, the effects for our Nb¥X¥holecules
molecules predicted by theory. Table 8 contains the correla-are expected to be very small because the vibrational

tion matrices. amplitudes are themselves small. The results from refinement
. . of all distances as independent variables for Nb{Be the
Discussion italicized values listed as, in Table 7 (thery ones are

It has been found that theoretical values for single-bond calculated from them). The magnitude of the “experimental
lengths at the HF level of theory often compare well with shrinkage” for NbOBs may be expressed in different ways,
experimental i) ones when an offset value 6f0.02 A has but the following is perhaps the simplest. Use of the-
been applied to the former. It is uncertain whether use of consistent values 107.3or the bond angle &Nb—Br and
the offset value is appropriate for the higher levels of theory 111.5 for Br—Nb—Br together with the, bond lengths from
used for the molecules of Table 7, but it is worth pointing the independent-distance refinement (values in italics) leads
out that this correction brings all the theoretical bond lengths to predicted &-Br and Br--Br distances of 3.347(14) and
quite close to those observed. In any case, the theoreticak.014(8) A. The measured (independent-distance) values at
bond angles are in excellent agreement with observation with3.337(9) and 3.995(6) & are shorter than these by about
differences of only 1.61.5°. 0.010 and 0.019 A, respectively; these are the experimental
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Table 8. Correlation Matrices x100) and Standard Deviations for Table 9. Distances i/A), Amplitudes (/A), and Bond Angles[{l/deg)
Parameters of the Preferred Models of the N@YWoleculeg for NbYX3 Molecules from Gas-Phase Electron Diffracion
param os® n rp O3 s Is le lz xs param NbOE NbOCEL NbOBr; NbOl; NbSCk NbSBr
NbOBr3 r(N=Y) 1.694(5) 1.693(4) 1.693(7) 1.717(3) 2.120(10) 2.131(10)
1r(Nb—0) 0.25 100 r(Nb—X)  1.871(1) 2.288(1) 2.427(2) 2.652(2) 2.270(6) 2.406(4)
2 r(Nb—Br) 002 —4 100 r(Y++X) 2.858(18) 3.218(7) 3.334(11) 3.564(3) 3.537(29) 3.629(16)
30(0-Nb—Br) 18 —15 10 100 r(X-++X) 3.076(17) 3.752(8) 3.995(12) 4.345(2) 3.726(27) 3.976(17)
41(Nb—0) 039 -5 -3 1 100 I(N=Y) 0.043(3) 0.045(6) 0.044(11) 0.092(3) 0.036(13) 0.073(10)
51(Nb—Br) 002 -1 1 9 2 100 I(Nb—X)  0.051(3) 0.066(1) 0.062(3) 0.075(2) 0.055(5) 0.064(3)
T, 4 1(Y+++X) 0.133(20) 0.146(10) 0.148(14) 0.140(3) 0.122(29) 0.167(28)
g:égr___?) 8'32 33 _i 37 32 ?iz i%% 100 1(X+++X) 0.155(20) 0.217(11) 0.192(10) 0.249(1) 0.154(51) 0.195(21)
‘ OY=Nb—Xb 106.5(1) 106.9(0.4) 106.7(5) 107.4  107.3(12) 106.1(7)
NbSBr OX—Nb—XP 110.6 110.2 110.7(5) 110.0 110.4(11) 111.4(6)
1r(Nb—S) 0.33 100 temp/K 864 743 600 698 582 541
2 r(Nb—Br) 0.10 16 100 % impurity  2(2¥ 21¢ 17(5¢  25(10§
30(S—Nb—Br) 25 —28 —27 100 49 15(5)
41(Nb—S) 0.33 10 63 —17 100 ref 6 7 this work 8 this work  this work
I(Nb—B . 12 2 -12 -2 1 . .
SN b g 0.05 0 _ 0o aValues in parentheses are.2 Calculated fronr, distances® NbFs.
61(S++Br) 094 11 48 21 31 18 100 4 Nbls. € NbCh. f NbOB. 9 1. " NbOC
71(Br-++Br) 067 2 3 -5 1 8 57 100 4 - fs- =l k.
8y° 33 19 94 -30 60 30 52 4 100 . ' L
x Table 10. Electrostatic and Steric Effects in Niobium Chalcogen
NbSCk Halides
1r(Nb—S) 0.34 100
2r(Nb—Cl) 0.22 86 100 NbOF; NbOCEL NbOBr; NbOl; NbSCk NbSBg
3U(S-Nb—Cl) 42 ~—6 -3 100 Mulliken charged
41(Nb—S) 046 32 53 3 100 Y —-0.46 —040 041 -041 -019 —0.21
51(Nb—Cf) 015 ~26 -5 3 = 64 100 X -043 -030 -019 -011 —-0.29 —0.17
61(S--Cl) 1.0 38 50 62 43 12 100 ]
71(Cl---Cl) 18 35 44 72 34 7 87 100 electrostatic effects
8yC 18 72 9 2 68 10 59 50 100 XeeeY 24 16 0.7 0.4 04 03
XeX 1.9 1.2 0.2 0.1 0.6 0.2
aDistances ) and amplitudesl) in angstroms, angles]) in degrees. .
b b ) L ; van der Waals radii
Standard deviations 100 from least-squares fittingMole fraction. v 1.40 1.40 1.40 1.40 185 185
r. shrinkages in the nonbond distances. Slightly different X 135 180 1.95 215 1.80 1.95
values are found for the, shrinkages: 0.005 and 0.012 A. oy 011 0.02 Ste”gg;feﬂ% 001 011 0.17
Shrinkages may also be obtained solely from Bg- XX 038 015 0.10 0.04 013 0.08

consistent results by similar calculations. For example, use _ _ _
of ther values (regular typeface) for the bonds andie . 1om e B3YPISutaar heoreicalresuts: s Tablriatie
bond angles yields 0.013 and 0.019 A for the respective Nature of the Chemical Bopd@rd Ed.; Cornell University Press: Ithaca,
shrinkages of the @-Br and Br+-Br distances. Although  NY, 1960; p 260 Relative repulsion forces equal tg — dvaw.
the significance of these differences can be debated, theyf the other ligands. Another interesting feature of Table 9
various sets of shrinkage values are consistent with thejs the near constancy of the values of the two angle
expected small amount of shrinkage in the Niz¥¥olecules. parameter&Y=Nb—X and OX—Nb—X, which deviate no
It is also evidence for the accuracy of the correction factors more than 0.8from their respective averages of 106ad
for distances that play an important role in refinements based1 10 &. This angle constancy seems surprising because of
on symmetry-consistent, space. the large size difference of the ligands. However, a similar
A comparison of the structural results obtained from the phenomenon was observed for g symmetry tungsten
present work with those previously reported for other chalcogenide tetrahalide molecules WY = O, S, or
chalcogenide trihalides (Nb@QF NbOCE,” and NbO¥’) is Se:; X=F, Cl, Br) and was explained as the consequence of
presented in Table 9. All models assume molecule€0f 3 palancing of electrostatic and steric forces between the
symmetry. An interesting feature of Table 9 is the near |igands? We have investigated the possibility that a similar
constancy of the bond lengths of a given type. Thus, the pajancing also occurs in the niobium compounds. Table 10
four Nb=0 distances differ at most by only 0.014 A, and if |ists estimates, relative to each other within each type, of
NbOI; is excluded, by only 0.001 A, and the values the electrostatic and steric forces between the ligands in
themselves lie well within the range 1:66.71 A observed  several niobium compounds. One sees immediately that steric
for a broad range of niobiumoxygen terminal bond?. effects cannot play an important role in most of these
Likewise, the pairs of Ni&&S, Nb—Cl, and Nb-Br distances  compounds because the van der Waals distanee¥ Xnd
differ, respectively, by only 0.011, 0.018, and 0.021 A. One x...x are generally less than the experimental ones. The
may conclude that in these molecules the nature of the possible exceptions are the-XY type repulsions in NbSGl
bonding to a given ligand is not much affected by the nature ang NbSBj; however, the van der Waals radii used in the
(28) The uncertainties given here differ from those in Table 7 by the terms Cal.CU|atlonS are dOUthe.S.S too large for atoms at the ends of
representing possible wavelength error present in the latter. For adjacent bonds, so that it is reasonable to expect all measured
comparison with each other, any wavelength error would be canceled nonbond distances to be greater than the sum of the van der

29) %“eté: Drew, M. G. B.; Rice, D. A.; Williams, D. Mnorg. Chim. Waals radii. The constancy of the bond angles thus seems
Acta 1986 118 165 and references contained therein. to depend on differences in the electrostatic repulsions
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