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ABBREVIATIONS

acac acetylacetonato dtc diethyldithiocarbamate

bipy 2 2-bipyrndyl dth 2, 5-dithiohexane

bzac benzoylacetonato HMPA O=P[N{CH, }; ]+

bzbz (or DEM) dibenzoylmethane ox 1:4 dioxane

bzia benzoyltrifluoroacetonato axine 8-hydroxyquinolice
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C,H,CN acrylonitrile phen 1,1 0-phenanthroline
CH,CN acetonitrile Y pyridine
9
DEF H-C-N(C;H ), Qu {or quin) quinoline
diars diarsine salen salicylidene
i
DMA CH,-C—N(CH,), T (or t) tropolone
DME dimethoxyethane tta thenoyitrifluoroacetone
2
DMF H(]_‘—N(CHa 3, TU thiourea

A. INTRODUCTION

Recently, the chemistry of the d* transition metals has received considerable atten-
tion. This paper will review the chemistry of niobinm, tantalum, zirconium and hafnium
in the d* configuration. Although many of the compounds formed are air- and moisture-
sensitive, a significant nurnber has been obtained. Additional problems arise in attempts
to isolate zirconium and hafnium compounds, because of the difficulty in their separation.
The compounds and complexes which have been formed by these elements have been
organized in tables with a short description of their preparation and properties. A dis-
cussion of some aspects of their chemistry is included in each section.

We offer here a non-critical collection and review of the literature in the hope it will in-
spire further work in the area.

B. NIOBIUM

The pentavalent oxidation state of niobium hag been studied extensively, but only in
recent years has niobium in the tetravalent state been explored. Since the compounds of
NblY are generally very air- and moisture-sensitive, synthetic problems have been numer-
ous and conflicting results in many cases exist. Nevertheless, a significant number of com-
pounds has been obtained.

The purpose of this chapter is to tabulate these compounds and discuss some of their
chemistry. The chemistry of the halides and oxyhalides has been adequately reviewed™3
and only a brief summary will be presented here,

{i) Tetrahalides

NbF,, NbL,, NbCl, and NbBr, have each been prepared by several methods ', The
most popular preparation involves the thermal gradient method #* . For example, in the
preparation of NbCl, , a sealed evacuated tube contains Nb metal turnings at each end.
Chlorine is introduced and one end of the tube is placed in a resistance fumace at 350°C
where the hot Nb reacts to form NbCl; , which is deposited in another section of the tube.
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Fig. 1. Apparatus for the preparation of NbC1,.

The portion of the tube which has reacted in the fumace is sealed off {see Fig. 1). The re-
maining tube is placed in a temperature gradient of 400°C at the Nb metal end and 250°C
at the NbCl; end. After several days, blue-black NbCl, crystals collect i the middle pos-
tion of the tube’.

The tetrahalides are diamagnetic, dark solids and will thermally disproportionate to
form the corresponding trihalides and pentahalides*>3+7. The structures have been studied
through X-ray powder diffraction pattems and there is some disagreement as to their in-
terpretation® .

(i) Hexahaloniobates

The NbCls ?" ion has been isolated as the sodium®, potassium®, rubidium®, cesium?,
ammonijum® and tetraalkylammonium salts*®**? . They are stable in the absence of air and
moisture and show face-centered cubic structure® 12,

(iti ) Oxyhalides

Several niobium oxyhalides have been formed: NbOCi, (zef. 9), NbOl, (ref, 13),
LiNbO, F (ref. 14) and KNbQ, F (ref. 14). NbOCl; is diamagnetic and very air-stable. The
NbO, F~ ion is very weakly paramagnetic'®. NbOCI3~ and NbOF3~ have been prepared
by reduction of the pentahalide with Zn in aqaeous hydrochloric acid, or hydrofluoeric
acid. NbOCI2" is also thought to exist in concentrated hydrochloric acid®®.

{iv) Niobium complexes

Many NblV complexes have been formed as adducts of the niobium tetrahalides or as a
result of the reduction of the pentahalides. These complexes are listed in Table 1 which
follows along with some of their properties. In some cases the complexes have not been
completely characterized, and in others conflicting data were available. In those instances,
all sources were cited.



D_A. MILIER, R.D. BEREMAN

110

6 *IDAN 1OH PuB 1D THN Xoerg "N *("HND
$210901LO)DYDXIF
2,008
¢ posz =Ty ‘1 fovaN aN Aorg *i0aN
U7 YA 9onpax
0$ 51261 =18 *(OH *ou0d ut DN -{100aN
AU AT L4 UZ UM 200par
ST ‘900°0 % €61 =73 °900°0 % €467 = 5 pusA “10H "o i AN anig 1004
18-9'D,05
‘wolip up C[us A
6 *IDOIN Jo uonanpay umorg “O04N
SEGIZ =< uZ YA DInpRL
S 9000 ¥ 168’1 = <&> i,4sd AH ur *tHaN 191014 2J0aN
sapId o wWgoiN g
JARCH 2.056~052
‘€1 ‘qN “PaaN 0 yoerg *JaN
u gt
91 *00LT-0£T
‘- AfEnonunUos $q108q¢ ‘0y 03 0°§ StA~AN N P IaN 0 Areq "1aN
9l 2,00€~002
-1 £€€ 9757 ‘C61 701 SA-AN ‘AN **1aqN 0 AR 1gan
D0rb—56T *1D4N ‘N
10
Y §~9 orig
1’6 DT U8 M aidmd
‘-1 CYE'RLTTLT ST SA~AN DN Jo ucponpey 0 ‘umorg HO9N
Sapirynigal wnqolN v
fay aa.__:_..u&. pigo3ds ttonvantlaig A 40107 xaydwoy

1 3TEvL



11t

66E1 =TV ‘czo7 = Iy
‘L096T =18 ‘19167 = 1 91,481
A
Ysz'9T *YSG'ST "BTOE “(000'91) 8'pE H(ND*H D)

A

ELl 0T ‘US'TT ‘967 'L 9€ (PHOT) FSIA—AN

£2 17 YSBZZ ‘9657 'YSLIT "WHOE "USEPE ‘MS8E ‘q ‘MBbY ‘U
(006) 1'ST “Gs0°¢€ ‘0'LE “(ND*H D)

1601 '0'€T USEBT ‘9°0E ‘0'LE H(PINOS) TSIA-AQ

£2'1¢ YSPRT ‘USTIE ‘SYEE ‘SO9E 'US6LE ‘M99p YT

(007€) 7°9¢ "(000€ ~ ) UsH'9¢ ‘(0OTE) T°9¢
00S'01) 0°62 “(00SE) L°97 '(005 ~) 04T ‘= P)
ST (56) 6°$T 16 ("R D) Pu¥ NDHD)

HaN «X)

WO0p s W0'EE ‘(008°2T) S£'1€ '(00S°TY) £'67
‘(0084) 0'L7 ‘(7 + P} (U80°61 40 “W0'$T HNIHD)
AN —uX) O7Sh IS LE ST TTE ST

01 ‘Y'9T USB LT (P ) WSBE “LNSEST HSTA—AN
QN +X) s'0b ‘§:6¢ ww§ 1€ ‘wofe p - p) wSpT
Usy'6T :("10aN *(*H ) pue FNQFHO)

(QN « X) (0006) Z'0F

e “(0096) 8'vE€ (00bT ~ ) US8'TE (0T ~ )} Us9'8T
g ‘(P P) (001 ~ YUSK'HT (NDRHD)
I QN+ 2X) 8 b “Us0'SE
] 01 'USEEBEIE ‘(PemP) Q USBET 9T USIAAN
Z

[+ 7]

(=) gt

m 81

= 6

8

‘dweay vrood 'sABp ¢
“pued pu Y1gqN

dwa) woor 'y 91
‘puedy pue Y[OAN

(1:6) MnIuC)adE
—WI0JOI01Y2

g [N CH M
Jo uonon ™
410N

(1:6) apinuoooe
—UNI0J0I0YD

NN (PH )
Jo uopanpy
andjonng

(wofjorar 23e)s [10s)
X 109N

(trorjoear 91¢18 pr{os)
108N ON

1OH “*10aN ‘1094
108 “TOH 104N

HNOTHED 1gaN

N *H DY 0N

spupd ualosnm yhm wniqopy 'q

81

68l

0’1 ROTA
uMoIq

9Tt aed
1910TA
WA

"IN INTCH)

HOAN EINT(HE)]
ANty

H00N *eN
109N *qy
‘a5



DA. MILLER, R.D. BEREMAN

112

X0l sAep 7

02 *61 (puedi) UsgSE MUy ‘aprucA Jidoxd-u 97'1 odand
91 ‘01 (X—QN) AALYPT ‘WETT “USOLE SYEE M) *4d1q ‘*[9N 901 Wi Adq Y[DaN
(puedi]} mg7s ‘M50S ‘MOTH “ML9E *dusg3 woox
0 “(I-qN) $A06S 'M0ZE 'STST “(N—GN) WEPE ‘aZT1T 1Yl ‘auiprAd pue *aqN angy Y(Ad)*4qN
sAEp [eI19A2s *duwoy woos 190
91 's P91 07T TA-AN suprdd pae *1qN S0°1 apding “(Ad)*1qN
(00L) 8'TT ‘1707 'SA—AN
(AN +X) 0°St *0°'SE~ ‘T'€6 "0°1E "0'LT *¥'ST sdep €7
‘(P P} 9ST vSIA~AN ‘outpriAd pue *rgqN 61°1
1o
07 ‘61 (prudisseun) mgz g (Pueliy) Mgz xnfary g1 971 uasrd
91 ¢ ‘XN YSOET ‘$SPT WE09T ‘Us “M08T Ul ‘Ad + Frggn 9"t imq ‘(AdyrrgqN
(9N + X
0°S¥ ‘'S USt'EE ‘(P + P) €47 *T'ST rooueloayay
00T '0°pZ :eouRpPIYLY
(0001) 9°07 :SIA—A( *due} toox
(paudisseun) wggy ‘(puedyy) mwgzy ‘SINOI| [BIADS
(X~qN) 30€€ ‘UsObE ‘UST9E 1] ‘auipr4d pue *[OgN o't
MTI9T 81091 'MELST ' WhHpZT 10 671
07 ‘61 'BTITT WSELTT “MEITT “MBROT 'SHI0T *sOp0T D085 ‘syam ¢ 187 Lmorg
‘91 ¢ ‘STTOT "WBY6 "My98 'SYSL SL8Y 'SPY “WETH (Y] ‘sutpuAd ‘ FIoaN £5°1 ading “(Ad)*roaN
wWepz] ~dway woor y gy !
92 ‘02 SEHTT WEROT '(SON) 5A8E6 ‘(N SobS st “FINNTT PUB *IOaN umolg Y[ *HoINI AN
85 = T 961 = 1Y 01 = <p>
996'T = 18'676'1 = 1847561 = <> 1ySA
(13y5uexy adreys)
{0009) W07 @+ 1) (007) T'ET'¥TT "SA~AD
(poudisseun) saggy | 'dwed woos "oz
9742 *COND SESTT (FOND SAQOOY *(N- W) 48 I ‘HENYT Pee *[OaN g0 umoig PIECH EOINTON
2y 824n4baf 104§33d8 uonowdaid ) i0{05 xapduioy

(ponumiuon) 1 A1AVL



113

COMPLEXES OF Nb, Ta, Zr, Hf

01
61

01

91

AR
|

91
01

91

01

(GN+X) §°SP

‘0'LE "90'68 ‘§'ST (P P) ST USHIST SIA-AN
{poudisseun) a7og Wyl (puedi) weLT
a0y (XN} SOET ‘USLyT ISE9T Al

QN+ X) ¥sy

'9'9¢ T'TE ‘T (P~ P T'ETQ0°6T SA—AN
(pueln) My Eg ‘MUSLT WETY

“(X—qN) WO9T SOTE 'SOEE ‘Sepe USQ9E Ul

0°9T T'SIA-AfL

(0089 7°8¢ “(008L) 9'5¢

{00bH) B'0E YsE 9T (P P USOST {(NDHD)
AN+~1) 6'pY “L9E

‘6°62 ‘SY'T (P + P) YSTOT "USH 9T 2UENIIAY
{pauBsseun) wpse t(pundi))

AWQQp ‘AWpT ‘TGN US§ET SEST 'S08T HI
(N~0~11D) 004 *(18—qN)} 0TE—0ST I

USG LY ‘0797 VSI—Al

mLpT ‘(puedin)

UsQ0p “CETY (X~9N) §5€E 59$E “USOLE~ 1T
{p + D) (00S'ST) T°€¥ “(00F°E1)

0'8€ “Usg'ZE~ (0ST) €97 01) ¥'$T (NO°HD)
{(QN—IE)

Py TLE ‘€ TE (D v P p'pT 10aue)aayy
0'8E—T€ ‘0'€T 'S1A—AN

(ANX) 0°sp *(puedi)

9'6E9'0E ‘L ob (P~ P (P61 "USO'LT Hsla—AN
yso1¢ ‘(puedy)

wpge ‘WOzy (X—aN) S¢1Z UsQrT 'UsQ9y Ul

GN~X) O'SP
0'L€ "SQ'TE 06T (P PYUSO'ST *0'LT SIA—AN

sdup £
DINIL0}NL puT
tusojotond ut *igqN

XnNpaIsARp 6
‘AU IE
‘uoyd-o1*T 0N
IR
s500%9 Ut *IqN

amtpuo}IIT
$sa0%9 Uy Y1gqN

AU 03928
539X U

D9 Jo "ujos

suazuaq Ut ¥IqN
‘Adyq ssa3xd

sAep ¢
*Adtq ¢ raqN

8e'y

§O'T
150
68°0

Lt

§§°1
wl
el
£L0
950
Lo

pE'l

48

umol(

ojdmd
'uosid
WO

pax
Bl

uz91g
ird

uayd. F1gqn

usyd: “1D9N

"(ND*HI} 1IN

Y(ND*HO)Y AN

HNDTHD 1DAN

Adiq*1aN

Adiq"1gqN



(aeusdoolys Jo wopIsueN eulsIut) duro) wogr
m 0°0€ ‘(uopssuely pRY purdl) '8y 'stA-AN ‘sAep ureAss Foerq
B LT (SON SuLdpuq) 0£7 “0627 ‘(N-D) 0661 I “"IDAN ‘SNON “YsIuaaxn 1D%(SON)N
E {uoijIsurn »
g rerau o3 3uaages) §'9¢ ‘%14 ') 997 MsA—-AQN
o (§—0~N—qN) SOEE *ST6E ‘AT 1S :(dMmuolaoe) afintucaaL
o {E-D-N—1IN) SZbt ‘p0g :((olaN) pue SUeIII0I0(Y2P
s 1MgQg SSE0T Us ‘WOR0Y (anntuaiooe) “Z'T Y3# poenxe
o1 {N-0) W61 “$8y61 ‘sAup [uroass
m. T 'S086] 'SSO0T ‘Us 'SOTOT ‘WLLOT (rnw tofaN) (1 ‘oanuoreae ‘SN “oaN *(SoN)AN®Y
M 0727 Usih—AN *d i) twoox
(apruedd N=0) 0917 ‘NO*Ho w
Ly ‘(apunuorase N~0) 00€7 ‘0927 ‘(H-2) 0b67 I *IDAN pue NOY FouiT HNOEHD) (NDY 1IN
Uy
‘auazuaq Jusproq
ar ‘(I AN)IN
7 pue aupyradig unord  (YTHSON) *[PCHEINIGN
sdap 9
‘auazusq Soq
="y ‘p61 =ty grr=<p> ur *(1aN)AN
b ‘896'T =T8'976'7 = 18 p56'1 = <> yST pue aurpiradig umorg ' NN
29=TV ‘s61=Np 101 = <> “dwaj woor 4y g
(74 ‘996'T = 196267 = 190561 = <S> 1usa ‘SINIT pue IDAN oY b6y SHONTAN
‘dwa) wooy 4y ¢
74 “ERENTT put *IDgN Py Y[%OHY>-tN]aN
ph=TH 961 =11 56 = <> “dway woor 'y ¢
(74 '196'T=T8g76'1 =13 ‘p561 = <> 1ysT ‘HIgNIT put "oaN 8'0 pox Y[ *(EHED-N]IN
xagoryyz
FRIMN)AN
o7 put auTWE[AYIaIQ Py F[UEHEOIN Y(*HONAN
Jay : sainipaf (piroads uorstndaig n {0109 x3jdwon
4
—

(perumtiod) [ FTAVL



115

COMPLEXES OF Nb, Ta, Zr, Hf

8T

91

91

81791

1T

‘61 ‘91

LT

LT

87

82

8

§°61 ‘S'ET IsIA~AN

£'LT AN

0'ZT '0°S1'00°6 *StA—~AN

{(0~2) 00bT “(N-2} 0027 Ul

SL'LE “L9'9T "p6°bT ‘L TT ‘SL'ST :(pY0S)
H(00YS) WIT'EE

“00VT) $T°LT (0TI} Us69'vT Y(078) STT'TT
“(0bT) B1°8T (€T} SL'ST :(ouazu3q) stA—~AQ)

9L'8€ ‘ET'9E ‘TOE WBHL LT 64" LY *(PHIOS)
(068} S'0E
97} 36°LT “(SP) 98°LT :(3ua2Uaq) 'sta—AQ

9L'8€ ‘€€ EE YTET T 6T 1(PLL0S)
*(000T1) ££°¢€
ET) 97°¢T *(0€) 8761 :{uszuaq) i'sta-AN

T TN
‘aunuerAyyat pur YIIgN
YIqQN put 2tNiugaoe

ug o1d-4 ssooxy

YIAN Yt dffaniuciaoe
uy atd-L sssaxy

(SMITU 0L 08]6)
X[ 'y 7
sinpoord-L * f1gan
(s[II3Iuc)@dL UL as[T)
2,07 ‘shep L
fauazuag
‘autooid<L ‘FoaN

augzuaq
faupepaudAyye
«(auapyfages)

S19- ‘N PUe Y[DAN
'dwig) woor

‘sAep [CI3A08
‘a[InuaI9ae

‘ONOY PUE *|D9N
«dwyy woor

'y 7t *sunelpaua
[AIat Ay atenat

N NCNCN PUe QN
dutay woorx

1§ 7/, ‘duIEtpIU

. SApetAnewedal
~N NN Pue YigaN
‘duia) wooy je

96 10 2,001

‘4 7L ‘ounuTIpaus
(A3 A elioayay

N N NN BUE YDAN

i
150
AN
§¢°0

850
60’1

680
sr't

umoIg

ugn

uMoIq
Amq

#OTOA

Aa1ny

uaarg

WUINO

anjq deaqg

pas doaqg

NCCH %) oA
=uﬁ__n-bv-_sz

{©1-4) 1ay

Yard-4) Yrgqy

¥(ord-L) "1OqN

(uaus) *OgN

D ONDN

«z un: QU.Q—PZ

"N"H 019N

N o



D#A. MILLER, R.D. BEREMAN

116

WX 198 WSO EE ~
WBT67 ' §ST D+ P) S TT'S6 HDHOS) USi—AN
(pau sAep TeIoAds uMQIq
bE  -SIsseun) UsLpy ‘MeLY 'MSBY ‘MOGE (X W) £2T “1I ‘S'H*) + TI9aN 0¢°1 iy Y8 ' Y0 1aqne
(W) (000§ ~) £°2¢ "US0'67
‘P D) WL~ @) 011~ ("’ OIS'HD)
XD 0°9€ ‘450°0¢€ ~
‘q0°¢T (P + D) WS0°9T ~ ‘0°0T :(PIOS) SIA—AN $4ep [e1aras
e (X—) 9 54067 ~ ‘P0JL ~ U1 ‘S"H"D + MgaN (A umoIg s H D) raaN
(WeX) A USS'6T ~ "USSL'PL ‘(P « P} {00% ~ ) §°8T
WU LT QT ~ )6 (PH /S "D W)
HWeX) §'9€ USZTE
'§'BT (P« PYWSE'6T ‘0°ET Y 6 (CPIOS) S~ AN sAep [edaAas
be Q'MA QT ~ ‘(X W) WS0E 'q 'MAQHE ~ T S+ Yoan et usoIg Y810 9N
*dura wool
‘SAED TBI9ANS 'afi|Uo}a0e
W09 §°€7 §'61 CAN ‘ajuureqreao P AY1atp
(N=D) §8¢T *¥I wnipos pue *[qN
(840 09€ (5D} 8OO Io umorq
‘(PON) 8H1T “(N~D) 6697 Y1 Y | ‘xapar ared
{3 (8GN +9¢ *(§+++) ZOOT E90) ‘amxayop ko $§°7 ‘ardnd
‘0¢ LT Y(*ON) LETT “Arramor) pasT ¥l ur " (*CPHEOINIAN §'0 Areq *[**H DIND *STaN
T ‘xXnpaz
(§++qN) SPE '(8+-D) 966 “tg0) *aunxayo[a4o ardmd
A (FON) BETT “(apramnotys) Q1T M1 ur P HINTAN AN yreg "[*CHOIND *s]aN
1 *qy
10 "D tgqN
£€ ‘6 3o *dwiozep oy, 86'0 *san
spurlyy anjins M wriqoy F
Yoy sa.m103) (0i179dg noppandasd r 10100 xayduion

(panurjuod) T ITIVL



iMOTT

Y MTET WOST Ys ‘MTHT (S—AN) Y8 ‘M08T 'WHOE

9£ 'S¢ “(X~-aN) MOST 'Us ‘whpg 'S09¢ ‘WOEE ((OfMN) 1 UE
062 LT3 W07 ‘Y LT T'TT (% EHOIS) 'sia- AN

88 ‘(S—-qN) wesz

9 WAGTE (X-qN) MpyT US ‘WY S00T S(10MN) 1 dT

(X~ aN) s 'wgLT

'S ‘WHRE (X—aN) Mg8T S ‘W TT 9957 ‘8QLZ TUI
992 '0°LT PHTCET TLL P TT H(C00IN)

608 98 YL 'S0 '6'9 :(PH™D)

WL 06T LT 6 LT (CHDIS) rsa- AN

(W+X) (00001 ~)

QAT TE ‘(P « PIUST'ST (0F) £701 ~ ("(°HD)S)
H0'9€ “(W<X) YSO°TE '940'ST : (POS) SIA~AlL
(5—GN) S ‘wgLy ‘s

WHOE (X ~AN) MEET 'Y ‘WLTT '§9ST 'S0LT (1omN)
{{poudisseun)

9¢ 'g¢ QA “RQ0E ~ ‘() A WOET ~ ‘1 'SWEIT ~ Y|

117

9

0'5T ~ 'USp'ST'0°01 > :(*0D3K)

H0EE 06T VL1 G YT ((F(*HD)S)

'6°08 ‘08T VLU BT 69 {("HD) vsia-An

M6 IS WYL *MO9T (S—-QN) WERT ‘WG0E

9¢ 'S¢ (X-~Q) WGET WLTT WSy STLT H((ofhN) s YY

(W+X) §'V€ '4s8'0€ ‘(P » B) §6T :(*(*HO)S)

{(-LX) 0°9€ 'tRO"0F

‘q0°97 ~ '0°4T (P «+ P} 0°01 "T'I 1 H{PUOS) ISIA- AN

00 (S-9N) \F 'MQPT IS

MOTE (X—AN) MOPT ‘WObE 'S0LE ‘WI6E ~ 1 (PH®D)

Mg/ MOTT

MOET ‘UE ‘HOT *MOLT (S~ON) YS ‘AgLT ‘Wab(L

(X—QN) MOSZ "UIs ‘WObg 's§9¢ ‘YE ‘WSS H{jofN)
!(paugisseun)

9¢ ‘ot ROSZ SWOLE ‘(W) SEPE ‘SAT9E 'SASHE NI

COMPLEXES OF Nb, Ta, Zr, Hf

SARP G~
TR )8 sseoxa *Y|DaN

xn))01 'shep g—¢
“HPHO)S + 1IN

xn[ya1 ‘sfep ¢-¢
“(°*HO)S + "1EAN
xnpjot 'sdep ¢—¢
RS + W

AT[as 'SALp ¢—¢
“*(*RO)S + "1gaN

xnpjas ‘siep g—¢
"5 + "I0AN

Pl'1
XA

[f AN
9’1
't

8t'0
080

9¢'0
a4l

siucio-pay

umolq
g

5 rid
umolg

i
Ared

P

STuRIO-pak
‘umolg

YCHEISYIOWN

*[*(*H0¥S) 'laN

[ *(*Ho)s] *1qaN

CHSI DN

*CHOIS AN

RIS AN



Lt 's¢ (S—AN) 4097 S18T ‘SEO¢ “(10-9N) us S0T¢ I

(0092) 0'42 "OITD 01T

HOE5T) €61 (OPTT) £'91 (8TT) £'ET SIA~AN

(3010) MG ‘AEET '(S~UN) WMTLT “WLET

9¢ (X—qN) WAGHT *q'S00T ‘U8 ‘ALTT (IoON) T
#5991 '0°TT (*008W)

10007) 8°LZ 0D S'LT 2D 6'15 :(*H D) sia-AQN
(X~aN) WL T $¢ST '$99Z (*(“HD)S)

{191 0) 1 ‘WO ‘WODY (S—~aAN) s ‘WQo§

(X—QN) 00T 5 *WETZ €52 ‘5997 :{(°H D)

(o)

WIS ‘WYE ‘WAQET “(S~aN) YS ‘WRLT “WMLOE

96 {X-Q) US “M00C "WAGTT UILYT 'SEIT S(1OMN) 1Y
$'81'g'¢1'8°6 :("("HOD)

10°LZ "WsQ 22 ‘us8 8T ‘0'g1 ‘0°01 > :(F00TW)

MossT) 9742

"($61) 981 (6T €T (2D +46 (CH®D) rsta~An
{3310) AQET(S~AN) MDBT “WAHOE

(X-~qN) US “M0ST 'WOpE ‘5991 “us ‘M96€ ( (“HO)S)
i(aay0)

AQDE ‘MOZE (X~GN) ST9E ‘WOST. ‘W6 «(*H °D)
1{19y10) SWRPT ‘HT9Y 'MEET ‘(S—AN) MBLT ‘AT0E

9¢  ‘(X—GN) MSHT “US ‘WOPE STLE ‘WI6E (0N t¥1
167 ~ “BOZZ ‘W9'tT ‘56 (FOITW)

HOST) L8 (TO 911 “6L) 6% :(CH"D) s1a~AN

MpL ‘AT6 MOT] WIST (S—N) 5282 ‘WEDE

9¢ '5¢ (X~QN) 681 "0842Z "WOST SOLT {1PMnp) Nt
297 471 ‘18 :(°1 %)

CEP P PE ‘L9 9811721 ‘08 (P H D) rsia-AN
(S~aN}

MOST “MD0E “(X~AN) MOST ‘WOLE “$86¢ (°H *D)

-D.A. MILLER, R D. BEREMAN

“np * YDaN

KNI 'shep ¢
RS + "IN

Xnpjel ‘séep §—¢
"CPHO)S + M1gaN

XT|paI *5£ep §—¢
*("H)S + "DAN

skep §—¢
Y D)8 ssa0xe *1gaN

0%t

860
S0'1

LTy
8¢°1

sl
be'l

WA

umoIy
yreq

uzaLn

sduerg

pay

"up) Y109

M8 AN

MM REETT

F oISt PoeN

®CHE S 1gaN

Sy $24njvaf 4193dg

uOvLodadd

4010

xo|duo’s

118

{porunitod) | IIAVL



119

COMPLEXES OF Nb, Ta, Zr, Hf

6¢ '8¢

8¢

67

91

91

LE 'S¢

Le'se

(p-F1) (61'¢) S6°E1 (*u+p)
(99°€) $£°07 “(“u4-"u) ($4'b) §L°LT H(ouonfol)
Wruep) 07 (Tutr) 697

Conewroxe) ysg L g ¢ Fu i) ysy b sooULIIgOY

(000$-000€) 8:07 ‘L'€T =(uotimyos)

Ypep) $OTOET ISIA-AN

(p+1)

707 “(pucdenurn) (£9°€) 8€'9T :(ouanjor)
(u+-PY(68°7) ST01 (P4 8€°07
(puoSEnu €67 '870E ‘$°8E ‘b USIAAN

0pg SA—AN
0TST'00L I

0'0€'0°ST I'SIA-AN

Q151 '569 ™l

£9T 8T TS LT TOT Su=AN
(poudisseun) mgs ‘M9

‘wgQr ‘i ‘AT (O~§--0) WEIT ‘MOET (S~ IN)

WSt ‘WILT (I AN) WThT “wS9y Y]

98T ULTT'E I LLT YT ISIA—AN
{paudisse

UR) WL WG Ys WETT WETT 'MGET W9t
‘Mg8T 'Us ‘Mp61 (3-8~ 2) SET (S—~0—0) $97

(8—AN) WH9T "WRLT (I-aN) §SET "YS 'SSHT NI

0L P'PT 881 0pl ‘€°TT TSIA—AN
{poudisun) wig ‘w6 ‘Mell
‘H08T (J-§~D) MpOT 'MSLT (§~D-D) ASHT

UL sonmII AUt
(231 e "IDAN

SN THLEAT
‘audn[a) 1o JHUIIN030R
ut *iqn pue suofodor],

20011
«I t no HDZ

sAep [e19498
‘DMUHUOIIIE

ur 1L pue AN
SAED (CraAds
*IRINUD} 89T

ut (L pue YIDaN

sdup 01
“np 19N

SABp §—p
“nip *Y1gaN

$Ap 5~

9913
19°1 yeq *(en)IN
il
L0 jreq 19N
95'0 *oaN

S pndip w8 X0 Y1 GO

g L)' 1aN
61°T  umoIq-poy L) "D
821 umorg Hip) 1aN
19'1 U0 *ppy*idaN
umolq



(AN+2X) TSP ST LE ~
'FEE ‘US0T0E ‘(Perp) QA 'YSFST ISA—AN

m (puedl) MUCET ‘dura) waol ‘g gy mofad
P 01 WLTY (X~AN) WEPT ‘WRLT 'STEE SLHE I ‘pusdy pue "HaN sl 2Aeg “0™ 1) "
=
o (AN« X) 0°Sb*9'9€ ‘4 'UsT'0g
s ‘H9T 9P (PeoP) 0T BT ST AL
A (paudisse “duray woolr 'y gf
8] ol U8) AOEE “(X—AN) USSHT S0LT ‘US06T 41 ‘pucdr pue *igqN SE'T  umoIq-pay “O'H"D) "1gaN
& (N +2 X) 9°S¥ umolq
| 'WLE US0'SE ‘9 1€ (Perp) USS'ST USIA- AL “dwiey woar ‘y g4, -R0[PL
o o1 (X~ON) MUISET ‘SUQLT SAEEE ~ I “puedtt pue "O9N €51 ored “O'H* D DN
= “NTHED)
< “S(R00)DN
a 0¥ YS ‘WOHT L ‘SQOTT U5 *SOPOT 'US “WOEOT U1 put FH 008N UMaIqpoy *("H*0)N
(Pe-4)
907 (pundienut) (97 ‘7-0¢ :(2111tU03IE)
Hp+4) ST°bT xapal ‘suojodayy ugd
6¢  ‘(pusiifenur) 9'sz *Uysg 0f *Z'6€ ‘PT'LY I'HA~AN PUT NO*HD Ut "10N oo Aeq “oan
UnU g anpar
(Pet8) 62T (" ep) LT ("8+S4) ysgz ‘JULYaWAIZUIGID us91d
6¢ *(Qugr oneuLore) 4sgge Y a+C) YSpp S~ AN Pue N SHO W IDAN 851 yreq *orzq) *1OON
(*k=p) (81°€). L§°07 :(ouan|of)
o) 87T (Mg} £°07 {(Mee-tu) 9747
‘(auewolr) 087 *( fuex) Y$§' b A AN
0'12 ‘0rz] :(uoym(os) {ouBIIWA0ZUSgIpP) us943
6€ ‘8§ 10°07 '0°01 StA—~ AN H2zqzq yita F1oaN 991 freq *zqzq)aN
(p*u) $¥ b1 *("u+p) §§°12 2(ou0njo))
Wpe'w) 0g 1 ‘(Tuep) 017 ("0 -Tu) 1°0€
"(onewore) ysg ge ‘(Fu ) 5§ ph rSIA-AN
(0005—0009) {12 ‘Wbl (uornos) JU0IIIBIOAYII[AOZUN] ugosd
6¢ ‘8¢ 01T 0'E L TSIA—AN (HE120) ¥Tm "OQN £l xeq "oRN
Jod sa.njvaf paprads HONDDA24d " 40100 xa1duio)

120

{panunual) | 4TIVL



121

COMPLEXES OF Nb, Ta, Zr, Hf

(oY (p-*8) (1) €T 61 (9T°) 14T :(ouamio)

Upe-“u) g1 (oep) 06T

{Puefu) [pg (Fuefu) WTISY SIA-AN

6¢ '8¢ 0'ST'0°6 sta~AN

{Uep) €621

(pett) 1761 *(Pueieriug) £2°67 :(auexolp)
Haep) £S'TT

(e} G161 ‘(puudtieniur) §0'67 :(auanied)
o) £771

{pe-u) £ L1 (puedeniu) ¢ py ‘€8¢ ISIA—AN
(0005~000€) T'61 “'T1 :(uonmnios)

6¢ ‘8¢ D) LT 0TT Is-AN
079 ‘s66L 'USOT8 'STL9
6¢ ‘w69 "WGLOT “US ‘WPEOT ‘SETTY *SESTT T

(p+51) §0°Y ( "ee-p) SHLT H(aUaN|0Y)

(pe-tu) 671 {(M4ep) 612 '(Yre-Su) 110€

6¢ ‘(orousort) ' ‘(¥ ue ) USP'E Y A~ AN
$F801 'V

ss6pz v

3000 % p96'1 13

900'0 # €60°1 I3

§F 651 =<¥>
| 900°0 ¥ 906'1 = <&> 1489
(8% ¥'SE°0'9¢ *LTE
‘T0¢ '0°9T b7 (D) BO'TT WIP'8T VA~AN
a1 (puedrp) sZY€ 'AEY ‘(X—AN) 94 *SOHT Ml

(W -k X) 10'St ~ 'USS'9E “0'pE

WBDTE USY'6T (PP SET 'iL YT HA-AN

{pucdry) swpog

01 MOC Y (X~ QN) WRPT “SWERT 'SPEE WSLYE I
(AN 8 X) 0L 079 ‘$'2E ‘96T

19z ‘USLYT (PoD) WO'TT IFY6L USIA-AN

(puedt) swe6T

1] "WHE ‘MUST b (X —~AN) SAPEL “USFPT U

Xnyfal ‘unn § ‘ouse I,
‘auexorp  "1D4N

xagar

‘urw ¢ *auanios o
apnuolant w ¥|oqN
pue aurjoutnbAxoIpAH-g
ucxorp “xnpjol

‘urut § *Y[DAN

300305¢]402Uaq
‘aurweAiia ‘YDaN

JUCIITE[AJAT UL SUIZ
DIf{EiawW I paonpal
AN 3o 'u10s IDH

-duray ool yaam |
“puedy pue *1qN

‘dwa) uoos “¥aam |
‘puedyy put "IN

‘dura) wool ‘ g
‘pucd] pue *1gAN

uaasd
EL'l jieg

apdand
09'1 k |
adind
Lyl Yieq

uso1d
i g

RIMA

ST umoIq-poy

MO[[R4
1970 Med
uM91q
1571 vy

auexorp-*(oror)aN

*{autx0)aN

¥(auexoIp) "1)aN

auexofp ¥(orzq)aN

*(*Ho0D

~*HO03 *HO)ON

*0'H'or- MaaN

Y0 H ") 10an

Oo..—.— uo.fum—n—z



M apirojys wnprpu Ad
“oteow wr fioqN
m 9p (0~} §60% Y1 JO UORONpal AT W umolg-pay FC*HO0)- N (HAd)
J uotianpar St Ao
A ‘utw 07
<4 [l i ¢
o {OH "HO "HD
5 |82 (H-02) 000€ “(0~-2) 0111 I ‘puedn *IDaN 1BLOIA I *HOO)- N “(HD)
m uoTIINpar HIA[CLIIIe
- 9'61 "STA— AN ‘ST NATUT May ffoue
m 182 (0~2) 0E1T ¥ ‘puedl **109N “OH W 13 HOOaN® [N *HO)
uonanpar onAjeLioafs
aerpawu FIqN
€4 {(H~0} 000€ (Q-2) 0011 ‘001 :uI ‘Jouedord-f ‘[OH ‘uinb L'l BOA FDCHT0D-aN (HuD)
vonanpar sl dloTaaa
SIn0Y [BIIAS
DM ‘foyodre 14po
142 {(H—0) 000€ (0~2) 0601 ‘0LOT I ‘utnb F1oAN Wy ETLITY "0 H*00) N “(HD)
uonIapar S A[ei1a9e
‘puedr| touedord
§7 OH “F1Dan yurd  FRCHH0)ANE [N CH)
puedy ‘oH
“S[oqN ‘solnume maf
I 0607 “0L0T I ‘wonanpar o A[o119314 alueig LT H % 00) AN H(HAd)
' Spup3y pasiut YHM WRIGOIN 1)
(P8
($6°7) $t61 ("1 p) (80°¢) LE'T 1(ouoniol)
{pe-u) 9°91 '(*h-P) 6T
Cuefu) grog ((Fu ) 9p sia-AN JjLNIUGIAIE To suInjo; Uy vt a|dend
6f ‘8¢ {0005-000€) 0'ST '0°t, H'SIA—AN avow , pue Y[DAN 1¢1 jieq *(orat)qN
VL] sainyeaf (oaraads uonvivdsid L 10[0 xa1dwo)

122

(panuniuca) T FTEVL



123

COMPLEXES OF Nb, Ta, Z1, Hf

£y

0t

Iy

Ly

Iy

Iy

8

|1

v

5018 "w/$8 "Wogot

WOTGT ‘Ma090T “MASTTT “WOEHT 'WOGOE I

wWopTT ‘s 'SOZTY ‘S0801 ‘WQLOT 'WOTOT M)

961 2Sta~A
(0—D) 0011 ‘0LOT NI

(Adiq ‘proo) 09, ‘0091 41

{H~2) 000E =4I
0100 608’1 7%
800°0 ¥ 596’1 13
snE gl ¥ 1 Tp
sl 9 5 gz Uprusq
(pusq

1ajsueny a91eya) 9'¢7 ("¢ Fq) 6°61 StA-AN

yaz

'3,52 1 "HN Ut uopnfos
3UDZUIQ JO [OUBLIIUL € Ul
utjdearaw j4zuaq 4q pROBPI

HOP W ("1 -8

[ 1 ‘[oYo3[C [ALND

ut *[p4N pue 4d
wonanpal on41alioae
‘e | OH

‘HO *HO “puedn ‘AN
ot ut

1ApuAdiq puv , (AN
paonpax Afpeon Ajod3od(d
uonInpIA AMA[ONIIA
rlpaLw ‘OH
‘rouedordos ‘Ad ‘*[DqN
wotlanpal o 401132
‘unw 07 ‘OH

‘Jourga ‘uinb *fDqN
uotjonpal o 4[0x10819
‘sapnui 493 ‘[DH
‘oo ‘ord *YqN

uonInpds oM A[0519a13
‘uw 0T 1OH ‘toustpaw
‘uteb 10N

sfoyoare
parEInEs-[DH Ut ‘DN
JO uonanpal AMA[OII03[Y

031 el AN ("H O-4)
SpHnSyy 4130 Yim UnIQOIN H

“("'H0)
pax DN N TH"D)]

(' *00)
1joeal <N [ *HN*(‘HD)]

uaard-an(q

ée't weg  *(Ad)-("H00) DN

afuerg (U *20D-aN H{HAd)

ETTY DCHI0)N HID)

sBuerg  1p(*H*D0)AN *(Hd-p)

Py 1DC*HO0)-aN (D)

(Tt 1o 935 — Aps Y59
SLU UT POJE(081 J0U)
SDCHO0)N



‘PAJ0U DILUAIJISL UL SE UALT oJu Sspuswiudissy 'prolq = q {Ipnoys = ys tyead Juons = § tyead YIusns-wnipa = w iyeed PIuansHom = 4 2
“AJON Jo san radoxd onoufew ayt Juesaos U0Naas ) Ut woatd 18 KON JO APMIS ST Y UO S[IEIAP JUAINT 101

‘3$nu3 W sIn[oA

‘parou

ASTMIDNIO SSAUA (0T % (WO} ug a18 < > pue Ty Ay siaromesed Sunnds ysa 40T X (WD) Ul 3¢ SINDA SIA-A L] F, Mo Uf UaAL e sInA Y] @
'POYOU SEMIILO $SA[UN UM TIIAULS} WOCT JUSIGUIE J© 2IT SJUSWou HNoUTey P

D.A. MILLER, R.D. BEREMAN

(- |

204
““1OqN 10
Sp WSLGT'TSTUSTEL‘STOT 'sla-AN AN *PIAN Ut aurse 91 #O[[2A *(storp) *1aN

J001
““1goaN 1o F1gaN
Sp TIT L9181 ‘901 #SI—AN YIQN YA SUISTEL 61 u2a1e) Y(s1etp) *ragN

24087
2007 = "8'156'T = 21953 *“I309N 10 *1DaN

St USL'ZTE'ELT IS SMETST 9T U L0T YSIa-AN *MDAN it sutstelq Lt Usarn ¥(s101p) "DAN
“1g 239N
10 F)¥agaN Jo

b 'L uorsedwoaap [Hwaaly, agaN
$ACp [C12AQS
‘palins ‘auazuaq

91 0°97 *SIv-AN ui g *ugg pue *1OAN mofPA Y64 t4a) DN

fay sadmoaf jpyaads nOpd 24 " 10000 xa[dwo)

124

(panunued) | FTIVL



COMP1EXES OF Nb, Ta, Zr, Hf 125

1. Chemnistry.

The methods of preparation for the complexes are surnmarized in the table, with
specific techniques available m the respective references. The reaction times vary greatly
ranging from irnmediate reactions to several weeks. In most cases, mnuch care is taken fo
protect the reactants from air and moishere.

The magnetic properties of these complexes have proven most interesting. The expecs
ted spin-only magnetic moment of ad! transition element is 1.73 B.M. Although this value
is found in some of the complexes, many show much lower values. Some are diamagnetic,
which has been attributed to Nb—Nb interactions in polymeric compounds®-35.9% _The
structure of Nhl,, for example, has been described as octahedral crystals opposite edges
being shared. Nb—Nb metal bonds are formed with the overlap of, possible, the d,, or-
bitals, resulting in electron pairing (see Fig. 2).

Fig. 2. Structure® of Nbl,.

8-Coordinate complexes have been prepared and studied31,37.38,45 and shown to be
paramagnetic with magnetic moments ranging from 1.6 to 1.9 B.M. Since the formation of
Nb—Nb bonds in these complexes is sterically hindered, this provides further ¢vidence for
the Nb—Nb interactions in some of the d' complexes. Still another example where bulky
ligands prevent Nb—Nb interaction is the dicyclopentadienylniobium diiodide complex,
which is proposed to have a structure with canted cyclopentadienyl rings and iodine atoms
at angles dictated by Nb—I bond distances and van der Waals radii®?. This predicted
geometry would not aliow the molecular packing needed for Nb—Nb interactions and the
complex is paramagnetic with a magnetic moment of 1.8 B.M., near that for 2 spin-only
d* complex. Coniroversy still exists concerning the magnetic moments of NbX4-2py (X =
= Cl, Br, I) which decrease® in the order CI > Br > L. This order has been related to the
magnitude of the tetraponal distortion of the complexes, A, which should depend on the
pet difference in ligand field strength between the pyridine and halogens.

As suggested by Fowles et al.! 2, the situation is not as simple as stated above. Since the
effective magnetic moment arising from the 2 T g ground term in a cubic ligand fieid de-
pends on A, the separation between the orbital leels of the > T2, terms created by a non-
cubic ligand field, on A, the spin—orbit coupling constant, and on k, the orbital reducton
factor, all of these factors, not just A, must be considered.

The coordination number of niobium(IV) is usually six, but as expected for a second-
row transition element, a great number of eight-coordinate complexes exists. There is evi-
dence 8 for a nine-coordinate Nb(acac),-dioxane. The eight-coordinate complexes could
be either square anti-prism or dodecahedral structures. The Iatter structure is usually as-
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signed from the optical spectrum®°.

The six-coordinate complexes, NbX,;L,, could have Dsp or &), symmetry and both
exist. Fowles et al. have assigned the geometry of a sedes of compounds, mainly N-con-
taining'®, while Hamilton and McCarley have worked with sulfur-containing compounds®®.

Lower coordination numbers are also known for niobium(EV). In a series of sulfur ad-
ducts, S(CH,), , 8{(C;Hs), and S(CH; }4 with niobium tetrahalide, it was found that di-
adducts were formed with S(CHz )4 but that the bulkier methyt sulfide and ethyl sulfide
formed monoadducts. In addition, the order of increasing space requirements, S{CH, )4 <<
< 8(CHj3)2 <S8(C2H;)a corresponds to the order of decreasing stability of the diadducts®®.
Electron spin resonance studies of solutions of niobium(IV) chloride in substituted pyri-
dines have also shown mono- and diadducts to be present.

Coordination numbers of four are usually of the Nh(NR )4 type. The magnetic mo-
ments for these compounds were found to be about (.8 B.M., less than the predicted
value® of 1.73 B.M. However, in this case, the difference could not be explained in terms
of a dimeric complex. Molecular weight determinations showed that only monomers were
present. A small 8 value and the appearance of an ESR signal at room temperature seemed
to rule out the possibility of strong magmetic interactions. Further investigation is warrant-
ed.

Relatively few non-oxo anionic complexes exist. The hexahalo- and pentachloroalkoxo-
niobates have been well characterized. The hexathiocyanato niobate(IV) complex has also
been well characterized and shown to be N-coordinated'?.

2. Magnetic properties

Complexes of the type NbCl, -2L with L = pyridine and various substituted pyridines
have recently been under investigation in ESR studies®®. The ESR spectra of these com-
plexes show variations in splitting parameters which are related to the electronic effects of
the substituent. Simple molecular orhital calculations with the ESR parameters indicate a
considerable amount of delocalization of electron density into p,_ orbitals of the four
equatorial chiorides.

In all the substituted pyridine complexes investigated, except for the 4-ethyl and
4-phenyl complexes, g, is greater than g, (see Table 2). Typically among d" transition
metal complexes, gy is greater than g, . Exceptions to this generalization occur only with
transition metal complexes where the ligands in both axial and equatorial sites have simi-
lar electron donating properties. That is, a pyridine donating electrons to niobium in axial
sites must be similar to the chloride ion in NbC12~ In NbQ(acac), , the equatorial and axial
oxygens must interact with the metal in a similar way. Thus, the tetragonal field and cubic
field for those complexeé where g, is greater than g, are of the same order. The two most
bulky ligands, 4 ethylpyridine and 4-phenylpyridine may, through a steric mechanism, bring
about a larger tetragonal distortion than the other pyridine complexes.

Electron spin resonance studies of NhCl, in concentrated hydrochloric acid show two
species to be presentS®. These are identified as the oxopentachloroniobate{IV) ion and the
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TABLE 2
ESR parameters of NbolY complexes with substituted pyridines 4.

L Ay A <@gyl £ £ <8 >calc
Pyridine 2623 139.9 180.7 1.916] 1.9607 1.9458
3-Ethyi 267.3 140.0 182.4 1.9262 [.9542 1.9449
3-Methyi 2539 137.6 176.4 1.9161 1,9601 [.9454
3-Amino 242.7 127.0 165.6 1.9197 19634 1.9488%
3-Bromo 265.2 140.9 169.0 1.8623 1.9564 1.9250
4-Ethyl 251.8 134.1 173.3 1.9238 1.8965 1.9056
4-Methyl 26R.8 139.6 182.7 1.9242 1.9556 1.9451
4-Amino 248.1 128.9 168.6 1.9205 1.9557 1.9440

4-Fhenyl 254.2 133.9 174.0 1.92259 1.8930 1.9030

4 ESR splitting parameters given in gauss.

oxotetrachloroaquoniobate(1V) ion from their electron spin resonance parametars. A
third species, the hexachloroniobate(1V) ion, is also present and can be jsofated as the
cesium salt. Solutions of niobium(IV) produced by zinc reduction of Nb!V in hydrocloric
acid or HClsaturated ethanol contain the oxotetrachlorcaquoniobate(IV)ion and the oxo-
tetrachloroethanolatoniobate(TV) ion respectively. Calculations of the normalization con-
stant for the ground state B,>>* molecular orbital for the oxo species also indicate consid-
erable delocalization of unpaired spin density into the equatorial chlorine p—7 orbitals.

In the investigation of hexacoordinate complexes of niobium(IV) chloride by ESR
methaods, several oxygen donors as well as the oxochloro species were examined®? to de-
termine the extent of axial 7 bonding, since oxygen would be observed in different states
of bonding to metal (Table 3). In nearly all cases, the hyperfine parameters are significant-
1y different from those of the oxochloro species, and it is concluded that only coordinate
bonding to oxygen is present.

In the case of HMPA, two species are detected, which are {ikely mono and bis com-
plexes, since the bulkiness of the ligand would probably hinder rapid coordination. It is
seen that where the nature of the groups bonded to the oxygen utilize the oxygen’s -
bonding capability, the 4 values are significantly higher indicating that r-honding to the
oxygen by Nb is imnportant in delocalizatdon. g and g, for DMA, DMF and DEF are ex-
tremely close. Also, g7 2> g, , as was found in the oxochloro species.

The investigation of cis complexes of the type NbCls L4, where L is various nitriles,
has recently been comnpleted. The spectra are very complex and quite different from those
complexes above which are known to be axially symmetric (Cy,, or D,y ). While an inter-
pretation is not complete, it appears that in some cases 4, and 4, may be of the same or-
der and second-order corrections may be very significant®2.
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TABLE 3
ESR parameters? of hexacoordinate complexes of NbiVY, NbCi, L,
L £y £ <g> Ay A4, <a>  Ny*b
DMF 1.9014 1.8953 1.8971 28295 140.03 187.67 0.813
Djoxane 1.9065 1.8759 1.8861 277.0 138.85 184.91 0.786
DME 1.9069 1.8779 1.8876 277.78 135.62 183.00 0.809
HMPA 1.8991 1.8869 1.8510 28949 14920 19599 0.798
second species 1.8869 (1.8869) (1.8869) 301.51 (149.20} (199.97) 0.867
THF 1.8131 1.8943 1.9006 270.8 122.3 171.8 0.845
1.8920 177.1
DMA 1.8988 1.8969 1.8975 285.51 141.51 189.5%t 0.820
DEF 1.8954 1.8990 1.8978 28246 139.14 186.91 O0.816
NbOCI3~ 19215 2544 0.95
NbOCL, (H,O)* 1.9165 1.8833 1.8943 277.0 1306 179.4 0.83
NbOCI, (HOC, H )™ 19194 1.8946 1.9029 289.3 131.8 177.6

4 ESR splitting parameters given in gauss.
b Nn,,’ is the normalization constant for the ground-state molecular otbital B, >* =N_, (dxy — X, ¢}
and would be equal to 1 if the MO were ionic or equal te 0.5 if the MO were perfectly covalent.

C. TANTALUM

Asin the case of niobium, tantalum in its tetravalent state has only recently been studied.
The compounds formed are usually air- and moisture-sensitive, and since the tantalum pen-
tahalides are not easily reduced, not many TalV compounds have been prepared.

This section will tabulate these compounds as well as discuss some of their properties,
comparing them, in many cases, with niobium{(IV).

{i} Tetrahalides

TaCl,, TaBr, and Tal4 have been obtained by a variety of methods'»?. Since the tanta-
lum pentahalides are more difficult to reduce than those of Nb, and NbFs is the least
easily reduced of the niobium halides, it is understandable that the preparation of TaF, is
proving to be a problem and the compound has not yet been obtained.

The methods of preparation of the tantalum tetrahalides have been adequately re-
viewed?3 55 The tantalum tetrahalides are diamagnetic, dark crystals. TaCl4 and TaBr,
are isomorphic with corresponding niobium halides and have been classified as an ortho-
thombic unit cell with four TaX, units per unit cell®. Some controversy exists as to the
assignment of the basic unit cell.
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Tal, appears to exist in two different forms, depending on how it is prepared, and nei-
ther is indexed on the same basis as Nbl;. One form exists when Tal, is prepared by re-
ducing Tals vapor at high temperature by aluminuri, and the other comes about when the
Tal4(pyridine), complex is thermally decomposed®.

{ii) Hexahalotantalates

TaCl; ™ has been prepared with Cs (ref. 56), K (ref. 57) and Rb (ref. 58) as cations. It is
thermally stable. K, TaCl; and Rb, TaCls are reported to be tetragonal, while Cs, TaCl, is
a cubic salt of the K, PtCl, type.

(i) Oxyhalides

Some oxyhalides of tantalum{IV) have been obtained. These include TaQCl, and TaOl,.
Not much information is available for TaQl,, and TaOCl; is known to be quite stable,
diamagnetic, and is assumed to involve Ta—Ta bonding.

{iv) Tantalum complexes

A number of T2!V complexes has been obtained by reducing the tantalum pentahalide
or by reacting the tetrahalide with the ligands. These, as well as the compounds previously
inentioned, are listed in Table 4.

The spin-only value of the magnetic moment of tantalum(IV) complexes is expected to
be 1.73 B.M., but most complexes exhibit values considerably below this. Lower values
are probably again due to large spin—orbit coupling constants® for TalV.

BaTaS$, is'in the form of black crystals which were found to consist of hexagonal close-
packing of BaSj layers with Ta cations in one fourth of the octahedral holes. The point
group assigned®® is Dy, (Fig. 3).

Fig- 3. Structure of BaTaS, . Dashed ling¢ indicate BaS, layers.

Many of the complexes of TalVY have been found to be of six-coordinate octahedral
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geomeiry. The geometry of some of the tantalum compounds with nitrogen-containing
ligands has been predicted’®, as well as that of those with sulfur-containing ligands®*, from

the infrarsd spectra of the complexes.

D. ZIRCONIUM

The chemistry of zirconium and hafnium closely resemble one another and problems
are encountered in their separation. Reduction to an oxidation state of less than four is
difficult and few Zr*" and Hf** compounds have been prepared. Zirconium compounds are
listed in Table 5.

(i} Trihalides

The zirconium trichlorides, iribromides, and triiodides have been prepared in a variety
of ways, many of which have been previously reviewed®!. The zirconium tetraiodides are
most easily reduced, followed by the bromides and chlorides®? . When aluminum is used as
the reducing agent, the product is contaminated with the oxides and halides of the alumi-
num and zirconium metal®*:%%, With zirconium metal as the reducing agent, products with
purities of 99.2% have been obtained®® . Many preparations hased on reduction by Zr
metal have been found, with the temperature, pressure, form of the Zr metal, and reaction
time varying®%:%° . Zr will preferentially reduce its own halides. These methods also allow
a separation of zirconium and hafnium.

Zirconium triflucride has been prepared®® from zirconium hydride in a H, —HF mix-
ture at 750°C. Zirconium tetrafluoride has not been reduced successfully by Zr metal.
These reduction reactions have been studied in detail®7?.%% .

Zirconium trihalides are dark moisture-sensitive solids. The structures of the irihalides
have been studied by X-ray powder diffraction and are found to consist of distorted hexa-
gonal close packing of the halogen atoms. Infinite chains along an axis formed by MX,
octahedra are joined at opposite faces and the metal atoms are regularly spaced midway
between the halogen atoms®® 7!, The point group is Dsy. There are nine Zr orbitals avail-
able for bonding: 2 Ay, (s, dz2 ), 42y (7). 265 (d 2 _ 42),dyy, a0d dy,, d,,; pairs, and £,
(px, Py pair). Six bonds are formed when these combine under a trigonal ligand field with
the corresponding symmetry orbitals of the halogen. After ¢ bonding, there are three orbit-
als left on each Zr available for metal—metal interaction with the remaining electron per
metal atom. These consist of a g-type metal orbital of A ;¢ symmetry along the chain axis,
and two other degenerate orbitals of Eg symmetry. These orbitals and higher energy Zr
atornic orbitals can interact with the corresponding orbitals of the neighboring metal
atoms in the chain to give an appropriate molecular orbital®®.

The trihalides will undergo disproportionation, e.g. Zrl; will disproportionate
300-480°C, viz.

72,73 at

2 Zrly > Zrl; + Zrly (D
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A close study of ZrCl;, however, reveals 2 non-stoichiometric disproportionation_ At
390°C

6 Z1Cly =5 ZrCly.g + Z1Cly )
When the resulting ZrCl;-g is heated to 3 10—400°C

27Clas > ZiCl, ¢ t+ ZiCly (3)

The ZrCl, s has the same X-ray powder pattern as ZrCl, and is explained in the following
way. The loss of ZrCls leaves gaps in the linear chains of the ZrCl,; octahedra. The gaps
form an ordered arrangement of a region of the lattice ion plane. Shearing takes place on
the plane, resulting™ in ZrCl,.5 . The disproportionation of Zr(l; has been studied ther-
modynamically, and at 700°C the equilibrium constant for the reaction in molten solu-
tions of KCl is®* 1.10 X 1073,

The low magnetic moments, ~ (0.4 B.M., of the zirconium trihalides is due either to
strong antiferromagpetic interaction or to spin—orbit coupling.

A magnetically dilute sample of Zr(l; has a moment of 0.9 which supports an anti-
ferromagmetic interaction mechanism”®.

Z1X3 13 compounds are six-coordinate adn distorted octahedra. In the reduced states of
Zr1, ligand field stabilization energy becomes important in determining the stereochemistry,
Since the ligand field splittings are known to be large, the configurations giving the greatest
licand field stabilization energy are favored’S. The diffuse reflectance spectra have been
studied and it is assumed that the bands arise from 2E‘g «? Tg-transitions on Zr atoms’’
(note this assumes pure Oy, geometry). The A (crystal field splitting energy) of Zr'H has
been found to be 20% larger than for Tilll and the increase is attributed to going from a
3d™ to a 4d™ compound?®.

(ii} Complexes of Zr**

The complexes of Zr** formed with N-containing ligands are very air- and moisture-
sensitive. Although the ZrCl,-3py complex has a magnetic moment of 0.39 B.M., the EPR
spectrum in pyridine suggests that a paramagnetic species of unknown character may be
present. The [ZrX, -2py], complexes show still lower magnetic moments than spin-only
and are believed to be halogen-bridged dimers, viz.

“ g
N T
LIS L DN
zr zr
1IN S
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In CHaCN, this species hreaks down to form [ZrI; py(CH,CN), *t~, which accounts for
its high conductivity®®.

The 2ZxX3-5CH3CN complexes involve interactions between neighboring metal atoms,
either directly or through bridging, viz,

e Me

S s

zr\ zr
g AN B

or through a Zr—CH; CN-* Zr linkape3°. Since CH3CN is not released when heated in vacuo
to 100°C and the IR spectrum does not show the C=N stretching frequency of a free ligand,
the presence of uncoordinated CH;CN trapped in the lattice seems unlikely®!.

The bipyridy! complexes, 2ZrX;-3(bipy) are also postulated to have a dimeric type
stnictuse, viz.

a i) o
N~ H
“\Zfr/ C!“Ir/
N e | TN
ISy 1

N

The bonding in the Zr nitrides appears to be of a mixed type, largely ionic with some
metallic bonding. The cation sub-latfice consists of Zr** tons with the equilibrium N =
== N* + 3 &~ occurring in the anionic sub-lattice. The nitrides show high electrical condue-
tivity and metallic luster, which can be explained in terms of the partial metallic character
of the bonding®?,%3,

Compounds of the type (CsHs): ZrPR, have been prepared; where R is C,H; or
n-C4Hs, a dimeric structure has been proposed®?*, viz.

VB
P--
@M/ "‘\M
& X

=)
/N
R R

When zirconocene dichloride is reduced with NaPPh, , the ESR spectrum indicates that
anion radicals of the type [(7-CsHs), Zr™(PFh, ), |~ may be formed®3,

E. HAFNIUM

The chemistry of hafnium in the trivalent oxidation state has not been explored to a
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great extent. The hafnium tetrahalides are difficult to reduce, and the trihalides, when
formed, tend to be unstable, disproportionating and hydrolyzing easily. Hafnium com-
pounds are listed in Table 6,

(i) Trihatides

Hafnium trichloride has been prepared by reacting HfCl, with Hf metal as reducing
agent at high temperatures®?>®?_ HfBr3 has been prepared in a similar inanner, as well as
by reacting HfBr, with Al. The reaction is carried out®® in a spherical bomb tube at 470°C,
or in a two-zone tube at 600—650°C. Hfl; has been prepared by the reduction of HfI,
with Hf (zefs. 62,91) and also’® by reacting Hfl, with aluminum at 350—385°C.

The trifluoride has been prepared®® by the reaction

HIfN + 3 Hf + HfF; + NH, 4)
However, the Hir; reacts immediately.

HfF, + HF - HfF, + 1/2 H, (5)

A satisfactory preparation of HfF; has not been found. The tetraiodides are the easiest to
reduce, followed by the tetrabromide and then the tetrachloride.

The hafnium trihalides, like their zirconium counterparts, are dark solids. Hafnium tri-
iodide is reported to exist in both a green and a black form, depending on the preparation
temperature, but may depend only on particle size®!. The structure of Hfl; is isomorphous
with the trihalides of zirconium. X-ray diffraction shows hexagonal close-packed halogen
atoms consisting of infinite chains formed by Hfl, octahedra joined at opposite faces
with the metal atoms regularly spaced midway between the halopen atoms®® . The tri-
hatides disproportionate to form the dihalides and tetrahalides®?,%°. This disproportiona-
tion often produces problems in the preparation of the trihalides.

Litile information is available on the magnetic properties of the hafnium trihalides. The
magnetic moment reported for Hfl;, in one case, is in excess of spin-only value, and is
thonght to be due to strong ferromagnetic coupling”®. In another study, however, u is
reported®! to be 0.62 B.M.

{ii} Other hafnium{ I1I) compounds

HfN has been prepared®?:82 in which nearly all of the nitrogen can be converted to NH,.
The bonding is mainly ionic, but to some extent metallic. The cation sub-lattice consists en-
tirely of Hf** ions. In the anionic sub-lattice, the equilibrium N = N*~+ 3 e"occurs and
accounts for the metallic properties which HfN displays.

The only other compound of Hf** so far reported is the HfCl, -4(py) complex which
was found to be diamagnetic. However, the EPR spectrum? indicates the existence of a
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paramagnetic species ““of an unknown character”.
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