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NbC15 crystallizes in the monoclinic system with a = 18.30, b = 17.96, c = 5.888 A, fl = 90"6 °. 
The space group is C2/m, and there are 12 bTbC15 units in the unit  cell. The structure consists of 
dimers (:N-b2Cll0) with the chlorine atoms forming two octahedra which share a common edge. The 
niobium atoms occupy the centers of the octahedra and are joined by two chlorine bridge bonds. 
The ~33-C1 bridge bond length is 2.56 A; the :Nb-C1 non-bridge bond lengths are 2.25 and 2.30 A. 
l~bBr 5 and TaC15 appear to be isomorphous with the above structure. 

Introduction 

Skinner & Sutton (1940) found by  means  of electron 
diffraction, tr igonal b ipyramid  units  of NbC15 and 
NbBr  5 in the vapor phase. The present invest igat ion 
was under taken  to s tudy the structure in the crystal- 
line state and to compare it with tha t  reported in the 
gaseous state. 

Exper imenta l  

The niobium pentachloride samples were prep ared in 
this  laboratory.  Nb205 was reacted with CC14 (Remy, 
1956); the result ing yellow NbC15 was subl imed out 
from the reaction mixture  at a temperature  near  its 
mel t ing point  (220 °C.). Since the mater ia l  is ex- 
t remely  hygroscopic, samples of the yellow powder 
were t ransferred in an argon-filled dry box to 0.3 ram. 
quartz capillaries. The sealed capillaries containing 
the samples were heated to about  230 °C. and cooled 
over a period of several hours to room tempera ture ;  
crystals suitable for diffraction studies were thus ob- 
tained.  

Oscillation, Weissenberg, and precession photo- 
graphs, using Cu Kc¢ radiat ion (2 = 1.5418 ~)  show 
a monoclinic uni t  cell with:  

a = 18.30+0.01, b = 17.96±0.02, c = 5.888+0.004 A, 
fl = 90.6°+0.01 ° . 

These values agree well with those obtained by 
Douglass & Star i tzky (1957). 

The measured densi ty is 2-75 g.cm -3 (Lange's Hand- 
book of Chemistry, 1949); the densi ty calculated from 
the above da ta  is 2.78 g.cm.-a; there are 12 NbC15 
formula units  per uni t  cell. The diffraction symmet ry  
and extinction conditions were characteristic of space 
groups C2, Cm, and C2/m. Both our crystals and those 
studied by  Douglass & Star i tzky (1957) were yellow 
plates f la t tened on (010) and  elongated in the direction 
of c o. The crystals were invar iab ly  twinned on (100), 
sharing a common c0-axis, and this twinning plus the 

* This work was performed under the auspices of the 
~J.S. Atomic Energy Commission. 

proximi ty  of fl to 90 ° f requent ly  made it  difficult  or 
impossible to observe the separat ion of the hkl re- 
flection of one twin from the ~kl reflection of the other 
twin. In  addit ion to the hkl, h + k  = 2n, extinctions 
required by  the space group, it was found tha t  hk0 
reflections were present only for h = 3n. Fur thermore,  
hkl reflections with 1 = 2n were apt  to be weak or 
missing unless h = 3n. Some crystals contained a large 
amount  of disorder in the stacking of planes per- 
pendicular  to b 0, manifested as diffuseness and streak- 
ing in the direction of b* of those reflections with 
h # 3 n .  

The specimen selected for the s t ructural  investiga- 
tion was free of stacking disorder. I t  was a f lat  plate 
of approximate  dimensions 0.40 × 0.21 × 0.09 mm.,  the 
unique axis being perpendicular  to the plate and c o 
parallel  to the long edge. The crystal wa~ oriented 
about  c o . 

The relative intensities of the reflections on the 
1 = 0, l ,  2, and 3 equi-inclination Weissenberg layers, 
made with Cu Ka radiat ion and the usual  multiple- 
fi lm technique, were es t imated by visual comparison 
with a s tandard  scale. Values of [FI 2 were obtained 
by application of the Lorentz, polarization, and 
velocity factors. 

The hk0 da ta  were corrected for absorption by  the 
method  described by  Busing & Levy (1957). The 
IBM 650 was programmed to compute the absorption 
as a function of ~ and 0 which could then  be plotted 
as a templa te  to fit  over a Weissenberg film, where 

is the rotation coordinate of the crystal  and 0 is 
the Bragg angle. 

The intensit ies of the hO1 reflections were visual ly  
es t imated from precession photographs made with 
Me K a  radiation.  Correction for Lorentz and polariza- 
tion factors was accomplished with the aid of the chart  
computed by  Waser  (1951). No absorption corrections 
were made in this  case. 

Determinat ion  of the structure 

Since it was generally very difficult to resolve an hkl 
reflection on the Weissenberg f i lms from the hkl 



616 T H E  C R Y S T A L  ST 

ref lec t ion  of i ts twin ,  t he  in tens i t ies  of these  ref lect ions 
were  t r e a t e d  t o g e t h e r  in t he  p r e l imina ry  stages of t he  
inves t iga t ion .  Our m e a s u r e d  in tens i t ies  were therefore  
p ropor t i ona l  to  IF(hkl)[2+rlF(hkl)l 2, where  r is t he  
ra t io  of t he  vo lumes  of t he  two twins ;  i t  was found  
t h a t  r was abou t  3 in the  crystal  being s tudied.  

A to t a l  of 518 i n d e p e n d e n t  combined  ref lect ions 
were  observable  on t he  Weissenberg  films, and  these  
in tens i t i es  were  used  in t he  c o m p u t a t i o n  of the  
P a t t e r s o n  p ro jec t ion  P(u, v) and  t he  P a t t e r s o n  sec- 
t ions  P(u, v, 0), P(u, v, 1), and  P(u, v, ½). These 
vec to r  m a p s  i nd i ca t ed  tha t ,  as a first  approx ima t ion ,  
t he  chlorine a t o m s  lie in hexagona l  c lose-packed 
layers  a t  z = ¼ and  z = ~, t he  neares t  ne ighbor  dis- 
t ance  in t he  layers  be ing  of t he  order  of 3.6 /~, t he  
v a n  der  W a a l  d i a m e t e r  of chlorine.  The  n iob ium a toms  
occur in pairs paral le l  to  the  monocl in ic  axis. The  
molecular  s t ruc tu re  based  on these  considera t ions  
consists  of t en  chlor ine a toms  a r ranged  at  the  vert ices 
of two  oc t ahed ra  shar ing  an edge, wi th  the  two n iob ium 
a toms  at  t he  centers  of t he  oc tahedra .  There  are six 
such :Nb~Cl~0 groups wi th in  the  un i t  cell. This pro- 
posed  s t ruc tu re  fits t he  r e q u i r e m e n t s  of space group  
C2/m, wi th  the  molecules  occupying  the  posi t ions 2a 
a n d  4i (with x = ~, z = 0.525). 

The  pa r ame te r s  ob t a ined  f rom the  var ious P a t t e r s o n  
m a p s  were used  as the  s t a r t ing  po in t  in leas t -squares  
r e f i n e m e n t  of t he  data .  I n d i v i d u a l  isotropic t empera -  
tu re  factors  were ass igned to  each a t o m  and  were 
inc luded  in  the  re f inements .  

The  first  set of d a t a  to be g iven  the  least -squares  
t r e a t m e n t  was t he  hkO project ion.  A to ta l  of 77 in- 
d e p e n d e n t  reflections,  of which  10 were too weak  to 

Table  1. Observed and calculated structure factors 
for the hkO reflections of NbC15 

2'o 2'¢ Fo Fc Fo Fc Fo F¢ 
h----0 h =  6 h---- 12 h =  18 

k----- 0 8 - - < 1  19 16 33 36 
2 17 13 5 4 6 5 < 3 3 
4 46 --46 21 --26 31 --33 12 --15 
6 17 --13 17 --14 27 --25 < 3 -- 3 
8 23 18 28 26 23 18 11 10 

10 50 62 < 1 < 1 13 9 28 24 
12 2 2 22 --18 13 --12 < 2 - -  3 
14 25 --28 15 --15 24 --20 10 --11 
16 12 9 < 3 2 5 6 
18 17 16 21 19 16 13 
20 18 17 4 -- 3 
22 3 -- 2 14 --16 

h---- 3 h----9 h = 15 h = 21 

k = 1 29 42 20 21 l l  10 21 20 
3 21 --24 16 --12 12 --12 4 -- 7 
5 4 -- 6 49 --66 < 3 -- 4 14 --11 
7 15 10 < 2 -- 3 7 6 < 2 3 
9 31 31 32 29 l l  13 18 18 

11 14 13 3 -- 3 < 1 < 1 
13 24 --24 17 --16 21 --18 
15 2 - - < 1  27 --29 < 2 - - < 1  
17 20 20 2 2 13 13 
19 13 13 16 14 
21 2 -- 3 9 10 

R U C T U R E  OF  N b O l  5 

be observed,  were inc luded  in the  computa t ion .  (h#0 
ref lect ions wi th  h 4= 3n were considered to  be syste-  
mat ica l ly  missing and  were no t  inc luded  in these  
ref inements . )  Before  absorp t ion  correct ions were ap- 
pl ied a re l iabi l i ty  factor  of 18.5 % was a t t a ined .  The  
absorp t ion  correct ions resu l ted  in a r educ t ion  of t he  
re l iabi l i ty  factor  to  14.3 %, but  only  sl ight  p a r a m e t e r  
shifts  occurred.  The  observed  hk0 s t ruc ture  factors,  
corrected for absorpt ion,  are l is ted wi th  the  ca lcu la ted  
values in Table  1. Fig. 1 shows the  ~(x, y) Four ie r  
p ro jec t ion  ca lcula ted  f rom these  da ta .  

: : : : : ' - . " - -  "" - "", . d ' " ' " , . . - " : , : : ' : . : ,  

" " : " " ( " ' "  a/6 " " V ' " '  :'" 

; ~ ~ .  ." .~--. "-. : 1 .-- ' .  --. ". , ) 

0 1 2h 
I , I , i 

Fig. I. Electron density projected on (001). The contours are 
a t  equal  a rb i t r a ry  intervals ;  the  zero contour  is b roken ;  
F(000)  has no t  been  included. 

Table  2 lists t he  74 (of which  21 were unobserved)  
hO1 s t ruc ture  factors ob ta ined  f rom a precession photo-  
graph.  A re l iabi l i ty  factor  of 14-2 % was ob ta ined  for 
this  pro jec t ion .  Lack  of resolut ion of the  chlor ine 
a toms  l imi ted  the  usefulness of these  d a t a  to  the  
d e t e r m i n a t i o n  of t he  pa rame te r s  of Nb2. The  ~(x, z) 
Four ie r  p ro jec t ion  is shown in Fig. 2. 

The  z pa ramete r s  of t he  C] a toms  were ob ta ined  by  
leas t -squares  r e f inemen t  of those  hk3 da t a  for which  
hkl and  ]~kl ref lect ions of t he  twins  were suff ic ient ly  
sepa ra ted  on the  Weissenberg  films. The  s t ruc tu re  
factors of 212 i n d e p e n d e n t  reflect ions (of which  62 
were unobserved)  were inc luded  in this  r e f inemen t ,  
and  a re l iabi l i ty  factor  of 20 .6% was ob ta ined .  The  
observed  and  calcula ted s t ruc ture  factors  are l is ted in 
Table  3. 
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Table  2. Observed and calculated structure factors for the hO1 

Fo Fo ~ Fo 
h = 0 h = 2 h = 4 

35 30 8 6 
18 --15 < 6 1 
21 20 10 7 

< 1 - <  1 13 16 
28 38 20 25 

< 3  - - i  < 2  < I  
- -  19 22 29 28 31 
--30 < 1 1 14 --15 
- -  3 6 4 28 27 

60 23 22 < 6 5 
< 6 9 26 20 

19 
37 

< 6 
58 

reflections of NbC15 

Fo Fc Fo Fc 
h = 6  h = 8  

23 17 16 12 
< 6  4 10 - - 9  

40 -- 39 31 30 
56 41 < 6 
34 36 18 21 
8 3 < 6 - -<  1 

60 --60 12 16 
61 64 < 6 6 
23 24 19 17 

< 6  - - 2  < 6 9 
25 --20 < 6 -- 9 

h =  10 h =  12 

l =  --4 16 14 
--3 12 12 20 14 
--2 < 6 3 28 28 
--1 12 16 33 --34 

0 < 3 - - <  1 17 21 
1 19 19 28 18 
2 < 6 - - <  1 25 27 
3 28 28 32 --28 
4 14 --12 20 30 

19 
< 6 

19 
< 6 

14 
< 6 

h =  14 h =  16 h =  18 

18 
- -  6 

16 
< 1 

15 
6 

16 13 
< 6  - - 2  

23 1 7  

17 25 
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Fig. 2. Electron density projected on (010). The contours are 
at equal arbitrary units; the zero contour is broken; F(000) 
has not been included. 

The  a tomic  pa ramete r s ,  ob t a ined  f rom the  th ree  
sets of da ta ,  were w e i g h t e d  by  the  inverse  squares  of 
the i r  s t a n d a r d  dev ia t ions  ( compu ted  by  the  m e t h o d  
of Cruickshank,  1949) and  averaged.  The  n iob ium 
a t o m s  occupy  posi t ions  4(g) and  8( j )  of s p a c e g r o u p  
C2/m (International Tables for X-ray Crystallography, 
1952); t he  chlor ine a toms  occupy th ree  sets of 4(i) 
a n d  six sets of 8( j )  posit ions.  These posi t ions are as 
follows: 

4(g) 0, y, 0; 0, ~, 0 + C  center ing.  
4(i)  x, 0, z; ~, 0, 2 + C  center ing.  
8( j )  x, y, z; x, ~, z; ~, y, z; x, y, z+C center ing.  

These  pa r ame te r s  are l i s ted in Table  4. The  isotropic  
t e m p e r a t u r e  factors  g iven  are t h e  u n w e i g h t e d  aver-  
ages of t he  results  of t he  th ree  leas t -squares  refine- 
ments .  

D i s c u s s i o n  

Two i n d e p e n d e n t  conf igura t ions  of t he  Nb2Cll0 group  
are g iven  by  t he  s t ruc ture ,  one of wh ich  is con- 
s t r a ined  to  2/m s y m m e t r y  whi le  t he  o the r  is r equ i r ed  
to  possess on ly  a mi r ro r  plane.  The  Bib-Bib d is tances  
of t be  two molecules  agree to  wi th in  0-2% and  t he  
Bib-C1 d is tances  agree to  abou t  0 .5%.  Fig. 3 shows 
th is  average  molecule ,  and  Table  5 lists t he  d is tances  
b e t w e e n  neares t  ne ighbors ,  ca lcu la ted  on t he  assump-  
t ion  t h a t  all Bib2Cll0 molecules  are iden t ica l  and  h a v e  
2/m s y m m e t r y .  The  p robab le  errors in these  d is tances  
were calcula ted f rom the  s t anda rd  dev ia t ions  in t h e  
a tomic  pa rame te r s  (Cruickshank & Rober t son ,  1953). 
Table  5 also shows t he  n u m b e r  and  t y p e  of nea res t  
ne ighbors  for each of t he  four  types  of a toms,  Nb,  

Fig. 3. Configuration of the Nb~Cll0 dimeric molecule 
in the crystalline state. 
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Position Atom 

4(g) Nb 1 
8(j) Nb~ 
4(i) C11 
8(j) C4 
8(j) Cla 
4(i) C14 
8(j) el5 
8(j) c16 
4(i) C17 
8(j) C1 s 
8(j) Cl9 

Table  4. Atomic parameters in NbC16 

x y 

0.0000 0.1106 ± 0.0006 
0.3333 ± 0.0004 0.1108 ± 0.0004 
0-053 ±0.002 0.0000 
0-056 ±0.002 0.191 ±0.002 
0.103 ±0.002 0.097 ±0.002 
0.280 ±0.002 0"0000 
0.279 ±0.002 0.189 ±0.002 
0.232 ±0.002 0.098 ±0.002 
0-381 ±0.002 0.0000 
0-389 ±0.002 0.190 ±0-002 
0.434 ±0.002 0.098 ±0.002 

z B (A s) 

0.0000 1.0 
0-525 ± 0.001 1.4 
0.225±0.007 1.8 
0.240 ~ 0.006 3.2 
0-782 ± 0.005 3.0 
0-744±0.007 2.2 
0.770± 0.006 3.1 
0.293 ± 0.006 3.2 
0.298±0.006 1.1 
0.285±0.006 3.4 
0-760±0.006 3.3 

Tab le  5. Nearest neighbor distances in NbC15 

Nb-1 Nb 3.951±0.002 A 
-2 Cl .a  2.555±0.006 
-2 C1B 2.302 ± 0.005 Intramolecular 
-2 Clc 2.250±0.006 

C1A-2 Nb 2.555±0.006 A 
-1 C1A 3.25 ±0.02 
-4 C1B 3.30, 3.31±0.03 Intramolecular 
-2 Clc 3.40 ±0"03 
-5 C1 3-68 -- 3 " 8 3  Intermolecular 

(average = 3.76) 
C1B-1 Nb 2.302±0.005 A 

-2 CIA 3.30, 3-31±0.03 / Lutramolecular 
-1 Cl~ 3.48 ±0.03 
-2 Clo 3.33, 3.31±0.03 
-7 C1 3.60 -- 3.92 Intermolecular 

(average---- 3.74) 

Clc-1 Nb 2.250±0.006 A 
.-1 C1A 3.40 ±0.03 / Intramolecular 
-2 C1B 3.33, 3.31±0.03 
-1 Clc 3.49 ±0.03 
-8 C1 3.62 -- 3.98 Intermolecular 

(average ---- 3.74) 

C1A, CIB, and  C1 c (see Fig. 3). The  pack ing  of these  
d imers  is shown in Fig. 4. 

a 

Oc I 
Q Nb 

Fig. 4. Packing arrangement of the Nb2Cllo groups in 
the crystal of niobium pentachloride. 

A compar i son  of the  conf igura t ion  and  size of t he  
molecule  in the  gaseous a n d  solid s t a t e  is shown in 
Tab le  6. 

The  dis tances  in t he  two s t ruc tures  are r ea sonab ly  
equiva len t .  The  molecular  fo rmula  NbC15 in the  vapo r  

Table  6. Comparison of the molecular structure of NbC15 
in the gas and solid phases 

Molecular formula 

Molecular 
configuration 

Nb-C1 distances 

C1-C1 distances 
(intramolecular) 

Gas* Solid 

NbCI 5 Nb~Cll0 

Trigonal Two octahedra 
bipyramid sharing an edge 

2.25±0.01 A 

2-29±0.03 A 2.30-{-0.01 
2.56±0.01 

(bridge bond) 

3.23 A 3.25 to 3.48 A 

* Skinner & Sutton (1940) data. 

phase  is suppor t ed  by  vapo r  dens i ty  measu remen t s  a t  
360 °C. (Remy,  1956). 

N b B r  5 and  TaC15 appea r  to  be i somorphous  wi th  
NbC15. Powder  p a t t e r n s  of N b B r  5 ind ica te  a un i t  cell 
of a =  19.2, b =  18.6, c = 6 . 0  A, f l ~ 9 0  ° . Single- 
c rys ta l  p h o t o g r a p h s  of TaC15 show a cell which  is 
ind i s t ingu ishab le  in size f rom NbC15, bu t  wi th  var ia-  
t ions  in in tens i t ies  of t he  ref lect ions.  
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Carpen te r  for  some of the  earl ier  p repa ra t ions  and  for  
br inging the  p rob lem to our  a t t e n t i o n ;  and  to  Mr 
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