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Abstract 

X-ray difference densities have been measured for the 
diprotonated form of the title compound at room 
temperature and for its monoprotonated analogue at 
100 K. Atomic charges were determined by Hirshfeld's 
method of partitioning the difference density in pro- 
portion to atomic densities. Roughly 1.6 electrons are 
transferred to the B~oHl0 unit, and distributed widely 
over the cluster as a whole. That  charge is less than the 
formal value of 2.0 electrons by an amount which 
correlates inversely with the strength of the interaction 
between the groups. The difference is not large, 
indicating that the cluster forms a robust, stable ionic 
species. Averaged difference densities in the B a rings 
resemble those reported by other workers. There is no 
evidence for open three-centre bonding. Closed three- 
centre bonds play a minor role in the redistribution of 
electron density. Asymmetric features in the difference 
maps are consistent with charge transfer resulting from 
close contact between B and N atoms. C~0 N2 H2+I0.- 
Bl0H2o, M ,  = 276.4, monoclinic, P21/c, a = 9.937 (4), 
b = 10.837 (3), c =  14.856 (5 )A,  f l =  109.21 (3) ° , V 
= 1510.6 ( 9 ) ~  3, Z = 4, D x =  1.22 Mg m -3, 2(Mo Kct) 
= 0.71069 A, bt = 0.0577 mm -1, F(000) = 456, R = 

0108-7681/89/030290-08503.00 

0.062, w R = 0 . 0 4 7  for 1771 observed reflections. 
+ 2- 2CIoN2Hg.BIoHI0, monoclinic, P21/c, a = 11-913 (4), 

b =  17.656(5),  c =  1 1 . 0 5 4 ( 2 ) A ,  f l =  101.58(2)  ° , V 
= 2278 (2) ,~3, Z = 4, D x - 1.266 Mg m-3, 2(Mo Kct) 
= 0 . 7 1 0 6 9 A ,  /~=0 .06321  m ~, F ( 0 0 0 ) = 5 7 6 ,  R =  
0-066, wR = 0.045 for 4524 observed reflections. 

Introduction 

Atomic charges can be determined from X-ray dif- 
fraction difference densities by the method of Hirshfeld 
(1977a,b). When applied to transition-metal complexes 
by Spadaccini (1988) and by Maslen, Ridout & Watson 
(1988), the results are remarkably consistent. The 
charges on individual atoms are smaller than the formal 
values, with magnitudes less than half an electron in 
most cases. On the other hand for polyatomic species 
such as hydrated metal ions the integrated charges are 
closer to the formal values. Consistent results were 
obtained even from diffraction experiments of structure 
determination quality, provided the data were not 
affected strongly by extinction (Maslen & Ridout, 
1987). 

If  the error in the charge for a large molecular unit 
reflects the accumulation of uncorrelated uncertainties 
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on the atomic charges, the total error would be large. 
Charges for chemically related moieties would be 
similar only by chance. The consistency of the charges 
determined for groups indicates partial cancellation of 
errors when summing the values for constituent atoms. 
These methods may be applicable to studies of charge 
transfer in crystalline solids generally. This can be 
tested by applying them to chemically related charge- 
transfer systems comprised of large units containing 
first-row atoms. 

The diprotonated and monoprotonated bipyridylium 
salts of the BioH~0 anion, which exhibit strong optical 
activity, were chosen to investigate charge transfer 
involving the boron clusters. Dipyridylium salts of the 
closo-decaborane anion show anomalous colour, attri- 
buted to a dynamic charge-transfer band by Muetter- 
ties, Balthis, Chia, Knoth & Miller (1964). The spectral 
properties indicate the nature and extent of the charge 
transfer. Before dynamic transfer can be fully described 
it is necessary to understand the static charge dis- 
tribution. The B~0Hio anion has a formal charge o f - 2  
electrons, representing a transfer of negative charge to 
the cluster as a whole. 

Clusters such as Bl0Hl2o, being electron deficient, are 
unable to provide a pair of valence electrons for each 
adjacent pair of atoms (Longuet-Higgins, 1949; Dixon, 
Klier, Halgren, Hall & Lipscomb, 1977). Thus electron 
pairs may be delocalized over several atomic centres. 
The concept of three-centre bonding attempts to 
overcome difficulties with earlier theories. Resonance 
hybridization of three-centre, two-electron bonds was 
the first and simplest extension of the normal two-centre 
bond to account for these clusters. A closed bond was 
defined to contain the bonding orbital within a roughly 
equilateral triangle formed by the three B atoms; an 
open three-centre bond based on an obtuse triangle was 
thought to have maximum density inside the obtuse 
angle. Other semi-empirical models of boron-cluster 
bonding have been developed to overcome deficiences 
in this model (Stone, 1981; Fuller & Kepert, 1983). 

The degree of strain in the angles of closed ring 
systems is assessed by relating their instability and 
reactivity to the deviation from an ideal geometry. For 
the central atoms of the boron cluster there are six 
neighbours, so the ideal geometry is octahedral, but the 
bond angles are distorted, from 90 ° to roughly 60 ° , in 
the triangular faces due to cluster formation. The 
presence of strain should be indicated by distortion of 
the electron density distribution associated with bond- 
ing. A study of that distribution thus provides informa- 
tion on the nature of that bonding. 

Experimental 
The diprotonated 2,2'-bipyridylium salt of the closo- 
decaboron hydride anion (LH2)B~0H~0, where L =  
2,2'-bipyridyl = C~0HsN2, denoted REDCOP because 

Table 1. Refinement details 

R E D C O P  Y E L L O W  
295 K 100 K 

Crystal Cuboid, 6 faces, 0.45 mm Cuboid, 8 faces, 0.45 mm 
20,... (o) 50 60 
hklrange O<_h<. 11,0 <_ k <_ 12, 0 _ < h <  16,0 _~ k "~ 24, 

- 1 7  </_<_ 16 - 1 5  _</_< 15 
/2(Mo Ka) (ram- ') 0.0577 0.0632 
Intensity limit > 30 All > 2a All 
N~a~ 2559 2559 6637 6637 
Nre f 1771 2559 4524 6637 
R 0"062 0.074 0-066 0 '099 
wR 0.047 0.049 0-045 0 '052 
S 2"322 1.294 
Ap .... (e A 3) 0.25 0.44 
AP,,In (e A 3) -0 .27  -0. '34 

of its intense red colour, and the corresponding 
monoprotonated salt (LH)2B 10 H 1o, designated 
YELLOW, were synthesized from commercial-grade 
decaborane, B~0H14, using triethylamine via the re- 
action B10Hl0 + Et3N-,(Et3NH)2(BIoH~0 ) + H 2, followed 
by addition of bipyridine in concentrated HC1. 

Single-crystal X-ray diffraction data for REDCOP 
were measured at 295 K, using a Syntex P1 four-circle 
diffractometer in 03-20 scan mode with Mo K~ radia- 
tion, 2 -  0.71069 A. Details of the data collection and 
an initial refinement are given by Fuller, Kepert, 
Skelton & White (1987). 

Because the absorption factor varies by only 2%, the 
corrections were not significant. The intensity of the 
low-angle 021 reflection, which had a count rate too 
great for the detector, was adjusted to that from 
refinement of the other reflections - a procedure 
equivalent to assigning zero weight to that reflection in 
the least-squares refinement. The two next most intense 
reflections (200 and 202) showed a small amount of 
extinction (6%), but no others were affected sig- 
nificantly. This was corrected using default path lengths 
by the method of Zachariasen (1967). The extinction 
parameter r* was 0.15 (2) (Larson, 1970), and the 
corrections were minor for all reflections other than 
021,200 and 202. 

The structure was refined using all reflections, with 
isotropic temperature factors for the H atoms and 
anisotropic temperature factors for all other atoms, b.y 
full-matrix least-squares methods using the XTAL 
system (Stewart & Hall, 1986) on a Perkin-Elmer 3240 
computer, w = 0-2( I F I ), until A/o < 0.0 I. 

For YELLOW (Fig. lb), which was previously 
analysed using a limited set of room-temperature data 
by Fuller, Kepert, Skelton & White (1987), an extensive 
data set was measured at 100 K. The crystal had a 
small satellite crystal of the diprotonated species 
extending from the side of the main crystal. Its effect 
was significant for less than 0.01% of the reflections. 

Absorption corrections were again insignificant, and 
no extinction was observed. Anisotropic thermal 
parameters were used for all atoms, including hydro- 
gen, and refined by least-squares methods, w =  
o-2(IFI) ,  until A/o < 0.01. The final refinement was 



D E C A H y D R O - c I ° s ° - D E C A B O R A T E ( 2 - )  

2 , 2 ' - B I P y K I D Y L I I J M  T a b l e  2 (cont.) B~(Ah 
z 1-85 

Y -0. ~815 (2) 2.33 
,92 x 0.5953 (,1) _0.261 (2) 1.64 
Table 2. Fractional atomic coordinates and equivalent thermal parameters c(5)1/B 0.2195 (̀ 2) 0.611 (̀ 1) _0.1364 (2) 2.14 0.5216 (`1) 14(5) 11B 0.242 (̀ ,2) . . . . .  ~ -0-183 (2) 1.48 

. . .  C(.6)11B 0.2444 (,2) 3.10 

B~,~ = B~gAD ) 2.67 
y 2.11 (. 0.95 0.3430 (i) 0.346 (2) 1.58 

x 0.3511 (2) 3.60 C,(2)2//~ 0,9913 (2) 0,328 (`1),, 0.2520 (2) 1.98 
REDCOP 0.2141 (3) 0.421 (I) 2.51 C(3 ) . ,  n.983 (2) 0.4016 (}) 0.324 (2)^, 1,12 

0.2668 (3) 0.263 (,2) 0.3351 (`2) 2.63 H(,3)2/,A. 1,0590 (2) 0.442 _(1),, 0-1346 tz) 2.81 
B(.I) 0.293 (2) 0.0112 (2) 0.394 (`1) 2.56 C(`4)~/~ /.090 (`2) 0.425-/~,,~) 0.124 (2) 1.15 
14(1) 0.3124 (3) 0,014 (2) 0.3062 (.2) 2.08 H(4)_,, 1.0113 (2) 0.410 (1), 0.031l (23 3.04 
B(2) 0.381 (2) 0.1208 (2) 0.342 (1) 2,54 ~ A  1.118 (`2) 1,39 
I-t(2) 0,1266 (3) 0.103 (2) 0.2412 (2) 2.44 C 56)2/A 1.0321 (2) 0.3186 (I) _0.043 (2), o ,oo , 0 0 %  , , ,  . 1.58 

B(4) 0.113 (2) 0.2061 (3) 0.284 (1) 2.89 0,2196 13) 0.342 [2\, 1.96 
14(4) 0.3518 (3) 0.262 (2) 0.2192 (2) 2.91 0,248 (D, 0,2539 (2) 4.40 
B(5) 0.448 (`2) 0.0549 (3) 0.213 (1) 2.85 0-1645(.}) 0.319 (2) 1.85 
14(5) 0.3308 (3) 0.008 (2) 0.1562 (2) 3.46 14(3)2/B " 4 21B 0.13501,2) 0-153//) 0.1433 (2) 2.84 
B(6) 0.426 (2) 0,1818 (`3) 0.101 (1) 2.46 C( ) ._ 0.691 (2) 0.1253 (}) O. 126 (2) 1.61 

B(1) 0.242 (2) 0.1290 (2) O, 141 (2) 405 (2) 2.55 C(5) n 641 (`2) 0.14i9 t~) _0.028 (2) 
14(7) 0.0693 (`3) 0-142 (2) 0.2 2.30 (5)2/B '£ ,c~i (`2) 14 u-,u- 0.112 (1") 
B(8) _0.042 (.2) _0.0032 (2) 0.256 (1),, 2.91 C(6)2/B 0.150 (2) 
14(8) 0.1108 (3) O. 1319 £c) 4.00 14(6)2,  . . . .  umit of the memO B(9) O, 131 (2) -00" ) 0.062 (2) 2.62 r~^ 
14(9) 0.17~7 t3) _0.007 (2) 0.1565 (n 3.25 _ ao~ned  b locks  to  i.nc • the  re f inement  a rc  
BO O) 0.142 (2) 0.0331 (2) 0.1~ (̀ 2) 2.35 . on  user-u,- .... ~,~ and  detai ls  m t _a  , , u i v a l e m  
14(10) 0.1136 (2) _0.031 (2) 0.2054 (2) 2.66 based  ,_,~ Crys t a l  d~,,~ - - .  coord ina tes  a n u ~ ' 2  2 
N(1)A 0.159(`2), 0 . 1 3 3 3 ( , 2 )  0.1558(2) 2 . 5 1  a v a g a o ~ c -  ,_,~ 1 "  A tomic  , : , , e d i n T a D ' ~  " 
14(,W i 0-6931 i , z ,  0.2362(2) 0.181 (1) 2.89 " " 
C(2~A 0.6285 (2) 0.303 (2) 0.0565 (2) ,7 ,  ~'wen tn l . ao tL~  , nara rne te rs  are "" 
C(3)A 0.610 (,2) 0.235"/(2) 0.020 O) 3' 13 .'7 _,,...o~iC t~ei-lito.,, v 
14(3),4 0.5869 (2) 0.308(,2) 0.0100 (2) 3.45 lSOU v 
C(4~A 0.535 (z) 0.1346 (̀ 2) _0.060 (̀ 2) 3.05 

o. 131 (`2) 0.061 l (2) S t r u c t u r a l  geomet ry  
C(5~4 0.0329 (`2) i-K4)A 0.6135 (3) 3.60 " in b o t h  s t ruc tures  fo rms  a b i c a p p e d  o.58~ (2) 0.035 (2 )̀.. 243 d~ 
14(5~ 0.6no (̀ 3) _0.045 (̀2~ 0.3590 u, 5.ol c t ~ g  e 
c(6~ o.~OS (2) 0.2228 (̀ 2) 0.328 (2) 2.32 _ _ moie ty  . ;,, Fig.  l .  Ne.gle r 
H(.6~A 0.8168(`2) 0.292(2) 0.3106(2) 2.93 The B~o H I °  . . . .  shown  " "  _ . . . .  in the  ~;,~,o- , ° e 
s(I)~ (̀ 3) (2) ° , , , a r e  anUPn~,,.~ . . . .  an ica l  B a~o,,~o _ the  cent ra l  ~' 14(1)B 0.832 0.1239 0.3598 (2) 3.38 
c(2)B 04452 (̀ 2) 0.0208 (2) 0.320 (2) 352 7 "t-: he  caPpm.  ~ ""  [ a  dis t inct  ~rom ~ _¢ the  b o n d  
C(3)B 0.7301 (3) _0.049 (2) 0.4586 (2) 3.86 torUon,  t. . . . . .  ivalent  an, ,  .__ a~storfion ~ . . . .  , u ,  
14(3)/3 0.61"/(2) 0.0200 (̀ 2) 0.490 (2) 3.60 mtcaUY c~,, : . . Allowing. " [ _ ,  mmetrY,  . ' - ' " [  
c(4), 0."/908(`3) _0.052(2)_. 0.5057(2) 5.06 che._o ,ff the  anupr is rn  ~.r the  c ius ic ,  s ~ , u , , , e  disUnCl 
H(4) B 0."/78 (`2) 0.1191 (Z) 0.511 (2) 3.21 a to l l l~  "J .~t.~.~ t IOSS ~'* - . z:ffer , an~ tt**~ 
C(5)B 0.86-/2 (3) 0.123 (2) 0.4541 (2) 4.85 l eng ths  w~utu~_~ ~ H  bonOS u~,, 

0.912 (2) 0.2219 (2) 0.483 (2) 
14(̀ 5)B 0.8"/88 (3) 0.29-/(2) apical  and  cenu~,, " c(6)B "st s t ruc ture  at 100 K 
m6)B 0.934(2) 1.3~ ~ g o n d s e x t  • , . .~ , .  y L L O W  ... , ^ .  Keper t ,  

u ~  b O1 t,,,- _ E  . b puttc~, 
yELLO'W 0.2196 (I) 0.328 (2) 1.29 T h e  ge  0.2680 (2) 0.252 (2) o. 12~8 (2) ~. 14 s t ha t  dete s tances  fr 
B(I) 0.240(`2) 0.2390(`1) 0.086(2) 1.23 closelX resc,~;~,it e (1981)  at  z ~ a 2 ~ ' m n e  d square  1 ~ " ~  u 

g ,- ,, one ,.,~vv ol  ea t , ,  14(I) 0.2898 (2) 0.296 O) 0.2451 (̀ 2) 2.38 Ske l ton  - - , - a l  a toms ,  f rom ~ _w,,,~ the  edges . .  , t , , a  
~(2) 02~4 (2) 0.2026 (i> 0.305 (`2) 1.2"/ 
14(2) 0.4034(2) 0.228 (D 0.2152 (2) ~"/o aDical to  c y u , - , ~ [  ~he other ,  ano. ~'_"',~,~,ned in Tab le  o.~,.,- 
B(3) 0.4"/9(,2) 0.1264(1) 0.358(`2) 1.3~ & , .  ~nfiprlsr n ~" ".'" ~_~, ,alengms ~ " - ' ~ , k r ~  ~re l isted m 
14.(3) 0.3019 (̀ 2) 0.095 (i) o. 153~ (̀ 2) ~. 14 ~ . . . .  r~,,~ ~'tve tt~e u,, , ,--_ ~,¢ R E D L ,  U r .  " " ,  :., Tab l e  
B(4) 0,301 (2) 0,1631 (1) 0.139 (2) 12~ square  v.a-~:~ b o n d  lengths  ~ - o W  are hs teo  - '  - 
14(,4) 0.1942 (,2) 0.161 (,D 0.0191 (,2) 1.14 , u ,  c a t i O n "  .,_~oo for "~ r~t.,,-,'-- 
B(5) 0.10'8(2) 0.1586(1) _0.0"/2(2) 1.19 i t t ~  ^rL'X .a~A I l l -  U ~ ' ~  " ~  

Table  3ko~, " ' -  14(,5) 0.259"1(2) 0.168(`1) 0.12"/3(2) 2.3~ it is transoid (Fig.  
• • • . 

H(.6) 0.2"/28 (,2) 0.022 (,D 0.1919 (2) 1.49 3(C%h an. 
s(~) 0.229 (2)_. 0.106s (i) 0.23"/(2) 1.25 e R E D C O P  
14(1) 0.4205(z1 0.0"/3(,1) 0.0841(2) 1.99 la'~, wi th  an .  tn te . rP~disposi f ion is c [ s o , ; f  0 -2  (+ 1.4) 
B(,g) 0.495 (2) 0.1860 (i) 0.044 (2) 1.40 
~(8) o.4o52 (2) o.21"/o) o.o3~4 (2) 1 . ~ 5  v : 6 1 . L O W ,  m e  rm~ r d ihedra l  ang)e_s~.,aent ca t ions  
B(9) 0.469(.2) 0.0956(,1) _o.o2~(2) 1.28 " . ' ~ -  -.,6.~&+interpla"" wo i n n e p ~ , , ' ~  era- 
14(9) 0.3~04(.2) 0.060o) 0.185"/(1) 3.4~ p lanar ,  " 0 2) ° for the  t 
B(10) 0.399(I) 0.4356(1) 0.126(2) 1.25 ( -  ." , a ~nd 16"4° for the roon ,  t emP 

~(1)~ o.322(,2`)1. " ) 0.2538¢2) c o m p a r e d  w ~ t n  t ' ~  " 
0.4252 k ) t ure refinement- ~-nd lengths and.. ::d 

1.84 
14(.I)I, 0.5293 (}) 0.239 (2) 1.65 

o . , , , , , , ,  > o . , ,o , , ,>  , . , ,  
H(3)I/A 0.548(2) 0.425 (2) 1-63 • ordinates, p.o. . . . .  ith the BnUS,, _ , . , ~ o  

C(,4)1/A 0.5504 (2) 0.504 (.I) 0.3805 (2) 3.31 • of atomic co depos~teu '~ ~,,~qication No. ~ ^  
14(4)1/A 0.61"/(.2) 0.4203 (`1) 0.451 (2) 1.56 * L~sts . . . . .  ~ ha,¢e been ~ __,,mentarY ro~ ,_ , rh~  Executw~ 
C(.5)I/A 0.4965 (2) 0.390 (.1) 0.2893 (23 1.97 structure mc~u-o Centre as b_uP~,ained through . '"~ ¢ Abbey 
14(.5WA o.521 (2) 0.3951 (1) 0.292(2) 1 .41  Documen' suY,~co~i~s may b~ ~;-Crysta~mrapnY' ~ 
C(6)I/A 0.40"/5(2) 0.350(1) _0.0268(1) 1.28 ~ 6 9  (49 ppo. . £ - , t  Union " 
14(.6)I/A 0.365(,2) 0.4982(.I) 0.0434(2) 1.64 ; e ; r  etal'y, Intgf ~ i t  ~n~51.J, ~n g'i an ~" 

0,2918 (.I) 0.5380 (1) 0.0015 (2) 2.30 
NO) lIB 0.31"/5 ([) 0.6065 (i) 0.058 (2) 1.85 Square Chester '-" 
C(2)1/B C(3)UB 0.4115 tz, O..63~ 1(1 ) _0.1019 (.2) 1.68 
14(3)1/B 0.4"/5 (2) -0.137 (2) 
c(4)1//~ 0.36-/2 (.2) 0.682 (I) 
14(4) 0.392 (2) 
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Distances between the H atoms of the B 1o H 1o cluster 
and those in the bipyridylium units are listed in Table 
3(d). There are indications that the geometries of the 
interacting groups distort owing to the close contacts. 
In REDCOP the strong I1.91 (3)A] contact H(4). . .  
H(1)A appears to increase the B(4) -H(4)  length to 
1.14 (2)A.  The shorter [1.86 (3)A] contact H(9). . .  
H(1)B does not distort the cluster's geometry sig- 
nificantly. These two contacts are believed to be related 
to the intense charge-transfer spectra. 

For YELLOW the close contacts are longer than 
those in REDCOP, as expected from its less intense 
charge-transfer spectrum. The two shortest contacts 
H(3) . . .H(1)2/A and H(6) . . .H(5)I /B are associated 
with the long N(1) -H(1)2 /A and C ( 5 ) - H ( 5 ) I / B  bonds 
respectively. Seven out of the nine contacts shorter than 
2.41 A involve the A end of the bipyridylium units, 
which contain the protonated N atoms. Those to the B 
end involve H(5) in both units. The B(1)-H(1) ,  
B(1)-B(5)  and B(5) -H(5)  bonds are significantly 
shorter than the others in the same class, presumably 
due to the effect of intermolecular interactions. The 
distances for each bipyridylium unit are not equivalent, 
so the charges transferred may differ. 

Charge partitioning 

Difference densities were evaluated for both data sets. 
The charges on each atom were calculated by partition- 
ing the Ap map into overlapping units with weights 
proportional to the free-atom, or promolecule, densities 
p at that point (Hirshfeld, 1977a,b). The sum extends 
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Fig. I. The asymmetric unit for (a) REDCOP and (b) YELLOW. 

Table 3. Bond lengths (A) 

(a) Bl0H~o clusters 

R E D C O P  YELLOW 
B(I)-B(2) 1.683 (4) 1.702 (3) 
B(I)-B(3) 1.691 (4) 1.703 (3) 
B(I)-B(4) 1.680 (3) 1-710 (3) 
B(I)-B(5) 1.690 (5) 1.696 (3) 
B(10)-B(6) 1.690 (4) 1.706 (3) 
B(10)-B(7) 1.685 (4) 1.701 (3) 
B(10)-B(8) 1-689 (4) 1.704 (3) 
B(10)-B(9) 1-687 (4) 1.709 (3) 

R E D C O P  YELLOW 
B(2)-B(3) 1.833 (4) 1.834 (3) 
B(3)-B(4) 1.826 (4) 1.835 (3) 
B(4)-B(5) 1.830 (4) 1.823 (3) 
B(5)-B(2) 1.821 (4) 1.838 (3) 
B(6)-B(7) 1.831 (4) 1.832 (3) 
B(7)-B(8) 1.832 (4) 1.829 (3) 
B(8)-B(9) 1.822 (4) 1-823 (3) 
B(9)-B(6) 1.832 (4) 1-836 (3) 

B(2)-B(6) 1.807 (4) 1.808 (3) 
B(2)-B(9) 1.822 (3) 1.810 (3) 
B(3)-B(8) 1.807 (4) 1.815 (3) 
B(3)-B(9) 1-798 (4) 1.815 (3) 
B(4)-B(7) 1.824 (4) 1.810 (3) 
B(4)-B(8) 1.807 (4) 1.806 (3) 
B(5)-B(6) 1.831 (4) 1.816 (3) 
B(5)-B(7) 1.811 (3) 1.811 (3) 

B(I)-H(I)  l - I I  (2) 1.01 (2) 
B(10)-H(10) I . I I (2 )  1.06 (2) 

B(2)-H(2) I. 10 (2) 1.08 (2) 
B(3)-H(3) 1.12 (2) 1.09 (2) 
B(4)-H(4) I. 14 (2) 1.07 (2) 
B(5)-H(5) 1.10 (2) 1.00 (2) 
B(6)-H(6) 1.11 (2) 1-10 (2) 
B(7)-H(7) 1.06 (2) 1.12 (2) 
B(8)-H(8) 1.07 (2) 1.09 (2) 
B(9)-H(9) 1.08 (2) 1.07 (2) 

(b) R E D C O P  cation 
A B 

N(1)-H(I) 0.88 (2) 0.92 (3) 
C(3)-H(3) 0.92 (2) 0-96 (2) 
C(4)-H(4) 0.99 (2) 0.94 (2) 
C(5)-H(5) 0-98 (2) 1.00 (2) 
C(6)-H(6) 1.02 (2) 0.99 (2) 
N(I)-C(6) 1.344 (3) 1.342 (3) 

(c) YELLOW cation 
l/A l/n 

N(I) -H(I )  0-87(2) 
C(3)-H(3) 0.91 (2) 0.95 (2) 
C(4)-H(4) 0-99 (2) 0.95 (2) 
C(5)-H(5) 0-94 (2) 1.01 (2) 
C(6)-H(6) 0.96 (2) 0.91 (2) 
N(I)-C(2) 1.348 (2) 1.350 (2) 
N(I)-C(6) 1-336 (2) 1.334 (2) 
C(2)-C(3) 1.385 (2) 1.387 (3) 
C(3)-C(4) 1.384 (3) 1.394 (3) 
C(4)-C(5) 1.392 (3) 1-386 (3) 
C(5)-C(6) 1.382 (2) 1.391 (3) 
C(2)-C(2') 1.481 (2) 

A 
N(I)-C(2) 1.352 (3) 
C(2)-C(3) 1.374 (3) 
C(3)-C(4) 1.395 (3) 
C(4)-C(5) 1.367 (4) 
C(5)-C(6) 1.372 (3) 
C(2)-C(2') 1.480 (3) 

2/,4 2/B 
0-98 (2) 
0.94 (2) 0.95 (2) 
1.01 (2) 0.95 (3) 
0.95 (2) 0.94 (2) 
0.93 (2) 1.00 (2) 
1-342 (2) 1.345 (2) 
1.346 (3) 1-337 (2) 
1.383 (2) 1.388 (3) 
1-391 (3) 1.392 (3) 
1.395 (3) 1.386 (3) 
1-381 (3) 1-386 (3) 
1.486 (2) 

(d) H - H  intermolecular distances less than 2.4 A 
R E D C O P  YELLOW 

H(9)...H(I)B 1-86 (3) H(3)...H(I)2/A 2.14 (4) 
H(4)...H(I)A 1.91 (3) H(6)-..H(5)I/B 2.25 (3) 
H(I)...H(6)A 2.16 (3) H(2)...H(1)I/A 2.30 (3) 
H(10)...H(6)B 2.28 (3) H(5)...H(5)I/A 2.31 (3) 
H(8)...H(6)B 2.38 (3) H(9)...H(3)2/A 2.36 (3) 

H(I)...H(6)I/A 2.36 (3) 
H(4)...H(5)2/A 2.37 (3) 
H(7)...H(4)I/A 2.37 (3) 
H(8)...H(5)2/B 2.40 (3) 

B 
1.354 (3) 
1.369 (3) 
1-391 (3) 
1-372 (3) 
1.374 (4) 

beyond the asymmetric unit since contributions from 
atoms related by symmetry or cell translations may be 
significant for points near the edges of the map. 

In a second partitioning the weights were based on 
free-atom electrostatic potentials v, calculated from the 
Hartree-Fock wavefunctions by Clementi & Roetti 
(1974). The potential has a long range compared to the 
density and a discontinuity at each atomic position 
resulting from the nuclear potential. 

E.s.d.'s in the charges were estimated from the 
standard deviation of the integral of the difference 
density over a sphere, given by a simplified form of 
equation (8)of  Davis & Maslen (1978): 

a2(Q) = (4nR 3/V)2 

× ~.{[sin(RS) - RScos(RS)]2/(RS)6}a2(F), 
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Table 4. Charges (e) on the boron cluster and bipyridylium cations 
Standard deviations are 0 .02 and 0 .07  e for atom and group charges respectively. 

(a) Boron cluster 

B(I) 
H(1) 
B(2) 
H(2) 
B(3) 
H(3) 
B(4) 
H(4) 
B(5) 
H(5) 
B(6) 
H(6) 
B(7) 
H(7) 
B(8) 
H(8) 
B(9) 
H(9) 
B(10) 
H(10) 

Totals 

(b) Bipyridylium cations 

REDCOP 
A B 

P Yl P 
N(1) 0.20 0 8 0.19 
H(1) 0.11 0.06 0.12 
C(2) 0.11 0.11 0.12 
C(3) 0.10 0.08 0.01 
H(3) - 0 . 0 4  -0 .01  -0 .05  - 0 . 0 3  
C(4) 0-15 0.14 0.05 0.04 
H(4) 0.07 0.05 0.00 0.00 
C(5) 0.15 0.16 0.10 0.09 
H(5) 0.11 0.06 0.05 0.03 
C(6) 0-14 0-14 0.10 0.10 
H(6) 0.05 0.04 0.04 0.03 

REDCOP YELLOW 
p v p v 

-0 .08  - 0 . 1 0  - 0 . 0 9  -0-11 
-0 .02  -0 .01  -0 .12  - 0 . 0 7  
-0 .01  - 0 . 0 6  - 0 . 0 7  - 0 . 0 9  
-0 .08  - 0 . 0 4  -0 .12  - 0 - 0 6  
-0 .13  -0 .15  - 0 . 0 4  - 0 . 0 6  
-0 .14 -0 .07 -0.05 -0 .04  
- 0 . 0 7  - 0 . 0 9  -0 .09  -0 .1  I 
-0 .11  -0 .05  -0 .09  - 0 . 0 4  
-0 .19  - 0 . 2 0  - 0 . 0 4  - 0 . 0 8  
-0 .18  - 0 . 1 0  -0 .13  - 0 . 0 8  
-0 .16  -0 .18  - 0 . 0 4  - 0 . 0 7  
-0 .16 -0 .09 -0 .09 -0 .04  
-0 .01  - 0 . 0 5  -0 .05  - 0 . 0 7  
-0 .01  -0 .01  -0 .07  - 0 . 0 4  
-0 .12  - 0 . 1 3  -0 .06  - 0 . 0 9  
- 0 .  I 1 - 0 . 0 6  - 0 . 1 0  - 0 . 0 5  
- 0 . 1 0  - 0 .  I 1 -0 .03  - 0 . 0 6  
-0 .13  - 0 . 0 6  -0 .08  - 0 . 0 4  
-0 .02  -0 .05  -0 .11 -0 .13  
-0 .03  -0 .02  -0 .15  - 0 . 0 8  

-1 .87  -1 .62  -1 .64  -1 .41  

YELLOW 
1/A 1/B 2 /A  2 / B  

v p v p v p v p v 
0.17 0.19 0.17 - 0 . 0 9  -0 .06  0.08 0.07 0-06 0.05 
0.06 0.02 0.02 0.05 0.03 
0.11 0.08 0.08 0.03 0.03 0.10 0.08 0.16 0.11 
0.00 0-04 0.04 0.07 0.06 - 0 - 0 6  --0-06 - 0 . 0 0  - 0 . 0 0  

-0 .03  -0 .01  0.06 0.03 -0 -08  -0 -05  0.05 0-03 
0.02 0.02 0.01 0.01 0-00 0.00 0.08 0.06 
0.02 0.02 -0 -05  - 0 . 0 2  0.07 0.04 -0 .03  - 0 . 0 2  
0.11 0.09 0.07 0.08 - 0 . 0 0  0.00 0.06 0.01 

-0 .01  -0 .01  0.09 0.04 0.02 0.01 -0 .01  -0 .01  
0.15 0.14 0.15 0.10 0.10 ft.08 0-10 0.09 
0.06 0.04 - 0 . 0 2  -0 .01  -0 .01  - 0 . 0 0  0-03 0.03 

REDCOP cation YELLOW cation 1 YELLOW cation 2 
p v p v p v 

1.87 1.62 0.97 0.87 0.67 0.54 

Totals 

where V is the volume of the unit cell and S is the length 
of the reciprocal lattice vector (4nsinO/2). R, the mean 
radius for an atom or group in the unit, is calculated 
from the number of atoms and the unit-cell volume. The 
variance changes slowly with atom radius, and is 
insensitive to the definition used. 

Although differences between the two methods are 
statistically significant, both methods reveal the same 
broad trends, and the charges listed in Table 4 have 
approximately the same magnitudes. The atomic 
charges have a maximum magnitude of 0.20 e. The H 
atoms are systematically nearer to neutral for partition- 
ing based on potentials but the B atoms acquire larger 
negative charges. Contributions to heavier atoms are 
increased at the expense of those for the H atoms as a 
result of the longer range of the promolecular potential. 

With potential partitioning the group charges are less 
by approximately 0.2 e. The contributions from boron 
and hydrogen to the charges of the B10H~o moiety in 
REDCOP change from - 0 . 9 0  and - 0 . 9 7  e respec- 
tively, with density partitioning, to - 1 . 1 2  and - 0 . 5 2  e 

for the subdivision based on potential. The values for 
YELLOW show the same trends. 

The total charges with density paritioning, such as 
- 1 . 8 7 e  for the B,0H~o moiety in REDCOP and 
- 1 - 6 4  e for YELLOW are close to the formal charge of 
--2e. The results show that the B10H10 cluster forms 
a stable, robust ionic species, with static charge transfer 
between large molecular units in the structure. 

The results indicate that the charges on the two 
moieties in YELLOW differ. Although unit 2 has the 
shorter NHHB contact it has the smaller charge 
( ~ + 0 . 6  e). Unit 1, with contacts to the neighbouring 
H(1) and H(6) atoms similar to the arrangement in 
REDCOP, has a charge just slightly less than its formal 
value of +1. This suggests that the B(1) -H(1) . . .  
H(6) -C(6)  interaction makes a significant contribu- 
tion to the charge transfer. This vector to unit 1, which 
has a length of 2 .36A,  is the only short contact 
involving an apical B atom in YELLOW. The other 
apical site has no contact within 2-70 A. This unit has 
the larger number of H - H  contacts (four) to the A end 
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of the molecule. It also has the stronger interaction with 
the B end of the molecule, which is reflected in the 
larger positive charge on C (5)-H(5).  

The C atoms in the bipyridylium units carry larger 
charges than the H atoms. Those on the protonated N 
atoms are more positive and close to 0 .2e  for 
REDCOP and for the ,4 ring in unit 1 of YELLOW. 
The largest positive charges in the bipyridylium 
moieties are carried by the N atoms close to the boron 
clusters but the non-protonated N in unit 1 of 
YELLOW is negatively charged. For the monoproto- 
hated ring 2/B with weaker contacts the atomic charges 
are smaller. A large fraction of the charge is carried by 
the central C(2) atom in that unit. 

Other methods for estimating atomic charges applied 
to boron clusters and similar species include the 
refinement of electron populations in density basis sets 
and radial integration of the total density out to a fixed 
radius or surface (Ito & Higashi, 1983; Bader & 
Messer, 1974). The former technique provides infor- 
mation relevant to postulated sets of orbitals but 
frequently overestimates atomic charges. Partitionings 
of the total electron density are subject to the difficulties 
described by Maslen & Spackman (1985). 

Previous density distribution partitionings using 
Hirshfeld's method (e.g. Hirshfeld & Hope, 1980; 
Hirshfeld, 1984) gave physically reasonable estimates 
of charges in multiply bonded atoms and non-polar 
molecules. This study confirms that large charges can 
be transferred between species in crystals despite the 
individual atomic charges being relatively small. 

Difference density 

The more detailed difference density is that for the 
extensive low-temperature data set for YELLOW. The 
value of 0.08 e A -3 for a(Ap) is an incomplete measure 
of the significance of a feature in the map. The 
geometry of the isolated B~0Hi0 moiety has high 
symmetry, which is conserved quite closely in the 
crystal. This symmetry should be reflected in the 
deformation density (the redistribution of electron 
density due to bonding), except where it is perturbed by 
strong intermolecular contacts. The extent to which the 
difference density shows this symmetry is a guide to 
how accurately it represents the deformation density. 

Sections of the difference density through each 
triangular face of the boron clusters were studied. 
Neglecting asymmetric features caused by close con- 
tacts, two classes of faces are expected. Apical 
triangular faces, involving a capping B atom and two 
adjacent central B atoms, should have a mirror 
symmetry about the axis through the capping atom to 
the midpoint of the edge of the antiprism. Central 
triangular faces from a central B atom to the two B 
atoms on the other square face of the antiprism should 
also show approximate mirror symmetry. Although 

there is considerable variation between the densities for 
the different types of l 3 rings, there is approximate 
mirror symmetry in almost all cases. It is therefore 
appropriate to average the maps across mirror planes 
containing the B(1)-B(10) axis, denoted lm averaging, 
as in Figs. 2 and 3. 

In the averaging, the centroid and the midpoint of the 
edge with the highest symmetry lies on the mirror plane. 
The method is essentially that of Ito, Higashi & Sakurai 
(1979), whose maps for the B 3 rings closely resemble 
those reported here. 

The most important feature in Fig. 2 is a peak near 
the edges from the apical to the central B atoms. The 
positive density at the centre of the face is an extension 
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Fig. 2. Difference density maps of triangular faces of the boron 
cluster - Ira-average of all apical faces of the YELLOW cluster. 
Contours at 0.05 e A -3 intervals. Negative contours broken. 
Map dimensions 3.9 x 3.75 A. 
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of the peaks along the edges. Density has migrated from 
near the atom sites to the cluster as a whole. The map 
for the central faces of REDCOP,  shown in Fig. 4, has 
a central peak in addition to peaks along and outside 
the triangular edges which are of approximately equal 
size. The bulk of the electron density has migrated 
outside the edge of the antiprism. There are similar 
features in the map for the apical faces. 

Averaged axial planes through both apical B atoms 
and two central atoms for the YELLOW and REDCOP 
clusters are shown in Figs. 5 and 6. In Fig. 6, for 
REDCOP,  there is a local dipole at each apical atom, 
along with B - H  bonding peaks for the atoms. On the 
other hand the density near all B - H  bonds for 
YELLOW in the averaged map (Fig. 5), is featureless. 
We are grateful to a referee for pointing out that this 
may be consistent with the effects of thermal an- 
harmonicity being larger in the room-temperature 
REDCOP structure. 

There are large hollows at the centre of the cluster in 
both maps. For YELLOW this is a double hollow 
which is important with regard to bonding theories for 
boron clusters. In REDCOP the deepest minimum lies 
closer to the B(10) apical atom. If open-centre B 3 
bonding contributed toward the cohesion of the 
structure, there should be peaks inside the cluster and 
near the central atom of this open bond, However, no 
such peak was observed in any axial map for either 
structure. 

For the axial planes for YELLOW, the location of 
the major peaks of electron density at the triangular 
faces of the cluster is particularly prominent. In 
REDCOP these features are smaller but still appreci- 
able. There are three other connected peaks in the 
YELLOW map, corresponding to positions (a) outside 
the central faces; (b) outside the midpoints of the edges 
of the square faces of the antiprism; and (c) above the 
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Fig. 4. lm-Average of central faces for REDCOP. Contours as in 
Fig. 2. Map dimensions 5.027 x 4.834/~,. 

apical faces. For REDCOP (c) is especially prominent 
while (a) is missing. In so far as bonding in B - H  
species is characterized by the accumulation of elec- 
tron density, the maps indicate that there are bonds 
along apical edges and above apical faces, with weaker 
features above central faces and edges. 

The results may be compared with the difference 
density distribution in related systems such as cis- 
1,2,3-tricyanocyclopropane (Hartman & Hirshfeld, 
1966), for which the strained ring has large peaks 
outside the edges, and a central hollow. The faces of the 
boron cluster described above also show concentration 
of density outside the triangle. This disposition is often 
described as resulting from the strain in the ring system. 
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Fig. 5. lm-Average of maps for the boron cluster of YELLOW. The 
apical B atoms are located on the symmetry axis in the individual 
maps and a B-B edge is included in each map. Contours as in 
Fig. 2. Map dimensions 5.85 x 4.80/~. 
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Attributing such relocation of density to strain in the 
triangular face rather than to a three-centre bond 
appears arbitrary, especially as there is a peak on some 
faces. However, it is just as questionable to attribute the 
features observed to particular orbitals claimed to 
characterize the bonding. 

The density in the strained ring system may be 
related to that in the boron cluster as a whole, by 
comparing the difference density in the ring to that of 
the axial planes through the cluster. There are hollows 
both in the strained ring and inside the cluster, with 
peaks on and outside the faces and edges of the cluster 
and the ring (Figs. 5 and 6). Electron density is 
transferred from the electron-rich regions where several 
atoms overlap to less-electron-rich regions outside the 
molecule. Such movement away from electron-rich 
regions is typical of fermions and an expected conse- 
quence of antisymmetrizing the atomic wavefunctions 
when forming the structure, i.e. of exchange. 

For the bipyridylium group the deformation density 
in the rings (not shown) has peaks on the bonds for 
both structures, which are more prominent for the 
low-temperature structure with the more extensive data, 
as expected. Peaks corresponding to the C - C  bond 
between the rings and to lone pairs outside the N atoms 
in the monoprotonated species are clear, as expected. 
The hollows are deep and the peaks are small, as is 
expected since the bipyridylium units are positively 
charged. 

There are asymmetric features corresponding to 
asymmetric close intermolecular contacts as illustrated 

L_Y/, ,/ /, + . .  - - .  , t t l l ,  
~ k  . ,~._.l /  H / ~ , / ~ I "  . . . .  ? \  ~-_ / x \ \ . ,  
_ . \  , _ ,  / J , , ' , - ' - ' . , ' ,  , ~  " , , . . J  , ,, 

J \ i . '-" ~ / " " ' " " / 1 1 , ' ~  ) , - , ~  - -  : ' 
I / , " ' , ' - ' , ' " ,  ~ ' -;--+--- " - - " / / / (  ) / I  ) ~ - . \ ,  ," . . . .  , . . . .  " 
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Fig. 7. Axial map through the centre of the REDCOP boron cluster, 
the apical B-atom positions and B(2) showing the asymmetric 
peak below B(l). Contours as in Fig. 2. Map dimensions 
6.187 x 5.221 A. 

in Fig. 7. The peak at the bottom left-hand corner, lying 
roughly between the B(1)--B(4) apical edge and the 
N(1)B atom of the closest bipyridylium unit in 
REDCOP,  is as large as any other feature in the map. It 
is not collinear with the H(4) . . .H(1)B close contact, 
suggesting that the charge transfer arises from an 
interaction localizable to the B and N atoms for the ring 
and cluster as a whole, and is not specific to the 
hydrogen contact alone. The close approach of the 
hydrogen could well result from the N - B  interaction. 
The corresponding YELLOW maps have peaks with 
more complex shapes in this region, as expected 
because of the greater number of close contacts in the 
monoprotonated structure. 
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