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such as [B(ON02)4]-, should be isolable in view of 
recent work.12 We did find that when (CH&NN03 is 
treated with BF3 a t  room temperature for 0.5 hr and 
then the excess BF3 is pumped off, the solid gave a 
spectrum (Irtran plates) which had absorptions in the 
covalent nitrate regionI2 (1582-1626 and 1297-131 1 
cm-l). 

Similarly, the reaction between NaNOz and BF3, 
where the amount of BF3 is less than the stoichiometric 
quantity, can be visualized as taking place in the follow- 
ing manner 

8NaN02 + 8BF3 + 8Na[F3BN02] 

8Na[FdBNOz] --+- 6NaBF4 + 2Na[R(NOz)r] 

2Na[B(N02)4] ----f 2NaNOz + 2B(NOz)a 

2B(N02)3 + B,O, + 3x203 

3Nz03 + 3 N 0  + 3NOz 

3N02 + 3NaN02 -+ 3NaN03 + 3 N 0  

9NaNO2 + 8BF3 = 6 NaBFl + 3NaK03 f 6 N 0  + Bz03 

The above equation is identical with the one proposed 

by Scott and Shriver for the above reaction conditions. 
Scott and Shriver obtained NOBF4, NO, NaBF4, and 

small amounts of a noncondensables (not identified) 
when BF3 (excess) reacted with NaN02 (heated to 
180'). In this reaction the quantities of the individual 
gaseous products were not given. This observation 
can also be explained by the reaction scheme for nitrite 
(where it was in excess). In this case after the decompo- 
sition of NzO3 into NO and NOz, the NOz will react 
with BF3 forming NOBFd, B203, and O2 according to 
the equation proposed for the reaction between N204 
and BF3. It can be seen easily that all of the NO 
formed in the decomposition of Nz03 will not be con- 
verted into NO2 as sufficient oxygen is not available. 
Hence, a trace of oxygen together with NO (major) 
will be the only gaseous products of this reaction. 

Acknowledgment.-The author wishes to express 
his appreciation to Professor L. Dauerman for his en- 
couragement and support during the progress of this 
work. 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 
HARVARD UNIVERSITY, CAMBRIDGE, MASSACHUSETTS 02138 

Molecular and Crystal Structure of B,C2Hl,(CH3)2 

BY DONALD VOET AND WILLIAM N. LIPSCOMB 

Received August 26, 1966 

A three-dimensional X-ray diffraction study has yielded a structure of C, symmetry for B~CZHII(CH~)Z in which the B,Ca 
unit is an icosahedral fragment. In the open face of this fragment there are two adjacent bridge H atoms and two CH(CH3) 
groups, as was suggested from chemical and spectroscopic studies. Molecular orbital studies of the analogous B ~ C ~ H I B  
molecule suggest that axial methylene hydrogen atoms are more positive than equatorial methylene hydrogen atoms. There 
are four molecules of B7C2Hll(CH3)2 in a unit cell having parameters a = 10.56, b = 17.35, c = 5.57 A, and p = 82.4". The 
space group is P2Jn, and the value of R = 21 IF,I - IF,/ i /Z/FoI  is 0.08 for the 1146 observed reflections. 

The compound BYCzH13 is producedl by oxidation of 
BsCzHll by KzCr207 in acetic acid solution. Spectro- 
scopic and chemical evidence suggests' that there are two 
bridge H atoms and two CH, groups. In the C,C'- 
dimethyl derivative, B&zHll(CH3)2, easily exchanged 
BHB bridges and CH' units have been identified by 
Tebbe, Garrett, and Hawthorne, who have combined 
this chemical evidence with topological theory and 
steric information to suggest1 that these CH' units are 
axial. The molecular structure tentatively suggested 
by them has been confirmed for B ~ C ~ H ~ ~ ( C H ~ ) Z  as 
described below. In  addition, we have applied a new 
nonempirical (no experimental parameters) molecular 
orbital theory2! to B7CZH13, in which the axial hydrogen 
atoms are shown to be substantially more positively 
charged than the equatorial hydrogen atoms of the CH2 
groups in the ground electronic state. Since both CH 

(1) F. N. Tebbe, P. N. Garrett, and M. F. Hawthorne, J .  Am.  Chem. 
SOL, 88, 607 (1966). 

(2) M. D. Newton, F. P. Boer, and W. N. Lipscomb, ibid., 88, 2353 
(1966). 

(3)  I". P. Boer, M. D. Newton, and W. N. Lipscomb, ibid., 88,2361 (1966). 

units of a CH2 group me terminal, this result may pro- 
vide a basis for understanding the readily exchangeable 
axial protons in this molecular species. 

Structure Determination 
A needlelike crystal, about 0.2 mm in diameter and 

0.7 mm in length, was grown by slow sublimation under 
vacuum near room temperature and was then sealed 
into a thin-walled glass capillary tube in a drybox. 
Weissenberg and precession photographs taken with 
the long axis (c) mounting indicated reciprocal lattice 
symmetry of C2h, and Al-powder diffraction calibration 
established unit cell parameters of a = 10.56 f 0.02, 
b = 17.35 f 0.02, c = 5.57 0.01 A, and p = 82.4 
f 0.2'. Extinctions of OR0 when k is odd and of h01 
when h + I is odd indicate the space group P21/n. If 
four molecules are placed in the unit cell, the reasonable 
calculated density of 0.92 g cmP3 is obtained. 

Relative intensities of 1823 independent reflections 
were measured on levels hkL for 0 6 L < 6 on the 
Buerger automated X-ray diffractometer. The w scan 
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TABLE I 
LIST OF OBSERVED Fhkr VALUES' 

Q The value of k and the range of h are given in parentheses. For each observed reflection the value of 10IFoI is listed followed by a 
Absent reflections are indicated by an asterisk, experimentally unobserved reflections by a U, and systematically extinct 

h-o absorption or extinc- 
Scale 

comma. 
reflections by an extra comma. 
tion corrections were made. 
factors: L = 0, 6.6556; L = 1, 6.8627; L = 2, 68070; L = 3, 7.0782; L = 4, 7.5214; L = 5 ,  6.4049; L = 6, 4.0975. 

Those reflections not used in the final refinement are followed by a plus sign. 
The scaled value of F(000) is given as a reference point. It is summed over the entire unit cell. 

time was proportional to the Lorentz factor, a t  rates 
of l0/rnin and also at 4O/min. The radiation was 
Cu Ka,  filtered through Ni foil, and the counter was 
a Xe-filled proportional counter which fed into a 
pulse-height analyzer. Background readings were 
consistent with minimum standard deviations of about 
200 a t  small angles and 50 a t  higher angles. Lorentz- 
polarization factors, (LP)-1 = 2 cos2 p sin "/(I + cos2 
28) ~ were applied after backgrounds were subtracted, 
and all reflections a t  different scan rates were corre- 
lated to a single relative scale. Only those 1146 re- 
flections in the range 100-350,000 were used in the 
final refinements (Table I). 

The structure was solved by application of Sayre's 
method4 with the use of a modified form of Long's 
program5 for the I B M  7094. First, the scaled structure 

TABLE I1 
 EXPERIMENTAL^ AND  THEORETICAL^ VALUES OF 

A-ORMALIZED STRUCTURE FACTORS 
Exptl Centrosym Soncentrosym 

0.760 0.798 0.886 
1.029 0.968 0 736 

(IEI) 

1El 2 2 0  5 . 3 %  5.070 

(E2  - 1) 
, E l  > 3.0 0.5% 0.3% 

]El  3 1.0 30.270 32.07' 
a For the 1336 reflections contained in levels h k l ,  0 6 L 6 3. 

b For structures with randomly distributed atoms. 

TABLE 111 
DISAGREEMEST FACTORS~ BASED ON F 

Sin e R Class 

0.09 All 0.00-0.40 

0.50-0.60 0.06 H = ZA7+ 1 
0.60-0.65 0.05 K = 2 N  
0.65-0.70 0.06 K = 2 N  + 1 
0.70-0.75 0.09 L = 2 N  
0.75-0.80 0.11 L = 2iVf  1 
0.80-0.85 0.13 K + L = 2 N  
0.88-0.90 0.12 K + L = 21%' + 1 
0.90-1.00 0.10 L + H = 2 N  

0.40-0.50 0.08 H = 2 N  

L + H = 2 N + 1  
H + K = 2.W 
H + K = 2 N  + 1 
H + K + L = 2N 
H +  K + L = 21v + 1 

Rp 
Rpz = Z ~ F o 2  - F o z ~ / Z F o 2  = 0.165 
R,P = [DtlFo2 - Fcz~2/Z~F04]1/2  = 0.165 

211F.1 - [Fcll/ZIFo] = 0.0794 

a Based on the 1146 reflections with I h k l  3 100. 

hkl 

0.079 
0.080 
0.078 
0.082 
0.076 
0.082 
0.077 
0.079 
0,080 
0.079 
0.079 
0,078 
0.081 
0.078 
0,080 

factors F,,, are normalized to EhiiL2 = 1, where (Table 
11) 

j = 1  

(4) D. Sayre, Acta Cryst., 6, 60 (1952). 
( 5 )  R. E. Long, Ph.D. Thesis, UCLA, 1965, part 111. 
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TABLE I V  
FINAL ATOMIC PARAMETERS 

Atomic Positions in Fractions of a Unit Cell Edge Temperature Factors (Anisotropic X lo4) 
Atom X Y e Atom B 

B(1) 0.8251 0.2169 0.0692 H( 12) 4 .0  
B(2) 0.9234 0.1359 0.0299 H(13) 4 . 1  

B(4) 0.7181 0.1949 0.2686 H( 15) 3.8 
B(3) 0.7592 0.1268 0.0644 H( 14) 4.7 

C ( 5 )  0.8506 0.2481 0.3554 H( 16) 4 . 5  
B(6) 0.9807 0.2133 0.2358 H( 17) 4 .7  

B(8) 0.8711 0.0625 0.2999 H( 19) 4 .3  

C(11) 0.8376 0.3350 0.3880 H(22) 3.3 
H( 12) 1.0321 0.1676 0.4235 H(23) 10.1 

H( 15) 0.9530 0.1298 - 0.1409 H(26) 9 .9  

B(7) 1.0240 0.1122 0.2878 H( 18) 4 .0  

C(9) 0.7435 0.1002 0.3480 H(20) 4 .2  
C( 10) 0.6299 0.0479 0.3760 H(21) 6 .9  

H(13) 0.9670 0.0724 0.4084 H(24) 16.4 
H( 14) 0.8101 0.2567 - 0.0676 H(25) 10 .5  

H(16) 0.6975 0.1024 - 0.0799 H(27) 8.1 
0.6240 0.2202 0.2521 H(28) 8 .0  
0.8644 0.2217 0.5051 
1.0510 0.2522 0.2025 
1,1171 0.0867 0.2752 
0.8692 
0.7911 
0.7769 
0.8874 
0.8886 
0.5777 
0.6000 
0.6517 

0.0027 
0.1127 
0.3557 
0.3537 
0.3554 
0.0725 
0.0235 
0.0074 

0.1795 
0.5097 
0.2880 
0.5405 
0.2930 
0.4507 
0.2062 
0.4966 

Maximum Value of u for Atomic Positions in 
Fractions of the Unit Cell Edge 

Atom type 

B 
C (carborane) 
C (methyl) 
H (B terminal) 
H (bridge) 
H (methylene) 
H (methyl) 

X 

0.0003 
0.0003 
0.0005 
0.0041 
0.0029 
0.0029 
0.0102 

Y 

0.0002 
0.0001 
0.0002 
0.0030 
0.0017 
0.0020 
0.0060 

pi 

0.0008 
0.0006 
0 t 0010 
0.0101 
0.0075 
0.0081 
0.0254 

Temperature Factorsa (Anisotropic X lo4) Maximum Value of u for Temperature Factors 
Atom 811 8 2 2  8 3 3  @12 @13 8 2 8  (Anisotropic X lo4) 

129 48 335 11 45 23 Atom type PII 8 2 2  8 3 3  P i 2  &a P ~ s  B 

133 59 296 15 62 -3 
123 53 351 -4 34 15 

B 4 1 5 0 2 6 4  

114 46 386 6 56 5 C (methyl) 5 1 5 3 2 8 4  
142 36 386 4 65 8 H (B terminal) 0 . 8  

H (bridge) 0 .6  
131 61 433 27 40 5 H (methylene) 0 . 5  

B(8) 179 40 426 10 60 -14 H (methyl) 3 .0  

B(1) 
B(2) 
B(3) 
B(4) 
C(5) 
B(6) 
B(7) 

C (carborane) 3 1 4 9 1 5 2  

118 53 392 -3 55 14 

C(9) 140 40 412 -13 65 -13 
C(10) 205 58 663 -40 97 -18 
C(11) 223 37 748 -1 96 1 
a The thermal parameters are in the form exp[-(hzP1, f k2Pzz + Z2P33  + 2hkP12 + 2hZP18 + 2kZPg3)] for anisotropic parameters and in 

the form exp[( -B sin2 O)/Az] for isotropic parameters. 

in which in P2Jn the value of E = 2 for OkO and h01 
reflections and E = 1 otherwise, and the sum over the 
squares of atomic scattering factors fj extends over the 
N atoms of the unit cell. Second, the E h k l  = Eh are 
ordered in decreasing size of ]Eh(xIEhjl lEh+hllr and 

which is highest is most probably correct. Of the 24 
sets, the correct structure was that set which reached 
C = 0.80 in seven cycles, while the second highest 
value of c = 0.64 required nine cycles of iteration to 
reach self-consistency. In both of these iterations, and 

’ ’ h,’ 
in only six others, the predicted signs of both the three 
origin-fixing and four arbitrarily signed reflections 
remained invariant. Thus spake the Computer! 

A Fourier map in which the best E values were used 
as coefficients yielded the B7C4 framework as eleven 
peaks ranging from 438 to 264 on an arbitrary scale 
on which the next lowest peak was a t  131. This 
unrefined B7C4 unit gave a value of Rp = ’21 I POI - I Poll/ 
I;IFoI of 0.26 for those 974 reflections for which7 sin 

the three largest which are linearly independents are 
fixed in sign in order to determine the origin. Third, 
the next n (in our case, n = 4) reflections are given as- 
sumed signs, and each of the 2” sets of assumed signs 
is then iterated by Sayre’s equation through those 
reflections for which Ehrl is greater than some value, 
taken here as 1.5 (171 reflections). Fourth, after each 
iterative process produces no more sign changes, that 
consistency index 

(6) M. M. Woolfson, “Direct Methods in Crystallography,” Oxford 

(7) The atomic scattering factor tables were taken from the “International 
Tables for X-Ray Crystallography,” Vol. 111, The Kynoch Press, Birming- 
ham, England, 1962. 

(IEhCEh‘Eh+h’I) University Press, London, 1961. h’ c =  ( 1  1 lEh’ I 1 -%+h ’1) 
h’ 
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e 6 0.75. Full-matrix refinementx with standard 
errors u was employed in subsequent work, with weights 
w related to total background B and scan S counts as 

w - 1 / 2  = u = [0.01 + (S  - B ) / ( S  + B)2]’12(S - B )  

Essentially, these are fractional weights for refinement 
on Fhkr2, because the term ( S  - B ) / ( S  + B ) , 2  which 
accounts for some variation in counting statistics, is 
small compared with the constant 0.01 chosen for our 
particular set of data. Typical values for 1 Fol - I F,] I / 
u ( F J  were of the order of 0.5. 

Hydrogen atoms were located in difference electron 
density maps. The first difference map, which followed 
two cycles of scale factors (one for each level), position, 
and isotropic thermal parameter refinement to RF = 
0.22 was made from the 1823 reflections; i t  yielded 
very clearly resolved BH (terminal) hydrogen atoms a t  
heights from 0.34 to 0.21 e ,4-,, partially resolved 
bridge and CH (methylene) hydrogens from 0.32 to 
0.25 e A-3, boron and carbon residuals from 0.55 to 
0.22 e A-3, a recognizable smear in expected planes for 
CH3 hydrogens, and no false peak higher than 0.10 
e A-3. Only the BH (terminal) hydrogens were added, 
followed by one cycle of anisotropic thermal parameter 
refinement of B and C atoms in which RF dropped to 
0.16 for reflections for which sin 0 6 0.75. Well- 
resolved peaks were then found for both b’ridge and CH 
(methylene) hydrogens in the next difference map, but 
CH3 hydrogens remained smeared in appropriate 
planes. Several refinements were then made of the 
seven scale factors and the appropriate anisotropic 
boron and carbon parameters, alternated with these 
parameters fixed and with isotropic and position re- 
finement of hydrogen atoms (RF = 0.15 for all data). 
Another difference map showed poorly resolved CH, 
hydrogen atoms, which were included in further 
alternating refinements to yield RF = 0.11 for all 
1823 reflections. For those intensities less than 50 on 
our original unscaled list, for which u values ranged 
from 50 to 200, RF was 0.78, and for those less than 100 
the value of RF was 0.33, but for those 1146 reflections 
greater than 100 the value of RF was 0.083. Hence, 
the final refinements were made on this list of 1146 data 
which yielded RF = 0.079 (Table 111). A final dif- 
ference electron density map showed no peaks higher 
than 0.18 e A-,. All of the 171 signs which had been 
determined originally agreed with those computed 
after final refinement of the structure. 

Results and Discussion 
The final parameters (Table IV) are based upon 

refinements of the 1146 largest reflections and yield 
the bond distances and bond angles shown in Tables V 
and VI,  respectively. Standard deviations in these 
tables include the final full variance-covariance matrix 
interactions of scale factors, all atomic positional param- 
eters, and anisotropic thermal parameters of boron and 
carbon atoms (as well as errors in the unit cell param- 

(8) W. R. Busing, K. 0. Martin, and H. A. Levy, “A Fortran Crystallo- 
graphic Least-Squares Program,” Oak Ridge National Laboratory, Oak 
Ridge. Tenn., 1962. 

Inorganic Cliernistry 

TABLE Y 
BOND DISTAXCES A N D  STASDARD DEVIATIONS IS ANGSTROMS 

Bond 

B(2 1-w 1 ) 
B(2)43(3) 
B( 2 )-B( 6 1 
B(2)-B( 8 )  

B( 7)-B( 6 1 

B(6)-B(1) 
B( 8)-B ( 3 )  

B(2)-B( 7) 

B( 7)-B(8) 

B( 1 )-B ( 3 
~ ( 1 ) - ~ ( 4 )  
B( 3)-B(4) 
B(4)-C(5) 
B(4)-C(9) 
B(6)-C(5) 
B(8)-C(9) 
B(3)-C(9) 

C(9)-C( 10) 
B(l)-C(5) 

C( 5)-C( 11) 
B( 7)-H(20) 
B(2)-H( 15) 
B(3)-H( 16) 
B( 1)-H( 14) 
B(4)-H( 17) 
B(8)-H(21) 
B(6)-H( 19) 
C(5)-H( 18) 
C( 9)-H( 22) 
B(6)-H( 12) 
B(8)-H( 13) 
B(7)-H( 13) 
B(7)-H( 12) 
C( 11)-H( 23) 
C( ll)-H(24) 
C( ll)-H(25) 
C( 10)-H(26) 
C( 10)-H(27) 
C( 10)-H( 28) 

Uncor 

1.779 
1.777 
1.817 
I. 825 
1.719 
1.826 
1,821 
1,778 
1.789 
1.710 
1.729 
1.7’35 
1.693 
1,713 
1.714 
1.706 
1.874 
1.671 
1.529 
1.526 
1.09 
1.04 
1.05 
1.03 
1.08 
1.07 
1.04 
0.95 
1.00 
1.37 
1.33 
1.18 
1.22 
0.87 
0.88 
0.99 
1.05 
0.85 
0.98 

Cor“ 

1,776 
1.777 
1,816 
1.830 
1.725 
1.819 
1.819 
1.775 
1.783 
1.714 
1.728 
1.732 
1.692 
1.716 
1.711 
1,700 
1.67‘3 
1,670 
1,559 
1,558 
1.06 
1.01 
1.05 
1.02 
1.08 
1.08 
1 .02  
0.93 
0.98 
1.36 
1.33 
1.16 
1 .20  
0.94 
0.90 
1.14 
1.05 
0.88 
0.99 

Shortest Intermolecular Distances 
Bond type Dist 

B-B 3.958 
B-C 3.999 
c-c 4.339 
B-H 3.07 
C-H 3.28 
H-H 2.59 

ob 

0,005 
0.006 
0.005 
0.006 
0.006 
0.005 
0,000 
0.006 
0.005 
0.005 
0.006 
0.005 
0,004 

0.004 
0.005 
0,006 
0.005 
0. 006 
0.004 
0.03 
0.04 
0.04 
0.04 
0.03 
0.05 
0.03 
0.04 
0.04 
0.03 
0.04 
0.03 
0.03 
0.07 
0.07 
0.11 
0.07 
0.06 
0.06 

0.004 

(I 

0.009 
0.009 
0.010 
0.04 
0.04 
0.06 

a The second atom is assumed to be riding on the first atom: 
W. R. Busing, K. 0. Martin, and H. -4. Levy, “A Fortran Crystal- 
lographic Function and Error Program,” Oak Ridge National 
Laboratory, Oak Ridge, Tenn., 1964. b The errors listed were 
obtained from the full variance-covariance matrix calculated 
during the final least-squares refinement of all atom positions a n d  
heavy atom anisotropic and scale parameters and from the errors 
in determining the unit cell dimensions. 

eters), but, owing to a program limitation, the iso- 
tropic thermal parameters of hydrogen atoms were not 
included. These scale factors and /333 values, though 
almost linearly dependent, changed insignificantly upon 
simultaneous refinement, but heavy reliance on their 
physical significance is to be avoided.9 The molecule 
and numbering scheme is shown in Figure 1, and the 
crystal structure is presented in Figure 2 from which 

(9) E C. Lingafelter and J Donohlie, Acta G y s l . ,  20, 321 (100F). 
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Atoms 

B( 7)-B(2)-B(6) 
B( 7)-B(2)-B(8) 
B(6)-B(2)-B( 1) 
B(S)-B(2)-B(3) 
B( l)-B(2)-B(3) 
B(2)-B( 7)-B(6) 
B(2)-B( 7)-B(9) 
B(7)-B( 6)-B(2) 
B(7)-B(8)-B(2) 
B(2)-B(6)-B( 1) 
B(2)-B(S)-B(3) 
B(6)-B( 1)-B(2) 
B( 8)-B(3)-B(2) 
B(2)-B( 1)-B(3) 
B(2)-B(3)-B( 1) 
B( 1)-B( 3)-B( 4) 
B( 3)-B( l)-B( 4) 
B(3)-B(4)-B( 1) 
B(6)-C(5)-B( 1) 
B( 8)-C( 9)+B( 3) 
B(4)-C(5)-B( 1) 
B(4 )-C( 9 )-B( 3) 
B(4)-C(5)-B(6) 
B( 4)-C( 9)-B( 8) 
B(6)-B(l)-C(5) 
B( 8)-B( 3)-C( 9)  
B(4)-B( 1)-C(5) 
B( 4)-B( 3)-C( 9) 
C( ll)-C(5)-B(l) 
C( 10)-C(9)-B(3) 
C( ll)-C(5)-B(4) 
C( 10)-C(9)-B(4) 
C( 11)-C( 5)-B(6) 
C( 10)-C(9)-B(8) 
B(7)-H( 12)-B(6) 
B(7)-H( 13)-B(8) 
H( 12)-B(7)-B(6) 
H( 13)-B(7)-B(8) 
H( 12)-B(6)-B(7) 

(L See footnote b ,  Table V. 

TABLE VI 
BOND ANGLES AND STANDARD DEVIATIONS IN DEGREES 

hydrogen atoms have been omitted. No unusual fea- 
tures are present in the intermolecular contacts and 
packing. 

The molecular structure tentatively suggested for 
B7C2H1l(CHa)2 by Tebbe, Garrett, and Hawthorne has 
been confirmed by these X-ray diffraction results. An 
important possibility that the chemical lability of the 
CH hydrogen is due to its tendency to form a CHB 
bridge can now be ruled out in view of the results that  
C(S)-H(18) = 0.93 and C(9)-H(22) = 0.98 in contrast 
with B(B)-H(18) = 2.05 and B(8)-H(22) = 2.04 A. 
The hydrogen bridges which are present are indeed 
unsymmetrical in that H(12) and H(13) are 0.15 A 
closer to B(7) than they are to B(6) and B(8), respec- 
tively. The molecule has a mirror plane, not required 
by the space group of the crystal, within twice u for 
all distances involving B and C atoms. Indeed, the 
only bond angle problems, those involving two hydro- 
gens of the CH3 groups, are surely associated with some 
rotational or orientational disorder of these groups, 
already suggested by their lack of full resolution in the 
difference maps. The carborane framework is a 

Angle 

62.1 
61.7 
59.3 
59.5 
57.5 
61.6 
62.0 
56.3 
56.3 
59.3 
58.9 
61.4 
61.6 
61.2 
81.3 
60.2 
60.6 
59.2 
63.3 
63.9 
61.8 
61.6 

111.8 
111.9 
59.5 
58.9 
59.7 
60.3 

115.3 
115.9 
119.3 
119.8 
119.0 
118.8 
90 
93 
48 
47 
42 

oa 

0.2 
0.2 
0.2 
0.2 
0 . 2  
0 .2  
0 .2  
0 . 2  
0 . 2  
0 .2  
0 .2  
0 .2  
0.2 
0 . 2  
0 . 2  
0 .2  
0.2 
0 .2  
0.2 
0 .2  
0 . 2  
0 . 2  
0 . 2  
0 .2  
0.2 
0.2 
0.2 
0 . 2  
0 . 3  
0 . 3  
0 .3  
0 . 2  
0.2 
0.2 
2 
3 
2 
2 
1 

Atoms 

H( 13)-B(8)-B(7) 
B(6)-C(5)-H( 18) 
B( 8)-C( 9)-H( 22) 
B( 4)-C( 5)-H( 18) 
B( 4)-C(9)-H( 22) 
B( 1)-C(5)-H( 18) 
B(3)-C(Y)-H(22) 
C( 11)-C(5)-H( 18) 
C( 10)-C(9)-H(22) 
C(5)-C( 11)-H(23) 
C(5)-C( ll)-H(24) 
C( 5)-C( 11 )-H( 25) 
C(9)-C( 10)-H(26) 
C(9)-C( 10)-H(27) 
C(9)-C( 10)-H(28) 
B(7)-B(6)-H( 19) 
B( 7)-B(8)-H(21) 
B( 6)-B( 1)-H( 14) 
B(8)-B(3)-H( 16) 
B(4)-B( 1)-H(14) 
B(4)-B(3)-H( 16) 
B(3)-B(4)-H( 17) 
B( l)-B(4)-H(17) 
B(7)-B(2)-H( 15) 
B(6)-B(2)-H( 15) 
B(8)-B(2)-H( 15) 
B( 3)-B(2)-H( 15) 
B(l)-B(S)-H( 15) 
C( 5)-B( 6)-H( 19) 
C(9)-B( 8)-H(21) 
C(5)-B( 1)-H( 14) 
C(9)-B(3) -H(16) 
C(5)-B(4)-H( 17) 
C(9)-B(4)-H( 17) 
H(26)-C( 10)-H(27) 
H(27)-C( 10)-H(28) 
H(26)-C( 10)-H(28) 
H(23)-C( 11)-H(24) 
H( 24)-C( l l)-H( 25) 
H(23)-C( 11)-H(25) 

Angle 

40 
98 
96 
91 
94 

132 
134 
112 
110 
114 
105 
112 
107 
109 
112 
119 
119 
117 
116 
125 
126 
122 
122 
121 
122 
130 
120 
116 
118 
119 
119 
119 
121 
122 
121 
98 

110 
85 
95 

132 

05 

1 
1 
2 
2 
2 
2 
2 
2 
2 
5 
5 
6 
3 
4 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
6 
6 
5 
7 
8 
8 

slightly distorted icosahedral fragment, in which the 
outer six-membered ring, B(4), C(5), B(6), B(7), B(8), 
and C(9), resembles a cyclohexane ring in the chair 
conformation. The CHB groups are bound equatorially, 
while the CH hydrogen atoms are in a polar conforma- 
tion relative to this ring. The intramolecular contact 
of 2.04 & 0.04 between these CH hydrogen atoms is 
considerably shorter than the usual van der Waals 
contact of 2.4 A, but close to the value suggestedl0S1l 
as a minimum in other borane structures. 

Molecular orbital studies of B7CzH13, idealizedll to 
B-H terminal and C-H bond lengths of 1.196 and 1.100 
A, respectively, were then carried out in an attempt 
to provide further understanding of the lability of the 
polar CH hydrogen atoms (unlike those in cyclo- 
hexane). A molecular mirror plane was assumed (Table 
VII), and parameters were taken from the recent non- 
empirical molecular orbital method. 2, Because of 
some uncertainty12 in the value of the zero overlap 

(lo) W. N. Lipscomb, Inorg .  Chem., 8, 1683 (1964). 
(11) W. N. Lipscomb, “Boron Hydrides,” The W. A. Benjamin Co., New 

(12) J. A. Potenza and M. D. Newton, unpublished results. 
York, N. Y., 1963, Chapter I. 
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Figure 1.-The molecular structure and numbering scheme for 
B&2Hll(CH3)2. Boron atoms are represented by large unfilled 
circles, hydrogen atoms by small unfilled circles, and carbon 
atoms by filled circles. 

Figure 2.-The molecular packing of B ~ C ~ H ~ I ( C H ~ ) ~  as seen in 
The hydrogen atoms have been projection along the c axis. 

omitted for the sake of clarity. 

matrix element Kzo between 2s and 2p orbitals on 
the same atom, we have used both the value Kzo = 
0.354 from self-consistent field results13 on B2Ho, 
probably as one extreme, and the value of Kzo = 0 
(Table VIII). It is of considerable interest that the 
axial H atoms are the most positive in the molecule, 
while all other H atoms are in ranges of Mulliken 
charge expected from earlier molecular orbital studies. 
As has already been established previously, the main 
effect of inclusion of zero overlap matrix elements is to 
transfer electron density from B and C atoms to 
terminal hydrogen atoms, including both hydrogens of 
the CH2 groups. Overlap populations are but little 
changed: 0.621 to 0.622 for CH (axial) and 0.710 to 
0.713 for CH (equatorial) for Kzo = 0.354 and Kzo = 
0, respectively. It appears that the CH (axial) bond 
is significantly weaker than the CH (equatorial) bond. 
Both these charges and bond strengths in the ground 
state of B7C2H13 may carry over their effect into the 

(13) W. E. Palke and W. X. Lipscomb, J .  Ani. Chcm. Soc., 88, 2384 
(1966). 

TABLE VI1 
ATOMIC COORDINATES USED FOR MO CALCULATIOXS OF 

B G H 1 3  IN ANGSTROMS~ (IS ORTHOGOSAL COORDINATES) 

B(1) -0.855 - 1.144 2.544 
B(2) 0.000 -1.394 1. 00G 

B(4) 0.000 0.000 3.523 
C(5) 1.402 0.433 2.658 

Atomb X Y 2 

B(3) 0.855 -1.144 2.544 

B(6) - 1.430 -0.270 1.099 
B(7) 0.000 0.000 0.000 
B(8) 1.430 -0.270 1.099 
C(9) - 1,402 0.433 2.658 
H(10) 2.351 0.570 3.197 
H(11) -2.351 0.570 3.197 
H( 12) -0.892 0.719 0.359 
H(13) 0.892 0.719 0.359 

2.950 ~ ( 1 4 )  -1.555 
H( 15) 0.000 --2.489 0.531 

1.555 -2.026 2.950 
H(17) 0.000 -0.065 4.716 
W18) -0.971 1.398 2.357 
H(19) -2.489 -0.546 0.617 
H(20) 0.000 -0.112 -1.190 
H(21) 2.489 -0.546 0.617 
H(22) 0.971 1.398 2.357 

a The bond distances mere calculated by averaging the B7C2HI1- 
(CH3)2 atom coordinates (Table 1x7)  about the molecular mirror 
plane. All B-H terminal and C-H bond distances were re- 
stricted to 1.196 and 1.100 A, respectively. The numbering 
scheme used is that found in Figure 1 with C(l0) and C(11) 
changed to H( 10) and H(11), respectively. 

-2.026 

TABLE VI11 
NET MULLIKEN CHARGES FOR B7C2H13a 

B(1) 0.37 0.06 
Atom K E g  = 0.354 KZE = 0 

B(2) -0.00 -0.25 
B(4) 0.09 -0.08 
C(5) -0.32 -0.45 
B(6) 0.14 -0.04 
B(7) -0.08 -0.17 
H(11) 0.10 0.18 
H(12) 0.13 0.12 
H( 14) -0.24 0.10 
H(15) -0.22 0 . 0 1  
W17) -0.22 0 .10  
H( 18) 0.30 0.33 
H(19) -0.20 0.10 
H(20) -0.15 0.05 

Equivalent atoms 
can be determined by referring to Table VI1 where the appro- 
priate atomic coordinates are listed. 

transition state for proton dissociation. Both of these 
overlap populations in CH2 groups appear to be sig- 
nificantly lower than t h ~ s e l ~ n ~ ~  for CH in CH4 (0 .76) ,  
C2H6 (0.76), C2H4 ( O . T 8 ) ,  C2H2 (0.78),  C2B4H8 (0.81), 

and P-C2BloHlu (0.82). 
The precursor of B7C2H13 is BSC2H11, for which the 

original suggestion16 of an icosahedral fragment was 
modified to a closed polyhedron1' of CZv symmetry with 

The assumed molecular symmetry is C,. 

C2BjH7 (0.87), O-C2BioHi2 (0.82), nz-C2BloHlz (0.82), 

(14) F. P. Boer, M. D. Newton, and W. N. Lipscomb, ibid., 88, 2367 
(1966). 

(15) F. P. Boer, Ph.D. Thesis, Harvard University, 1965, Chapter IV.  
(16) F. iT. Tebbe, P. &I. Garrett. and M. F. Hawthorne, J .  Am. Cheiiz. 

(17)  T. E. Berry, F. K. Tebbe, and M. F. Hawthorne, Tctiahedvoiz Letlev:,  
Soc., 86, 4222 (1964). 

l a ,  716 (1965). 
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Figure 3.-Molecular structure of BgCgHll. The hydrogen atoms 
have been omitted. 

C atoms a t  positions 5 and 9 (Figure 3). However, the 
chemical and nuclear magnetic resonance evidence did 

not rule out the possibility18 that the C atoms of 
BsCzHll are a t  positions 6 and 8. If the removal of B 
atoms from BgCzHll occurs without rearrangement of 
the boron framework, then the structure found here 
for B&zHll(CH3)2 and hence inferred for B ~ C ~ H B  
supports positions 5 and 9 for C atoms in B9C2Hll 
(Figure 3 ) .  After completion of this study, we have 
received results of an X-ray diffraction study of B 9CzHll 
itself by Tsai and Streib,l9 who have proved that the 
structure shown in Figure 3 for B9CzHll is correct. 
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(18) Refer to footnote 3 of ref 12. 
(19) C-c. Tsai and W. E. Streib, private communication, Aug 1966; see 

also J .  A m .  Chew.  Soc., 88, 4513 (1966). 
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I t  is shown that lithium phosphate (LiaP04) prepared by precipitation from an aqueous solution differs from the form that 
has been described in the literature. The low- 
temperature form crystallizes in space group PrnnZ1 with ag = 6.1150 =!= 0.0010 A, b g  = 5.2394 f 0.0011 A, and cg = 4.8554 
f 0.0010 A; 2 = 2. It exhibits merohedral twinning with the twin plane normal to the z axis. The multiplicity of the 
predominant image is 0.75. 

When heated i t  transforms irreversibly a t  502 i: 5" to  the familiar form. 

All atoms are tetrahedrally coordinated. The final reliability index is 0.054. 

Introduction 
The assumption of Zambonini and Laves2 that lithium 

phosphate (Li3P04) crystallizes with a structure similar 
to that of olivine (MgzSiOa) was generally accepted prior 
to 1960. In  that year, ZemannB determined the struc- 
ture for a single crystal obtained by recrystallization 
of a precipitate of lithium phosphate from molten 
lithium chloride. He showed conclusively that the 
lithium atoms are in tetrahedral coordination, thus 
ruling out the olivine-type structure. 

In  1963 Swanson, et U Z . , ~ , ~  reported the existence of a 
second form of lithium phosphate prepared by pre- 
cipitation from an aqueous solution. From the powder 
diffraction data i t  appeared to have the same space 
group and nearly the same lattice parameters as the 
phase described by Zemann. Speculation arose 

(1) National Research Council-National Bureau of Standards Postdoc- 

(2) F. Zamhonini and F. Laves, 2. Krisl., 83, 26 (1932). 
(3) J. Zemann, Acta C ~ y s t . ,  13, 863 (1960). 
(4) H. E. Swanson, M. C. Morris, E. H. Evans, and L. Ulmer, "Standard 

X-ray Diffraction Powder Patterns," National Bureau of Standards Mono- 
graph 25, Section 3, U. s. Government Printing Oflice, Washington, D. C . ,  
1964, p 38. 

(5) H. E. Swanson, M. C. Morris, and E. H. Evans, "Standard X-ray 
Diffraction Powder Patterns," National Bureau of Standards, Monograph 25, 
Section 4,  U. S. Government Printing Office, Washington, D. C., 1866, p 21. 

toral Research Associate, 1964-1966. 

as to the relationship of the two forms and an investiga- 
tion of the crystal structure was undertaken. 

Experimental Section 
Sample Preparation.-Samples of low-temperature lithium 

phosphate (LiaPOa) were prepared by neutralizing a slurry of 
lithium carbonate by slowly adding phosphoric acid. The 
mixture was boiled for a few minutes and the precipitate was 
washed with water and centrifuged. Spectrographic analysis 
indicated no impurities greater than 0.01%. A few crystals, 
large enough for X-ray studies, were grown by slow evaporation 
over a period of 2 months from a 1-1. water solution of the very 
slightly soluble lithium phosphate. The one selected for in- 
tensity measurements was tabular with nicely formed prism 
faces, probably { 110). The over-all dimensions were 0.07, 0.16, 
and 0.05 mm in the a, b ,  and c directions, respectively. 

A study by the differential thermal analysis technique using 
12"/min and l"/min heating rates showed that the new form 
of lithium phosphate transforms a t  502 =k 5' to the form dc- 
scribed by Zemann (see Figure 1). The transformation does not 
appear to be reversible. There is no weight change associated 
with it, so both phases are assumed to have the same composi- 
tion. 5" by dif- 
ferential thermal anaysis and confirmed by high-temperature 
powder diffraction. It has not been shown that the phase that 
occurs above 1183" has the LirPO4 composition, and it will not 
be considered hcre. The discussion will be limited to the low- 
temperature form as prepared by Swanson, et al., by precipita- 

A second transition was observed a t  1183 


