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Structures of Molecular Addition Compounds. 
IV. Trimethylamine-Boron Trifluoride, (I-IsC)sN-BF3 

BY S. GELLER* AND J. L. HOARD 

Baker Laboratory of Chemistry, Cornell University, Ithaca, New York, U.S.A. 

(Received 17 October 1950) 

Trimethylamine-boron trifluoride, (HsC)sN-BF S, crystallizes in a one-molecule rhombohedral unit 
having a - 5.76A., a -- 108 ° 16' and space group C~v-R3m. All of the X-ray diffraction data obtainable 
with Cu K a  radiation were utilized in Patterson, Fourier and differential syntheses to attain maxi- 
mum accuracy in the determination of atomic positions. Corrections for finite-series termination are 
especially important in this structure, amounting in the case of the B-N bond to fully 0.04A. The 
accuracy of the structure determination seems at best to be inferior to that  attained for other com- 
pounds studied in this series, and perhaps the principal interest of this investigation is associated 
with the analysis of the various factors leading to this conclusion. Bond distances within trimethyl- 
amine-boron trifluoride as given by the study, nevertheless, are in rather good agreement with the 
results obtained for related molecules. Detailed comparisons are presented in the succeeding paper 
of this series. 

Introduction 

Although the s tructural  type  in which t r ime thy l amine -  
boron trifluoride crystallizes is of almost  t r ivial  sim- 
plicity, the determinat ion of atomic positions with an 
accuracy even fair ly comparable with tha t  a t ta ined for 
other structures studied in this series has been a task 
out of all proportion to the apparent  difficulties of the 
problem. The assignment  of complex phases to the 
exper imenta l  ampli tudes  of reflection has proved to be 
a slowly converging process, and  the accuracy of the 
final set of phases is open to question, since it  seems 
impossible to achieve bettor t han  fair agreement  
between what  are believed to be excellent exper imenta l  
ampli tudes  and those calculated from the usual  type  of 
model. Corrections for finite-series te rminat ion  are 
par t icular ly  impor tan t  for (H3C)3N-BF3; failure to 
include such corrections, in fact, would lead to definitely 
misleading conclusions. I t  is clear, nevertheless, tha t  
the s tudy  has been most i l luminat ing,  and it  seems 
possible to account in par t  for some of the apparent"  
anomalies which were encountered and to foresee their  
probable effects in future studies. 

Determination of  the structure 

Our sample of t r ime thy lamine -boron  trifluoride was 
purified by  successive subl imat ions under  reduced 
pressure. One crystal  providing excellent X-ray  da ta  
was grown in a thin-walled glass cylindrical  capil lary 
by  subl iming the compound from a reservoir in one end 
of a long evacuated tube  kept  at  110 ° C. into the capil- 
lary t ip at  the  other end kept  at  105 ° C. Oscillation 
photographs with the  applicat ion of Hendershot  (1937) 
corrections were used to align this crystal  for Weissen- 
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berg photographs.  The axis of rotat ion was the unique 
threefold axis of the rhombohedra l  uni t  cell. Examina-  
t ion of the crystal with a polarizing microscope showed 
tha t  this rat ional  direction was very  closely parallel  to 
the axis of the capillary. 

To obta in  complete data,  it  was desirable to align 
a crystal  with the  hexagonal  a axis as rotat ion axis. 
Repeated a t tempts  to grow a specimen having  this 
orientation wi thin  a glass capil lary always yielded 
crystals oriented as before. The following procedure led 
finally to the desired result. Some of the purified com- 
pound was put  into a glass tube which was then  evacu- 
ated and sealed off. This  glass tube was held in an oil 
ba th  which was heated to the melt ing-point  of the com- 
pound, and then  allowed to cool slowly. The tube  was 
opened and a small  crystal,  cut from the crystall ine 
mass, was mounted  on a goniometer head and coated 
with Canada balsam. Oscillation photographs again 
were employed to align the specimen. 

Complete Weissenberg equi-inclination photographic 
da ta  were obtained with Cu Ka radiat ion from a Nor th  
American Phil ips hot-cathode vacuum tube  operating 
at  35kV. and 18 mA., using nickel foil as a filter. 

Crystals of (HsC)sN-BF S are t ranslucent ,  soft and  
colorless. A positive test  for pyroelectr ici ty  was 
obtained. 

The hexagonal  uni t  of structure has 

a=9.34_+ 0.02, c=6 .10  +_ 0.02A., 

bu t  the da ta  are also consistent with a rhombohedra l  
uni t  of s tructure having 

a = 5 . 7 6 A . ,  a= 108 ° 16'. 

As the hexagonal  uni t  of s tructure contains throe 
stoiehiomotrie molecules, the rhombohedra l  uni t  con- 
tains but  one. In  terms of rhombohedral  indices there 
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are no special vanishings. The symmetry  of the photo- 
graphs is tha t  of the point group D~-3m, so the possible 
space groups are R3m, R32, R3m, of which the centre- 
symmetric group is ruled out by the positive test for 
pyroelectricity. The molecule can hardly possess the 
twofold axes required by R32; thus R3m is uniquely 
indicated as the space group. 

The intensities of all reflections were estimated visu- 
ally by comparison with a carefully prepared scale 
having relative intensities of 

3, 6, 8, 9, 14, 17, 24, 28, 33, 36, 39, 40, 43, 
54, 56, 62, 71, 76, 88, 94, 104, 108, 110. 

The spot labelled 3 was just visible, whereas tha t  
labelled 110 was near saturation. Three simultaneous 
Weissenberg photographs were taken of each layer line. 
The ratios of the intensities on the three successive films 
were approximately 9 : 3 : 1. Compaction and extension 
of reflections on layer lines other than zero were care- 
fully considered in estimating the intensities. 

The estimated relative intensities were divided by 
the Lorentz and polarization factors and multiplied by 
the Tune]] (1939) rotation factor to obtain the relative 
values of the squares of the reflection amplitudes for 
each layer-line photograph taken about each rotation 
axis. Then, by a technique of cross-calibration, the 
relative I $ '~K. L[ 2 were all based on one reference film. 
The film chosen for reference was tha t  with (HK.O) 
reflections. Since the crystal oriented for rotation about 
the hexagonal c axis was cylindrical and so well aligned 
with the axis of the glass capillary, the character of the 
reflections recorded on the films produced by this 
crystal was especially good for intensity estimation. 
Wherever possible, the values for I FH.K. L [2 were those 
obtained from these films. I t  was found tha t  corrections 
for variation of absorption with sin 0 could be neglected. 

The Patterson function 

P(O, Y, O) = ~ ~ ~ I F H K .  L I ~' COS 2nK Y 
H K L  

was evaluated to obtain the approximate x parameters 
of the carbon and fluorine atoms. If  the co-ordinates 
for atoms occupying the ninefold positions in R3m 
(see Internationale Tabellen) are examined, it will be 
seen tha t  such atoms should produce peaks at  Y-= 3x 
in P(0, Y, 0). A smooth peak occurred at Y = 0.242 and, 
aside from the peak at the origin, there were no others. 
I t  is therefore clear tha t  the F - F  and C-C peaks overlap, 
and that  the absolute values of the carbon and fluorine 
x parameters must both be near 0.081. 

In order to obtain approximate values of the re- 
maining parameters, a sharpened Patterson function 

Ps(X, 0, Z ) =  Z Z Z ]Fhkz [2 exp [5(sin O/h)~ x 10 -16] 
h k l  x cos 27r(hX + 1Z) 

was evaluated, where h, k, I are orthohexagonal indices, 
used to simplify the calculations. The (010) face of the 
orthohoxagonal cell lies in a plane of symmetry  normal 
to a secondary hexagonal axis. 

P(X, 0, Z) should give the approximate parameters 
of all of the atoms (excluding hydrogen) since all lie 
in the planes of symmetry.  P(X, O, Z) (Fig. 1) shows 
peaks at  X - 0, Z -  0.27; X -  0.083, Z - 0.067; X -  0-083, 
Z - 0 . 3 4 0 ;  X - 0 . 1 7 2 ,  Z -0 .400 ;  X - 0 . 1 6 0 ,  Z-0-267 .  
The first peak could arise only from the B-N vector. 
The second represents C-N and B - F  vectors, and the 
third B-C and N - F  vectors. The fourth peak is asso- 
ciated with an intramolecular C-F vector, and the 
fifth with the vector between the carbon atom of one 
molecule and the fluorine atom (in the plane) of the 
adjacent molecule. Approximate parameters in the 
orthohexagonal cell as derived from P(X,O,Z) are 
given in Table 1. 

Table 1. Approximate orthohexagonal atomiv 
co-ordinates in (HaC)aN-BF a 

~g z 
F - -  0 " 0 8 1  - -  0 . 0 6 7  
C 0 " 0 9  0 . 3 4  
:N 0 0-270 
B 0 0.000 

~ ~  >~A 

Fig. 1. P(X, O, Z), Patterson density in the orthohexagonal 
(010) p]~o. Contours differ by ten arbitrary units. Zoro 
contour and contours for peak at origin not shown. 

Refinement of the parameter data given in Table 1 
was carried out in several stages. In  the first step the 
approximate parameters as derived from P(X,O,Z), 
together with atomic form factors from the Internationale 
Tabellen, wore used to calculate a set of phases for all 
reflection amplitudes. Following the usual procedure 
the calculated phases were applied to the observed 
amplitudes, and the Fourier section p(x, 0, z) in ortho- 
hexagonal co-ordinates was evaluated with the aid of 
the Beevors & Lipson (1936) strips. Positions as given 
by this section were employed to recalculate phases 
which, for the most part, showed only small changes 
from the first set. The next stage of refining parameters 
was carried out by the differential-synthesis method 
(Booth, 1946). The values thus obtained (orthohexa- 
gonal co-ordinates) are presented as ' t r ia l '  parameters 
in Table 3, and may be compared with the data given 
by P(X, 0, Z) in Table 1. 

Two stages of refinement having produced a change 
of only 0-006 at most in the value of any parameter, it 
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might seem plausible to take the ' t r ia l '  parameters, 
after correction for finite-series termination, as the final 
values. Further refinement, however, does result in 
small yet quite significant changes in the phases to be 
attributed to the final structure. I t  was decided to 
carry out further calculations utilizing the '  n-shift ' rule 
as applied by Shoemaker, Donohue, Schomaker & 
Corey (1950) and by Donohue (1950) to the structures 
of L-threonine and DL-alanine, respectively. 

The formula most convenient for calculation con- 
tains both the correction of phases to the final values 
(by application of the n-shift rule) and, to a sufficient 
approximation, the correction for finite-series termina- 
tion. I f  x 0 represent the true parameter, x 1 that  of the 
' t r ia l '  structure, x9 and x 3 respectively the parameters 
obtained from observed and calculated syntheses (both 
using the phases of the ' t r ia l '  structure), then 

Xo=xl + n(x2-x3), 

in which 1 ~< n ~< 2. With only real amplitudes, n = 1, and 
with only complex amplitudes, n = 2 .  In trimethyl- 
amine-boron trifluoride only 30 reflections of a possible 
total of 1384 are real, so presumably n is very near 2. 

The phases of the ' t r ia l '  structure were used to cal- 
culate two further differential syntheses using observed 
(Fo) and calculated (Fc) amplitudes, i.e. to give para- 
meters corresponding to x~ and x 3. The shifts in peak 
positions, x 2 -x~, thus obtained are given in columns 3 
and 4 of Table 2. As a check on the applicability of the 
double-shift rule, corrections obtained from the original 
differential synthesis using observed amplitudes (lead- 
ing to the ' t r ial '  parameters) are listed in column 2. 
Were the double-shift rule exactly obeyed, then each 
shift of parameter in column 5 of Table 2 would be just 
twice the corresponding shift in column 6 (both values 
having been corrected for finite-series termination). 
Where the corrections are still substantial the rule 
seems to be very roughly obeyed. Failure to get closer 
agreement is not surprising, since the distribution of 
atoms within the very simple structure is probably too 

specialized to satisfy the general conditions under which 
the rule was derived. 

A comparison of the various sets of parameters which 
are most pertinent to the selection of the final values is 
given in Table 3. There are included the ' t r ia l '  para- 
meters (column 2), the set (column 3) which results 
from the final differential synthesis of Fo amplitudes 
without application of the double-shift rule or correc- 
tion for finite-series termination, the set (column 4) 
with n =  1 which corresponds to correction for finite- 
series termination while assuming that the phases have 
already converged to their final values, the set (column 
5) which corresponds to simultaneous application of the 
double-shift rule and correction for finite-series ter- 
mination, and the final values (column 6). Comparison 
of column 3 and 4 shows that corrections for finite-series 
termination are quite significant in most cases. Com- 
parison of columns 4 and 5 indicates that, excepting only 
boron, the additional shifts implied by the double-shift 
rule are virtually negligible, but it would appear pre- 
ferable to take the value for n--- 1 in any case for which 
the shift (corrected for finite series) given by the succes- 
sive syntheses is oscillating in sign. This last is true of 
the corrections to z F and z N. The comparison of cor- 
rected shifts, 0.056 and 0.034A. (columns 5 and 6 of 
Table 2), in the position of boron given by the successive 
differential syntheses indicates that  the true value of 
the parameter is closer to 0.011 than to 0.006. For 0.056 
and 0.068, respectively, taken as 'doubled shifts' one 
obtains 0.0092 and 0.0111 as the corresponding para- 
meters. The rounded-off mean value, 0.010, is taken as 
the final parameter for boron. 

A comparison of calculated amplitudes containing 
the isotropic temperature factor 

exp [-- 2-5(sin 0/h) 2 x 10 -16] 

and based on the ' t r ia l '  parameters with the observed 
amplitudes is given in Table 4. Of the reflections too 
weak to be observed there are only three, (64.1), (51.2), 
and (54.5), which, on the basis of the calculated ampli- 

Table 2. Corrections obtained from differential syntheses 

(Values in Angstr6m units) 
(l) (2) (3) (4) (5) (6) 

Parameter First Second Second First Second 
corrected (Fo) (Fo) (Fc) (F o -- Fc) (F o -- F¢) 

z B 0.033 0.011 -- 0.023 0.056 0 . 0 3 4  
z N 0 . 0 0 8  0 . 0 2 4  0 . 0 2 0  -- 0.012 0 . 0 0 4  
x F 0 . 0 1 4  0 " 0 0 3  - -  0 . 0 0 8  0.022 0.011 
z F 0 . 0 0 6  0 " 0 0 0  0 . 0 0 5  0 . 0 0 1  - -  0 . 0 0 5  
x c - -  0 . 0 1 3  - -  0 . 0 2 0  - -  0 . 0 2 7  0 . 0 1 4  0 . 0 0 7  
z c 0 . 0 0 0  - -  0 . 0 0 7  - -  0 . 0 0 7  0 . 0 0 7  0 - 0 0 0  

Table 3. Comparison of parameters ( orthohexagonal co-ordinates) 

( 1 )  ( 2 )  ( 3 )  ( 4 )  ( 5 )  ( 6 )  
P a r a m e t e r  T r i a l  F o n = 1 n - -  2 F i n a l  

zB 0 . 0 0 0  0 . 0 0 2  0 . 0 0 5 5  0 . 0 1 1  0 . 0 1 0  
z ~  0 . 2 6 9  0 . 2 7 3  0 . 2 7 0  0 . 2 7 0  0 . 2 7 0  
x F - -  0 . 0 8 1  - -  0 . 0 8 1  - -  0 . 0 8 0  - -  0 . 0 8 0  - -  0 . 0 8 0  
Z F - -  0 " 0 7 2  - -  0 . 0 7 2  - -  0 - 0 7 3  - -  0 . 0 7 4  - -  0 . 0 7 3  
x c 0 . 0 8 9  0 . 0 8 8  0 . 0 9 0  0 . 0 9 0  0 . 0 9 0  
z c 0 . 3 3 4  0 ' 3 3 3  0 ' 3 3 4  0 . 3 3 4  0 . 3 3 4  

A c 4  2 5  
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tudes, should have been observed. In the worst case, 
(54.5), the calculated value is about three times the 
observable minimum. 

When we exclude those unobserved reflections which 

are also calculate4 as too weak to be observed, the 
reliability index for the data of Table 4 is 0.23. This is 
approximately equal to the values obtained for the 
centrosymmetric structures of HaN-BF 3 (Hoard, Geller 

Table 4. Comparison of calculated with observed reflection amplitudes 
H K . L  I Fcl [1~o I o: (°) 

03 .0  14.3 12.9 230 
06 .0  6.9 12.0 241 
0 9 . 0  4.5 0 83 
11 .0  60-4 64.8 0 
14 .0  14.9 10"1 254 
17 .0  4.2 9.2 116 
22 .0  7.2 16.6 180 
25 .0  19.6 20.7 352 
28 .0  2.6 0 100 
33 .0  26.4 22.1 0 
36 .0  12.0 12.0 14 
44 .0  34.6 24.4 0 
4 7 . 0  0.8 0 180 
55 .0  9.7 6.5 0 
66 .0  0"4 0 0 
01 .1  36.5 36.8 32 
04 .1  44.2 39.2 219 
07 .1  17-6 13.8 57 

0,10, .  ,1 6.9 3"7 77 
12.1 16.8 13.8 229 
15.1 5.4 6.1 205 
18.1 12.7 6.5 68 
20 .1  45.7 41.0 43 
23 .1  10.4 11.1 186 
26 .1  12.0 13.8 41 
29 .1  2.4 2.3 175 
31 .1  41.5 41.0 68 
34 .1  11.7 12.9 32 
37 .1  3.3 0 237 
42 .1  20.1 20.7 61 
45 .1  9"0 6-5 7 
50 .1  29.5 33.6 73 
53 .1  10.6 9.2 19 
56 .1  1.2 0 246 
61 .1  5.8 0 208 
64.1  9.3 0 26 
72 .1  2.3 0 259 
80 .1  16.0 9.2 222 
83 .1  9.7 4.6 57 
91.1  2.4 4.6 164 
02 .2  24.3 23.7 269 
05 .2  14.2 13.8 188 
08 .2  15.8 9.2 89 
10 .2  51.4 47.4 280 
13.2  16.4 16.5 192 
16.2  8.5 6.4 110 
19 .2  2.2 0 261 
21 .2  17-8 21.6 91 
24 .2  13.7 11.1 247 
27 .2  5.1 0 66 
32 .2  11.3 18.4 104 
35 .2  13.6 11.1 286 
38 .2  0.6 0 239 
40 .2  41.3 36.4 88 
43 .2  19.4 14.3 281 
46 .2  6.0 0 242 
51 .2  8.8 0 75 
54 .2  11.0 9.2 287 
62 .2  6.9 9.2 268 
65 .2  3.4 4.6 87 
70 .2  2.6 6.4 207 
73 .2  5.2 4.6 104 
81 .2  4.8 0 192 

10o0,. ,2 5-5 2.9 237 
00 .3  65.9 51.0 304 
03 .3  23.0 20.3 155 
06 .3  2.0 7.8 237 
09 .3  7.3 4.6 0 
11.3  25.0 29.0 305 
14.3 16.2 12.9 155 

HK.n IFol IFol ~ (°) 
17.3 7.6 7.8 339 
22 .3  3.3 6.4 100 
25 .3  12.0 14.2 311 
28 .3  2.2 0 66 
30 .3  18.4 15-2 348 
33 .3  13.9 14.3 328 
36 .3  6.9 6.4 314 
41 .3  15.6 19.3 358 
44 .3  21-0 15.2 312 
52 .3  11.2 15.2 325 
55 .3  6-7 4.6 301 
60 .3  4.9 12.9 84 
63 .3  8.6 6.5 299 
71 .3  8-5 6.5 151 
82 .3  1.2 0 114 
90 .3  3.5 0 151 
01 .4  9"0 14.3 253 
04 .4  12.4 6-5 153 
07 .4  17-4 11.1 13 
12 .4  2.6 4.6 54 
15 .4  4.2 7.8 71 
18 .4  11.8 7.8 13 
20 .4  18-2 18.0 0 
23 .4  4.8 11.1 87 
26 .4  7.5 9.2 4 
31 .4  30.4 29.0 13 
34 .4  1.7 0 214 
37 .4  1.2 0 259 
4 2 . 4  10.1 13.8 13 
45 .4  3.4 0 264 
50 .4  23.9 23.0 12 
53 .4  2.0 0 247 
61 .4  0.7 6.5 60 
64 .4  6.4 4.6 352 
72 .4  1-7 0 26 
80 .4  5.2 4.6 159 
02 .5  2.7 6.5 151 
05 .5  12.5 14-3 80 
08 .5  6.0 1.8 42 
10.5  18.5 20.7 231 
13.5  13.8 16.5 71 
16.5  4.4 4.6 75 
21 .5  7.5 11.1 51 
24 .5  3.0 6.5 164 
32 .5  5.1 11.1 45 
35 .5  10.2 4.6 233 
40 .5  12.1 12.0 39 
43 .5  10.3 6.5 235 
51 .5  5.3 0 24 
54 .5  6.3 0 229 
62 .5  1.3 0 170 
70 .5  8.1 4.6 58 
00 .6  8.0 9.2 246 
03 .6  12.0 11.1 107 
06 .6  0.9 0 284 
11.6  4.4 6.5 240 
14.6  9.5 7.8 100 
22 .6  0.9 0 343 
25 .6  0-5 0 333 
80 .6  12.3 11.1 284 
33 .6  2.6 4.6 298 
41 .6  10"5 11-1 294 
52 .6  1.7 0 277 
60 .6  1.1 4-6 355 
01 .7  6.0 6.4 156 
04 .7  4.2 6-4 5 
12.7 3"9 6.4 338 
20 .7  3.8 4.6 323 
23 .7  3.6 4.6 0 
31 .7  11"3 12.0 327 
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& Cashin, 1951) and HaCN2H-BF a (Geller & Hoard, 
1950). 

In at  least two cases, monomethylamine-boron tri- 
fluoride and tr imethylamine-boron trifluoride, it seems 
rather certain that  the disappointingly high values of 
the reliability index are not primarily a consequence 
of inadequate estimation and cross-calibration of the 
experimental intensities. These operations were carried 
out with the greatest care at every stage of the work. 
I t  appears rather tha t  the assumption of spherically 
symmetric atomic form factors (including temperature 
factor) is not good. The data of Table 4 show out- 
standing discrepancies between calculated and observed 
amplitudes even for the particularly simple and experi- 
mentally reliable (HK.O) reflections. Especially not- 
able is (22.0) with a real structure factor, the calculated 
value being less than half tha t  observed. The correct 
ranges within narrow limits for the x parameters of 
carbon and fluorine were considered in triM-and-error 
calculations at  the outset of the analysis, and it was the 
impossibility of achieving really satisfactory agreement 
for (HH. 0) reflections which prompted the use of the 
straightforward Patterson analysis which otherwise 
would have been quite unnecessary. 

Inadequacy of the model based on spherically sym- 
metric atom distributions, at least in principle, is more 
serious for non-centrosymmetric than for centre- 
symmetric structures. For the latter, provided Fourier 
analysis be used, the model need only be good enough 
to give correct signs to the experimental amplitudes. 
But  in the non-centrosymmetric case the model is 
inextricably involved in the determination of the 
detailed phases to be assigned to the experimental 
amplitudes. Even though the phases thus determined 
represent a unique set resulting from a convergent 
process they are not necessarily a good approximation 
to the real set unless the real structure is adequately 
represented by the model, i.e. in the usual case, by a 
superposition of spherically symmetric atom distribu- 
tions. 

Cruickshank's (1949, 1950) t reatment  of the accuracy 
of electron-density maps gives the estimated standard 
deviation of atomic co-ordinates in a non-centrosym- 
metric structure twice the value which an otherwise 
comparable centrosymmetric structure would have, the 
difference arising from the fact tha t  the phases are con- 
sidered as certain in the latter case but as subject to 
random errors in the non-centrosymmetric structure. 
The differences, Fo-Fc, are taken as a measure of the 
random errors associated with the amplitudes of reflec- 
tion. We believe that  Cruickshank's t reatment  would 
overestimate the uncertainties in the atomic co- 
ordinates for the centrosymmetric structures studied 
in this series, since it seems tha t  the Fo's should give 
a considerably more reliable representation of the 
structure than would the Fc values. But we feel tha t  
it would be unsafe to assume tha t  Cruickshank's 
method overestimates the uncertainties in trimethyl- 
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amino-boron trifluoride, since the final phases are 
dependent on the probably inadequate model. Addi- 
tional grounds supporting this conclusion will be dis- 
cussed later. 

We have not carried out detailed calculations of the 
standard deviations in atomic positions or in bond 
distances by Cruickshank's method, but  ff we take on 
the average a value 50 ~/o larger than tha t  found for 
dibenzyl (representing rough proportionality with the 
value of the reliability index), then we estimate for the 
average standard deviation in any bond length about 
0.015 A. for HaN-BF a and HaCH2N-BFa, and, of course, 
0.03A. for (HaC)aN-BF a. The internal consistency 
within the series and the correlation of the structural 
data with the thermodynamic stabilities of the com- 
pounds (presented in the succeeding paper) indicates 
that  the foregoing estimates are conservatively large. 

With N atoms, all of the same kind and randomly 
distributed within a primitive cell, Hughes (1949) and 
Wilson (1949) find 1/~/N for the root-mean-square value 
of the uni tary structure factor for reflections (hkl). In 
comparing two otherwise similar structures of quite 
different N it is our intuitive feeling tha t  larger correc- 
tions for finite-series termination should be expected 
for the structure having the smaller number of atoms; 
for in this case not only is the average value of the 
uni tary structure factor larger but  the fraction of 
amplitudes beyond cut-off showing a significant 
departure from the average is also larger. 

A comparison between tr imethylamine-boron tri- 
fluoride and ammonia~-boron trifluoride, this lat ter  
crystallizing in an eight-molecule orthorhombic unit of 
space group Pbca, is of interest in this connection. 
Corrections (in ~ g s t r S m  units) indicated by differential 
syntheses of calculated amplitudes are: 

(HaC)aN-BFa: B, 0.023; C, 0.028; N, 0.020; F, 0.009. 

HaN-BFa: B, 0.008; N, 0.011; F (av.), 0.015. 

These limited data indicate tha t  there may  be a rather 
small yet  significant dependence of the average correc- 
tion to an atomic position on the number of atoms in the 
primitive unit. 

The effects on calculated corrections to bond distances 
of departures from a random distribution of atoms 
within the unit cell seem to be rather more important.  
The approximation to a random distribution of atoms 
in tr imethylamine-boron trifluorido is poor, but  
apparently is good in ammonia~-boron trifluoride. This 
latter appears to be achieved through a combination 
of no required symmetry  for the arbi trary grouping of 
any atom and its immediate neighbors together with 
a dense packing of molecules. At any rate the approxi- 
mate symmetry  of the molecule of HaN-BF a, is not 
effective in determining the directions of the corrections 
to atomic positions. No bond length is altered by more 
than 0-010 A., the average absolute value of the correc- 
tion to a bond length is only 0.005 A., and the overall 
size of the molecule is not appreciably altered. 
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In  tr imethylamine-boron trifluoride, on the other 
hand, the correction to the B-IW bond is 0.043 A. In  
consequence of the large effect of rippling the Patterson 
section P(X, 0, Z) gives a high value for the B-IN separa- 
tion, and the rate of convergence in the cyclic approxi- 
mation process of assigning complex phases is slow. 
Use of the n-shift rule from the outset should obviate 
this difficulty. 

Corrections for finite-series termination also have 
been calculated for a majori ty of the atoms in methyl 
cyanide-boron trifluoride (four molecules in the primi- 
tive orthorhombie unit, Pnma (Hoard et al. 1950) and 
in monomethylamine-boron trifluoride (two molecules 
in the primitive monoclinic unit, P21/m ). In both cases 
the average correction to an atomic position lies between 
the average values for (HaC)3N-BF 3 and H3N-BF3, but  
is closer to tha t  of the lat ter  compound. Presumably in 
consequence of the effectively greater symmetry  of 
HaCCN-BF 3, the corrections to atomic positions have 
a slightly greater effect on bond distances for this 
molecule. However, no correction alters a bond distance 
by more than 0.025 A. in either compound. 

Since the B-N bond length is of primary interest in 
this series, we list the values finally obtained (to the 
nearest 0.005A.) together with the values (in paren- 
theses) uncorrected for finite series termination: 

HsI~BFs: I'60A. (1"61) 
(HaC)3N-BFa: 1.585A. (1.63) 
H3CH~I~I-BFa: 1.565 A. (1.58) 
HaCCN-BFa: 1.635 A. (1.64) 

Omission of the finite series correction for (HsC)sN-BF 3 
would place it  structurally with the very unstable 
HsCC17-BF S rather than with the quite stable 
HsCH,N-BF a, which latter it closely resembles. 

Were it feasible to make correction for finite-series 
termination with complete confidence in the results, 
then the preceding considerations would indicate the 
special urgency of making such corrections only for any 
structure of particularly small unit cell or of poor 
approximation to a random distribution of atoms. But  
one may question the accuracy of a large correction 
based on an inadequate model as indicated, for instance, 
by an unsatisfactory value of the reliability index. 

Discussion of  the structure 

Interatomic distances and angles within the molecule, as 
calculated from the final parameter data of Table 3, 
are given in Table 5. 

Table 5. Interatomic distances and angles 
within the molecule of (H3C)3N-BF 3 

B - N  1.585A. C-B 2.45A. 
B--F 1"39 / F - B - F  107 ° 
C,-N 1-50 / N - B - F  112 
F - F  2"24 /__ C--N-G 114 
N - F  2.46 /_ C-Iq-B 105 

The detailed comparison of these data with the 
results obtained for other compounds studied in this 

series will be reserved for the succeeding paper (in 
which corrections for finite series termination will be 
applied to the already published data for HsCH~N-BF a 
and HaCCN-BFa). I t  may be remarked, however, tha t  
whereas the bond distances in (H3C)~N-BF z are in good 
agreement with those found in the comparably stable 
compounds, Hs1N-BF a and HaCHeN-BFa, there are 
notable variations in interbond angles. I t  would seem 
that  mutual  repulsive forces operative between the 
methyl groups are responsible for the rather large 
C-N-C angle of 114 ° and the correspondingly small 
C-N-B angle of 105 °. Brockway & Jenkins (1936), in 
their electron-diffraction study of free trimethylamine, 
obtained 1.47 _+ 0.02 A. for the C-N bond distance and 
108 +_ 4 ° for the angle C-N-C. 
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Fig. 2. Packing arrangement  in the orthohexagonal (010) 
plane. Broken lines indicate pairs of fluorine atoms or of 
methyl  groups not  lying in the plane. 

There are two possible orientations for the methyl  
groups within the molecule consistent with symmetry:  
the plane passing through six hydrogen atoms and 
normal to the threefold axis may lie either away from 
or toward the center of gravity. In the first orientation 
the distance between hydrogen atoms attached to 
adjacent carbon atoms is calculated to be approxi- 
mately 1.8 A., 0.4 A. less than the normM van der Waals 
separation. In  the second orientation the corresponding 
distance is approximately 2.5A., and, moreover, the 
remaining hydrogen atoms of the molecule are well 
placed with respect to fluorine atoms of neighboring 
molecules. Parameters based on the latter orientation 
were used to calculate contributions of hydrogen, for 
reflection amplitudes having sin O/X ~< 0.30. I t  was found 
tha t  agreement between cMculated and observed 
amplitudes was improved for (01.1) and (22.0), was 
made less satisfactory for (00.3), and was not signi- 
ficantly affected for other reflections. 

The packing arrangement of molecules in a plane of 
symmetry  normal to a secondary hexagonM axis (i.e. in 
the (010) face of the orthohexagonM cell) is shown in 
Fig. 2. Envelopes of molecules have been drawn with 
the use of conventional van der Waals radii. The closest 
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approach between carbon and fluorine atoms of ad- 
jacent molecules within the structure occurs in the 
symmetry  plane, and there is indication of extremely 
weak hydrogen bonding. This distance of closest 
approach is 3.1 A., about 0.25A. less than the sum of  
the van der Waals radii for fluorine and methyl. 

The investigation described in this paper was sup- 
ported by the Office of Naval Research, Contract No. 
N6ori-91, Task Order 4, Project No. NR 052020, under 
contract with Cornell University. 

The final stages of refining the structure were carried 
out during the period, 1949-50, in which Seymour Geller 
was duPont Post-Doctorate Fellow in Chemistry. 
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Structures of Molecular Addition Compounds. 
V. Comparison of Four Related Structures. 
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As a preliminary to presenting detailed comparisons of the structural results obtained for four 
related compounds of formula H3CH2N-BFs, HaCCN-BF 8, HaN-BF 3 and (HaC)3N-BFs, corrections 
to atomic positions arising from finite termination of Fourier series are made to the published data 
for the two compounds first listed. It is then shown that the structural data form a self-consistent 
pattern which correlates well with the limited available information on the relative stabilities of the 
addition compounds. The quite unstable methyl cyanide-boron trifluoride molecule contains 
significantly longer B-N and shorter B-F bond distances than the values characterizing the three 
relatively stable amine-boron trifluorides. The shortest B-N distance observed, 1.57A., is 0.07A. 
larger than the value predicted by the Schomaker & Stevenson rule. 

Introduction 

The four structures to be compared are those of the com- 
pounds monomethylamine-boron trifluoride, HaCH2N- 
BF 3 (Geller & Hoard, 1950), methyl cyanide-boron 
trifluoride, HaCCN-BF a (Hoard, Owen, Buzzell & 
Salmon, 1950), ammonia-boron trifiuoride, HaN-BF 8 
(Hoard, Geller & Cashin, 1951), and t r imethylamine-  
boron trifluoride, (HaC)aN-BF a (Geller & Hoard, 1951). 
The two papers of the series first published did not con- 
tain corrections for finite termination of series. As such 
corrections are of prime importance for (HaC)3N-BF 3, 
we have deemed it advisable to compute them for 
HaCH2N-BF a and HaCCN-BF a, in order to make our 
comparisons of structural data as meaningful as 
possible. 

* duPont Post-Doctorate Fellow in Chemistry, 1949-50. 
Present address: Rayon Division, E. I. duPont de Nemours 
and Co., Waynesboro, Virginia, U.S.A. 

HaCH2N-BF a crystallizes in a two-molecule mono- 
clinic unit of space group P2t/m. Four of the six (ex- 
cluding hydrogen) atoms of the molecule lie in a sym- 
metry plane, and corrections for finite series termination 
for these atoms were derived from the section of a three- 
dimensional Fourier synthesis in this plane using ampli- 
tudes calculated from the positions given by the final 
syntheses of observed data. HaCCN-BF a crystallizes 
in a four-molecule orthorhombic unit of space group 
Pnma. Five of the seven (excluding hydrogen) atoms of 
the molecule lie in a mirror plane, and corrections for 
these atoms were obtained from differential syntheses 
of calculated amplitudes. Parameter data (rounded off 
to the nearest 0.001) for these structures are given in 
Table 1; the values in parentheses are those already 
published without corrections. 

Limitations of time have not permitted us to cal- 
culate the complete finite series corrections for fluorine 


