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The valence shell electron pair repulsion (VSEPR) theory 
has been very widely used in the prediction of the shape of a 
chemical species on the basis of repulsions between electron 
pairs.1 The theory does not successfully account for the de
viation of the observed bond angles in many compounds from 
the predicted geometry. These deviations, although small, are 
experimentally significant. According to VSEPR theory, they 
are due to the electronegativity of the substituents attached 
to the central atom. Searcy has attempted to predict bond 
angles from an electrostatic model.2 

An alternative viewpoint has been presented3 which suggests 
that in many cases the observed bond angles can be accounted 
for by interactions between nonbonded atoms. This proposal 
has been criticized by Wilson4 on the grounds that equally good 
predictions in the case of trigonal planar carbon compounds 
could be made by simply assuming average values for the bond 
angles. Nonbonded interactions have been used recently to 
account for the geometry of a number of species. In this work 
we present evidence based on a very simple model which 
suggests that generally bond angles are determined by steric 
effects (nonbonded atom repulsions). 

Consider the structural fragment X ' - M - X 2 shown in Figure 
1, where X1 = X2, X is some atom or group of atoms, and M 
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is a central atom to which the two X groups are bonded. If the 
bond angle is determined by the size of the X group, the two 
X groups will be in contact, and the distance XA from the X 
nucleus to the point A at which the X groups are in contact will 
be equal to the van der Waals radius of X if X is monatomic. 
If X is polyatomic, the distance XA will be from the group 
center to the point in contact and will be given by the group van 
der Waals radius, ryX- The distance XM is simply the XM 
bond length. As triangles X1AM and X2AM are congruent, 
angle X2MA is equal to angle X1MA and designating angle 
X1MX2 as 6 

X1MA = A x ^ (1) 

Then 

rvx = /MXsin(0x/2) (2) 

l/sin(0x/2) = W v x (3) 

We may write 

'MX = ''CM + ''ex (4) 

where /"CM and rex are the covalent radii of M and X, re
spectively. We have shown elsewhere5 that as suggested by 
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Table I. Results of Correlations with Equations 8, 9, and 15 

set 

01/ 
1 
2 
3 
13 
14 
15 
16 
21 
22 
31 
32 
33 
34 
35 
36 
151 
152 
153 
154 
155 
156 
157 
161 

boor C\ 

1.00 
0.590 
0.268 
0.230 
0.377 
0.267 
0.255 
0.254 
0.328 
0.285 
0.336 
0.410 
0.423 
0.317 
0.444 
0.149 
0.150 
0.376 
0.207 
0.291 
0.440 
0.320 
0.270 
0.229 

b\ or G 

-0.349 
0.872 
1.169 
1.211 
1.011 
1.151 
1.176 
1.186 
1.114 
1.184 
1.069 
1.033 
0.949 
1.022 
0.933 
1.128 
1.113 
0.636 
0.960 
0.781 
0.486 
0.716 
0.802 
0.819 

r" 

0.9814 
0.9680 
0.9727 
0.9318 
0.9159 
0.9781 
0.9909 
0.9978 
0.9644 
0.9164 
0.8509 
0.7947 
0.9184 
0.9633 
0.9572 
0.9401 
0.9540 
0.9970 
0.9958 
0.9910 
0.9744 
0.9972 
0.9890 
0.9972 

pb 

157.1 
89.40 
87.86 
19.78* 
20.83* 

110.3 
217.0 
916.6 

39.92/ 
10.49"1 

5.249* 
6.855m 

10.78"1 

90.15 
21.86* 
30.43 '̂ 
30.41* 

496.4 
357.5 
164.6 
56.34 

177.6^ 
44.55m 

534.8 

•?est 

0.0488 
0.0139 
0.0118 
0.0154 
0.0289 
0.006 98 
0.005 18 
0.002 51 
0.0151 
0.009 24 
0.0154 
0.0178 
0.0188 
0.006 20 
0.0138 
0.004 32 
0.005 86 
0.005 69 
0.003 87 
0.008 02 
0.0225 
0.001 70 
0.002 86 
0.004 58 

Sb0
0 

0.0798 
0.0624 
0.0286 
0.0518* 
0.0826'' 
0.0254 
0.0173 
0.008 38 
0.0519/ 
0.0881-" 
0.147' 
0.157™ 
0.129"1 

0.0334 
0.0949* 
0.0269/ 
0.0272" 
0.0169 
0.0110 
0.0227/ 
0.0586/ 
0.0240* 
0.0404m 

0.009 92 

Sb,C 

0.131 
0.0326 
0.0153 
0.0307 
0.0455 
0.0158 
0.0106 
0.005 14 
0.0326 
0.0524/ 
0.0872/ 
0.0935 
0.0749/ 
0.0189 
0.0552/ 
0.0151 
0.0512 
0.0290 
0.1090 
0.0393 
0.103" 
0.0444* 
0.0748m 

0.0176 

\00r2d 

96.32 
93.71 
94.62 
86.83 
83.89 
95.66 
98.19 
99.57 
93.01 
83.98 
72.41 
63.15 
84.35 
92.79 
91.62 
88.38 
91.02 
99.40 
99.17 
98.21 
94.94 
99.44 
97.80 
99.44 

ne 

8 
8 
7 
5 
6 
7 
6 
6 
5 
4 
4 
6 
4 
9 
4 
6 
5 
5 
5 
5 
5 
3 
3 
5 

a Correlation coefficient. * F test for significance of correlation. The superscript indicates the confidence level (CL). No superscript indicates 
a CL of 99.9%. * Standard errors of the estimate, bo, and b\. The superscript indicates CL of the Student's t test for the significance of the 
coefficient. No superscript signifies CL of 99.9%. d The percent of the variance of the data accounted for by the correlation equation. * The 
number of points in the set. / For set 01, b0 is Ci, bx is C0. * 97.5% CL. * 95.0% CL.'' 98.0% CL. / 99.0% CL. * <90.0% CL.' 80.0% CL. m 90.0% 
CL. " 98.0% CL. 

Table II. Values of /v and /A 

X 

H 
F 
Cl 
Br 
I 
Me 
Et 
CF3 

SO3-
SO2F 

/v 

1.20° 
1.47° 
1.75" 
1.85" 
1.98° 
1.72* 
1.76' 
2.11* 
2.19* 
2.19d 

' A " 

0.85 
1.12 
1.40 
1.50 
1.63 
1.37 
1.41 
1.76 
1.84 
1.84 

X 

SiH3 

SiMe3 
GeH3 
OCF3 
SCF3 

SCCl3 
ClO3 
CN 
C2H 
SMe 

r\ 

1.90* 
2.60* 
1.92* 
2.19/ 
2.62/ 
2.91/ 
2.18* 
1.60" 
1.78" 
1.84* 

' A « 

1.55 
2.25 
1.57 
1.84 
2.27 
2.56 
1.83 
1.25 
1.43 

X 

SCN 
NMe2 
PF2 
OPh 
1-aziridinyl 
NH2 
OMe 
OEt 
OCH= 
PO3

2-
CH2 

rv 

2.09* 
1.63'' 
1.84/ 
1.77* 
1.59' 
1.55* 
1.56" 
1.68" 
1.76* 
2.24* 

M 

O 
S 
Se 
Te 
N 
P 
As 
Sb 
Bi 

r\ 

1.52" 
1.80° 
1.90" 
2.06" 
1.55" 
1.80° 
1.85" 
1.90° 
1.87" 

" Bondi, A. J. Phys. Chem. 1964, 68, 441. * Charton, M. J. Am. Chetn. Soc. 1969, 91, 615. rv,min -L values. * From ux = /vx - 1-20 (see 
eq 18) and uet reported in Charton, M. J. Am. Chem. Soc. 1975,97, 1552. d Assumed equal to /1V1SO3- as the two groups are essentially isosteric. 
* Calculated /v.min -L values as described in footnote b. /Calculated from the extended branching equation and eq 18; Charton, M. Abstracts, 
1st Conference on Correlation Analysis in Organic Chemistry, Assisi, 1979. * From eq 18 and usMe reported in Charton, M.; Charton, B. I. 
J. Org. Chem. 1978,43, 1161.* From the v value of CH2CN and eq 18. SCN and CH2CN are assumed to be isosteric.' From eq 18 and uNM,2 
reported in Charton, M. J. Org. Chem. 1977, 42, 3535. / The value must lie between /-V1PH2 and /-V1PMe2- We have shown elsewhere that for 
X = MH„(lp)3_„ where n = 1 or 2, /-vx = /"VM (eq 19). /V1MNe2

 - /-V1NH2 = 0.08. Assuming that the effect of the substitution on P is analogous 
to that on N, /-V1PMe2 = 1-88. From eq 19, /V1PH2 = 1-80. Then, /V1PF2 must lie between 1.80 and 1.88. We have chosen 1.84 as a reasonable 
value. * From vox calculated from the equation i>ox = 0.959 I>CH2X - 0.100: Charton, M. J. Org. Chem. 1977, 42, 3531. ' ui-aziridmyi must 
lie between I>NH2 and DNMe2, for which the values are 0.35 and 0.43, respectively. A reasonable value is 0.39, which gives, from eq 18, an /v 
value of 1.59. m From eq 19. " From the reference in footnote k. ° Calculated from the correlation equation for set 151 and the HSbH angle 
in SbH3 (see footnote b, Table III), P Calculated from the correlation equation for set 152 and the MeBiMe bond angle in Me3Bi. Beagley, 
B.; McAloon, K. T. J. J. MoI. Struct. 1973,17, 429. * Calculated from the correlation equation for set 01, Table I. 

Figure 1. 

Pauling:6 

or 

Then 

where 

/•vx = Qiz-cz + «o (5) 

rcz=(l/ai)rvz-(a0/ai) (5a) 

/MX = b\rvx + rCM-(a0/ai) (6) 

= A1Z-VX + bo (7) 

bi = 1/fli (7a) 
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Table III. Bond Angles and Deviations Obtained with Equation 8 

set 
1 

2 

3 

34 

set 
21 

22 

set 
13 

14 

15 

MX2
1X 

0 ( I p ) 2 /obsd 
Scaled 
A* 

C F3 "J 
124.0(0.6) 
120.5 
3.5 
S(Ip)2 

MeS 
104(5) 
99.1 
4.9 
Se(Ip)2 

CH 2 

Et" 
112.9(0.2) 
112.6 
0.3 

M X i 1 X 2 

PdP)1PX2 

S(Ip)O 

M X 1 

N(Ip) 

Q\a,ee 

107.1(0.3) 
107.8 
0.7 
P(Ip) 

Br" ' ^ 
101.5 
101.1 
0.4 
CF3*' ' 
97.2(0.3) 
103.0 
5.8 
As(Ip) 

\a.ll 

100.2(0.1) 
100.1 
0.1 

M e a c 

111.72(0.33) 
110.8 
0.9 
Cl" 
110.8(1) 
111.6 
0.8 
H" 
92.25 
91.8 
0.4 
CN* 
96,98.37,102.1 
96.9 
0.9,1.5,5.2 
GeH 3" 
94.6(0.5) 
97.4 
2.8 
S i H 3 " ' 
96.6(0.7) 
97.3 
0.7 
H 
109.5 
102.1 
7.4 
Q\a,w 

111.8(0.2) 
112.5 
0.7 

X 
Zobsd 
Zcalcd 

Q\u,bb 

96.1(0.7) 
96.0 
0.1 

CF 3 " 
114(3) 
112.8 
1.2 
CF 3 S 0 ' / / 
118.8(0.2) 
118.1 
0.7 
OMe«« 
119.2(1.1) 
98.3 
20.9 
G e H 3 W 
95.39(0.005) 
101.6 
6.2 
N M e 2 " 
96 
99.0 
3 
Br"'" 
99.66(0.26) 
99.14 
0.5 
CF 3 " 
100.1(3.5) 
100.9 
0.8 

IA 
ClO3

0-' ' 
118.6(0.7) 
122.1 
3.5 
SO2F"'* 
123.6(0.5) 
122.3 
1.3 
Cl 
103.0 
98.3 
4.7 
G e H 3 " ' 
98.9(0.3) 
99.7 
0.8 
H" 
91(0.6) 
91.1 
0.1 
Me"-0 

96.2(0.2) 
96.1(0.1) 

CN"-" 
110.4(0.4) 
110.1 
0.3 
Br"-" 
112.7(0.5) 
113.9 
1.2 

Me"'"" 
99.6 
100.1 
0.5 
F" 
92.8(1) 
93.2 
0.4 

Mea'dd 

110.6(0.6) 
107.4 
3.2 
SiH3 

119.6(0.7) 
110.1 
0.5 
l°.gg 

102 
102.1 
0.1 
OEt 0 0 

120.0(1.0) 
99.5 
20.5 
O C H = C H 2 

124.0(1.0) 
100.3 
23.7 
Cl" 
98.4(0.5) 
98.3 
0.1 
Me 
96(5) 
98.1 
2.1 

H 
104.52 
94.3 
10.2 
O C F 3 " / 
120.(1) 
122.3 
2.3 
CF 3 

105.6(3) 
101.0 
4.6 
N M e 2 " 
116(1) 
97.2 
18.8 
SCN" 
101 
98.4 
2.6 

pa, w 

108.3(0.05) 
107.8 
0.5 
Me"'* 
112.4(0.2) 
112.0 
0.4 

IB 
PJa, a-a 

91.3 
92.3 
1.0 
Bra 

96(2) 
96.8 
0.8 

IC 
Et 0 

113(3) 
108.0 
5.0 

H° 
93.3(0.2) 
93.5 
0.2 
SiH3"" 
96.45(0.5) 
101.5 
6.5 
CN// 
93.5(2) 
98.7 
5.2 
pa. / / 

96.1(0.2) 
95.6 
0.5 
SiH3""" 
93.78(0.17) 
99.51 
5.7 

Et 
108(3) 
111.9 
3.9 
S O 3 - "•* 
124.2 
122.3 
1.9 
CF3S* 
103.8(3) 
103.7 
0.1 
Me3Si"'" 
104 
103.6 
0.4 
C N ' 
99 
95.1 
3.9 

CF3
0'1"1 

103.8 
103.9 
0.1 
Meacc 

96.57 
95.72 
0.8 

H 
106.69 
98.0 
6.7 

ptf.^ 

103.3 
103.5 
0.2 
PF 2 ' 
135.2 
114.0 
21.2 
Me"'/ 
98.9(0.2) 
98.0 
0.9 
SiH3" '0 

97.4(0.72) 
99.5 
2.1 
CF3".* 
97.0"(2) 
98.5 
1.5,4.4 

1" 
114.7 
115.6 
0.9 
SiH3"-1' 
114.4 
114.5 
0.1 

pa,aa 

99.1 
96.8 
2.3 
NMe2"1 

96.9(1.2) 
94.8 
2.1 

F° 
102.5(1.5) 
102.9 
0.4 

Cla '*s 
100.3 
100.2 
0.1 
y[^,hh 

98.6(0.3) 
99.9 
1.3 
C 2 H"** 
101(2) 
100.5 
0.5 
H " 
91.83(0.33) 
92.15 
0.3 
C N " 
91.5(3.5), 87(9.5) 
97.0 
5.5,9.4 

Cl3CS"'/' 
106(0.5) 
104.9 
1.1 

S O 3 - "•* 
119.7 
118.0 
1.7 

I" 
102.3 
102.8 
0.5 

file:///a.ll
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Table III {Continued) 

16 

31 

32 

36 

set 
33 

35 

Sb(Ip) 

P, O 

P, S 

C,H 

M, X1 

C O 

C C H 2 

Cl"'" 
97.0 
97.4 
0.4 
MeO 
118.4(1.6) 
102.3 
16.1 
F" 
100.3(2) 
99.3 
1.0 
F" 
108.8(0.75) 
108.8 
0.1 

Ya.aaa 

Br"'gs 
98.2 
98.2 
0 
pa.H 

101.3(0.2) 
100.8 
0.5 
C\a.lt 

101.8(0.2) 
104.2 
2.4 
Q\a,ww 

111.3(0.2) 
111.1 
0.3 

108.0(0.5) 
107.9 
0.1 
Me"'zz 

116.7(0.3) 
113.65 
3.1 
CF3"'ZZ 

123.6(0.3) 
122.0 
1.6 

Cl« 
111 

f.gg 

95.0 
94.8 
0.2 
C\a.n 
103.3(0.2) 
105.0 
1.7 
Bra 

106(3) 
105.7 
0.3 
Meaxx 

111.15(0.1) 
110.89 
0.3 

2 

.3(0.1) 
114.3 
3.0 
CF: sa.iz 

121.4(0.4) 
120.9 
0.5 
pfl,( iaa 

109.1(0.4) 
108.1 
1.0 

H" 
91.30(0.33) 
91.4 
0.1 
Br" 
108(3) 
106.2 
1.8 
Me0-"" 
104.4(0.2) 
103.7 
0.7 
H 
109.5 
105.8 
3.5 

J-J bbb 

115.83(0.33) 
100.4 
15.4 
NH2 
117.0(0.3) 
109.9 
7.1 
H 
117.57(0.5) 
100.27 
17.30 

\a.ll 

99.1(2) 
99.1 
0 
Me"'"" 
104.1(0.6) 
104.6 
0.5 
Et" 
107 
104.4 
2.6 
Br" 
110.8(0.3) 
111.8 
0.9 

Mea'ccc 

112 
114.2 
2.2 

CF3* 
100.0(3.5) 
99.9 
0.1 
PhO" 
104,96.6 
105.2 
1.2; 8.6 
l-aziridine'1'™ 
100(1.7) 
101.5 
1.5 
CF 3 ^ 
112.9(0.2) 
113.1 
0.2 

Br 
110(5) 
116.3 
6.3 

Cl" 
114.5(1) 
114.9 
0.4 
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and from eq 3 

l / s i n ( 0 x / 2 ) = ( V v x ) + 6i (8) 

It has been argued by Bartell33 and more recently by Gli
dewell30 that the radii used to estimate bond angles should be 
half the distance between X groups in suitable model com
pounds. These radii are termed one-angle radii, /-A, and rex 
< f\x < rVx- We have correlated the rA values reported by 
Glidewell with the r v values of Bondi7 by means of the equa

tion 

J-AX - Ci^vx + Co (9) 

with excellent results. The statistics are reported in Table I (Set 
01). They show that Z-AX is linear in/"vx with C\ = 1.000 and 
Co = —0.349. If the proposal of Bartell and Glidewell is cor
rect, then XA is equal to rAx and 

1/sin (6/2) = / M X / ' A X (10) 

file:///a.ll
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From eq 7 and 9, with Cx = 1.00 

1 _ (bo/B,C0) 
sin (0x/2) r v x + C0 

_ b2 

+ Ai 

'•AX 
• + 6, 

(H) 

(12) 

We have examined the correlation8 of sets of 1/sin (8x/2) 
values obtained from the XMX bond angles reported in the 
literature with 1 /r\ and with (in some cases) 1 /r\ values. The 
r\ values for single atoms were taken from the work of Bondi,7 

or, in the case of polyatomic groups, were /"v.min values calcu
lated as described in previous work.9 The rA values are from 
Glidewell3c or were calculated from eq 9. As equally good 
correlations were generally obtained with either ry or r&, we 
have chosen to use the ry values. The steric parameters used 
are set forth in Table II. The results of the correlations with 
eq 8 are given in Table I; those obtained with eq 12 are given 
in Table I of the supplementary material. The sets studied may 
conveniently be divided into two classes. 

1. The species has tetrahedral geometry according to 
VSEPR theory. As we are considering only species which in
clude the XMX structural unit, there are three possible sub
classes: (A) MX2X'2 where X1 is constant and may be a lone 
pair (Ip) or a substituent in all three subclasses; (B) MX2X'X2 

where X2 is a constant substituent; (C) MX3X1. 
2. The species has trigonal planar geometry according to 

VSEPR theory. Compounds of this type have the structure 
MX2X1 where X1 is a constant substituent. The data used in 
the correlations are reported in Table III. 

We have examined three sets of type 1A in which X' is a lone 
pair with M = O, S, and Se (sets 1, 2, 3) and one set with X1 

= H, M = C (set 34). Excellent correlation was obtained for 
set 1 when X = H was excluded. We have also generally ex
cluded from all the correlations bond angles with errors equal 
to or larger than 3°. The bond angles observed are compared 
with the calculated bond angles for a number of groups in 
Table III; with the exception of the values for X = H and PF2, 
all of the calculated values are within 4° of the observed values. 
Overall, the agreement is excellent. The large deviation of the 
PF2 and H groups will be discussed below. Set 2 also gave an 
excellent correlation. The value for CN was not included in the 
correlation as no grounds were available for choosing among 
the values given in the literature. Good agreement with two of 
the literature values was obtained. The values for Cl, CF3, and 
MeS show a large deviation. Of these, the experimental error 
reported for the MeS and CF3 groups is very large and prob
ably accounts for the discrepancy. The deviation of the Cl value 
is inexplicable at present. A very large deviation is obtained 
for the dimethylamino group. This will be discussed below. 

Good correlation was obtained for set 3 with deviations less 
than 3° for all groups except CN. It must be noted that another 
value of the bond angle has been reported for CF3; the devia
tion from this value is large. Excellent results were obtained 
for set 34 with deviations less than 2° except for X = H. 

Two sets of type 1B were studied, with M = P, X] = Ip, X2 

= PX2 (set 21) and with M = S, X1 = Ip, X2 = 0 (sets 21 and 
22). Significant correlations with eq 8 resulted. The observed 
angles are generally in excellent agreement with the calculated 
angles shown in Table III. 

Seven sets of type 1C have been examined. In five of these, 
the "constant substituent" is a lone pair (sets 13-16). M is N, 
P, As, and Sb, respectively. Significant correlations were ob
tained with eq 8 for all four sets. Comparison of calculated and 
observed bond angles for set 13 shows good agreement for all 
X other than Me, Et, H, and SiH3. The deviation of the Et 
angle is not unexpected in view of the large reported error. The 
deviation of the Me value is surprising. In the case in which X 
= H or SiH3, the size of the deviation clearly shows that this 

angle does not fit a steric model. Some other factor or factors 
must be involved. For set 14, very good agreement is obtained 
for all groups except CN, CF3, and SiH3, which do not fit the 
model, and NMe2, which shows very large deviations. In set 
15, only CN and SiH3 deviated greatly. All of the members of 
set 16 gave excellent agreement between calculated and ob
served angles. 

Of the three other sets of type 1C (sets 36,31, and 32; the 
constant substituent is H, O, and S, respectively) two gave 
significant correlation with eq 8. The failure of set 31 to give 
significant results is probably due to the lack of a sufficient 
number of points in the set and the small range of 1 /rvx cov
ered by the available points. For set 36, where X1 = H and M 
= C, the only deviation is for X = H; otherwise agreement 
between calculated and observed values is excellent. For set 
32, where X1 = S and M = P, calculated and observed values 
are in good agreement for all points. Even in set 31, which did 
not give a significant correlation, the agreement between cal
culated and observed values is very good, with the exception 
of one of the angles reported for X = OPh in an X-ray study 
in which two widely divergent angles were found. 

Finally, two sets of type 2 were studied (sets 33 and 35 with 
X1 = O and CH2, respectively). Both sets give significant 
correlations with eq 8. In set 33, major deviations were ob
served for X = NH2, Br, and H. In the case of the NH2 group, 
the angle was determined in an X-ray diffraction study and the 
large deviation may be due to intermolecular hydrogen bonding 
in the crystal. The large deviation observed when X = Br is 
reasonable in view of the large experimental error reported in 
the determination of the angle. The deviation obtained when 
X = H shows that in this case the steric effect model is ob
viously inapplicable and again some other factor or factors 
must be involved. All of the members of set 35 give very good 
agreement between calculated and observed bond angles except 
the H atom. Here once again, the model fails completely. 

We may now consider the variation of/XMX as a function 
of M. From eq 4 and 5a with X constant 

'MX
 =

 ^I^VM + bo' 

where bo' is rex ~ (oo/oO- Then from eq 3 and 13 

A|>"VM + bo 

and 

1/sin (0x/2) 
r\x 

1/sin (Ox/2) = d]r\M + do 

(13) 

(14) 

(15) 

We have examined the correlation of bond angles for sets 
(with constant X) of compounds of the type MX„(lp)4-„ with 
n = 2 or 3. The results of the correlations are reported in Table 
I. The van der Waals radii used were taken from Bondi's 
compilation with the exception of the values for Sb and for Bi. 
The value of r\ for Sb was calculated from the correlation 
equation obtained for X1 = Me (set 152). Values of /-VM a r e 

given in Table II. Eight sets have been correlated with eq 15, 
all with significant results. Calculated and observed bond 
angles are compared, in Table IV. When X = H, excellent 
agreement is obtained between calculated and observed angles 
for all M except O and N. The very large deviation obtained 
for O and N confirms the conclusion from the correlations with 
eq 8 that some factor or factors other than steric effects must 
be involved in determining these angles. Excellent agreement 
was also obtained for all M when X = Me, F, I, and 4-ZC6H4 
(sets 152, 153, 157, and 161). In the latter case Z may be Me, 
I, H, or Br. No significant electrical effect of Z on the angle 
is detectable. When X is Cl (set 154) all M but S and Bi give 
very good agreement between calculated and observed angles. 
The deviation in the case of Bi is undoubtedly due to the large 
experimental error. That observed for S is in agreement with 
the results of the correlation with eq 8 for X2S. The calculated 
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Table IV. Bond Angles and Deviations Obtained with Equation 15C 

set 
151 

152 

153 

154 

155 

156 

157 

(4-ZC6H4J2M* 
161 

X 
H 

Me 

F 

Cl 

CF3 

Br 

I 

Z, M 

M 
4>bsd 
Scaled 
A 

As 
96(5) 
97.4 
1.4 

S 
103 
100.1 
2.9 
N" 
114(3) 
117.8 
3.8 
S 
105.6(3) 
103.0 
2.6 
P 
101.5 
101.4 
0.1 
P" 
102 
101.9 
0.1 

Me1S" 
109(1.9) 
108.6 
0.4 

O 
104.52 
96.44 
8.1 

Se" 
91.0(0.6) 
91.3 
0.3 

N" 
110.6(0.6) 
110.3 
0.3 
N" 
102.5(1.5) 
102.7 
0.2 
N" 
107.1(0.3) 
108.5 
1.4 
P 
97.2(0.7) 
103.0 
5.8 
Se 
97.0(2) 
98.3 
1.3 
As 
99.66(0.26) 
99.73 
0.1 
As" 
100.2(0.4) 
100.4 
0.2 

Me, Se" 
106(2) 
105.8 
0.2 

N 
106.69 
96.01 
10.7 
Te"'* 
89.5 
89.4 
0.1 

P" 
98.6 
99.2 
0.6 
P" 
97.8 
97.3 
0.5 
P" 
100.3 
100.1 
0.2 
As" 
100.1(3.5) 
100.6 
0.5 

Sb" 
98.2 
98.1 
0.1 
Sb" 
99.1(2) 
99.0 
0.1 

Me, Te" 
101(2.7) 
101.6 
0.6 

P" 
93.3(0.2) 
92.6 
0.7 

O" 
111.72(0.33) 
111.82 
0.1 
As" 
96.1(0.2) 
96.4 
0.3 
As" 
98.4(0.5) 
98.6 
0.2 
Sb" 
100.0(3.5) 
98.3 
1.7 

Bi* 
100(4) 
99.1 
0.9 

I, O" 
118(3) 
117.9 
0.1 

As" 
91.83(0.33) 
91.97 
0.1 

S" 
98.90(0.2) 
99.23 
0.3 
Sb" 
95.0 
95.3 
0.3 
Sb" 
97.0 
97.1 
0.1 
O" 
124.0(0.6) 
120.0 
4.0 

Te* 
98(3) 
93.3 
4.7 

H1N" 
116(2) 
116.8 
0.8 

S" 
92.25 
92.62 
0.4 

Se" 
96.2(0.2) 
95.6 
0.6 
O" 
103.3 
103.4 
0.1 
O" Bi* 
110.8(1.) 100(6) 
109.7 98.0 
1.1 2.0 

Br1S 
109.5 
108.6 
0.9 

"* See Table III. c Sources of all bond angles are reported in Table III unless otherwise noted. 

angle from eq 8 is 98.3°, and from eq 15 is 100.1°. The ob
served value of 103.0° is inexplicably larger. When X = CF3, 
a larger deviation than usual is the result. The largest deviation 
is for P. The angle calculated from both eq 8 and eq 15 for 
P(CF3)3 is 103.0°. We are unable to account for the very large 
discrepancy. Large deviations were also obtained for N and 
O. In the case of N(CF3)3 calculated values are 112.8 and 
117.8° (from eq 8 and 15, respectively). Thus, the observed 
value lies between the calculated values. In the case of O, the 
values calculated from eq 8 and 15 are 120.5 and 120.0°, in 
very good agreement with each other. When X = Br, excellent 
agreement between calculated and observed bond angles is 
obtained except for Te. Since the experimental error is fairly 
large, this is not surprising. 

From our results we can conclude that some other nonsteric 
factor (or perhaps factors) is responsible for the HMH angle 
when M is a second-period element. This factor cannot be re
pulsion between the comparatively unshielded H nuclei as the 
H-H distance should be about the same in all compounds 
which fit the model. A possible explanation is that, owing to 
the short MH bond length for M = O, N, and C, the electron 
density in the MH bond is much greater than in other MX 
bond lengths. Thus, for HOH, HNH, and HCH, electrostatic 
repulsion between bonding pairs would be greater than usual 
and could compete more effectively with lone pair-bond pair 
and lone pair-lone pair interactions. 

The XMX angles in MXn(Ip)3-,, where n = 2 or 3 and X 

has the form WZ3 with W = Si, Ge, and Sn are of considerable 
interest. When M = O or N, the angle is much larger than that 
calculated on the basis of steric effects alone. These angles are 
explicable in terms of d7r-p7r bonding involving the lone pairs 
on N and O. The decreased electron density should result in 
a decreased repulsion betweeen the lone pair and bonding pairs. 
This would cause a larger angle. The large deviations observed 
for the PF2 group in 0(PF2)2 and MeN(PF2)2 are also in 
agreement with this argument. As expected, CH2(SiH3)2 
showed no significant deviation; large deviations were not 
observed for SX2 with X = SiH3, SiMe3, or GeH3. Se(SiH3)2 
did not give a significant deviation. Large deviations were 
observed, however, for trisilyl- and trigermylphosphane and 
for trisilylarsane. In all cases, the observed angles are much 
smaller than the calculated angles. This could result from an 
increased electron density on the lone pair orbital on P or As. 
We cannot propose any reason for this to occur in the case of 
P and As but not in that of S or Se. 

We have observed that PX3 when X = OZ or NMe2 and 
S(NMe2)2 show very large deviations. In all cases the observed 
angle is very much larger than the calculated angle. This 
phenomenon does not occur in (Me2N)2SO or in X3PY with 
X = 1-aziridinyl, Y = S, or X = OPh, Y = O. It does occur 
when X = OMe, Y = O. The failure of the steric model in PX3 
and SX2 might be due to any combination of the following: (1) 
decreased electron density in the lone-pair orbital on P or S; 
(2) increased electron density in the PX or SX bond. 
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Table V. Results of Correlations with Equations 16, 17a, and 17b 

set slope intercept ra Fb 

Oil -0.714 1.577 0.8882 18.68-/ 
011A -0.389 0.976 0.9814 104.6 
021 -0.660 0.688 0.8271 10.82^ 
022 1.478 -0.0987 0.8802 17.19> 
a'm See Table I. " 20% CL. 

Although the central atoms which show this behavior have 
empty d orbitals available for 7r bonding, and the X groups 
involved have lone pairs capable of interacting with such or
bitals, no clear connection between d7r-p7r bonding and the 
observed deviations can be made. The P atoms in PF3 also have 
d orbitals available for bonding, yet the observed angles fit the 
steric model very well. There is a third possible explanation, 
that d7T-p7r bonding results in a change in the effective van der 
Waals radius of the OZ or NMe2 group. Such IT bonding would 
result in decreased rotation of the PX bond. 

We have obtained values of a\ and an in another investiga
tion. From these results we find 1/O1 = 1.236(a0/ai) = 113.5. 
From these results we predict that all of the correlations ob
tained with eq 8 should have an intercept of 1.236. In fact they 
are all in the range 0.872-1.211, in reasonable agreement with 
this prediction. When we attempt to calculate values of bo from 
eq 7a, we do not find agreement between the calculated values 
and those obtained from the correlations. Obviously some other 
factor is present. Equation 7a predicts a linear relationship 
between 60 and TVM- Thus, from eq 5a and 7a 

bo = birWM- 2(a0/ai) = b\r\M + bu (16) 

Equation 16 is in fact obeyed. Results of the correlation are 
given in Table V (set 011). The results are improved by omis
sion of the bo value for M = O (set 01 IA). Sets studied are 1, 
2 ,3 , 13, 14, 15, and 16 with M = O, S, Se, N, P, As, and Sb, 
respectively. From eq 14 and 15 

d] = bjrvx (17a) 

do = b0'/rvx (17b) 

and we predict linear relationships between d\ and 1 />vx, and 
between do and 1/Vvx- Correlations with eq 17a and 17b give 
significant results. The statistics are reported in Table V (sets 
021 and 022, respectively). The d\ and do values are from sets 
151-157 with X = H, Me, F, Cl, CF3 , Br, and I, respectively. 
Our results may be summarized as follows: 

1. Fourteen of the 15 sets correlated with eq 8 gave signifi
cant results. All of the eight sets correlated with eq 15 gave-
significant results. The b0 values are correlated by eq 16; the 
d\ and do values by eq 17a and 17b. The b\ values are in good 
agreement with the predicted value. It seems certain that, 
whereas the gross geometry of a classical species can be very 
well described by VSEPR theory, the actual bond angles are 
generally dependent on steric effects. 
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ScJ Sslope^ £nu^ \00r2d ne 

0.0644 0.165W 0.292/ 78.88 7 
0.0111 0.0381 0.006 87 96.32 6 
0.0603 0.201* 0.122/ 68.40 7 
0.107 0.3571/ 0.217" 77.47 7 

2. These conclusions have been demonstrated in tetrahedral 
and trigonal planar species. They are probably equally appli
cable to trigonal bipyramidal and octahedral species. 

3. Substituents which can interact with a lone pair on the 
actual atom by dx- px bonding will not obey the steric model 
proposed here. 

4. H atoms bonded to O, N, or C do not obey the steric effect 
model. 

5. The van der Waals radii are satisfactory steric parameters 
for single-atom substituents. For polyatomic X, the group van 
der Waals radii are effective. 

6. The correlation equations obtained permit the calculation 
of bond angles for a range of species of interest. 

7. Bond angles measured by X-ray diffraction may show 
deviations resulting from the intermolecular forces in the 
crystal. 

8. Coppens10 has reported that in a system, YMX2 , where 
X is constant the angle XMX is a function of Y. This point 
supports our arguments as to the steric nature of the XMX 
angle. We will examine this type of system in the next paper 
of this series. 
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