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The Crystal Structure of Tetramethylammonium Perchlorate 
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The structure reported for te t ramethylammonium perchlorate by I-Ierrmann & Ilge (1929) is 
incorrect. 

Crystals of te t ramethylammonium perchlorate are tetragonal with a = 8.343 ± 0.002 and 
c = 5.982 ± 0.003 fir. The space group is P4/nmm with Z = 2. The (CHa)dN+ ions are in positions 2(a) 
with 42m symmetry and the C10~- ions are in the positions 2(c), the required 4ram symmetry of the 
latter positions being achieved through a fourfold disorder of the perchlorate ions. The (CIta)dN+ 
ion conforms very closely to the symmetry of a regular tetrahedron with C-N = 1.470 -+ 0.014 _~ and 
C-N-C angles of 109.4±0.7 ° and 109.5±0.7 °. Because of the disorder, the observed dimensions 
of the perch]orate ion have rather large standard deviations, but within the significance of the 
present determination, the perchlorate ion is a regular tetrahedron with C1-O = 1.50_+0.05 A. 

Introduction 

During the s tudy  of the structure of t r imethyl -  
oxosulfonium perchlorate,  (CHs)3SO+C10~ - (Coulter, 
Gantzel  & McCullough, 1963) i t  became of interest  
to compare the observed structure wi th  those of 
s imilar  compounds. One compound considered in  this  
connection was t e t r a m e t h y l a m m o n i u m  perchlorate,  
the structure of which has been reported by  Her rmarm 
& Ilge (1929). These authors proposed an  ordered 
s tructure based on P4/nmm in  which the te t ramethyl -  
ammon ium ions were placed in  the positions 2(a) at  
0, 0, 0 and ½, 1 0 and  the perchlorate ions in  2(b) at 
0, 0, ½ and  ½, 1_, ½, both with 42m. This requires the 
large cations and  anions to a l ternate  wi th  each other 
along the c axis of the uni t  separated by  only 2.99 A 
(center to center) and  with a distance of 5.9 _~ between 
column centers. Al though this is the solution which 
results from the rigorous appl icat ion of the ideal 
s y m m e t r y  requirements  of the space group, i t  is 
unacceptable  on s t ructural  grounds. The present s tudy  
was under taken  in  order to resolve this discrepancy. 

Experimental  

T e t r a m e t h y l a m m o n i u m  perchlorate was prepared by  
mixing  aqueous solutions of t e t r a m e t h y l a m m o n i u m  
chloride and  silver perchlorate in  the stoichiometric 
ratio. The f i l tered solution was concentrated by  
evaporat ion un t i l  about  hal f  of the theoret ical  yield 
of t e t r a m e t h y l a m m o n i u m  perchlorate was obtained.  
This mater ia l  was then  recrystal l ized from water.  
Crystals  for the X-ray  s tudy  were obtained by  the 
slow evaporat ion of aqueous solutions and  the selected 
specimens were prisms elongated on c. 

The length  of the a axis was obtained by  means  
of an hkO Weissenberg photograph upon which the 
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hkO reflections of a smal l  quartz crystal  were super- 
imposed (Pabst,  1957). The axial  ratio was de te rmined  
by  use of carefully al igned precession photographs of 
the (hO1) and  (hhl) nets prepared with unfi l tered Mo 
radiat ion.  The result ing latt ice parameters ,  based on 
a = 4 . 9 1 3  A for quartz are: 

a = 8-343 _~ ( a=0 .002  A), c =  5.982 A (or=0.003 _~). 

H e r r m a n n  & Ilge reported a=8 .27 ,  c=5 .97  A on 
the basis of X-ray  diffraction measurements  and  
a = 8.290, c = 6"006 J~ on the basis of l i terature  values 
of the  densi ty  (1.379 g.cm -3) and  the  goniometric 
axia l  ratio (c: a = 0.7246). In  some 230 observed 
unique reflections the only sys temat ic  ext inct ions 
were those for hkO with  h + k = 2n + 1, hence the space 
group is p robably  P4/nmm as reported by  He r rmann  
& Ilge. The observed densi ty  is 1.38 g.cm-3, while 
tha t  calculated for Z = 2  is 1.384 g.cm-a. 

The in tens i ty  da ta  were t aken  from mult iple-f i lm 
Weissenberg photographs of the zero through f i f th  
levels prepared with Cu K s  radia t ion about  the c axis. 
For  in ter layer  scaling, and  for use in the pre l iminary  
study,  series of t imed  exposures of the (hO1) and (hhl) 
nets were prepared on the precession camera by  use 
of Mo K a  radiat ion.  The crystal  used for the in t ens i ty  
da ta  was 0.15 × 0.15 × 1.2 mm.  Since the value of /tR 
for Cu Kv¢ radia t ion was only 0"3, no corrections for 
absorpt ion in the specimen were made.  

Determination of the structure 

As a t r ia l  structure,  the MedN + ions were placed in  
2(a) with  42m s y m m e t r y  and  the C10~- ions were 
placed in  2(c) wi th  the assumpt ion  tha t  the required 
4mm s y m m e t r y  of the la t ter  positions is sat isfied 
through disorder. Two-dimensional  Pa t te rson  and  
Fourier  summat ions  on (110) confirmed tha t  this  t r ia l  
s tructure is essent ia l ly  correct wi th  z=0 .410  for 
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chlorine. Nitrogen,  carbon and chlorine a toms were 
clearly resolved in  the  Fourier  summat ion  but  the  
oxygen posit ions were undetermined.  Two disordered 
models were tr ied.  One placed the  t e t r ahedra l  per- 
chlorate ions in two posit ions 90 ° apar t  with thei r  
4 axes along the  fourfold axis of the  space group. 
I n  the  other,  the perchlorate  ion was given full 
spherical disorder. Nei ther  model was satisfactory.  
This suggested t h a t  the actual  disorder is of some 
in te rmedia te  degree which has 4mm but  not  full 
spherical symmetry .  

A th ree -d imens iona l  Pa t t e r son  synthesis  gave 
fur ther  evidence of the  essential  correctness of the 
assumed t r ia l  s tructure,  as did a three-dimensional  
Four ier  synthesis  phased on the posit ions of C1, N 
and  C. A difference Fourier  synthesis  f rom which 
C1, N and C were subt rac ted  showed maxima  about  
the  chlorine posi t ion which suggested the following 
oxygen parameters  involving fourfold disorder:  

parameters  of 0(1) behaved anomalously.  This was 
p robably  due to the  fact  t h a t  this  a tom is close to the  
fourfold axis and  is not  resolved from its symmet ry  
re la ted  atoms in the  three-dimensional  Four ier  sum- 
mations.  Accordingly the  x and  y parameters  for O(1) 
were assigned fixed values of 0.280 for the remainder  
of the least-squares ref inement .  After  three more 
cycles of least-squares refinement,  a three-dimensional  
Four ier  difference synthesis  was computed.  This 
showed maxima which suggested hydrogen a toms in  
posit ions involving twofold disorder. Three f inal  cycles 
of least-squares ref inement  were then  computed which 
included the hydrogen atoms in the  fixed posi t ions 
shown in Table 1 wi th  fixed isotropic t empera tu re  
factors of 5.0 A 2. Also the  t empera tu re  factors on 
n i t rogen and carbon were pe rmi t t ed  to become an- 
isotropic. The resul t ing posi t ional  parameters  and 
thei r  e.s.d, values are given in Table 1 while the  
tempera ture  parameters  and  e.s.d, values are given 

x y z 
o(1) 0.29 0.29 0.64 
0(2) 0.13 0.13 0.42 
0(3) 0.19 0.38 0.31 

Wi th  appropr ia te  weight ing factors, these para- 
meters  were refined along wi th  those of C1, N and C 
by  a fu l l -matr ix  least-squares routine.  I n  the  first  
three cycles, chlorine was assigned anisotropic tem- 
pera ture  factors and  all o ther  atoms were given 
isotropic factors. During these cycles the  x (and y) 

Table 1 . .Final  positional parameters* 
(a) Heavier atoms (From least-squares refinement) 

Ratio of last 
Parameter e.s.d, shift to e.s.d. 

N x 0.7500 
y 0.2500 
z 0.0000 

C x 0.7500 
y 0.1062 0.0014 0.006 
z 0-1419 0.0021 0-023 

C1 x 0-2500 
y 0.2500 
z 0-4180 0.0008 0"005 

O(1) x 0-2800 0"0100 
y 0"2800 0.0100 
z 0-6405 0.0039 0.037 

0(2) x 0.1180 0"0027 0.052 
y 0.1180 0"0027 0-052 
z 0-4023 0-0055 0" 130 

0(3) X 0'1682 0'0052 0.015 
y 0.3898 0.0046 0.078 
z 0.2954 0-0067 0.240 

(b) Hydrogen atoms (Assigned positions) 

x y z 
1.1(1) 0-650 0.075 0.172 
1-1(2) 0.700 0-125 0.274 
H(3) 0.700 0.025 0.070 

* The parameters given here are based on a cell with 
the origin at a center of symmetry. Because of disorder, 
oxygen atoms are given a statistical weight of { and hydrogen 
atoms a weight of ½. 

Table 2. Final temperature parameters from 
least-squares refinement 

(a) Atoms with anisotropic temperature parameCers. 
(The B's given here are related to the b's in the anisotropic 
temperature factor expression by the equations: BI~= 
4a2bll, J~33 ~-4c2b33, etc.) 

Ratio of last 
Parameter e.s.d, shift to e.s.d. 

N Bll 3-5 0.4 0.015 
B22 3.5 0.4 0.015 
Bsa 5.3 0.7 0"019 

C Bll 5"2 0"5 0"020 
B22 4.5 0-5 0.007 
Bsa 7.3 0-7 0.007 

C1 Bll 3.2 0-1 0-016 
B2~ 3.2 0-1 0-016 
B3a 5.6 0.3 0.014 

(b) Atoms with isotropic tempelature parameters 

Ratio of last 
B e.s.d, shift to e.s.d. 

0(1) 7.0 0-7 0-014 
0(2) 4.9 0-6 0.100 
0(3) 5.0 0.9 0.057 

in  Table 2. A series of s t ructure  factors were then  
calculated in which only the  paramete r  x=y for O(1) 
was var ied in steps of 0.005. The lowest value of R 
was ob ta ined  a t  x=y=0.280. However,  as expected, 

the R value was not very sensitive to this parameter 
and there is undoub ted ly  considerable dependence 
on the value of B used for O(1). I n  Table 3 the  f inal  
s t ructure  factors calculated on the  basis of the  
parameters  in  Tables 1 and  2 are compared wi th  the  
observed values. The atomic scat ter ing factors used 
in these calculations were those for neut ra l  a toms in 
International Tables for X-ray Crystallography (1962). 
The factors designated 'C (valence), '  which are due to 
McWeeny (1954), were used for carbon. 

A final three-dimensional  Fourier  difference syn- 
thesis showed no significant maxima or minima.  The 
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Table 3. Observed and calculated structure factors 

K=O, L=O 
2 632  - 6 6 4  
4 163 167 

275 -232  
163 143 

I0 42 -45 
K=I, L=O 

214 -133 
218 186 

5 62 -52 
7 42 33 
9 40 - 3 8  

K=2, L=O 
2 300 304 
4 140 - 158  
6 194 172 
8 102 - 9 7  

10 28 34 
K=3, L:O 
3 337 -357 
5 161 176 
7 48 - 4 8  

42 49 
K 4 t  L=O 

4 162 145 
6 115 - 1 0 9  
8 56 58 

K:5, L=O 
84 - 98  
23 22 

9 36 -33 
K=6, L=O 

6 i00 99 
K=7t  L=O 

12-  - 1 0  
K O, L : I  

0 89 - 5 8  
1 205 - 1 1 4  
2 115 122 
3 228 -242  
4 23 - 3 6  
5 48 43 
6 35 31 
7 71 58 
8 38  - 3 3  
9 16"  - 1 4  

10 17 23 
K=I, L : I  

1 632  647  

2 222 182 
3 182 - 2 1 7  
4 111 -91  

194 171 
38 39 

7 158 - 1 4 1  
8 38 -38 
9 64 62 

10 29 31 
K=2, L=I 

2 215 -218 
40 27 

131 149 
5 47 46 
6 64 -53 
7 76 -71  
8 3 7  34 
9 18 24 

10 22 -31  
K=3, L = I  

3 135 163 
4 70 82 
5 142 - 1 2 8  
6 18" - 9  
7 91 81 
8 18"  6 

35 - 4 0  
1 16 -19 
K=4t L : I  

4 160 -161  
5 73 -81 
6 49 54 
7 49 58 
8 23 - 2 9  
9 18 -24 

K=5,  L = I  
fi 119 99 
6 18- 16 
7 71 -70 
8 14" - 1 1  
9 34 37 

K=6~ L=I 
6 18"  -22 
7 27 - 2 3  
8 12"  18 

K;7~ L=I 
61 63 

K=Ot L:2 
0 52 47 

i 232 259 
92 - 1 2 2  

3 198 - 1 8 4  
4 165 140 
5 106 90 

85 - 6 8  
82 - 7 5  

8 39 43 
9 56 59 

10 22 - 2 7  
K=I, L=2 

41 - 4 2  
22 12 

3 48 17 
4 78 -51 
5 16"  28 
6 98 -76  
7 29 29 
8 54 59 
9 14. -14 

I0 i 0 "  - 1 5  
K=2, L=2 
2 107 149 

116 130 
137 -129 

5 84 - 7 4  
74 59 
37 31 

8 35 -39 
9 32 - 3 9  

10 22 28 
Kf3t L:2 

3 12"  - 8  
4 111 - 111  
5 1 6 "  6 
6 123 105 
7 1 8 .  - 9  
8 59 - 61  
9 12" 8 

K=4, L=2 
4 114 94 

72 6~ 
59 - 4 9  

7 18" - 6  
37 32 
22 24 

K f f i ,  L=2 
5 18" - 1 2  
6 61 -65 

7 16" 17 
8 39 40 

K=6t L=2 
40 41 
29 31 

8 22 -27  
K=O, L=3 

0 28 34 
1 99 - 1 0 5  
2 47 -51 

29 29 
43 19 

5 74 - 6 0  
6 16" 17 
7 69 70 
8 16" -~ 
9 19 - 3 5  

K=It L=3 
1 74 - 1 0 1  
2 I I I  124 
3 59 -54 
4 98 - 9 8  
5 13 17 
6 84 73 
7 34 16 
8 59 - 5 2  

12"  8 
K 2o L=3 

74 88 
87 - 9 1  

4 82 -73 
5 106 79 
6 25 14 
7 73 -59 
8 13 - 8  
9 24  34 

K=3~ L=3 
3 91 72 
4 98 95 
5 33 -33 
6 47 - 3 8  
7 16"  10 
8 31 26 
9 19 -18 

K=4,  L=3 
4 91 85 
5 86 - 7 5  
6 36 - 2 2  
7 56 48 

K~5 15 9 
, L=3 

5 14 18 
45 42 
1 4 "  -5 

8 28 -28 
K;6, L=3 

14" - 6  
7 33 -41 

K=O, L=4 
0 92 -132 
1 66 76 
2 47 55 
3 55 - 5 0  
4 21 - 1 5  
fi 52 . 51 
6 50 43 
7 52 - 4 4  

25 - 2 6  
19 21 

K=I, L=4 
57 68 
74 - 8 7  

3 66 -81 
4 80 82 
5 47 42 
6 55 - 4 7  
7 22 - 1 8  
8 28 33 
9 19 18 

K=2, L=4 
2 18 - 2 0  
3 68 68 
4 14. 2 
5 52 -53 
6 34 - 1 8  
7 46  39 
8 1 2 .  9 

K=3,  L=4 
3 103 116 
4 74 - 6 4  
5 68 - 6 4  
6 36 26 
7 28 21 
8 16 - 1 8  

K=4~ L=4 
4 16" 3 
5 50 46 
6 14" 5 

7 40 - 3 2  
K=5,  L=4 

5 40 39 
27 - 2 8  

K 6 ,  L=4 
6 16 - 1 8  

K=O, L=5 
0 55 64 

35 - 5 6  
56 - 6 0  

3 61 65 
4 45 50 
5 45 - 3 7  
6 46 - a o  
7 12 16 
8 25 28 

K=it L=5 
35 -44 
24 26 

3 21 29 
4 12 - 7  
5 33 - 2 6  
6 27 " 21 

22 23 
14 - 1 3  

K=2~ L=5 
2 63 70 
3 45  - 4 4  
4 56 - 6 0  
5 24 23 
6 38 34 
7 1 0 .  - 7  

K=3, Lgfi 
3 24 -31  
4 31 26 
5 24 20 
6 35 -30 
7 1 0 "  -9 

K=4,  L=5 
4 49 53 
5 36 - 1 4  
6 24 - 2 7  
7 6* 2 

K : S t  L : 5  
5 29 -17 
6 20 18 

The data are separated into groups having common values of/c and 1. The three columns in each group list values of h, 10F o, 
and lOFo in that order. Unobserved reflections are indicated by * and the values of 10Fo given correspond to the minimum 

observable intensities 

final value of R is 13.4% for all observed reflections isotropic temperature factors on the individual atoms. 
and 12-7% if 110 and 101 are omitted. The anisotropic temperature factors are of the form: 

Comput ing  procedures  
exp { - (bnh 2 + b221c 2 + b3312 + bi2hIc + b~3hl + b23kl) } . 

The Patterson, Fourier and difference syntheses The weighting scheme used was that of Hughes (1941) 
involved in this study were computed by use of an and unobserved reflections were omitted. 
unpublished routine written for the IBM 7090 by The standard deviations of the positional and 
P. K. Gantzel & H£kon Hope in these laboratories, temperature parameters were estimated from the 
In its present form, the routine is applicable only to inverse matrix of the normal equations. The shifts 
the calculation of structure factors and three-dimen- in parameters indicated in the last cycles of the 
sional Fourier syntheses for centrosymmetric struc- least-squares refinements are given in Tables 1 and 2 
tures. The coefficients for the Fourier synthesis can as fractions of their respective e.s.d, values. 
be Fo, Fc or the difference between Fo and the contri- 
butions of any or all atoms present. The phases used 
are those calculated in the structure factor part which Discuss ion  of the structure 
provides for either isotropic or anisotropic temperature A projection of the structure of tetramethylammonium 
factors. The contribution and phase of each atom is perchlorate on (001) is shown in Fig. 1 and the ob- 
printed out for each reflection, served bond distances and angles are given in Table 4. 

The least-squares refinement was carried out by use Within the significance of the observed positional 
of ACA Computer Program No. 317 (UCLALS-1) parameters, both the tetramethylammonium ion and 
written by P. K. Gantzel, R. A. Sparks & K. :N. the perchlorate ion are regular tetrahedra. However, 
Trueblood for the IBM 7090. This program minimizes the observed distances and angles within the per- 
the weighted sum of the squares of the quantity chlorate ion are much less reliable than those in the 
(KFo-G]Fc[ )  by a full-matrix routine where K and G tetramethylammonium ion because of the disorder 
are scale factors. The program provides for several which reduces the effective scattering factors for 
weighting options and for either isotropic or an- oxygen to one-fourth of the usual values. In spite of 
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Fig. 1. Projection of the structure of (CH3)4N+CIO 4- on (001). 
The circles represent, in order of decreasing size: CH3, O, 
C1 and N. The black dots indicate alternate positions 
of oxygen atoms permitted by the disorder. The origin has 
been placed at a center of symmetry. 

this l imita t ion,  the  oxygen positions are sufficiently 
well defined to give a good representa t ion of the 
na ture  of the  disorder. 

Table 4. Bond distances and bond angles in 
(CH3)~N+C10y 

(a) Distances 
Bond Distance e.s.d. 
C-N 1-470 A 0.014 A 
CI-O(1) 1.39 0.06 
Cl-O(2) 1.56 0.04 
C1-O(3) 1.54 0-05 

(b) Angles 
(C-N-C) 1 109.4 _ 0-7 ° 
(C-N-C)2 109.5 _ 0.7 
O(1)-C1-O(2) 108.8 ± 3-5 
O(1)-CI-O(3) 113.7 ± 3.5 
O(2)-C1-O(3) 101.2 ___ 2.5 
O(3)-C1-O(3') 116.5 ± 2.5 

The inter ionic  packing involves only CHs-O con- 
tacts  if one defines a contact  as a separat ion of less 
t h a n  (RA+RB+0.2)  /~, where RA and RB are the 
van  der Waals  radi i  of the  groups or atoms involved. 
The observed CH~-0 cont~0ts, thus defined, are li~ted 
in  Table 5 and  may  be compared with the sum of the 
van  der Waals  radi i :  Rc~ 3 + R o = 3.40 ~.  Some of the 

observed contacts  are somewhat  less t h a n  3.40 J~. 
This ma y  be due to a movement  of the  hydrogen  
atoms out  of the  l ine of the  C-O contac t  th rough  
ro ta t ion  about  the  C-N bond. The apparen t  dis- 
ordering of the  hydrogen atoms increases the  l ikel ihood 
of this possibil i ty.  The shortest  CHs-CH8 and O-O 
separat ions have the  same value, 4-20 A. 

Table 5. Packing distances in (CH3)~N+C10~ - 
See Fig. 1 for numbering af atoms 

Number of 
Atom contacts per 

Atoms numbers* Distance oxygen atom 
O(1)-C 1-5' 3.04 A 2 
O(2)-C 2-7 3-44 2 
O(2)-C 2-6 3.48 2 
O(3)-C 3-4 3.19 1 
0(3)-C 3-5 3.25 1 

* Atom 5' is related to atoms 5 by the lattice translation, c. 

The s t ructure  of t e t r a m e t h y l a m m o n i u m  perch]orate 
is quite similar to t h a t  of t r imethyloxosul fonium 
perch]orate. Both  are re la ted  to the  CsCl-type struc- 
ture  with var ia t ions  caused by  deviat ions of the  ion 
symmetr ies  from t h a t  of a t rue  sphere. When  the  
un i t  cell of t e t r a m e t h y l a m m o n i u m  perch]orate is 
doubled to correspond to t h a t  of t r imethyloxo-  
sulfonium perchlorate,  the  la t t ice  parameters  are 
near ly  equal:  

t~ v 

(CH)4N+C10 ~ 11.80/~ 5.98/~ 
(CHa)aSO+CIO ~ 11.66 5.99 
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