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all about 120 ° [118.2 (1.2)-122.8 (1.2)°]. For (1) all 
the H atoms were successfully refined and a small 
degree of strain was found to result from the short 
N ( 10)-C (10a) bond. The bond angles 
H(1)- -C(1)-C(10a)  and H ( 9 ) - C ( 9 ) - C ( g a )  are less 
than 120 ° [ 1 1 3 ( 2 ) a n d  111(2) ° respectively]; the 
atoms H(1) and H(9) are forced inwards as the longer 
C - O ( 5 )  bond lengths cause the atoms H(4) and H(6) 
to be splayed outwards with H ( 4 ) - C ( 4 ) - C ( 4 a )  and 
H ( 6 ) - C ( 6 ) - C ( S a )  angles of 125 (2) and 122 (2) °. 
This is also reflected in the differences between the 
angles of 118.9 (6) and 116.8 (6) ° at 0(5)  and N(10). 

The 7-methoxy substituent is twisted only slightly 
out of the [C ~2NO] least-squares plane with deviations 
of 0(7)  and C(71) of 0.37 (I) and 0.21 (1)A, re- 
spectively. 

The only intramolecular contact of significance is 
between 0(3)  and H(N2a) of 2.33 (6)A. Only weak 
intermolecular interactions occur (Table 2). 
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Abstract. CI2H25N2Of. CIO~ - [PEtP(NO)2.HCIO4], 
triclinic, P i ,  a = 6.281 (1), b = 12.443 (1), c = 
10.490(1)/k,  a - -  102.48(1), fl = 99.18(1),  y = 
85.84 (1) °, Z = 2, p(measured) = 0.285 mm -1 for 2 = 
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1.210 A. Final R = 0.060 for 2037 reflexions and 416 
parameters. The intramolecular O . . . H . . . O  bridge is 
2.429 (5)A with an O . . . H . . . O  angle of 175.1 (6) ° . 
The proton is, within experimental error, centrally 
located in the bridge, the two O . . . H  distances being 
1.225 (7) and 1.206(7)A. Thermal motion within the 
hydrogen-bond bridge indicates a single-minimum 
potential well. The geometry of the PEtP(NO)2 skeleton 
is practically identical with that deduced from X-ray 
data. 
© 1982 International Union of Crystallography 
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Introduction. This is the fourth part  of a series of  
diffraction studies of  systems containing a PEtP-  
(NO)2 skeleton. The previous paper reported an 
X-ray  structure of  PE tP(NO)z .  HCIO 4 with a very 
short intramolecular  O - . . H . . . O  hydrogen bond 
[2.426 (3)AI in the cation (Jask61ski, Gdaniec  & 
Kosturkiewicz,  1981, hereafter JGK) .  The present 
neutron diffraction investigation of  PEtP(NO)2 .  HCIO4 
has been under taken in order to study the properties of 
this hydrogen bond. 

Unit-cell pa ramete rs  were redetermined by averaging 
the values obtained from least-squares fits of the setting 
angles of  15-20  high-angle reflexions measured on an 

Table 1. Final fractional atomic coordinates (× 104) 
and isotropic thermal parameters Besqo equivalent to 
anisotropic temperature factors ( Willis & Pryor, 19 7 5) 

X .V z Bieq ° ( ~ 2 )  

H(O) 5737 (10) 1394 (5) 5614 (6) 3.9 (2) 
H(121) 8300 (10) 3532 (6) 8206 (6) 4.5 (2) 
H(122) 8519 (10) 2114 (5) 7396 (6) 4.4 (2) 
H(131) 5957 (14) 1639 (7) 8668 (8) 5.8 (2) 
H(132) 8113 (14) 2339 (6) 9743 (7) 5.8 (2) 
H(141) 5889 (15) 4044 (7) 10061 (8) 6.8 (3) 
H(142) 4429 (17) 3010 (9) 10402 (9) 7.9 (3) 
H(151) 2314 (12) 2729 (8) 8162 (9) 6.8 (3) 
H(152) 2141 (13) 4161 (7) 8937 (9) 7.2 (3) 
H(161) 4933 (13) 4583 (6) 7778 (7) 5.6 (2) 
H(162) 2790 (13) 3915 (7) 6611 (9) 6.5 (2) 
H(11) 5010 (14) 3490 (6) 5042 (7) 5.9 (2) 
H(12) 7086 (15) 4181 (6) 6204 (8) 6.1 (2) 
H(21) 9611 (13) 2498 (7) 5786 (7) 5.6 (2) 
H(22) 8793 (15) 3162 (6) 4461 (8) 6.1 (2) 
H(221) 6296 (14) 2328 (6) 2638 (7) 6.0 (2) 
H(222) 4412 (12) 2057 (6) 3614 (7) 5.3 (2) 
H(231) 4041 (17) 803 (8) 1424 (9) 8.1 (3) 
H(232) 4788 (13) 69 (7) 2711 (8) 5.9 (2) 
H(241) 7830 (17) 672 (7) 992 (8) 7.2 (3) 
H(242) 7000 (17) -657 (7) 935 (8) 7.3 (3) 
H(251) 8689 (13) -611 (6) 3218 (8) 5.8 (2) 
H(252) 10633 (16) -314 (7) 2310 (9) 6.9 (3) 
H(261) 10796 (13) 962 (7) 4492 (8) 5.9 (2) 
H(262) 10140 (12) 1670 (7) 3158 (8) 5.6 (2) 
O(1) 4517 (6) 1987 (3) 6291 (3) 3.41 (9) 
0(2) 7037 (6) 876 (3) 4968 (3) 3.44 (9) 
N(1) 5642 (3) 2951 (2) 6827 (2) 2.90 (5) 
C(12) 7468 (5) 2756 (3) 7884 (3) 2.87 (8) 
C(13) 6663 (6) 2427 (3) 9016 (3) 3.8 (1) 
C(14) 5053 (6) 3273 (4) 9616 (4) 4.8 (1) 
C(15) 3231 (6) 3479 (3) 8551 (4) 4.8 (1) 
C(16) 4053 (6) 3809 (3) 7426 (4) 4.1 (I) 
C(1) 6449 (6) 3357 (3) 5750 (3) 3.7 (1) 
C(2) 8224 (6) 2678 (3) 5084 (4) 3.6 (1) 
N(2) 7624 (3) 1585 (2) 4219 (2) 2.91 (6) 
C(22) 5812 (6) 1718 (3) 3132 (3) 3.8 (1) 
C(23) 5341 (7) 638 (3) 2176 (4) 4.5 (1) 
C(24) 7323 (7) 130 (4) 1586 (4) 4.9 (1) 
C(25) 9141 (7) -11 (3) 2693 (4) 4.3 (1) 
C(26) 9618 (6) 1074 (3) 3650 (4) 3.8 (1) 
CI 820 (4) 3755 (2) 2316 (2) 3.50 (7) 
0(3) 1152 (9) 4532 (4) 1583 (6) 6.6 (2) 
0(4) 1269 (9) 2669 (3) 1635 (5) 6.1 (2) 
0(5) 2134 (I 1) 3927 (5) 3563 (6) 8-8 (2) 
0(6) -1375 (8) 3828 (5) 2490 (6) 6.9 (2) 

X- ray  diffractometer  for three different crystals.  They 
are in reasonable  agreement  with those given by J G K .  

Neutron diffraction da ta  were collected for a single 
cry_stal with well-developed natural  faces ({010 }, {001 }, 
{110}, {111}) and with dimensions 2.1 x 4.3 x 7.0 
mm on a computer-control led four-circle Hilger & 
Wat ts  diffractometer  at the Swedish R2 reactor  at 
Studsvik using a beam with a mean wavelength of 
1.210 A (A2/2 ~ 0.08).  A total of  2407 reflexions with 
sin 0/2 < 0 . 6 5 / k  - l  were measured at 294 K. Two check 
reflexions monitored at regular intervals during the data  
collection indicated no systematic variat ion of  intensity 
with time. The intensities were corrected for back- 
ground using the profile analysis method of Lehmann  
& Larsen (1974) and for Lorentz and absorption 
effects. The minimum and max imum transmission 
factors were 0 .34  and 0.66 respectively. 

The full-matrix least-squares refinement of the 
structure started from the X- ray  parameters  given by 
J G K  and was based on 2037 reflexions with I > 
0 .5o(1) .  The function minimized was ~ w(IFol -  IFcl) 2 
with w = a-2(Fo) + 0 .03Fo  2 and a(Fo) derived from 
counting statistics. The parameters  varied in the 
least-squares calculations comprised positional and 
anisotropic thermal parameters  of all a toms,  the scale 
factor  and an isotropic extinction coefficient. The 
isotropic extinction model used was that described by 
Becker & Coppens  (1974a,b,  1975) as type I (mosaic- 
spread dominated)  with Lorentzian mosaic-spread 
distribution. The refined extinction parameter  is 
1.45 (7) x 104 and corresponds to a r.m.s, spread of 
4" .  The refinement indicated that  the extinction was not 
severe since none of  the reflexions suffered more than 
50% intensity loss from it and only 3 .9% of the da ta  
were affected by more than 15%. Coherent  scattering 
amplitudes were taken from Koester  (1977). The 
refinement converged at R = 0 .060  and R w = 
l~w(IFol - IFcl)z/~,WlFol211/2 = 0.061.  The number  
of  reflexions per parameter  in the final refinement was 
4.9.  Final positional and isotropic thermal (B~sq o) 
parameters  of  all a toms are given in Table 1.* 

All calculations were carried out on N O R D - 1 0 0  and 
IBM 370 computers  using programs  described by 
Lundgren (1979). 

Discussion. Bond distances and angles in the hydrogen-  
bonded P E t P ( N O ) 2 . H  ÷ skeleton are shown in Fig. 1, 
together with the X- ray  values found by J G K  (marked 
with an asterisk). There is close agreement  between 
these two paramete r  sets in the PEtP  moiety of  the 
cation. Most  of the differences are less than l a  and 
only a few approach  20. The striking features of  the 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 36206 (48 pp.). Copies may 
be obtained through The Executive Secretary, International Union 
of Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 
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cation geometry demonstrating the strain within the 
skeleton reported by JGK [deviation of the N(2 ) -  
C(2)-C(1)  and N(1 ) -C(1 ) -C(2 )  angles from the 
tetrahedral value by more than 7 ° ] are further 
confirmed by this neutron study. The N - O  distances 
as found in this study and by JGK are 1.401 (4) and 
1.411 (3) tk, respectively, for N(1)-O(1)  and 1.404 (4) 
and 1.412 (3)/k for N(2)-O(2).  Although the dif- 
ferences are within the experimental errors, the fact that 
both N - O  bonds are longer in the X-ray case by 
almost the same amount (0.008, 0 .010A)  may be 
taken as an indication that these differences are not 
only of random character. It is, however, difficult to 
give a satisfactory explanation for this discrepancy. 
The average piperidyl C - C  distance is 1.513 tk while 
the average piperidyl N - C  bond length (quaternary 
nitrogen) is 1.509 A. The C - H  bond lengths (Table 2) 
range from 1.071 (9) to 1.108 (8)/k with a mean of 
1.094A. The H - C - H  and C - C - H  angles are 
between 105.8 (5) and 113.9 (5) ° , the mean value 
being 109.6 °, whereas the N - C - H  angles cover 
appreciably lower values from 105.2 (5) to 107.0 (5) ° 
with a mean of 106.1 o 

The O . . .  O distance of the intramolecular hydrogen 
bond is 2 . 4 2 9 ( 5 ) A  and agrees well with that, 

: C 2 3 ~ C 2 2 .  ~" T' f v- ~.. ( C 1 ~ 1 3  ~, 
%#. /*'1.310(,.," ~k~" -~ ~ , \ ,  b517 ~__-'~ ,2- ~ '~ 7"1.507u.,\- ;,,' 

, ,  ~ " ~  < ' ~  . ~ ~ C 2  CI - - ~ , x  * .~ ,  < '¢~  

C24 *'  . . . . . . . . . .  (N2', . . . . .  ~' ," . 10978 ~r N I]. 109.6 *1 IO'0,~,A 
~ , * 1 0 9 . 3  *110~],~.,~k,*109.9~~ - -- ~ , * 1 0 9 . 9 ~ x ~ _ ~ 1 0 9 . 2  ~, 109-7"~."* 

'5,,,,,,,,,~,~.~ ~ %</.'.: .'<~_" ~ - " %... ~ %  :;\~ ~ ? ":_ ~.<~.~.' 
~'" .:,.5, ("~..~" ~ _~ '-:027'.29 :",'~.~ (0~ ~ ~'~-_'::i.49 (:_ L¢< 

0.6 
o ( .  O - I t - O }  

*3 
3_ O 2 - N 2 - C 2 2  110. I 0.005 -0.006 

"109.9 a ( / C - C - C )  "0.30"3 a ( C - C )  *0.004-0.005 

0.3 a {N-C) 0.004 
. C 2 - N 2 - C 2 6  "108.2107'3 o ( l  N - C  -CI *0.2-0.3 *0.004 

0.2 o (N-O) 0-004 110.6 a(, C - N - C )  *0.2 *0-003 / O I - N 1 - C I 2  * l l 0 .1  

Z C I - N I - C I 6  108.3 0.007 
"108.7 o ( [  O - N - C )  "0.20'2 a (O-H) *0.03 

0.4 
a ( /  N-O-H) "1-2  

Fig. 1. Bond distances (A) and angles (°) in the PEtP(NO)2.H ÷ 
cation (carbon H atoms are not shown) as found in this neutron 
study and in the X-ray study (JGK, indicated by asterisks). 

Table 2. C - H  bond  dis tances  (t~,) 

C(12)-H(121) 
C(12)-H(122) 
C(13)-H(131) 
C(13)-H(132) 
C(14)--H(14 I) 
C(14)-H(142) 
C(15)-H(15 I) 
C(15)-H(152) 
C(16)-H(161) 
C(16)-H(162) 
C( I ) -H(I  I) 
C(1)-H(12) 

1.093 (7) C(22)-H(221) 1.091 (8) 
1.091 (7) C(22)-H(222) 1.097 (8) 
1.071 (9) C(23)-H(231) 1.083 (I 1) 
1.106 (9) C(23)-H(232) 1.098 (9) 
].102 (10) C(24)-H(241) 1.105 (10) 
1.086 (11) C(24)-H(242) 1.077 (10) 
1.099 (10) C(25)-H(251) 1.096 (9) 
1.099 (9) C(25)-H(252) 1.089 (10) 
1.108 (8) C(26)-H(261) 1.085 (9) 
1.094 (9) C(26)-H(262) 1.085 (9) 
1.102 (9) C(2)-H(21) 1.091 (9) 
1.107 (8) C(2)-H(22) 1.092 (9) 

2.426 (3):k, found by JGK. Also the values for the 
O(1 ) . . .H(O) . . .O(2 )  angle are in close agreement: 
175.1 (6) and 174 (3) ° respectively. The two chemi- 
cally equivalent but crystallographically non-equivalent 
O . . . H  distances are 1.225 (7) and 1.206 ( 7 ) ~  IX-ray 
values: 1-14 (3) and 1.29 (3) A respectively]. With the 
present data the assumption that the proton occupies a 
central position in the hydrogen bridge cannot be 
rejected since a statistical test (Cruickshank & 
Robertson, 1953) indicates more than 5% probability 
for the difference between these two bonds 
[0.019 (10)A] being random. This, and the close 
similarity of the molecular geometry in the two 
chemically equivalent moieties of the cation, suggests 
that the potential well of the proton is approximately 
symmetrical. A thermal-ellipsoid stereoscopic drawing 
of the cation including all the H atoms is shown in Fig. 
2. It can be seen that the piperidyl rings of the cation 
protect the hydrogen-bond bridge from exposure to 
short intermolecular contacts. Fig. 2 and Table 3 also 

H242~ 

C 24 ~ J ' l ~  C 25 H25° 

C 2 ~ " ~  2 

H222V___~ C 2 " ~ m ~  ~ 

H,,dS-  

CI~CI 4 

H242 

C 2 4 ~ 1 ~  C2! 

H~I .~ 

H¶2 N ~ 1 2  

Hlbl-- C ~ 1 4  H~]2 

Fig. 2. OR TEP (Johnson, 1976) thermal-ellipsoid stereodrawing of 
the cation. The thermal ellipsoids are scaled to enclose 20% 
probability. 

Table 3. T h e r m a l  mot ion o f  the a toms  in the 
0 . . .  H . . . 0 bridge 

H(O) 

O(1) 

0(2) 

R.m.s. Angle between R.m.s. 
displacement principal axis displacement 

along principal and O(1). . .0(2) in O(1). . .0(2) 
axis (~,) vector (°) direction (,~) 

0.203 (8) 105 (16) 
0-226 (9) 17 (17) 0.225 (9) 
0.240 (8) 83 (23) 

0.157 (6) 107 (5) 
0.206 (5) 161 (5) 0.203 (5) 
0.250 (4) 97 (5) 

0.178 (5) 103 (9) 
0.204 (5) 14 (8) 0.203 (5) 
0.240 (5) 85 (6) 



294 1,1'-ETHYLENEBIS(PIPERIDINE 1-OXIDE) MONOPERCHLORATE 

show that the directions of the largest thermal 
displacements of the three hydrogen-bridge atoms 
[O(1), H(O), O(2)1 are roughly normal to the 
O(1) . . .O(2)  hydrogen-bond line. The thermal ellip- 
soid of each of these atoms has one of its principal 
axes roughly along the O(1)-- .O(2) vector and the 
other two approximately perpendicular to it. An 
analysis similar to that by EUison & Levy (1965) for 
potassium hydrogen chloromaleate has been carried 
out to study whether H(O) effectively vibrates in a 
single- or double-minimum potential well: subtracting 
the mean-square component of displacement of O(1) 
and 0(2)  along the O( 1 ) . . . 0 ( 2 )  vector [both equal to 
0.041 (2)/i,2] from the corresponding value for H(O) 
yields 0.009 (4)A 2 as the mean-square amplitude of 
stretching of the O . . . H  link in the hydrogen bridge. 
From spectroscopic data (Jask61ski, Kosturkiewicz, 
Mickiewicz-Wichtacz & Wiewi6rowski, 1979) it is 
suggested that the mean-square amplitude for the 
O . . .  H stretching cannot be significantly smaller than 
this value. The conclusion is accordingly that the 
potential is effectively of the single-minimum type. 
Additional investigations are planned involving a 
low-temperature neutron diffraction study and a more 
accurate spectroscopic investigation for comparative 
studies. 

The geometry of the perchlorate anion is given in 
Table 4. The values in this table as well as the thermal 

Table 4. Geometry of  the CIO 4 anion 

c1-0(3) 1.403 (6)/I. c1-0(5) 1.414 (7),~, 
C1-O(4) 1.417 (5) CI-O(6) 1.414 (6) 

0(3)-c1-0(4) 111. I (3) ° 0(4)-c1-0(5) 108.0 (4) ° 
0(3)-c!-0(5) 112.1 (4) 0(4)-c1-0(6) 107.5 (4) 
0(3)-c1-0(6) 108.6 (4) 0(5)-c1-0(6) 109.5 (4) 

parameters of the C104 atoms both agree with the 
corresponding data reported by JGK. 

MJ wishes to acknowledge support from IVA (Royal 
Swedish Academy of Engineering Sciences) to cover 
part of his stay at the Institute of Chemistry, University 
of Uppsala. 
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