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A three-dimensional single-crystal neutron diffraction study has been made of picrylsulphonic acid
tetrahydrate. The crystals are triclinic, space group PT, with two formula units in a cell of dimensions:
a=28346 (1), b=11:367 (1), c=8-065 (2) A, «a=9777 (2), f=109-32 (1), y=83-22 (1)°. A full-matrix
least-squares refinement based on F? gave a final R value of 0-052. The structure comprises HsO3 ions,
picrylsulphonate ions and water molecules. The diaquahydrogen ion is of the asymmetric non-centred
type. The hydrogen atom in the short [2-436( 2) A] practically linear hydrogen bond is situated 0-09 A
from the centre of the bond. X-ray — neutron (X-N) difference Fourier syntheses have been calculated
to illustrate the asphericity of the atomic charge distribution in the H;O; and picrylsulphonate ions.

Introduction

The diaquahydrogen ion, HsO,", has been found in
X-ray structure determinations of several hydrates of
strong acids. However, no definite information as to
the location of the hydrogen atoms of the H;O,* ion
can be obtained from the X-ray studies. The configura-
tion of the ion has thus been deduced from the posi-
tions of the non-hydrogen atoms. A neutron diffrac-
tion study of picrylsulphonic acid tetrahydrate was
therefore undertaken to study the geometry of the di-
aquahydrogen ion in more detail. In this compound
the hydrogen atom in the very short O---O bond has
an asymmetric environment and is not forced by sym-
metry to be located in the centre of the bond. The
X-ray structure determination of picrylsulphonic acid

* Part LXXXV: J. Chem. Phys. In the press.

AC30B-4

tetrahydrate has been reported earlier by Lundgren
(1972). This work is part of a series of systematic
studies of solid hydrates of strong acids currently in
progress at this Institute.

Crystal data

2,4,6-Trinitrobenzenesulphonic acid tetrahydrate (pic-
rylsulphonic acid tetrahydrate),
CcH,(NO,);SO;H.4H,0. F.W. 365-23. Triclinic, a=
8346 (1),f b=11-367 (1), c=8-065 (2) A, «=97-77 (2),
B=109-32 (1), y=83-22 (1)°, ¥=713-2 A® at 22°C.
Z=2, D,=1-701 g cm~3. Space group P1 (Lundgren,
1972).

+ Numbers in parentheses here and throughout this paper
are the estimated standard deviations in the least significant
digits.
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Experimental

Large well shaped parallelepipedal single crystals of
picrylsulphonic acid tetrahydrate are easily grown from
an aqueous solution of the acid by slow evaporation
at room temperature. The crystal chosen for the data
collection had a volume of 444 mm3. To prevent it
from losing water it was mounted in a thin-walled silica
glass tube. The crystal had six boundary planes: (100)
and (T00) (separated by 3:2 mm), (010) and (070) (2-7
mm), (101) and (TOT) (42 mm).

The intensity data were collected at the Swedish
Atomic Energy R2 reactor at Studsvik using a Hilger
& Watts four-circle diffractometer controlled by a
PDP-8 computer. The experimental arrangement has
been described briefly by Tellgren, Ramanujam & Lim-
inga (1973). The flux at the specimen was ~10° n
cm~2 s~! at a wavelength of 1:210 A. The x and ¢
setting angles for the 400, 0k0 and 00/ reflexions were
—0-81, 81-14; —0-45, —13-37 and —70-78, 59-83°, re-
spectively (symmetrical 4 setting, Arndt & Willis,
1966). A hemisphere of reciprocal space up to sin /4
=0-693 A-! was examined using the w-26 step-scan
technique. As a check of crystal and electronic sta-
bility three standard reflexions were measured at reg-
ular intervals. These reflexions were found to have
varied significantly within parts of the data. The error
was attributed to an instability in the monitor system.
Those parts of the data where all three test reflexions
had varied slowly and in the same way were scaled ac-
cording to these standards; other parts of the data
were remeasured.

5886 reflexions were measured. These were averaged
to leave 3939 independent reflexions for the least-
squares refinements. The intensities were corrected for
Lorentz, absorption and (in the least-squares refine-
ments) secondary extinction effects. The linear absorp-
tion coefficient (x) was determined experimentally to
be 1-10 cm™!, which corresponds to a value of 34 b
for the incoherent scattering cross-section for hydro-
gen. The resulting transmission factors were in the
range 0-67 to 0-78.

STUDIES. LXXXVI

Structure refinement

A three-dimensional difference Fourier synthesis based
on the non-hydrogen atom parameters obtained in the
X-ray study provided the positions of the hydrogen
atoms. These positions were in agreement with those
found in the X-ray study. The hydrogen atom disorder
in the water chains found in the X-ray study is con-
firmed here (see also Fig. 1). As a consequence of the
choice of space group the disordered hydrogen atoms
were all given occupancy numbers of 0-5. The struc-
ture was then refined by minimizing the function
Sw(F2—F2)? using a full-matrix least-squares pro-
gram. The reflexions were assigned weights inversely
proportional to the estimated variance of the observa-
tion
wl=0X(F%)=0%(F2)+(0-025F?%)?

where o? is based on counting statistics. The second
term is an empirical correction to take account of
other errors in the data. The scale factor, positional
and individual anisotropic thermal parameters for the
36 atoms and an isotropic extinction parameter were
refined. The refinement, which was based on 3015 re-
flexions with intensities greater than 2., converged
with final agreement values

R(F?)=Z|F;—F/>F} =0-052
R(F?) (including zero-weight data)=0-056
R(F))=|2w(F}—F)*/SwF"*  =0-069 .

The conventional R value based on F was R(F)=
0-040. The standard deviation of an observation of unit
weight was

oy =[2w(F;— F7)/(m—n)]">=1-56

where m is the total number of observations and » is
the number of parameters varied.

The final parameters are given in Tables 1 and 2.
Observed and calculated structure factor amplitudes

Fig. 1. A stereoscopic view of the hydrogen-bond system in picrylsulphonic acid tetrahydrate. The atoms in the asymmetric unit
have been labelled. Their coordinates are given in Table 1. For clarity the H- « - O bonds in the disordered water chains have not
been indicated. The atoms drawn with only their boundary ellipses represent alternative positions for the hydiogen atoms in the
chain; within a single chain, however, all water molecules can be oriented in only one of the two possible ways. As an example
the O-H bonds are pointing in the negative a direction in the chain at the top of the figure. At the bottom of the figure the
O-H bonds are pointing in the positive a direction. The thermal ellipsoids are scaled to enclose 50 % probability.
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are listed in Table 3. The |F,| values are corrected for
extinction using the expression
2TF2 13 1/4
[Foleore=1Fol [H‘ -V_ZSI;IgZG_

where A is in A and V is the unit-cell volume in A3
(Coppens & Hamilton, 1970). T is the mean path-
length through the crystal for a particular reflexion,
calculated using the expression 7= —In 4*/u where A*
is the transmission factor and u is the linear absorp-
tion coefficient in cm~!. The refined value of the iso-
tropic extinction parameter is g= 12923 (307). The ex-
tinction correction factors as given above were in the
range 1-00 to 1-60 for the reflexions used in the re-
finement. The reflexions 010 and 200 having very large
extinction corrections (> 2) were given zero weight in
the refinements. An anisotropic extinction correction
was also attempted but resulted in no further improve-
ment.

Table I. Atomic coordinates

The parameter from the present neutron study is followed on
the next line by the corresponding parameter from the X-ray
refinement. Values are x 10° for all atoms axcept H and 10*

Table 1 (cont.)

1939

for H atoms.

x y z

S 28135 (30) 75666 (19) 40246 (31)
28143 (4) 75642 (3) 40278 (5)

o(1) 37899 (19) 73651 (12) 58080 (19)

37876 (15) 73636 (10) 58093 (14)

0(2) 36960 (20) 81037 (12) 30906 (20)

36962 (15) 81024 (10) 30897 (16)

0(3) 11240 (18) 81276 (11) 38046 (10)

11224 (14) 81275 (9) 38029 (15)

(1) 25127 (12) 60937 (8) 28518 (12)

25138 (15) 60952 (11) 28497 (17)

c©) 24427 (12) 51055 (8) 36765 (13)

24406 (16) 51063 (11) 36696 (17)

cQ3) 24492 (14) 39457 (8) 28834 (14)

24493 (18) 39508 (12) 28701 (19)

@) 24974 (13) 37783 (8) 11710 (14)

24980 (17) 37871 (11) 11785 (19)

C5) 25371 (14) 47119 (9) 2500 (14)

25388 (18) 47118 (12) 2576 (19)

C(6) 25352 (12) 58506 (8) 11172 (13)

25348 (16) 58478 (12) 11227 (18)

N(1) 23619 (11) 52359 (7) 54869 (10)

23634 (17) 52334 (10) 54886 (17)

NQ@) 25489 (11) 25590 (7) 3051 (12)

25492 (16) 25602 (11) 3023 (19)

N@3) 25321 (11) 68111 (7) 583 (10)

25322 (17) 68129 (11) 593 (16)

Oo(11) 12284 (21) 58921 (14) 58090 (21)

12200 (15) 58973 (10) 58061 (16)

O(12) 34108 (27) 46307 (17) 65279 (21)

34110 (20) 46282 (12) 65296 (17)

O(1)  27280(23) 17449 (12) 12001 (24)

27281 (17) 17441 (10) 12038 (18)

0(22) 24209 (30) 24366 (15) —12539 (25)

24193 (21) 24425 (11) —12541 (19)

O(31) 37720 (23) 68427 (15)  —3897 (22)

37774 (16) 68425 (11)  —3856 (17)

0(32) 12428 (22) 74709 (14)  —3511 (23)

12423 (16) 74729 (11)  —3514 (18)

O(W1) 2439 (22) —324(13) 83668 (22)

2428 (20)  —393 (12) 83673 (18)

A C30B - 4*

O(W2) 10958 (21) 16779 (15) 43089 (24)
11052 (18) 16813 (12) 43126 (19)
O(W3) 37106 (20) 5771 (15) 59194 (23)
37065 (16) 5795 (12) 59150 (18)
O(W4) 36513(22) —5074 (14) 85413 (25)
36492 (18) —5015(12) 85404 (21)

H(@3) 2404 (4) 3201 (2) 3572 (4)
2394 (23) 3292 (17) 3460 (25)

H(5) 2612 (4) 4555(2)  —1073 (4)
2550 (22) 4623 (15)  —895 (26)

H11) — —199 (4) 706 (2) 7871 (4)
—92(29) 545 (22) 8092 (32)

H(12)* 115 (8) —23(6) 9496 (9)
152 (55) —68 (38) 9479 (56)

H(13)* 1391 (9) —87 (6) 8582 (8)
1195 (72)  —241 (41) 8697 (64)

H(21) 267 (4) 1874 (3) 4939 (4)
399 (35) 1797 (23) 4811 (37)

H(22) 565 (4) 1161 (3) 3241 (4)
624 (31) 1222 (24) 3353 (38)

HG1) 4707 (4) 1055 (3) 6258 (4)
4513 (29) 948 (19) 6205 (29)

H32) 3694 (3) 185 (2) 6946 (4)
3624 (34) 259 (24) 6906 (38)

H33) 2492 (4) 1104 (2) 5235 (4)
2294 (43) 1142 (27) 5135 (42)

H@1) 3797 (5)  —1336 (3) 8223 (6)
3849 (41)  —1154 (32) 8197 (45)

H(42)* 2534 (9) —344 (5) 8672 (8)
2540 (67)  —354 (37) 8733 (56)
H@3)* 4565 (9) —223 (6) 9564 (10)
4292 (69)  —299 (52) 9510 (82)

* Hydrogen atoms occupying disordered sites.

The coherent scattering amplitudes used were bs=
0280, bo=0-580, bc=0:665, by=0-940 and by=
—0-374 (in units of 10712 ¢cm) (Bacon, 1972).

The hydrogen atom coordinates given in the X-ray
work (Lundgren, 1972) were taken from difference
Fourier syntheses. Inadequate computing facilities at
the time of this investigation meant that these coor-
dinates could not be varied in the least-squares calcula-
tions. The comparison made in the present paper is
based on X-ray parameters obtained in a refinement
where hydrogen atom coordinates and their associated
isotropic thermal parameters were also allowed to
vary. Only four of the hydrogen atom coordinates re-
sulting from this refinement showed significant devia-
tions (3-5¢) from the values obtained from the dif-
ference syntheses.

The computer programs used have been described
by Lundgren (1974).

General comparison of neutron and X-ray parameters

Atomic positional and thermal vibrational parameters
from the present neutron study and from the refine-
ment of the X-ray data are given in Tables 1 and 2.
Close agreement is generally found between non-hy-
drogen atom coordinates from the neutron and X-ray
study; significant differences arise, however, for
some of the atoms. The hydrogen atom coordinates
show their characteristic disparity, resulting from the
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asphericity of the electron distribution associated with
these atoms. This will be discussed later in more detail.

Comparison of the thermal vibrational parameters
reveals some differences, especially for the carbon
atoms, for which the f;, values are all significantly
higher than the corresponding X-ray values. The S,
values correspond to a direction perpendicular to the
plane of the carbon ring. Those f,, and f3;; values for
the carbon atoms which deviate significantly from the
X-ray values are all Jlower than these values.

X-N difference Fourier syntheses

A combination of X-ray and neutron diffraction data
was used to study the asphericity of the electronic

HYDROGEN BOND STUDIES. LXXXVI

charge distribution. Quantities (Fx— Fy), used as co-
efficients in Fourier summations, were calculated from
a combination of X-ray data and neutron least-squares
parameters. Fy is the observed structure-factor am-
plitude from the X-ray study with the calculated sign
and corrected for extinction effects using the isotropic
extinction parameter obtained from the X-ray refine-
ment; Fy is calculated using positional and thermal
parameters found in the neutron study and the spher-
ical free-atom X-ray scattering factors given by Han-
son, Herman, Lea & Skillman (1964) (non-hydrogen
atoms) and by Stewart, Davidson & Simpson (1965)
(hydrogen atoms). Before calculating the difference
maps an additional cycle of least-squares refinement
was made on the scale factor k alone, using the neutron

Table 2. Anisotropic thermal parameters

The parameter from the neutron study is followed on the next line by the parameter from the X-ray refinement. The form of the
temperature factor is exp [— (B A+ ... 2Bk + .. D).

(a) Heavy atoms. Values are x 10°,

ﬁll ﬂZZ ﬁ33 ﬁlZ ﬁl?a ﬂ23

S 1057 (34) 396 (14) 1053 (39) —152 (18) 413 (29) -96 (19)

1096 (6) 363 (3) 1056 (7) —128 (3) 460 (4) —88 (3)
o) 1686 (25) 640 (10) 1135 (22) —-211(12) 184 (18) —128 (12)
1763 (21) 646 (9) 1126 (20) —202 (11) 203 (16) —149 (10)
0(2) 1946 (27) 627 (10) 1748 (28) —574 (13) 1009 (22) —197 (13)
1960 (22) 644 (9) 1794 (24) —560 (12) 1028 (19) —-207 (11)
0o®3) 1474 (22) 542 (9) 1791 (27) 170 (11) 820 (20) 153 (13)
1472 (19) 536 (8) 1763 (23) 170 (10) 807 (17) 134 (10)

C() 943 (14) 373 (6) 846 (15) -70(7) 315 (11) =70
806 (19) 394 (9) 933 (22) —48 (10) 322 (16) —6(11)

C(2) 1080 (15) 395 (6) 921 (16) —64 (7) 387 (12) 25 (8)
1005 (20) 442 (10) 897 (23) —-74 (11) 397 (17) 511

C@3) 1305 (16) 381 (6) 1103 (18) —91(8) 469 (13) 30 (8)
1161 (23) 395 (10) 1200 (26) —-78 (12) 444 (19) 55(12)

C@) 1155 (16) 418 (7) 1094 (17) —113 (8) 419 (13) —84 (8)
1067 (22) 394 (10) 1208 (26) —102 (11) 398 (19) —140 (12)

C(5 1334 (17) 489 (7) 942 (17) —116 (8) 440 (13) —80 (9)
1180 (23) 553 (11) 898 (24) —-88(12) 415 (19) —-75(12)

C(6) 1069 (15) 437 (6) 857 (15) —-68 (7) 367 (12) 21 (8)
977 (20) 463 (10) 898 (23) —85(11) 332(17) 70 (11)

N1 1580 (14) 546 (5) 1065 (13) =79 629 (10) 58 (6)
1612 (24) 532 (10) 1092 (23) —144 (12) 642 (18) 21 (11)

N(2) 1443 (13) 484 (5) 1669 (17) —161 (7) 586 (12) —268 (7)
1368 (23) 528 (10) 1711 (29) —175 (12) 570 (20) —324 (13)

N(@3) 1520 (14) 549 (5) 1083 (13) —105 (7) 487 (10) 146 (6)
1642 (24) 536 (10) 1010 (22) —144 (12) 499 (18) 79 (11)
o(11) 1819 (26) 782 (12) 1627 (28) —-30(14) 1080 (22) —74 (14)
1821 (23) 786 (10) 1714 (25) —-52(12) 1117 (19) -84 (12)
0(12) 2778 (40) 1052 (16) 1160 (26) 419 (20) 773 (25) 458 (17)
2839 (32) 1061 (13) 1207 (23) 423 (16) 759 (21) 449 (14)
o2n 2226 (32) 412 (9) 2330 (36) —52(13) 733 (27) - 107 (14)
2222 (26) 433 (9) 2416 (30) -42(12) 720 (22) -68(12)
0(22) 3405 (49) 744 (13) 1757 (33) —433 (20) 1194 (32) —-536 (17)
3420 (37) 819 (12) 1818 (29) —461 (17) 1230 (26) —574 (14)
oan 2145 (31) 836 (12) 1825 (30) —-229 (15) 1261 (25) 208 (15)
2192 (25) 860 (11) 1896 (27) —276 (13) 1288 (21) 158 (13)
0(32) 1859 (29) 762 (12) 1925 (32) 154 (15) 439 (24) 546 (16)
1904 (24) 776 (11) 1981 (28) 198 (13) 436 (20) 525 (13)
Oo(W1) 1546 (29) 556 (10) 1538 (31) —-25(13) 477 (24) 141 (13)
1556 (25) 589 (10) 1633 (26) 15 (12) 510 (20) 192 (12)
O(W2) 1574 (26) 794 (12) 1681 (31) —-82(14) 793 (24) 67 (16)
1643 (23) 818 (11) 1642 (26) —=77(13) 823 (20) 3(13)
o(w3) 1332 (25) 803 (12) 1809 (31) —294 (14) 670 (22) —124 (16)
1400 (21) 815 (11) 1827 (27) —329 (12) 715 (19) —-119 (13)
Oo(w4) 1362 (26) 622 (12) 2088 (35) —-25(13) 496 (26) 81 (15)
1443 (22) 612 (10) 2182 (31) —-11 (12) 506 (22) 40 (14
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Table 2 (cont.)

(b) Hydrogen atoms. The anisotropic parameters are x 10%

ﬂll?l B2 bz Bis Bas
H(3) 267 (6) 55(2) 190 (5) —-14 (2) 100 (4) 15 (2)
H(5) 252.?6§4) 87 (2) 136 (44) -21(3) 94 (4) -12(2)
H(11) 233%633) 71 (2) 245 (6) 10 (3) 79 (5) 30 (3)
H(12)* 19411‘?12)6)) 98 (4) 196 (15) -9 (5 85 (10) 7(7)
H(13)* 172.21(29)) 105 (5) 211 (12) —16 (6) 54 (9) 26 (6)
H(21) 19g.§5§12) 101 (2) 217 (6) 11 (3) 102 (4) 0(3)
H(22) 182.?5§7) 106 (2) 185 (5) -303) 73 (4) 13 (3)
HQ@31) 162.%4()6) 103 (2) 229 (6) —-39(3) 76 (4) 0(3)
H(32) 168'?4()5) 91 (2) 211 (6) —26(2) 74 (4) 0(3)
H(33) 22;.2657) 91 (2) 208 (5) —45(3) 110 (5) —18 (3)
H(41) 232‘?658 69 (2) 456 (12) 12 (3) 77 (1) 10 4)
H(42)* 172.?1(19)) 96 (5) 240 (13) —10 (6) 95 (9) 32(6)
H(43)* 212.(()129)) 114 (6) 228 (15) —-20(7) 33 (11) 22 (1)

7-6 (16)

* Hydrogen atoms occupying disordered sites.

least-squares parameters and the X-ray observations.
This led to a 2:6 % increase in k (defined by kF,=F,).
The X-N syntheses will be discussed later.

Description and discussion of the structure

Hydrogen bonds, H;O3

A stereoscopic view of the hydrogen-bond system is
shown in Fig. 1. Selected distances and angles are
listed in Table 4 and are illustrated in Fig. 2. No
significant differences in hydrogen-bond distances and
angles involving the non-hydrogen atoms are observed
on comparison with results from the X-ray study. The
hydrogen atom disorder found in the X-ray study is
confirmed in the present study. The O-H distances in-
volving the ordered hydrogen atoms are 0-10-0-26 A
longer than the distances found in the X-ray case. The
corresponding values for the disordered hydrogen
atoms are 0-05-0-30 A. The O-H directions agree to
within 9(3)° for the ordered hydrogen atoms and to
within 18(5)° for the disordered hydrogen atoms.

The water molecules H,O(W1) and H,O(W4) are
bonded together to form chains extending in the a
direction. Within a single chain the water molecules
are oriented in one of two ways. Fragments of the two
possible disordered chains are shown at the top and
bottom of Fig. 1. The chains are interconnected via
H;O; ions, consisting of two water molecules bonded
together by a very short hydrogen bond, 2-436 A. The
H;O; - - -H,0 bonds, 2:604 and 2:685 A (Fig. 2), are
considerably longer than the bond within Hs;Of and

this may be taken as a criterion for the characteriza-
tion of the H;Of complex.

The diaquahydrogen ion, H;O5, is of the asym-
metric non-centred type. The hydrogen atom in the
short, practically linear hydrogen bond is situated 0-09
A from the centre of the bond. The conformation of
the ion is gauche. The angle between the planes formed
by the central O- - -O bonds of each end is 105-7°. The
corresponding angle is 106-9° when the outer O-H
bonds are considered.

The vibrational motion of the hydrogen atoms in
H,O;, as illustrated by the thermal parameters from
the least-squares refinement, shows some noticeable
features. The thermal motion of H(33) relative to
O(W2) and O(W3) is shown in Fig. 3. The thermal
ellipsoid of the hydrogen atom represents the differ-
ence between the thermal motion of the hydrogen atom
itself and the oxygen atoms to which it is bonded
[O(W?2) and O(W3)]. The motion is mainly in the
direction of the bond. This is in complete agreement
with the observation that the hydrogen atom in very
short hydrogen bonds vibrates in a broad potential-
energy well (Albertsson & Grenthe, 1973; Kvick,
Koetzle, Thomas & Takusagawa, 1974). Several ab
initio calculations on the HsO;f complex also show
that the potential-energy curve for the proton in the
short hydrogen bond is very flat in the region of its
minimum and that rather large proton shifts (~0-3 A)
are possible without any significant change in energy
(Kollman & Allen, 1970; Kraemer & Diercksen, 1970:
Newton & Ehrenson, 1971).
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Table 3. Observed and calculated neutron structure-factor amplitudes

The columns are in order k, I, 100|F,|, 100]F.|. Reflexions marked * were given zero weight in the refinements.
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Table 3 (cont.)
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Table 4. Distances (A) and angles (°) within the hydrogen-bond system

{
;
;
(a) Hydrogen bonds O-H---O
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H(21)-0(W2)-H(33)
H(22)-0(W2)-H(33)
H(31)-O(#3)-H(32)
H(31)-0(W3)-H(33)
H(32)-0(W3)-H(33)
H(41)-O(W4)-H(42)
H(41)-O(W4)-H(43)

O(W2)-H(22)
O(W3)-H(31)

Hi1

O(W3)-H(33)
O(W2)-H(21)
O(W3)-H(32)
O(W1)-H(11)
O(W1)-H(12)
O(W1)-H(13)
O(W4)-H(42)
O(W4)-H(43)
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(b) Water molecules
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The motions of the outer hydrogen atoms of the are oriented so that their shortest axis is approximately
H;O; complex are different from that of the hydrogen in the bond direction. The thermal ellipsoid of the
atom in the central hydrogen bond. The difference hydrogen atom represents the difference between the
thermal ellipsoids, as illustrated for H(31) in Fig. 3,

Table 6. R.m.s. components of thermal displacement of
the atoms along the ellipsoid axes (x 10° A)

Ry R, Rs
S 145 (3) 171 (3) 194 (3)
O(1) 162 (2) 219 (2) 244 (2)
0(2) 154 (2) 194 (2) 291 (2)
0(3) 166 (2) 205 (2) 242 (2)
C(1) 147 (1) 163 (1) 172 (1)
C(2) 155 (1) 163 (1) 184 (1)
C(3) 155 (1) 174 (1) 202 (1)
C(4) 151 (1) 183 (1) 196 (1)
C(5) 150 (1) 187 (1) 205 (1)
C(6) 153 (1) 169 (1) 183 (1)
N(1) 161 (1) 187 (1) 223 (1)
N(2) 152 (1) 208 (1) 244 (1)
N(3) 165 (1) 191 (1) 218 (1)
O(11) 163 (2) 232 (2) 255 (2)
0O(12) 161 (2) 234 (2) 325(2)
O(21) 158 (2) 263 (2) 269 (2)
0(22) 152 (2) 263 (2) 331 (2)
Oo@31) 161 (2) 235 (2) 275 (2)
0(32) 175 (2) 253 (2) 263 (2)
o(W1) 187(2) 212 (2) 222 (2)
Oo(W2) 192(2) 225 (2) 236 (2)
Oo(W3) 185(2) 207 (2) 255 (2)
O(W4) 196 (2) 209 (2) 250 (2)
H(3) 183 (3) 222 (3) 289 (3)
H(5) 176 (3) 242 (3) 284 (3)
H(11) 205 (3) 265 (3) 275 (3)
H(12) 219 (7) 250 (6) 255 (7)
H(13) 231 (7 241 (7) 265 (1)
H(21) 203 (3) 264 (3) 272 (3)
H(22) 221 (3) 242 (3) 263 (3)
H@31) 202 (3) 249 (3) 276 (3)
H(32) 209 (3) 233 (3) 260 (3)
H(33) 213 (3) 216 (3) 294 (4)
H@4D 204 (4) 278 (4) 377 (5)
H(42) 210 (7) 244 (6) 272 (7)
H(43) 241 (8) 267 (8) 290 (8)

C—g)

ow3 H33 ow2
ow3 H31 02

Fig. 2. Bond distances and angles in and around the H;O;" ion.
(a) Distances and angles involving non-hydrogen atoms. Fig. 3. Difference thermal ellipsoids of the hydrogen atoms
(b) Distances involving hydrogen atoms. (¢) Angles in- H(33) and H(31) in the HsO;" ion. The thermal ellipsoids are
volving hydrogen atoms.

scaled to enclose 50 % probability.

Table 5. Difference thermal motion of the hydrogen atoms in HsO}

Root-mean-square displacements (A) along the principal axes and the angles (°) these make with the O---O bond [H(33)] and

H(21)
H(22)
HG1)
H(32)
H(33)

R,
0-027 (39)
0-049 (16)
0-079 (17)
0-050 (19)
0-031 (26)

O-H bonds (other hydrogen atoms).

R, Ry Angles
0:124 (7) 0-161 (8) 32 (4) 99 (6) 60 (4)
0-107 (12) 0-136 (8) 47 (6) 64 (12) 54 (10)
0-104 (7) 0-140 (7) 25 (16) 68 (17) 79 (1)
0-096 (12) 0-109 (7) 34 (12) 63 (16) 72 (18)

0-071 (21) 0172 (5) 93 (3) 94 (4) 503)
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thermal motion of the hydrogen atom itself and the
oxygen atom to which it is covalently bonded. Root-
mean-square displacements for the difference thermal
ellipsoids along their principal axes and the angles
these make with the hydrogen bond are listed in Table
5. The r.m.s. components of all atoms are listed in
Table 6.

The X-N difference map in the plane defined by
atoms O(W?2), O(W3) and H(32) of the H;O; ion is
shown in Fig. 4. The hydrogen bonds O(#3)- - -O(W2)
and O(W3)- - -O(W4) are thus both in the plane of the
paper. The water molecule H,O(14) is bonded to the
H,O; complex by a bond which is 0-17 A longer than
the O(W3)---O(W2) bond. In spite of the large dif-
ference in O-.-O bond lengths, the electron distribu-
tion is very much the same in the two bonds. The
H,O0(W2)-end of the H;O; ion can thus be regarded
as a water molecule very strongly bonded to an oxo-
nium ion. In the present case the infernal structure of
the diaquahydrogen ion may best be described as
H;0*.H,0.

Low electron density is observed in the O-H bonds
in the oxonium ion, but electrons are seen to migrate
to regions above and below the flat pyramidal ion as
shown in Fig. 5(a) and (b). The electron density around
the H,O(W2) molecule is shown in Fig. 5(b). Here
again low density is found in the O-H bonds. Concen-
trations of electron density are found in the O-H
bonds of some of the remaining water molecules. How-

Fig. 4. X-N difference map in the plane defined by O(W2),
O(W3) and H(32). The distance (A) to this plane is given for
those atoms which deviate by more than 0-10 A from the
plane. Contour intervals are at 0-06 € A ~3; zero and negative
contours are dashed.

1945

)

Fig. 5. X-N difference maps in planes parallel to the planes
defined by (a) the hydrogen atoms H(31), H(32), H(33) and
(b) the hydrogen atoms H(21), H(22), H(33). The distance
(A) to the plane is given for those atoms which deviate by
more than 0-10 A from the plane. Contour intervals are
at 0-06 ¢ A~3; zero and negative contours are dashed.

ever, it is difficult to ascertain to what extent the dis-
order of the hydrogen atoms of these water molecules
will affect the appearance of the X-N maps. It should
also be pointed out that scattering factors for the non-
ionized forms of the atoms were used in the X-ray
study. This means that an incorrect number of elec-
trons was assigned to H;O* (11 instead of 10) and to
—SOj5 (40 instead of 41). The positive and negative
charges are in these cases delocalized over several
atoms so that neutral atom scattering factors would
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appear to be a satisfactory approximation to the effec-
tive electron distribution.

The picrylsulphonate ion

Distances and angles within the picrylsulphonate ion
are given in Table 7. The geometry of the ion agrees
very well with the results from the X-ray study as far
as the non-hydrogen atoms are concerned. Significant
differences of 0-015 (3), 0:010 (3) and 0-012 (2) A are
observed for the C(3)-C(4), N(1)-O(11) and C(4)-N(2)
distances, respectively. The C-H bond lengths are
about 0-15 A longer than the corresponding values ob-
tained from the X-ray study. However, the C-H direc-
tions agree better [H(X)-C-H(N)=1-4°]. In the least-
squares procedure the deviation from a spherical elec-
tron distribution is thus compensated by a hydrogen
atom shift towards the carbon atom to which it is
covalently bonded. The asphericity of the electron
density around these covalently bonded hydrogen
atoms is illustrated in Fig. 6. The X-N difference map
also shows the characteristic electron-density peaks in
the C—C bonds in the carbon ring. No significant elon-
gation of the peaks perpendicular to the ring plane
was observed. An approximate integration of the elec-
tron densities in the C-C bonds gives values in the
range 0-11 to 0-16 e. The exocyclic C-N bonds show
lower electron densities than the C—C bonds. Further-
more, each of the NO, groups is characterized by nega-
tive regions on either side of the plane of the group.

STUDIES. LXXXVI

’
4
e

Fig. 6. X-N difference map in the plane of the carbon ring of
the picrylsulphonate ion. The distance (A) to this plane is
given for those atoms which deviate by more than 0:10 A
from the plane. Contour intervals are at 0-06 ¢ A~3; zero
and negative contours are dashed.

Table 7. Distances and angles in the picrylsulphonate ion

(a) Distances (A)

X-ray
C(1)-C(2) 1-397 (1) 1396 (2)
C(2)-C(3) 1-386 (1) 1-383 (2)
C(3)-C(4) 1-382 (2) 1-365 (2)
C(4)-C(5) 1-384 (1) 1-376 (2)
C(5)-C(6) 1-386 (1) 1-382 (2)
C(6)-C(1) 1-395 (1) 1-389 (2)
C(1)-S 1-810 (2) 1-807 (1)
C(2)-N(1) 1-471 (1) 1-:477 (2)
C(4)-N(2) 1-468 (1) 1-478 (2)
C(6)-N(3) 1-473 (1) 1480 (2)
C(3)-H(3) 1-084 (3) 0-954 (19)
(b) Angles (°)
X-ray
S——C(1)-C(2) 122-4 (1) 122-3 (1)
S——C(1)-C(6) 121:6 (1) 1221 (1)
CQ2)-C(1)-C(6) 1156 (1) 1152 (1)
N(1)-C(2)-C@3) 115:1 (1) 1152 (1)
N(1)-C(2)-C(1) 121:3 (1) 121-4 (1)
C(3)—-C(2)-C(1) 1236 (1) 123:4 (1)
H(3)-C(3)-C(4) 121:4 (2) 121 (1)
H3)-C(3)-C(2) 1214 (2) 122 (1)
C(4)-C(3)-C(2) 117-2 (1) 117-5 (1)
N(2)-C(@)-C(5) 1186 (1) 118-2 (1)
N(2)-C(4)-C(3) 118-7 (1) 118-8 (1)
C(5)-C(4)-C(3) 1227 (1) 1230 (1)
H(5)-C(5)-C(6) 121:4 (2) 118 (1)
H(5)-C(5)-C4) 121-2 (2) 124 (1)
C(6)—-C(5)-C(4) 117-3 (1) 117-1 (1)
N(3)-C(6)-C(1) 121:5 (1) 121-2 (1)
N(3)-C(6)-C(5) 115-0 (1) 1150 (1)

X-ray
C(5)-H(5) 1-079 (3) 0-924 (19)
N(1)-0(11) 1-209 (2) 1-219 (2)
N(1)-0(12) 1-213 (2) 1-213 (2)
N(2)-0(21) 1-215(2) 1-220 (2)
N(2)-0(22) 1-216 (2) 1-214 (2)
N(3)-0@31) 1209 (2) 1-212 (2)
N(3)-0(32) 1-213 (2) 1-213 (2)
S—-0Q1) 1:433 (3) 1431 (1)
S——0(2) 1-442 (3) 1-445 (1)
S—-0(3) 1-442 (3) 1-444 (1)
X-ray
C(1)-S——C(5) 123:5 (1) 123-8 (1)
C(1)-S—-0(1) 1049 (1) 105:0 (1)
C(1)-S-—0(2) 1029 (1) 102:7 (1)
C(1)-S——0(3) 105-6 (1) 1056 (1)
0(1)-S——0(2) 115-0 (2) 115-1 (1)
O(1)-S——0(3) 114-6 (2) 114-7 (1)
0(2)-S——0(3) 112-3 (2) 112:1 (1)
C(2)-N(1)-0(11) 118:2 (1) 117-8 (1)
C(2)-N(1)-0(12) 1167 (1) 1169 (1)
O(11)-N(D-0(12) 1250(1) 125-3 (1)
C(4)—N(2)-0(21) 1177 (1) 117-4 (1)
C(4)—N(2)-0(22) 1176 (1) 117-5 (1)
OR21)-N(2)-0(22) 1247 (1) 125-1 (1)
C(6)—N(3)-0(31) 1177 (1) 117-5 (1)
C(6)—N(3)-0(32) 1164 (1) 116-5 (1)
O(31)-N(3)-0(32) 125:8 (1) 1259 (1)
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In the sulphonate group electron densities are found in
all S-O bonds and negative regions occur between the
bonds. Negative regions are also observed at all oxy-
gen sites, in agreement with earlier studies (¢/. Alm-
16f, Kvick & Thomas, 1973). Electron densities cor-
responding to the lone pairs are observed around all
oxygen atoms, but the densities are in most cases
smeared so that no lone-pair directions can be de-
duced from the maps.
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are also due to him and other members of the Hydro-
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was in part supported by grants from the Swedish
Natural Science Research Council which are here
gratefully acknowledged.
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The camphane-like compound 4-phenyl-2,4,6-triazatricyclo[5,2,2,0>%Jundecane-3,5-dione crystallizes
in the monoclinic system with a= 5-8399 (6), b= 15-6402 (16), c= 6:7462 (7) A, f=100-74 (5)° at —170°C,
space group P2, and Z=2. 1756 significant reflexions were collected on a three-circle diffractometer at
—170°C with Mo Ka radiation. The structure was solved by direct methods. Block-diagonal refinement
including all atoms reduced the R index to 3-54 %. The bicyclo[2,2,2]octane ring is slightly distorted. In
this ring system the hybridization of the two vicinal atoms N(2) and N(6) is pyramidal, while that of the
third nitrogen atom, N(4), is planar. The 1,2,4-triazacyclopentane-2,4-dione ring is slightly puckered:
its largest torsion angle is —8-5° and its conformation an envelope with N(4) as flap. The phenyl ring
has an asymmetric orientation with respect to the five-membered ring.

Introduction

This study is a continuation of earlier investigations
(Altona & Sundaralingam, 1970; Altona & Sundara-
lingam, 1972; Offereins, Altona & Romers, 1973) into
the twist of norbornane- and camphane-like structures
containing nitrogen atoms in pyramidal hybridization.
The title compound (hereinafter PTT) contains a bicyc-
10[2,2,2]octane nucleus in which two vicinal secondary
carbon atoms are substituted by nitrogen atoms. Its
chemical structure and the numbering of atoms are
indicated in Fig. 1.

Evidence of a twisting motion about the threefold
symmetry axis of bicyclo[2,2,2]octane has been reported
by Ermer & Dunitz (1969) for the solid-state structure
of bicyclo[2,2,2]octane-1,4-dicarboxylic acid (BOD) and
by Yokozeki, Kuchitsu & Morino (1970) for the gas-
phase structure of bicyclo[2,2,2]octane. This motion
does not lead to a deviation from D, symmetry for
the average structures observed; however, the lower
D, symmetry has been reported by Cameron, Ferguson
& Morris (1968) for the solid-state molecular structure
of 1-p-bromobenzenesulphonyloxymethylbicyclo-
[2,2,2]octane (BBO). Apart from the two aza atoms,



