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Hydrogen Bond Studies. XLIX.* The Crystal Structure of 2,5-Dibromobenzenesulphonie 
Acid Trihydrate, H7OJ-Cc, I-I3Br2SO3 
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Institute of Chemistry, University of Uppsala, Box 531, S-751 21 Uppsala 1, Sweden 

(Received 23 December 1970) 

The crystal structure of 2,5-dibromobenzenesulphonic acid trihydrate has been determined from three- 
dimensional single-crystal X-ray diffraction data recorded using a Stoe-Philips two-circle Weissenberg 
diffractometer. The crystals are monoclinic, space group P2/c, with four formula units in a cell of 
dimensions: a=7.040, b=7.656, c=22.157 A, fl=96"73 °. The structure comprises oxonium ions 
tightly bonded to two water molecules to form H70 + ions. The O - H . . . O  distances within the ion 
are 2.458 and 2-484 A,. The H70 + ions and 2,5-dibromobenzenesulphonate ions are hydrogen-bonded 
together to form layers. No hydrogen bonds exist between individual H703+j ions. 

Introduction 

This work is part of a systematic study of the solid 
hydrates of strong acids currently in progress at this 
Institute. Other investigations in this series have 
demonstrated the presence of a dihydrated proton, 
HsO +, in several hydrates of inorganic acids 
(HCI. 2H20, HCI. 3H20, Lundgren & Olovsson, 1967a, 
b, HCIO4.2H20, Olovsson, 1968; HBr.2H20, 
HBr.3H20,  Lundgren, 1970; H2SOa.4H20, Kj/illman 
& Olovsson, 1970). Cases in which it has been possible 
to describe the bonding situation in terms of higher 
hydrates of the oxonium ion, e.g. H70  + and H9 O+ 
are so far rare in the solid state (HBr. 4H20, Lundgren 
& Olovsson, 1968; HC104.3H20, Alml0f, 1972). It 
would thus appear that further studies of similar 
hydrates would be of interest. The structure determina- 
tion of 2,5-dibromobenzenesulphonic acid trihydrate 
reported in the present paper is based on single-crystal 
X-ray diffraction data collected at room temperature. 

Crystal data 
2,5-Dibromobenzenesulphonic acid trihydrate, 
C6H3Br2SOzH. 3 H20 
F.W. 370.03. Monoclinic, 
a=7.040 (2),t b=7.656 (1), c=22.157 (2) A, 
fl=96.73 (2) °, 
V= 1186.0 A 3 at 22 °C. 
Z = 4 ,  
Dx = 2.072 g.cm- 3. 
Space group P2/c. 

Experimental 

2,5-Dibromobenzenesulphonic acid was made from 
p-dibromobenzene and fuming sulphuric acid fol- 

* Part XLVIII: Acta Chem. Scand. (1971) 25, 1729. 
I" Nuvnbers in parentheses here and throughout this paper 

are the estimated standard deviations in the least significant 
digits. 

lowing a method described by de Crauw (1931) for 
synthesizing the corresponding chlorocompound. 

The trihydrate was crystallized from an aqueous 
solution of the acid. The crystals form well-shaped 
rods. A crystal of dimensions 0.15 x 0.15 x 0.135 mm 
was cut from a larger crystal and was mounted in a 
thin-walled glass capillary with four crystal faces 
parallel to the capillary axis. If the crystal is not 
protected in this way it will lose some of its water to 
the atmosphere within a few hours. 

The intensity data were recorded at room tempera- 
ture on a Stoe-Philips Automated X-ray 2-Circle 
Diffractometer using Cu K~ radiation and an 09--20 
scan technique. This is not to be confused with the 
more common co-20 scan technique as used on a four- 
circle diffractometer. Different combinations of scan- 
time and filter selection were used to reduce all reflex- 
ions to an approximately common scale. Seven layers, 
0 < h  < 6, were recorded, giving a total of 2089 inde- 
pendent reflexions. This number corresponds to about 
77% of the reflexions within the copper reflexion 
sphere. 522 reflexions with I<2tr(I),  where a(l) is 
based on counting statistics, were considered to be 
insignificantly different from the background and thus 
given zero weight in the refinements. The intensities 
of the 200 and 202 reflexions were very large and thus 
considered to be less accurately measured. For this 
reason their values were used only when the structure 
was solved and were otherwise given zero weight. 

The data were corrected for the Lorentz, polariza- 
tion, absorption and secondary extinction effects. The 
linear absorption coefficient for Cu Kc~ radiation is 
113.1 cm-  1. The minimum and maximum values of the 
transmission factors were 0.1947 and 0.3674 respec- 
tively. 

The cell dimensions were determined from quartz- 
calibrated oscillation photographs taken using a Weis- 
senberg camera and Cu Ke radiation [2(Cu K~I)= 
1.54051, 2(Cu Kez)= 1-54433 A, as~oz=4"9131 A)]. The 
cell parameters were fitted to the measured 0 values by 
a least-squares procedure using the program CELSIUS. 
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This and other programs mentioned in the following 
are described briefly by Liminga (1967) and Nahring- 
bauer (1967). 

Space group and structure determination 

The intensity data indicated the space group Pc or 
P2/c (Nos. 7 or 13 respectively, International Tables 
for X-ray Crystallography, 1952). 

The coordinates of the bromine atoms were deter- 
mined from a three-dimensional Patterson synthesis 
and the positions of the other heavy atoms were 
derived from subsequent electron-density calculations. 
The positions of the atoms so determined were con- 
sistent with the centrosymmetric space group P2/c. All 
the atoms occupy the general fourfold positions of this 
space group. 

The atomic coordinates were first refined in a series 
of electron-density calculations using the program 
DRF. The scale factor, atomic coordinates and indi- 
vidual isotropic thermal parameters were thereafter 
refined in a series of least-squares calculations. The 
refinement ceased to converge at a rather high R value, 
0.197. The discrepancy index is defined as R=~[IFol- 
IFcll/~lFol (zero-weight data not included) The R 
value including zero-weight data is given in parenthesis. 

A few cycles of refinement with anisotropic thermal 
parameters included lowered the R value drastically to 
0.055 (0-084). The number of parameters in the aniso- 
tropic refinement was 136 compared with 61 in the iso- 
tropic refinement. The number of reflexions with non- 
zero weight was 1558. A difference Fourier synthesis 
calculated at this stage showed three well-resolved 
peaks corresponding to the hydrogen atoms bonded 
to the carbon ring. The hydrogen atoms of the water 
molecules could not be located in the electron density 
maps. The hydrogen atoms of the carbon ring were 
placed at 1.06 A, from the carbon atoms in the plane of 
the ring and with the angle C - C - H  equal to 120 °. An 
anisotropic least-squares refinement with these hydro- 
gen atoms included with fixed parameters lowered R 
to 0.054. The hydrogen atoms were given a Debye-  
Waller factor of B = 5.0 A~ z. 

Extinction correction was then applied according to 
the formula given by Zachariasen (1963). The constant 
in this formula was determined from the 21 strongest 
reftexions. The subsequent anisotropic refinement gave 
the final R value 0.048 (0.077). In the last cycle the 
shifts on the parameters were less than one tenth of the 
estimated standard deviations. 

A series of refinements using the non-centrosym- 
metric space group Pc was also made. The trial param- 
eters were those obtained in the isotropic refinement 
using P2/c with the atoms moved somewhat away 
from their centrosymmetric positions. The isotropic 
refinement did not improve beyond R = 0.188. Further 
cycles of anisotropic refinement lowered the R value 
to 0.049. The number of parameters refined was 269. 

C6~B,:SO3M 3H20 %H3B,2SO3M 3~20 

Fig. 1. Stereoscopic drawing of the crystal structure of H 7 0 3  + 
C6H3Br2SO3-. The structure is viewed along the b axis. The 
oxygen atoms of the H 7 0 3  + ion are denoted by 1, 2 and 3. 
Covalent bonds are filled. Hydrogen bonds within H 7 0 3  + 
are half filled and other hydrogen bonds are open. 

1/2 ¢ ~12 

C6H3Br2$O3H.]H20 C6H3Br2S03 H']H20 

Fig.2. Stereoscopic drawing showing in particular the bonding coordination of the }-[703* ion. For notation see Fig. 1. 
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Table  1. Atomic coordinates with estimated standard 
deviations ( x  105) 

x y z 
Br(l) 30666 (15) 25579 (11) 9499 (4) 
Br(2) 19836 (15) 5546 (10) 42012 (4) 
S 33659 (30) 33523 (21) 65095 (7) 
O(1) 34759 (91) 14523 (62) 65736 (22) 
0(2) 51594 (87) 42041 (69) 67048 (24) 
0(3) 17913 (84) 41173 (68) 67929 (23) 
C(1) 28958 (104) 37250 (87) 57184 (29) 
C(2) 27495 (112) 54064 (89) 54698 (31) 
C(3) 23765 (114) 56330 (94) 48430 (33) 
C(4) 21469 (125) 41715 (106) 44675 (34) 
C(5) 22875 (122) 25416 (91) 47217 (31) 
C(6) 26499 (114) 22725 (82) 53388 (32) 
O(WI) 15751 (149) 21999 (81) 82082 (34) 
O(W2) 22164 (106) 1170 (73) 24739 (27) 
O(W3) 25257 (86) 32698 (70) 26714 (25) 

H(3) 23100 69600 47200 
H(4) 18700 45000 40400 
H(6) 28700 10500 55000 

The  least-squares  p r o g r a m  used accepts a m a x i m u m  
of  140 pa ramete r s  in a fu l l -matr ix  ref inement .  The  
pa ramete r s  were therefore  d ivided in to  two equal  
b locks  which  were then  refined in different cycles. 
A t o m s  re la ted by a centre  of  symmet ry  in P2/c were 
put  in the same block.  The  convergence  o f  the refine- 
men t  was slow and  the shifts on  the pa ramete r s  
r emained  relat ively large and  errat ic  even when the 
R value  h a d  s topped  fall ing. The s t andard  deivat ions  
were three to four  t imes larger t han  for  P2/c and  the 
t empera tu re  fac tor  coefficients o f  some o f  the ca rbon  
a toms  were o f  non-pos i t ive  definite form.  The  molec-  
u lar  d imens ions  ca lcu la ted  f rom the pa ramete r s  ob- 
t a ined  in these ref inements  were also mos t  unl ikely ,  
e.g. the C - C  dis tances were in the range  1.33 to 1.58.3,_ 
as c o m p a r e d  to 1.37 to 1.40 A for  P2/c. A sat isfactory 
re f inement  cou ld  therefore  no t  be pe r fo rmed  sucess- 
fully using the space g roup  Pc (cf Par thasa ra thy ,  Sime 
& Speakman ,  1969). 

Table  2. Anbsotropie thermal parameters with estimated standard deviations ( x  104) 

The form of the temperature factor is exp [ -  (flllh2 + . . .  + 2~12hk + ...)]. The r.m.s, components (R0 of thermal displacement 
of the atoms along the ellipsoid axes are also listed ( x 103 A). 

Atom fill fl22 fl33 ill2 ill3 B23 gl R2 R3 
Br(l) 431 (3) 91 (1) 25 (1) 4 (2) 18 (1) 6 (1) 162 (1) 246 (1) 327 (1) 
Br(2) 443 (3) 141 (1) 18 (1) - 15 (2) 14 (1) - 12 (1) 182 (2) 231 (2) 331 (1) 
S 296 (5) 87 (3) 13 (1) - 1  (4) 12 (1) - 1  (1) 161 (3) 177 (3) 271 (3) 
O(1) 455 (19) 83 (8) 16 (1) 26 (15) 17 (5) 9 (4) 145 (12) 205 (10) 337 (7) 
0(2) 340 (17) 136 (9) 20 (1) 2 (14) 3 (5) - 2  (4) 199 (8) 224 (8) 295 (8) 
0(3) 335 (17) 148 (10) 19 (1) - 9  (14) 26 (5) - 9  (4) 188 (13) 223 (12) 293 (9) 
C(1) 203 (18) 112 (11) 15 (1) - 13 (16) 8 (6) - 2  (4) 181 (12) 193 (12) 226 (11) 
C(2) 253 (20) 102 (12) 18 (2) - 4  (17) 11 (6) 1 (5) 175 (11) 206 (11) 251 (11) 
C(3) 255 (21) 118 (12) 19 (2) 2 (19) 11 (6) 14 (5) 166 (18) 229 (16) 257 (13) 
C(4) 288 (23) 169 (15) 16 (1) - 1  (21) 16 (6) 8 (6) 187 (16) 232 (14) 270 (12) 
C(5) 309 (23) 117 (12) 14 (1) 6 (20) 19 (6) - 2  (5) 177 (18) 189 (16) 281 (11) 
C(6) 254 (21) 82 (11) 19 (2) - 1 2  (16) 20 (6) 5 (5) 149 (14) 211 (15) 262 (13) 
O(W1) 326 (17) 150 (10) 22 (1) 8 (15) 22 (5) 5 (4) 208 (11) 225 (12) 287 (9) 
O(W2) 877 (39) 134 (11) 37 (2) - 9  (24) 110 (11) - 1  (6) 197 (9) 228 (17) 493 (15) 
O(W3) 513 (23) 128 (10) 25 (1) - 6 0  (18) - 8  (6) 2 (4) 186 (9) 241 (9) 370 (11) 

(•OW1 
OWl 

o w 3  

OW2 ~ 0 1  

ow,A  °W y 
OW 3 OW 3 

0 3 ~ "  02 

OW 3 

OW2 

ow,jL  o 

V Y  
o w  3 

OW 3 

Fig. 3. The hydrogen-bond system around the H 7 0 3  ÷ ion viewed along the c axis. The ellipsoids are scaled to enclose 50 % pro- 
bability. For notation see Fig. 1. 
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Table 3. Observed and calculated structure factors. 
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The least-squares refinements were performed using 
the full-matrix program LALS, where the quanti ty 
Yy(IFol- IFcl) 2 is minimized.  The weights were calcu- 
lated according to the expression w=l/(a+lFol+ 
clFol2). The final values used for the parameters a and c 
were 200.0 and 0.012 respectively. A weight analysis 
showed that  these values were satisfactory. The atomic 
scattering factors used were those for neutral  Br, S, O 
and C given in the International Tables for X-ray 
Crystallography (1962, p. 202). The spherical scattering 
factor used for the hydrogen atoms was that  proposed 
by Stewart, Davidson & Simpson (1965). All  calcula- 
tions were carried out on the C D C  3600 computer  in 
Uppsala.  

The atomic parameters  f rom the final refinement in 
P2/c are listed in Tables 1 and 2. The root-mean-square 

Fig.4. The assignment of the hydrogen atoms to the bonds. 
The hydrogen atoms are indicated schematically on the lines 
connecting the heavy atoms and at 1.0 A from the hydrogen 
donor. 

125.0 

12~'~127.1 

l l j  ~ '~ 103.3 ~ow~ ) 
K J  ~ 1~6/~k~/.[k2.7 8 7 

i~,..~ E~) 2.752 l 
~-3_ [" 117.7 ~31 ) 

Fig. 5. Distances and angles involving hydrogen bonds. The 
orientation is approximately the same as in Fig. 2. For the 
notation of the bonds see Fig. 1. Standard deviations of the 
angles are 0.3-0.4 ° . 

components  of  thermal  displacement along the princi- 
pal axes of  vibrat ion are given in Table 2. Observed 
and calculated structure factors are listed in Table 3. 

Description of the structure 

The structure is i l lustrated in Figs. 1, 2 and 3. Bond 
distances and angles are shown in Figs. 4, 5, 6 and 7. 
The bond distances are also listed in Table 4. The inter- 
atomic distances and  angles have been calculated with 
the program ORFFE. Standard deviations have been 
estimated f rom the errors in the atomic coordinates 
obtained in the form of  a var iance-covariance matrix 
f rom the final cycle of  refinement. The effect of  un- 
certainties in the cell dimensions has also been taken 
into account. All  i l lustrations in this paper  have been 
prepared using the plotting program ORTEP. 

Table 4. lnteratomic distances with estimated standard deviations 
Distances corrected for thermal riding motion are given within brackets. 

Covalent bonds 
C(1)-C(2) 1.399 (10) A 
C(2)-C(3) 1.394 (10) 
C(3)-C(4) 1.392 (11) 
C(4)-C(5) 1.368 (11) 
C(5)-C(6) 1-377 (10) 
C(6)-C(1) 1.393 (10) 
C(3)-H(3) 1.05 
C(4)-H(4) 0.98 
C(6)-H(6) 1.01 

Hydrogen bonds 
O(W1)' '  "0(2) 2"752 (9) 
O(W1)... 0(3) 2.787 (9) 
O(W2).. .0(2) 2-574 (8) 
O( W2)... O(W1) 2.484 (9) 
O(W2). • • O(W3) 2.458 (9) 

C(2)-Br(1) 1.885 [l.901] (7)/~ 
C(5)-Br(2) 1.906 [1"9201 (7) 
C(1)-S 1-768 (7) 
S - - O ( 1 )  1.463 [1.479] (5) 
S - - 0 ( 2 )  1.442 [1.454] (6) 
S - - 0 ( 3 )  1.459 [1.472] (6) 

O(W3)- • • 0(2) 2.789 (9) 
O( W3) ' ' '  0(3) 2"797 (8) 
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The only hydrogen atoms located experimentally in 
this investigation were those bonded to the carbon 
ring. The hydrogen bonds have therefore been derived 
from interatomic distances and angles involving heavy 
atoms only. 

The structure is made up both of oxonium ions 
tightly bonded to two water molecules and of 2,5- 
dibromobenzenesulphonate ions. The oxonium ions, 
water molecules and sulphonate groups are hydrogen 
bonded together to form layers parallel to the ab plane. 
The carbon rings point outwards from these layers 
alternately in the positive and negative e direction 
(see Fig. 1). The angle between the plane of the carbon 
ring and the be plane is 11.0 °. The shortest contact 
between different hydrogen bonded layers occurs be- 
tween Br(2) and O(W1), where the distance is 3.04 ,~,. 
This short contact is not thought to represent a hydro- 
gen bond (see below). The distance between the planes 
of the parallel carbon rings is 3.55 A. In Fig. 2 the 
hydrogen bonded layers are viewed in a direction 
perpendicular to the be plane. 

Hydrogen bonds. HTO + 
There are seven hydrogen atoms available for hydro- 

gen bonding in the asymmetric unit. The interatomic dis- 
tances and angles indicate seven possible O . . . O  
hydrogen bonds. The short bonds O(WI). . .O(W2),  
2-484 A and O(W2).. .O(W3), 2.458 A indicate that 
the proton of the acid has been transferred to the 
water molecules, since a hydrogen bond between water 
molecules normally is about 2.76 A. The equality of 
the S-O bonds in the sulphonate group also supports 
this conclusion. 

The hydrogen bond distances around O(W2) indicate 
that the extra proton is bonded to this water molecule 
to form an HaO + ion. On this assumption, the assign- 
ment of hydrogen to the other bonds is as follows. 
H30(W2) + acts as the hydrogen donor in three short 
bonds, one to a sulphonate oxygen, 2.574 A, and two 
to the other water molecules, 2.458 and 2.484 A. The 
next nearest neighbour of O(W2) is another O(W2) 
atom at a distance of 3.14 A. The bonding coordina- 
tion around O(W2) is relatively flat; O(W2) is situated 
only 0.21 A from the plane defined by O(1), O(W1) 
and O(W3). 

Apart from O(W2), the nearest neighbours of O(W1) 
within possible hydrogen bond distance are two sul- 
phonate oxygen atoms, 0(2) and O(3), and a bromine 
atom, Br(2), at distances 2.752, 2.787 and 3.045 A. 
Other distances around O(W1) are greater than 3.40 A. 
The angles around O(W1) involving Br(2) and O(W2), 
O(2), 0(3) (88 to 112 °) are favourable for the formation 
of a hydrogen bond O - H . . . B r .  However, because of 
the greater electronegativity of the sulphonate oxygen 
atoms, the hydrogen atoms of O(WI) are assigned to 
two hydrogen bonds of the O-H.  • • O type rather than 
one O - H . . . O  bond and one O - H . . . B r  bond. The 
bonding coordination around O(W1) is pyramidal. 

The third water molecule, O(W3), has two sulphonate 

oxygen atoms, 0(2) and 0(3), as possible hydrogen 
bond acceptors at distances 2.797 and 2.789 A, respec- 
tively. Other atoms are more than 3.56 A away. 

HaO(W2) +, H20(W1) and H20(W3) are thus 
tightly bonded together to form an aggregate 
[H20 ' '  .HaO...OH2] +. There are no hydrogen bonds 
between individual aggregates which can thus best be 
described as H70 + ions. The bonding coordination of 
the ion is shown in Figs. 2 and 3. The assignment of the 
hydrogen atoms to the bonds is shown in Fig. 4, where 
the short O(W1). . .Br  contact is also shown. In Fig. 3 
it can be seen that the thermal ellipsoid of O(W2) is 
strongly elongated in a direction perpendicular to the 
bonds around O(W2). The angles between the longest 
principal axis of the ellipsoid and the bonds are in the 
range 83 to 87 °. The thermal ellipsoids of O(W3) and 
0(1) show the same tendency but to a smaller extent. 
It is, however, not possible to distinguish from the 
present data whether these elongated ellipsoids, espe- 
cially that of O(W2), indicate highly anisotropic 
thermal motion, static disorder or systematic errors in 
the data. 

The 2,5-dibromobenzenesulphonate ion 
Bond distances and angles in the 2,5-dibromo- 

benzenesulphonate ion are shown in Figs. 6 and 7. 

1393 ..... ~~ \\ 

Fig.6. Distances in the 2,5-dibromobenzenesulphonate ion. 

12 J ~ 222 
112 

~ 2 2  I 

-I17~7 I050,,~ii3.1 ./ 

J 

L _ _ . . . J  j 

Fig.7. Angles in the 2,5-dibromobenzenesulphonate ion. Stan- 
dard deviations of the angles are 0.3-0.7 ° . 
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The C-H distances are calculated using the positions 
of the hydrogen atoms as obtained from the difference 
synthesis. 

The benzene ring is a slightly distorted regular 
hexagon and the average C-C distance is 1.387/~. 
The least-squares plane defined by the six carbon 
atoms was calculated using a method described by 
Blow (1960). The carbon ring is not significantly dif- 
ferent from planar. The deviations of the atoms from 
the plane are shown in Fig. 8. The S-O distances 
1.463, 1.442 and 1.459/~ are normal for an aromatic 
sulphonate group. The orientation of the sulphonate 
group with respect to the carbon ring is such that atom 
O(1) lies nearly in the plane of the ring. The angle 
between the least-squares plane and the plane defined 
by C(1), S and O(1) is only 2.3 °. The average O-S-O 
and C-S-O angles in the group are 112-5 ° and 106.2 ° 
respectively. These angles are similar to those found in 
related structures, e.g. 112.4 ° and 106.4 ° in ammonium 

Brl 

/-002 ---i- 001 
.L__/ \ %, 

.012 / ".'089 
Br 2 

Fig.8. Deviations of the atoms from the least-squares plane 
defined by the six carbon atoms of the 2,5-dibromobenzene- 
sulphonate ion (A). 

acid o-carboxybenzenesulphonate (Okaya, 1967) and 
112.9 ° and 106.7 ° in 2-aminoethylsulphonic acid 
(Okaya, 1966). 
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The crystal structure of HC104.3H20 has been determined from three-dimensional single-crystal X-ray 
diffraction data recorded at -188°C. The crystals are orthorhombic, space group Pbca, with eight 
formula units in a cell of dimensions: a=8.252, b=13.105, c= 10"218 /~. Two water molecules are 
bonded to an H30 + ion by short hydrogen bonds (2.49 and 2.54 A) to form HTO + ions. Longer hydro- 
gen bonds (2.74-2.89 A) connect these with the ClOg ions and with one another to form a three- 
dimensional network. The shape of the ClOg ion is almost perfectly tetrahedral with a mean uncor- 
rected CI-O distance of 1.437 A. 

Introduction 

This work is part of a current series of investigations at 
this Institute directed towards the study of the hydra- 

tion of the proton in the solid state. Earlier papers in 
this series reported the crystal structures of HC1. nHaO, 
n = 2 , 3  (Lundgren & Olovsson, 1967a, b), HBr.nHaO, 
n- -1 ,2 ,3 ,4  (Lundgren, 1970; Lundgren & Olovsson, 


