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Crystal Stl~e~re ofp-Phenylenediamine Dihydroehloride* 
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Crystals of p-phenylenediamine dihydrochloride are triclinic, a = 8.75, b = 5-87, c = 4-34/~, 0~ = 99°47 ', 
/~= 95°34 ', 9,= 111 o 10', Z=  1, space group Pi'. The structure has been determined in two projections. 
Three-dimensional X-ray intensity data were used to refine the positional and thermal parameters c 
the atoms by the least-squares method. All the hydrogen atoms in the molecule were located from an 
(Fo-Fc) synthesis; the final R value is 0.106. The molecules in the lattice are held together by a system 
of hydrogen bonds of the type N-H. • • CI-. The C-NH + bond length of 1.49/~ in this structure is very 
close to the mean value of 1.487/~ observed in accurately determined structures of ~-amino acids. 

Introduction 

The structure determination of the p-phenylenedia- 
mine dihydrochloride was undertaken as one of many 
similar studies in this laboratory on structures con- 
taining the amino group. The chemical formula of this 
compound is 

H H 
\ / 

H CmC N 
\ / \ / 

NmC C--N .2 HCI 
/ \ / \ 

H C--C H 
/ \ 

H H 

It was of interest to determine whether the two amino 
groups become protonated, so that the chlorine atoms 
exist as chloride ions in the lattice. In such a case, pure- 
ly from symmetry considerations one would expect the 
chloride ions to take symmetrical positions about the 
two - N H  + groups to facilitate hydrogen bonding. 
Conformational features of the amino group in such 
an aromatic ring system would be of interest for com- 
parison with their features in other structures, such 
as in amino acids. 

Experimental 

Good needle-shaped crystals were chosen from a com- 
mercially available pure sample. The crystals were 
colourless, but they slowly turned black on exposure 
to air and light. It was therefore necessary to seal the 
crystal in a Lindemann capillary tube. The outer surface 
of the tube surrounding the crystal was smeared with 
ink to minimize the amount of light reaching the speci- 
men. 

* Contribution No.244 from the Centre of Advanced Study 
in Physics University of Madras, Madras 25, India. 

Rotation, Weissenberg and precession photographs 
were taken for the crystal about both the c and the b 
axes, with nickel filtered Cu Kc~ radiation. The photo- 
graphs did not indicate any systematic absences of 
reflexions and showed that the crystal belonged to the 
triclinic system. The crystallographic data are summa- 
rized below: 

Molecular formula: 
Triclinic; 

Space group: 
U =201.4 A3 

C6H8Nz. 2HC1; M =  181 
a=8.75;  b=5.87; c=4.34 A; 
c~=99°47'; l?=95°34'; 
y = l l l ° 1 0  '. 
PT 

Dm= 1'51 (flotation in benzene-carbon-tetrachloride), 
Z =1.  
Dz = 1"508 g.cm -3 
Absorption coefficient for X-rays, p(Cu Ke)= 67 cm -1 

In view of the symmetry of the molecule, the space 
group was assumed to be P I  with half the molecule 
forming the asymmetric unit, the centre of inversion 
of the molecule occupying a centre of inversion of the 
space group. In fact, this choice of the space group was 
amply supported by the good agreement between the 
Fo's and Fe's at the end of the structure analysis. 

The intensities of the hkL reflexions for the layers 
L = 0 to 3 and hOl reflexions were recorded with Cu Kc~ 
radiation using the multiple-film normal beam and 
equi-inclination Weissenberg techniques. During ex- 
posure for the higher layers, the film cassette was shif- 
ted through a small distance at regular intervals, 
the actual shift being determined by the length of the 
smallest spot as estimated from a trial photograph. By 
this technique (Stanley, 1955) all the spots were slightly 
drawn out, thereby causing a linear integration of the 
intensity. The peak intensities were estimated visually 
by comparison with a standard set of spots, recorded 
with the same crystal. In spite of the one-dimensional 
integration for the higher layers, the spot shapes on one 
half of the film were elongated at low angles. Therefore, 
Lorentz and polarization factors with the correction of 
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Phillips (1962) were applied to reflexions on this half  
of  the film. The reflexions on the other hal f  appeared 
to have almost uniform spot size and hence Lorentz 
and polarization factors alone were applied to these. 
Some of the reflexions recorded on both halves of 
the film were then used to bring the intensities meas- 
ured on the two halves of the film on to the same  
relative scale. The average thickness of the crystal 
used was less than 0.1 m m  and no absorpt ion correc- 
t i o n  was applied. The intensities measured on the 
various levels were placed on a common scale by com- 
parison with the cross layer data and then on the abso- 
lute scale by Wilson's  (1942) method. 

Structure analysis 

The approximate coordinates of  the chlorine atom 
were determined from the two Patterson projections 
down the c and b axis as 0.378, 0.183, 0.067. Since the 
Patterson map  down the c axis contained sharply re- 
solved peaks, a m i n i m u m  function map  (Buerger, 1951) 
was drawn. This map  yielded the structure in this pro-  
jection without ambiguity.  An at tempt to determine 
the structure in the projection down the b axis by the 
application of the m i n i m u m  function method was only 
partly successful. This map  clearly indicated the approx- 

" imate orientation of the molecule and also the posi- 
tions of the chlorine and the nitrogen atoms, but  there 
was considerable overlap in the region of the carbon 
atoms. Hence, a chlorine-phased electron density 
function was calculated for this projection and the 
positions of all the atoms were then  determined. 

Prel iminary structure factor calculations were carried 
• out including all these atoms. The R values for the 
projections down the c and the b axes were calculated 
to be 0.23 and 0.21 respectively. The coordinates of 
the atoms were refined by successive two-dimensional  
difference-Fourier syntheses until  the R values were 
reduced to 0.143 and 0.153 respectively for these two 

projections. In the above calculations, the value of the 
thermal paramater  B was 1.6 It 2 as determined from 
the Wilson plots. 

Initial three-dimensional  least-squares refinement of  
the structure with the block-diagonal  approximat ion 
was carried out on the C D C  3600 computer  with a 
program written by the author  for the space group PT. 
Special care was taken to take into account the possible 
interaction between the scale factor k for the Fo's and 
the thermal  parameter  B. The three-dimensional  data 
consisting of 625 reflexions, including 60 unobserved 
reflexions were used in the refinement. The unobserved 
reflexions were assigned ha l f  the value of the locally 
observed m i n i m u m  IFol. Two cycles of refinement of  

k .  
Fig. 1. Sections of the difference-Fourier map through (a) the 

plane of the molecule and (b) the plane expected to contain 
the hydrogen atoms bonded to the nitrogen atom. The 
contours are from 0.4 e.~-3 at increments of 0.1 e.~ -3. 

-a/2 0 a/2 

o 
/ 

G 

b 
Fig.2. Final electron-density map, projection down the c axis. Contours are drawn from zero level at intervals of I e.~-2. At 

chlorine, contours are drawn at intervals of 2 e..~-2. 



the posit ional parameters with a single overall thermal  
parameter  B for the atoms brought  the R value from 
0.17 to 0.142. Further  refinement after switching to 
individual isotropic thermal parameters for each of the 
atoms reduced the R value to 0.1 18. 

At this stage, a full-matrix least-squares program 
of Gantzel ,  Sparks & Trueblood (1961) for the C D C  
3600 computer  became available. This program was 
used to refine the positional parameters of the atoms, 
anisotropic thermal  parameters of the chlorine atom 
individual isotropic thermal  parameters for the rest, 
and the layerwise scale factors. Three cycles of refine- 
ment  brought the R value down to 0.112. 

In all the above refinements, a unit weighting scheme 
for Fo's was employed and the function X (Fo - Fe) 2 was 
minimized.  The atomic scattering factors were adopted 
from International Tables .for X-ray Crystallography 
(1962). The estimated standard deviations were calcula- 
ted in the program from the residuals and the diagonal 
elements of the inverse matrix oft he normal equations. 

A three-dimensional  difference-Fourier synthesis 
was now computed* with a view to locating the hy- 
drogen atoms. Sections of the difference Fourier  map 

* The author is extremely grateful to the referee for computa- 
tional help. 

Table 1. Final 

through the plane of the molecule, and the plane ex- 
pected to contain the hydrogen atoms bonded to the 
nitrogen atom, are shown in Fig. 1. The positions of all 
five hydrogen atoms in the asymmetric  unit were deter- 
mined from this map. 

Least-squares refinement was then continued, adjust- 
ing the positional parameters of all the atoms inclu- 
ding the hydrogens, anisotropic thermal parameters of 
the chlorine atom, isotropic thermal parameters of  
the remaining non-hydrogen atoms and the layerwise 
scale factors. The hydrogen atoms were assigned a 
constant value of B = 2 . 5  A z. The weighting function 
used was W =  1/(A+IFo]+CIFo] 2) (Cruickshank,  Pil- 
ling, Bujosa, Lovell & Truter, 1961) with A =2 .6  and 
C =  0.05. After two cycles of full-matrix refinement the 
R value converged to 0-106. The final shifts were much 
less than the corresponding standard deviations. 

Results and discussion 

The final electron density distributions down the c and 
b axes are shown in Fig.2 and 3 respectively. The final 
positional parameters of the atoms with their s tandard 
deviations and thermal parameters are listed in Table 1. 
The observed and calculated structure factors are 
given in Table 2. 

x y z ~(x) a(y) a(z) B(A 2) 

C1 0"3718 0"1743 0"0695 0"002 0"002 0"002 - -  
C(i)  0"1129 0"3854 0"5714 0"009 0"009 0"011 2"74 
C(2) 0.1561 0.5900 0.4384 0.008 0.009 0"010 2.58 
C(3) 0.0481 0.7045 0.3594 0.009 0.009 0-010 2.26 
N 0-3266 0.6829 0.3584 0.008 0.008 0-010 2-56 
H(I) 0.3523 0.5509 0.2825 Mean 2.50 
H(2) 0.3467 0.8450 0.2302 ~(x) =0.13 2.50 
H(3) 0.4101 0.7478 0.5385 a(y) = 0.14 2.50 
H(4) 0.1897 0.3169 0.6160 ~(z) = 0.15 2.50 
H(5) 0.0819 0.8709 0.2669 2"50 

Btl B22 B33 BI2 B13 B23 
0"011422 0"022528 0"035859 0"017284 0-009782 0"018248 

atomic coordinates (fractional), standard deviations (A) and thermal parameters 

Temperature factor = exp [ -  (B1 lh 2 + B22 k2 + B3312 + B12hk + BI 3hl+ B23kl)]. 

-a l2 0 +a12 
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Fig. 3. Final electron-density map, projection down the b axis. Contours are drawn as in Fig.2. 
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T a b l e .  2.  Observed and calculated structure factors for phenylenediamine dihydrochloride 
T h e  c o l u m n  he ad ings  a r e  h ,  101/7ol a n d  1 0 F t .  

H o o • . - 4  o • ~ -~  ~ • , - +  1 • , 6 1 • . - 7  2 • . , ~ * . o 3 
• 2 4 247 • • • + , , - , ,  , o o - , o +  ++ , ,  . . ,  , ,  _ , ,  +, . + ,  , ,  . . ,  ,o . + ,  . . ,  , ,  

27  2 7  • _ 1 7 ,  1 7 ,  • . 5 10  . - +  + • . - ,  , . . ,  , - , 8  . - 2  1 7 ,  1 , 3  + 138 

: , , ,  , ,  ' + i  ' "  ' + '  i :  " +' 'i  '" + ' °  " "  ' " - "  + 
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7 61  - 6 7  • 7 44 40  • 7 30 30 • * -  8 ~ 59  • • -  8 d6  - 64  • -  7 36  - ~7 

27 - 2 9  9 53 4 9  50 48 * -  62 12 H 7 1 • -  2 21 16 • - 1 0  59 - 48 * -  ? ~ d  q l  
10 27 25  10 28 32 • v 41 29  • -  4 1O 15 • • -  3 142 144 * * 

H 1 0 : : * -  5 36 - 28 • ~  4 35 46  * -  4 153 - 1 5 2  • H 4 2 * H - 1  3 
H - 5  0 H - 4  1 * • "  5 33 - 4 9  * -  b 45  4 8  • 

: :  i . . . ,  ,+ 175 - ~ 1 8  84 - 82 76 - 82 * H 0 2 • - -  32 -- 33 I - -  64 66  * -  2 51 - 39 
169 165 33 31 • 29 29 - 3 43 42 • *  8 75 62 • m  3 69  -- b b  ¢ -  3 Y i  1~3 

3 9 - 9 • 3 93 - 79 • 2 43  44  • • 0 172 157 * -  9 26 - 25 e -  4 07 - 70 * -  ~ 31 - ~7 
4 46  44  : 4 112 - 99 ; ~ 198 - 2 2 1  ; • H 1 1 • 1 6~  - 69 • * .  5 80 90 • -  S ~5 7~ 
5 123 130 5 105 98 73 76 • 2 . ~  e ,  - . - z  2 - -  6 67 - 7 ,  • -  6 Z6 15 

+ +, + + ,+  . . _ . ,  + ++ + . _  + + _ , +  . . . . .  + 
50  47  100 88 * 7 128 143 2 179  174 5 77 83 • -  145 129 * -  77 6 b  M - 2  3 

• 57 41 83 72 8 ZO - 22 * 6 27 28 • -  3 42 - 38 • - I U  3e 38 
10 60  43  10 - 15 H 2 1 • 68 62 e -  4 73 67  • * -  I 156  - 1 2 ~  

" 2 O : • 10 88 - 66 • • • 8 69 62 * -  5 120 126 * H b 2 • -  2 104  102 
H - 6  0 : 0 2 2 4  - 2 1 9  * -  2 153 - 1 2 1  • -  6 70 - 75 • * -  i 76  - 62  

188 - Z Z l  • H - 5  1 * 1 77 71 * -  3 115 85 • -  7 35 28 e -  2 2 5  - 23 * -  4 1 7 v  - 1 3 6  
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5 9 6 107 73 10 16 • U 48 51 112 - 1 1 5  e .  7 7 * 0 75 75 4 86 80 
45 33 7 57 42 3 37 26 1 22 - 26 • -  5 57 53 1 125 - 1 1 8  • 
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. 4 o . o 4 * 5 73 83 . 1 z . * . - 5  2 * 3 lO  17 * 
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Intramolecular features 

The bond distances and angles in the molecule are 
shown in Fig.4 and listed in Table 3. 

The three C-C bond distances in the asymmetric 
half of the molecule are 1.37, 1.39 and 1.40 A. The 
average value of these three distances is 1-387 A which 
is in good agreement with the accepted value of 1.395 A 
for the C-C distances in a benzene ring. 

Table 3. Bond lengths and bond angles in the molecule* 

Bond Length 
C(1)-C(2) 1.37/~ 
C(1)-C(3') 1.40 
C(I)-H(4) 0.92 
C(2)-C(3) 1"39 
C(2)-N 1 "49 
C(3)-H(5) 1-07 
N - - H ( 1 )  0.90 
N---H(2)  1.15 
N---H(3)  0.94 

Atoms Angle 
C(2) -C(1)-C(3') 116"7 ° 
C(3')-C(1)-H(4) 123.4 
C(2) -C(1)-H(4) 119"8 
C(1) -C(2)-N 116.8 
C(1) -C(2)-C(3) 123.9 
C(3) -C(2)-N 119-2 
C(2) -C(3)-C(l ') 119.3 
C(2) -C(3)-H(5) 124.8 
C(1')-C(3)-H(5) 115.7 
C(2) -N-- -H(1  ) 109" 1 
C(2) -N- - -H(2)  111"2 
C(2) -N- - -H(3)  112"7 

angles not 
and angles 

* The standard deviations are: bonds and 
involving hydrogen, 0.013A and 1.0°; bonds 
involving hydrogen ~0.14 ,& and 9 °. 

(~ ,H(4) 

0 125.'~ 6°1.40 /C~'9; H(1) 
kJC(3") \ / 119° k~ ~37 ~0'90 

.. 241  1192/ 

A \ ccl") /1.39 /v 
LJ 1 2 0 ~ C ( 3 )  b 

0// -- "~ 07 H(2) 

H(5) 
Fig.4. Bond lengths and angles in the molecule. 
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b d CI(I) 
Fig.5. The structure in projection viewed down the c axis. 

The structures of very few aromatic compounds 
with an attached amino group have been solved so far. 
If the amino group is not protonated, the expected 
C-N distance would be 1-37 A. For example, the ex- 
perimental values of such distances are 1.37 A in 
p-nitroaniline (Trueblood, Goldish & Donohue, 1961), 
1.39A in p-aminophenol (Brown, 1951), 1.39 A in 
4-aminosalicylic acid (Bertinotti, Giacomello & Li- 
quori, 1954), 1.41 A in 2,5-dichloroaniline (Sakurai, 
Sundaralingam & Jeffrey, 1963). In all these cases, 
there is a significant degree of double bond character 
in the C-NH2 bond, and the -NH2 group is coplanar 
with the aromatic ring (Trueblood etal., 1961), as one 
would expect from the resonance consideration. 

In the compound under investigation, in the form 
of the hydrochloride, the -NH2 group becomes - N i l  +, 
and in fact all three protons have been located. The 
C-NH + distance is found to be 1.49 A and the C--N 
distance for a single bond is 1.47 A (Pauling, 1958). 
There are only a few examples of aromatic compounds 
for comparison with the present case. The reported 
values of C-NH + distances are 1.455 A in m-tolidine 
hydrochloride (Fowweather & Hargreaves, 1950), 
1.45 A in p-tolidine hydrochloride (yon Eller, 1955), 
1.474 A in o-aminophenol hydrochloride (Cesur & 
Richards, 1965) and 1.35 A in aniline hydrochloride 
(Brown, 1949). The distances in the first three exam- 
ples are compatible with the present observation. The 
short length of 1.35 A in aniline hydrochloride is 
significantly different, but the coordinates may not 
have been accurately determined since only projection 
data were used for refining the structure. The observed 
C-N distance of 1.49 A in the present investigation 
supports the idea that the -NH + is not conjugated 
with the benzene ring (Sakurai, etal. 1963). 

It may, however, be mentioned that in amino acids, 
when the amino group gets protonated, the C-NH + 
distance has a value slightly larger than single bond 
value of C-N = 1.47 A (Pauling, 1958). The weighted 
mean value for the C-NH3 + distance in accurately 
solved crystal structures of amino acids is 1.487 A 
(Marsh & Donohue, 1967). However, the carbon atom 
is sp 3 hybridized in these cases. It would therefore be 
expected that in the aromatic molecule under investi- 
gation in which the carbon atom is sp 2 hybridized, the 
C-NH + distance would be somewhat shorter than the 
value observed in amino acids. 

The average values of the two C-H bond distances 
and the three N-H bond distances are 1.0 A and 1.0 A 
respectively and the individual values are not signi- 
ficantly different from these values. 

As expected, the phenylenediamine molecule is 
planar, except for the amino hydrogens. The equation 
of the least-squares plane passing through the eight 
heavier atoms is given by 

0.0184X+ 0.4255 Y+ 0.9047Z = 2.844 A, 

where X, Y, Z are coordinates in A referred to an orthog- 
onal system in which the X axis is along the a axis, 
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the Y axis is in the abplane normal  to the X axis and 
the Z axis is normal  to the XYplane .  The deviations of 
the atoms f rom this plane are C(1),-0.002 A" C(2), 
0-022 A;  C(3),-0.002A; N,-0.010 ]k 

Intermoleeular hydrogen bonding 

A view of the structure projected down the c axis is 
shown in Fig. 5. The molecules in the lattice are held 
together by a three-dimensional  network of hydrogen 
bonds. There are three protons available with the 
- N H  + group. The nitrogen atom has three close 
neighbours and all of  them are chloride ions. The 
distances f rom the nitrogen a tom to CI, CI(I) and 
CI(II) are 3.21, 3.25 and 3.20 A~ respectively. The pro- 
tons are oriented almost tetrahedrally towards these 
ions, with respect to the C(2)-N bond. The angles 
N - H . . . C 1  indicate that  these hydrogen bonds are 
fairly linear. The values of the hydrogen bond lengths 
and angles are given in Table 4. 

The author is very grateful to Professor G. N. Rama-  
chandran and Professor R. Srinivasan for their valuable 
suggestions. His thanks are due to the authorities of  

Table 4. Hydrogen bonding distances and angles 

X-H. • -Y X. • -Y 
N-H-. • CI 3"21 ]k 
N-H.- .  Cl(I) 3"25 
N - H . .  • CI(II) 3.20 

C(2)-N. • • C1 102.8 o 
C(2)-N... Cl(I) 107.4 
C(2)-N. • • Cl(II) 116.2 

Standard  molecule at  
Molecule I at  
Molecule II 

X-H H. • .Y 
0.90 A 2.32 A 
1.15 2.11 
0.94 2.99 

N-H(1). • • el  170-6 o 
N-H(2). • • el(I) 169.5 
N-H(3). • .Cl(II) 166.3 

x y z 
x l + y  z 

at l - - x  1 - -y  1- -z  

the Tata Institute of  Fundamenta l  Research, Bombay 
and the Fundamenta l  Engineering Research Establish- 
ment, Madras  for making  available the computat ional  
facilities. He is grateful to the Government  of India 
and the Council  of  Scientific and Industrial  Research, 
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An analysis is made of the weighting function derived on the basis of counting statistics and random 
setting errors for a constant-time diffractometer experiment. It is shown that these two random errors 
must make a major contribution to the weighting function and a practical application of this function is 
discussed in detail. 

Introduction 

It has been shown (Killean, 1967a) that, on considera- 
tion of counting statistics alone, the weighting schemes 

for constant-count and constant-t ime experiments are 
very different, and that  the weights obtained for the 
constant-t ime experiment are not suitable for a satis- 
factory least-squares refinement. These weighting 


