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Abstract 
A study of the charge density in putrescine diphos-
phate { C 4 H 1 4 N 2 + . 2 H 2 P 0 4 , [ N H 3 ( C H 2 ) 4 N H 3 ] 2 + . 2[H 2-
P0 4 ]~} has been carried out, employing X-ray and 
neutron diffraction data measured at a temperature of 
85 K. Crystal data: space g r o u p P 2 l / a ; a = 7-879 (3), 
b = 9-734 (4), c = 8-126 (3) A, p = 110-19 (9)° (X-
ray values); Z = 2. The deformation electron density 
was computed by a modified X-N method, utilizing 
neutron positional parameters for all atoms and 
thermal parameters for non-hydrogen atoms taken 
from a high-order X-ray refinement (0-65 < sin 9/X < 
1-15 A-1)- This approach was elected, since the 
neutron thermal parameters were found to be sys-
tematically larger than those from high-order X-ray 
refinements. In the case of H atoms, the neutron 
thermal parameters were multiplied by the mean ratio 
of the X-ray and neutron values, computed separately 
for each UtJ class for the non-hydrogen atoms. These 
ratios for the high-order X-ray refinements range from 
0-86 to 0-99. Well-defined peaks (0-25-0-35 e A"3) are 
found in the deformation density maps for all covalent 
bonds in the structure. No marked difference was 
observed between the density in P—O bonds and that in 
bonds between first-row elements. In the hydrogen 
bonds, no build up of charge was observed midway 
between the protons and oxygen acceptors, in accord 
with the basic electrostatic picture of hydrogen-bonded 
interactions. Excess density was observed in the regions 
normally associated with lone-pair electrons for all four 
phosphate O atoms, and the heights of these peaks 
increased more than those of peaks in covalent bonds 
when higher-order data were included in the defor-
mation maps. Conformations of H2PC>7 ions in a 
number of crystal structures including putrescine 
diphosphate were generally found to have H—O— 
P - O ( H ) torsion angles in the range 30-150° ; such 
conformations are predicted to be favored for systems 
like H 2 P 0 4 with lone-pair electrons adjacent to polar 
bonds. 

* Research carried out at Brookhaven National Laboratory 
under contract with the US Department of Energy and supported 
by its Office of Basic Energy Sciences. 
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Introduction 
Recent improvements of the precision attainable in 
single-crystal diffraction measurements have led to 
increased interest in the direct analysis of charge-
density distributions in solids based on diffraction tech-
niques (Coppens, 1975). Here we report a study of the 
electron density in putrescine diphosphate at 85 K, 
using combined X-ray and neutron diffraction data. 
This compound initially attracted our attention, 
because it affords the opportunity to study the charge 
density in the dihydrogen phosphate anion, and exhibits 
a variety of N—H • • • O and O—H - - - O hydrogen bonds 
involving the ammonium groups on putrescine and the 
phosphate O atoms. The crystal structure was 
originally determined from X-ray photographic data at 
room temperature (Woo & Rich, 1975; Woo, Seeman 
& Rich, 1979). These authors have described the 
general features of the structure, and commented on its 
significance as a model for understanding interactions 
of amines with nucleic acids. Our neutron diffraction 
results have been described in a previous paper 
(Takusagawa & Koetzle, 1978). 

Experimental 
The sample of putrescine diphosphate used in the 
present X-ray work was recrystallized from an aqueous 
solution of putrescine and phosphoric acid. A crystal 
was ground to form a sphere of diameter 0-42 mm 
which was glued to an aluminum fiber with adhesive 
varnish t and oriented approximately along the 
crystallographic c axis. This sample was placed in a 
liquid-nitrogen-cooled cryostat (Coppens et al., 1974) 
and mounted on an automated Picker four-circle 
diffractometer (Dimmler, Greenlaw, Kelley, Potter, 
Rankowitz & Stubblefield, 1976; McMullan, Andrews, 
Koetzle, Reidinger, Thomas & Williams, 1976). Nb-
filtered Mo Ka radiation (A = 0-71069 A) was used. 
The temperature of a copper block in the cryostat, 
maintained in direct contact with the aluminum crystal 
mount, was measured to be 85 ± 1 K during the period 
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of data collection. Cell dimensions refined by a least-
squares procedure based on the setting angles of 29 
reflections (20 > 80°) (Mo Kax: A = 0-70926 A) are 
listed along with certain experimental details and are 
compared with the corresponding neutron values in 
Table 1. X-ray intensities were measured for reflections 
in four octants of reciprocal space (hkl, hkl, hkl, and 
hkl\ out to a 26 limit of 110°. Mechanical constraints 
introduced by the cryostat prevented the measurement 
of reflections with x near 90° and 2d > 70°, but the 
number of reflections omitted was a small fraction of 
the total data measured. A 9/26 step-scan procedure 
was used; the scan range varied from 3-0 to 3-5° over 
the full range of 26, while the step size was taken to be 
A26 = 0-04°. At each step, counts were accumulated 
for 2 s. As a general check on experimental stability, 
the intensities of two reflections were remeasured every 
30 reflections. These intensities did not vary to any 
significant degree during the course of the measure-
ments. 

Integrated intensities were obtained with the program 
PEAK (Takusagawa, 1977) written for a PDP 11/40 
computer equipped with an interactive CRT display 
(Bernstein et ah, 1974; Vector General, Inc., 1973). A 
profile analysis was carried out for strong reflections 
with I > 15 o(I\ and the resulting peak widths were 
fitted by a least-squares procedure with a function of 
the type: A6 = Ax + B, x = [2(A2 - A1)/(A1 + A^] tan 9, 
where (0-7093 A) and A2 (0-7136 A) are the wave-
lengths of Mo and Mo Ka2, respectively. A and B 
were determined to be 1-99 and 1-06°, respectively, 
based on approximately 12 000 strong reflections. 
Calculated values of A9 range from 1-06 to 1-45° for 0 
< 29 < 110°. The peak-width function defined above 
was used to determine trial points for the separation of 
peak and background regions in each individual scan. 
Final delineation of backgrounds was accomplished by 
the method of Lehmann & Larsen (1974). At various 
points in the integration process, it was possible to 

Table 1. Crystal data for putrescine diphosphate 
( r = 85 K) 

C 4 H 1 4 N 2 2 + . 2H 2 P07, FW 284-14 
X-ray Neutron 

a 7-879 (3) A 7-890 (7) A b 9-734 (4) 9-725 (8) c 8-126 (3) 8-132(8) 
fi 110-19(9)° 110-26 (5)° V 584-9 A3 585-4 A3 

Space group PIJa FIJa 
Pc Crystal volume 

1-614 Mg m~3 1-613 Mg m"3 Pc Crystal volume 0-039 mm3 7-75 mm 3 

(sin 0/X)mtx 1-153 A"1 0-675 A" 1 

Total number of reflections 16767 3208 
Unique reflections 6840 1691 
Absorption coefficient 40-85 mm- 1 23-48 mm"1 

Transmission range 0-840 - 0-864 0-801 - 0-870 

examine selected profiles on the CRT, and certain 
reflections with unusual profiles were integrated 
manually. 

Intensity data for several reflections collected as a 
function of rotation about the scattering vector in-
dicated 2 - 3 % variation in absorption. Therefore, 
observed intensities were corrected for absorption by a 
semi-empirical method (North, Phillips & Mathews, 
1968), based upon these y/-scan measurements. Ob-
served squared structure factors were calculated as 
21 sin 20/(1 + cos 2 29) and averaged for symmetry-
related reflections. The agreement factor obtained is 

Rc=^(AFl)/1 ( F j ) = 0 - 0 2 2 ; hkl hkl 

{AFl)= £ \{Fl)-Fli\/n, 
1 = 1 

where n is the number of observations for a given 
reflection hkl and its symmetry equivalents. The 
standard deviation of each reflection was estimated as 
follows: o2(F2) = account) + (AFf)2 + (BFf, 
Constants A and B were determined from (AFf) by a 
least-squares procedure minimizing the quantity 
T h k l [{AFI) - o2(F2)]2. The resulting values are A = 
1-34 x 10" 2 and B = 2-46 x 10" 8. 

X-ray refinements 
Initial positional parameters for all atoms were fixed 

at values determined in the neutron diffraction study 
(Takusagawa & Koetzle, 1978). X-ray scattering 
factors for P, O, N and C atoms were taken from the 
relativistic Hartree-Fock values given in International 
Tables for X-ray Crystallography (1974); those forH 
atoms were from Stewart, Davidson & Simpson 
(1965). For non-hydrogen atoms, the anomalous-
dispersion factors of Cromer & Liberman (1970) were 
applied. A type I isotropic extinction correction 
(Becker & Coppens, 1974) was included in the refine-
ments. The minimum extinction correction factor isy-
0-25 (y divides F2) for the 001 reflection. 

Conventional and high-order X-ray refinements were 
carried out, as described in detail in Table 2. Pro-
cedures 1 -5 are 'pure' X-ray refinements, in which 
isotropic thermal parameters were assigned to H atoms 
and anisotropic thermal parameters to non-hydrogen 
atoms. In procedures 6 and 7, positional parameters of 
all atoms and anisotropic thermal parameters of H 
atoms were fixed to the neutron values. The results of 
procedure 7 were used to calculate the deformation 
density, after suitable modification of the H-atorn 
thermal parameters, as described below. Atomic 
parameters obtained in the conventional X-ray refine-


