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Abstract:
The structure of barium monophenyl phosphate has been solved in projection. The cell constants ares
a= 9.23+ 0.10A d(exp.) = 2.372 g/'cm3 b= 7.33+ 0.13A d (calc) = 2.392 g/ cm3 c= 14.35+ 0.07A Z - 4
β=101°+1° Space group P21/a The bond lengths and angles agree, with those of previously solved
monosubstituted phosphates. The coordination number of the barium ion is 9. The crystal structure
consists of ionically bonded sheets of Ba++ions and (PO4C6H5)= groups along the ab planes
alternating with sheets of van der Waals contacts between phenyl groups at c/2.

The structure of triphenyl phosphate has been refined in three dimensions. The cell constants are: a=
17.124 + 0.048 A d(exp.) = 1.302 g/cm3 b= 5.833 + 0.036 A d(calc) = 1.331 g/cm3 c= 16.970 + 0.042
A Z = 4 &beat;105°21'± 15' Space group P21/a The structure was refined using block diagonal and full
matrix least squares methods. The two methods are compared. Two weighting schemes were used in
the full matrix refinements 1/Fo and a Hughes weighting scheme. Final parameters and standard errors
are given for the three refinements. The full matrix refinement with a- Hughes weighting scheme gives
the most reasonable standard deviations based on the results of the three refinements, The final R is
0.109. 
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ABSTRACT

The structure of barium monophenyl phosphate has been: solved 
in projection. The cell constants ares

The bond lengths and angles agree, with those of previously solved 
monosubstituted phosphates. The coordination number of the barium 
ion is 9. The crystal structure consists of Ionidaily bonded 
sheets of Ba++ions and (POĵCgHg)T groups along- the- ab planes 
alternating with sheets of van der Waals contacts between phenyl 
groups at c/2,

The structure of triphenyl phosphate has been refined in 
three dimensions. The cell constants are8

The structure was refined using block diagonal and full matrix 
least squares me t h o d s T h e  two methods are compared. Two weighting 
schemes were used in the full matrix refinements 1/Fo and a Hughes 
weighting scheme. Final parameters and standard errors are given 
for the three refinements. The full matrix refinement with a Hughes 
weighting scheme gives the most reasonable standard deviations 
based on the results of the three refinements. The final R is 0.109.

a= 9.23dr 0.10A 
b= 7.33* 0.13A 
0=14.35* 0,07A 
£=101°309 * 1°

d(exp») = 2.372 g/'cnr* 
d(calc) =-2.392 g/cm^ 
Z = 4

Space group P2^/a

a= 17.124 * 0.048 A d(exp.) = 1.302 g/cm3
b= 5.833 * 0.036 A d(calc) =1,331 g/cnP
c= 16.970 * 0.042 A Z = 4
P= 105°21e± 15’

Space group P2^/a



INTRODUCTION
The hydrolysis of C=O-P linkages is very important in biological 

processes (1*2), The C-O=P linkage is involved in metabolism, 
fermentation, and many other biological reactions (3),

Nucleic acids have been found in nearly all types of living cells 
investigated. Among the nucleic acids found are ribonucleic acid 
(RNA) and deoxyribonucleic acid (DNA). These nucleic acids have 
been shown to be polynucleotides in which one of the two acid groups 
of the phosphoric acid residue of a mononucleotide is esterified by one 
of the sugar hydroxyls of another mononucleotide. Thus, RNA and DNA
are- chains of nucleotides with C=O-P-O=C linkages,s

There are a number of nucleotides including-adenosine triphosphate 
(ATP) which are essential in metabolic reactions. These-contain not 
only C-O-P linkages but P=O=P linkages as well. In fermentation, ATP 
is a phosphorylating agent. The ATP reacts with glucose to form 

sugar phosphates.
An important carbohydrate metabolic path is the pentose phosphate 

pathway. Throughout the pathway, organic phosphates are present. The 
pentose phosphate pathway involves a number of enzymes-but its basic 

process is the oxidation of glucose to carbon dioxide.
The inverse process of the pentose phosphate pathway for glucose 

oxidation.is photosynthesis. Many of the reaction intermediates in 

photosynthesis are organic phosphate compounds.

Phospholipids are another group of organic phosphates found in 
nerve tissues of animals. The metabolism of these compounds - also
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involves a series of organic phosphate intermediates.

There are many other metabolic processes involving organic 
phosphate intermediates too numerous to.mention in detail.

In addition to the importance of organic phosphates in metabolism, 
a great many organic phosphates have toxic effects on biological and 
metabolic processes. An example of a toxic phosphate is discussed 
in the next paragraph.

During September and October of 1959, many Moroccans were 
partially paralyzed when they used cooking oil adulterated with a 
lubricating oil used in jet engines. The oil contained approximately 3% 
mixed cresyl phosphates. The hypothesis was advanced (4) that the 
spasticity observed in some 10,000 Moroccans is due to changes in the 
muscles and not in the neurons. These changes can occur at the motor 

end-plates as in nerve gas poisoning, in the muscle spindles, or by 

upsetting the balance between Intra= and extra-cellular potassium, 
Orthocresyl phosphate poisoning carries a very■low mortality rate and 
in most instances, the therapy given the Moroccans brought about 
complete recovery.

This thesis is concerned with the determination of the structures 
of some phenyl phosphates. Although such structural information may 
help in understanding the toxic effects of phosphates, it is expected 

that this information will be of value in explaining and understanding 
the kinetics of.the hydrolysis of organic phosphates.

The hydrolysis of a number of organic phosphate esters has been
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studied and theories proposed to account for the rate coefficients of 
each (5). The hydrolysis of methyl phosphate was found to follow first 
order kinetics and the rate coefficient was independent of acidity in the 
range pH 3.5-4.5 (at 100°C, = 4.94 x 10~Snin.-*"). In this range, the
rate was independent of the buffer concentration, total ionic strength, 
and has been shown to involve fission of the phosphorus-oxygen bond by 
O^isotopic tracer studies. The mechanism of hydrolysis was formulated 
in two ways:

I. Bimolecular attack by a solvent molecule on the phosphorus 
atom

Hz
H  /  
O - P v

O

0 H\  Z
OC H3

I
X O \ y O + H O C H 3

2. Slow heterolysis of the P-O bond giving hypothetical meta- 
phosphoric acid which hydrates to orthophosphoric acid

0
Il

C H ?0 -  P - O  — > o c H 3 +
OH

p = o (HO)jPO
OH

These reaction paths are suspected for all monosubstituted 

phosphates, aryl or alkyl.
In strong acid solution, CH^OPO(OH)2 undergoes acid catalyzed

hydrolysis. Therefore, the reaction is bimolecular involving attack
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by a solvent molecule. Isotope experiments show both carbon-oxygen and 
phosphorus-oxygen bond fission under these conditions. The following 
two reactions may occur:

These reactions are S^2 (C) and 5^2 (P) respectively where the 

symbols (C) and (P) indicate carbon-oxygen or phosphorus-oxygen bond 

fission.
The hydrolysis of phenyl phosphate ion was studied and found to be 

similar to that of methyl phosphate ion (5). Isotope experiments showed 
that the reaction proceeds by P-O fission. The first order rate

- 3  icoefficient for phenyl phosphate ion is 15.8 x 10 min." . Phenyl 
phosphate is more reactive than methyl phosphate. This may be attributed 

to the greater stability of the phenoxide ion. Phenyl phosphate does 
not undergo acid catalyzed reaction. The absence of acid-catalyzed 
reaction with aryl phosphates appears to be due to the reduction of the 

basicity of the oxygen atom in the P-O-C linkage. This was explained by 
resonance of the oxygen atom lone-pair electrons and the aromatic ring.

+ I O H

OH 0  H

Il I
0 H

The structures of a number of organic phosphates have appeared in
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the literature with the most attention on organic phosphates of some 
biological significance.

Adenylic acid or adenosine -5®-phosphate is a component of ribo
nucleic acid. The complete structure of adenosine -5’-phosphate -has 

been solved and refined (6, 7).
Dibenzyl phosphate has been solved by Dunitz and Rollett (8).
Magnesium diethyl phosphate is partially solved in three dimensions, 

but at the time of this writing, has not been completed to the author*s 
knowledge (9).

Cytidylic acid b has been solved using two dimensional 
projections (10).

The structures of adenylic acids a and b have been solved in 
projections (11).

The complete structure of 2-amino-ethanol phosphate- has been done 
by Kraut in three dimensions (12).

TruebIood, Horn and Luzzati have solved and refined the structure 

of calcium thymidylate in three dimensions (13).
The crystal structure of barium ribose-5-phosphate has been done 

in two projections by Furberg and Mostad (14).
Triphenyl phosphate has been solved by Davies and Stanley 

using projection data (15).
The structure of calcium naphthyl phosphate has been solved 

by Li (16).
The structure of barium phenyl phosphate is presented in this 

thesis. This structure differs from most previously published structures
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in that an aromatic rather than an aliphatic group is the substituent on 
the phosphate group.

A refinement of the triphenyl phosphate structure from three 
dimensional data is also presented here.

Both the block diagonal matrix and the full matrix- least squares 
methods were used* The final refinement was done with the full matrix 
and a weighting scheme which seemed best for the data. The final 
structure has more reasonable bond distances and angles, and lower 
standard deviations for the coordinates.

Accurate interatomic distances and angles are required when 
attempting to relate structural information to hydrolysis data. The 
refined structure of triphenyl phosphate possesses the required 
accuracy. Due to the nature of the crystal, the structural informa
tion on barium phenyl phosphate is not sufficiently accurate to allow 
correlation with hydrolysis studies.



COLLECTION OF DATA AND ERROR DISCUSSION
All x-ray data for the two compounds studied here were taken with 

Supper Weissenberg and precession cameras (17)* The Weissenberg camera 
was used to collect data for triphenyl phosphate* The precession camera 
was used to collect data in the hOl and hkO zones of barium phenyl 
phosphate„ Data in the Okl zone of barium phenyl phosphate was collected 

with the Weissenberg camera*
The films were developed in Kodak Rapid X-ray developer for 8 

minutes, one minute in an acetic acid stop bath and 15 minutes in Kodak 
Rapid-fix and Hardner solution* The temperature of all film processing 
solutions was 20 degrees Centigrade.

The density of each spot on the films was estimated using a standard 
density scale. The standard density scale was made with Ni filtered Cu 

radiation by recording a series of spots on a film* Beginning with a 
5 second exposure, each succeeding spot was exposed 5 seconds longer 

than the previous spot to a maximum of 120 seconds. The useful range 
was 5 to 60 seconds since spots were too dark to be of any value beyond 

a 60 second exposure.
All reflections were integrated in one direction with cameras 

modified for this purpose. Certain errors are involved in photographic 
collection of intensity data and a number of reasons for the loss in 
accuracy in this data are discussed here.

The largest error is due to the nonlinearity of the integrating 
motion caused by a poorly constructed cam. The cams used were not 
milled, but were cut using a large template on a machine whose accuracy
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was very poor. Mr. Hugh Vias who made the cams, stated at a later time 
that this was not a good method for making accurate cams. Mr. Via then 
milled a cam for the modified Supper camera to an accuracy-of about 
0.0003" which is sufficient to obtain linear integration of the spots.

Another source of error appeared to be due to non-synchronization 
of the integrating motion with the Weissenberg motion. This non-syn
chronous motion coupled with nonlinearity of the cam caused the spots 
to be integrated nonlinearly.

The last source of error is due to the variation of the current in 
the power supply of the x-ray source. This can be corrected with a 
current stabilizer, commercially available although for long exposures, 
this error will tend to be minimized.

After the data for this thesis were collected, the Weissenberg 
camera integrating mechanism was modified to correct the first two error 
sources. Pictures taken with the modified integrating mechanism showed 
a marked improvement in the quality of data obtained^ the integration 
showing a marked improvement over the original integration method.

Linearity of integrated data is important particularly for weak 
reflections and high angle reflections. These reflections have the 

greatest weight in refinement thus should be estimated with greater 
accuracy. Linearity of. integration is essential if the data are to be 
read with a photometer. Nonlinearities will cause errors particularly 
in weak reflections because of the difficulty in setting the spot under 

the slit of the photometer head.
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When estimating data by comparing with a:standard intensity scale, 
linearity of integration is also important. The standard scale des
cribed above consisted of a series of timed exposures through a small 
aperature of the same shape as the integrated reflection from the 
crystal, Kdan and Cole (18) state that integration by eye is not 
complete and for large changes in area, eye estimation is inaccurate. 
Nonlinearly integrated spots do not appear readily integrabIe by eye 
even at large distances. This is particularly true of the-less dense 
spots. Nonlinear integration causes one part of a-spot to be distinctly 
darker than another part. When estimating intensities, the eye is 
usually at a large distance compared to the width of the- spot (18 to 24 
inches versus 2 mm.). At this distance, the variation in density of 
a nonIinearIy integrated spot is still discernible to the eye. Thus, 
these spot intensities cannot be estimated accurately. This is not 
true of nonintegrated reflections because there is much less variation 
of the density over a large area as is the case in nonlinearIy 
integrated data.

Data obtained from the precession camera suffered from the second 
and third types of errors discussed above. The integrating mechanism of 
the precession camera was linear but was not synchronized with the 
precessional motion.

These then, were the errors in the actual photography of the 
reciprocal lattice. In addition to these, there were errors which appear 

due to the shape of the crystal and in the estimation of the intensities.
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The errors due to crystal twisting can only be corrected by using a good 
crystal. The data obtained for barium phenyl phosphate are not very good 
due to the twisting of the crystal, the cross-sectional shape of the 
crystal, and errors introduced in the photography of the reciprocal 
lattice.

The data for triphenyl phosphate have errors due to the photography 
of the lattice and estimation of the intensities.

Inaccurate data obviously will not allow a low value of residual.
It is possible that the error in the estimation of intensities, particu
larly the weak reflections, can be as great as 50%.■ For-the more 
intense reflections a reasonable estimate is about 10%; For some 
intense reflections, the error is approximately 5-10%

The effect of the above uncertainties on the structure factors 
used in the calculation of electron density maps is not as great as one 

might expect. The structure factor is proportional to the square root 

of the observed intensity, i.e.,
F2 oC I

Therefore, an error of 10% in the estimation of an intensity is an error 
of approximately 5% in the structure factor. For those reflections where 
the error may be as much as 50% in the estimation of the intensity, the 
error in the structure factor is about 23$. Accurate structure deter
minations can be done with photographic data because of the statistical 
nature of x-ray analysis. This is because there are usually a large 
number of reflections available compared to the number of parameters to
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be determined. If the over-determination (the ratio of reflections to 
parameters to be found) is a factor of five or more^ it may-be quite pos
sible to obtain standard deviations of about 0.00IA or less in the bond 
lengths. This is based on the assumption that the crystal will provide 
good data and that the data have been read as accurately-as possible by 
eye estimation. Smaller standard deviations can be-obtained using 
photometer methods or diffractometers and counting equipment..



THE STRUCTURE OF BARIUM PHENYL PHOSPHATE
Experimental

Barium phenyl phosphate was prepared from a mixture of sodium phenyl 
phosphate and sodium diphenyl phosphate through the following reactions: 

C6H5OPOg + 2Ag+ — > Ag2CeH5OPO3 (I)

(C6H5O)2POg + Ag*---> Ag(C6H5O)2PO2 (2)
Ag2C6H5OPO3 + Ba++ + 2Br"---> AgBr + Ba++ + C6H5OPO3 (la)
Ag(C6H5O)2PO2+Br" +EgO-^xAgBr + CgH^OPO^ + CgH5OH+H+ (2a)

Reaction (2a) was reported by Helleiner and Butler (19). This hydro 
lysis reaction (2a) is catalyzed by the barium ion apparently due to its 
charge and size.

The mixture of sodium phenyl phosphates was dissolved in water and 
precipitated with an excess of AgNO3 solution. The solution was 
filtered and the precipitate washed with water until the washings gave 
no test for silver ion. The precipitate was treated with a solution of 
BaBr2 (the bromide was used because silver bromide is less soluble than 
silver chloride). The precipitate of mixed silver phosphates was kept 
in excess with respect to BaBr2. The mixture was filtered and the 
filtrate allowed to crystallize. The crystals grew as long white plates. 
The long dimension of the crystals is down the a axis. They appeared 

as groups of needles under the microscope. These-crystals could be 
broken up easily with a needle. The crystals were dissolved in a mix
ture of water and a small amount of ethanol and a new batch of crystals, 
grown. In this batch$ a few single needles were found. One of these
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was selected for x-ray photographye

Precession pictures showed the crystal to have Laue symmetry 2/m. 
This places the crystal in the monoclinic system. The following 
preliminary measurements were made of the cells 

a = 9.16 A 

b = 7.33 A 
b = 14.19 A 
^ = 96°

Extinctions were observed for the reflections as follows: 
hOl: h = 2n+l absent 
OkOs k = Zn+I absent

This places the crystal in space group P2^/a.

During the initial part of the analysis, the compound was assumed 
to be barium diphenyl phosphate since the starting material was thought 
to have been sodium diphenyl phosphate. The observed density of the 
crystals is 2.372 g/cm^. The number of molecules per unit cell based 

on the observed density is 2.12 for anhydrous diphenyl phosphate.
Space group P2]/a has four general positions and four pairs of 

special positions (20). Thus, for barium diphenyl-phosphate, the barium 
ions must lie on special positions and be centrosymmetric since the 
special positions all lie on centers of symmetry. '

A Patterson projection down the b axis should have peaks - at the 
origin and at (x = a/2,:z = 0). The next largest peaks should be Ba-P, 

Ba-0, and Ba-C; their height descending in the order given. Any peak
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height may be calibrated from the Patterson map usirig (21)

where n is the multiplicity of the peak$.Za is the atomic number of 
atom a, Zy is the atomic number of atom b, Z^ is- the atomic number of

units in the cell, HorIgin t^e height of the origin peak on the 
Patterson map, and Hay is the peak height expected for the vector aE,

Peak heights in the Patterson corresponding to vectors from barium to 
other atoms can easily be calculated, for example the Ba-P vectors would 
produce a peak height Hga„p calculated from

i
Placing the barium atoms on special positions in space group PZ^/a 

requires the barium atom to be on a center of symmetryd Any of the 
four pairs of special positions are equivalent in projection down the 
b axis except for a translation down the c axis to %c for two pairs of 
special positions. Thus, for every atom (except barium) at (XjlZ), there 
will be atoms at (x,z), (x + %,z) and (% - x,z). There are four Ba-P, 
four Ba-O, and four Ba-C vectors in Patterson space (21) for each atom 
at x, z, and related positions. There are other vectors, but only the 

barium— other atom vectors are considered here.

the i ~  atom in the asymmetric unit, m is the number of asymmetric

n zBazP
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The value of the origin peak on the Patterson map calculated from 

the hOl observed structure factors is 986« This is a relative-value 
since F(0,0,0) was not used and all the observed structure factors 
were relative.

The peak heights expected for the barium diphenyl phosphate 
Patterson function are given in the following-table.

Table I. Expected Peak Heights for Barium Diphenyl Phosphate-Fo^e

Vectors ZiZj Expected Peak Heights

Ba-P 810 369
Bfl-O 432 197
Ba-C 324 148

The structure factor for barium diphenyl phosphate,may be written ass 

F “ FBa + fL
where Fga is the structure factor for the barium atoms alone and F^ is 
the structure factor for the remaining lighter atoms. Using-the special 
positions (O3O8O); (%9% 90)„ the contribution to the structure factor by 

the barium atoms is 2fj. This is the value obtained for the structure 
factor for hOl reflections. Thus, the phases computed from the barium 
atoms alone are all positive. Since barium will control the phases of 
most of the structure factors an electron density map computed using all 
positive phases and observed structure factors will have the same 
features as the Patterson map except for peak heights. Therefore, the

s

■. i
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Patterson map can be interpreted as an electron density- map of barium 
diphenyl phosphate.

The solution of the structure down the b axis was attempted as 
outlined above. The structure factor calculation using the positions for 
the barium atoms above gave an initial R = 0.37, Addition of the 
phosphorus atoms reduced the R factor very little. There was no further 
decrease in the R factor with the addition of the-oxygen atoms. Further, 

the structure was not chemically reasonable since on projection the 
P-O-C distances were about 3 A each. Any other additional atoms added 
to the structure factor calculations increased the R factor. The R 

factor is the conventional residual defined as

The large peaks in the Patterson map (Figure I) offered another 
approach to the solution of the structure. There was a possibility the 
compound was barium monophenyl phosphate since the starting material was 
found to be a mixture of sodium diphenyl phosphate and sodium 

monophenyl phosphate.
The number of molecules per unit cell for barium monophenyl 

phosphate is 4.37, The calculated density for barium phenyl phosphate 

with 1.5 molecules of water per molecule is 2,392 g/cm'*.
The analysis of the Patterson map using the method described above 

leads to the calculated peak heights in the following-table.
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c/2

Figure I.

a/2

I / '

Patterson Function for Barium Phenyl Phosphate 
.... Zero contour
---  Contours less than 100
---- Contours in intervals of 100

All contours in arbitrary electron units
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Table II. Expected Peak Heights for Barium MonophenyI Phosphate 

Patterson Projection Down the b-axis

Vectors ZiZj Expected Peak.Heights

Ba-Ba 2916 385
Ba-P 810 214
BdeiO- 432 114

a BdeeC 324 86

The large peak in the Patterson map was taken as the Ba-Ba vector. 
The x and z coordinates of the barium atom were taken from the Patterson 
map and a structure factor calculation gave an R =0.41. Placing the 
remaining atoms, excepting water oxygens, gave R = 0.27. Slight shifts 
with difference maps gave R = 0.21,

At this point an analysis was done to verify that the compound was 
barium monophenyl phosphate. Dr, Rodney Skoge^boe did the analytical 

work using flame photometer methods, The flame photometer was used with 

standard BaClg solutions and two samples. The standard solutions had 
concentrations of Ba++ of approximately the concentration of the samples 
of barium phenyl phosphate. Beers law (22) was assumed to hold for the 
concentration range considered and was within the limits of accuracy of 
the flame photometer. Since only a small amount of the compound was 
available, the percent error in weighing the two samples was quite large. 
The results of the analysis gave 49.1% and 57.4% Ba, Barium diphenyl 

phosphate requires 21.54% Ba. Barium monophenyl phosphate requires 
44.39% Ba. These results along with the successful solution of the
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structure indicate the compound is barium monophenyl phosphate. The 
exclusion of water of crystallization from the calculations in the 
analytical work will not change the conclusions.

An attempt was made to collect three dimensional data. The 

crystals had a twist of approximately 1,5 degrees per mmi length, and 
therefore the data for upper levels were very poor. Upper level photo
graphs showed that the choice of unit cell above was unconventional. 
Accordingly the proper cell parameters based on the three dimensional 
data are

a = 9,23 ± 0.10 A 
b - 7.33 t 0,13 A 
c =14.35 ± 0.07 A 
p = IOio 30' t IP

Space group P2^/a ^t(Cu) = 3.74 
2 = 4  yU t(Mo) = 0.49

d(exp.) = 2.372 g/cm? t 0.001 

d(calc.) = 2.392 g/cm?

The calculated density and absorption coefficients are based on the 
molecular weight of BaC^HgOPOg.l^ HgO.

Precession data were collected for the hOl and hkO zones. A series 
of timed exposures were taken of each zone ranging from-I hour to 200 
hours to collect as much data as possible, 130 hOl and 48 hkO reflec

tions were observed. An attempt was made to collect data with the 
Weissenberg camera. Thirty-eight Okl reflections were collected but they
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were of poor quality due to smearing out of the refleetions caused by the 
twisted crystal. No upper level pictures were taken-with the Weissenberg 
camera. All precession data were taken with MoKe< radiation. The Okl 
data were taken with CuKW radiation. All reflections were integrated in 
one direction with cameras modified for this purpose. The integration 
suffered from the errors described in the last section.

All data were corrected for Lorentz and polarization factors using 
IBM 650 programs written at the University of Washington. The scattering 
factors used were taken from the International Tablea for Crystallography9 
Volume III, Tables 3.3.IA and 3.3.1B. No correction was made for 

absorption.

Structure Determination
As noted earlier, the structure was solved as an ac projection. The 

coordinates were transformed to the new cell. The final projection down 

the b axis is shown in Figure 2. The structure includes one molecule of 
water presumed to be present in the compound. The remaining % water 
molecule can be placed on the screw axis.

Using the hkO data and the x coordinates from the hOl projection, 
the structure was quickly solved. There was considerable doubt on the 
positions of the water molecules at this point. The value of R was 0.21. 

The final structure as viewed down the a and c axes- is shown in 

Figure 3.
The Okl data obtained from' the Weissenberg appeared to be 

sufficiently good to confirm the results from the other two projections.
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a

Figure 2. hOl Projection Ba(CaHg)PO^ • I^HgO

P

O  " O  =
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a sin p

hkO Projection Ba(C5H5)PO4 • I^H2O

c sin p

Okl Projection Ba(C5H5)PO4 • I^H2O 
Figure 3.
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These data were used only in refinemente

Refinement of the Structure
Once a structure is solved, it is necessary to improve the 

coordinates by some process of refinement (23). There are several 
methods for refinement including difference maps  ̂ differential synthesis, 
and least squares. The method used for the structures-in this thesis was 
the method of least squares. The quantity minimized is 

R = ]T w ( A f)2
where A F  is the difference |Fo| - |Fc| and w is the-weight. The . 
refinement by least squares is an iterative process- where the parameters 
are improved cycle after cycle until the shifts in•the-parameters - become 

smaller than their standard deviations.
Each of the projections was refined using a block diagonal least 

squares routine for the IBM 1620. The weighting used- on all observed 

data was:
w = 1/Fo

There were no observed extinctions in the data. After several cycles 
of refinement, the position of one water molecule appeared in an electron 
density map. This was placed in the structure factor calculations and 

was refined. There is some doubt as to the positions- of the water 
molecules. The refinement of the various projections - can- be taken to an 
R of approximately 0.10» However, this is not meaningful since the num

ber of parameters is nearly the same as the number of reflections 

in some zones.
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hOl R = 0.16
hkO R = 0.24
Okl R = 0.24

This indicates the y coordinates are much less accurate than the x and
z coordinates. The atomic coordinates are given in table III. The final 
bond lengths and bond angles are shown in Tables IV and V.

Table III. Atomic Coordinates for BaCCGHgypO^'l^HgP**

Atom x/a y/b z/c B (A2)

BAl .6617 .1756 .9426 2.594
P2 .5053 .6739 .8841 1.851
03 .4545 .7088 .7847 2.257
04 .6341 .5852 .8922 2.002
05 .5474 .7800 .9427 2.590
06 .3710 .6781 .9159- 1.494
07 .6277 .8900 .1900 1.987
CS .3977 .6388 .7250 2.196
C9 .4499 .5847 ' .6420 2.445
CIO .3753 .5306 .5756 4.582
Cl! .2287 .5263 .5591 4.261
C12 .1492 .5474 .6193 1.891
C13 .2567 .5821 .7000..... 2.900

Table IV. Bond Lengths in the Phenyl Phosphate Ion.*

Bond
\

Distance (A)

P2-03 1.433
P2.04 1.340
P2-05 1.154
P2-06 1.404
03-C8 1.045
C8-C9 1.427
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Table IV0 (Continued)

Bond Distance (A)

C9-C10
ClO-Cll
C11-C12
C12-C13
C13-C8

1.130
1.327
1.250
1.390
1.345

Table V. Bond Angles in the Phenyl Phosphate Ion.*

Angle Degrees

03-P2-06 100.6
03-P2-05 126.9
03-P2-04 106.4
06-P2-05 86.5
06-P2-04 ' 143.9
05-P2-04 . 95.7
P2-03-C8 137.7
03-C8-C9 128.5
03-C8-C13 132.1
C13-C8-C9 99.3
C8-C9-C10 123.4
C9-C10-C11 126.0
C10-C11-C12 126.3
C11-C12-C13 100.3
C12-C13-C8 140.4

*The bond lengths and angles in Table IV and Table V are calculated 
from the atomic coordinates in Table III. These represent the best es
timates obtained from the atomic coordinates given in Appendix D, where 
the atomic coordinates from the hoi, hko and okl projections are listed. 
Inconsistencies in the coordinates from the three different projections 
show that the uncertainties in position are several tenths of an Angstrom.



DISCUSSION OF THE STRUCTURE
The inaccuracy of the data due to the poor quality of the crystal9 

the limited number of reflections, and the presence of the heavy barium 
atom makes the resulting bond distances and angles only qualitative in 
nature. In particular, overlap of atoms and the fact that many atoms 
could riot be resolved in projection, and the few acceptable reflections 
in the hkO and Okl zones have not allowed bond distances and angles to 
be determined with sufficient accuracy to be meaningfully discussed in 
comparison with other bond distances and angles.

It appears that within these limitations, there are no significant 
differences between the phenyl phosphate group and other phosphates.
Due to the large estimated standard deviations, further discussion of 
the molecular structure is not warranted.

The coordination about the barium ion is somewhat in doubt due to 
the uncertainty of the locations of the water molecules. Table VI 
contains the barium-oxygen distances in the structure. These oxygen 
atoms give the barium ion a coordination number of 9«, The barium-oxygen 
distances given in Table VI are in the same range as those in barium- 
ribose-5-phosphate.

Table VI. Barium-oxygen Distances in Barium Phenyl Phosphate.

Barium to Oxygen No. Distance (A)

I , 2.90
2 3.20
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Table VI. (Continued)

Barium to Oxygen No. Distance (A)

3 2.99
4 3.50

5 2.00

6 2.34

7 3.54
8 2.00

9 2.75

The van der Waals contacts between the benzene rings are normal 
within the limits of accuracy of the structure determination. Hydrogen 
atoms were not included in the structure factor calculations.



THE REFINEMENT OF TRIPHENYL PHOSPHATE
The study of triphenyl phosphate was undertaken to determine the 

structure of a trisubstituted orthophosphate ester. While this study 
was in progress the structure was solved in projection by Stanley and 
Davies (15)» The cell constants and uncertainties reported by Stanley 
and Davies are?

a = 17.24 ± 0.15 A 
b = 5.86 ± 0.05 A 
c = 17.24 ± 0.15 A 
^ = 104° ± 306

Stanley and Davies used 300 hOl, 122 Okl and 114 hkO reflections in 
their solution. From the published data9 there appears to be con
siderable overlap on two of the projections down the-long-axes. The 
uncertainties in the bond lengths were estimated as 0.04 A and.0.05 A 
for P=>0 and O-O9 respectively. Uncertainties in the bond angles of the 

PO^ group were all 3°. Thus9 their bond distances and angles can not be 
considered sufficiently accurate for a detailed study of the structure 
or correlation with rates and mechanisms of hydrolysis. For this 
reason it was decided to continue the study and to refine the structure 
with three dimensional data.

Experimental
Seven-hundred sixty-two observed reflections-were obtained from hOl 

through h31 with CuK^ radiation. „ The cell constants were determined 

from both Weissenberg and precessional data. A crystal of sodium chloride 
was used as a standard. The d-spacing of sodium chloride was taken as
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5,6402 A (24), The cell constants were determined as outlined in the 
appendix and are:

a = 17,124 + 0.048 A
b = 5.833 + 0.036 A
c = 16.970 + 0.042 A

105°219 + 15®
These agree quite well with the results of Stanleyand Davies,
Systematic extinctions were observed for

hOl h = 2n + I absent 
OkO k = 2n + I absent

This fixes the space group as P2^/a in agreement with Stanley and Davies, 
The density of triphenyl phosphate is 1,302 g/cm^ and the computed den= 
sity is 1,331 g/cnv*. The number of molecules per unit cell is 4, 
Absorption corrections were not made as the crystal was small (0,1 mm 

diameter) and the linear absorption coefficient is 14,11 c m , f o r  
CuKec radiation.

Refinement of the Structure 
The starting coordinates for the refinement were those determined by 

Stanley and Davies, Structure factors calculated from these-coordinates 
gave R=0,21, The successful refinement confirms the structure to be 

correct.
Due to the fact that the structure refined successfully using the 

block diagonal least squares program, it appeared that a comparison of 
block diagonal and full matrix refinement would be possible. Accordingly,



30
the structure was again refined using the full matrix-least squares pro
gram of Busing and Levy (25), For both cases, the weighting was 1/Fo 
for the observed data, omitting all unobserved data until the last cycle 
of least squares, A synopsis of the block diagonal refinement is given 
in Table VII, Similarly, a synopsis of the full matrix refinement is 
presented in Table VIII. These results are discussed below.

For the final refinement by full matrix least squares, the' weight
ing was adjusted tog

wt = I for Fo ̂  4Fmin
wt = 4Fmin/Fo for Fq 4Fmin

The final R equals .109.
Table IX lists the final coordinates and standard deviations from 

the block diagonal refinement. Table X shows the final coordinates from 
the second refinement using full matrix. Table XI contains the final 
parameters from the last least squares using the full matrix program 
with Hughes weighting scheme.

The refinement is discussed in greater detail in the section, 
"Comparison of Least Squares Methods."

Discussion of the Structure
The bond lengths (see Table XIII) of the phosphate group fall with

in the expected range. There have been four precisely determined 

structures containing the organic phosphate group. These are: dibenzyl 

phosphoric acid by Dunitz and Rollett (8), calcium thymi-dylate by 
Trueblood, Horn, and Luzzati (13), 2-amino-ethanol phosphate by Kraut (12)
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Table VII. Synopsis of Block Diagonal Refinement of.Iriphenyl Phosphate.

Cycles 1 - 3  Individual isotropic 
temperature factors 0.21 0.14

Cycles 4 - 8  Anisotropic temperature 
factors.3

A F  map No hydrogens located.

21 W(AF)2 = 685.7 -— $> 377.6

R = 0.19 -» 0.14 
ZT W(AF)2 = 545.2 — 2> 307.1

Cycles 9 - 1 0  Anisotropic temperature 
factors plus calculated 
hydrogen positions.b

Cycles 11-12 Anisotropic temperature 
factors plus calculated 
hydrogen positions.0

R = 0,14 0,13

Ew(AF)2 = 287.3 -*> 256.7

R = 0.13 0.125
Ew(AF)2 = 241.6^

a. Anisotropife temperature factors were estimated from the reciprocal 
cell constants and individual isotropic temperature factors from 
cycle 3,

b, New hydrogen positions were computed at the end of each cycle. 
Hydrogen atoms' were given an isotropic temperature factor of 4.5 A2.

c. Individual isotropic temperature factors of the carbon atoms at 
the end of cycle 3 were assigned to the hydrogen atoms bonded to the 
carbon atoms.

d. The Ew(AF)2 quoted is for cycle 11. Cycle 12 of the refinement 
included the unobserved data increasing.theEW(AF)2 to 726,8,
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Table VIII. Synopsis of Full Matrix Refinement of Trlphenyl Phosphate®

Cycle I Individual isotropic temperature factors.
Weighting is 1/Fo. R = 0,21 - 0,15

Cycles 2=3 Anisotropic temperature factors. 
Weighting is 1/Fo,

Cycle 4 Anisotropic temperature factors. 
Weighting is Hughes scheme,3

R - 0,15 - 0,13 

R =0,13 = 0,11
Cycles 5=6 Anisotropic temperature factors.

Weighting is Hughes scheme.
Hydrogens included with isotropic
temperature factors.^ R = 0,117 = 0,109

a. Weighting was
wt = 4Fomin/Fo AO|X| 4Fomin
wt = 1,0 Fo 4 4Fomin

b„ Isotropic temperature factors for all hydrogens 
were taken as 4.500.

I
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Table IX. Final Parameters from Block Diagonal Refinement
of Triphenyl Phosphate with I/Po Weighting.

Atom x/a CT(x/a) y/b O' (y/b) z/c ^(z/c)

Pl 0.3888 0.0014 0.3468 0.0054 0.2536 0.0016
02 0.4382 0.0035 0.5456 0.0118 0.2259 0.0039
03 0.3220 0.0038 0.2789 0.0131 0.1746 0.0039
04 0.3324 0.0035 0.4674 0.0129 0.2962 0.0036
05 0.4394 0.0040 0.1689 0.0136 0.2979 0.0041
C6 0.5226 0.0054 0.5482 0.0187 0.2357 0.0059
Cl 0.5645 @.0055 0.3748 0.0184 0.2108 0.0061
CS 0.6492 0.0060 0.3843 0.0225 0.2183 0.0063
C9 0.6900 0.0058 0.5809 0.0216 0.2556 0.0062
CIO 0.6463 . 0.0062 0.7555 0.1086 0.2792 0.0066
C U 0.5637 0.0061 0.7370 0.0187 0.2682 0.0064
C12 0.3441 0.0061 0.2127 0.0197 0,1023 0.0058
C13 0.3784 0.0066 0.0062 0.0199 0.1016 0.0068
C14 0.4001 0.0067 0.9521 0.0230 0.0311 0.0071
C15 0.3848 0.0074 0.0872 0.0274 0.9648 0.0073
C16 0.3458 0.0075 0.2874 0.0247 0.9688 0.0073
Cl? 0.3258 0.0063 0.3679 0.0227 0.0402 0.0065
CIS 0.3510 0.0056 0.5128 0.0192 0.3784 0.0060
C19 0.3217 0.0071 0.3685 0.0255 0.4270 0.0066
C20 0.3388 0.0070 0.4079 0.0263 0.5073 0.0067
C21 0.3835 0.0071 0.5945 0.0256 0.5424 0.0075
C22 0.4119 0.0072 0.7500 0.0225 0.4936 0.0074
C23 0.3953 0.0067 0.7032 0.0218 0.4125 0.0068

Calculated Hydrogen Atom Coordinates

H24 0.5312 0.2250 0.1841
H 25 0.6809 0.2472 0.1973
H26 0.7551 0.5977 0.2654
H27 0.6778 0.9068 0.3067
H28 0.5305 0.8763 0.2860
H29 0.3883 0.8983 0.1518
H30 0.4311 0.7930 0.0290
H31 0.4031 0.0412 0.9116
H32 0.3287 0.3898 0.9150
H33 0.2992 0.5337 0.4455
H 34 0.2856 0.2214 0.4041
H35 0.3163 0.2919 0.5451
H36 0.3970 0.6197 0,6068
HS 7 0.4454 0.9008 0.5188
H38 0.4175 0.8173 0.3743
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Table X. Final Parameters from Full Matrix Refinement of Triphenyl 
Phosphate with 1/Fo Weighting.

Atom x/a OrCxZa) y/b <r(y/b) z/c e'Cz/c)

Pl 0.3888 0.0003 0.3453 0.0009 0.2536 0.0003
02 ■0.4394 0.0006 0.5501 0.0019 0.2257 0.0006
03 0.3220 0.0007 0.2809 0.0022 0.1742 0.0007
04 0.3330 0.0006 0.4726 0.0022 0.2981 0.0006
05 0.4397 0.0007 0.1739 0.0023 0.2981 0.0007
C6 0.5248 0.0010 0.5506 0.0035 0.2368' OiOOll
Cl 0.5636 0.0009 0.3664 0.0029 0.2092 0.0010
CS 0.6497 0.0011 0.3754 0.0041 0.2200 0.0012
C9 0.6915 0.0010 0.5811 0.0044 0.2567 0.0010
CIO 0.6457 0.0012: 0.7586 0.0033 0.2787 0.0012
C U P.5629. 0.0011 0.7338 0.0039 0.2685 0.0011
C12 0.3439 o.ooii 0.2162 0.0038 0.1020 0.0011
C13 0.3782 0.0011 0.0059 0.0037 0.1022 0.0014
C14 0.4025 0.0014 0.9538 0.0052 0.0-289- 0.0019
C15 0.3858 0.0018 0.0939 0.0075 0.9622 0.0020
C16 0,3433 0.0015 Oj2894 0.0052 0.9670 - ■ 0.0015
Cl? 0.3229 0.0011 0.3769 0.0041 0.0419 0.Q012
CIS 0.3514 0.0009 0.5137 0.0037 0.3801 0.0010
C19 0.3222 0.0014 0.3610 0.0049 0.4264 0.0017 .
C 20 0.3393 0.0015 0.3995 0.0055 0.5110 0.0016
C21 0.3839 0.0016 0.5948 0.0063 0.5420 0.0016
C22 0.4109 0.0014 0.7518 0.0047 0.4929 0.0018
C23 0.3951 0.0012 0.7096 0.0043 0.4115 0.0015
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Table XI, Final Parameters for Triphenyl Phosphate Using a Hughes 
Weighting Scheme,

Atom x/a O-CxZa) y/b trCy/b) z/c GT (z/c)

Pl 0.3888 0.0002 0.3454 0.0007 0.2539 0.0002
02 0.4388 0.0005 0.5459 0.0016 0.2253 0.0005
03 0,3229 0.0005 0.2812 0.0018 0.1752 0.0006
04 0,3317 0.0005 0.4742 0.0018 0.2966 0.0005
05 0.4396 0.0005 0.1687 0.0017 0.2989 0.0005
C6 0,5246 0.0007 0.5460 0.0030 0.2358 0.0008
07 0,5652 0.0007 0.3702 0.0024 0.2114 0,0008
CS 0.6479 0.0009 0.3800 0.0033 0.2189 0.0009
09 0.6902 0.0009 0.5835 0.0034 0.2557 0.0009
cio 0.6444 Q.0009 0.7644 0.0025 0.2789 0.0009
Oil 0.5622 0.0009 0.7391 0.0031 0.2689 0.0009
012 Q,#2P Q.0008 0.2102 0.0027 0.1612 0.0008
013 0.3794 Q.Q009 0.0086 0.0025 0.1017 0.0009
014 0.4013 O.0OO9 0.9551 0.0034 0.0289 0.0012
015 0.3Q46 0.0014 0.0917 0.0055 0.9629 0.0012
016 0.3453 0.0014 0.2890 0.0048 0.9694 0.0012
Cl? 0.3244 0.0008 0.3680 0.0028 0.0411 0.0009
CIS 0.3516 0.0007 0.5172 0.0029 0.3794 0.0008
019 0.3234 0.0010 0.3638 0.0034 0*4261 0.0009
020 0.3383 0.0010 0,4037 0.0047 0.5062 0.0011
021 0.3840 0.0011 0.5970 0.0042 0.5433 0.0011
022 0.4105 0.0010 0.7457 0.0030 0.4944 0.0013
023 0.3954 , 0.0009 0.7099 0.0031 0.4133 0.0011

Calculated Hydrogen Coordinates

H24 0.5300 0.2210 0.1825
H25 0.6818 0.2394 0.2004
H26 0.7572 0.6020 0,2680
H27 0.6754 0.9210 0.3031
H28 0.5259 0.8763 0.2852
H29 0.3899 -0.1083 0.1530
H30 0.4359 -0.2076 0.0281
H31 0.4031 0.0528 -0.0923
H32 0,3266 0,3914 -0.0850
H33 0.2959 0.5384 0,0449
H34 0.2872 0.2129 0.3982
H35 0.3171 0.2870 0.5474
H36 0.3977 0.6210 0.6087
H37 0.4434 0.8980 0.5211
H38 0.4177 0.8289 0.3746

An isotropic B of 4,500 was assigned all the hydrogens
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Table XII, Final Temperature Factors for Triphenyl Phosphate Using a 
Hughes Weighting Scheme.
(Standard deviations are below each entry,)

Atom Pu P 22 P 33 P 12 # 13 P 23

Pl 0.00283 0.02910 0.00363 0.00069 0,00072 0.00170
■ 0.00012 0.00207 0.00015 0.00036 0,00011 0.00041

02 0,00415 0.01747 -0.00531 -0,00167 0.00138 0.00233
0.00041 0.00438 0,00046 0.00097 0.00035 0.00102

03 0.00449 0.04330 0.00603 -0.00180 0.00287 0.00094
0.00043 0.00520 0.00057 0.00110 0.00041 0.00125

04 0.00411 0.03988 0.00470 0.00120 0.00155 0.00041
0,00039 0.00526 0.00064 0,00104 0.00035 0.00106

05 0,00482 0.04043 0.00330 0,00217 0.00083 0.00091
0,00041 0.00504 0,00038 0.00122 0.00033 0.00115

06 0.00344 0,01730 0.00480 -0.00159 0.00169 0^00718
0.00062 0.00840 0.00071 0,00191 0.00056 0.00178

07 0.00418 0.00740 0.00545 0.00196 0.00255 -0.00367
0.00060 0.00663 0.00070 0.00156 0.00053 - 0.00165

08 0.00556 0.03816 0.00524 -0.00163 0.00344 -0.00464
0.00075 0.00972 0,00076 0.00207 0,00062 0.00215

09 0.00589 0.01796 0,00611 -0.00178 0.00226 0*00173
0.00072 0.00923 0.00086 0.00219 0.00067 0,00190

CIO 0.00622 0.00308 0.00605 0.00036 0.00121 -0,00180
0.00083 0.00779 0.00083 0.00189 0.00065 0.00168

Oil 0.00376 0.03199 0.00508 -0.00395 0.00144 -0.00189
0.00069 0.00881 0.00071 0.00162 0.00056 0,00179

012 0.00581 0.03897 0.00244 0.00071 0,00.158 " 0.00001
0.00066 0.00767 0.00056 0.00178 0.00051 0,00163

013 0.00772 0.01689 0.00557 -0.00290 0.00240 0.00137
0.00080 0.00742 0.00077 0.00173 0.00062 0.00177

014 0.00601 0.04860 0.00665 -0.00236 0,00223 -0.00693
0,00085 0.01019 0,00113 0.00214 0.00080 0.00254

015 0.01252 0.05992 0.00327 0.00080 Oi OOOJZ -0*00230
0.00141 0.01479 0.00089 0.00357 0.00083 0.00298

016 0.01094 0.04730 0.00656 -0.00758 0.00089 0.00956
0.00126 0.01510 0.00115 0.00302 Oi00095 0.00293

017 0.00658 0.03612 0.00420 0.00065 0.00173 0.00169
0.00075 0,00818 0.0069 0.00174 0,00060 . 0.00182

018 0.00380 0.03920 0.00319 0.00677 0.00165 0.00011
0.00060 0.00858 0.00062 0.00173 0.00051 0.00181

019 0.00833 0.05818 0.00312 -0.00577 0.00194 -0.00086
0.00090 0.00968 0.00071 0.00253 . 0.00067 0.00231

020 0.00710 0.09971 0.00482 -0,00545 0.00222 0.00504
0.00091 0.01442 0.00099 0.00308 0.00077 0.00303

'I
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Table XII. (Continued.)

Atom £ 11 F 2i #33 § 1 2 #13 #23

C21 0.00672 0.04985 0.00716 0.00120 Oi00291 -0.00119
0.00091 0.01132 0.00097 0.00258 0.00080 0.00285

C22 0.00827 0.02289 0.00736 -0.00714 0.00298 -0.00361
0.00096 0.00822 0.00107 0.00217 0.00087 0.00227

C23 0.00689 0.03246 0.00517 -0.00665 0.00030 -0.00406
0.00082 0.00942 0.00089 0.00206 0.00074 0.00215



1.596

Table XIII. Final Bond Lengths for Triphenyl Phosphate
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Table XIV. Final Bond Angles for Triphenyl Phosphate,
S

AngleI Degrees

02-P1-03
02-PI-04
02- Pl-05
03- P1-04
03- P1-05
04- P1-05 
P1-02-C6 
P1-03-C12 
P1-04-C18 
02-C6-C7
02- C6-C11 
C6-C7—CS 
C7-C8-C9 
C8-C9-C10 
C9-C10-C11 
C10-C11-C6
03- C12-C13
03- C12-C17 
C17-C12-C13 
C12-C13-C14 
C13-C14-C15 
C14-C15-C16 
C15-C16-C17 
C16-C17-C12
04- C18-C19
04-C18-C23 
C23-C18-C19 
C18-C19-C20 
C19-C20-C21 
C20-C21-C22 
C21-C22-C23 
C22-C23-C18

103.3
103.8
113.5 
9-7.5
119.1
117.2
125.0
123.3
123.7
123.5
114.1 
12?.8
116.2
119.0
119.9
119.7
118.5
114.8
126.5
115.6
123.8
115.6
125.6
112.6
116.8
122.0 
121.1 
118.8
121.7 
117.5
121.8 
119.1

See Table XIII. for numbering of atoms
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and adend.sine-51 -phosphate by Kraut and Jensen (6,7) ° Comparison of the 
bond lengths among these structures leads to a P-OK mean distance (R is 
an organic sutstitutent) of 1.578 A among four bonds reported. The P-O 
bonds, other than P-OK, average 1.486 A.

■ Another approach to averaging the bonds and gaining insight into the 
nature of the bonding, is the following. Consider first, monosubstituted 
phosphates such as 2-amino-ethanol phosphate, adenosine-511 -phosphate, and 
calcium thymidylate, The mean P-OR bond Tength is 1.596 A. Next, consider 
the disubstituted phosphates; For dibenzyl phosphate, the only accurate struc
ture known for a disubstituted organic phosphate, the mean P-OR bond length 
is I.555A. If one considers these differences significant and extrapolates 
to a trisubstituted alkyl phosphate, it would be expected that the average 

.P-OR bond length would be less than 1.555 A, perhaps, 1.52 A. The presence 
of the "benzene rings would appear to alter the P-OR IT-bond character.

Cruickshank (26) suggests that for trisubstituted alkyl phosphatess 
the Tf-bond character for P-OR bonds is 0.4; while for the P-O bond, other 
than P-OR, the TZ--bond character is 0.8. By using Cruickshank11S curve of 
TT-bond order versus bond length, one arrives at values of TT'-bond order 
of 0.5 for the P=OR and 0.65 for the P=O for triphenyl phosphate. Thus, 
according to these results and as one would expect,' the P-OR bond for tri
phenyl phosphate has more TT-bond character than P-OR bonds in trialkyl 
phosphates. However, the P-OR bond in triphenyl phosphate has less ^-bond 
character than would be predicted by extrapolation from the mono- to tri

substituted phosphates as suggested above from Cruickshank’s results.
Obviously, these conclusions are based on meager evidence.
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The various O-P-O angles on the phosphate group are- listed in 

Table XIV. No other structures involving trisubstituted phosphoric acid 
have been solved, Dibenzyl phosphoric acid has angles quite similar to 
triphenyl phosphate. The angles between O-P-OR in dibenzyl phosphoric 
acid are 108.3, 112.8, and 117.2 degrees. The corresponding-angles in 
triphenyl phosphate are 113.5, 117.2, and 119,1 degrees in good agreement 
with dibenzyl phosphoric acid. Here, hydrogen is considered as one of 
the R groups in dibenzyl phosphoric acid. The remaining angles between 
the various R0-P-0R groups are smaller in both structures. The greater 
rTf"bond character in the P-O bond as compared to the P-OR bonds implies 
a greater concentration of electrons in the P-O bond. The effect is to 
increase the 0-P-0R bond angles. Searcy has pointed out that this 
effect is to be expected on electrostatic grounds (27).

The mean C-O bond distance in triphenyl phosphate is 1.415 A. This 

bond length lies approximately midway between the single bond length of 
1.43 A and the shortened partial double bond length of 1.36 A. (These 
values are taken from the International Tables for Crystallography, Vol
ume III, Table 4.2.5.) The C-O bonds in triphenyl phosphate- are nearly 
single bonds. The contraction of the bond is assumed to be due to the 
presence of a quinoid resonance form. The corresponding C-O bonds in 
dibenzyl phosphoric acid have a mean distance of 1.464 A thereby indi
cating these bonds to be single bonds. The C-O bonds in triphenyl 
phosphate are significantly shorter.

The C-O-P bond angles have a .mean value of 124.0 degrees. This 

value is somewhat larger than the bond angles found for adenosine-5e-
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phosphate, 2=amino-ethanol phosphate, calcium thymidylate, and dibenzyl 
phosphoric acid although the mean C-O-P angle in dibenzyl phosphoric 
acid is 120,5 degrees. The increase in the number of groups on the 
phosphate group appears to increase the C-O-P angles-, However9 this 
effect may be due in part to steric hindrance in the case-of triphenyl 
phosphate.

The bond lengths and angles in the benzene rings-agree-well with 
other results9 the mean bond distance being I,379-A and the mean bond 
angle, equal to 119,8 degrees. The accepted values are 1,395 A and
120,0 degrees.

The position of the molecule in the unit cell is shown in 
Figures 4 and 5, The binding in the crystal is van der Waals attraction 
between the phenyl groups.

A composite electron density map of triphenyl phosphate projected;
down the b-axis is shown in Figure 6,
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Qp O 0 O c
Figure 4. hOl Projection of Triphenyl Phosphate.



FIGURE 5. OKL PROJECTION OF TRIPHENYL PHOSPHATE



Figure 6. Composite Electron Density Map of Triphenyl 
Phosphate.
Contours at intervals of approximately:

P - 2e/A^ Others - le/A^
Sections through atoms at nearest grid interval 
along Y.



COMPARISON OF LEAST SQUARES METHODS 
The two least squares methods, block diagonal and full matrix 

methods, give essentially the same structure, but there are significant 
differences in the standard deviations obtained from the two methods»
The standard deviations give a measure of the accuracy of the structure. 
Comparison of the positions in Tables IX and X shows some differences in 

the parameters. Although the full matrix results do not have hydrogen 
atoms in the calculations, the positional parameters from the full matrix 
refinement of most of the atoms are not significantly different from the 
block diagonal refinement. This is based on the standard deviations 
obtained in the full matrix refinement.

The standard deviations obtained using the full matrix are much 
smaller than those obtained from the block diagonal matrix least squares 

calculations differing by a factor of about five. This factor might 
decrease if the structure were overdetermined by a factor of more than 
four, the value for triphenyl phosphate,

A 1/Fo weighting scheme was used for the above calculations, A 

Hughes - weighting scheme (28) was adopted for the - final- rounds-of full 
matrix least squares calculations. The weighting-was determined as 
follows;

tft.= 1,0 Fo 4 0min
wt = 4Fomin/Fo Fo > 4Foinin

Tables XV and XVI list the temperature factors obtained from the block 
diagonal and full matrix calculations respectively, using the 1/Fo 
weighting scheme. In the full matrix calculations, two atoms had non

positive definite temperature factors, A non-positive definite
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Table XV, Temperature Factors from Block Diagonal Least Squares 
Refinement of Triphenyl Phosphate with 1/Fo Weighting.
(Standard deviations below values for^ij)

Atom r  i i Z5 22 r 33 ^ 12 A s f  23

Pl 0,00250 0.02636 0.00310 0,00170 0.00130 0.00200
0,00011 0.00201 0.00014 0.00090 0.00022 0.00101

02 0,00389 0.02216 0.00519 -0.00050 0.00174 0.00250
0,00039 0.00485 0,00046 0.00229 0.00071 0.00254

03 0,00437 0.03713 0.00507 -0.00440 0.00285 -0.00400
0,00042 0.00552 0.00048 0.00249 0.00974 0*00263

.04 0.00386 0.03967 0.00376 0.00140 o.ooi.41 -0.00050
0,00039 0.00560 0,00043 0.00246 0.00068 0,00249

05 0.00485 0.04195 0.00445 0.00310 0,00091 0.00280
0.00045 0,00559 0,00046 0.00285 0.00079- 0,00294

C6 Q.00403 0.02300 0.00483 0,00050 0.00316 0.00310
0,00055 0,00746 0.00066 0.00360 0.0009& 0.00371

C7 P.PQ422 0.01444 0.00532 0.00180 0.00256 0.00040
0,00059 0.00702 0,00068 0.00362 0.00106 0.00405

CS 0.00523 0.03788 0.00525 -0.00190 0.00389- -0.00340
0,00065 0.00890 0,00070 0.00434 0.00112 0.00438

C9 0.00452 0.03223 0.00542 0,00290 0.00255 -0,00060
0,00062 0.Q0854 0.00077 0.00399 0,00115 0.00428

CIO 0.00505 0.01662 0.00625 -0.00030 0.00247 -0.00430
0.0p@6§ 0.00798 0.00083 0,00394 0.00127 0.00424

cii 0.00,490 0.02023 0.00407 -0.00330 0.00047 0.00150
0.00067 0.00771 0.00070 0.00375 0.00119 0.00379

C12 0.00489 0.03788 0.00289 -0.00360 -0.00064 -0.00410
0.00067 0.09837 0,00061 0.00405 0.00112 0.00387

C13 0,00616 0,02916 0.00476 -0,00480 0.00121 -0.00180
0.00077 0.00865 0,00072 0.00423 0.00129 0.00430

C14 0.QQ618 0,04346 0,00628 -0.00080 0,00095 -0,00950
0,00084 0,01Q00 0.00094 0,00490 0.00155 0.00488

C15 0.00978 0.06660 0.00598 -0,00110 0.00039 -0.01030
QkQP093 0.01108 0.00096 0.00593 0,00164. 0.00577

C16 0.00732 0.05321 0.00542 -0,00590 -0.00068 0.00590
0.00095 0.01099 0.00091 0,00537 „0.00162 0.00496

C17 0.00564 0.04211 0.00484 -0.00280 0.00174 -0.00120
0.00074 0.0Q902 0.00073 0.00456 0.00127 0,00467

ClS 0.09403 0,03080 0.00403 0.00300 0.00116 -0.00100
0.00060 0.00833 0.00066 0.00372 0.00104 0.00370

C19 0,00696 0.06147 0.00426 -0.01310 -0.00004 -0.00130
0.00087 0.01027 0.00080 0.00080 0.00147 0.00536

C20 0.00677 0.06295 0.00437 0.00437 0.00081 0.00160
0,00086 0,01054 0.00079 0.00079 0.00142 0.00514



48

Table XV, (Continued,)

Atom f i n  (3  T l  f i3 3  f i l l  013.. @13

C21 0.00587 0.05604 0.00617 0.00090 0.00059 -0.00390
0.00082 0.01040 0.00090 0.00534 0.00149- &.00572

C22 0.00660 0.03983 0.00630 -0.00590 0.00109 0.00350
0.00087 0.00965 0.00090 0.00488 0.00156 0,00486

C23 0.00565 0.04107 0.00485 -0.00330 -0.00112 -0.00600
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Table XVI„ Temperature Factors from Full Matrix Least Squares
Refinement of Triphenyl Phosphate with 1/Fo Weighting

Atom P  11 Z5 22 ^33 $  12 f IZ CM

Pl 0.00288 0.03313 0,00390 0.00175 0,00080 0.00124
0.00016 0.00277 0.00020 0.00054 0.00016 0.00059

02 0.00409 0.01838 0.00455 -0.00228 0.00141 0.00167
0.00047 0.00529 0.00051 0.00119 0.00041 0.00119

03 0.00420 0.04490 0.00578 -0.00308 0,00181 -0.00205
0.00056 0.00684 0.00075 0.00139 0.00053 0.00155

04 0.00360 0.04678 0.00427 0.00064 0.00117 0.00139
0.00048 0.00691 0.00055 0.00131 0.00043 0,00132

05 0.00434 0.06110 0.00385 0.00460 0.00064 0.00226
0.00052 0.00713 0.00051 0.00166 0.00044 0.00162

Cd 0.00381 0.00858 0.00660 -0.00077 0.00291 0.00869
0.00079 0.00964 0.00103 0.00226 0.00080 0.00220

Cl 0.00366 0.00955 0.00466 0.00464 0.00219 -0.00143
0.00068 0.00796 0.00078 0.00185 0.00062 0.00195

CS 0.00704 0.03520 0.00594 -0.00099 0.00436" -0.00634
0.00099 0.01218 0.00107 0.00268 0.00088 0.00292

C9 0.00517 0.02132 0.00583 0.00207 0.00056 0.00170
0.00081 0.01177 0.00092 0.00267 0.00075 0.00235

CIO 0.00550 0,01875 0.00656 0.00126 0.00154 -0.00519 ■
0.00103 0.01064 0.00127 0.00253 0.00091 0.00243

c i i 0.00537 0.01652 0.00486 -0.00610 0.00138 0.00044
0.00094 0.01067 0.00089 0.00210 0.00073 0.00215

C12 0.00563 0.07756 0.00179 -0.00206 0.00063 -0.00287
0.00083 0.01156 0.00082 0.00253 0.00070 0.00252

C13 0.00581 0,03846 0.00795 -0.00319 0.00158 -0.00701
0.00095 0.01156 0.00105 0.00233 0.00084 0.00256

C14 0.00694 0.06378 0.01009 0.00071 0.00376 -0.00165
0.00140 0.01612 0.00169 0.00349 0.00130 0^00395

C15 0.00800 0.07376 0.00852 -0.00338 0.00128 -0.00743
0.00167 0.01987 0.00187 0.00442 0.00135 0.00508

C16 0.00821 0.06592 0.00518 -0.00318 0.00036 -0.00062
0.00119 0.01670 0.00141 0,00329 0.00102 0,00321

C17 0.00552 0.04743 0.00421 -0.00261 0.00020 0.00060
0.00089 0.01070 0.00103 0,00227 0.00080 Oi, 00261

CIS 0.00442 0.03318 0.00199 0.00620 0.00085 -0.00127
0.00072 0.01102 0.00084 0.00208 0.00065 0.00219

C19 0.00822 0.09361 0.00528 -0.00523 .0.00237 0.00527
0.00122 0.01488 0.00159 0.00347 0.00114 0.00413

C 20 0.00729 0.07597 0.00653 -0.00012 0.00278 0600199
0.00123 0.01592 0.00153 0.00347 0.00111 0.00351



Table XVI. (Continued.)

Atom @ T l /533 (3 I l /^13 P  11

C21 0.00515 0.05958 0.00932 0.00186 0.00190 0.00012
0.00134 0.01692 0.00143 0.00385 0.00119- 0.00424

C22 0.00918 0.02241 0.00861 -0.00410 0.00522 0.00141
0.00125 0.01355 0.00143 0.00317 0.00112 0.00363

C23 0.00749 0.03922 0.00360 -0.00456 -0.00016 -0.00838
0.00101 0.01271 0.00119 0.00277 0.00093 0.00293
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temperature factor dotes not correspond to physical- reality in real space. 
Non-positive definite temperature factors may arise because- of the weight
ing scheme used, atoms in the wrong locations, poor data> and-insuffi
cient data (25),

The major advantages in using a full matrix-least squares-refinement
ares

1, Rapid convergence to a final structure,
2, Standard deviations which are "better^"

The term "better" used to describe the standard deviations needs-clarifi
cation* The standard deviations should represent the- errors- ;n 

estimating the structure factors. Errors in the observed structure 
factors can be as great as £ 5-6%, These errors affect all the para
meters in a structure determination. However, a structure is usually 
overdetermined by a factor of five or more in ideal cases* Thus, the 
structure obtained from the observed data is a statistical structure.
The need for standard deviations is to give a measure of the fit of the 
postulated structure to.the observed data. The full matrix determines 
the effects of the errors in the observed structure factors on the 
atomic parameters, Since each structure factor has- the form

N
F = 2_ fj exp 2Tf i (hxj + kyj + Izy) Tj ,

J
where

Tj = exp(h2 g H j  + k2$ 22j + j2^SSj + hk § 12j + hl^lSj

+  k l ^ 2 3 j ) .  9

an error in Fo will affect each of the parameters xj, yj, Zj, ^ ̂ nJ. The
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diagonal elements of the inverse of the full matrix will each-be affected
by the off-diagonal elements of the original matrix to some- extent„
Thdse diagonal elements of the inverse matrix are used to compute the
standard deviations as follows:

JT w(AF)2 
— ---  ajJX

where
O' = standard deviation in the xth coordinate of the-jth atom® 
xj —  ™

. w = weight
A f = |fo| - |fc|
n = number of reflections,

s = number of parameters varied,
a.. = main diagonal element, corresponding to the xth parameter of

the jth atom.
The calculation of a., involves sums of second partial derivativesJJx

of the structure factors with respect to all the coordinates and all 
crosg partial derivatives of the coordinates. An error in-estimating 
Fo may cause one of the cross partial derivatives to be larger than the 
other partial derivatives. If all the observed structure factors were 
determined exactly, the off diagonal terms would be very- small or zero. 
For such an ideal case, the block diagonal refinement would give the same 
standard deviations as the full matrix but would converge more slowly.

In general, jjphe nonsingular symmetric matrix



53

where Ajj is the complement of the element a.j in A(29)e Thus, the main 
diagonal elements of the inverse matrix can be affected by the magnitudes 
of the off diagonal elements of the direct matrix A.

One additional facet of the full matrix refinement must be men
tioned for the sake of completeness. The number of parameters refined 
in triphenyl phosphate was too large to do in one cycle. This was due 
to the lack of storage available for the full matrix in the computer.
The structure was refined in two passes for each cycle of refinement.
The standard deviations were computed using the equation given above.

The actual number of parameters varied was used for s, Since the struc
ture is overdetermined by a factor of approximately four, this causes no 
difficulty. If the structure is overdetermined by a greater factor, the . 
error in the standard deviations computed using the above equation is 
smaller. This is because the standard deviation contains the factor 
(n-s) under the radical. The square root of (n-s/2) does not differ from 
the square root of (n-s) appreciably if n is greater than s by a factor
of 4-5 or more



HYDROLYSIS OF PHENYL PHOSPHATE ESTERS
It is interesting to consider the hydrolysis of phosphate esters 

in relation to their structures as determined by x-ray diffraction of 
crystals. One must postulate that the structures are not significantly 
different in solution than in the solid state. The various reaction 
paths for the hydrolysis of monoesters of phosphoric acid have been 
discussed in the introduction.

From the few phosphate esters for which the structures- are accurate
ly known, a few significant features regarding the- P-O bonds appear. The 

P-OR bond is longer than the P-O bond, making this somewhat weaker and 
suggesting cleavage at this point. The P-OR bond is apparently longest 
in monosubstituted esters, and shortest in trisubstituted esters. For 
aromatic organic substituents, the C-O bond for the oxygen attached to 
the phosphorus is considerably shorter than for non-aromatic substituents.

It is generally postulated that hydrolysis takes place through the 
formation of a reactive intermediate with the solvent. Two such inter
mediates can be postulated, one of which involves the d orbitals. Thus, 
one could postulate a reactive intermediate in which the solvent is bon
ded weakly to the phosphorous either as a result of the phosphorus 
assuming d^sp^ hybridization, in which case weak covalent bonds are 

formed, or as a result of sp^ hybridization, in which either the solvent 
oxygen or one of the other oxygens must be bonded with p orbitals, the
remaining oxygen being bonded ionically. As a result of this interne-

\
diate, the cleavage would be at the P-OR bond. It is also possible to 
postulate an intermediate in which solvent attacks the carbon atom. Such 

an intermediate could not involve d orbitals, since none are available
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on the carbon atom*

Experimental evidence indicates that cleavage may take place at 
either the P-OR bond or the PO-C bond for various phosphate esters,
Haake (30) has shown that C-O bond cleavage is more predominant than P-O 
bond cleavage in the hydrolysis of dimethyl phosphate in acid solution, 
C-O bond cleavage occurs 80-90% more readily than P-O bond cleavage, 
Barnard et al (5) have shown that both P-O and C-O cleavage occurs in the 
hydrolysis of monomethyl phosphate. The evidence in both these cases was 
obtained using 0 ° tracers, It appears that in the - case of-methyl 
phosphates, the methyl carbon forms a more stable intermediate than the 
phosphorus atom.

It seems unlikely that a reactive intermediate involving carbon 
atoms would form in the case of phenyl phosphates. This is improbable 
because the short C-O bond distance indicates considerable stability to 
this bond whereas the P-OR bond is not appreciably different from that in 

alkyl phosphates. It is thus likely that the reactive intermediate for 
phosphate esters involving aromatic groups, as substituents involves the 
phosphorus atom. This seems to be in accord with studies of Barnard et 
al (5) using O*^ to find the location of cleavage.

The results from structure studies indicate that monosubstituted 
phosphates have the longest P-OR, disubstituted the-next longest and tri- 
substituted the shortest. This would suggest that for a given series, if 

cleavage is at the P-OR bond, monosubstituted phosphates ought to hydro

lyze most easily, disubstituted next and the trisubstituted with the 
most difficulty. From the evidence on trimethyl phosphate this does not
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seem to be the case. Alkaline hydrolysis of trimethyl phosphate has 
been studied and found to give second order kinetics and proceed by P-OR 
bond fission (5). Only one methyl group is removed. - Additional studies 
are certainly needed both to confirm the kinetic studies on both aromatic 
and non-aromatic substituted phosphate esters and to expand the struc
tural data. There have been few kinetic studies on aromatic phosphate 
esters and thq structures of none of the trialkyl phosphates have yet
been solved



SUGGESTED FUTUEE EESEAECE
Some possibilities of future research are presented here. Since 

good crystals could not be obtained for barium phenyl phosphate, some 
other monophenyl phosphate should be prepared. This should preferably 
be one containing a light metal ion rather than the heavy barium ion.
It is suggested that the magnesium salt might be crystallized and that a 
crystal of this salt should be studied. It might actually be isomor- 
phous with the barium salt.

A complete series of phosphate structures such as mono- and di
phenyl phosphates would be most desirable. These should be done with 
the acids rather than with the heavy atom derivatives. =If it is neces
sary to introduce metal atoms, they should be of low atomic number to 
reduce the effects of heavy atoms and obtain more precise bond distances 
and angles.

In addition to the phenyl phosphate series, a methyl series would be 
helpful. The structure of trimethyl phosphate would have to be done at 
low temperature since it is a liquid at room temperature. In the absence 
of low temperature apparatus, tribenzyl phosphate would be an interesting 
structure. One would expect this compound to be a solid at ordinary 
temperatures. The effect of the GE^ group between the oxygen atom and 
the benzene ring would be to shield or separate the effect of the benzene 
ring from the P-O-G linkage. The effect of the benzene ring attached 
directly to the oxygen could be assessed with this structure. There is, 
in the author’s opinion, a definite need for a trisubstituted phosphoric 
acid structure. First, the trisubstituted phosphoric acid mentioned
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would have less possibility of steric hindrance although the groups are 
slightly bulkier. Second, as mentioned above, there would be little or 
no effect of the benzene ring on the P-OR bonds. Third, the P-OR bond 
lengths would be a valuable addition to phosphorus chemistry and would 
aid.in correlating hydrolysis data to structural data.

Dibenzyl phosphoric acid has been solved but completion of the 
series of phenyl phosphates would be a valuable addition.



APPENDIX A
FOURIER PROGRAMS

Fourier programs were written in SPS (Symbolic Processing System) 
for the IBM 1620 data processing machine. These-programs use essen

tially the same logic developed by L. H. Jensen of the University of 
Washington.

The orthogonal exes program No.012 evaluates the following 
expressions

~ h2 Zhl

+ I 2 2 M h 19h2) CosXh1X1)fXXi.Xz) cosXhgXg)
I- O AO /

L
hi
2 2  ACh19Ii2) SinCh1X1) I sinChgX^)

o ' o

r h2 j Ii122 I 22 M hIjĥ ) SinCh1X1 ̂ cos(h2X2)
„ o \ o

h2 I hI
ors + 2  I y ~  BCh1,h2) COsCh1X1) I sin(h2X2)

o \ o

where h1 is the indê c summed over first, h2 is the index summed over 
second, X1 is the fractional value of the cell edge along the first axis 
X2 is the fractional value of the cell edge along the second axis.
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BChp hp = FCh19h2) sin jV ( ^ , h ^

^(X^,X2).= electron density.

If Fo^ calculations are desired, the appropriate-function to be
evaluated is set up automatically. Then, the expression evaluated isg

and even or no tests.
The or in equation (I) is used to indicate that the-sums - can be ACC, 

ASS, of ACC-ASS; BSC, BCS, or BSC + BCS where the A, B, C, S have 

obvious meaning, e.g., AX= A(h^,h^), B = B(Ii^hg), CC = cos(h^X^) 

cos^ 2X2), etc.
Program 112 evaluates the following expressions

For A F  maps s
A(Iiph2) = AF(h^,h2) cos £e< (h^,h2)̂j

Tests are provided for indices odd and even, or sums of indices odd
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O (x 1$x 2) A(h^,h2) + A(H1^h2)J cos(h^X^) cos(h2%2)

h2E
o
hr

^ACh^phg) ■> A(ht,h2)J sin(h^X^)| sin(h2X2)

L

O

h,
^  ̂ BCh1,h2) - BCh1,h2)j SinCh1X1) cos(h2X2)

o Lo J
h2 [hl

2Z Tl (B ĥi * v + B,̂ *i»h2̂ ) c°s(h1x1)
° Lp

SinCh2X2)

There are built-in scale factors equal to h in both programse In 
program 112, if h^ = h2 = O9 there is an additional scaling of %«, In
program 012, if either h^ = 0 or hg = O9 there is scaling of h the cor-

r responding A or B; if h^ = h2 = O9 there is scaling of %„ This is due to
the fraction of reflections considered, one-half of the reflections in
the zone by program 112 and one-fourth the reflections in the zone by 
program 012.

The punch-out programs combine Cand add previous sums if necessary) 
the sums generated and generate the other quadrants Cif this is desired) 
from the one quadrant which is calculated.

If high symmetry is encountered, less than one quadrant need be 
computed. For example, consider the hOl projection of space group P2]̂ /c
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Here9 only one-eighth the unit cell projection need be computed since 
the c-glide in projection repeats the first half of the cell projection, 

e«ge,
(0<X<%, O ^ Z i h )  = (0<X<%, %<Z<1)„

For space group P2^/n, only one sixteenth of the cell projection down 
hOl need be computed.

The punch out programs allow one to punch negative sums as nines 
complements or to omit them and punch zeros. This is convenient when 
punching Patterson maps or electron density maps. For ^ F  maps, there 
are two choices. Nines complements may be punched to obtain the 
negative regions. Alternatively, the value of A F  for F(O9O9O) may be 
given a large positive value to raise all the negative and positive 
sums by some positive number and punched with negative sums equal to
zero



B. STRUCTURE FACTORS AND MAST SQUARES
The structure factor and least squares program follows the general 

outline derived by Cruickshank et al (31)„ The program was originally a 
tape program written for the IBM 1620 by van der Helm of the Institute 
for Cancer Research. The program was stripped of all tape input-output 
and the typing in and out of many statements and numbers. A parameter 
storage program was written to read parameters and compute any 
necessary information.

In addition, a program was written to store the sums - generated by 
the least squares sum maker. These sums are punched in "fixed point" 
form and are stored in "floating point" form by the sum loader. The 
solution program solves the 3 x 3  and 6 x 6  systems of equations by 
triangular!zing the matrix and solving by substitution. This allowed the 
solution program to refine projections because each of the elements is 

checked for zero value before division of the row by that element. The 
new coordinates are punched at the end of the calculation.

To calculate standard deviations, the main diagonal sums developed 
by the least squares are read and stored by a FORTRAN program. Then, 
the standard deviations are computed usings

where
£ > ( A f )2

is developed by the least squares program.
n = number of reflections used in the least squares calculations
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s <= number of parameters being refined,
A u  = t îe Main diagonal element of the matrix,
6*i = standard deviation of the ith fractional coordinate.
For nonorthogonal cells, the value ^i is divided by the product of 

the absolute values of the sines of the angles involved, i.e.,

<Ta  = g Xi1 sin ^ sinY

OrY. = trYj
1 sine( s i n ° i

V z l  * ^ zisin sin ̂

These are only approximations but are sufficiently accurate since the 
diagonal elements alone are used ^n computing the standard deviations and 
also the matrix is block diagonal. This approximation is not sufficient 
for a full matrix and other methods must be used.

In addition to these programs, a number of other auxilliary programs 
were written, many of which were for a specific problem the- author 

encountered. These programs were not sufficiently general or particu= 
larly useful to be placed in a general library.

For use in a monitor system on the 1620 computer,- the Read and 
Branch instructions at a program end will read a monitor load card to 
load the monitor into the core storage and branch to the first instruc
tion of the monitor. Each program stored in the disc would have a spe
cial calling number or symbol. Very simple card decks would be
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required to use the programs in the disc storage.
Since the programs were written before disc storage was available, 

a new monitor must be written which will be stored in the last portion 
of the first module of core storage. This is made necessary - because the 
monitor written by IBM requires the use of the first 2000 core storage 
positions.



Co DETERMINATION OF CELL CONSTANTS
The effect of the standard deviation of the diameter of the 

Weissenberg camera, as calculated using a standard crystal, is investi
gated below. This standard crystal may be NaCl or any other standard 
crystal the user may desire. The method applies for the case where the 
standard crystal is photographed on the same-film as the unknown. This 
eliminates the error due to film shrinkage.

The effective diameter R is calculated as follows?

R = s(hkl) 
e(hkl)

where$
s(hkl) = the measured value of the standard crystal on the film; 

measured between equivalent reflections from top to 
bottom on the film.

8(hkl) = arc sin X
ZdQhkl)

X  = wavelength involved in the reflection hkl,
d(hkl) = d spacing of the planes hkl,

s(hkl) 
arc sin

Now, calculate a mean diameters

WiRi

where

S(hkl):
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since the accuracy of the measurements increases proportionally to 
s(hkl)„ Further, K and KGfg splitting and focusing -of the divergent 
beam from the x-ray source allows more accurate measurement of high 
!angle s(hkl). Also, absorption effects are minimized by using high 
angle reflections.

Next, the mean diameter of the camera is used to calculate the 
d spacing d(hkl)u of the unknown crystal.

d(hkl)u X
2 sin £©(hkl)u3 »

e ( h k l) u =
s(hkl)u

R
The subscript u rtefers to the unknown crystal.
Thens

Z W i d(hkl)u>i
d = — ----— ------- 3 Wi = sin []29(hkl)Uji3

£ wii

This gives a mean d(hkl)u for the unknown crystal. The- weighting 
reflects the increase in accuracy of the high angle reflections.

The standard deviation in R iss

£  Wi(R-Ri)2 V % 

i

Wi = SChkDi

Also for the d9ss
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d
Z  WiCdLdi)2

E  "i
%
I Wi = sin 2 Bi

The following analysis is concerned with the effect of the stan
dard deviation in R upon the standard deviation in the d spacing of 
the unknown crystal. Assume an R has been calculated with a standard 
deviation in the diameter of the Weissenberg camera,- Th^n,

e i Se = — — —R * <r
where s is the measured value of the distance between equivalent 
reflections on the film for the unknown crystal, A further requirement 
is @* «  IT which is easily attained with a Weissenberg -camera„

It can be shown that:

e t Se = -2- ( i t _£L\
* V X  J

and it follows that:

Here,

d t  S d ^  X
2 sin 6

I t  Se \ 
sin Q J

Since sin© ^  I, we may, as before, take the maximum value and %



This places an outer bound on the
value of d as has been done throughout the derivation

Letting d - d̂



Do STRUCTURE FACTORS FOR BARIUM PHENYL PHOSPHATE

I. ATOMIC COORDINATES Ba(C6H5PO4) ° HgO R = 18.55%

Atom x/a y/b z/c B

Ba(I) 0.6629 0.1734 0.9437
P(2) 0.5082 0.6938 0.8831 2.341
0(3) 0.4441 0.7647 0.7850 4.397
0(8) 0.4066 0.6089 0.7227 2.640
0(9) 0.4426 0.5539 0,6440 3.401 ,r
0(10) 0.3835 0.5357 0.5797 5.487
C(Il) 0.1934 0.4017 0.5563 4.340
0(12) 0.1644 0.6170 0.6109 3.508
0(13) 0.2548 0.5719 0.6723 3.267
0(4) . 0.6327 - 0.5344 0.8931 . 1.169
0(5) 0.5518 0.8288 0.9383 2.312
0(6) 0.3715 0.6238 0.9177 1.778
0(7) 0.6286 0.8250 0.1998 1.876

2. STRUCTURE FACTORS, hOl

h I Fo Fe h I Fo Fe
0 2 93.9 73.8 2 -4 146.6 -103.7

3 40.5 35.5 5 51.2 52.5
4 29.0 27.1 ' -5 74.9 -65.5
5 43.0 -31.8 6 44.5 3 8 .9
6 74.2 -6 8 .7 -6 45.4 -31.6
7 6 5 .2 -6 5 .4 7 31.9 37.2
8 62.5 -5 2 .3 -7 17.1 -9 .6
9 33.2 -2 3 .5 8 54.0 48.5
10 32.0 -18.2 ”8 18.1 15.8
11 33.9 -18.0 9 28.8 31.7
12 22.1 -21.2 -9 19.1 15.9
13 10.3 *=*14»0 10 9.6 9.8
16 11.0 10.7 =IO 28.4 26.9
17 11.0 9.4 LI 15.7 -7 .2
18 10.5 10.9 -11 29.7 24.0

2 0 16.4 -13.3 12 31.5 -2 4 .7
»1 21.7 -10.9 -12 22.0 16.8
-2 131.2 -98.1 13 23,7 -1 9 ,7
3 69.8 62.5 -13 10.2 5.8
-3 165.8 -135.8 -14 10.5 12.2
4 71.8 64.8 4 0 51.9 -6 2 .3
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h I Fo Fe

2 5 6 .6
3 57.9
-3 27.9
4 49.6
»4 41,4
5 39.3
-5 57.0
6 14.3
-6 77.7
-7 60.0
8 21.6
-8 45.8

22.3 
42.6

10 14.5
11 14.9
-11 9.7

12 10.8
-12 15.9
-13 23.1
-14 18.3
-15 15.3

6 0 66.3
1 66.3
-I 67.1
2 47.9
-.2 54.7
9 13.7
4  9.44 9.8
. 5 1 2 .2
>5 30.0
. 6 3 9 .2
-6 21.4
- 7 1 7 .8
“7 37.5
-8 31.0
9 23.7
-? 17.3
-10 22.6
-11 2 3 .0
-12 18.1
-16 10.7
-17 10.4

-82.8
-56.5
-62.3
31.4 
-52.1
31.4 
-49.1
50.7

- 11.6
80.0
58.1
2 2 .7
4 8 .1
26.9
35.3
17.0
11.8

- 11.6
11.0 

- 12.1 
-20.3 
-16.2
—8.6
7 3 .6
72.1
69.6
56.1
58.0
17.6
1 6 .2  

- 12.8  
- 12.6  
-22.4 
-31.8 
-2 9 .9  
-2 5 .9  
-32.0 
-28.4 
-2 7 .3  
-1 8 .7  
-1 7 .8  
- 1 8 .6  
-18.7
6.0
5.3

I Fe Fe

0 1 8 .6 4.4«1 23.2 -2 8 .9
2 10.5 20.0
«2 48.4 -50.3
3 23.5 28.2

-3 ' 72.6 -67.2
4 16.7 31.6
-4 76.3 -68.2
5 16.8 28.8
-5 56.7 -54.0
6 16.8 27.3

«6 33.0 -2 7 .4
7 10.6 23.2
8 10.6 21.1
9 10.5 15.1
-9 21.1 23.2

-10 23.7 31.0
-11 2 3 .8 19.0
-12 15.1 17.7
-13 1 0 .6 8 .3
-14 10.6 7.9
-15 10.3 9 .7
-16 9.9 5.0
0 2 8 .0 -30.0
I 27.9 ’ -36.2
-I 10.6 —16.8
2 27.8 -36.2
-2 10.6 -5.4
3 29.4 -38.0
4 19.2 -26.8
»4 15.0 20.7
5 12.4 -23.2
-5 28.1 32.3
-6 41.1 41.4
-7 40.4 47.5
-8 23.5 32.7
-9 14 .8 15.2

-10 10.4 5.3
-12 10.0 -12.5
-14 9.0 -10.4
0 18.7 2 6 .2
-I 2 4 .6 2 9 .7
-2 23.5 28.8
-3 1 6 .8 2 4 .2
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3. ATOMIC COORDINATES Ba C6H5PO4 ° H2O

Atom x/a y/b z/c B

Ba(I) 0.6616 0.1738 0.9429 2.889
P(2) 0.5055 0.6919 0.8807 2.287
0(3) 0.4294 0.7623 0.7865 3.267
c(8) 0.4014 0.6278 0.7236 2.236
c(9) 0.4389 0.5643 0.6487 3.324
C(IO) 0.3776 0.5315 0.5855 6.204
C(Il) 0.2408 0.4587 0.5662 4.653
C(12) 0.1475 0.5806 0.6140 2.849
C(13) 0.2533 0.5574 0.6746 2.622
o(4) 0.6553 0.5563 0.9001 1.816
0(5) 0.5438 0.8356 0.9349 • 1.929
0(6) 0.3795 0.6366 0.9229 1.660

4. STRUCTURE FACTORS, hkO

h k Fo Fe h k Fo Fe

I I 13.2 6.8 5 3 26.7 13.3
2 70.4 44.1 4 27.6 35.1
3 53.2 34.8 5 11.8 2.2
4 43.2 . -51.3 6 0 47,9 56.4
5 17.4 “14.1 2 27.5 »33.2
8 12.7 12.4 6 24.9 28,7

2 Q 11.5 -15.3 8 9.2 . “18.2
I . 61.5 -90«4- 7 2 46.7 30.7
3 7.8 12.6 4 29.8 “21.0
5 13.4 37.2 8 I 12.2 “20,4
$ 14.6 — 8 e I 9 3 33.7 “35.3
7 13.4 -21.9 5 13.2 16,5
8 14.0 4.8 10 I 27.6 15.7

3 I 34.1 30.2 11 3 11.1 ”2* 7
2 14.6 -15.5
5 31.1 40.2
9 17.2 “13.4

4 0 33.7 “47.1
I 86.8 44.8
5 37.7 “35.1
7 28.1 24.5

5 2 . 33.1 “48.6
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5. ATOMIC COORDINATES Okl R = 14.70%.. .

Atom x/a y/b 2>/c B

Ba(I) 0.6624 0.1725 0.9430 3.067
P(2) 0.5071 0.6999 0.9763 2.517
0(3) 0.4298 0.7708 0.7854 4.177
C(8) 0.3984 0.7368 0.7328 2.190
0(9) 0.4465 0.5687 0.6534 1.907
C(IO) ‘ 0.3887 0.5206 0.6182 5.506
C(Il) 0.2318 0.3415 0.5616 4.554
C(12) 0.1487 0.5129 0.6003 3.036
C(13) 0.2540 0.6076 0.6620 2.702
0(4) 0.6449 0.5088 0.8835 2.585
0(5) 0.5495 0.8004 0.9445 .793
0(6) 0.3777 0.6276 0.9475 1.526
0(7) 0.6250 0.8877 0.2001 2.054

6. STRUCTURE FACTORS, Okl

k I Fo Fe k I Fo Fe

2 28.7 26.3 2 11 21.5 21.7
3 64.7 56.3 3 I 19.0 13.7
4 34.6 43.5 2 23.9 22.8
5 62.5 67.2 3 24.7 -21.5
6 56.5 52.8 4 47.9 —25 » 0
7 39.1 43.0 4 I 28.2 -21.2
8 17.8 14.2 5 4 28.2 -27.1
10 18.7 -26.9 5 35.9 -31.6
11 21.8 —27.6 6 29.7 -26.0
12 21.1 -24.9 6 6 30.2 -23.5
13 19.2 -19.3 7 29.7 -18.1
14 7.4 — 8 e 6 8 26.9 -23.7
I 86.1 -76.8 7 4 29.7 30.3
2 35,2 -30.8 5 29.1 29.9
4 40.2 -30.0 6 28.4 21.3
5 18.2 17.8
6 30.5 29.7
7 30.5 26.1
8 32.4 34.5
9 26.5 27.9
10 27.4 30.8
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7„ ATOMIC COORDINATES Okl R - 13.74%

Atom x/a y/b z / c B

Ba(I) 0.6624 0.1795 0.9430 3.059
P(2) 0.5071 0.6979 0.8767 2.597
0(3) 0.4298 0.7488 0.7838 4.020
0(8)' 0.3984 0.7524 0.7352 2.015
0(9) 0.4465 0.5647 0.6585 1.758
0(10) 0.3887 0.5018 0.6229 5.216
0(11) 0.2318 0.3520 0.5705 4.594
0(12) 0,1487 0.4929 0.6027 2.884
0(13) 0.2540 0.6024 0.6665 2.426
0(4) 0.6449 0.5059 0.8826 2.864
0(5) 0.5495 0.8058 0.9400 .691
0(6) 0.3777 0.6286 0.9378 1.216
0(7) 0,6250 0.8870 0.1984 1.903

8. STRUCTURE FACTORS, Okl

k I Fo Fe k I Fo Fe

2 28.2 21.5 2 11 21.5 21.5
3 64.7 58.3 3 I 19.0 16.9
4 34.6 42.2 2 23,9 17.4
5 62.5 64.8 3 24.7 —18.0
6 56.5 58.4 4 47.9 -29.3
7 39.1 45.7 4 I 28.2 -23.2
8 17,8 22.1 5 4 28.2 -26.7
10 18.7 -23.0 5 35.9 -32.0
11 21.8 -23.1 6 29.7 -26.3
12 21.1 -22.2 6 6 30.2 -23.8
13 19.2 -19.5 7 29.7 -18.9
14 7.4 -11.1 8 26.9 -22.9
I 86.1 -77.7 7 4 29.7 28.7
2 35.2 -30.4 5 29.1 29.9
4 40.2 -30.7 6 28.4 22.8
5 18.2 16.5
6 30.5 33.1
7 30.5 26.9
8 32.4 33.3
9 26.5 28.1
10 27.4 29.8



Ea STRUCTURE FACTORS FOR TRIPHENYL PHOSPHATE
h k I Fo
0 0 2 51.6

4 99.1
5 4.4
6 45.6
7 5.5
8 11,9
9 11.2
10 4.4
11 7.5
14 8.7

2 0 0 7.9
I 44.7
-I 55.2
2 36.2
-2 25.5
3 14.7
-3 28,4
4 35.4
-4 12.0
5 4.9
-5 10.7
6 12.0
7 29.9

-7 10.7
8 16.8
-8 5.8
-9 ■ 17.8
11 7.9
13 12.2

-13 5.2
-15 8.8
-16 5.6' -17 5.4

4 0 0 107.8
I 2,6

*>1 3.9
2 23.6
-2 6.1
3 31.9
-3 21.1
4 8.9
«4 41.2
5 20.9
-5 10.5
6 10.4
»6 16.1

-45o7 4 0
89.9 
-3.3

—38.2
5.2
13.3 

—12.5
4.2 
-5.8 
-8.3
5.1 6 . 0
38.0 
-48.9 
-32.4 
-24.1
16.7 

-26.6
29.9
13.5 
-5.3
12.7 
-14.4 
-25.1

11.6
17.6
- 6,1
19.2 
-8.4
13.4 
-5.1
9.0
6.1
—4,5

-107.7
-3.3
1.7 8 0

-20.3 
-7.4 

-27.1
22.2 

- 10.0  
-34.1
18.1 
-9.8
12.6
17.6

I Po Fe
7 11.2 -10.4

-7 5.'5 5.9
8 13,9 -14.3

=»8 5.9 —6.0
9 12.8 14.3
10 7.9 6.4

-10 6.9 —8 e 2
-12 7.& 7.6
14 8t8 7.6

-14 12.1 8.7
0 15.7 15.9
I 7.2 -8.1

-I 25.2 21.8
«2 4.9 5.0
3 8.0 8.9
-3 11,0 -12.9
4 12,0 —9 o 8
-4 11,4 -14.0
5 9.0 -8.8
-5 5.3 5,3
6 6.8 7.7
-6 5.7 6.3
7 34.0 26.2
-7 43.4 -35.3
-8 14.1 -14.3
9 11.3 -12,6
10 11.8 8.5
11 12.3 10.4

-11 7.5 -8.2
12 8.8. -6,5
13 8.8 -8.8

-13 11.7 12,6
-15 15.3 -15.8
-16 5.6 4.9
-17 5.5 6.6
0 14.7 -17.2
I 6.2 —7 «8

-I 14.5 8.2
2 14,3 11.4
-2 19.4 19.2
3 18.8 16.4

-3 14.4 -15.9
-4 11.9 -12.2
5 16.2 -14.8
-5 22.3 21.2
6 13.2 -12.5
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h k I Fo Fe h k I Fo Fe
8 0 -6 6 .4 -5.3 14 0 .0 8.7 -Si. 7

I 7 7.9 6.1 -3 5.5 —5.0
\ -7 11.4 -10.7 -4 8,6 -7.7
\ 8 9.8 10.0 -7 12,3 -11.2

-8 15.4 17.1 -8 5 .6 -5.3
9 8.6 -7.9 -9 5.6 6.1

: -9 20.3 20.7 -10 12.5 14.2
10 8.7 -10.1 -12 13.6 -15.4
-10 4.8 -5.6 -13 5.5 5 .9
11 8 .8 8.4 -14 11.8 10.6

-13 5,4 6.2 -16 7.5 -6.5
-14 15.1 -14.6 -18 7 .2 6.9
-15 8 .8 8 .3 16 0 I 12.2 -10.4

10 0 0 7.1 -5.6 -I 12.4 13.0
I 7 .2 -5.0 2 8.5 -6.1

-I 6.9 7 .3 -2 5.6- -4.8
2 7 .4 7 .3 3 8.3 7 .2

-2 9 .7 10.4 -3 12.5 -11.8
3 4 . 9 -6,1 -4 5.6 4 .8
6 5.3 -5 o 5 5 7.7 -6.5

. 7 8.7 -7.9 -5 12.5 9 .3

. -7 3 7 .8 2 6 .7 18 0 0 7.7 7.8
-8 1 0 .7 10.9 -2 7.9 -7 .0
-9 11.0 -12.8 0 I 2 20.3 -19.0
.10 8.7 -11.2 3 9 .4 9 .7
-10 11.4 -13.4 4 1 9 .0 2 0 .7
-11 8.3 8.5 5 6.9 8.4
12 8 .0 8.9 6 5.2 5.0
-12 12.1 10.9 8 10.8 1 2 .0
-13 12.4 -12.2 9 9.5 10.1
14 6 .6 -6 .7 15 5.7 6.1

-15 8 .8 6.8 I I 2 69.8 -5 8 .5
12 0 0 6.2 4.3 -2 21.4 -21.7

,1 8 .1 6 .9 3 19.8 -20.3
”1; 7.9 —7.5 ”3 23.1 -20,3
.2 8.3 8.1 4 35,6 ?6.9
?3 4 .9 5.9 -4 22.9- 21.5
.5 8 .7 6.6 5 16.3 2 0 .6
.-5 7 .9 -10.4 -5 23.3 2 0 .9
,-6 7.9 9.8 6 11.9 -12.7
,-8 14,3 -1 5 .7 -6 25.4 -25.6

8 . 4 -9 *, 2 7 11.5 -10.1
-10 12,1 11.2 -7 14.8 -15.9
-12 12.5 -10.2 8 25,2 2 4 .5
-13 8 .8 —6.9 -8 7.2 —6.3
-14 12.4 13.0 -9 6.6 6.6
-15 8 .6 -7.7 10 7.4 -6 .7

I
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h

I

2

3

k

I

I

I

I Fo Fe h k I. Fo Fe
-10 4.5 —5.1 3 I -9 6.6 5.4
11 7.9 -6.7 11 8,3 -9.0

-13 5.4 6.8 -11 7.5 8.6
0 65.3 53.3 4 I 0 38.4 -4Q.0
I 39.0 34.6 I 12.9 12.0

-I 27.1 23.7 -I 19.0 -20.9
2 21.4 -20.2 2 14,9 -17,7

-2 43.9 -37.9 -2 ' 38.2 -39.73 35.9 35.2 -3 43.3 44.7
-3 14.1 12.8 4 3.3 —3.0
4 10.3 11.0 -4 12.9 12.1
-4 38.1 33.4 5 5.8 -5.1
5 17.9 -21.7 -5 23.2 -25.7
-5 23.4 -25.9 6 12.5 -10.56 5.6 —6.2 7 5.2 -6.0-6 19.8 -21.1 -7 22.2 24.5
7 19.3 17.0 -8 20.5 18.3

-7 22.2 24.9 9 4.8 6.1
8 6.6 6.1 ii 5.3 -5.2

. 9 12.3 -11.7 -11 10.7 12.6

.-9 13.1 -15.0 13 9,0 9.0
10 9.0 — 7 e 2 -15 12.7 11.5

— 10 10.0 —9.6 5 I 0 20.6 21.3
11 5.1 5.3 I 3.8 4.7

^ll 13.1 13.7 -I 29,8 34.0
12 8.5 7.2 2 26,2 29.6
13 5.6 -5«2 -2 6.5 —6.0

-13. 11.9 -12.0 3 14.4 15.1
14 9.0 -9.3 a 3 9.4 9.6
-14 12.4 “8.8 4 10.0 -12.0
-16 5.6 5.7 -4 15.4 18.0
0 42.4 -39.8 5 3.9 -3.6
I 33.9 31.4 -5 9.1 -8.3
-I 25.2 25.8 6 6.6 7.0
2 2.6 -2.7 -7 8.4 8.4
-2 8.9 8.3 8 18.4 -18.0
3 26.0 -26.2 ~8 17,5 16.6
-3 10.4 8.3 -9 6,8 -7.2
4 15.7 -12.8 10 8.3 7.1
-4 12.1 -10.8 11 5.5 -4.9
5 10.9 12.6 6 I I 15.2 -16.26 5.9 5.0 -I 11.4 —9.9

-6 9.5 -9.7 2 3.5 -3.9
7 20.4 -21.5 -2 16.1 18.2
-7 5.6 5.7 3 16.7 -16.6
9 20.8 20.0 -3 16,8 19.6
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I Fo Fe - h k I Fo Fe

-4 20,4 -23.7 9 I -9 4.9 -4.3
5 6,6 . 5.6 10 9.0 -7.9
-5 5,5 -6.2 -10 5.1 -3.8
-6 15,8 14.2 -11 5.2 5.2
-7 12,3 13.3 -12 5.4 5.6
-8 9,2 -11.0 10 I 0 4.6 -5.2
-9 10.8 -11.2 I 4.7 —4.1
»10 7.3 8.4 -I 4.5 3.9
0 5.7 6.7 -2 7.1 -7.2
.1 11.8 -11.5 3 9.3 9.2
-I 8.0 -10.0 -3 11.0 -9.3
-2 5.6 6.9 4 5.2 5.8
3 22.4 23.1 -4 10.1 10.6
-3 8.0 -8.9 5 5.3 -5.5
-4 3.6 -2.8 -5 10.2 8,6
5 11.0 -9.9 -6 8.8 —9.3
-6 13.8 11.5 -7 15.1 -13.4
7 15.7 13.4 «•8 19,1 18.9

r 7 11.2 -12.0 -9 21.3 16.7
9 17.1 -11.9 —10 11.8 -11.3

-11 11.2 -10.0 -11 12.1 -12.8
0 17.6 18.3 -12 8.8 6.1
. 2 14.8 14.4 -13 5.6 5.3
-2 12.2 13.7 11 I -2 4.8 -3.7
3 9.8 8.9 -3 7.6 6.0
-3 13.7 -15.5 -5 10.9 -9.4
. .5 13.0 -12.9 -7 8.0 8.2
-5 6.3 6.8 —8 5.2 —5.5
.6 7.9 6.7 -9 5.2 -4.9
7 14.2 14.1 -13 7.0 -6.5

-7 16.7 -16.4 12 I 0 5.2 4.8
-8 15.9 -13.7 I 5.3 4,1
.9 12.4 -12.0 2 12.0 -10.6
»9 10,5 11.7 -2 5.2 -6.4
IQ 9.0 8.2 3 8.7 -8.3
-ii 9.6 -10.3 4 5.6 6.4
.0 17.9 -15.5 -4 5.1 5.0
I 12.0 -8.8 5 9.0 9.1

-I 4.2 —4.2 -5 5.2 5.7
, 2 7.1 -8.1 6 5.7 —4® 9
A 4.9 3.7 -10 8.8 -8.5
A M -7.5 -12 9.0 6.9
5 8.0 -7.0 13 I 2 5.6 2.4
6 5.2 -4.1 -2 8.5 6.4
-6 7.0 -6.4 -4 8.5 -9.8
-7 7.1 7.9 -6 14.8 13.2
8 5.5 6.6 -7 8.7 —8«7



I

I Fo Fe
-8 8,8 —6,8
-9 5,6. 7.3

-10 10.6 11.5
-11 5.7 -4.3
-12 9,0 -9,2
-13 5.6 4.4

I 5.7 8.8
-8 9.0 -8.2
-10 9.0 8.6
-11 9.0 6.5
-12 5.6 -6.3
-I 5.7 6.9
-3 9.0 -9.3
-5 12.7 11.7
-7 5.7 : -5.9
-9 5.7 5.6
-10 5.6 4.2
3 10.3 8.5
■ 5 7.7 6.7
7 16.2 -13.3
9 15.6 13.0
11 5.6 -5.1
12 9.4 -8.8
13 9.7 8.8
I 10.4 -9.3

*■ I 9.7 11.6
2 8.5 -7.3
4 9.9 6.5
3 6.3 4.8
!■3 9.3 4.3
4 21.5 21.0
-.4 11.6 9.4
5 16,4 -16.5
6 13.9 -13.3

r 6 8.3 6.3
•7 4.3 4.5
r7 10.1 11.7
.8 4.7 5.3
-8 12.3 10.2
9 21.1 -18.3
10 8.5 -9.4

-10 11.6 -9.9
11 5,7 5.9
12. 6,0 5.2
13 6.1 -7.4
I 26.1 22.7
-I 11,1 9.4

I Fo Fe
2 4.3 -3.7
-2 3.8 3.7
3 21,0 -18,7
-3 6.1 -6,4
4 15.7 17.5
-4 24.3 -24.1
5 17.3 16.9

-5 15.2 14.3
-6 3.8- -4.0
7 7.1 -7.9
-7 ' 6.5 -7.3
-8 7.0 -5.7
9 8.1 8.8
-9 7.6 8.5
11 5.8 6.6
-11 12.3 -11.3
-13 11.3 9.6
0 19.6 -19.1
I 27.8 26.7
-I 18.6 -18.5
2 3.1 -3.3
-2 2.7 2.9
3 6.3 -5.8
-3 11.5 13.3
-4 5.0 4.9
5 14.1 10.9
-5 10.7 -23.6
-6 6.0 -6.3
7 4.7 5.7
8 22.5 18.8
-8 10,0 8.8
-9 7.6 -9.0
10 5.7 -7.0
-10 18.2 -16.2
-11 8-. 6" 10.1
12 6,1 8.0
-12 12.» 13.4
-14 9.8 -7.0
0 8.4 9.3
-I 8.2 -8.2
2 12.1 9.4
-2 33.2 -33.0
3 9.1 -9.9
-4 27.8 31.0
-6 19.6 -16.5
-8 14.3 12.5
-9 4.9 -4.6
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h k I Fo Fe h k JL Fo
4 2 -10 5.2 -5.5 8 2 2 4.9

11 6.0 -5.7 -2 18.7
5 2 0 19.7 -20.3 3 5.0

I 17.0 16.5 -4 12.5
-I 13.1 -11.7 -6 7.6
2 13.3 12,9 ”8 14.2
-3 20.0 -15.2 -10 8.8
-3 13.5 12.7 9 2 0 6.1.
4 11.7 -10.0 I 11.3?4 16.3 -15.5 -I 7.7
5 21.6 17.3 3 8.4
-5 19.2 -18.9 , -3 10.8
-6 4.1 -4.1 4 5.6
7 14.1 -11.9 -4 9.2
-7 6.9 8.0 5 9,1
-8 7.3 7.3 -5 11.1
,9 20.2 17.1 6 5.9
"9 13,5 -14.2 7 6.1
-11 12.4 10.9 -7 8.2

6 2 ,0 3.9 4.1 -9 15.4
,1 21.9 —22.4 -11 6.0”1 21,7 -22.1 -13 9.8
2 7.7 -8 . I 10 2 -I 14.3
-2 5.9 -4.6 2 8.7
-3 16.0 14.1 3 13.9

17.6 16.9 -3 5.2
..-5 19,0 -20.5 5 14.6
-6 4.3 -4.6 -5 5.3-7 4.6 4.4 7 7.6
-8 10.7 11.8 -9 5.8
-9 11.3 -10.0 -10 5.9

7 2 Q 4.2 4.0 11 2 0 12.6I 11.9 -12.9 -I 5.6
-I 6.5 6.6 2 17.5
^ 2 22.Q 24.2 -2 23.1

18.4 16.1 4 9.6
?. 3 7.4 7.1 -4 15.2

-3 14.6 -13.3 6 9.8i4 7.7 “9 . I -8 13.1
f5 13.8 14.1 12 2 I 16,4
6 10.2 10.6 -I 9.3
8 9.3 -10.9 -2 5.8
-8 7.8 -7.6 3 13.7
-11 5.7 —4.8 4 6.2
-12 5.9 -6.5 5 6.2

8 2 I 8.7 10.2 -5 5.8

Fe
»5.6
20.9 
»4. 3 

-13.8
9.9

- 12.2
8.1  
—5.0 

- 12.6
7.9
8.0

-11.4
-5.1
8.0

- 10 .0
11.1
6.0
5.4

- 10.1
14.7
-6.9
10.4
14.3
M

12.2
-5.5
-12.3
3.6
7.2
5.8
5.2
13.1
5.8 

-17.6 
- 22.1

7.6
15.4 
-8.5 
14.0
-14.2
9.3 
-6.4
11.4
5.5 
-6.4
5.6
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h k I Fo Fe h k I Fo
13 2 0 13.7 13.1 2 3 4 5.3

I 6.2 6.4 5 3.1
2 6.2 -6.8 -5 12.6

-2 6.1 -6.5 6 3.4
4 6.2 7.1 *»6 4.8
-4 6.0 6.5 «•8 5.7
5 6.1 5.5 9 4.1

14 2 -5 6.2 8.1 -9 6.0-8 6.2 -5.5 10 4.2
15 2 0 6.1 -5.7 -10 7.5

-I 6.2 -5.6 11 4.4
-2 9.8 ■ 7.5 -11 6.7
-4 6.2 -7.4 -12 9,8
-5 6.2 -4.5 13 4.4
-6 6.2 7.6 3 3 0 13.8

0 3 2 19.5 15.5 I 9.5
3 2.4 -1.5 -I 8.3
5 12.8 -7.6 2 5.8
6 13.1 10.4 3 7.7
8 5.7 -6.2 -3 4.0

I 3 0 8.1 —8 . 1 4 , 12.6
I 6.4 -5.5 -4 20.3
2 10.8 -13.0 -5 17.73 5.5 4.9 6 3.5
-3 10.4 8.1 -6 11.0
-4 12.3 -11.4 7 13.2
5 14.0 -14.4 -7 11.8
6 7.2 7.3 -8 5.7

9.7 8.3 9 4.1
7 3.4 3.0 »9 14.8--7 5.3 -5.1 ' —10 9.0
:.8 11,8 -10.7 11 4.4
9 6.3 -6.4 -11 13.3

'I. -9 6.0 4.8 -12 11.9
10 6.6 6.8 13 9.9
-10 6,4 7.6 -13 7.0
11 9.6 8.2 -14 7.0
-11 13.4 -13.7 -15 6.9
12 12.2 -12.4 4 3 0 9>2
-4 4.4 -4.0 I 17.2
-13 12.2 13.5 -I 12.2
4 7.0 8.4 -2 15.2

2 3 Q 9.5 -7.7 3 13.8
-1 15.2 -9.4 -3 6.0
-I 11.1 -8.0 4 16.9
2 10.7 10.6 -4 7.7
-2 15.0 13.5 5 9.4
3 4.1 4.0 -5 11.6
-3 5.4 4.9 -6 12.4

Fe
4.1 
■3.0
-13.0
3.5 
■4.6

6.2  
-4.1 
-6.5
5.1 

— 8 .0  
-4.6 
—5* 6 
10.8  
-4.7
17.5
7.3
7.3 

-4.5 
-6.3 
-3.7 
10.0
16.8
17.4 
-3.1 
—9.2
10.6  

- 12.0
5.7 
-4.4
13.8 
-7.8
5.4 

-14.0
11.5 
—9 $ 2
6.6 
-5.4 
-6.4 
-7.3
13.6 
-11.4
15.5

- 12.8
4.8

- 11.1
-7,4.
8.4

- 12.6
12.8
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4
h I Fo Fe ' h k I Fo Fe

7 3.9 -3.6 8 3 3 4.0 4.9
-7 5.4 4.5 4 4.1 4.1
-9 6.0 -4.1 -4 5.7 -5.2
O 15.% 16.1 -8 4.1 -4.3
i 9.3 8.3 -9 4.2 4.0
-I 11.9 -9.7 -10 4.3 -4.2
2 6.9 -7.2 9 3 0 16.3 -15.2

13.6 -15.2 -I 3.8 4.1
3 6.1 -6.8 2 11.9 10.9
-3 12.1 8.9 -2 16.0 14.6
4 9.4 7.9 -3 12.1 -12.9
-4 15.0 12.1 4 6.7 -7.2
-5 13.2 -11.6 -4 3.8; -3.9
6 13.5 -13.3 5 4.4 4.4
-6 14.8 -13.3 -5 11.4 12.2
8 11.5 10.3 6 9.9' 10.4
-8 13.1 11.1 -6 8.9 7.7
IQ 4.1 -3.9 -7 6.4 -7.2
11 4.3 5.3 -8 11.4 -11.7
I 3.2 3.6 10 3 I 6.6 6.8
 ̂I 4.9 =5.5 2 4.3 -4.4
"? 4.9 5.6 -2 9.0 -10.3
4 5.8 -6.2 3 6-. 8 -6.4
-4 7.8 9.6 4 4.4 4.4
■5 3.8 • -3.7 5 4.4 5.1
-6 3.4 2.6 -6 4.1 -4.9
,7 4.2 -3.7 -*7 4.2 -4.8
-7 8.1 7.2 11 3 0 6.8 -7.0
r8 3.8 3.8 I 18.1 -17.1
IQ 4.1 5.1 -I 20.2 19.3
11 4.3 4.7 3 7.0 8.7
'I 12.3 12.7 -3 11.6 -13.2
-I 16.4 -18.4 5 9.8 -10.2
»2 3.4 4.2 -5 6.7 6.5
-3 9.1 -9.2 7 4.4 5.6
-3 10.6 9.7 -7 11.9 -12.5
»4 13.8 -14.9 "9 7.0 6,4
...5 9.0 10.0 12 3 0 12.9 12.8
-5 7.8 -7.8 2 7.0 -6.7
-6 5.7 5.9 *2 10.7 -12.2
• 7 9.$ -9.8 4 4.4 4.7
-7 11.9 11.0 -4 12.0 11.6
-9 6.4 -6.5 6 6.8 -6.9
O 5.7 -5.5 -6 7.0 —7 »8
I 3.7 -4.5 -8 7.0 6.8

-2 3.6 4.1 13 3 0 9.9 7.9
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h k I Fo Fe
13 3 I 7.0 -6.5

-I 7 i0 6.8
2 4.4 -4.6

—2 4.4 -4.5
3 4.4 4.9
4 4.3 4.1
5 4.2 -4.6
6 6.4 -6.8

14 3 2 4.3 —4.0
-3 4.4 —4.8

15 3 I 4.1 4.2
-I 4.3 -4.7

I
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