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-3 ABSTRACT
Pervanadyl trimethoxide has been prepared. The crystal belongs
to the monoclinic system. Tenative unit cell dimensions are:, "a"sin
f = 15.2+.2 A ., "b" = 15.9+.2 A., "c" = 9.9 ± ^ A. The space group
to which the crystal belongs is tentatively identified as either PS1Zm
or P2-j_.

~ it- ~
■ IMTRO0UCTION
Ifeny of the properties of a crystalline substance are dependent upon
its crystal structure.

In studying a new or little known compound, there

fore, a knowledge of its crystal structure would he of value in predicting
and explaining observed p r o p e r t i e s B e f o r e one can determine the actual
positions of the atoms in the crystal by x-ray diffraction, one must have
a knowledge of the unit cell dimensions, the space group, and the indices
of the reflecting planes.

The primary objective of this thesis was to ob

tain this preliminary information.
There are several different x-ray techniques that are used in crystal
structure studies.

The equipment available limited the possible techniques

to be used in this study to the oscillating and rotating crystal methods.
A number of difficulties were encountered along the way,which further limit
ed the work to a study of a single rotation pattern.

" 5 "
PEEPARATION' o f .VO(OOH )
Several of the esters of orthovanadlc acid have been known for a
long time and are described in the literature.

Ho successful prepara

tion of the methyl ester is described, however.

Hall (5) attempted to

prepare it by heating silver orthovanadate and methyl iodide without
•
■
'
success. Prandlt and Hess (9 ) tried refluxing methanol and V^O , also
I

without success.

'

•

1

'

These are the only references to this ester that were

found.
The method used to make the methyl ester is that used by Oartan
and Caughlan (4) to make the ethyl ester.

The reaction involved is as

follows 5
VOCl3 ■+ SNaOCH3 = VO(OCH3)3 > BhaCl.
Approximately 300 ml of absolute methanol was further dried with magnesium
turnings and then distilled.

It was placed in a 3-decked, .1000 ml flask
i,'-'
''
■
1
equipped with a mercury sealed stirrer, dropping funnel, and a condenser.
I
'
The flask was cooled in a water bath, and 20 grams of sodium metal cut
into small pieces, added.

The resulting solution of sodium methoxide was

kept in the water hath, and 25 ml of VOCl3 added drop hy drop through the
dropping funnel. The reaction was very violent and a yellow gas appeared
, ,
:
'
in the reaction vessel. At the end of the addition the reaction mixture
consisted of a yellow solid material and a red liquid.
of heat some of the solid material dissolved.

With the addition

After refluxing for o n e '

hour the material was centrifuged and the supernatant liquid poured off
and stored in the refrigerator.

The crystals of pervanadyl trirnethoxlde

precipitated from this solution on cooling.

Additional crops of crystals

V

-

6
I

1

were obtained from the residue of the centrifuge process by extracting
with methanol.

The crystals were- purified by repeated recrystallization

from methanol until a negative test for chloride ion was obtained.
were stored in the refrigerator covered with methanol.

They

- 7 MALYSIS
The identification of the crystals is based upon the analysis
for their vanadium content„

The procedure is that used by Gartan

and Caughlan (4)«
The alcohol was removed from the crystals by suction filtration,
and the crystals immediately placed in a weighing bottle in a vacuum
desiccator where they were kept under vacuum until a constant weight
was obtained.

The samples were then weighed into 250 ml erlenmeyer

flasks containing 10 ml of water and 3 ml of concentrated HgSO^.
After they were completely dissolved, the volume of the contents was
brought to about 75 ml with distilled water and then heated to boiling
to remove any alcohol.

After cooling, excess NagSO- was added to each

flask which was then allowed to stand for several hours to insure
complete reduction.

Die- contents were then boiled for three minutes

while a stream of nitrogen was passed through the flask to prevent air
oxidation and to sweep out excess SGg *

The samples were titrated im

mediately while hot with standardized permanganate solution.
sults showed a vanadium content as followss
and 32.42$.

The theoretical value is 31«83$=

31.84^,,

The re

32.26$, 32.05$
-

- 8 GROWING AND MOUNTING THE CRYSTAL

j

Pervanadyl trimethoxide-crystallizes from methanol-in the form of
yellow, needle-like crystals, most of which are from I to 2 mm long.
Under the polarizing microscope it was found that the smaller crystals
gave complete extinction, indicating that they were single crystals. Nfost
of the larger crystals, however, did not give complete extinction hut
merely dimmed at certain angles.

These were thought to be multiple crys

tals «
At first, attempts to mount the smaller crystals on the goniometer
were made.

In an attempt to prevent decomposition, the crystals were coated

with stopcock grease and with paraffin.

The warm paraffin dissolved the

crystals and the stopcock grease did n o t 1prevent decomposition.
crystals in sealed, thin-wall, glass capillaries was tried next.

Placing the
Single

crystals were selected by observation with the microscope, picked up on the
' I
end of a needle, and placed in the capillary which was then sealed in a
flame.

These crystals always decomposed in a short while, even though the

capillaries were dried in an oven and a stream of dry CO from dry ice was
directed over the work area during the selection of the crystal.

It was

finally found that the decomposition could be slowed down considerably by
■

,

placing a-small amount of methanol in the bottom of the capillary, and
sticking the crystal to the wall of the tube with a small amount of sili
cone stopcock grease.
While attempts to mount one of the small crystals were being made, a
method of growing crystals with more suitable breadth was considered.

Re-

- 9 crystallization from different solvents was tried 'without success.
zene, heptane, and n-propyl alcohol were used.
were smaller than those from methanol.

Ben

The crystals obtained

S m l l amounts of heptane and ben

zene were then added to saturated methanol solutions which were then
cooled.

The resulting crystals were no larger than ordinary.

The slow

cooling of a saturated solution in a flask was then tried, but the method
of controlling the, cooling was not satisfactory and no larger crystals
■.
■
i
were obtained.
Slow evaporation"of methanol solutions was also tried.

First, a

small flask of the solution was placed in an empty desiccator and a stream
of N2 , that had been run through a GaGl2 drying tube and then a GaSGji dry
ing column, was passed through.

This merely deposited a powder-like

material on the walls of the flask.

Three small flasks of the solution

were then connected in series, and a slow stream of dry Ng run through
them.

It was hoped that the Ng would become almost saturated with alco

hol vapor from the first two flasks and that the rate of evaporation from
the last one would be very slow.

Negative results were again obtained.

The only successful method found was that of growing the crystals in
capillaries kept in a thermostat.

Crystals were dissolved in methyl al

cohol by heating the-solution drawn into the-capillaries which were then
sealed at both ends and placed in a test tube in the 25°C thermostat.

In

a few of the capillaries single crystals of the desired size grew in
clusters at the bottom.

These were detached with a fine glass probe drawn

from glass rod stock, and then drawn into a smaller capillary.

The presence

- 10 of other loose crystals made the separation a little more difficult.
Some of the capillaries that did not produce crystals in the 25°C
thermostat were placed in a cold water hath,

A few of these produced

crystals that were about ,5 cm long, and very thin, growing in clusters.
In one tube there was a cluster of crystals at the top and at the bottom.
Joining the two clusters was a thread-like crystal about 2 cm long that
gave complete extinction.

The center portion of this crystal appeared

to be straight although it was bent near the ends.

All but a small

amount of the alcohol solution was drained off and the tube resealed.■
It was then mounted on the goniometer so that the x-ray beam passed
through t h e ■straight portion of the crystal.
was taken.

A four hour rotation picture

The resulting pattern was the only successful single crystal

picture that was taken before the x-ray equipment broke down.
the pattern that has been indexed.■

This is

" 3.X
INDEXING
The first attempts at indexing were made on the powder pattern.
A crystal had been previously mounted on the goniometer and six re
flections- noted about 60° apart.

This seemed consistant with the

faces noted on a large crystal observed under the microscope.

For

these reasons the crystal symmetry was presumed to hexagonal and an
analytical method for indexing (6) was tried,

this left several

lines unaccounted for, so the graphical method"using Hull-Davey charts
(5) was tried.

The same results were obtained.

It was then decided to attempt the indexing on the basis of
orthorhombic symmetry.

There appeared to be a $0

angle between the

lateral faces and the' terminal faces of the crystal, and the parallel
extinction expected for orthorhombic crystals was noted.

The analyti

cal method for the orthorhombic system was tried again and possible
indices obtained for all the prominent lines.

The indexing of the

zero level of the rotation pattern-was then tried using the graphicalmethod described by Bunn (3).

Some of the spots fitted exactly, while
1

others were only close.

It was possible to determine the 200 and the

020 spots with certainty, however.

From these spots the length of the

"a" and the "b" axes can be determined:

The interplaner spacing of

each spot is calculated from the Bragg equation using the angles meas
ured from the film.

Because the intercept of the 200 plane is at the

midpoint of the "a" edge of the unit cell, and the

020 intercept is at

the midpoint of the "b" edge, the lengths of these two edges are

- 12 obtained by multiplying the interplanar- spacings of the respective .spots
by two.

The length of the "c" edge is obtained by measuring the height of

the layer lines on the rotation pattern from the zero level and using the
relationship;

c = n A
, where n is the number of the layer line, r
Hn
tarf1(y/r)
is the effective radius of the camera, and A is the wave length of the
x-radiation used.
Using the unit cell dimensions as calculated by the above methods,
the reciprocal lattice was constructed and" the indexing of the remaining
spots on the rotation pattern-attempted.

The zero layer was completely

indexed, but several prominent spots on the other layers could not be
accounted ■for.

Shortly after this some -crystals were -examined with the

polarizing microscope and it was observed that in addition to parallel
extinction, it occurred at an angle of about 10®' or 12®.

This identifies

the symmetry of the crystal as being" monoclinic.
The indexing of a powder pattern of a monoclini.c crystal is not
possible unless the unit cell dimensions and the angle ^ between the "a"
and the. "c" axes are known.

The indexing of the zero layer line of a

rotation pattern is possible by the graphical method of Bunn if the.crys
tal has been rotated about the "a" or !?c" axis.

Xf the monoclinic crystal

has been elongated along its ”b" axis, it shows consistent parallel extinc
tion.

Because this was not observed for these crystals, it is presumed

that the rotatioirwas around the "a" or "c" axis.
Since the data and the graph used for indexing the monoclinic system
are the same as those used for the orthorhombic system, the results are the

-13 same,.

!Therefore, the 200 and the 020 spots are the same.

The lengths of

the "h" and "c" axes are still the same as determined before,
however, determines the length of "a" sin @ .
"a" S i n f =

The 200 plane,

The values obtained were:

15.2+.2A*, "b" = 15.9+«2A., "o" = 9*9+ -2JA-

The indices of the remaining spots on the zero level were obtained by
constructing the reciprocal lattice of the zero level.

The other levels

are offset from the zero level by an amount dependent upon the angle @ ,
the value of which is not known.
the four spots, numbers

It appeared from the photograph that

37, 44, 120, and 131 in figure 2, should have in

dices differing only, possibly, in sign.

The amount of offset of the second

levels containing1these spots was adjusted arbitrarily until this index
number was found.

This led to the amount of offset of the other layers,

and thus, possible indices were obtained for the remaining spots in the
pattern.

These are shown in Table I.
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Tracing of reflections shown in figure I. Indices
of these reflections are listed in table I.

- 15 TABLE I.

Possible Indices of Reflections Shown in
Figure L

(Reflection number refers to figure 2.)
Reflection
Number

Possible
Indices

Reflection
Number

Possible
Indices

22.

323

23.

233

373, 713, 643
373

24.

043

3-

363, 543, 363

25.

143, 413

4.

4 5 3 , 6 1 3 , 363

26.

243

5.

433, 343

27.

243

6.

243

28.

363

7.

333, 423

29.

373, 643

8.

143, 413

30.

4122, 6 1 1 2 ,
1 0 7 2 , 1212

9-

043
31.

962, 3102

32.

2 1 Q 2 , 682

I.

2.

10.

2 8 3 , 473, 2 8 3
743, 0 8 3

233

11.

323

12.

133

13.

223

14.

223

15*

0 2 3 , 203

16.

?

17.

113

19.

?

d
CU

33.

2 8 2 , 742,
802

34.

742, 732, 562

35'

262

36.

162

37.

3 3 2 , 242

38.

242

39.

122

113

18.

21.

772

203

033

- 16 40.

012

65.

301; 131,
I31

41.

012

42.

242

66.

351; 531,
061

43-

332

67.

64l, 721

44.

212, 122

68.

571; 651;
731

45.

162

46.

042

4?.

1002

48.

4111, 971

49.

681, 2101, 941

50.

941, 771, 561

51.

491, 851, 491

52.

471

53.

64i, 721

69.

1001, 1011

70.

1101, 1111,
1051, 881

71.

1201, l&Ll,
1151; 1Q71,
6111; 4121

72.

1141, 1531,
5131, 7121

54.

73.

7141, l46l

74.

1120, 970

061, 351; 531

55.

I31, 301, 131

56.

031

—

6120, 4110
__

_

75.

810, 74o
380

57.

?

58.

211

76.

450, 540, 620

59-

?

77.

610, I50, 260

6o.

102

78.

44o, 350

6l.

111

79.

520

62.

211

80.

240, 330, 4io

63.

?

81.

l4o, 4oo

64.

031

82.

320, 230

- 17 -

108.

211, 121

84.

210

109.

211

IA
CO

120

HO.

301, 131

86.

200

111.

351

87.

020

112.

72I, 371, 64l
641

88.

P

113.

1222

114.

1062, iui

S'

OO
CO

?

90.

?
(I

2322

r

91.

f

115.

1122, 1122

92.

020

93-

200

116.

21Q2, 682, 942

94.

120

117.

4f2, 283

9$.

210

118.

612, 452, 262

96.

140, 400

119.

262

97.

240, 330, 410

120.

332

98.

610, 450, 260

121.

243

99.

450, 540, 620

122.

322

100.

370

123.

232

101.

723., 641

124.

122

102.

351, 441

125.

111

103.

361, 131

126.

?

104.

031

127.

Ill

105.

211

128.

122

106.

211, 121

129.

322

107
107.

?

130.

243

- 18 -

131.

332

132.

262

133.

642, 7I2

134.

472

135.

2102, 682

136.

0#2, 6§2, 782
1022

137.

633, 363, 543, 623

%

243

S

043, 323> % 2

l4o.

233

lUl

033, 303

142

203

143.

113

144.

Il3

145.

443

146.

113

147.

203

148.

033, 303

149.

233

150.

%03, 043, 323

151.

243

152.

6|J, 363, 543
623
______
713, 643, 373

153.

- 19 MJMBER OF MOLECULES IN THE UNIT CELL
In order to determine the number of molecules in the unit cell, the
unit cell volume, molecular weight, and density of the crystal must be
known.

The volume is determined from the unit cell dimensions, and for

a monoclinic crystal this is:

V = "a" Sinygx "b" x "c".

For this crystal

the value is 2400 cubic Angstroms.
The density of the crystals was determined with a Westphal balance
using a mixture of carbon tetrachloride■and tetrabromo-ethane.

A fairly

o
rapid reaction took place between the crystal and the 'mixture at. 25 C,
so the measurements were made at 10°C where the reaction was much slower.
Two determinations gave a value of 1.72 g/cc.

Because of the reaction,

the value is probably no better than 1.7+ »1 g/cc.
The first attempt at determining the molecular weight was made using
the freezing point method with benzene as the solvent.
that the crystals were too insoluble, however.

It was discovered

They appear to be only

slightly soluble in carbon tetrachloride and dioxane at room temperatures,
so these were not tried.

The boiling" point elevation method using ben-

O
The temperature rose to within- ,1 G
o
of the boiling temperature and then fell to a point about .5 C below before
zene as the solvent was tried next.

readings were stopped.

The boiling point elevation using methanol as a

solvent was successful and two determinations gave results of 201 and 207
respectively.

Because of the small boiling-point constant for methanol,

a fairly high molal concentration was required to get an appreciable
temperature change.

Carbon tetrachloride, which has a high constant, was
' .
i;l

'-

' I'

'

129828

- 20 then used and values of 307 and 284 were obtained,
is 160.05»

The formula weight

This Indicates that the molecule is a dimer.

The number of molecules in the unit cell can now be calculated using
the relationship;
Humber of molecules = d x N x V f where d is the density, H is AvogaM
dro’s number, V is the unit cell volume, and M is the molecular weight.
The value obtained is

7.7 molecules.

integral number, however, and

The number of molecules must be an

8 is the most likely number.

- 21 DETERMINATION OF SPACE GROUP
The space group of the crystal was determined by examining the indices
of the spots for systematic absences.

The lattice type was first deter

mined b y .examining the hkl class of reflections. There were no conditions
under which any of this class were absent.
lattice, the symbol for which is P.

This indicates a primitive

The Qkl, hkO, and hhl classes were

next examined and none of these appeared to be systematically absent.
the hOO class there are only two reflections present.

In

The h index in both

cases is even indicating the possibility that all of the odd h planes are
absent.

This indicates the presence of a screw axis and the symbol of

this symmetry element is 2^.
present.

In the OkO class there is only one plane

There are no 001 reflections because the rotation was around

the "c" axis.
The International Tables for X-Ray Crystallography list thirteen
space groups for monoclinic crystals.
lattice type.
14.

Of these, eight are the primitive

Only three of these have screw axes;

numbers 4, 11, and

Space group l4 requires that the hkO planes where k is odd be absent.

Some of these are present, however.

Space groups number 4, P2j_, and

number 11, P2^/m, have no conditions limiting possible, reflections except
in the 001 classy

There"are no -other-conditions for eliminating one or

the other of these two groups.

— 22 *
X-RAY EQUIPMENT AND TECHNIQUE
The x-ray diffraction unit, consisted of a medical x-ray transformer
reconditioned by Br. C. N. Gaughlan and a Uorelco copper-target tube
mounted in a Uorelco tube mounting.
A 10-cm diameter cylindrical camera was used for all the patterns.
The effective radius of the camera was determined b y comparing a powder
pattern of UaGl taken with the camera with an indexed pattern in the
literature (3).

The 422 line was selected and its d-spacing calculated,

using the established unit cell dimensions, for UaCl.
then calculated by substituting in the formula:

The radius was

sin 1

A
= 3$0 x L ,
2d
21fr X 4
where L is the distance between the two 422 lines on the pattern, A is
the wave length of x-rays used, d is the d-spacing calculated, and r is
the effective radius.
Unfiltered copper* radiation was used'for all pictures.
exposures were taken on the two*-patterns shown.
Eastman F-5 fix were used.

Four-hour

Agfa-30 developer and

Development time was 5 minutesj fix time was

15 minutesj and wash time, 4$ minutes i
minimize the effect of film shrinkage.

The standard times were used to

Kodak medical x-ray film was used
i
All of the capillaries used were drawn from eight-inch pyrex test

tubes.

- 23 DISCUSSION OF METHODS AND RESULTS
The problem of hydrolysis was encountered throughout the project,
and is directly responsible for many of the difficulties.

Crystals

covered with methanol and stored in the refrigerator apparently can be
preserved for some time.

The crystals analyzed were stored in this

manner for several weeks. Flasks containing crystals covered with meth
anol kept at room temperature and opened from time to time darkened in
a few days.

Drying in a vacuum desiccator produced the least amount of

change in the appearance of the crystals, although drying with air
appeared to work also.

The top few crystals in batches dried either

way showed some slight reddening after a few minutes. No further change
was noted for several hours, but in twenty-four hours a whole batch
would appear slightly changed and after several days would have a green
ish-yellow appearance.

The few crystals' that turned red probably under

went hydrolysis to the yellow-red VgOc removing most of the moisture
present.

The remaining crystals may have undergone a slower hydrolysis

forming different compounds.

Frandelt and Hess (9) indicate that the

esters of orthovanadic acid undergo condensation and hydrolysis with
water by the following reaction:

R^V O^t-*

■-

The effects noted above are undoubtedly responsible for the lack of
precision in the analysis.
cator for about six hours.

The samples analyzed were kept in the dessi‘
'
All were taken from the same weighing bottle

which was shaken in an attempt to mix the crystals to a uniform batch.
This may not have been successful.

The results of the analysis, never

- 24 theless, seem close enough and consistant enough to establish that the crys
tals are the pervanadyl trimethoxide.
A single sample of the crystals that had remained in the desiccator for
five days was analyzed and found to contain 39• 99/° vanadium.

,The second

member of the hydrolysis series noted above has a vanadium content of 44.7%°
The sample was probably approaching that composition.
The ease with which the crystals hydrolyzed made the mounting of a
crystal quite difficult.

The method of sealing in a capillary in the

presence of methanol appears to be the best method for overcoming this.

It

may be that letting the crystal remain covered with the solution from which
it crystallized would be even more satisfactory.
temperature control, however.

This would require strict

In one of the first attempts to grow crystals

in capillaries, a large single crystal was obtained.
which it was. grown was at 26°8 C.

The thermostat in

The crystal was kept in the thermostat

O
and the temperature was adjusted to go down to 25 C.

The crystal was ob

served two days later when the thermostat was observed to be at 24°C.

It

o
was likewise observed on the two following days with the thermostat at 25 G.
On the third day it had disappeared. This same capillary was placed, in a
colder thermostat and finally in the refrigerator but no other crystals were
ever obtained from it. Two different crystalline forms may be indicated by
this.
There is some cause for lack of confidence in the rotation pattern
and thus some uncertainty as to the correctness of the unit cell dimensions
obtained, the indices of the spots, and in the possible space groups selected.

- 25 It is noted that spots numbered lh, 16, 18, 20, 142, and 144 in figure I
as well as several others appear to be two spots, one being on a slightly
different level than the other.
occur.

In a true rotation pattern this would not

The lack of symmetry about a vertical line through the center of

the film of the spots near the center of the top three lines also may be
cause for concern.

Improper alignment of the crystal, strain in the crys

tal structure caused by bending, or the presence of a twin might account
for this.

The effect of this on the unit cell dimensions and the indexing

is not known, and the results obtained can be regarded as tentative values
only.

This is likewise true for the space groups selected.

It should be

noted that the possible space groups to which the crystal belongs are
actually determined by considering only the zero level.

The apparent ab

sence of the hOO planes when' h is odd indicates the presence of a screw
axis.

There are only three space groups for the monoclinic system that

have screw axes.

Considering the apparent hkO absences when k is odd

narrows the space groups to the two selected.

That the indices of the

other spots are not contrary to this may give them some credence.
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