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ABSTRACT

PART ONE
PYRIDINE COMPLEXES OF ZINC(II), CADMIUM(II),
AND MERCURY(II) NITRATES

PART TWO ,
PRELIMINARY INVESTIGATION OF SOME OXIDATION AND COMPLEXATION

REACTIONS OF GROUP V-B METALS IN NONAQUEOUS SOLVENTS

BY

THOMAS JAMES OUELLETTE

This thesis is divided into two parts. Part I deals
with pyridine complexes of zinc(II), cadmium(II), and mer-
cury(II), which were prepared by the reaction of the anhy-
drous metal nitrates with pyridine in nonaqueous solution,
Additlional pyridine-nitrate complexes of the group II-B metal
nitrates were syntheslzed by thermal decomposition reactions.
The complexes which were characterized in this_study include:
[zn(py) 5(N05), ], [Zn(py),(NO5), ], [2Zn(py)4(NO,),] + 3py.
[ca(py)4(No5), ], [Cdp(py)5(NO5), ], [Cd(py)4(NO4),]T + 3py.
[HE(PY)Z(NOB)Z]. and [Hg(py)z(N03)2] . 3py. Characterization
of the complexes by means of dta, tga, conductance, magnetic
susceptibllity, molecular weight, X-ray diffraction, ultra-
violet and visible spectroscopy, and regular and far-infrared
spectroscopy led to tentative structural assignments., It was

concluded that the tris(pyridine) complex of zinc(II) had a




trigonal bipyramidal or distorted octahedral geometry, that
the bis(pyridine) complexes of zinc(II) and mercury(II) had
a pseudotetrahedral geometry, that the tris(pyridine) and
tetranitrato complexes of cadmium(II) had a polymeric dis-
torted octahedral geometry, and that the three trisolvates
had a geometry analogous to their parent complexes, but with
an additional three moles of crystal pyridine,

Part 11 of this thesis deals with a study of the oxi-
dation of the group V-B metals by silver nitrate and bromine
in nonaqueous solvents, and complexing of the oxidized metals
with ammonium fluoride and pyridine., It was found that the
group V-B météis could be oxidized in 1,2-d1ﬁethoxyethane.
dioxane, and formamlde, and in many cases ammonium fluoride
and pyridine complexes could be isolated. The oxidation re-
actions were generally complicated by solvent interaction,
and the complexes obtained from the oxidized metal solutions

were mostly mixtures, which could not be adequately purifiled.
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PART ONE

PYRIDINE COMPLEXES OF ZINC(II), CADMIUM(II),
AND MERCURY(II) NITRATES




I. INTRODUCTION

Pyridine complexes of the transitlion and post-transi-
tion metals have been studlied in great detall by a large
number of workers.l’16 Two somewhat unique characteristics
of pyridine complexes are the exhibition of a wide variation
in thernal stability.15 and the preparation of more than one
pyridine complex from the same metal salt.l7 Surprisingly,
very little work has been reported on complexes of anhydrous
metal nitrates.18=31 In this work, the results of studies
on the pyridine complexes of anhydrous metal nitrates of
zinc(II), cadmium(II), and mercury(II) are reported.

In deslgning this problem there were basically two
primary objectives. The flrst of these was to ascertaln which
pyridine complexes of zinc(II), cadmium(II), and mercury(II)
could be prepared. Grossman’? has reported the syntheslis of

Zn(py)z(N03)2°2H20 and Cd(py)z(NO '2H,0, but the only anhy-

3)2
drous pyridine-nitrate complexes of the group II-B metals

which have been reported are Zn(py)B(NOB)Z11 and Hg(py)z(N03)2,31
and in both cases only meager information was glven on these
compounds,

The second objective in thlis project was to study the
physical and chemlcal properties of the pyridine-nitrate com-
plexes of the group II-B metals wlth the emphasls directed
toward elucidating thelr stereochemical properties. The geo-
metries of a large number of zinc(II), cadmium(II) and mercury-

(II) complexes have been previously investigated, and exhibit

considerable varlety. 2Zinc(II) complexes are most commonly

-1~



tetrahedral or pseudotetrahedral, but complexes exhiblting
other geometries are frequently encountered.13’3u Cadmium(II)
complexes are generally octahedral, but once agaln numerous
other geometries have also been observed, /<0 Mercury(II)
complexes seem to favor tetrahedral and octahedral geometries,
and frequently polymerlc complexes wlth both of these geometries
are found.lB'16
Since thls study encompasses nitrate complexes, dif-
ferent types of coordinate bonding are possible. Nitrate
groups can function as lonlc, monodentate, bldentate, and
bridging 11gands.34'36
The synthetlc and structural aspects in this work re-

quired the use of differential thermal analysls, thermogravi-
metrlc analysls, mass spectrometry, molecular welght measure-
ments, magnetic measurements, X-ray powder diffraction
measurements, infrared spectroscopy, conductlvity measurements,
ultraviolet-vislble spectroscopy, and far-infrared spectros-
COpY . S

- Part I of this theslis 1s divided into four major
sections, Sectlion I 1s the introduction, and includes a
brief discussion of the purpose and scope of this work. Sec-
tion II conslists of the experimental aspects of this work,
glving a detailled descriptlion of the synthesis and experimental
technlques used in characterizing the complexes. Section III
presents the results of the work, and a discussion of the
conclusions, Section IV summarizes briefly the results of
this investigation. Following Section IV is a list of

references,



II. EXPERIMENTAL

A, Starting Materials.
Reagent grade methanol (Fisher) was dried by distil-

lation from magnesium activated with lodine, Reagent grade
pyridine (Fisher) was dried by distillation from potassium
hydroxide pellets and stored over barium oxide until used.
Practical grade 2,2'-dimethoxypropane (Eastman) was used with-
out further purification., All other chemicals were of reagent
grade and includes: anhydrous diethyl ether (Fisher), N,N'-di-
methylformamide (Eastman), chloroform (Fisher), silver nitrate
(Fisher), bismuth (J. T. Baker, powder), zinc (J. T. Baker,

20 mesh), cadmium (Fisher, mossy, sticks), zinc(II) nitrate
hexahydrate (Fisher), cadmium(II) nitrate tetrahydrate (Fisher),
mercury(II) nitrate monohydrate (Fisher), and mercury(II) oxide

(Fisher, yellow), which were used without further purification.

B. Preparation of the Zinc Complexes.

Precursors to the synthesls of some of the complexes
were the differential thermal analysis (dta) and thermogravi-
metric analysis (tga) of dinltratotris(pyridine)zinc(II). An
outline of this work is found in subsections F and G,

1. Preparation of Dinitratotris(pyridine)zinc(II),

LZn(py),(NOB_)_z], from Zinc Metal,

Granular zinc (7.5 g, 0.15 mole) was added to a mag-

netically stirred solution of 34 g (0.21 mole) of silver

nitrate in 100 ml of dry methanol, For the first hour the

v



mixture was cooled 1n an ice bath because the reactlon was
highly exothermic. After stirring for a total of 32 hr, the
mixture gave a negative test for the presence of Ag+, using
6 M hydrochloric acid. The reactlon mixture was filtered to
remove suspended solids, and 25 ml (0.32 mole) of d?y‘pyridine
was added to the warm flltrate. The solution was concentrated
over an infrared lamp to a final volume of 40 ml and placed
in a refrigerator at 0° to induce ecrystallization. At the
end of 12 hr a copious amount of white crystalline material
was present In the flask, The product was collected on a
sintered-glass filter and washed twice with dry methanol fol-
lowed by two washings with anhydrous ether. The product was
recrystalllized by dissolving it in a minimal amount of Boiling
methanol to which was added 10 ml of pyridine. After standing
for 12 hr at room temperature,.the mixture was flltered through
a sintered-glass filter and the solid was washed successively
with two 20-ml portions of methanol and two 20-ml portions of
anhydrous ether. The compound was freed of remaining solvent
by storage in an evacuated desiccator over silica gel for 6
hr.
Anal. Calcd for [2n(py)3(N03)2]a Zn, 15.32; N, 16.42;
C, 42.22; H, 3.54, Found: Zn, 15.53; N, 16.53; C, U41.76;
H, 3.47,
2, Preparation of Dinitratotris(pyridine)zinc(II),
LZn(py)B(NOBl?l from Zinc{(II) Nitrate Hexahydrate.

Zinc(II) nitrate hexahydrate (29.8 g, 0.110 mole) was
added to 100 ml of 2,2'-dimethoxypropane in a 250-ml single-

necked, round-bottomed flask fitted with a reflux condenser.
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The mixture was refluxed for 14 hr, ylelding a pale yellow
solution. The condenser was removed and the bolling continued
to a final volume of 40 ml., The reaction mixture was filtered
to remove any suspended solids, and 24 ml (0,31 mole) of dry
pyridine was added to the warm flltrate. No immediate preci-
pitation occurred, but after standing for 24 hr at room tem~
perature a large quantity of transparent, crystalline material
was present in the flask. The product was collected on a
sintered-glass filter and washed with anhydrous ether. The
prqduct was recrystallized by dissolving it in a minimal amount
of methanol to which was then added 10 ml of pyridine. After
standing at room temperature for 18 hr, transparent crystals
had formed in the flask., The product was collected on a sin-
tered~glass fllter and washed successively with two 20-ml
portions of methanol and two 20-ml portions of anhydrous ether,
The product was finally dried for 6 hr in an evacuated desic-
cator over silica gel.

Ansl, Calcd for [Zn(py)B(NOB)zjs Zn, 15.32; N, 16.42;
C, 42.22; H, 3.54. PFounds Zn, 15.54; N, 16.41; C, 42.12;
H, 3.43.

3. Preparation of Dinitratobis{pyridine)zinc(IT),
[2n(py), (NO,),].

A welghed sample of dinitratotris(pyridine)zinc(II)

was flnely ground and placed 1n a porcelain crucible. The
crucible was placed in a Hoskins combustion furnace, which
was heated to 115° and through which a slow stream of dry ni-
trogen gas was passed. The sample was removed from the fur-

nace, welghed, and reground sevéral times over a period of



9.5 hr, At the end of this time no further change in weight
was observed, The sample had lost 18.83% of its original
welght, which compares favorably with a theoretical welght
loss of 18.54% for the formation of the bis{pyridine) complex.
The final product was a very pale pink solid; the total change
in welght, therefore, corresponded to the loss of one mole of

pyridine per mole of starting material., The reaction ls there-

fore:

115°
[Zn(py),(NO,),] — [Zn(py),(NO,),] + py. (1)
3\W3/2 N, 2v'¥3/2
Anal, Calcd for [Zn(py)Z(NOB)ZJz Zn, 18.81; N, 16.11;
C, 34.53; H, 2.88. Found: Zn, 18.98; N, 16.26; C, 34.13;
H, 2.86.

4, Preparation of Dinitratotris(pyridine)zine(II) Tripy-
ridine, [Zn(py)B(NOBlZJ'pr.

A welghed sample of dinitratotris(pyridine)zinc(II)
was finely ground and transferred to a porcelain evaporating
dish. The sample was placed in a desiccator over pyridine
for nine days at room temperature., During thls time the start-
ing materlial added three moles of pyridine. The sample was
then placed in a desiccator at 60 mm pressure and reverted to
its original unsolvated weilght, thus indicating the reversi-
bility of the solvation process. The original sample and the
trisolvate have unlque powder patterns. The infrared spectrum
of the trlsolvate indlcates the presence of uncoordinated py-

ridine, The reaction is given on the following page.
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[2n(py)5(N03),] + 3py € 2 [2n(py)5(N04),] 30y (2)

25%, 60 mm

Anal, Calcd for [2n(py)3(N03)2]-3py; Zn, 9.85. Found:
Zn, 10.29,
5. Decomposition Products from Dinitratotris(pyridine)-
zine(IT).

A sample of dinitratotris(pyridine)zinc(Il) was gra-

dually heated to temperatures in excess of 250° with frequent
welghing. Beyond 130° the sample lost welght very rapidly

and the final product was 1ldentifled as zinc(II) oxide by its
powder pattern, No stable intermediate compounds with a lower
pyridine content than dinitratobis(pyridine)zinc(II) could

be isolated., Whether heated in alr or in a dry nitrogen at-

mosphere, the same product was isolated. The reaction is

therefore:

1300 decomposition
[Zn(py)z(N03)2] —> Zn0 + products (3)

C. Preparation of Cadmium Complexes.

The synthesls of some of the cadmium complexes resulted
from information obtained from differential thermal analysis
(dta) and thermogravimetric analysis (tga) of dinitratotris-
(pyridine)cadmium(II). An outline of the dta and tga work

is found in subsections F and G,

1. Preparation of Dinitratotris(pyridine)cadmium(II),
LCd(py) 4(NO,),], from Cadmium Metal.

An indirect method of oxidizing cadmium in methanol



was selected for two reasons. The oxlidatlion of cadmium by
silver nitrate is very slow, and it was not possible to ob-
tain in methanol a cadmium nitrate solution that was free of
silver ion.

Granular bismuth (15 g, 0.072 mole) was added to a
magnetically stirred solution of 34 g (0.21 mole) of silver
nitrate in 100 ml of dry methanol. The mlxture was stirred
at room temperature for 30 hr and filtered to remove suspended
solids. The filtrate gave a negative Ag' test with 6 M hydro-
chloric acid, Cadmium (filings) (12 g, 0.11 mole) was added
to the bismuth(III) solution; the mixture was stirred for 30
hr and filtered to remove suspended solids. The filtrate
gave a negative bismuth(III) test with stannous chloride.
Pyridine (24 ml, 0.31 mole) was added to the cadmium(II) solu-
tion, and the mixture was concentrated over an infrared lamp
to a final volume of 40 ml. The mixture was placed in a re-
frigerator at 0° for 12 hr to induce crystallization. The
white crystalline material was filtered and washed twice with
anhydrous ether., The product was recrystallized by dissolving
it In a minimal amount of boiling methanol and adding 10 ml
of pyridine to the bolling mixture. Precipitation did not
ocecur immediately, but after standing for 14 hr at room tem-
perature large transparent crystals were formed., The product
was collected on a sintered-glass fllter, and washed succes=-
sively with two 20-ml portions of methanol and two 20-ml
portlons of anhydrous ether. The product was finaily dried

in an evacuated desiccator over silica gel for 4 hr.

Anal., Calcd for [Cd(py)B(NOB)ZJ: Ccd, 23.72;3 N, 14,78




c, 38.03; H, 3.19. FoundsACd, 24,18; N, 14.84; C, 37.73:
H, 3.10.

2, Preparation of Dinitratotris(pyridine)cadmium(II),

LCd(py)B(NOBl?], from Cadmium(II) Nitrate Tetra-

hydrate.
Cadmium(II) nitrate tetrahydrate (30 g, 0.10 mole)

was added to 100 ml of 2,2'-dimethoxypropane in a 250-ml
single-necked, round-bottomed flask fitted with a reflux
condenser. The mixture was refluxed for 22 hr, ylelding an
orange~-yellow solution. The mixture was filtered to remove
suspended solids, and 24 ml (0.31 mole) of dry pyridine was
added to the warm mixture. The mixture was concentrated over
an infrared lamp to a final volume of 60 ml and cooled to
room temperature, which resulted in the preclpitation of a
large quantlity of white crystalline material. The reaction
mixture was flltered and the solid washed twlce with anhydrous
ether. The product was recrystalllzed twice using 25-ml por-
tions of pyridine and sufficient methanol to just dissolve
the solid. The product was finally dried for 4 hr in an eva-
cuated desliccator over sillica gel,

Anal, Caled for [Cd(py)B(NOB)ZJ: cd, 23.72; N, 14,78;
Cc, 38.03; H, 3.19. Found: Cd, 24.09; N, 14.76; C, 37.77;
H, 3.05.

3. ZPreparation of Tetranltratotris(pyridinel)dicadmium(II),
LCd?(py)j(NOBlhl, from Dinitratotris(pyridine)cadmium(II).

A welghed sample of dinitratotris(pyridine)cadmium(II)

was flnely ground and placed in a porcelain crucible. The
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The cruclble was placed in a Hoskins combustlion furnace, which
was heated to 115° and through which a slow stream of dry ni-
trogen gas was passed, The sample was removed from the fur-
nace, weighed, and reground until no further change in welight
was observed. The total time in the furnace was 24 hr, The
product was an extremely hygroscopic, white solid which had

to be kept under an atmosphere of nitrogen. The total weight
change of 24.58% from starting material to final product cor-
responded to the loss of 1.5 moles of pyridine per mole of

the starting material (theoretical weight loss 25,04%), The
infrared spectrum and X-ray powder pattern of the final product
confirmed that the product was a unlique compound. The reaction

1s therefore:
115°
2[Cd (py) 5(NO4) , ] -——NZ——> [ca,(py) 5(N05), T+ 3py. (4)

Anal. Caled for [0d2(py)3(N03)4]: cd, 31.66; N, 13.80.
Found: Cd, 31.62; N, 13.85,

4., Preparation of Dinitratotris(pyridine)cadmium(II) Tri-
pyridine._LCd(py)Q(N0312]-3py.

A welghed sample of finely ground dinitratotris(pyri-
dine)cadmium(II) was transferred to a porcelain evaporating
dish. The sample was then placed in a desiccator over pyridine
for nine days at room temperature, During this time the start-
ing materlal added three moles of pyridine. The sample was
then placed in a deslccator at 60 mm pressure and reverted
to 1ts orlginal unsolvated welght, thus indicating the reversi-

bllity of the solvatlion process. The infrared spectrum and
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X-ray powder pattern of the product indicated that the trisol-

vate was a unique compound. The reaction is therefore:

250

b Y
r 4

[Cd(pY)3(N°3)2] + 3py €

e L) 50y, 5ey (5)

Anal, Caled for [Cd(py)B(NOB)ZJ-prl cd, 15.81,
Founds Cd, 16.26.

5. Decomposition Products from Dinitratotris(pyridine)-

cadmium(ITI).
A sample of dinitratotris(pyridine)cadmium(II) was

slowly heated to 300° with frequent weighing. Beyond the pla-
teau at 115° the sample gradually lost weight, but no pure
intermediate could be isolated between the tetranitratotris-
(pyridine)dicadmium(II) and the final product, which was
cadmium(II) oxide. The reaction is therefore:

1700 decomposition
Cd, (py) 4(NO,),,] —> ¢Cdo + products (6)
2 3 34

Anal., Calecd for CdOs Cd, 47.56. Found: Cd, 47.11.

D. Preparation of Mercury(II) Complexes.

Some of the synthetic work for the mercury(II) complexes
was suggested by the results of the differential thermal analy-
sis (dta) and thermogravimetric analysis (tga) of dinitrato-
bis(pyridine)mercury(II). An outline of the dta and tga work

is found in subsections F and G.

1., Preparation of Dinitratobis(pyridine)mercury(II),
[ﬁg(py),(NOBlzj, from Mercury(II) oOxide,

Several attempts were made to synthesize the mercury(II)
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complexes from mercury(II) nitrate monohydrate, but these
efforts were unsuccessful because the monohydrate would not
dissolve in sultable solvents. The dinitratobis(pyridine)-
mercury(I1) was finally prepared using the method of Bullock
and Tuck, 1

Mercury (II) oxide (17 g, 0.080 mole) was added to a
mixture of 40 ml of anhydrous ethanol, 80 ml of 10 M nitric
acild, and 80 ml of dry pyridine in & 250-ml single-necked,
round-bottomed flask fitted with a reflux condenser, The
nixture was refluxed for one hour, resulting in a pale yellow
solutlion., The warm mixture was flltered to remove suspended
solid, then slowly cooled to room temperature., After stand-
ing at room temperature for 12 hr, a large quantity of trans-
parent, crystalline materlal had collected in the bottom of
the flask, The reection mixture was filltered through a
sintered-glass filter and the solld was washed successively
with two 25-ml portions of methanol and three 25-ml portions
of anhydrous ether. The product was recrystallized by dis-
solving it in a minimal amount of anhydrous methanol to which
was then added 10 ml of pyridine. Upon cooling to room tem-
perature and standing for 12 hr, white crystals precipitated
from the solution. The product was collected on a»sintered—
glass filter and was washed as before.

Anal. Calcd for [Hg(pY)Z(NOB)ZJ: He, 41.54; M, 11.61;
C, 24,873 H, 2,09. Found: Hg, 41.46; W, 11.56; C, 24,86;
H, 2,04,
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2. Preparation of Dinitratobis ridine)mercury(Il

Tripyridine, ng(py),(NDBlelLpr.
A weighed sample of dinitratobis(pyridine)mercury(II)

was finely ground and transferred to a porcelailn evaporating
dish, The sample was placed in a desiccator over pyridine

for nine days. During this time the starting material added
three moles of pyridine. The sample was placed in a desic-
cator at 60 mm pressure and reverted to its original unsol-
vated welght, thus indicating the reversibllity of the solvation
process. The infrared spectrum and X-ray powder pattern of

the product 1lndicated that the trisolvate was a unique com-

pound. The reactlion is therefore:

[Hg(py)z(NOB)ZJ + 3py 4250’ = m; [Hs(py)z(NOB)ZJ-pr (7)

Anal, Caled for [Hg(py)z(N03)2]-3py. Hg, 27.86.
Founds Hg, 27.28,

3. Decomposition Products from Dinitratobis{pxridinez-
mercurz(II).

A sample of diniltratobis(pyridine)mercury(II) was

slowly heated to 256° with frequent weighing. The complex
began to lose weight slowly at 190°, but even after several
hours the total welght loss was very small. At 258° the com-
pound underwent an extremely violent reaction, which resulted
in the complete decomposition of the complex., The final pro=~
duct consisted of a mixture of mercury metal and other decom-
positlon products. During the decomposition at 256°, gases

were evolved which had the odor of nitrogen oxides and pyridine.
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Apparently the decomposition is an extremely complex set of
redox reactions involving the metal, pyridine, and nitrate
groups. The reaction is therefore:

256° decomposition
[HS(PY)Z(NOB)ZJ ————> Hg + products (8)

E. Analytical Procedures.
1. Zinc(II) Determination.

Zinc(II) was determined by the method of Welcher.62
The sample (0.3 to 0.5 g) was dissolved in 40 ml of water, and
concentrated ammonia added to the solutlon until all of the
zinc(II) was dissolved., The sample was titrated with 0,5 M
disodium ethylenediamine tetraacetate (EDTA) using Eriochrome
Black T powder as an indicator, gliving a purple to blue end
proint,

2, Cadmium(JII) Determination.

Cadmium was also determined by the method of Welcher,62
but PAN indicator was used in place of Eriochrome Black T pow-
der. The solutlon was initially pink, and it was titrated

to a yellow end polint.

3. Mercurx(II) Determination.

Mercury(II) was determined using a modification of the
method of Welcher.é2 Because mercury(II) precipitates in basic
solution, the sample was dissolved in 40 ml of water followed
by the addition of 2 ml of 6 M hydrochloric acid. An excess
of EDTA was added to the solution to complex all of the metal,
and 10 ml of concentrated ammonia was added to the solution.

The excess EDTA was back-titrated with standard zinc(II) sulfate
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solution using Eriochrome Black T powder as an indicator. A
blue to purple color change indicated the end point.
4, Pyridine Determination.

An attempt was made to determine pyridine by the
method of Fritz and Hammond.63 This method involves the po-
tentiometric titration of pyridine in glaclal acetic acid
with a standard solution of perchloric acld in glacial acetic
acld., None of the complexes gave a sharp break in the milli-

volt vs volume curves, so the method was abandoned.

5. Carbon, Hydrogen, Nitrogen Determination.
The carbon, hydrogen, nitrogen analyses were performed
by Mr. Ingo Hartmann using the F & M Corp. lodel 185 Carbon,
Hydrogen, Nitrogen Analyzer. Other nitrogen analyses were

made with a Coleman Model 29 Nitrogen Analyzer.

F, Differential Thermal Analyses (dta).

The differential thermal analyses were run using a
Fisher Model 360 Linear Temperature Programmer in conjunction
with a Fisher Model 260 Furnace. Both temperature and dif-
ferential temperature were monitored using Texas Instruments'
Servo~-riter recorders with one millivolt full-scale deflection,
Varlous combinations of heating rate and chart speed were triled,
and a heating rate of 10°/min with a chart speed of 0.5 in/min
was found to glve the best reproduclblility. Analyses were
made both under atmospheric conditlions and under a stream of
nitrogen; both conditlons gave essentially the same curves.
Figure 1 shows the differential thermal analysis for the com-
plex dinitratotris(pyridine)zinc(II), which is representative
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Dinitratotris(pyridine)zine(II), [Zn(py)B(NOB)ZJ.
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of all the curves., Table I summarizes the data on the dta

runs for all of the complexes studled,

Table I
Differentlial Thermal Analysis Data for

Pyridine-Nitrate Complexes

Compound Temperature, °¢%'®  Ppeak Characteristics®
[Zn(py)B(NOB)Zj 121 endo; shp; vs
142 _ endo; b; w
342 exo; shp; vs
[Cd(py)B(NOB)Z] 180 endo; shp; vs
313 exo; b; vs
256 exo; shp; vs

atemperature taken at maximum of peak. bonly major peaks are
reported, cen.do, endothermic; exo, exothermics; shp, sharp;

b, broad; vs, very strong; w, weak.

G. Thermogravimetric Analyses.
The thermal balance used was that constructed by King-

6L based on a model described by Wendlandtaéé The tem-

ston,
perature was monitored using a Leeds and Northrup Speedomax
recorder with an iron-constantan thermocouple. Temperature
was manually programed using a Powerstat., It was found that
an increase of one Powerstat scale unit per five minutes gave

a relatively linear increase in temperature over the interval
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studied. All runs were made under a slow stream of nitrogen.
Sensltivity of the balance appeared relatively constant when
the welght of the sample in the pan was kept between 10 and
65 mg., Flgure 2 shows the curves for the complexes studied
by this method. The zinc(II) complex showed a plateau at a
per cent loss in welght of 18.83. This loss in weight cor-
responds to the loss of one mole of pyridine per mole of the
starting material (theoretical weight loss = 18,54%). The
cadmium(II) complex showed a plateau at a per cent weight loss
of 24,58, This loss in welght corresponds to the loss of 1.5

mole of pyridine per mole of the starting material (theoieti-
cal welght loss = 25.04%),

H. Mass Spectral Analyses,

The mass spectra were taken by Miss Ta-Yuen 1i on a
Hitachi-Perkin~Elmer Model RMU-6F mass spectrometer. Spectra
were run at a combustion temperature of 130-160° with an ioni-
zation potentlal of 1500 v. One sample of dinitratobis(pyri-
dine)mercury(II) was also run at a combustion temperature of
230°, and one sample of dinitratotris(pyridine)cadmium(II)
was run at a combustion temperature of 63°. In both cases
the spectra were identical with those reported with combustion
temperatures of 130-160°. The results of the mass spectral

work are summarized in Table II.
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Mass Spectral Data for Metal-Pyridine-Nitrates

[Zn(py) 5(N05),]

Relative Abundance n/e
bl Ly

2.k 48

5.5 k9

15.2 50

2.4 51

21.2 52

8.8 53

67.9 55

2.9 65

2.1 75

21.2 76

1.7 77

5.5 78

6.7 79

16.9 80

2.6 91
3.6 139
2.1 146

Relative Abundance
2,6
2.4
7.9
34.7
50.8
92,
12,

1ASJENE S S AV S
O DM O O VU VW WV VW O & W

14,
100,

17.

£ O
™ 3

continued
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Table II, contd,~-

[cd (py) 5(N05),]

m/e Relative Abundance m/e Relative Abundance
13 h,6 L9 8.3
14 2.8 50 Ly b
15 5.6 51 57.4
16 10.2 52 100.0
17 51.9 53 13.0
25 2.8 55 5.6
26 23,2 56 10.2
27 13.9 57 11.1
28 50.0 65 b.,6
29 13.9 74 1.9
31 1.9 75 2.8
32 9.3 76 9.3
36 b.6 77 5.6
37 6.5 78 17.6
38 8.3 79 100.0
39 16.7 80 6.5
Lo 2.8 93 2.8
41 4 3.7 104 7.4
L2 1.9 105 2.8
43 3.7 149 66.7
Ly 5.6 150 6.5

L8 1.9

continued
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m/e
25
26
27
28
29
30
31
32
36
37
38
39
10
41
12
43
yly
18
49
50
51

Relative Abundance

3.1
22.3
7.3
30.1
0.8
11.2
0.8
2.3
0.8
6.2
6.9
15.4
1.5
2.3
0.8
3.9
5.8
1.2
8.5
35.3
49.8

[He (py) , (N0,),]
m/e

52
53
55
56
57
69
71
7l
75
76
77
78
79
80

148

198

199

200

201

202

22

Relative Abundance

100.0
10.4
3.9
3.5
5.0
2.3
2.3
1.2
3.1
1.2
0.8
11.9
100.0
6.5
5.0
0.8
1.5
1.5
1.2
1.9

continued
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Table II., contd,-

[zn(py), (¥0,),]

n/e Relative Abundance m/e Relative Abundance
12 2.3 48 - 28.1
13 1.9 49 100.0
14 2.3 50 100.0
15 1.5 51 100.0
16 0.8 52 43.3
17 1.2 53 1.9
24 1.9 54 1.2
25 18.9 55 1.2
26 73.1 56 1.5
27 28.1 61 1.2
28 38.5 62 1.5
29 2.7 ) 63 1.9
35 h.6 73 1.5
36 18.5 74 3.9
37 21.2 75 3.9
38 hé.2 78 16.2
39 5.0 79 100.0
40 2.7 81 6.9
42 1.2 | 8l 3.5
43 1.1 86 1.5
47 b.2 100 1.9

continued
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Table II. contd.~-

n/e Relative Abundance n/e Relative Abundance
102 1.5 134 1.5
103 1.9 140 2.7
104 1.5 146 1.2
130 2.3 147 14,2

b

aratio of mass to charge. a relative scale based upon a

value of 100, assigned to the parent pyridine peak at 79 amu,

I, Magnetic Susceptibility.

The magnetic susceptibilities of the zinc(II), cad-
mium(II), and mercury(II) complexes were determined by the
Gouy Method.66 The apparatus consisted of a semimicro bal-
ance (Mettler H16) mounted above a Varian Model V-4084 Elec-
tromagnet. The magnet was powered by a Varlan MNodel 2300A
Power Supply and the current was regulated with a Varian Model
2301A Current Regulator. The sample was contained in a double-
ended Gouy tube, which was suspended between the poles of the
electromagnet (1-in gap) by means of a fine gold chaln attached
to the balance pan. A magnetlc current of 1.8 A was used,
which produced a field strength of 8.6 kilogauss. The tube

constant was obtained using mercury(II) tetrathlocyanatocobal-

tate(II) as the standard. The tube constant was calculated

using the equation:

4820 + 8§ - 10~°
AW+ T

R =
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where S 1s the weight of the sample with the magnet off, AW
is the difference in welght of the sample with the magnet on
and off, and T is the temperature in degrees Kelvin, The
tube constant was calculated to be 2.4875 x 10~% per gram.
The mole susceptlblilities of the complexes were calculated

using the equation:

. R°* AW M
%M~ S

where M 1s the molecular weilght. The mole susceptibllitiles
of the complexes were corrected for the diamagnetic contri-
butions of the ligands gging the equatlon:

:XLQ =7(M+)Lm(ligand)
The dlamagnetic susceptibllities for the ligands weres
-18.9 x 10'6 / g=-atom for the nitrate group,66 -49,3 x 10'6/-
g~-atom for the pyridine molecule,67 -15.0 x lO"6 / g-atom for
zine(II), -20.2 x 10'6 / g-atom for cadmium(II), and
-40,0 x 10'6 / g-atom for mercury(II).ué'67 The magnetic

moments were calculated from the equation:

Ropp = 2.84( Xy n?

t
where p 1s the magnetic moment in Bohr Magnetons,’X,M is the
corrected mole susceptibility, and T 1ls the absolute tempera-

ture. The results of the magnetic work are summarized in

Table TIT,
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Table II1I

Magnetic Data for the Metal-Pyridine-Nitrate Complexes

Compound 105 Xy popes B M.
[Zn(py)B(NOB)zj -21.6 ~0,0
[Cd(py)B(N°3)2] - 4.6 ~0.0
[He(py), (NO,), ] - 2.7 ~0.0
[Cdz(py)3(N03)4] - 5.9 ~0.0 -
[2n(py)2(N03)2] 18.0 0.21

J. Ultraviolet and Visible Spectra.

Ultraviolet and visible spectra of the zinc(II),
cadmium(II), and mercury(II) complexes in the region 6500-
2000 § were run in methanol solution on a Cary 14 Recording
Spectrophotometer., The samples were contailned in l-cm silica
cells. The spectra were run at a scanning speed of 2.5 K/sec.
Because of the large varilatlion in extinction coefficients
between nitrate and pyridine, 1t was necessary to run the
spectra through a serles of successlve dilutions. All of the
compounds have essentlally the same spectra, but the extinc-
tions vary from one compound to another., Two peaks were
asslgned to nitrate absorptions, and the remaining five peaks
were asslgned to pyridine absorptions., None of the compounds
had any absorption in the vislble reglon of the spectrum., A

representative spectrum, that of dinltratotris(pyridine)zinec(II),
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1s shown in Figure 3, and a summary of the spectral data on

all of the compounds is given in Table IV,

Table IV

Ultraviolet Absorption Data on the Metal-Pyridine-Nitrates

Compound A, mp
[zn(py) 5(N0,) 5] 199.
239.

245,

250,
256,
262,

O U\t un O O O o™

298,

[ca(py)B(NOB)zj 200,
238,
245,
250.
256,
261.

O Ut O & 0w

296,

[Be(py),(N05),] 200.4
239.4
2k5.9
250.9

_€ log €
30560 L, 485
4250 3,628
5670 3.754
7350 3.867
7960 3.901
5250 3.720
10.9 1.035
30950 4,491
4100 3,613
5600 3,748
7460 3.873
8200 3.914
5560 3.745
10,6 1,025 .
30880 4,490
5180 3.714
6300 3.799
7540 3.877

continued



Table IV. contd.-

Compound

[zn(PY)z(N°3)z]

[ca, (py) 5(N03),]

A, mn
256.5
262.5
297.5

199.5
229.0
235.0
240.0
248.0
252.0
295.0

201.5
228.8
232.7
239.8
245.8
250.,2
297.0

7885
5200
17.7

24000
3120
ho&o
5000
5500
3200

10.9

54000
6500
7560
8560
8250
5150

19.8

28




Absorbance

0.8p— Nitrate peaks not shown.

|

240 250 260

Wavelength, mp
Flgure 3. Ultraviolet Spectrum of Dinitrato-
tris(pyridine)zinc(II) in Methanol, (1 x 107% m).

62
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K. Conductivity Measurements.

The conductivities of the complexes were measured at
259 using a conventional Wheatstone bridge circuit with an
oscilloscope to detect the null point, The components of
the conductivity apparatus consisted of: audlo generator,
The Heath Co., Model AG-8; transformer, General Radio Co.,
578=A3 resistor(Rl), Leeds and Northrup Co.; decade resis-
tor(BZ). Leeds and Northrup Co., 4750; decade resistor(RB),
Heath-Kit, DR-1l; and oscllloscope, The Heath Co. The con-
ductivity cell was a specially designed unit for high resis-
tance systems. The conductivity cell was callbrated using
0.02 M potassium chloride in aqueous solution. The calculated
cell constant was 6 = 0,04973 cm'l. Molar conductivities
were determined in both dimethylformamide and methanol. Molar
conductivities of the 1 x 1073 M solutlons are summarized in
Table V. Molar conductivities as a function of concentration
were also studied in order to ascertain whether the complexes
behaved as weak electrolytes in dimethylformamide and methanol.
The results of this investigation are shown in Figures 4 and

5.
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Table V
Cohductivity Data in Dimethylformamide and Methanola'b

Compound Solvent Molar Conductance®
[2n(py)3(N03)2] Dimethylformamide 152
[Zn(py)B(NOB)ZJ Methanol 164
[Cd(py)B(NOB)ZJ Dimethylformamide 111
[Cd(py)B(NOB)ZJ Methanol 123
[Hg(py},(NO,) ] Dimethylformamide 98
[Hg(py)z(N03)2] Methanol 156
[Zn(py)z(NOB)zj Methanol 167
[Cdz(pY)B(N03)4] Methanol 207
11 Electrolytesd Dimethylformamide 70-~90
1:2 Electrolytesd Dimethylformamide 135-175
1:1 Electrolytes® Methanol 100
1:2 Electrolytes® Methanol 180
2211 solutions were 1 x 1073 . Peonductivities measured at

259, ®in units of ohm™1 cm2 mol~t., YAreference 43, Crefer-

ences 68 and 69,



Molar Conductivity

250

200

150

100

50

[Zn(py) 5(N0,), ]
[catpy) 5(N05),] == -=~=---

[He(pY), (N04),] - oo

! L | | !

0.05 0.10 0.15 0.20 0.25 0.30 0.35
(Concentration)%

Figure 4, Molar Conductivity vs Square Root of Concentration for

the Zinc(II), Cadmium(II), and Mercury(II) Complexes in Methanol.
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Molar Conductivity

250
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50

[zn(py) 4(N0,), ]
[ca(py) 5(N05) )] === - - - -

[Ha(py) ,(N0g) )T+ o oo

| | | | ! | !

0.05 0.10 0.15 0.20 0.25 0.30 0.35

(Concentration)%
Figure 5. Molar Conductivity vs Square Root of Concentration for the

Zinc(II), Cadmium(II), and Mercury(II) Complexes in Dimethylformamide.
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L. Molecular Welght Measurements,

Attempts were made to determine the molecular welghts
of the zinc(II), cadmium(II), and mercury(II) complexes. The
instrument used for these determinations was the Mechrolab
Model 301-A Vapor-Pressure Osmometer. The determinatlons
were made on 0.1 M solutions of the complexes in dimethyl-
formamide. The accuracy of these molecular welghts 1s some-
what questionable due to the instability of the instrument
with dimethylformamide. It would have been highly desirable
to obtain the molecular weights'in some other solvent or by
a different method, Unfortunately, all such attempts were
unsuccessful because the complexes elther decomposed or were
not sufficiently soluble in other solvents sultable for such

measurements,

Table VI
Molecular Weights of the Zinc(II), Cadmium(II),

and Mercury(II) Complexes in Dimethylformamide,

Molecular Welght

Calecd for Mono-

Compound Solvent Found meric Complexes
[Zn(py)B(NOB)zj Dimethylformamide 478 427
[ca(py),(NO,),] Dimethylformamide 7640 L7k

37732

[Hg(py)z(N03)2] Dimethylformamide 129 483
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M. X-Ray Powder Diffraction Photographs.

In most cases powder patterns were obtalned on finely
ground samples mounted in 0.3 mm glass caplllaries. The photo=-
graphs were taken with either a 57.3 or a 115 mm Philips camera
using copper (A = 1.5418 &) or iron (A = 1.9373 &) radiation.
The powder patterns of the three trisolvates were taken on
samples mounted in 0.3 mm caplillaries that also contained some
free pyridine. The powder patterns for dinitratotris(pyridine)-
zinc(II), dinitratotris(pyridine)cadmium(II), dinitratobis-
(pyridine)mercury(II), dinitratobis(pyridine)zinc(II), tetra-
nitratotris(pyridine)dicadmium(II), and the three trisolvates
are reported in Tables VII-XIV. The values for the interplanar

spacings (dhkl) were obtalned from the 26 values using

corr
the X-ray diffraction tables of Fang and Bloss.70 The rela-
tive Intensities were estimated visually, and are reported
in the followlng tables as: very very strong (vvs), very
strong (vs), strong (s), weak (w), very weak (vw), and very

very weak (vvw).




a

4n
8
7
7
6
6
5
5
L,
L
L
N
3
3
3
3
3
3
3
2

a: £
. 396
.676
.183
.515
.189
912
631
8lk
.6L6
428
116
. 965
.833
757
. 656
417
. 328
152
. 972

(b), broad.
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Table VII
X-Ray Powder Diffraction Data for

Dinitratotris(pyridine)zinc(II),

[2n(py)5(N03),]
Intensity ghkli—é Intensity

VYW 2,832 W
vs 2.789 W
vvs 2.731 vW
AL 2.682 W
vs 2.631 vvw
vs 2.512 w
8 2,466 vw

s 2,434 W

s 2.388 W
vvs 2.346 W
w 2,217 W
VW 2.183 w
vVvs 2,120 w
w 1.991 VW

s 1.926 vvw
W 1.780 VW
sm® 1.714 vvw
w 1.683 vvw
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Table VIII
X-Ray Powder Diffraction Data for
Dinitratotris(pyridine)cadmium(II),

[cd(py) 4(N0,),]

Ay £ Intensity IR { Intensity
8.133 \AL 3.325 vs
7.793 vs 3.024 vvw
7.239 vvs 2.784 W
6.230 Vs 2.701 W
5.887 s 2.651 vvw
5.595 s 2.600 VW
4,011 W 2.508 W
h.717 s 2.457 vvw
b.511 s 2.408 vVw
h.149 W 2.336 VW
L, obs vVW 2,226 vVW
3.829 vs 2,097 vVw
3.693 1.740 vvw
3.612 1.710 vVw

w
W
3.449 VW



dpgr. &
9.593
8.690
6.328
6.138
5.120
L, 627
L, o042
3.898
3.763
3.621
3.571
3,074
2,927
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Table IX
X-Ray Powder Diffraction Data for
Dinitratobis(pyridine)mercury(II),

[He(py) ,(NO4) 5]

Intensity ghklé—é- Intenslty
vVw 2,805 w
AL 2,666 VW

vs 2,616 W
vs 2,558 W
vs 2.491 VW
S 2,421 W
S 2.360 w
S 2,313 VW
vw 2.293 VW
s 2.223 vw
s 2.185 W
W 2,140 W
vw 2.080 vvw
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Table X
X~-Ray Powder Diffraction Data for
Dinitratobis(pyridine)zinc(Il),

[2n(py),(N0,4),]

ghklé—g Intensity ghle—g Intensity
8.354 s 2,723 W
7.506 vvs 2,672 W
6.889 vvs 2.516 W
6.194 AL 2,482 v
5.754 vvW 2,437 w
4,872 s 2.350 w
L, 681 vs 2.304 w
L, 437 -8 2.183 vw
h.279 W 2,069 vw
3.975 vvs 1.927 W
3.855 w 1.834 W
3.734 vs 1.658 VW
3.566 w 1.536 vvw
3. 464 w 1,509 vvw
3.373 L 1,447 VW
3.222 W 1.401 vvw
2,887 w 1.323 vvw

2,824 w
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Table XI
X-Ray Powder Diffraction Data for
Tetranitratotris(pyridine)dicadmium(iX),

[Cd,(py)5(NO4),]

-hklz-é Intensity ﬁ‘:hkl-'-g‘. Intensity
8.522 vvs 2,787 W
6.588 vvs 2.676 s
6.071 vVw 2.631 v
5.376 s 2.554 s
5.068 vs 2.378 w
4,611 vs 2,311 W
4,260 W 2.087 W
3.857 s 2,021 vw
3.676 s 1.996 vw
3.465 s 1.732 vw
3.230 W 1.673 vvw
3.162 W 1,609 vUw
3.077 W 1.589 VW
3.016 VW 1.484 vvw

2.878

J



Table XII
X-Ray Powder Diffraction Data for
Dinitratotris(pyridine)zinc(II) Tripyridine,

[2n(py) 4(N0,),]- 3Py
ghle_gé Intensity

7.681 vs
7.149 vvs
6.181 vvs
5.934 Vs
5.634 s
h,86k s
4,637 s
4, 4u2 vvs
L,107 w
3.834 vvs
3.663 Vs
3.414 VW
3.339 S
3.152 W
2.963 - vw
2,787 W
2.681 vvw
2.503 W
2.345 vwW
2,215 vw
2.184 w
2.118 W

apattern contalns many more very weak lines,

L1
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Table XIII
X-Ray Powder Diffraction Data for
Dinitratotris(pyridine)cadmium(II) Tripyridine,
Cd .
[ca(py);(NO5), ] 3py

dypeys & Intensity N ¢ Intensity
7.830 vs 2,781 w
7.225 vvs 2,702 W
6.254 vvs 2,508 W
5.902 s 2,462 w
5.570 s 2,367 W
4,909 W 2,264 W
4,690 vs 2.188 W
L,297 vs 2.100 W
4,139 W 2,020 W
h,046 W 1.952 W
3.813 vs 1.902 W
3.688 s 1.737 W
3.607 W 1.707 W
3.443 w 1.510 vVW
3.323 vs 1.406 VW

3.009 w
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Table XIV
X-Ray Powder Diffraction Data for
Dinitratobis(pyridine)mercury(II) Tripyridine
(g (py), (¥04) ]+ 3py

Qhklé—gé Intensity ghklh-g- Intensity
8.,087P vvs 2,851 W
7.602° Vs 2.768 s
6.889 vvs 2,723 s
6,326 vs 2,608 W
5.810 vvw 2,522 w
5.438 vs 2.350 W
5.215 vVs 2,270 s
L, 587 Vs 2,194 W
h.u4L8 vs 2.139 W
L, 208 vw 2.085 W
L,112 W 2.040 W
3.974 w 1.941 vvw
3.767 W 1.793 W
3.652 w 1.722 W
3.431 W 1.660 vVw
3.324 vvw 1.620 vVw
3.234 Vs 1.568 vVw
3,118 s 1.342 vvw
2,914 S 1.200 VW

apattern contains many more very weak lines, bthese lines

might not be due to the compound,
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N. Infrared Spectra.

The infrared spectra of the solld complexes in the
4000-300 em™t range were obtained as mulls in Nujol and Halo-
carbon oll in potassium bromide cells. Most spectra were run
using a Beckman IR-12 Recording Spectrophotometer. Survey
spectra on some of the complexes were run using a Perkin-
Elmer Model 337 Grating Infrared Spectrophotometer,

The infrared spectrum of coordinated pyridine can
be readily distinguished from that of uncoordinated pyridine.
The major variations occur in the in-plane bending mode [6(a)]
and in the out-of-plane bending mode [16(b)] of the ring.”?
Both the in-plane bending mode (602 em™ ) and the out-of=-
plane bending mode (404 cn~l) are shifted to higher energy
upon complexation of the pyridine. Table XV lists these two
vibrations for the complexes under investigation. The peaks
Indicating uncoordinated pyridine in the trisolvates are also
listed. The remaining pyridine absorption peaks in the com-
plexes are not listed in the table, but they are all consistent
with the assignments of other workers.50'71'73

The nitrate absorption peaks for the complexes are
also summarized in Table XV. The nitrate absorptions are
conslstent with the presence of coordinated nitrate in the
complexesf The assignments are based upon the reported ab-
sorption spectra for covalent nitrate groups. These assig ~
ments have been very well documented by a large number of

workers, and the assignments in Table XV are based upon their
resultS.23'52' 5“’ 56l 7’4'! 75




Infrared Absorption Data for the Metal-Pyridine-Nitratesa

Compound
[Zn(pY)3(N°3)zj

[cd(py)4(N05),]
[Hg(py), (N5}, ]
[zn(py),(N0,), ]
[ca, (py) 5(NO4) ]
[2n(py) 5(N04), ]+ 3py
ECd(py)j(NOB)z]-pr

[Hs(py), (N04) - 3py

Table XV

Q) 3,) Q) (Ng) 6(a)? 16(b)®
N02 sym. NO NO2 asym, nonplanar in-plane out-of=plane
str. str. sStr. def. bend bend
1300° 1031 1456 818 634 uh2 4289
1280°¢ 10730 1468 820 632 420,413
1305 1030 1459 821 658 427, 4224
1300¢ 1024 1450 813 648,635 428,421
1300¢ 1038 1448 820 638, 6334 439, 4344
1300°¢ 1029 1459 818 634,605° 421,403
1280°¢ 1030 1465 818 632,607 b19,412¢
Loy®
1290 1030 14573 819 645,603 420, 4104
402e

Bsym, symmetric; asym, asymmetric; str, stretch; def, deformation; all absorptions in

-1 b

cm —, pyridine peaks.

cbroad.

ddoublet.

®peaks from uncoordinated pyridine.

a4
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0. Far-Infrared Spectra.

The far-infrared spectra of the solid complexes in
the 400-33 em~1 range were obtalned as mulls in Nujol between
high density polyethylene plates. The spectra were recorded
using a Beckman IR-1ll Recording Spectrophotometer at a dis-
persion of 20 cm'l/in. Table XVI summarizes the results
obtalned., Figures 6 and 7 are approximate reproductions of

the curves obtained in the far-infrared region of the spec-

trum,




Table XVI

Far-Infrared Absorption Bands for the Metal-Pyridine-Nitrates

Compound P v M-N Other Bands
[Zn(py)B(yNOB)Z:I 210 (s,b)? 200 (s,b) 150 (w)
[ca(py) 5(N0,),] 190 (s)3 160 (s,b) 132 fﬁ?b)
[Reto); (05, %2 &) 2 13 &3
(om0, R (2 5 58456k
[Cdp (py)5(NO4),] 250 (m) 205 (s,b) 160 (. 1)

1a11 absorptions reported in em™L, 2

w, weak; m, medlum; s, strong; b, broad.
3broad band between 210 and 200 which 1s split into doublet. upeaks at 160 and

190 are a broad doublet.

4y
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[Cd(py)3(N03)2]

[Hg(py)Z(N03)2]
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350 300 250 200 150 100 50
Wavelength, em~1

Figure 6, Infrared Spectra of Dinitratotris(pyridine)-
zinc(II), Dinitratotris(pyridine)cadmium(II), and Di-

nitratobis(pyridine)mercury(II).
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Figure 7. Infrared Spectra of Dinitratobis(pyridine)-
zinc(II) and Tetranitratotris(pyridine)dicadmium(II).
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III. RESULTS AND DISCUSSION

A. Pyridine Complexes Found in this Work.

1. 2Zinc(II) Nitrate Complexes.
The zinc(II) nitrate complexes Wwhich have been pre-~

pared in this work include:

[Zn(py)B(NOB)ZJ, dinitratotris(pyridine)zinc(II);

[Zn(py)z(NOB)zj, dinitratobis(pyridine)zinc(II);

EZn(py)B(NOB)ZJ-pr, dinitratotris(pyridine)zinc(II) tripyridine.
The three complexes are interrelated through the ad-

dition or loss of pyridine. BReactions (1), (2), and (3),

(cf. pp 6,7) support the following reaction scheme:

Zn(ey) . (N0.) ]+ 3py DY 2n(py) . (NO..)
[Zn(py) 4(N0,) 5]+ 3py g0 o [2zn(py) 4(N0,) ]
115° l N,
>130°
decomposition Zn0 & [Zn(py)z(NO )2]
products 3

Although the literature contalns numerous reports
of zinc(II) complexes with a wide variety of anions and or-
ganlc ligands, very little work has been reported on zinc(II)
nitrate complexes, Zinc(II) nitrate complexes with aniline
and substituted anilines,?®, trimethyl- and triphenylphosphine
oxlde, triphenylarsine oxide,21'22 2-pleoline, quinocline,

isoquinoline,23 acetonitrile,zu

26

o-phenanthroline,?5 substi-
tuted pyridines, picolinic amides,27 and dimethyl sulfoxide28
have been reported., Aside from the above complexes, the only

other zinc(1I) nitrate complexes found in the literature were
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Zn(py)z(No3)z'2H20 reported by Grossman’? and dinitratotris-
(pyridine)zinc(II) reported by Frank and Rogers.11

In this work dinitratotris(pyridine)zinc(II) was
prepared by two different methods. The products from both
syntheses had identical powder patterns and elemental analyses.,
The compound was very stable at room temperature and did not
appear to be hygroscoplec. It should be noted, however, that
when thls complex was crystallized from elther methanol or
chloroform, the crystals in solutlon were transparent. When
- the complex was filtered and dried, the crystals became cloudy.
No explanation for thils change 1s apparent, but X-ray powder
patterns and elemental analyses of both the transparent and
cloudy crystals were ldentical,

BiagettiB'LL has shown that certain copper(II), nickel(II),
and cobalt(II) pyridine-nitrate complexes, which contain cry-
stal pyridine, can be prepared, A simllar situation was found
to occur with dinitratotris(pyridine)zinc(II). When this
complex was placed in an atmosphere of pyridine at 250, the
compound added three moles of pyridine, The new complex was
not an exceptlonally stable specles, since 1t readlly lost
the three moles of pyridine at room temperature and at a pres-
sure of 60 mm, The fact that thls was indeed a unlique com-
pound was strongly inferred by the observation that the
dinitratotris(pyridine)zinc(II) consistently picked up exactly
three moles of pyridine. An exact stoichiometric relation-
shlp 1s generally a good indicatlion that adsorption, which
was the other possible explanation for the addition of three

moles of pyrldine, does not occur. Furthermore, the X-ray
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powder photographs of the trisolvate and the parent compound
were sufficlently unique to indicate that the two compounds
were different., The infrared also indicated that the hexa-
pyridine complex contained both coordinated and uncoordinated
base,

Dinitratobis(pyridine)zinc(II) was prepared by the
thermal decomposition of dinitratotris(pyridine)zinc(II) at
115° in a nitrogen atmosphere. The fact that this compound
should exlst was indlicated by both the dta and tga of the
tris(pyridine) complex. It should be mentioned that the decom-
position temperature was rather crucial for this particular
complex, because at a temperature of 130° the complex began
decomposing to zinc(II) oxide. The integrity of thls complex
was established using a variety of techniques, which will be
discussed later in the thesis. The bis(pyridine) complex was
rather unique for a zinc(II) compiex in that it was pale pink.
The first inclination was to ascribe the color to some trace
contaminatlion. This explanatlion, however, was not acceptable
in view of the fact that several different samples of dini-
tratobis(pyridine)zinc(II) prepared from both zinc(II) nitrate
hexahydrate and zinc metal were used to synthesize the bis-
(pyridine) complex, and each time the same pale pink complex
was obtalned, Visible and ultraviolet spectra of the complex
were of no help in clarifying the situatilon.

The decomposition of dinltratobis(pyridine)zinc(II)
was found to occur very rapidly with no stable intermediate
compounds formed. The decomposition was no doubt a complex

set of redox reactions involving all three components of the
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complex. The only product identified from the decomposition
was zinc(II) oxide, which was identified by its X-ray powder
pattern,
2, Cadmium(II) Nitrate Complexes.

The cadmium(IX) nitrate complexes which have been
synthesized in this work include:
[Cd(py)B(NOB)z:I, dinitratotris(pyridine)cadmium(II);
ECdz(py)3(N03)4]' tetranitratotris(pyridine)dicadmium(II);
[Cdz(py)B(N03)2]-3py, dinitratotris(pyridine)cadmium(II) tri-
pyridine. \

The three complexes are interrelated through the ad-
dition or loss of pyridine. Reactions (4), (5), and (6)

(cf. pp 10,11) give the following reaction schemes

(py) LB (py) 4 (N0,)
[calpy) 5(N05), ] 3py T [calpy) 5(NO4), ]
115°J/
>170°
decomposition + Cd0 € [Cdg(PY)3(NO3)4]
products

As in the case of zinc(II) nitrate, the number of
organic cadmium(II) nitrate complexes which have been reported
in the literature 1s very small. The various complexes which
have been reported include those with the llgands aniline
and substituted anilines,?? thiourea,3” o-phenanthroline,°

24,29

acetonitrile, and the complex Cd(py)z(NO -2H2032 No

3)2
anhydrous pyridine complex of cadmium(II) nitrate was found

in the literature.

Dinitratotris(pyridine)cadmium(II) was prepared by
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two independent routes. The products obtained by both methods
had l1dentical powder patterns and the same elemental analyses.
The tris(pyridine) complex was very stable at room tempera-
ture and did not appear to be hygroscopic. The complex was
soluble in water and most polar organic solvents, but was in-
soluble in weakly polar and nonpolar solvents. In most cases,
however, the solutims of the complex had a strong odor of
pyridine, which indicated that solvolysis had taken place,

The tris(pyridine) cadmium’l

complex was similar to its zinc(II)
analogue in that the transparent crystals obtained by crystal-
llzation from either methanol or chloroform became cloudy
upon removal from solution.
When dinitratotris(pyridine)cadmium(II) was placed
in a pyridine atmosphere, the complex added three moles of
pyridine. As in the case of the zinc(II) complex, the gailn
and loss of the pyridine was found to occur reversibly, and
always with the same stolchlometry of three moles of pyridine
to one mole of the parent compound. The X-ray powder patterns
of the tris and hexaklspyridine complexes were sufficlently
different to indicate that the hexakispyridine complex was
in fact a unique compound, as opposed to beilng simply the
parent compound wlth three moles of adsorbed pyridine. The
infrared also indlicated that the hexakispyridine complex con-
tained both coordinated and uncoordinated base,
Tetranitratotris(pyridine)dicadmium(II) was prepared
by the thermal decomposition of dinitratotris(pyridine)cadmium(II)
at 115o in a slow stream of dry nltrogen. The stoilchiometry

of thls complex was rather unusual, but not completely




55

surprising. Other workers have found simllar stoichiometries
for cadmium(II) complexes.7’28 The compound was very hygro-
scoplec, so any manipulations with the solid were done in a
nitrogen atmosphere. The far-infrared, dta, tga, and X-ray
powder pattern all confirmed the existence of this complex
as a unique compound.

3. Mercury(II) Nitrate Complexes.

Two pyridine complexes of mercury(II) were found in
this investigation. They are dinitratoblis(pyridine)mercury(II),
[Hg(py)z(NOB)zj, and dinitratobis(pyridine)mercury(II) tripy-
ridine, [Hg(py)z(NOB)zj-pr. As in the cases of the zinc(II)
and cadmium(II) complexes, the tripyridine compound was ob-
tained by the reaction of the bis(pyridine) compound in an
atmosphere of pyridine. A combination of reactions (7) and
(8) (ef. pp 13,14) led to the following reaction scheme:

[He (py), (N0.),]3 2 By
g\ \py *3py =
2 3'a 259, 60 mm

> [Hg(py)Z(N03)2]
2569

Hg + decompositlon
products
Although the coordination chemistry of mercury(II)
complexes has been extensively studied, practically nothing
1s known about mercury(II) nitrate complexes with organic
ligands. Reports of only two such complexes were found in
the llterature. The first of these was prepared by Grossman32

and has the formula Hg(py)z(N03)2~2H20. but he did essentially

nothing wlth the compound. The second was the same
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bis(pyridine) complex prepared in this work, and in this
case31 only the infrared spectrum of the compound was given.
Dinitratobis(pyridine)mercury(II) was an extremely
stable specles in the solld state, Even up to a temperature
of 180° the compound remained essentilally intact. It was
markedly less soluble than its zinc(II) and cadmium(II)
counterparts 1n both water and polar organic solvents, and
was virtually insoluble in nonpolar solvents. It has been
well established that mercury(II) forms exceptionally strong

covalent bonds,28

which accounts for the differences in ther-
mal stability and solubility between the mercury(II) complex
and the zinc(II) and cadmium(II) complexes.

Similar to the zinc(II) and cadmium(II) complexes,
dinitratobis(pyridine)mercury(II) reversibly and stoichio-
metrically added and liberated three moles of pyridine at
room temperature. The X-ray powder pattern for the trilsolvate
was once again quite different from 1ts parent compound, which
indicated that the trlisolvate was a unlque compound and not
simply the parent compound with adsorbed pyridine.

Consistent with Bullock's report,>l dinitratobis(py-
ridine)mercury(II) decomposed explosively at 256°., The final
products from this reaction consisted of mercury metal plus
other decomposition products., The fact that mercury(II) was
reduced to mercury metal immedlately suggested the interac-
tion of pyridine in the redox system, for it is highly unlikely

that the nitrate group would function as a reducing agent.
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B, Differential Thermal and Thermogravimetric Analyses.

Because dta and tga were used in conjunction with
one another, they will be discussed together. The differentlal
thermal analysis data are summarized in Figure 1 (p 16) and
Table I (p 17). The thermogravimetric analysis data are
shown in Figure 2 (p 19). These two techniques are extremely
useful tools which, when used in conjunction with one another,
can provide a great deal of information concerning the path-
way by which a thermal decomposition occurs. Beech and Mor-
timer2 have reported a whole serles of such investigations
on transition metal halide complexes, and Wendlandt15 has
studled an extensive series of complexes of the formulas
M(py)ux2 and M(py)zxz, where the divalent metals M included
Co, Ni, Cd, Cu, Zn, Mn, and X was SCN~, I, Br~, C17, or
% C,0,”. However, little work has been reported on the de-
composition of metal-nitrate complexes,

The dta of dinitratotrig(pyridine)zinc(II) showed
two endothermic peaks, at 121° and 142°, and one exothermic
peak at 342°. The tga of the same complex showed two well-
defined breaks in the curve. The first of these occurred
at about 120° and corresponded to a welght loss of one mole
of pyridine per mole of the starting material. Therefore,
the first peak in both the dta and tga corresponded to the
formation of dinitratobis(pyridine)zinc(II). The second peak
in the dta corresponded to the slow loss of the second two
moles of pyridine., This, once agaln, was conslstent with
the tga, which showed that no stable intermediate complex

was formed after the bis(pyridine) complex and before the
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final decomposition products. The third break in the dta
indicated the formation of the metal oxide, which also
agreed with the results from the tga. The peak at 142°,
which had no counterpart in the tga, was probably due to
either a crystal modification or volatilization of the freed
pyridine,.

The tga of dinitratotris(pyridine)cadmium(II) indi-
cated that perhaps two stable intermediates should be present,
It was found, however, that at temperatures in excess of 170°
decomposition leading to cadmium oxide occurred, The break
in the tga curve at 160° corresponds to a per cent welght
loss of 24.58, and indicates the liberation of 1.5 moles of
pyridine per mole of the starting material (theoretical welght
loss = 25.04%). This welght change agrees with the formation
of tetranitratotris(pyridine)dicadmium(II). Because cad-
mium(II) oxide is formed at temperatures in excess of 170°,
the second deflection in the tga curve is not indicative of
any pure lsolatable compound. The dta and tga curves of
dinitratotris(pyridine)cadmium(II) are qualitatively in agree-~
ment with one another. The endothermic and exothermic pesks
are assigned to the liberation and volatilization of pyridine
and the formation of cadmium(II) oxlide, respectively.

Dinitratobis(pyridine)mercury(II) showed two peaks
in the dta. There was an endothermic peak at 179° and an
exothermic peak at 256°. The endothermic peak at 179° was
in agreement with the tga curve, which indicated the initial
loss of pyrldine at this temperature. The very strongly

exothermic peak at 256° in the dta corresponded to an
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exceedingly rapid decompositlon reaction, which resulted 1n
the formation of mercury metal and other decomposition pro-
ducts, This was in agreement with the tga, which indicated
that almost the entire sample was volatilized at 256°, The
slope of the tga curve between the first indication of a
welght loss and the flnal product was very steep, which indi-
cated that the decomposition was quite rapid. The fact that
there were no plateaus in the tga indlcated that no stable B
intermediate compounds were present., This also was in agree-

ment with the fallure to isolate elther the monopyridine com-

plex or anhydrous mercury(II) nitrate.

C., Mass Spectral Analyses.

The data on the mass spectra of the complexes are sum-
marized in Table II (p 20). It was initially hoped that the
mass spectra might eilther provide insight into the mechanism
by which thermal decomposition occurs or provide an extremely
accurate way of determining the molecular weights of the com=-
plexes,

The mass spectra for all of the complexes showed the
characteristic fragmentation pattern for pyridine. The large
sets of peaks centered around 79 amu and 55 amu are charac-
teristic of pyridine. The peak at 55 amu corresponds to the
loss of HCN from the pyridine molecule.38 All of the spectra
had a peak which could be agsigned to the metal in the 2+
oxldatlon state, Peaks assignable to the molecular ions were
absent in every case. Drastic changes in both the combustion
temperature and ionization potential seemed to have no notice-

able effect on the spectra.
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Other peaks which were somewhat diagnostic of the
means by which decomposition occurred were assignable to NC+,
N,0%, N,*, and CO* (either or both of the latter two). The
mass spectra proved to be only moderately useful in deter-
mining decomposition pathways. The data lndicated that
complete decomposition of the molecules occurred in the
electron beam, and that the reactions 1lnvolved reduction
of the nitrate groups.

It was interesting to note that no peaks could be
found that corresbonded to the metal oxides. Thls meant
that one of two things occurred. Elther the metal oxides
were not formed or any metal oxides formed in the combustion
chamber were not sufflclently volatile to reach the ioniza-

tion chamber.

D, HMagnetlc Susceptibllity Measurements on the Complexes.

The magnetic moments of the complexes were measured
in order to ensure that all of the complexes contalned metal
lons in the 2+ state; 1.e., outer electronic configurations
of dlo.

Data on the magnetic moments of the zinc(II), cad-
mium(II), and mercury(II) complexes are summarized in Table
III (p 26).

Within experimental error, the magnetic moments were

all zero, indicative of the expected dlamagnetic le system.

E. Ultraviolet and Vislible Spectra.

Because all of the complexes studied in this work

were dlamagnetic, le specles, the visible reglon of the
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spectrum was expected to be nondescript. This expectation
was substantiated by the spectra of the compounds. Flgure

3 (p 29) and Table IV (p 27) summarize the data on the ultra-
violet spectra of the complexes.

The pyridine absorption bands in both the free and
the complexed state have been dlscussed rather extensive-
ly.39'u2 Jdrgensenuo has sald that the internal pyridine
transition has a vibrational structure consisting of five
components, When pyridine becomes complexed, some of the
vibrational fine structure is sometimes lost due to signi-~
flcant changes in the 1 electron system of pyridine, but
frequently the five bands remain essentlially unchanged.

In each of the complexes the flve bands located at
approximately 239, 246, 251, 256, and 262 mp were therefore
assigned to the vibrationally excited internal electronic
transitions of pyridine. Changes in lmax and € were not
sufficlently large to be significant.

The two other bands in each of the complexes were

assigned to nitrate absorptions. Addlson and Sutton28

have
discussed the nitrate group transitions and assigned the weak
band at 302 mp (€ = 7.2) to a me—n transition, and the in-
tense band at 200 mu (€ = 104) to a me—m transition. For
the zinc(II), cadmium(II), and mercury(II) complexes, the
bands which were located in approximately these positions
were therefore assigned to these two nltrate transitions.
Again there could be no significance attached to the slight

variations in Amax or in the value of the molar extinction

coefflcients.
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F. Conduckance Measurements.

Conductance measurements were made on the complexes,
and a summary of these data is found in Figures 4 and 5 (pp 32,
33) and in Table V (p 31). Because of the limited solubility
of the complexes, relatively polar solvents had to be used
for these measurements. It would have been more desirable
to use a noncoordinating solvent, but the solublility require-
ments made this impossible,

Because the infrared indlicated that the nitrate groups
were coordinated in these complexes, it was expected that the
complexes would behave as nonelectrolytes.LB'L"LP The conduc-
tivity results in dimethylformamide indicated that in
1 x 1072 I solutlon dinitratotris(pyridine)zinc(II) was a
132 electrolyte and that the dinitratotris(pyridine)cadmium(II)
and dinitratobis(pyridine)mercury(II) were approximately 1:l
electrolytes, Since dimethylformamlde 1s such a good polar
solvent (¢ = 37) with a high coordinating ability, these
results were not totally surprlsing. Such behavior has been
observed previously for copper(II) nitrate complexes, where
the nitrates were known to be coordinated in the solid state.44

Because methanol is known to be a much poorer coordi-
nating molecule than dimethylformamide and yet has a high
dielectric constant (€ = 32.7Lu6 conductance measurements
were run in this solvent. 1In all cases except tetranitrato-
tris(pyridine)dicadmium(II), the molar conductances ranged
between the values for a typlcal 1:1 and 1:2 electrolyte,

In the former case the value was greater than that for a 12

electrolyte., Thlis was not actually anomalous behavior because
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the molecular formulation for this compound was that of a
dimeric specles; hence if the molecule completely dissociated
in the solvent, the molar conductance would theoretically

be considerably higher than that for a 112 electrolyte.

Because in many cases the molar conductances appeared
to be intermediate in value between 1:1 and 1312 electrolytic
behavior, it was felt that the compounds might in fact be
behaving as weak electrolytes. To check on thls possibility,
the molar conductances were determined as a function of con-
centration. The results of thls study are summarized in
Pigures 4 and 5.

For typlical strong electrolytes a plot of molar con-
ductance vs the square root of concentration should give an
approximately linear curve, and a similar plot for a weak
electrolyte shows a rapid increase in molar conductance at
higher concentrations.47 The plots of molar conductance for
all of the complexes in both methanol and dimethylformamide
indicated that indeed all of the complexes behave as typical
weak electrolytes.

The weak electrolytic behavior was a good indication
that the complexes in the solld state contaln metal-nitrate
covalent bonds, and that concentrated solutions of the conm-
plexes are & far better approximation to theilr solid state

configuration than are dilute solutions,

G. DMolecular Weight Determinations. T

Molecular welght determinations were run on 0.1 M

solutions of dinitratotris(pyridine)zinc(II), dinitratotris-
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(pyridine)cadmium(II), and dinitratobis(pyridine)mercury(II)
in dimethylformamide. The results obtained are summarized
in Table VI (p 34).

The molecular welght of the zinc(II) complex was found
to be 478, which 1s in good agreement with the formulation
of the complex és.a monomeric specles. The molecular welght
of the cadmium(II) complex was determined to be 7640, which
indicates that the complex is undoubtedly polymeric. Poly-
meric cadmium(II) complexes are very common,7'16 so this
result is not at all surprising.

The molecular weight of the mercury(IIl) complex was
determined to be 129 (theor. mol wt = 483 for a monomer).
Thls wvalue 1s very low and therefore deserves some comment,
An observed molecular welght of 129 indlcated that the com-
plex had dissociated into about four specles. Since conduc-
tivity measurements indicated that the complex 1s a weak
electrolyte in dimethylformamide, the dissoclation probably
involved cleavage of all the metal-pyridine bonds and cleavage
of half c¢f the metal-nitrate bonds. Cleavage of the metal-
pyridine bonds seemed somewhat surprising in light of the
high thermal stability of the complex, although thermal sta-
bility and propertles in solutlon are not necessarily related.
The low molecular welght als& indicated that the complex was
probably not polymeric, because were the molecule polymeric,
the molecular weight should have been much higher even if

pyridine were released from the complex.
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H. X-Ray Powder Pattern Photographs.
X-Ray powder pattern data on all of the complexes are

summarized in Tables VII-XIV (pp 36-43). Because of the com-
plexity of the powder photographs, no attempt was made to
determine the unit cell for any of the molecules.

The powder diffraction patterns for dinitratotris-
(pyridine)zinc(IX), dinitratotris(pyridine)cadmium(II), and
dinitratobis(pyridine)mercury(II) suggested that the complexes
might well be monoclinic. A monoclinic structure would not
be unreasonable for the group II-B metal complexes, since such
structures have been previously reported.u8’u9

The X-ray powder patterns of dinitratobls(pyridine)-
zinc(II) and tetranitratotris(pyridine)dicadmium(II) were
very different from those of thelr parent compounds. This
lent further support to the contentlon that these were unique
compounds,

The powder patterns of the trisolvates of zinc(II),
cadmium(II), and mercury(II) complexes, although quite similar
to those of thelr parent compounds, were sufficlently different
to conclude that the trlsolvates were unique. Baslc changes
in the powder patterns would not have been expected for com-
Plexes containing only adsorbed pyridine, and so this pdssi-
bility 1s ruled out.

I. Infrared Analyses (4000-400 om™1).

Gill gg_g;.So found that a majorlty of the absorptions
attributed to complexed pyridine were nearly the same as those

of the free base, the exceptions being the vibrations 6(a),
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16(b), and 8(a). The two most dlagnostic of these are the
in-plane deformation mode, 6(a), and the out-of-plane defor-
mation mode, 16(b), of the aromatic ring.

In the free base these peaks show up at 602 and 404
cm'l, respectively., When the base is complexed, the two peaks
are both shifted to higher energy. This phenomenon 1ls quite
characteristic of coordinated pyridine, and has been well
documented by various workers.8'9'51

Table XV (p 45) lists the in-plane and out-of-plane
deformation frequencies for the complexes. In every case both
of the absorptions are shifted to a considerably higher fre-
quency. Only in the case of the trlisolvated complexes were
absorptlons due to the free base observed in the spectra.

In these cases both peaks were moderately strong and indicated
that two unique types of pyridine are present in the complexes.
Thus 1t was loglcal to conclude that with the exception of

the trisolvates, all of the other molecules contain only
coordinated pyridine, and in the case of the trisolvates both
coordinated and uncoordinated pyrldine are present.

A second set of bands in the complexes are those
ascribable to the nitrate groups. Gatehouse gg.gl.52 and
numerous other workersB'u have shown that 1t 1s possible to
distinguish between lonic and coordinated nitrate groups by
the infrared absorption spectra of the nitrate groups.

In going from an lonic nltrate group to a coordinated
nitrate group, the symmetry is reduced from D to C

3h 2v’
decrease in symmetry is accompanied by a loss in the degeneracy

This

of the \7 3 and\)u bands of the lonic nitrate. Gaa.tehouse5‘2 has
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studied the spectra of a number of transition metal nitrates,

and has made the following assignments for 1onic and covalent

nitrate groups:

< v Lo &
N U oW N+

Ionic Nltrates

NO stretch, 1050 cm™t

nonplanar deformation, 831 em™1

N02 stretch, 1390 em~1

NO, bend, 720 —_—

Covalent Nitrates

NO2 symmetric stretch, 1290-1253 em~1
NO stretch, 1034-970 cm™t

NO, symmetric bend, not observed

NO, asymmetric stretch, 1531-1481 cm™t
NO, asymmetrlc bend, not observed

nonplanar deformation, 800-781 em~1

The most definitlive change in going from an lonic to

a covalently bonded nitrate group is the splitting of the NO,

stretching band (03) into two absorption bands (01 andqu).

Furthermore, the NO stretching and nonplanar deformation bands

are shifted to lower wave number. It should be noted here

that whether the nitrate 1s monodentate, bidentate, or bridg-

ing, the point group symmetry remains the same,

It 1s therefore not possible to distingulsh between

these three modes of bonding using only infrared spectroscopy.
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Bullock53 and Curt1s55 have found it possible to distinguish
between monodentate and bidentate bonding using combination
bands, but this method 1s not practical with pyridine complexes
because the spectra are too complex. An alternate method of
resolving this problem was found in the simultaneous use of
infrared and Raman spectroscopy. Usling this method, Addison

and cowurkerssh

have found it possible to distinguish between
monodentate and bidentate groups in tin(IV) nitrate, titanium(IV)
nitrate, and vanadium(V) oxide trinitrate,.

The nitrate group absorptions for the zine(II), cad-
mium(II), and mercury(II) complexes are summarized in Table
XV. The assignments are all consistent with coordinated ni-
trate groups. The magnlitude of the splitting betweenA>u and
01 1s somewhat smaller than that suggested by Gatehouse,52
but the magnitudé of the splitting is consistent with values
reported by other Workers.35'57 The positions of the non-
planar deformations (813-820 em™}) somewhat exceed the upper
limit suggested by Gatehouse,52 but the positions are consis-
tent with the values reported by other workers.3’L'"56

Ferraro’® has suggested that the magnitude of the
splitting betweenV, andV, might be an indication of the
degree of covalent character of the nitrate bond. In methyl
nltrate, where the carbon-oxygen bond should be essentlally
covalent, the splitting betweenC)4 andO:l is 385 em™., In
the zinc(II), cadmium(II), and mercury(II) complexes the
splitting ranged between 148 and 188 cm'l, which suggested
that the degree of covalent character varied somewhat with

the metal lon. Other factors would have to be considered
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before any quantitative interpretation could be applied to
these results.

In summary, it was found that all of the zinc(II),
cadmium(II), and mercury(II) complexes contain covalently
bound pyridine; and, in edditlon, the trisolvated molecules
exhlbited absorption characterlstic of uncoordinated pyridine,
All of the complexes also contalned coordinated nitrate groups,
as indicated by the absorption spectra characteristic of CZv
symrmetry. It was not posélble to differentiate between mono-
dentate, blidentate, and bridging nitrate groups using the
infrared data.

J., Far-Infrared Analyses (#00-33>cm'1).

Untll quite recently, the use of far-infrared spec-
troscopy as a means of ascertalning stereochemlstry was quilte
limited. Recently, commercial far-infrared instruments have
become more readily avallable, and with this availability
a concomitant rise in their use has occurred.

Metal halide complexes have recelved the greatest
amount of attention. Clark and coworkersl3:33 were the torch-
bearers in this area. Some of thelr work has included assign-
ments for the t, stretching vibrations of the MX, "~ series
of anions (M = Mn, Fe, Co, Ni, Cu, Zn) and extensive studies
of complexes of the type MXan. where L 1s a neutral electron-
donor ligand.

Metal-pyridine complexes of the general formula MXan.
(X = halogen) are among the most extensive series known. They

Include examples of complexes with the following geometries:
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tetrahedral (MX,-2py), octahedral (¢, - 4py, Mx3-3py, and
MX), +2py, for all of which cis and trans isomers are known),
polymeric octehedral and distorted octahedral (MX2-2py._both
of which contaln halogen bridges), and cis and trans planar
(1, - 2py) .13

Ferraro and‘coworkers8 have assigned the bands of the
far-infrared spectra of Zn(py),X,, 2Zn(bipy)X,, and Zn(terpy)X,
(X = C1, Br, I) and concluded that the pyridine and bipyridyl
complexes are tetrahedral, and that the terpyridyl complexes
are trigonal blpyramidal, The latter assignment is in agree-
ment with that of Corbridge.”” Sharp and coworkers’:?+10 nave
studied a wide variety of zine(II) halide, perchlorate, and
tetrafluoroborate complexes with pyridine, triphenylphosphine,
v-pilcoline, and quinoline, In almost all cases, where it was
possible to assign a stereochemistry to the molecules, they
found that the complexes exhiblted a tetrahedral or pseudo-
tetrahedral geometry. Graddon and coworkers60 have published
a serles of papers on the stereochemistry of zinc(II) compounds,
Thelr concluslons, after examining a large number of complexes
containing large organic ligands, were that the stereochemistry
of zinc(II) appeared to be determined solely by steric effects.
They found that when the ligand was such that 4~coordination
could be produced, then further coordination, which would alter
the tetrahedral stereochemistry, did not occur. When, how-
ever, lU-coordination could not produce a tetrahedral environ-
ment around the zinc(II) ilon, then 5-coordination always
occurred, In general it can be sald that the sterecochemistry

of zinc(II) complexes is dominated by a tetrahedral or
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pseudotetrahedral arrangement of the ligands around the metal
ion. When, however, tetrahedral geometry 1s not possible or
when 1t simply 1s not present, then five-coordination seems
to be the next most favored geometry for zinc(II).

In contrast to zinc(II), the stereochemistry of cad-
mium(II) complexes 1s predominantly octahedral or pseudo-
octahedral. Clarkl nas found that CiCl,:2py and CdBr,-2py
are distorted octahedral polymers. Sharp and coworkers7 felt
that there was strong evidence for Cd3(py)2016, Cd(py)Brz,
Cd(B—pic)Clz, Cd(e-pic)Br2 and Cd(v-pic)uCI2 all being octa-

16

hedral. Coates and Ridley investigated a large number of

cadmium(II) complexes of the formula L CdX2 (X = C1, Br) and

2
found in every case that the metal was in a polymeric octa-
hedral environment. Furthermore, Sharp and coworkers20 pre-
pared a series of aniline and substituted aniline derivatives
of cadmium(II) nitrate and sulfate, and concluded that the
metal probably had an octahedral coordination.

Mercury(II) complexes, although less well studied and
characterized than the zinc(II) and cadmium(II) compounds,
tend to favor tetrahedral and octahedral geometries, Clarkl3
has shown that HgClz-Zpy and HgBrzaZPy are dlstorted polymeric
octahedral compounds, Coatesl® found that many mercury(II)
complexes are tetrahedral, and that thls frequently occurs
through dimerization, Misra et al.®l have shown that for a
serles of anlline and disubstituted anlline complexes of mer-
cury(II) chloride, the stereochemistry is probably pseudo-
tetrahedral, although they could not rule out the possibility

‘of pelymeric substances.
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Table XVI and Figures 6 and 7 summarize the results
of the far-infrared investigation of the zine(II), cadmium(II),
and mercury(II) complexes,

In attempting to analyze the far-infrared spectra, it
1s best to consider first what would be the most reasonable
geometries for the molecules in question, for it 1s through
a knowledge of the geometry that some idea of the polnt group
symmetry of the molecule is obtalned. Knowlng the point group,
it 1s possible to predict theoretically the far-infrared spec-
trum of the molecule.

Previous data indicated that the dinitratotris(pyri-
dine)zinc(II) was a monomer in the solid state. All of the
pyridine was coordlnated to the metal and the same was true
of the nitrate groups. Since the nitrate groups could func-
tion as monodentate, bidentate, or brlidging ligands, the fol-
lowing possibilities seemed most reasonables trigonal bipy-
ramidal, octahedral wlth one nitrate functloning as a bidentate
ligand, polymeric octahedral with bridging nitrates, and square
pyramidal. Frank and Bogersl1 have previously reported the
spectrum of this complex and asslgned the bands at 220 and
204 cm"1 to the meta-nitrate and metal-pyridine absorptions,
respectively, The present study has found the same peaks and
assigned them in an analogous manner. In systems analogous
to this, metal-nitrate peaks have generally been found in the
range 324-220 cm'l, anq the metal-pyridine peaks generally
appear below 250 cm‘l. Peaks below 150 em™L are usually only
tentatlively assligned to deformation frequencies, because mole-

Eﬁlar lattice vibrations also occur in this region and it is
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usually qulte difficult to ascribe any particular peak to a
definite mode, In the tris(pyridine) complex under present
discussion the peak at 200 cn™! has been assigned to the
metal -pyridine stretch, but this peak 1s so broad that it is
difficult to determine whether or not other peaks were hidden
or masked by this broad band. The appearance of Just one M-0
stretch and one M~N stretch does not allow for any type of
definitive asslignment of stereochemistry to the complex. It
can be sald, however, that the appearance of only two peaks
commonly occurs for both octahedral and trigonal bipyramidél
molecules, Therefore, the most that can be concluded from
the far-infrared data for this molecule is that the spectrunm
is not inconsistent with elther octahedral or trigonal bipy-
ramidal geometry. Considering the previous discussion, the
most reasonable structural asslgnment for this molecule would
be either trigonal bipyramidal, or octahedral with a bldentate
nitrate group. Square pyramidal is ruled out because this
structure has been found only in systems in which the organic
ligand forces the geometry; polymeric octahedral is ruled out
because such a structure would be lnconsistent with the mole-
cular welilght and conductivity measurements. The trigonal
bipyramidal and octahedral structures are both consistent with
all other avallable data, but it 1s not possible to distinguish
between these two possibilities.

Dinitratotris(pyridine)cadmium(II) shows two major
peaks 1ln the far-infrared, The higher of these at 190 cm"’l
was tentatively assigned to the metal-nltrate stretch, and

the peak at 160 cm™! was assigned to the metal-pyridine
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stretch., In both cases these peaks appear very low for the
absorptions to which they have been assigned. Frequently,
metal~-nltrogen stretching frequencles cannot be found in the
far-infrared because they are located too low. For these
reasons 1t was felt that these two peaks could glive little
unequivocal information. The only two reasonable geometries
for this compound are octahedral and polymeric octahedral.
This is based upon both the history of cadmium(II) complexes
and the information which has been obtalned on the molecule
in this work. The molecular welght determination indicated
that the molecule 1s polymeric, and the stoichlometry also
suggests an octahedral geometry. Since a monomeric octahedrai
geometry can thus be falirly well eliminated, this leaves only
a polymeric octahedral geometry for the molecule. These same
arguments also hold true for the tetranitratotris(pyridine)-
dicadmium(II). It is therefore suggested that both dinitrato=-
tris(pyridine)cadmium(II) and tetranitratotris(pyridine)di-
cadmium(II) are distorted octahedral polymers, where bridging
occurs by means of the nitrate groups.

As has been previously discussed, the preferred stereo-
chemistry for zinc(II) and mercury(II) complexes is tetrahedral,
For a tetrahedral molecule of the general formula szﬁz the
point group 1is C2v‘ A molecule containing this symmetry
should have two M-X stretching frequencies (al and bl) and
two M-L stretches (al and bz), and the remaining five vibra-
tions should involve X-M-X and L-M-L bends and deformations,>
The spectra for dinitratobis(pyridine)zinc(II) showed peaks

at 305 and 285 cm'l, which were asslgned to the M-0 stretching
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modes. The peaks at 250 and 210 em™t

were assigned to the

M-N stretching modes. Although highly tentative, the poorly
resolved peak between 190 and 160 cn™l could be assligned to
the metal-oxygen and metal-pyridine deformations., In dini-
tratobis(pyridine )mercury(II) the peaks at 303 and 248 em~1
were assigned to the M-0 stretching vibrations, and the peaks
at 220 and 165 em~1 were assigned to the metal-pyrldine stret-

ches. The peaks at 130 and 110 em™t

were tentatively assigned
to metal-pyridine and metal-nitrate deformations respectively.
The assignments Jjust dlscussed are consistent with
the assignments of previous workers for metal pyridine com-
plexes of C2v symmetry. The assignments are also in agreement
with the expected geometry for zinc(II) arnd mercury(II) com-
plexes of the formula Mszz' It 1s concluded, therefore, that
the zinc(II) and cadmium(II) bis(pyridine) zomplexes are mono-

meric, pseudotetrahedral molecules with C,_ symmetry,

2v

K. Structure of the Complexes.

Implicit in the formulation of a complex in brackets
([ 1) s the fact that all ligands contained therein are co-
ordlnately bonded to the metal. Throughout this manuscript
the complexes studied in this work have been represented with
brackets. The reasons for such formulations will now be pre-
sented, making liberal use of the conclusions arrived at from
the experimental data.

1. Dinitratotris(pyridine)zinc(II).
The 1nfrared and far-infrared spectra of this complex

indlcated that all of the pyridine in the molecule was coor-
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dinatively bonded, and that the nitrate groups were also.
The molecular welght and conductance data indicated that the
complex was a monomer in the solid state. From these data
it was not possible to distinguish between five-and six-coor=-
dination. Therefore, the struectural possibilities for a
zinc(II) complex contalning five ligands and the possibility
for bldentate bonding were considered. Knowing the structural
history of zinc(II), the conclusion was drawn that the com-
Plex was elther trigonal bipyramidal, or octahedral through
& bridging nitrate group, since these are the preferred stereo-
chemistries for such a complex.

2, Dinitratobis(pyridine)zinc(II) and Dinitratobis(pyridine)-

mercury (IT).

The infrared and conductance data on these complexes
indicated that both the pyridine and nitrate groups were co-
ordinated to the metal lon. Far-infrared data indicated that
the complexes were pseudotetrahedral and belonged to the C2v
roint group. The complexes were therefore assigned a pseudo-
tetrahedral geometry with both the pyridine and nitrate groups
functioning as monodentate ligands.

3. Dinitratotris ridine)cadmium and Tetranitrato-
tris(pyridine)dicadmium(IX).

The infrared spectra of these compounds indicated that
both the pyridine and nitrate groups were coordinated to the
central metal ion, The conductance and molecular welght data
indicated that the dinitrato complex was polymeric., The far=-
infrared data suggested that the complexes might be octahedral.

The X-ray powder pattern of the tetranitrato complex was
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completely different from that of the parent compound, which
lent support to the contention that the compound was a unique
entity. Based upon these data and the fact that cadmium fre-
quently forms polymerlc octahedral compounds, the molecules
were assigned a polymeric distorted octahedral geometry with
bridging through nitrate groups.

Lk, The Trisolvate Complexes.

The infrared spectra of these compounds indicated that
the nitrate groups were coordinated. The infrared also indi-
cated the presence of both coordinated and uncoordinated py-
rldine. The ease and stolchlometric manner in which three
moles of pyridine were lost from these complexes indicated
that the three pyridines were equivalent and uncoordinated,
not simply adsorbed surface pyridine. The X-ray powder pat-
terns of the complexes indlicated that their structures were
different from those of thelr parent compounds. This also
lent support to the contention that the three moles of pyri-
dine were not simply adsorbed surface pyridine, but instead
were an intimate part—of the lattice structures. The stereo-
chemistries of the molecules were therefore analogous to those
of their parent compounds, but with an addltlional three moles
of crystal pyridine.
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IV. SUMMARY

The present study has been an investigation of the
complexes formed between pyridine and the anhydrous metal
nitrates of zinc(IXI), cadmium(II), and mercury(II). Pyridine
complexes containing 2, 3, and 6 molecules of the base were
prepared for zinc(II) nitrate. Complexes containing 1.5, 3,
and 6 molecules of pyridine were prepared with cadmium(II)
nitrate, and compounds containing 2 and 5 molecules of pyri-
dine were prepared with mercury(Il) nitrate,

The molecules were studled using differential thermal
analysis, thermogravimetrlc analysis, mass spectrometry, mole-
cular weight measurements, magnetic measurements, ultraviolet
and visible spectroscopy, conductance measurements, X-ray
diffraction, and infrared spectroscopy. A combination of
the data from these analyses led to the followling stoichio-
metries and tentative strugture asslgnments for the compounds
in the solid state:

[Zn(py)B(NOB)ZJ: A complex having either trigonal bipyramidal
or octahedral geometry with one nitrate group monodentate and
the second elther mono- or bidentate,

[Zn(py)z(NOB)ZJc A complex having tetrahedral geometry with
monodentate pyridine and nitrate groups.

[Zn(py)B(NOB)ZJ-prs A complex having either trigonal bipyra-
mldal or octahedral geometry with an additlonal three moles
of crystal pyridine,

[Cd(py)B(NOB)ZJ: A polymeric, distorted octahedral complex
having bridging nitrate groups.
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ECdz(py)3(N°3)4]’ A polymeric, distorted octahedral complex
having bridging nitrate groups.

[Cd(py)B(NOB)Z]-prs A polymeric, distorted octahedral complex
having bridging nitrate groups and an additional three moles

of crystal pyridine.

[Hg(py)z(NOB)z]z A pseudotetrahedral complex having monodentate
nitrate and pyridine groups.

EHS(PY)Z(N03)2]'3Py' A pseudotetrahedrai complex having mono-
dentate nitrate groups and three moles of crystal pyridine.
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PART TWO

PRELIMINARY INVESTIGATION OF SOME OXIDATION AND COMPLEXATION
REACTIONS OF GROUP V-B METALS IN NONAQUEOUS SOLVENTS
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I. INTRODUCTION

It has been known for several decades that metals
could be oxidized in organic solvents.l™ The most signifi-
cant feature of this technique is that the entire system can
be kept water-free, and anhydrous coordination compounds can
be prepared from the oxidized metal solutions.

It has been shown in this laboratory that a wilde
varlety of metals are susceptible to such an oxidation.5'6
but in most cases solvent interaction in the reaction makes
the systems extremely complicated.

The objective of the present study was twofold in
nature. The first objective was to find sultable solvents
for the oxldation of the group V-B metals wherein solvent
interaction would be precluded. The group V-B metals in
thelr higher oxidatlon states tend to form oxy cations, rather
than simple cations,7'8 and oxy complexes are inevitably ob-
talned from certaln oxygen-containing, organlc solvents. It
seemed desirable to find a solvent(s) from which non-oxy com-
Plexes could be isolated. The only complexes of the group
V-B metals which have been isolated from oxidized metals in
an organic solvent have been isolated from methanol, and in
this case the oxy or dlioxy complexes have always been ob-
tained.6'9’lo

The oxidizing agents selected for thls investigation
were bromine and silver nitrate. The solvents selected for

investigation were methanol, 1,2-dimethoxyethane, dioxane,

tetrahydrofuran, and benzene., It was felt that this group
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of solvents would include a wide variation of metal hallde
or metal nitrate solubility, acidity, and coordinating ability.

The second objective in this study was the isolation
of complexes from the oxidized metal solutlons. The two
complexing agents selected were ammonium fluoride and pyri-
dine., Thelr selectlon was based upon the facts that they are
known to form complexes with the group V-B metals5'9'11'13
and that characterization of these complexes would be moder-
ately simple.

Part II of this thesls 1s divided into five major
sectlons., Section I 1s the introduction, 1n which the scope
and purpose of thls work are dlscussed. Section II 1s a de-
scription of the actual work, Thls sectlon includes a detalled
description of the syntheses, elemental analyses, and instru-
mental analyses of the compounds. Section III presents the
results, discusslion of the experimental work, and concluslons
obtalned from the work. Sectlons IV and V, respectively, are

a summary of the results obtained and a bibliography.
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II. EXPERIMENTAL

A, Starting Materials.
Reagent grade methanol (Fisher) was dried by distil-

lation from magnesium activated with lodine. Reagent grade
pyridine (Fisher) was dried by distillation from potassium
hydroxide and stored over barium oxide. Diloxane was dried
by refluxing over calcium hydride for 12 hr and then distil-
ling. The fraction coming over at 100-102° was collected.
Formamide (Fisher), 1,2-dimethoxyethane (Eastman), anhydrous
diethyl ether (Fisher), ammonium fluoride (Fisher), vanadium
(A. D. Mackay, 20 mesh), niobium (A. D. Mackay, 20 mesh;
Alfa Inorganics, Inc., powder), tantalum (A, D. Mackay, 20
mesh; Alfa Inorganics, Inc., powder), uranium (A. E. C.,
chips), and bismuth (J. T. Baker, powder) were used without
further purification.

B. Brominatlon of the Group V-B Metals in 1,2-Dimethoxyethane.

Table I 1lists the quantities of reactants, duration
of reflux, and the color of the resultant brominated solutions.

The metal was suspended in 75 ml of 1,2-dimethoxy=-
cthane in a 250-ml three-necked, round-bottomed flask fitted
with a reflux condenser and an addition funnel. A solutlon
contalning 25 ml of 1,2-dimethoxyethane and the quantity of
bromine indicated 1n Table I was added dropwise. Throughout
the bromination the solution was magnetically stirred. After
all of the bromine solution had been added, the mixture was

refluxed for the length of time indicated in Table I. Upon
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Table I
Conditions Used in the Brominatlions in 1,2-Dimethoxyethane

Quantity of Quantity of Length of Color of

Metal Metal Used Bromine Used Reflux Brominated
Brominated (mole) (mole) (hours) Solution
Vanadium 0.02 0.14 20 yellow-brown
(powder)

Niobium 0.02 0.15 20 pale orange
(powder)

Tantalum 0.01 0.070 20 pale yellow
(powder)

Uranium 0.004 0.070 14 pale yellow
(chips)

refluxing, the distillate gradually became lighter orange,
indicating that the bromine was belng used up.

Upon completion of the refluxing, dry nitrogen gas
was bubbled into the heated reaction mixture through a gas
dispersion tube untii all of the excess bromine had been re-
moved., The solution was then cooled and filtered in a dry

atmosphere to remove any solld residue,

C. Bromination of the Group V-B Metals in Formamide.

Table II lists the quantitles of reactants, total
reactlion time, and the color of the resultant brominated me-
tals in formamide,

The metal was suspended in 100 mi of formamide in a
250-ml three-necked, round-bottomed flask fitted with a reflux

condenser and an addition funnel. A solution containing 25 ml
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Table II
Conditions Used in the Bromination in Formamide

Quantity of Quantity of Total Re- Color of

Metal Metal Used Bromine Used actlion Time Brominated
Brominated (mole) (mole Br) (hours) Solution
Vanadium 0.02 0.14 10 deep green
(powder)

Niobium 0.01 0.14 18 yellow
(powder)

Tantalunm 0.007 0.14 720 orange
(powder)

Uranium 0.005 0.14 20 deep orange
(chips)

of formamide and the quantity of bromine indlcated in Table II
was added dropwlse. The mixture was heated to 50-70° and mag-
netlcally stirred for the duration indicated in Table II.
After the reaction was completed, the mixture was heated
to 100°, and dry nitrogen gas was bubbled into the mixture
through a gas dlspersion tube to expel any unreacted bromine.
The solution was then cooled and filtered in a dry atmosphere.
It should be noted that not all of these reactlions proceeded
to the same extent. 1In the cases of niobium, tantalum, and
uranium, appreciable quantitles of unreacted metal were re-
covered from the reactlion mixture. Small quantities of other

sollds were also obtained, but these materials were not analyzed.

D, Bromination of the Group V-B Metals in Dioxane,

Table III 1lists the quantities of reactants, total
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reaction time, and the color of the resultant brominated metal

solution in dloxane. -

Table III

Conditions Used in the Bromination in Dioxane

Quantity of Quantity of Total Re-~ Color of

Metal Metal Used Bromine Used action Time Brominated
Brominated (mole) (mole) (hours) Solution
Vanadium 0.04 0.28 12 dark brown
(powder)

Niobium 0.02 0.28 12 orange
(powder)

Tantalum 0.01 0.40 12 yellow
(powder)

Uranium 0.004 0.28 14 yellow
(chips)

The metal was suspended in 100 ml of dry dioxane in
a 250-m1 three-necked, round-bottomed flask fitted with a re-
flux condenser and an addition funnel, The concentrated bro-
mine was added dropwise through the addition funnel. Through-
out the bromination the reaction mixture was magnetically
stirred. After all of the bromine had been added, the mixture
was heated to 80-100° for the duration indicated in Table III.
After the reactlion was completed, dry nitrogen gas
was bubbled into the mixture through a gas dlspersion tube to
expel any unreacted bromine. The solution was then cooled
and filtered in a dry atmosphere. The bromination of vanadium

proceeds essentlially to completion, but the other three metals
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react to a lessef extent. In the bromination of all four metals
a large excess of bromine was used. The reason for this stems
from the fact that a competition between the metal and the sol-
vent for the bromine is present. When bromine 1s added to
dioxane, a bright orange solid immediately forms, which quickly
dissolves in the bulk of the solution. This compound is prob-
ably an addltion compound between the solvent and bromine.
Furthermore, the solutlon slowly decolorizes at room tempera-

ture, indicating that bromination of the solvent occurs.

E, oOxldatlon of Vanadium Using Various Solvents and Oxldizing

Agents.
In order to find a sultable system 1in which the oxl~

dation of vanadium would lead to a single vanadlium species in
solution, and from which pure complexes of vanadlum could be
obtalned, various combinations of oxidizing agent and solvent
were investigated.

1. Reaction of Vanadium with Silver Nitrate in Methanol.

In a 100-ml single-necked, round-bottomed flask fitted
wlth a slilica gel drying-tube 75 ml of dry methanol was com-
bined with 0.81 g (0.016 mole) of vanadium powder and 5.3 g
(0.031 mole) of silver nitrate. The mixture was magnetically
stirred at room temperature for 19 hr after which the walls
of the flask were covered by a silver mirror and needles of
silver metal were present in the bottom of the flask. The
mixture was filtered in a dry atmosphere. The bright yellow
filtrate tested positively for the presence of silver ion,

Several additional reactions similar to the one above



92

were investlgated, wherein the molar ratio of vanadium to silver
nitrate was varied from 13l to 1s4. In each reaction the oxi-
dation apparently proceeded through the same series of steps.
The originally colorless solutlon changed to deep green, then
to deep brown and finally to bright orange. In each case the
final solutlion still gave a positive silver ion test with hy-
drochloric acid.

2. Bromination of Vanadium in Methanol.

In a 250-m1 three-necked, round-bottomed flask fitted
with a reflux condenser and addition funnel, 100 ml of dry
methanol and 1.0 g (0.02 mole) of vanadium powder were com-
bined. Whlle magnetlcally stirring, and cooling the solution
by means of an ice bath, 24 g (0.15 mole) of bromine was added
dropwlse through the addition funnel. The mixture was then
refluxed for 12 hr, produclng a dark yellow-brown solution.
Dry nitrogen was then bubbled into the heated reactlon mixture
through a gas disperslon tube to expel aﬁy unreacted bromine.
The mixture was cooled and filtered in a dry atmosphere and
yielded a dark yellow-brown filtrate.

3. Bromination of Vanadium in Tetrahydrofuran.

In a 500-ml three-necked, round-bottomed flask fitted
with a reflux condenser and an addition funnel, 200 ml of
tetrahydrofuran and 8.1 g (0.16 mole) of vanadium powder wére
combined, While magnetically stirring, and cooling the mix-
ture in an ice bath, 115 g (0.720 mole) of bromine was added
dropwise through the addition funnel. The miiture was then
refluxed for 5 hr. Subsequently, the mixture was cooled and

filtered ylelding a dark yellow-brown filtrate and a small
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quantity of unreacted metal.
4, Iodination of Vanadium in Methanol.

In a 250-m1 three-necked, round-bottomed flask 114 g
(0.900 mole) of iodine was combined with 1.3 g (0.025 mole)
of vanadium powder in 150 ml of dry methanol. After magneti-
cally stirring the mixture for three days at room temperature,
no apparent reactilon had taken place, The mixture was then
refluxed for 48 hr, which caused the formation of a small
quantity of dark brown solld in the bottom of the flask, How-
ever, most of the metal remalned unreacted, If vanadium can
be oxldized by lodine in methanol, the reaction must require
more drastic conditions.

5. Bromination of Vanadium in Benzene.

In a 250-m1 single-necked flask 150 ml of dry benzene
and 1.5 g (0.030 mole) of vanadium powder were placed. Through
an addition funnel 1.5 g (0,09%mole) of 1liquid bromine was
added dropwise to the stlrred benzene solution. A reflux con-
denser was attached to the flask and the mixture refluxed for
24 hr. The mixture was initially orange~brown and the conden-
sate deep yellow. As the refluxing proceeded, the condensate
gradually became lighter yellow with concurrent evolution of
a white gas. At the end of 24 hr the mixture was filtered and
a nearly quantitative jyield of unreacted metal was recovered.
The flltrate was yellow, and when water was added to the fil-
trate the yellow color remained completely in the benzene layer,
The concluslon was that vanadium cannot be brominated in ben-
zene, and that the bromine must have reacted with the solvent
or volatlilized,
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6. Indirect Oxidation of Vanadium in Methanol Using
Bismuth‘III).

Since the oxidation of vanadium in methanol with silver
nltrate consistently yields a solution which still contains
silver lons, an indirect oxidation of vanadium by bismuth(III)
was attempted.

In & 250-m1 Erlenmeyer flask containing 150 ml of dry
methanol, 15 g (0.070 mole) of bismuth powder and 34 g (0,20
mole) of silver nitrate were combined. The mixture was mag-
netically stirred for 1.5 hr at room temperature. The mixture
was flltered to remove the silver metal, and the filtrate gave
a negative test for sllver lon.

In a 250-ml single-necked, round-bottomed flask fitted
with a reflux condenser the bismuth(III) solution was combined
with 2.3 g (0.045 mole) of vanadium powder. The mixture was
refluxed over an infrared lamp for 20 hr, resulting in a bright
yellow solution containing a coplious amount of bismuth metal.
The mixture was flltered in a dry atmosphere. The yellow fil-
trate gave a positive test for the presence of bismuth(III),
so additional quantities of vanadlium metal were successlively
added to the mixture, and the mixture was heated over an infra-
red lamp. Before each addition of metal, the filtrate gave a
positive bismuth(III) test. A total of 17 g (0.33 mole) of
vanadium was added to the reaction mixture, and still the solu-
tion gave a positive bismuth(III) test. It is obvious that
there was some stronger oxidiz!ng agent than the bismuth(III)
present 1n the solution, and so 1t was impossible ﬁo obtain

a pure vanadium nltrate solutlion by thls method.
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F., Ammonium Fluoride Complexes Prepared from Group V-B Metals

Brominated in 1,2-Dimethoxyethane.
For the sake of brevity, metal bromlde solutions in

1,2-dinmethoxyethane wlll be abbreviated as M-DMOE-Br.
1. Reactlion of V-DMOE-Br with Ammonium Fluoride.

Ammonium fluoride (32 g, 0.89 mole) was added to 100
ml of 1,2-dimethoxyethane in a 250-ml Erlenmeyer flask. The
solution was placed on & stirrer-hot-plate and heated to 70°,
Through an addition funnel, 100 ml of a V-DMOE-Br solution
containing 1 g (0.02 mole) of vanadium was added dropwise to
the ammonium fluoride solution. Addition of the V-DMOE-Br
solution resulted in the immediate formation of a mint-green
solld and the solutlion 1tself turned bright yellow. After
completion of the addition of V-DMOE-Br, the mixture was
stirred at 70° for 20 hr., The mixture was then cooled and
filtered through a sintered-glass filter under aspirator suc-
tion, The so0lid was washed with 1,2-dimethoxyethane and ether
and placed in an oven at 115° for two hours.

Anal. Found: F, 18,.56; NH,, 24.58; Br, 42.6.

2, Beaction of Nb-DMOE~-Br with Ammonium Fluoride.

In a 250-ml Erlenmeyer flask 11 g (0.30 mole) of am-
monium fluoride were suspended in 75 ml of 1,2-dimethoxyethane.
The solution was heated to 70°, Through an addition funnel
100 ml1 of a Nb-DMOE~Br solution containing 2 g (0.02 mole)
of nloblum was added dropwlse wilth concurrent stirring to the
ammonium fluorlde suspension. No immediate reaction was ap-
parent, so the mixture was heated and stirred for 12 hr. After

12 hr the reaction mixture contained a small amount of solid.
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The mixture was filtered through a sintered-glass fllter under
asplrator suction. The solid was washed with 1,2-dimethoxy-
ethane and then ether, and was finally dried in an oven at
110° for 48 hr. The product was a pale grey powder, No ana-
lytical work was done on the compourd.

3. BReaction of Ta-DMOE-Br with Ammonium Fluoride.

In a 250-m1 Erlenmeyer flask 1l g (0.03 mole) of
ammonium fluoride was suspended in 50 ml of 1,2-dimethoxy=-
ethane. The solution was heated to 70°, Through an addition
funnel 100 ml of a Ta=DMOE-Br solution containing 2 g (0.01
mole) of tantalum was added dropwise to the ammonium fluoride
suspension., No immediate reaction was apparent, so the heat-
ing and stirring were continued for 16 hr, After 16 hr the -~
reaction mixture contained a small quantity of white solid.
The mixture was flltered through a sintered-glass filter under
aspirater suction. The solid appeared to be unreacted ammonium
fluoride, so under the conditions described here, no ammonium
fluoride complex of tantalum was 1solated,.

L, Reaction of U-DMOE-Br with Ammonium Fluoride.

To 75 ml of a saturated solutlon of ammonium fluoride
in formamlde was added dropwise 50 ml of a U-DMOE-Br solution
containing 0.5 g (0.002 mole) of uranium. The mixture turned
dark brown with no indication of precipitate formation. The
mixture was stirred at room temperature for 12 hr. At the end
of 12 hr a filne, 1light yellow-green precipitate was present
in the flask. The mixture was filtered through a sintered-
glass fillter under aspirator suction, and the solid was washed

with methanol and ether. The light yellow-green solid was




97

dried in a vacuum desiccator over silica gel, No analytical

work was done on the compound,

G, Ammonium Fluoride Complexes of Vanadium, Tantalum, and
Uranium Prepared from Solutions of the Brominated Metals

in Formamide,
For the sake of brevity, metal bromide solutions in
formarlde will be abbreviated M-HCONH,-Br.
1. Reaction of v-ncouga-Br with Ammonium Fluoride.

To 50 ml of V-HCONHZ-Br solution containing 0.5 g
(0.01 mole) of vanadium was added 50 ml of a saturated solu-
tionof ammonium fluoride in formamide. A pale green preci-
pitate formed immediately in the flask. The flask was placed
on a stirrer-hot-plate, and heated to 70° with slow stirring.
After 12 hr the mixture was flltered through a sintered-glass
filter under aspirator suction., The light green solid was
washed wlth methanol and ether, and was dried in an evacuated
desiccator over silica gel.

Anal. Calcd for (NH4)3V0F5: VvV, 23.58; NH&' 25.05;
F, 43,97, Pound: V, 21.69; NHM' 27.90; F, u4,7,

2. Reaction of Ta-HCONH,-Br with Ammonium Fluoride.

2
To a Ta-HCONH,-Br solution containing 1.3 g (0.0070

mole) of tantalum was added 3.6 g (0.10 mole) of finely ground
ammonium fluoride. No immediate reaction was apparent, so

the mixture was heated to 210°. After heating for 12 hr the
mixture was cooled. The mixture still contained no solid,

so 50 ml of dry methanol was added to the solution to induce
precipltation., A so0lld settled out of solution. The mixture
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was flltered through a sintered-glass fllter and the solld

was washed with ether, The light grey solid w;s placed in

an evacuated deslccator over silicea gel to complete the drying.
No analysls wﬁs performed on the compound.,

3. Reaction of U-HCONH, -Br with Ammonium Fluoride.

To a U-HCONHZ-Br solution containing 1.2 g (0.0050
mole) of uranium was added 3.6 g (0.10 mole) of finely ground
ammonium fluoride. The mixture was heated to 110° and stirred
magnetically for 6 hr. The mixture containing a small amount
of yellow solid was filtered through a sintered-glass fillter
under aspirator suction, and the solid was washed with ether.
The preclipitate was dried in an evacuated desiccator over silica

gel. No analytical data was obtained for the compound.

H., Ammonium Fluoride Complex of Vanadlum Prepared from a

Solution of Vanadium Brominated in Dioxane.

To 100 ml of a brominated vanadium solution contalning
2 g (0,04 mole) of metal was added 10 g (0.30 mole) of finely
ground ammonium fluorlde. A pale green precipltate formed.
Stirring was continued at room temperature for 6 hr. The mix-
ture was flltered through a sintered-glass filter under aspira-
tor suction, and the pale green solid was washed with ether.
The solld was placed in an oven at 110° for 2 hr to complete
the drying. No analytical data was obtained for the compound.

I. Ammonium Fluorlde Complex of Vanadium Prepared from a

Methanol Solutlon of the Metal Oxidized by Silver Nitrate.

In an addition funnel was placed 100 ml of a methanol

solution contalning 0.8 g (0.016 mole) of vanadium oxidized



99

by silver nitrate. The vanadium solution was added dropwilse
to 180 ml of a saturated solution of ammonium fluoride in
methanol. The mixture was stirred and as the addition con-
tinued, a bright yellow solid precipitated from the solution.
The mixture was refrigerated at 0° for 12 hr to complete the
Preclipltation, After 12 hr the mixture was flltered through
& sintered-glass fllter under aspirator suction in a nitrogen-
filled dry-box, The so0lld was washed with ether and dried in
an evacuated desiccator over silica gel. The final product
was a gold powder,

Anal. Found: V, 26.61; F, 36.09; NH,, 30.15.

J. Ammonium Fluoride Complex of Vanadium Prepared from a
Solution of the Bromlnated Metal in Methanol.

A solutlon containing 2.6 g (0.050 mole) of vanadium
brominated in 100 ml of methanol was added to 715 ml of sa-
turated ammonium fluoride in methanol. The ammonium fluoride
solution was stirred during the addition. As the addition
proceeded, coplous amounts of a light green solld precipitated
from the solution. After all of the metal solution had been
added, the liquid was decanted and an additional 400 ml of
saturated ammonium fluoride in methanol was added to the solid.
The mixture was digested at 50° for 48 hr. The mixture was
filtered through a sintered-glass filter under aspirator suc-
tion. A pale blue, gelatinous solid was obtalned, which was
washed four times with methanol followed by four washings with
ether. The s0lid was placed in an evacuated desiccator over
silica gel to dry. The final product was a mint-green powder.

Anal. Found:s V, 20,663 F, 41.70; NHy, 19.41.
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K. Pyrlidine Complexes of the Group V-B Metals Prepared from
Solutlions of the Brominated Metals in Dioxane.

Table IV lists the quantitlies of reactants and colors
of the pyridine adducts precipitated from dioxane solutions
of the brominated group V-B metals.

Table IV
Conditions Used in the Formation of Pyridlne Complexes
of the Group V-3 Metal Bromides in Dloxane

Quantity of Quantity of

Metal Metal Used Pyridine Used Color of

Used (mole) (mole) Complex
Vanadium 0.04 0.20 dark green

(oily)

Niobium 0.0+ 0.10 yellow
Tantalum 0.01 0.10 yellow-brown
Uranium 0.002 0.10 yellow

Dry pyridine, in the amount indicated in Table IV,
was added dropwise to a stirred solution of the metal bromide
in dlioxane., The quantity of brominated metal is also indicated
in Table IV, The volume of solvent ranged between 50 and 100
ml, depending upon the particular metal used. Additlon of the
pyridine resulted in immediate precipitation for each of the
metal solutions. Stirring was continued for between one and

three hours after all of the pyridine had been added. The
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mixture was flltered through a sintered-glass filter under
aspirator vacuum, and the solid was washed with methanol and-
ether.

The vanadium complex was obtalned as an olly solld at
this point, and attempts to recrystallize the complex met with
no success. The other three complexes were obtained as fine
powders and attempts to recrystallize them from a large variety
of solvents were unsuccessful. In every case the complexes were
elther insufficiently soluble in the solvent or underwent de-
compositlon. No attempt was made to analyze the compounds be-

cause thelr purity was bellieved to be quite low.

L. Pyridine Complex of Vanadium from a Solution of Vanadium

Oxidized by Silver Nitrate.

Through an addition funnel 24 g (0.30 mole) of dry
pyridine was added dropwise to a stirred solution contalning
2.7 g (0.052 mole) of vanadium (oxidized by silver nitrate)
in 190 ml of méthanol. At the end of the addltion the mixture
was deep orange, but no preclipitate was present. Ether was
slowly added té the mixture until the solution became cloudy.
The mlxture was refrigerated at 0° for 12 hr. At the end of
thlis time a rust powder had settled to the bottom of the flask.
The mixture was filtered through a sintered-glass filter under
aspirator suction in a dry atmosphere. The preclpitate was
washed four times with ether, and placed in an evacuated desic-
cator over sillca gel. The final product was a rust-yellow
powder., Attempts to recrystallize the product were unsuccessful

and no analytical data for the compound were obtailned.
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M. Analytical Procedures.

1. Vanadlum Determination.

Vanadium was determined volumetrically by tltration
of a dllute sulfurlic acid solution of the sample with perman-
ga.nat:e.]'}+ Prior to the titration, the sulfuric acid solution
of the sample was heated to bolling and sulfur dioxide bubbled
into the solution through a gas dispersion tube for five minutes,
Nitrogen was bubbled through the solution for thirty minutes
to remove any excess sulfur dioxlde. The purpose of this step
was to reduce all of the vanadium to the 4+ oxidation state.
Addition of sodium fluoride and copper sulfate seemed to give
a sharper end point.15

2, Fluoride Determination.
Fluoride was determined by the method of Grant and

Haendler16

where fluorosillicic acid 1s steam-distilled from
the sample and tltrated oscillometrically with standard thorium
nitrate solution.

3. Ammonla Determination.

The sample was placed in concentrated sodium hydroxide
solution. The ammonlia was dlstilled‘into a four per cent boric
acid solution and was titrated with standard 0.1 N hydrochloric
acid using methyl purple as 1ndicator.17

In some cases nitrogen was determined microanalytically

using a Coleman Model 29 Nitrogen Analyzer.

4, Bromide Determination.

Bromide was determined gravimetrlically as silver bro-

mide.l8
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N. X-Ray Powder Diffraction Photographs.

Powder patterns were obtained on finely ground samples
in 0.3 mm glass caplllaries. The patterns were taken with a
57.3 mm Philips camera using copper radiation (i = 1.5418 &).

The interplanar spacings ) were read from a Nies chart.

Cp
The relative intenslties were estimated visually. The powder
pattern for the ammonium fluo;ide complex prepared from a
brominated vanadium solution in 1,2-dimethoxyethane agreed

well with the pattern reported by Baker9 for ammonium penta-
fluoroxyvanadate(IV). Powder patterns from all other compounds

were felt to be inconclusive because the compounds were impure.

0. Infrared Spectra.

The spectra of the solid complexes in the 4000-500 em™
range were obtained as mulls in Nujol and Halocarbon oil using
a Perkin-Elmer 337 Grating Spectrophotometer. The spectra of
the complexes afe not reproduced in the thesis because none
of the complexes analyzed as analytically pure. All of the
ammonium fluoride complexes, however, contained absorptions
characterlistic of the ammonium lon, and peaks in the region
1000 to 480 cm'l, which are probably metal-fluoride absorp-
tlons. The pyridine complex of vanadium prepared from a solu-
tion of vanadlium brominated in dloxane showed shifts tharac-
terlistic of coordinated pyridineizn the pyridine absorption

peaks.,
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III. BESULTS AND DISCUSSION

A. General Considerations on the Oxidation of Metals in

Organic Solvents.

For many years it has been known that metals could be
oxidized in organic solvents.l™3

Osthoff and West19 syntheslzed a large variety of
metal chlorides in organlc donor solvents and postulated that
coordination of the donor solvent to the metal chloride plays
an integral part in the oxidative process. Ducelliez and Ray-
naud1 prepared metal bromldes of the general formula MBr2
(M = Co, Ni, Mn, Zn, Mg) by bromination of the metals in di-
ethyl ether at room temperature. The intermediates MBrsztéO
were lsolated in each case, Also, Raynaud2 was able to 1solate
antimony (III) and antimony(V) bromide from the bromination
of antimony 1n diethyl ether. In another article Raynaud3
discusses the brominatlion of zinc in several polar; organic
solvents., From thlis investigation he concluded that the sol-
vent promotes bromination of the metal only if the solvent
dissolves both bromine and the metal bromlide which 1s formed;
and then only 1if the solvent forms a complex with the metal
bromide. He proposes a mechanism in whidh the bromine attacks
the solvent with concomltant production of hydrogen bromide,
which is the active agent in brominating the metal.

Several investigators in this laboratory have studied
the bromination of transition and post-trahsition metals 1n
methanol.g'lo'zo'zu Although large amounts of experimental

data have been obtalned on the bromination process, the
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mechanism 1s still not well understood. In an excellent dis-
cussion of the brominations in methanol Baker’'Z?> concludes
that further work 1s needed before any definitive statements
can be made, Because no new data concerning the mechanism of
bromination have been obtained by this author, the reader is
referred to reference 25 for further information concerning
this very complex systemn.

A second oxidizing agent which may be used in organic
solvents 1ls sllver nitrate. Bottjer5'6 investigated the reac-
tions of a large number of metals with silver nitrate in
methanol. He found that antimony, arsenic, bismuth, cadmium,
cobalt, copper, lodlne, lead, manganese, nlickel, selenium,
thallium, tin, tungsten, and zinc clearly react with silver
nitrate, but the ease of oxldation varles with the different
metals,

The oxidation of metals in methanol by silver nitrate
1s by no means a simple redox reaction. Although silver metal
is always one of the produsts, numerous other products have
also been observed. Bottjer5 reports that the infrared spec-
trum of the gaseous products from the oxldation of cobalt by
silver nitrate 1n methanol contained carbon dioxide, nitrous
oxlde, nitrogen dioxide, methyl nitrite, and possibly formic
acld, Furthermore, when ammonium fluoride was added to meth-
anol solutions of the group V-B metals, oxy complexes were
obtalned, which also indicated that some other specles besides
silver(I) caused the oxldation of the metals. For further
discussion of the silver nitrate-methanol system, the reader

i1s referred to the work of Bottjers'é.
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Other organic solvents 1n which silver nitrate has
been used as the oxidizing agent include ethanol.26 acetone,27
benzonitrile.27 acetonitrlle.28 nitromethane.5 and ethyl ace-
tate.5 It should be noted that in carbon tetrachloride, a
purely nonpolar solvent, none of the metai;_trled by Bott,)er5
could be oxidized.

B, Oxidation of the Group V-B Metals in Various Organic
Solvents with Bromlne and Sllver Nitrate.

Because of the complexity of the bromination of metals
in methanol, several other solvents were investigated. It
was felt that a solvent containing no acldic protons might
result in different oxidation states for the metals from those
obtained in methanol. Brominations of the group V-B metals
in 1,2-dimethoxyethane proceeded to varying extents. The
bromination of vanadium was complete, but the bromination of
niobium, tantalum, and uranlum proceeded to a lesser extent,
There appeared to be no stolchiometric relationship between
the quantity of bromine used and the amount of metal oxidized.
As in the case of methanol,9_the oxldation appears to involve
a complex serles of oxidation-reduction reactions. When bromine
alone is added to 1,2-dimethoxyethane, the solutlon slowly de-
colorizes at room temperature, and decolorization occurs ra-
pldly at higher temperatures. This indicates that bromination
of the solvent occurs, Furthermore, hydrogen bromlde gas 1s
evolved when the metals are brominated.

Formamide appears to be a far better solwvent for the

brominations than 1,2-dimethoxyethane, This i1s probably due
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in part to the fact that formamide 1s an excellent coordinat-
ing agent. The bromination of vanadium, niobium, and uranium
proceed essentially to completion in formamide, and the bro-
mination of tantalum to a lesser extent. Once again, the
quantlty of bromine necessary to bring about complete oxida-
tion of the metals far exceeded the amount necessary for
simple bromination of the metal. Although no gases were ob-
served in these bromlnations, the solvent must play an 1nt1mgte
role in the bromination.

The extent of bromination of the group V-B metals in
dlioxane decreased in going down the group. The oxidation of
vanadlum goes essentlally to completion, while the analogous
uranium reactlion proceeds to only a very limited extent. Once
agaln, the bromination 1s complicated by the fact that dioxane
itself appears to be involved 1in the reaction.

The bromination of vanadium in methanol and the oxi-
dation of vanadlium by sillver nitrate in methanol have both
been previously discussed;5'l9 hence no further discussion of
these reactions will be presented here. An attempted lodlna-
tion of vanadium in methanol indicated that iodine is not a
sufflclently powerful oxidizing agent in methanol to realize
the oxidation. Vanadium can be brominated in tetrahydrofuran,
but the reaction appears to involve participation of the sol-
vent. The indlrect oxidation of vanadium in methanol by
bismuth(III) indicated that the nitrate ion and the solvent
must be in part responsible for the oxldation of the metal.
Large quantitles of the metal 1in excess of the stoichiometric

quantity which should have been oxidized by the bismuth(III)
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were added to the solution, and complete oxidation of the metal
occurred, but the solution still contained bismuth(III). Vana-
dium could not be brominated in benzene; this is probably due

to the fact that benzene is a nonpolar, nonacidlc solvent.

C. Ammonium Fluoride Complexes Prepared from Solutlions of

the Group V-B Metals in Various Solvents.

The objective of this author in oxidizing the group
V-B metals in varlous solvents was to ascertain whether new
complexes could be obtalned from these solvents. Vanadium
is known to form a wlde variety of complexes. The most com-
monly encountered complexes involve the vanadyl (V02+) and
pervanadyl (V03+) ions. For a general survey of the coordina-
tion chemistry of vanadium, the reader is referred to the

review articles of Selbin’ and Nicholls.2?
- Baker9 was able to prepare ammonium oxypentafluoro-
vanadate(IV), ammonium hexafluoroxyniobate(V), ammonium
hexafluoroxytantalate(VI), and ammonium dioxypentafluoro-
uranate(VI) by the addition of ammonium fiuoride to the bro-
minated metals in methanol. When silver nitrate instead of
bromine was used as the oxldizing agent, Bottjer was able to
obtain a nioblum compound analogous to that obtained by Baker?
but ammonium oxypentafluorovanadate (V) instead of the wvanadium
product obtalned by Baker.9 Johnson13 found that using silver
nitrate as the oxidizing agent for uranium resulted in the
isolation of an ammonium fluoride complex analogous to that

obtalned from the bromination of the metal in methanol.

Numerous ammonium fluoride complexes were prepared in
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- the present investlgatlon. However, the purity of these com-
plexes was highly questionable. For thls reason only specula-
tive conclusions concerning these complexes can be dliscussed.
The ammonium fluoride complex prepared from 1,2-di-
methoxyethane was impure, but the analysis and X-ray powder
pattern indicated that the complex was contaminated ammonium
oxypentafluorovanadate(IV). The ammonium fluoride complex
of niobium prepared from 1l,2-dimethoxyethane was not analyzed
because 1t appeared to be a mixture which defled purification.
No tantalum complex could be isolated from 1,2-dlmethoxye*thane,
The situation for uranium was analogous to that for niobium,
A complex was 1lsolated, but purification proved futlle.
The ammonium fluoride complex of vanadium prepared
from formamide appeared to be ammonium oxypentafluorovanadate(IV).
Again, the fact that the product 1s a vanadyl compound indi-
cates that solvent participation in the bromination 1s present.
The uranium complex isolated from formamide appeared to be a
mixture, so no conélusions can be drawn concerning this compound.
The ammonium fluorlde complexes prepared from brominated
solutions of vanadium in both dioxane and methanol appeared
to be the ammonium oxypentafluorovanadate(IV). The ammonium
fluoride complex prepared from vanadium oxidized by silver
nitrate, although impure, appeared to be ammonium oxypenta-

fluorovanadate (V).

D. Pyridine Complexes of the Group V-B Metals.,
The quantity of experimental data on pyridine complexes

of the group V-B metal halldes and nitrates 1s rather mea —

gor, 11-13,30-33
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The major problem seems to be that purification of the addition
products leads to decomposition of the adduots.11

In the present investigation numerous attempts were
made to purify the products resulting from the addition of
pyridine to metal bromide and nitrate solutions. The addition
of pyridine to dioxane solutions of all four metal halides
resulted in the 1solation of additlion products, but attempts
to purlify the products were unsuccessful. The same situation

was found true for the adduct isolated from a methanol solu-

tion of vanadium which had been oxidized by silver nitrate.

E. X-Ray Powder Diffraction Data.

Because the complexes formed in thls work were not
pure, X-ray data were used to only a limlted extent. The pow-
der pattern for the ammonium fluoride complex prepared from
a brominated vanadium solution in 1,2-dimethoxyethane agreed
with the pattern reported by Baker9 for ammonium oxypenta-
fluorovanadate (IV).

F., Infrared Analyses of Ammonium Fluoride and Pyridine Com-
plexes of the Group V-B Metals.

Infrared analyslis was used primarily as a tool to
indicate the purlty of complexes. In every case, complexes
isolated from formamide solutlons had peaks characteristic
of the solvent., This indicated that elther the complexes were
contaminated by solvent cr that formamide was coordinated to
the metals, All of the vanadium complexes had a peak between

950 and 1000 cm"l. This peak has been assigned by several
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workers to the vanadlum-oxygen stretching frequency.:m'36

The ammonium complexes had peaks characteristic of the am-
monium lon, but frequently had addltional peaks characteristilc
of ammonium fluoride. The pyridine complexes of vanadium,
prepared from a solution of brominated vanadium in dloxane,

showed shifts in the pyridine absorption which were charac-
teristic of coordinated pyridine.37'40
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IV. Summary

A preliminary study into the possiblility of brominating
the group V-B metals in 1,2-dimethoxyethane, formamide, and
dioxane was conducted., In most cases the bromination was suc-
cessful, but solvent participation in the reactions complicated
most of the systems.

The oxidation of vanadium in several additional systems
was also investigated. The oxidation of vanadlum in methanol
by silver nitrate, although a very complex reaction, led to
a solution from which pervanadyl (V03+) complexes could be
isolated. The bromination of vanadium 1in methanol led to a
solution from which vanadyl (V02+) complexes could be isolated.
The bromination of vanadium in tetrahydrofuran proceeded very
nicely and led to a solutlion similar in color to a solution
of brominated vanadium in methanol. From thlis observation it
was concluded that vanadyl ilon, or a solvent complex of the
same, was probably present in the solution. The iodination
of vanadium in methanol was unsuccessful, as was the bromina-
tion of vanadium in benzene, The indirect oxidation of vanadium
in methanol by bismuth(III) was a complicated reaction, due
to the fact that other oxldizing agents appeared to be present
in the solutlon., This made 1t impossible to obtaln a vanadium
solution which was completely free of bismuth(III),

It was possible to obtain ammonium fluoride complexes
of the group V-B metals from the brominated metals in both
1,2-dimethoxyethane and formamide. However, the lack of ana-

lytical data on these complexes made thelr ldentification very
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incomplete. Purification of these complexes presented the
greatest problem., Ammonium fluoride complexes prepared from
brominated vanadium solution in methanol and dioxane were
prepared. Indications to the effect that both complexes con-
tained the vanadyl (Vo?*) ion were presented.

Pyridine adducts of the group V-B metals prepared from
the brominated metals i1n dloxane were prepared. Infrared
analyses indicated that the pyridine was coordinated to the
metals, but further purification of the complexes could not
be accomplished. An additional pyridine complex of vanadium
was prepared from a methanol solution of vanadium oxidlzed by
silver nitrate. The color of the complex indicated that it
might contain the pervanadyl ion, but further purification
of the complex was unsuccessful, so absolute ldentification

of the conmplex was never reallzed.
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