ABSTRACT
PREPARATION AND CHARACTERIZATION OF TRANSITION METAL

COMPLEXLES OF SEVERAL 5-SUBSTITUTED TETRAZOLES
»

by Pauluiaéine
In this investigation, cobalt (II1), copper (II), zinc
(IT) and chromium (III) ions were caused to react in aqueous
solution with the sodium salts of 5-0O-chlorophenyltetrazole,
5-p-chlorophenyltetrazole, 5-p-methoxvphenyltatrazole, 5-p-
chlorobenzyltetrazole, and 5-phenyltetrazole., The divalent
ions generally formed complexes of the type MTz.nHZO. However,

nickel (II) ions formed MT H,0 complexes. With copper (I1I)

1.8 72
ions, two of the tetrazoles formed M(T) (Oli) complexes. The
chromium (III) ions formed MTzoﬂ-nHZO complexes. No complexes
could be obtained for iron (II), iron (III), or manganese (II).

The complexes were generally insoluble in acetone, nitro-
rethane, 1,4 dioxane, nriethylenechloride, benzene, acetonitrile
and methanol. A few of the complexes were insoluble in dime-
thylsulfoxide, N,N-dimethylformamide, and pyridine.

The complexes were usually decomposed by treating the
solijds with aqua regia. The copper (II) complexes could also
be decomposed with concentrated ammonia but the complexes

could be reformed by neutralizing the ammonia with hydrochloric

acid,
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A comparison of the infrared spectra of the complexes
with the spectra of the tetrazoles and their respective
sodium salts indicates that the tetrazoles coordinate as the
anion. ‘lhat is, the l-nitrogen on the tetrazole ring is not
protonated during complexation,

in most cascs, the nmetal-nitrogen strctching bands arise,
on complexation, from the splitting of ligand tands into two
new bands, Very few of the bands in the 130-320 Cm-l re-
sion could be assigned to metal-nitrogen stretching bands
duc¢ to the presence of hroad bands which could not he re-
solved by usinpg thicker mulls or by increasing the attenuation.
[t was theretore impossible to compare tne tetrazoles in
ternms of the respective copper-nitrogen stretching freaquencies
micht have been sufficient to list the tetrazcles in the order
of increasing lipgand strength.

The band positions in the electronic absorption spectra,
could be utilized to list the ligands in the order of incrcasing
ligand strength,. The electronic absorption spectra of the
solid nickel (I1), cobalt (II), and chromium (II1) coriplexes
indicate octahedral symmetry. The spectra of the copper (11)
complexces indicate tetragonal distortion,

The calculated magnetic moments indicate that most of the
complexes are of the high-spin type. However, a few of the

copper (IT) complexes have subnormal magnetic moments which may

indicate metal-metal bonding.



Paul Labine

The esr spectra of the copper (II) complexes, diluted
with zinc (II) ions, indicate tetragonal distortion due to
differences of approximately 0.15 between g!! and gl for
several of the copper (II) complexes.

The esr parameters for the chromium (III) complexes
were quite similar to those obtained for octahedral complexes
of chromium (III).

The esr svectra of the nickel (II) and cobalt (II)
complexes were generally quite complex and poorly resolved.
Only bis (5-0O-chlorophenyltetrazolato)cobalt(II) monohydrate
gave an esr signal that could easily be interpreted. The
gavz value of this complex increased with a decrease in

temperature, This unusual behavior may be duc to changes in

the structure of the complex with changes in temperature.
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I. Historical

A, General

Tetrazoles are five membered ring compounds which contain
four nitrogen atoms and one carbon atom. For the structure of

the parent compound, tetrazole, refer to (I).

iy

NZ==N

2
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w N~
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Thoroupgh reviews (1,2) are availahle on the preparation
and rronerties of 5-substituted, l-substitutoﬁ, and 1,5-disub-
stituted tetrazoles., 1In addition, Popov(3) has nrenared an
excellent review of the acidities and comnlexine abilities of
various 1,5 disubstituted tetrazoles includine pentamethvlene-

tetrazole and substituted-pentamethylenetetrazoles,

B. Acid-Base Pronerties

The acid-base nronerties of substituted tetrazeles were
investipated as earlv as 1914 bv Olivera-Mandala (4).
Tetrazole and 5-substituted tetrazoles usuallv have rKa values
of 7 or less. Thus, these tetrazoles can be titrated with
strone bases by using phenolnhthalein as the indicator., The
5-substituted tetrazoles can also exhibit basic »nronerties

duc to the prresence of three other nitrogen atoms, The



basicitiecs of these S-substituted tetrazoles were calculated
from the hvdrolysis constant of the respective hydrochlorides
and appear to be of the same order of magnitude as aniline (1).
llerbst and Mihina (5) and terbst and Wilson (€¢) determined
potecntiometrically the pKa values for S-phenyl and S5-alkyl
tetrazoles in water-methanol mixtures. In 1967, Caruso,
Scars, and Popov (7) determined conductometricallv the
acidities of several 5-alkvl and 5-aryl tetrazoles in 1,1,3,3-
tetramethylguanidine. Caruso et al., doubtecd the usefulness

of the pKa values obtained previously in water-methanol
mixtures because changes in liquid junction potentinl had not
been considerced in the previous calculations.

More recently, Charton (8) has calculated the macrosconic
ionization constant K” of scveral 5-substituted tctrazoles.
These macroscopic constants werc calculated from microconstants
Kl and K2 which were themselves obtained from the extended

Hammett equation, Since S5-substituted tetrazoles exist in two

tautomeric forms, Kl is the ionization constant for tauvtomer (1)

and Kz is the ionization constant KW’ is then ecalculated frorn
KpKy Ky oo
K.+ K
1 2

Unlike 5-gsubstitutcd tetrazoles, l-substituted tetrazoles
do not behave as acids. Stolle et al. (9) rceported that they

had removed the S5-carbon hydrogen from l-phenyltetrazole with

methvl magnesium iodide in cther. Gilbert (10), lowever, was



unable to remove‘the S-carbon hvdropgen from l-phenvltetrazole
by their method. 1In 1967, Garber (1l1) was successful in re-
moving the 5-carbon hydroesen from l-methyl and l-cvclohexvl-
tetrazoles by using n-butyl lithjum in anhydrous
tetrahydrofuran., The l-méthyltetrazole was converted to
l-methyl-5-tetrazolyl lithium -} tetrahydrofuran, which is
insoluble in tetrahvdrofurén and ether. Although the lithium
salt of l-cvclohexyltetrazole was not isolated as a solid,
l-cvclohexvltetrazole is probably converted to l-cyclohexvl-
5-tetrazolyl lithium. The lithium salts were then caused to
react with dichlorobis(triethylphosphine)nickel(II) ;nd gave
bis(l-methvl-S-tetraéolyl)nickel(II) and bis(l-cyclohexyl=-5~
tetrazolyl)nickel(II).

In a recent publication, Erlich and Porov (12) investi-
pated the acid-base nronerties of cvclopolymethylenetetrazoles
in formic acid. The unsubstituted cyclopolymethylenectetrazoles
act as fairly strong monoprotic bases in formic acid solution
but show little proton affinity in aqueous solutions. The
lenpth of the hydrocarbon chain does not influence the basic

strenpgth of the tetrazole ring,

C. Characterization of Tetrazoles

Several tetrazoles and azoles have been characterized
by nuclear magnetic resonance spectroscopy (13,14,15) and by

mass spectroscopy (13). Tn addition, Guibe and Lucken (16)



reported the 14N nure quadranole resonance spectra of several

azoles,

D. Coordination Compounds

Since 1892, a larpe number of metal comnlexes have been
prepared with 5-substituted tetrazoles, Bladin (17) prepared
the first silver comnlexes of tetrazole and 5-substituted
tetrazoles by adding hot silver nitrate to aqueous solutions
of the respective tetrazoles, Herhst and Garbrecht (18)
and Herbst and Mihina (5) premared silver complexes of other
5-substituted tetrazoles by a similar method,

In 1960, Brubaker (19) prepared two crystalline forms
of bis(5-aminotetrazolato)conrper(II). By using spectro-
photometric and pH data, Brubaker calculated the formation
constant for the copper(II) complex formed with 5-amino-
tetrazole in aqueous solution, His value of 1012 for the
formation constant indicates that 5-aminotetrazole forms a
very stable 2:1 complex with conver(lI1), Brubaker also
found that theré is very little interaction between the
copper(II) ion and 1,5~dimethyltetrazole, This, in addition
to the relatively small formation constant for the 2:]
complex (20) of silver(I) with pentamethylenetetrazole
(hereafter abbreviated PMT), indicates that a renlaceable

hydrogen is required to form very stable comnlexes,



In 1961, Daugherty and Brubaker (21,22) prepared various
bis(5-substituted tetrazolato)copper(II) and nickel(II)
complexes, Methanol solutions of each tetrazole were added
to methanol solutions of coprer(I1) or nickel(Il) salts.
Sulfate and chloride salts induced the rapid nrecipitation of
solid complexes; whereas, the nitrate salts were ineffective
in inducing precipitation,

The nickel(II) and copper(II) complexes displayed a few
interesting properties. The complexes were insoluble in most
solvents, As a result, they could not he purified by
recrystallization., The complexes usually decomnosed below
their melting points, Hence, they could not be purified by
sublimation, The insolubility of these complexes in both
nonpolar md polar solvents sugpests polymer formation.

Jonassen et al, (23,24,25) have prepared bis(5-tri-
fluoromethyltetrazolato)iron(II), cobalt(II), nickel(II), and
copper(IT) complexes as well as bis(5-chlorotetrazolato)-
iron(II) and bis(5-nitrotetrazolato)iron(IT). The reflectance
spectrum of bis(5-trifluoromethyltetrazolato)iron(IT) indicates
that the S5-trifluoromethyltetrazolate anion lies between 2,2°=
bipyridine and 1,10-phenanthroline in the spectrochemical
series, The low magnetic moment of 1,1 B,M, observed for
bis(trifluoromethyltetrazolato)iron(II) indficates that '"the
paramagnetic state lies close to the spin-paired ground

state," Pyrolysis (26) of the bis(5-trifluoromethyl-



tetrazolato)iron(Il), cobalt(II), nickel(II), and copper(IlI)

complexes yields the components H_,O, CF3, CN, CN_, Nz,

2 2
(CN)2 for each complex. The residues consisted of C0F3,
Nin, FeF3. The enthalpy of decomposition was calculated

from differential thermal analyses of the complexes.

In 1967, Beck and Fehlhammer (27) prepared bis(5-tri-
fluoromethyltetrazolato)bis(triphenylphosphine)palladium(II)
by reacting bis(triphenylphosphine)palladium(II) azide with
trifluoroacetonitrile in dichloroethane at 0® c. Recently
Beck et al. (28) have prepared several other trans-bis(5-
substitutedtetrazolato)bis(triphenylphosphine) palladium(II)
by a similar method. Addition of HCl or HN3 in ethanol to
the palladium complexes yields the respective 5-substituted
tetrazoles.

A large number of complexes of l-substituted tetrazoles
are known. In 1910, Olivera-Mandala and Alagna (29) prepared
tetrachlorobis(l-ethyltetrazolato)platinum(IV) by adding an
alcoholic solution of platinum(IV) chloride to an alcoholic
solution containing HCl and l-ethyltetrazole.

In i963, Brubaker and Gilbert (30) prepared various
dichloro bis(l-substituted tetrazole)cobalt(II), nickel(II),
platinum(II) and zinc(II) complexes. Like other tetrazole

complexes, these l-substituted tetrazole complexes cannot be

recrystallized or sublimed. As mentioned previously,



Garber (11) nrenrared bis(l-methyl-5-tetrazolyl)nigckel(II) and
bis(l-cyclohexyl-5-tetrazolyl)nickel(II) by heating the
respective lithium salts with dichlorobis(triethylphosphine)
nickel(II). These nickel complexes are insoluble in all
common solvents, will decomnose when heated, and are seni-
tive to the atmosrhere, The reflectance spectra of these
two complexes indicate octahedral svmmetry, The magnetic
moments of these nickel comnlexes indicate that the com-
rlexes are high s»nin,

In 1967, Beck and Fehlhammer (28) nrenmared tetra-
phenylarsonium tetrakis(l-cvclohexvl=5=tetrazolyvl)egold(II1)
bv reacting tetraphenylarsonium tetrazidoesold(JIII) with
cvclohexyvlisonitrile in dichloroethane at 0°C., The nrroton
nmr spectrum in DCCl3 showed three sipnals at 1=2,4,5.,2,8.3
corresponding to the twenty nhenvl protons, the four
tertiary hydropen atoms on the cyclohexvlring, and the 40
methvlene nrotons on the cyclohexvl ring,

Tetrazole itself forms metal comnlexes. Holm and
Donnelly (31) prepared bis(tetrazolato)iron(Il), cobalt(II),
nickel(II) and cadmium(II) complexes by adding aaueous
solutions of tetrazole to aqueous solutions of the respect-
ive metal ions., The 1iron(IT) complex is verv poorly de-
fined and 18 casilv oxidized by oxygen in the air. Monle

ratio studies indicate that the tetrazolate anion forms



very weak comnlexes with nickel(IT1) ions in dimethvlformamide,

In 1967, Garber (11) nremared bis(tetrazolato)conner(77T)
monohvdrate by addine an anueous tetrazole solution tn an
aqueous solution of copner(II) nitrate, The conner(IT)
comnlex decomnoses unon heatine and is insoluble in all
common solvents, The reflectance spectrum of the complex
indicates octahedral svmmetry. The magsnetic moment of the
complex is 1,73 B.M., (1 electron value). The esr spectrum of
the undiluted nower showed no hynerfine svlittines., Garber (11)
was unsuccessful in dilutineg the conper comrlex by nrecinitat-.
ing the corner comnlex as an impuritv in bis(tetrazolato)
zinc(11),

Garber et.al, (11,32) performed a vibrational analvsis
of sodium tetrazolate monohydrate, Vibrational assignments
for bis(tetrazolato)conper(I1l) monohydrate and ]-methvl-
tetrazole were made based on their normal coordinate analysis
of sodium tetrazolate monchvdrate.

Recentlv, Washburn and Peterson (33) prerared ferro-
cenvl tetrazole by reactine cyvanoferrocene with trimethylazido-
silane and aluminum(IIT)chloride in refluxine o-chlornbenzene.

1,5 disubstituted tetrazoles and substituted pentamethv-
lenetrazoles form comnlexes with transition metal 1ions,
interhalopens, and organic molecules. Interhalosen and

molecular comnlexes of tetrazoles are reviewed by Ponov (3).



Zwikker (34) Rheinboldt (35) and Dister (36) have nre-
pared silver comnlexes of various substituted nentamethvlene-
tetrazoles. Ponov and Holm (20) studied the silver comnlexes
of pentamethylenetetrazole, substituted pentamethylene-
tetrazole, and l-cvclohexyl-5-methyltetrazole in acetonitrile.
They determined potentiometrically that the formation
constants for these complexes were approximately 102. By
using polarogranhic techniques, they found that nentamethy-
lenetetrazole forms extremelv weak complexes with cobalt(IT),
thalium(I) and cadmium(IT) in aaqueonus solution,

D'Itri and Popov (37,38) prepared anhydrous hexakis
(PMT) manganese(II), iron(II), cobalt(TII), nickel(II),
copper(11), and zinc(TI) complexes. Since the magnetic
moments indicate that the complexes are high spin complexes,
it 18 not surprising that the infrared srectra of the com-
rlexes were almost identical with the infrared spectrum of
PMT.

Kuska, D'Itri and Popov (39) have obtained electron
spin resonance spectra for Mn(PMT)g(C104) 5, Cu(PMT)¢(C104)
and Cu(PMT)¢(C104),. The esr spectrum of Mn(PMT)4(C10,),
dispersed in Zn(PMT)6(0104)2 indicated that the metal
ligand bonds are 91 per cent fonic and that the comnlexes
are essentially octahedral, Nuclear hyperfine splittines
were resolved in the esr spectra of the undiluted conrner(11)

comnlexes, Both Cu(PMT)6(C10a)2 and Cu(PHT)a(CIOA)z
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exhibit tetragonal symmetry. The copper ligand bonds were
found to be more covalent than the manpganese ligand bonds,

Recently, Bowers and Ponov (40) prepared complexes of
the type HII(PMT)IX2 and "II(PMT)2X2 by causing pentamethyl-
enetetrazole to react with first row transition metal chlorides
and bromides. These comnplexes were insoluble in polar and
nonpolar solvents and have hiech melting or decomposition
points, From maesnetic and spectral evidence, it appoears that
the metal ions in MII(PMT)XZ complexes are in octanedtal
environments whereas the MII(PMT)ZXZ comnlexes mav be tetra-
hedral. The MII(PMT)XZ complexes nrobably contain haloren
bridpes and are most likely polymeric. The M(PMT) X,
complexes, on the other hand, are probably moneomeric and seem
to have a tetrahedral structure,

Pentamethylenetetrazole (41) was found to form 1:1
complexes with fodine monochloride, iodine monobromide, and
iodine in carbon tetrachloride. The nentamethvlenetetrazole-
ICc1 complex could be obtnined as a crvstalline solid which
could be purified bv recrystallization from chloroform. Two
indenendent structure determinations of the PMT-ICl comnlex
(42) showed that PMT acts as a unidentate ligand and that
ICl is bonded to the &4-nitroesen of the tetrazole rina, The
lincar IC1 molecule is conlanar with the tetrazole rine.

The scven membered rineg of PMT is in a chair conformantion,

At present, it is uncertain whether the 4-nitropsen is the
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donor site in all tetrazole complexes.

The crystal structure of dichlorobis(l-methyltetrazole)
zinc(II) complex has also been determined (43). <Crystals of
this complex show that the zinc atom is in an approximately
tetrahedral environment and that the zinc atom is coplanar
with the two tetrazole rings with coordination through the

four position of the tetrazole ring,.



I1. Experimental

A, Purity of Chemicals and Solvents

Reagent grade chemicals were used throuphout this

investication,

B. Prenaration of Tetrazoles and Related Chemicals

5-phenvltetrazole: This compound was nrenared according
to the method of Finneran and Henry (44). Tn a 500ml,.,3-neck
flask, 28.6g(0.44 mole) of sodium azide, 21.2¢(0.40 mole) of
ammonium chloride, 17.0g (0.40 mole) of lithium chloride and
41.2p (0.40 mole) of benzonitrile were susnended in 300ml of
N,N-dimethylformamide. The mixture was stirred and heated
at 100-110° for 17 hours. Tn accordance with Daurhertv's
observations (45), the color of the reaction mixture
changed from colorless to oranpe-brown after a few hours,
After 17 hours, the reaction mixture was allowed to cool to
room temperature, The first batch of crude sodium salt was
separated from the reaction mixture bv filtration. The
filtrate was distilled at reduced nressure until 50ml of
filtrate remained in the distillation flask., The second
batch of crude sodium salt, which precinitated durine the
distillation, was collected on a norcelain filter funnel,
Both batches of crude sodium salt were combined and then

dissolved in 200 ml of water. Insoluble materials were re-

12
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moved by filtration. The filtrate was then acidified to pH=2
to precipitate the water-insoluble 5-phenyltetrazole. The
crude product was collected on a porcelain filter funnel and
thoroughly washed with ice water. The product was finally
recrystallized twice according to the method of Caruso, Popov,
and Sears (7). Crude 5-phenyltetrazole was added to 1,2-
dichloroethane and the mixture was brought to boiling. Just
enough methanol was then added to dissolve the tetrazole.
As the solution cooled, needle-like crystals formed. These
crystals were collected by filtration and were then dried to
constant weight in a vacuum dessicator. The melting point of
215° agreed with that previously reported (7).

5-p-chlorobenzyltetrazole: The procedure for the preparation

and recrystallization of 5~-phenyltetrazole was used.
5-p-chloroacetonitrile Eastman Organic Chemicals was used in
place of benzonitrile, The melting point of 162-163° for the
recrystallized product agreed with that previously reported (7).

S5-p-methoxyphenyltetrazole: The same procedurc used for the

prcparation and recrystallization of 5-phenyltetrazole was
employed. 5-anisonitrile was used in place of benzonitrile.
The melting point of 239-240o for the recrystallized product

agreced with that previously reported (4).
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Anisonitrile was nrepared according to the method of
Van Es (46)., 136e of n-anisaldehyde (1 mole), 80n of
hvdroxylamine h&drochloride (1 mole + 157%), 125e¢ of sodium
formate, and 1500m1 of 987 formic acid were refluxed for
one hour, A six fold dilution of the reaction mixture with

water caused the anisonitrile to precipitate.

5-p-clhiloronhenvltetrazole: The nrocedure was the same as for

the preparation and recrystallization of 5-nhenyltetrazole.
5-o=chlorobenzonitrile was used in nlace of benzonitrile,
The meltine point of 179-180°agreed with that previously
renorted (6).

5-0=chlorobenzonitrile was prerared according to the
method used in nrenmarine anisonitrile. 5-0-chlornhenzaldehvde

used in place nf anisanldehyde.

S5=p=chlornnhenvltetrazole: The nrecedure was the same as

for the wremaration and recrystanllization nf S-phenvitetrazele,
9=-n=chlorobenzonitrile vas used in place nf henzonitrile,
The meltine noint of 260-261°’avreod with that nreviouslvy
reported (7).

‘S=p=chlornbenzonitrile was nrenared nccn;dinr to the
method used in nrenarine anisonitrile. S5-=n-chlerobenzaldehvin

was used in nlace of anisaldehyde.
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sodium salts of tetrazoles: Suspensions of the respective

tetrazoles in water were titrated with 0.10M NaOb. The
tetrazoles dissolved before the eauivalence point was reached.
The aquecous solutions of the sodium salts were evaporated
ncarly to dryness on a steam bath, The salts were then re-
crystallized from acctone and dried at 1100 hefore use.

c. Preparation of lietal Complexes

Bis(5-phenyltetrazolato) cobalt(II)monolhivdrate: A complete

description of the preparation of this comnpound will hLe riven,
This method applies to all cobalt(II), nickel(T1), zinc(IT),
and copper(11) complexes. TIn all cases, precipitation occur-
red within a few minutes.

Forty ml of an aqueous 0.10M solution of sodium S5-phenyl-
tectrazolate were added dropwise to 200ml of a magnetically
stirred aqueous 0.01M solution of cobalt(II) perchlorate hexa-
hydrate. Since the complex was insoluble in most solvents, it
could not he recrystallized.

The pink product was washed six times with distilled water,
partially dried with anhvdrous diethylether, ard finally dricd

to constant weight in vacuo over P20 Digestion and prolonred

S.
washinpg of the precipitate were avoided because Daugherty (45)

had rceported that bis(S-phnyltetrazolato) copper(II) monohydrate
was partially hydrolyzed to hydroxo(5-phenyltetrazolato)copper(17)

by stirring the complex with water for twenty hours at room

temperature,
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Anal, Calcd. for Co(C7H5N6)2-H20: Co,16.0; C,45.78; H,3.29;

N,31.45; Found: Co,16,13 C,44,24; H,2,.89; N,30.86,

Bis(5-o-chlorophenyltetrazolato)cobalt(II)menohydrate: This

pink product formed in a few minutes, Anal. Caled. for
Co(C7H4N4C1)2-H20: Co,13.5: €,38.55; H,2.31; N,25.68;

Found; Co,13.3; C,37.45; H,1.91; N,26.06.

Bis(5-p-chlorophenyltetrazolato)cobalt(ITI)monohvdrate: This

rink product formed in a few minutes., Anal,Calcd. for
Co(C7H4N4C1)2°H20: Co,13.5; €,38,.55; H,2,31; N,25.68;

Found: Co,13.4; C,37.85; H,1.95; N,25.95.

Bis(5-p-methoxyphenyltetrazolato)cobalt(TT)monohydrate: This
pink préduct formed immediately. The so0lid turned tan in
color on dryinpg to constant weipght, Aﬂil' Caled, for
Co(CgHyN,0)5H,0: Co0,13.5; C,44,03; H,3,90; N,25.68;

Found: Co,13.9; C,42,78; H,3.23; N,25.85,

Bis(5-p-chlorobenzyltetrazolato)cobalt(II)monohydrate: This

pink product formed immediately, The product turned brownish
rink on drving to constant weisht, Anal, Calcd. for
Co(C8H6N4C])2-H20: Co,12,63 C,41,34; B,3,01; N 24,05,

Found: €o0,12.5; C,40,4; H,2,73; N,23,94,

Nickel comnlex of 5-p-chlorobenzvltetrazole: This blue-violet

s0lid nrecipitates immediately, Anal, Calcd. for
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NI(C,H,N,C1) ) g*Hp0: Ni,14.7; C,37.70; H,2.29; N,25-20;

Found: Ni,14.7; €,37.0; H,2,03; N,25.00;

Nickel complex of 5-p-methoxyrhenvltetrazole: This metric

blue violet so0lid precipitates immediately. Anal, Caled. for
Ni(CghyN,0) ) g+1p0: N1,13.165 C,44.95; H,4.10; N,26,2;

Found: Ni1,13,0; C,43,06; H,3.37: N,25.92;

Nickel comnlex of 5-rhenyltetrazole: This blue violet solid

precipitates immediately, Anal, Calcd, for Ni(C7H5Na) 0

1.8
Ni,15.2; C,43.6; H,2,61; N,29.1; Found: Ni,15.5; C,44.6;

n,2.82; N,30.13;

Bis(5-p=-chlorohenzyltetrazolato)zinc(IT): This white snlid

precinitates immediately. Anal, Calcd. for Zn(CglgN,Cl1),:

C,42,403 N, 2,665 N,24,72; Found: C,42.,33; N,2.33: N, 25,05

.

Bis(5-0-chlorophenvltetrazolato)zinc(17): This white aolfd

precinitates immediately; Anal, Calcd, for Zn(C7H4N4C1)2:

¢,39.55; H,1.89; N,26.35; Tound: C,39.78; H,1.80; N,26.55;

Bis(S=p=chloronhenvltetrazolato)zinc(II) 3/2hvdrate: This

white s0lid nreciritates immediately. Anal, Calcd,., for
ZH(C7"4N40])2'3/2H20: €c,37.10; H,2,44; N,24,80; Tound:

€,37.165 1H,2,78; N,25,07;
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Bis(5-p-methoxvphenvltetrazolato)Zinc(II): This white solid

precipitates immediately, Anal, Calcd., for Zn(C8H7N40)2:

C,46.16; H,3.36; N,26,92; Found: C,45.86; H,3.31; N,27.00;

Bis(5-phenyltetrazolato)Zinc(I1): This white solid nrecinitates

immediately. Anal., Calcd. for Zn(C7H5Na)2: C,47.20; H,2.82;

N,31.45; C,46.95; H,2.69; N,31.53;

Bis(5-n=chlorobenzyltetrazolato)conner(II)trihydrate: This

blue-violet solid precipitates immediately. Anal. Calcd.
for Cu(CgligN,Cl1),°3H,0: Cu,12,57; C,39.02; H,3.58; N,22,16;

Found: Cu,12.,37; C,38.40; 1,3,41; N,22,43;

Bis(5-o0=-chlorophenyltetrazolato)copper(II)monohydrate: This

light preen solid nrecinitates immediately, Anal, Caled. for
Cu(C,H,N,C1)5*Hy0: Cu,14.39; C,38.10; H,2,.28; N,25.39;

Found: Cu,14.66; C,37.47; H,1.58; N,25.41;

Bis(5-p-chlorophenyltetrazolato)conner(II)monohvdrate: This

light blue so0lid precipitates immediately. Anal., Calcd, for
Cu(C7H4N4C1)2-H20: Cu,14.35; Cc,38,11; H,2,28; N,25.39;

Found: Cu,14.,37; C,37.01; H,1.98; N,25,32;

hvdroxo(5-p-methoxynhenylterrazolato)copper(JJT): This lieht

blue s0lid nrecipitates immediately. Anal, Caled., for

Cu(CgH_N,0)(OH) Cu,24.82; C,37.53; H,3.12; N,21.88; Found:

Cu,25,01; ¢,37.68; H,2.93; N,22,20;
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Hydroxo (5-phenyltetrazolato)copper(Il): This dark blue solid

precipitates immediately. Anal, Calcd. for Cu(C7HbN[)(Ol):
- +

Cu,28.12; C.37.20; H,2.67; N,24.80; Found: Cu, 23.05; C,36.91;

Hy2.31; N,24,82;

‘Bis(S-phenyltetrazolato)copper(II)monohvdrate: This complex

could not be prcpared from aqueous solution., It was finally
prepared in methanol by a method previouslv reported by
Daugherty (45). When methanol solutions of CuSoA-S H20 and
S-phenyltetrazole are mixed in any proportion, Cu(C7h5 [)2 Hzo
precipitates from solution after several hours. Anal. Calcd.
for Cu(C7H5N4)2°H20: Cu,17.1; Found: Cu,17.3;

Attempted preparation of bis(5=-p-methoxyphenyltetrazolato)

copper(I1):

Daugherty was unable to obtain this complex from
methanol solution. Instead, he obtained a mix ture which

appeared to contain Cu(C 0) (OH) and Cu (C 0) SU 190,

N, 4"

In the present investigation, Cu(C H

7 2

7 O)(Oh) was obtained

instead of the desired product.

Hydroxo bis(5-p-chlorobenzyltetrazolato)chrornium(III)tetrahydrate

The procedure for the preparation of this complex will
be outlined in detail. The other chromium(TIT) complexes
were prepared in the same manner. 6N.0ml of aqueous 0.10}

sodium 5-p-chlorobenzyltetrazolate was nmixed with 200ml of
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anucous 0,0IM chromium(TTI) mnerchlorate hexahvdroate, Tnitjallvy,
the solution changed from dark ereen to vellow ereen as the
reactants vere mixed, After three minutes, S5-r-chleovnbenzvi-
tetrazole, a white solid, nrecinitated from the solution,

The 5-n-chlorobenzvltetrazole was removed by filtratfon and

the filtrate was retained. Another 60.,0m1 of anmueous 0,10
sodium S5-n-chlornhenzvltetrazolate was then mixed with the
filtrate. After a feu minutes a ninkish-violet snlid ~recini-
toted from the solution. Anal., Calcd. for Cr((anﬁﬂa(l)z

f).[‘.

s

(OH)+4H,0: Cr,9.8; €,36,1; H,3.98; N,21.15; Tound: Cr

€C,35.5; N,3.42; N,21.13;

Hvdroxo bis(5-n-chloronhenyltetrazolato)chromium(7T7T)tetrahvdrate

S-0rthochlornnhenvltetrazole did not nrecipitate from
solution, After an hour, the erey comnlex rrecinitated
from solution, ﬁﬂﬂl‘ Caleced., for Cr(C7H4N4C])20H-4H20:
¢cr,10,4; ¢€,33.62; H,3.40; N,22,5; Found: Cr,10,0; C,33,.16;

H,2.31; N,21.92,

Hydroxo bis(5=-n=chlarophenvitetrazolato)chromjum(IT7T7)tetrahyvdrate:

This erev solid precinitated within four hours after the
"=n-chloronhenyltetrazole was removed by filtration, Anal,
Caled, for Cr(C7H4NaC])20H-4H20: Cr,10.4; C,33.62; 1,3.40;

N,22.5; Feound: Cr,10,0: C,33,54; H,2.64; N,21.91.
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Hydroxo b}ls(5-p-methoxyphenyltetrazolato)chromium(IIT)

hexahydrate:

p-Mgthoxyphenyltetrazole, a white solid, precinitated
immediately. The grey complex nrecinitated from the filt-
rate within a few minutes after the addition of efcess .10M
sodium 5-p-methoxynhenyltetrazole. Anal, Calcd,
Cr(CBH7N40)20H-6H20: cr,9.9; €,36.3; H,5,22; N,21.21;

Found: C€r,9.5; C,35.3; H,4.03; N,21.04,

Hydroxo bis(5-phenyltetrazolato)chromium(III)tetrahydrate:

5-Phenyltetrazole did not nrecipitate from solution.
The pinkish violet complex nrecipitated from sclution within
four hours, The analytical data indicate that it contains
impurities. Anal, Calcd. for Cr(C7H5N4)20H 4Hp0: Cr,12.2;
C,39f80; H,4.43; N,26.,57; Found: Cr,11,5; C,39.13; H,3.68;

N,25.99.

Attempted preparation of manganese(II)complexes: No color

change or precipitation occurred when aqueous manganese(II)
solutions were mixed with aqueous solutions of the sodium

S5-substituted tetrazolates.

Attempted preparation of iron(II) or iron(JIT)complexes: ITn

all cases, small quantities of an orange solid, nrobably ferric

hydroxide, precipitated from solution,.
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D. Analytical Methods

Cobalt: weipghed samnles of the cobalt complexes were
decomposed by heating the s0lids with aqua regia. The result-
ineg blue-preen solutions were evaporated to dryness on a hot
plate, The residues were reheated with aqua repjia and the
solutions were evanorated to drvness. This rrocess wvas
continued until the residucs were comnletely water soluble,
The pink residues were then dissolved in water and the re-
sulting solutions were made slightly acidic (nll 6), Murexide
indicator was added and the nH of the solutions were adjusted
uvith ammonia until] the color of the indicator chaneed from
oranpe to vellow., The solutions were then titrated with
0.01001!1 ethylenediaminetetraacetic acid (ENDTA) to a color
chanrere from vellow to violet (47).

llickel: Only one of the nickel comnlexes could be
titrated with EDTA, Fvidently, the tetrazolate anioen is in-
complectelyv destroved hwv nitric acid and interfers vwith the
color chanpe of the indicator., Thus,the rickel samnlesx
were analvzed bv the cvanide method. Weirhed samnles wvere
treated with 20ml ofv0.1068M KCN solutiens, 5ml of concen-
trated aaucous ammonin, and Iml of a KT sclution centainin-
l.1¢ of K1 ner ml of solution,

The samples were allowed tn stand overnieht. The
comnlexes dissnlved to eive nale vellow solutions, The

excess cvanfde in the sample solutions wns titrated with
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0.100M AgNO3. Silver nitrate dried at. 110° was

used as a primary standard, The.0.2068M KCN solution

was standardized with the 0,100M AgNOj3 solution,

Daugherty (45) found that titrations of known nickel samnles
in the nresence of tetrazole resulted in an error of less
than 22,

Coprer: Only a few of the conper comnlexes could be
analyzed by EDTA titration due to interferences in the color
change of the indicator.

All of the complexes could be analvzed by atemic
absorption spectroscopy. Samnles for atomic absnrntion were
dissolved in ammonia and were diluted to volumes such that
the solutions contained less than 10 opm of copvrer. All of
the solutions werc stored in nlastic bottles to avoid
contamination by impurities in plass or pyrex. Standard
solutions containing 0 to 10 ppm of copper(IT) ion were
prenared from aaqueous 0,009898M Cu(C]O4)2-6H20 solution,

The aqueous Cu(C104)2°6H20 solution was standardized with
0.01001M EDTA. Analytical results obtained by the atomic
absorption method acreed very closely with those that could
be ohtained by EDTA titrations,

Chromium: Samples for analvsis were decomposed bv
heating the solids with aqua regia. The resulting green
solutions were evanorated to dryness, The residues were

treated several times with aqua regia. The excess chloride
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ions, not used in complexing the metal ions, were precipitated
with silver nitrate solution. The AgCl was removed by filtration.
The Chromium(III) ions were then oxidized to dichromate ions by
42520

and 0,10 ! NH4N03. A few milliliters of O.lOAgNO3 were added

to catalyze the oxidation. The oxidation was complete within

the use of 5.0 ml of a solution containing 0.10 M (MH

five minutes. The oxidized samples were dilutcd to volume
with enough water so that the absorbance valucs at 445 nm were
less than 1.0 when 10,0 cm cells were used., The samples wvere
compared against standard dichromate solutions which obeyed
Beer's law at 445 nm.

The dichromate standard solution ranged in concentration
between 0,0002 N and 0.0014 N and were prepared from a
0.009819 N K_Cr_O_ solution. The 0.009819 N K, Cr O, solution

2 277 2 277

was prepared by using KZCrZO7 as a primary standard.

Carbon, Hvdropgen, and Nitrogen Analyses: The carbon,

hydrogen and nitrogen analyses were performed by the Micro-
analytical Laboratory of the Institute of Water Resecarch,

Michigan State University, Fast Lansing, Michigan.

F. Magnetic Moment Measurements

Magnetic susceptibilities were measured bv the Couy
method by use of methods similar to those described by Vander

Vennen (48). However, the apparatus was modified in order to
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allow a constant stream of helium to pass over the sample
tube, Thus, water was prevented from condensing on the
sample tube at low temperatures and the sample was protected
from hydrolysis.
The calculation of the magnetic moment wasmade by the use

of the equation: (49)

10% = Fv x—&
s (1)

where x is the gram-susceptibility of the sample: F' is the
force exerted on the sample alone, i.e., the measured force
correctcd for the force experienced bty the tube alonc; ws is
the weight of the sample in grams; and B is the tube constant,
for a given magnetic field and a given temperature.

ITn practice, each f value must be determined for a parti-
cular tube by use of a material of known susceptibility. F'
values are obtained at several magnetic fields and at several
temperatures. At a given temperature, the x value of the
calibrant will be constant and will be independent of the
maghctic field., The F' values, however, are dependent on
the magnetic field at a given temperature. Therefore, a f
value can be calculated for each magnetic field at a given
temperature. Since x varies with temperature, other f values
can be calculéted from F' values at other temperatures.

In this work, Hg[Co(SCN)A] was used as a calibrant, TIts

susceptibility is 16.44 x 106 cgs units at 293°K and it obeys
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the Curie-Weiss Law, Xg a(T + 10)-1 where T is expressed in
degrees absolute., Figgis and Nyholm (50) reported that
Hg[Co(SCN)4] is a much better calibrant than CuSOA-SHQO or
FeZ(NH4)2(504)2-6H20.

The molar susceptibility, xm' of the sample is obtained
by multiplving the gram-susceptibility by the molecular weight.
The susceptibility of the metal ion, ym' is obtained by correcting
the molar susceptibility for any diamagnetic species present,
Pascal's constants (51) were used to estimate the diamagnetism
of the ligands and cations.

'

In normal paramagnetic substances, Xe related to the

absolute temperature as

X = % Curie Law (2)

or

T 79 Curie-Weiss Law (3)
For the latter case, a plot of l/xm' against T allows evaluatlion
of O from the intercept.
The magnetic moment py of the sample may be calculated
from the molar susceptibility by
wo= 2,84 (T x x 2 (4)
The low temperature studies were performed by using a

specially constructed Dewar flask similar to that described

by Vander Vennen (483). The magnetic moments were measured at
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o, o
room temperature, 195 K, and 77 K.

F. Spectroscopic Mcasurements

The infrared spectra of the complexes were obtained by
use of nujol and hexachlorobutadiene mulls, a Perkin Llmer
Model 457 spectrophotometer (4000 cm -1 to 250 cm-l) and a
Perkin Elmer Model 301 spectrophotometer (€80 cm—'l to 167cm-1).
Cesium iodide and polyethylene plates were used. The visible
and ultraviolet solution spectra were obtained hv use of a
Cary Model 14 spectrophotometer,

The near infrared, visible and ultraviolet spectra of
the solids werelobtained on a Beckman Model DK-2 spectro-
photometer (equipped with a reflectance attachment) at Dow
Chemical Company, Midland, Michigan. The spectra were also
obtained by the method of Cotton and Goodgame (52) by use
of a Cary Model 14 spectrophotometer. In the Cotton and
ioodgame (52) method, a nujol mull of the complex was painted
onto a sheet of filter paper. The sheet of filter paper was
then taped to the exit window of the saamaple compartment,
Another sheet of filter paper was painted with nujol and this
sheet was taped to the exit window in the reference compartment,
The nujol mull method was generally quite satisfactory for
bands in the ultraviolet and visible regions but gave rather
poor results in the near infrared region., The major advantayge
of the nujol mull method lies in the accurate location of band
maxima by use of the slowest scan rate on the Cary Model 14

spectrophotometer,



28

The electron spin resonance spectra of the powdered
complexes were obtained at temperatures from -160° to 25°
by ;se of a Varian E-4 LPR spectrometer equipped with a
Varian FE-257 variable temperature controller. Powdered
sambles were diluted by precipitating the zinc complex in

the presence of copper(II), cobalt(II) or chromium(ITI)

ions,



DISCUSSION OF RESULTS

From the analytical data, it appears that each cobalt(II),
aickel(II), chromium(III), copper(II), and zinc(II) ions
can only accommodate a maximum of two tetrazolate anions when
the complexes are precipitated from aqueous solution. It is
rather surprising that chromium(III) does not form a 3:1
complex. Apparently, the hydroxide and the tetrazolate anions
compete in aqueous solution for the coordination sites on
chromium(III). The 3:1 complex can possibly be prepared and
precipitated from nonaqueous solutions by using tetralkyl-
ammonium salts in place of the sodium salt,

Copper(II) also forms hydroxo complexes. Daugherty (21)
could only prepare bis(5-phenyltetrazolato) copper(II) from
methanol solutions. Only impure bis(5-p-methoxyphenylte-
trazolato) copper(II) could be obtained from methanol solu-
tions (21).

As previously obscrved (22), nickel(ll) forms complexes
with a tetrazolate to nickel(II) ratio bhetween one and two.
Perhaps the complexes are 2:1 complexes with tetrazolate
vacancies in the crystal structure,

The solubilities of these complexes are listed in Tables
I to V. All of the complexes are insoluble in acetone, 1,4-
dioxane, methylenechloride, benzene and acetonitrile. Only
bis(5-p-chlorobenzyltetrazolato) copper(II) trihydrate is
soluble in nitromethane, Some of the complexes are even

insoluble in dimethylsulfoxide, methanol, N,N-dimethylformamide

29
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and pyridine., O©0f these solvents, pyridine, dimethylsulfoxide,
and N ,N-dimethylformamide seem to be most suitable to dissolve

the so0lids for measuring solution spectra.

Infrared Spectra

Comparisons of the infrared spectra of the tetrazoles
and their respective sodium salts and complexes are shown in
Tables VI to XV. Band assignments were based on the results of
a normal coordinate analysis on sodium tetrazolate
monohydrate (32) displayed in Table XVI. Table XVII shows
the assipnment of bands in sodium tetrazolate monohydrate (32).

Complexes containing water of hydration display bands
in the 3350 to 3500cm™1 spectral region, Many of the sodium
salts also contained an O-H stretch in their infrared spectra
even though the salts had been dried at 110° for several
hours,

The spectra of the tetrazoles and their respective
sodium salts and complexes are quite similar with the excention
of bands in the 2700-2850cm™! spectral region., Bands in this
repion have been previously assigned as N-H stretches, (19)
This assignment was further confirmed by Holm (31) who compared
the spectra of l-H-tetrazole and l-D-tetrazole. No bands were
found in the 2700-2850cm=1 spectral region for 1-D tetrazole,
Due to the absence of the N-H stretch in the spectra of the
complexes and the sodium salts, the tetrazoles appear to

coordinate as the anion,
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As a result of a normal coordinate analysis by Carber,
et al., it appears that none of the infrared bands can be
assigned to C=-N and N-N stretching modes in contrast with
previous assipnments (23,31,53).

Despite the similarities in the spectra of the sodium
salts and their respective complexes, the spectra of the
sodium salts often contain additional bands. Jonassen (23)
has postulated that fewer bands are found in the infrared
spectra of the complexes than in the infrared spectra of
their respective sodium salts because of the loss of re-
sonance character in the complexes. Although all of the
fundamental bands appear in both the sodium salts and their
respective complexes, coordination of tetrazoles with metal
ions often reduces the intensities of overtone and combination
bands. Occasionally, more bands appear in the spectra of the
complexes than in the spectra of the sodium salts or the
tetrazoles, In these cases, coordination may causc a splitting
of bands in the 4000 to 650<:m_l spectral region, This splitting
of tetrazole bands also accounts for extra bands found in
the far infrared spectra of PMT complexes in the metal-ligand
deformation region (178-236 cm-l) and the metal-nitrogen

stretching region (250-450 cm-l) (55).



The infrared spectra provide little information about
the presence of perchlorate since the tetrazoles or sodium
tetrazolates themselves have bands in the 620-630, 932, and
1090 cm-l spectral reyions which have been assigned as ionic
perchlorate bands (54).

The far infrared spectra have been very useful in demon-
stratinpg metal-ligand interaction in tetrazolate (11) and
PMT (55) complexes with copper(II). 1In most cases, the infrared
bands of the tetrazoles in the 4000 to €50 cm-l spectral
region are unshifted on complexation (55). However, D'Itri
(55) found that bands in the 180 to 360 cm—l region are
shifted to higher frequency on complexation. Furthermore,
the frequency of a given band in the infrared spectrum of
PMT was increased in frequency with a decrease in the ionic
radius of the metal ion. Similar frequency shifts were ob-
served in the present study as shown in Tables VI, VIII, X,
XI1, and X1IV,

Sharp, et al. (56), Jungbauer and Curran (57), MMcWinnie
(58), Goldstein, et al. (5Y9), and Clark and Williams (€0)
have tentatively assigned bands in the 250 to 450 cmq1 region
as the metal-nitrogen asymmetric stretches for transition
metal complexes of substituted anilines, aniline, 2,2'

bipyridylamine, heterocyclic bases, and pyridine respectively.
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D'Itri and Popov (55) and Garber, et al. (32) also observed
bands in the 250-320 cm“1 spectral region which thev assigned
to metal-nitrogen stretching frequencies.

In 1966, Frank and Rogers (61) compared themetal-nitrogen
stretching frequencies for various copper(II) complexes of
substituted-pyridines and listed these ligands in probably
order of increasing donor strength. The ligand giving the
largest metal-nitrogen stretching frequency was considered
the strongest ligand.

A comparison of the far infrared spectra of the copper (II)
complexes of the various 5- substituted tetrazoles and their
respective sodium salts indicated that only a few of the
bands could be tentatively assigned to metal-nitrogen stretching
frequencies due to the presence of broad unresolvable bands.
Clark and Williams (60) also found that the far infrared
spectra of the polymeric octahedral complexes MCl

: 2
(M = Mn, Fe, Co, and Ni) consisted of broad badly resolved

«2 pyridine

bands in the 200 to 260 cm—1 spectral region., The far infrared

spectra of the complexes are displayed in Figures 1-5.



34

2T1qNIOSs A[IYSFTS - S
9[qQnIos Ald3BIOpPOW - S
27qniO0s - S

@14gnjosut - T

1 1 T 1 1 @[T13TU0IdDY
T T T T T auldzuayg
1 I 1S T 1 apTAOoTY22uUdTAY3ION
s s s s s*u QUIpPTALd]
T T s s T Toueylay
s°*TsS s s s S 9PFUBWIOITAYIAWIQg-N*N
1 ¥ ¥ 1 ¥ QueXO0T(d-% ‘T
sS*°TS s s s s dpIXojTnsiAyjautrq
T I I T I saueyjowol3 N
¥ ¥ 13 T 1 duo3laody
"wo%10"17 o10-d-¢ "wo"w?00bu0-d-¢ "o "u?o10-d-¢ "wo"u%10-0-¢  "no®u%o-¢

o,CC 31T SIUdATOS snojpiep uy saxa7duo)d (1I)3reqoD a3yl jo L3ITIqnios °*I ai1qey]



35

K/

3T1Q~ IO A(d3LIOpL - <
diqnros AaTIYyL1{> = 'I®
ITYNTOS =
oTqnrosu} -}
3 } F L ¥ 9T TAITUOIOIY
3 f I I IS auazuay
b 13 ¥ I ¥ -apraorydauardyiay
s*u s*u s s s QUIPTaLd
I 3 F I ¥ Toueylay
seu s*uw s s S 9PTWRWIOITAYIAWIQ-N'N
¥ r 3 1 P dueXOoT(-%"*T
s*uw seuw s*w s s apIxojInsTAyaauyq
I £ T T I UBIIWOIITN
T 3 f ! 1 au03ady
N9 SHD T Poto-u-¢ T %o tio-u-s TN T %1o-d-g o T %10-0-5 N0 SH -

oCC I SJuUaA[uU; sSNupaery UT

SOXd[wwvy (il)

199N

9yl 3V

£3ITTHYN[OS

!

argel



36

2Tqnios A1ajexapom - s-u
@1qnTos L13yd11s - S*1s
aTqnios - s
31qniosuy - ¥
T ¥ T ¥ T " @TTAIFU0IADY
¥ T F T ¥ auazuag
T ¥ ¥ T T dPII0TY22uaTdYyiay
s T T s T | auyprald
T ¥ T ¥ T TouBy3IaR
s°u I ¥ s T 9pPJuUEWAOITAYISIFA-N*N
¥ T ¥ T T 2uexX0F(q-4 ‘T
s°1s T ¥ 8 ¥ apyxojInsT4y3auyq
8°Ts T T ¥ T dUBYISWOIIIN
¥ 13 ¥ T ¥ duo03ady

vy i % 9.9
"x3%E3 B o1a-u-5 "Ma"H%20%H0-d-¢ N0 W 910-a-¢ "wa'u’210-0-¢ "NoSuoo-¢

olC 3I® SJUIATOS SNOFaE,) UT SIAXI[uwWo) (I1) 22duo) @Yyl 3o LIFTFQRius °*III 21qel



aTqnyTos L123vI13poum s°u
d1qnios A13Iy8jyTs S°TS
afqnios 8
aTqnrosuy T
} T ¥ ¥ ¥ 0ﬂ«uuﬁ=ouuu<
¥ ¥ ¥ T ¥ suazuag
¥ ¥ ¥ ¥ ¥ 9PTAOTYIIUITAYIOIN
s s 8 s'u s duyrpradd
¥ ¥ ¥ s°1s s TouByiIa N
~ § s°w s s°u s 9aprwewIOJTAYIaWFQd=-N*N
20}
T ¥ ¥ ¥ T sauexofg-v‘t
s s*u s s°u s IpIxojInstdylaurq
13 I ¥ T ¥ dUBYJIDUWOIJIFN
I ¥ w ¥ T U030y
"0%ha"u?510-9-5 "xo"u%0 Ho-u-¢ TN2"H%010-d=¢ "N3"HI2T0-0-¢ "N3Su%2-¢
ol 3B SJUIATOS snoTae) Uyl saxafawo) (III) wWnNFwoay) ay3l jJO AITTTQRIOS °*Al 2Iqel



38

ATYnN[os alwljevdapou

- s*u

aTqnTos ATIYSITS - s*Tg
21qnios - s
9TqNTOSUT - |
1S ¥ T T ¥ dTFIITUO03aDY
T F ¥ ¥ T auazuag
I I ¥ T T 3PTIv[YdoauaTdylay
s s s s T dUIpradg
T I3 S I I Toueylay
T I 5 T T 2prurwIOjTAyIawgq-N*N
¥ 13 ¥ T ¥ QUBXOT(Q-4 'Y
s s s ¥ ¥ dpIxo3InsT4Aylawyrq’
¥ h¢ ¥ ¥ ¥ dUBYJIWOIITN
T I T ) b auo3laoy
"N2%H3"H%010-a=¢ "x974990E upmunc "x%0"u%010-d=5 "K3749970-0-¢ "NoSuIo-¢
olZ 3B SIUSATO5 SNOTIB) UT SIXI[UWO) (I]) DUTZ 3yl 4o AITTTIqRIOS  *, arqeg



39

penuyjuo)

[peOAY =

] s39¥qdvaq ur

sjeod 30 ypeoaag

*(L9pInoys = ys

‘sean

AIIA = MA *qPOM = M ‘WNIPOW = W ‘SU0IIS = S) STSIYIUIIVU UT SITIISUBIUL ®©

[a] (s)09y9z

(s)o09¢cLe
(s)oloeg (w)ozoe (s)ogoe (s)ozoe (s)oe6T [a](s)oo0t (w)osez
(w)ogoe (w)o9oe (n)o9oe (s)o90¢ (s)ogoc (s)osot (w)osoe
(w)gztie (w)szte (w)ozte (w)oeTe (w)ozte [al(s)o9T1¢ (w)orte
(w)otze
(4] (s)oove (4] (s)oove [a](s)oove [a)(s)ocee
(s)osgve (s)oos¢e
(s)ocsse (w)o9se
(s)o69¢
0ZHY + (HO) C1a) ¢(1)uz  0%H-Z1nd 0%Zu.8 Trzn  0%H.Z10D 1eN 1H

93B[0ZRIIIITAUIYJ~-C WNIPOS ‘@T0zZBI3Ia8ITAUIYJ-G 40 muuuoam paaeajug

1-YW2£9T ©v3 (Q00% wWox3 sSTInK dudjpeinq
=010TYyoOeXay pu®e TOLnNN U BT0ZBAJIJTAHUIY4=C 3O $¥IXITUWO) snorae, pue

"IN ®Tqerl



40

panuji3uod

(4)(1)09¢1 (Wowst (8)09sT (s)0sSi (w)0ysi (s)oLst
(4] ()09t (w)otLgr (w)oezyt (w)otr9rt (s)oootr [a)(s)oT19T (s)ot191
(m)oocst  [w)(m)yorsT (w)oort (w)oRgT (m)Of LT
[a]l(m)09cLT
(n)o8L1
(m)ovgl (m) 0981 (2)0L8T (n)0€8T (#)0s81 (»)098T [4a](w)0S8T
(w)ezet
(aJ(m)ozetl  [4)l(a)s96T [al(m)o96T [4al(m)oseT [qa](m)oS6T [a](m)oseT (w)s961
(w)o002
(n)o6ze

(a](s)09%7
(al(s)ogse
(s)06S2
0%y« (H0)T11D C(uyuz  oluefiny olu.BTlipn 0Tuelroy lex Lu

PanuUIIU0y - °I\ avqel



41

pPanuyijuo)

(w)ogor (s)ogot (w)T80T (s)osoTt (s)osort (na)060T (s)t80T
(n)ooTT (w)ootr (m)ooTT (n)ooTtT (n)oTTr (#a)goTI (n)eoTt
(m)ozTT (m)ozTt (w)ozrtrt (W)0€ETT (w)geTrt
(#)091T (8)G9TI (W)GGTT (W)OSTT (w)o€TT
(M) 0LTT (8)S8TT  (W)08TT (W)oLTT  (W)OSTT (5)0LTT
(ma) 12T (n)06TT (w)ozzet (W)G6TT (w)oozT (w)oo0zT
(m)ogect (w)owet (n)o9zt (w)ewet (w)syet (n)ogzt (w)o9zt
(w)o8zt (s)oszt (w)oszt (w)08zT (w)oszt (w)oe6zt (w)o6zt
(w)o9eT (m)o%ET (w)oget (w)09€T (n)ovel (w)o9€T
(w)08€T (8)06€T (s)06€T (w)08€T (8)00%T
(s)osvr (s)09%1 (s)o9vt (s)oswt (s)osvt (s)oswt (8)oewt
(s)oLwt (s)oLnt (s)o9%T (s)09%T (s)oLyt
(n)ozst (n)ozsT (w)oest (m)ozst (m)ozst (na)gzst (w)oost
0%HY - (HO)T1a) ¢(r)uz  0C%H-Zind 0o%lu.8°Trrn  0%H.C1oD LeN LH
PPNUTIUO) - *[5 aTqel



42

panNuIIuO0)

(a)0959 (s)599 (w)099
(s)s¢L9 (syeeLo
(s)089 (5)069 (s)os9 (s)uo9 \S)069 (s)689 (s)s89
(s)sos (s)oo¢ (s)oor
(s)oet (s)oet (s)oztL (s)oetL (s)oetL (s)szt (s)szL
(w)o08L (w)ogL (@) 06¢ (u)sgy (w)06¢ (w)o06¢ (w)o6L
(al(a)oss  [a)(m)os8 [4](m)os8 (m)oss [a)(m)o¥s (w)o098 (@)0s8
(#)016 (n)oT6 (n)oz6 (n)oze (m)ozeé (n)oTse (n)%z6
(a1 (m)096  [qa](m)086 [al(m)096  [a)l(m)sL6 ([al(m)osé6  [4)(4)066 (8)%66
(w)oTtoT (w)sTOT (n)oTo0T (w)otoT (w)otoT (w)otot (u)stoT
(m)gzoT (m)ovoT (n)9¢0T (m)gzoT (m)sgot (m)szot (@)9¢€0T
(m)ocsoT (w)o9oT (w)osot (w)ocot (w)Ls0T
0%iy. (do)lran C(1yuz  0o%H-%1nd o%u.8°lrin  0%H.%10D iex 1H
panuyjuod - Al ®1qel



43

(n)o6T [a)(w)o8T (al(w)ort (w)o8T
(n)66T (s)L02 (w)£oz (us)£02
(n)oze (s)yre (w)9gtze [qa)(s)wee
()12 (uygeg 1T or T ok
spucq jeom
(m)T1S¢ TE10ADS (4s)0S2 (4s)osze
(n)v8e (s)eee (»)98¢ (4l (m)oLz (a4l (s)v8e
(n)66¢ (s)10¢ (a)go¢e (n)Lo€
(m)eze (s)ogg (4] () we (8) T%¢ [a)(u)sgce
(s)ese
(n)ege (a2)00Y (n)98¢ (s)9cre (w)sse [q](m)sve
(m)81Y (w)gey (n)ozy (4s)ocy  (us)Lov
(n)9gy (w)egy (w)eLy (W)sgy (s)osy [al(s)eny
(W)Tos (M) 118 (w)tts (s)eos (s)o6Y
(a](w)ves (w)ges (s)LES (w)uys (4s)0%s
(4s)06Sn (4s) 619~ (2619 (4s) 619
0%HY+ (10)CLaD lruz 0¢i1.C1ny 0Cu-8 Trx 0¢n-<¢ron Lex i
panui3uo) - °*1a d[qEL



s



44

Table VII. Infrared Spectraa of 5-Phenyltetrazole and Sodium
5-Phenyltetrazolate with Band Assignments

Genuine
uT NatT Vibrational Assignment
Mode

3690 (s)
3560 (m) 3570(s) (Y1 + V11)

3500 (s)

3370(s) [ b] V13 0O-1 stretch
3210 (m)
3140 (m) | 3160(s)[b] V1 ring C-H
3050 (m) 3050 (s) (V2 + 1600])
2960 (m) 3000(s)[b]
2760(s) Vig [ N-U stretch]
2660 (s) [b]
2590(s) [2 V3]
2530 (s)[ b) (V2 + Vs
2460 (s)[b] (V2 + Vs8]

2290 (w) (V3 + V&
2000 (m) (2 V10]
1965 (m) 1950 (w)[b] (V7 + V10
1923 (m) (V8 + V10]
1850 (m)[b) 1860 (v) (V4 + Vo
1780 (w)
1760 (w)[ b1 [’s + V9

a Units are in cm
b Brackets indicate possible assigmments Continued
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Table VIT, - Continued
Cenuine
HT NaT Vibrational Assienment
Mode

1730(w)[b]

1680 (m) 0-1 bend
1610 1610(m)
1570(s) 1560 (m) [ V9 + V10]
1500 (m) 1525 (vw) [ V7 + V11)
1470(8) 1460(s) V2 ring deformation
1430 (w) 1450(s) Ve C-1l in plare bLend
1400 (s) 1380(m) [ V1o + V12]

1360(m) [ V1o + V11]
1290 (m) 1290 (m) v3 rine vibration
1260(m) 1260 (w) Vg 4 V32

1200 (m) Vg + V13

1170(s) Vg4 rine brenthine

1130(m) [ V12 + 650]

1125(m) [ V12 + 615]
1103(w) 1105(w) [ V11 + 650])
1087 (s) 1090 (vw) [ V11 + 615]
1057 (m) 1070(m) V5 ring deformation
1036 (m) 1025 (m) V7 ring deformation
1015(m) 1010(m) vg ring deformation
994 (s) 980 (w) [1])

[ Vi1 + Vi12]

Continued
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Table VIT, - Continued

Genuine
HT NaT Vibrational Assiesnment
Mode
924 (w) 910 (w) Vio C-H out of nlane bend
850 (m) 860 (m) [ V12 + 350)
796 (m) 780(m)
725(s) 725(s) Vg ring deformatior
700(s) 700(s) [2(355)]
685(s) 685(s) | [ V4 - V11]
670(s) 675(s)
660(m) 665(s)
540(sh)
490 (s) 505(s) V12 out-of-nlane ring bend
449 (w)([b] 459 (s) Vi1 out-of-plane rinp hend
407 (sh) 420 (sh) [ V2 - V73
345(w)[b) 355(m) [ Vs - V9]
307 (w) 308 (w) _ [ V7 - V9]
250(sh) [ V9 - V11]
207 (sh) [ Vio - V9]

108(s) 170(s) [b]




C_IW N

NaCqHgN,

Co(CyHgNg) 2 120

Zn(CyHeN,) 5

Cr(CyHgN, ), (NH) +4H,0
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a
Table IX., Tnfrared Smectra of S-p-Methoxynhenvltetrazole and
Sodium S-p-Methoxynhenvltetrazolate

Cenuine
HT NaT Vibrational Assienment
Mode
3500(m) [b] 3570(s) (V1 + Vind
3400(s)[b] Vi3 0-H stretch
3200(sh) 3200(sh) 1620 + 1585
3160(s)[b] V1 ring C-¥W stretch
3100(sh) 3080(sh) [ V2 + 1600)
3040(sh)
3000(m) [2(¢1 V2)]
2780(s)[b] V14 [N-V stretch]
2650(s) [h]
2600(s)[b] [2¢ V3)]
2500(=) [b] [ V2 + Vs)
2280 (w) [ V3 + V8]
2080 (w) [2¢ V7))
1950(w) [b) [ Vs + Vi10)
1910(w) [b] 1920 (w) [ Va2 + Vo]
1870 (w) 1880 (w) [ Y4 + V9)
1800(w) [b] [2 V10]
1170 (w) [ V5 + V9]
1730 (w) [ V7 + V9
1710 (w) | [ V8 + Vo]

a Units are in cm=]
b Brackets indicate possible assipgnments Continued
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Table TX, - Conttinued

Genuine
HT NaT Vibrational Assienment
Mode
1700 (w) 1690 (m) [ V1 - V2
1620(s) 1620 (m)
1590(s) 1585(s) ( V9 + V1o
1520(s) 1535(m) [ Vs + V11]
1480(m) [ V7 + V11)
1460(s) 1450(s) V2 ring deformation
1450(s) 1440(s) Ve C-F" in-plane bend
1420(s) [2(700)]
1380(m) 1370(s) ( Vio + V12]
1360(a)ah [ V1o + V11)
1320(m) 1310(s)
1300(s) 1300(m) V3 rine vibration
1290(s)
1270(s) 1250(s) [ Yo + V12)
1190 (w) 1205(m) [ Vo + V11
1175(s)
1170(s) 1170(sh) Vg rinpg breathing
1150 (m) 1140(m) ( V12 + 650]
1140(s) ( Y12 + 6151
1130(m) 1120(m) [ Y11 + 650]
1090 (m) 1100(m) [ V11 + 615)

Continued



Table TX, - Coantinuel
fenuine
HT NaT Vibrational Assiernment
“ode

1070(m) 1080 (vw) Vs ring defermation
1050 (m) 1030(m) V7 rine deformation
1020 (m) 1025(s) vg ring deformation
1000 (m) 1000 (s) (1454-454) or 2(500)
950(m)

880 (w) 890 (vw) V10 C-1f out-of-plane bend
860 (s) (Y12 + 350)

820(m) 830(s)

810(m) 790 (w)

750(s) 760(s)

720 (v) 720 (vr) Vi ring  de‘oarmattion
700 (m)

o () 660 (w)

631(w) 638(w)

608(s) 611(s) [ V5 - V11]

522(s) 520(s) Vi2 out-of-plane ring bend
499 (w) 497 (s)

447 (s) 447 (s) Vi out-of-plane rine bend

409(sh) [ V2 - V7]
387 (m) 387 (sh) [ V3 - Vio]
312(m) 319 (m) [ V7 - V9

Continued
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Table IX. - Continued
Cenuine
HT NaT Vibrational Assienment
Mode
249 (s) 261(m)[b] [ VY9 - V11]
213(m)
200 (w) 205(m) [ V1o - V9]
169 (s) 191(s)




59

o \_/V‘M\/\/

-~

| 1 yi 1 1 1 1
e \wﬁﬁﬂ\wﬂ\/\//ﬁ_\vﬂ\\\\///\\\r\\
1 1 ! 1 1 | 1

\
Cu(C8H7N40)(OH)
7N40)2

Zn(C8H

Cr(Cyl N, 0),(0H) 61,0 wm\/\’v

| 1 1 1 4 | 1

100 200 300 400 500 600 700
cm-1
Figure 2 Far Infrared Spectra of 5-p-Methoxyphenyltetrazole,
Sodium 5-p-Methoxyphenyltetrazolate,and Various
Complexes of 5-p-Methoxyphenyltetrazole
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a
Takle XT. Tnfrared Spectra of 5-n-Chloronhenyltetrazcle

and Sedium 5S5-n=Chlororhenvitetrazolate with
Band Assignments

Genuine
HT NaT Vibrational Assfenment
Maode
3570(s) V1 + V11]
3420(s) V13 0=1 stretch
3340 (m) (1]
3090 (m) 3150(s)[b] V1 rine C=1' stretch
3060 (m) 3060(s) (Y2 + 1c00]
2800 (m) [I'=7 stretch]
2750(m) 1] (V2 + V3]
2720(m) 1] (V3 + Ve
2630(m) [b] ' (V2 + V)
2540 (rn)[b] (V2 + V5]
2270(m) [1b] 227G(C) (1] (V3 + V]
1915 (e) (V] 1930 00) (1] V7 4 V10]
1926(m) (Vs + V10]
1900 (w) (V4 + V9]
1600(s) 1610(s) (V9 + V10)
1550 (s) 1565(m)
1525 (w) 1520 (w) (V7 + V12)
1495(s) 1490(w) [b] (Ve + Vi12]

a Units are in cm~1
b Brackets indicate possible assicnments Continued



Table XI.

Continued

Genuine
HT NaT Vibrational Assignment
Mode

1480 (s) 1460 (m) V2 ring deformation
1435(s) 1420(s) Ve C-H in-plane bend
1405 (s) (V10 + V12]

1370 (s) 1350 (m) (Y10 + V111

1200 (w) 1310 (m) V3 ring vibration
1275 (w) 1275 (m)

1260 (w)

1250 (s) 1255 (m) (Yo + V12)

1180 (w) (Y9 + V1n

1160(s) 1150 (w) Vg ring vibration
1140 (m) (Y12 + 650])

1120 (m) 1125(s) (V12 + 615]

1090 (s) 1100(s) (V11 + 650]

1085 (s) (V11 + 615)

1065 (s) (Y9 + V366]

1050 (s) 1050 (m) Vs ring deformation
1020(s) 1020 (m) Vg ring deformation
1015(s) (2 Y12]

1000(s) 1000 (s) Vg ring deformation

980(s) 080 (m) (V11 + V12)

960 (m) 900 (m) (Y2 - V12)
875(s)[b] 900(w) V10 C-U out-of-plane

Continued
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Table XTI, - Continued
Genuine
HT NaT Vibrational Assignment
Mode

850(s) 850(s) (V12 + 368]

840 (s) 840(s) (V12 + 321]

790 (w) 760(s) (V2 = V9]

740(sa) 750(s) [V6 - VoI

730(s) 720(s) Y9 ring deformation
680(s) 650(m) [V4 - V11]

615(sh) (Ys - Y11)

505(s) 507 (s) Vi2 (out of plane rine bends)
459 (s) 467(8) Vi1 {out of plane ring hend )
366 (w) 368 (m) [Vs =V9)

321 (w) [¥7 =V9]

296(w)[b]  294(m) (V8 -V9]

258(sh) 256(m) [b] (V9 - V11)

215(w) 221(s)[b] (V9 - V12)

186 (w) 186(s) (Vio - V9]

170(s) 180(s) (680 - Y12]




C7H5NAC1

NaC7N4N4C1

Co(C7H4N4C1)2°H20

Ni(C7"4N4C1)1 8'” 0

2

Cu(C_ Y, N Cl)z'}l 0

740 2

Zn(c7114r¢4c1)2-%1120

Cr(C7H4N4Cl)2(OH)'4H20

Tipure 3
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a
Table X177, Tnfrared Snectra of 5-p-Chlrarobenzvltetrazolate

and Sodium 5-p=-Chlorcobenzvltetrazolate

fenuine
HT NaT Vibrational Assienment
Mode
3660 (sh)
3540 (sh) (vi + vinh
3340 (m) V13 0-H stretch
3300(s)(b]
3120 (w) 3100(s)[b] Vi1 rine C-H stretch
3080 (w) (V2 + 1600]
2700(s) Vig [N-H stretch]
2600(s) (V2 + Va4
2540(s) [b] (V2 + Vs)
2500(s)
2480(s) V3 + Ya)
2440 (s)
2160(m) (L] 2140(w) [2VY5)]
1910(s) 1920 (w) (V7 + Vi0)
1890 (w) (V4 + V93
1820(s) [b] 1800 (w) (2 Vi0]
1770(w) (Vs + Vo)
1640(s) 0-1 bend

a Units are in em~1
b Brackets indicate possible assienments Continued



Table XITIT, =-

Continued

7(’

GCenuine
Ht NaT Vibrational Assienment
Mode
1630(s) V4 + “11]
1580 (m) 1590 (m) (Y9 + V10]
1575(m) 1570(m) (850 + V9]
1530 (w) Vs + V11]
1495(s) 1495(s) (V7 + “11)
1470(s) (8 + “11]
1440 (s) 1430(s) V2 ring deformation
1410(s) 1420(s) V6 C-H in plane bend
1405 (s) 1400 (s) [2 V9]
1355 1320 (w) (°10 + “11]
1330 (w)
1310(w) 1310(w)
1290 (m) 1280 (m) Vi3 ring deformation
1260 (m)
1245 (m) 1240 (w) (Y9 + “12]
1205 (a) 1210(s) V9 + “11]
1180 (w) 1170(s) Y4 ring breathing
1150(m) (V12 + 650]
1135(s) (Y12 + 615]
1130(s)
1110(s) 1125(s) ["11 + 650]

Continued
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Table XTIT - Continued
Genuine
HT NaT Vibrational Assirnment
Mode
1085(s) 1090(s) (V11 + 615]
1050(s) 1070(s) Vg ring deformation
1015(s) 1020 (m) Vs ring deformation
990 (s) 1015(s) V8 ring deformation
975(m) 980 (w) (V11 + V12]
960(m)
940 (s) 950 (m) ("2 - "12]
935 (w)
915(s) 965(m) V10 C-H out of plane bend
850(s) 850(s)
835(s)
820(s)
805(s) 810(s)
795(s)
770(s) 780(s) [¥2 - V9]
720(m) 740(sh) [V6 - V9]
690 710(s) vg ring deformation
630 (m) 690(s) (4 + “11]
650(m) 640(m)
618(sah) [Ys - V11]
521(s)[b] v12 out-of-plane ring bend

Continued



Table XITT, - Continued

Genuine
HT NaT Vibrational Assipnment
Mode
486(s) 497 (s)
437 (s) 424 (s) Vi1 out-of=-plane ring bend
367(w) (b] Vs - V9]
319 (m) V7 - Vo]
307 (m) 307 (w) Vs - V9]
285(m) 282 (m)
233 (w) 242(s) V9 -V11]
217(s)[b]
196
174(s)[b] (Vio - V9]

157
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Table XV, Infrared Spectrg of 5-o0-Chlorophenyltetrazole
Sodium 5-0-Chlorophenyltetrazolate with

Assignments
Genuine
HT NaT Vibrational Assignment
Mode

3550(s){b] (V1 + Vi) P
3450 (w)

3450(s)[b] V13 0-H stretch

3250(m) [b]
3190 (m)
3120(m) Vi ring C-H stretch
3050(s) 3050 (m) [1600 + “2)
2990(s) [2(1500)]
1820(s)
2800(s) Vig [N=H stretch]
2700(s) [b] (V3 + Ve)
2600(s) [b] [2 V3]
2400(s)[b]
2390 (m)
2050 (m) (V7 + Vs8]
2000 (m) (2 V10]
1950 (m) (V7 + Vi0)

a Units are in cm~1
b Brackets indicate possible assignments Continued
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Table XV, - Continued
Génuine
HT NaT Vibrational Assignment
Mode
1920(w) [b] 1920(w)[b] (V8 + V10]
1850 (m) [b] (Y4 + 9]
1800(m)[b] 1800 (w) [2 V10)
1750 (m) (Vs + 9]
1700 (m) [V8 + V9]
1650 (m) 1650 (m) [Va + V11)
1590(s) 1590(m) [b] (Y9 + V10]
1560(s) 1560 (m)
1550(s) [850 + V9]
1540(s) [¥Y5 + V11]
1490 (s) 1500 (m) [V7 4+ V11]
1455(s) 1450(s) V2 ring deformation
1435(s) V' C-H in-plane bend
1400(s) 1420(s) [2(700))
1370(s) 1360 (s) (V10 + V11)
1360(s) 1350(s)
1290(m) 1310(m) [b] V3 rine vibration
1280 (w)
1270(m) [ +™M12]

Continued
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Table XV, - Continued
Genuine
HT NaT Vibrational Assignment
Mode
1245(s) 1220(m) V9 + “11)
1210(m)
1170(s) 1170 (m) V4 ring breathing
1160(s) 1160(s) (702 + 454)
1150(s) 1150(m) (12 + 650]
1120(s) 1135(s) (V12 + 615]
1120(w)
1100 (m) 1100(s) (11 + 650]
1075(m) 1090 (w) (11 + 615]
1070(s) 1070(s) Vs ring deformation
1060(s)
1040(s) 1040(s) V7 ring deformation
1030(s)
1010(s) 1010(s) ¥ ring deformation
990(s)
980(s) 970 (m) (Y11 + V12)
950(s) 950 (m) (V2 - “12]
940(s)

910(vw)[b]

Continued
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Table XV, - Continued

Genuine
HT NaT Vibrational Assignment
Mode
880 () 890 (w) V10 C-H out of plane hand
850 (m)
785(m)
780(s) 780(s) [72 = V9]
750(s)
750(s) [V6 - V9]
740(s)
730(s)
710(s) 720(s) Vg ring deformation
700(m)
650(s) 650(s) (V4 - V11]
521(m) 494(n) Y12 out-of-plane rinp hend
475(w) 478(s)
440 (w) 453(s) V11 nut-of-plane rinp hend
435(w) 435(s) [Y2 - 7]
332(s) 333(s)[b] (Y7 - %)
259 (m) ~ 270(s) [b) (Y% - ™1)
252(m)
223 (w) [ 9 - 12]
212 (w)

Continued



Table XV,

Continued
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Genuine
HT NaT Vibrational Assipgnment
Mode
206 (w) 208(w) [Vi0o - V9)
193(w)[b]
169(s) 177(s) [650 V12
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Figure5 Far Infrared Spectra of S-o-Chlerophenyltetrazole,Sodium
5-oChlorophenyltetrazolate and Various Complexes of
5-0-Chlorophenyltetrazole
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Table XVT, Results of the Normal Coordinate Analys1332

Calculation for Sodium Tetrazolate,

Species Vibrational OCbserved Calculated
Modes Freauency Frequency -
Al Vi 3120 3125
A 1455 1461
Vi3 1290 1243
Vg 1161 1138
Vs 1065 962
By Ve 1445 1453
V7 1023 1063
Vg 1015 1013
Vg 702 730
L, - V10 910 910
V11 454 456
\) | of
A2 12 -——— 537

Anits are in cm~1



Table XVII.
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Infrared Spectrum for Sodium Tetrazolate
Monohydrate32 with Assignmentsa,

Vibrational Observed Assignment
Frequency, cm
3300 0-H stretch
V1 3120 C-k stretch
2930 (V2 + V&
2370 (V2 + Y10]
1785 v Y9
1685 Vg + Vo
1640 O0-11 bend
Va 1455 sym, ring deforrmation
V6 1445 C-H in-plane bend
V3 1290 sym. ring deformation
1210 Vg 4 V12(a)
vy 1161 svm. ring breathing
1132 Vo + V11
Vs 1065 sym. ring deformation
V7 1023 asym. ring deformation
Ve 1015 asvm,., rineg deformation
Y10 910 C-H out-of-planc bend
Vo 702 asym, ring deformation
660 164')—\;8
V11 454 out-of-plane ring bend

asym. with respecct to

C. axis
2

V12

is taken as the calculated value.



Flectronic Absorption Snectra

The band maxima for the complexes are displayed in Tables
XVIIT to XXV, 1In most cases, additional bands were found in the
near infrared region (4000-10000 cm-l). These bands are possilly
overtone or combination bands of infrared bands found in the
650-4000 cm-1 region,

The data in Table XVIII indicated that substituted
S5-phenyltetrazoles and 5-benzyltetrazoles are similar in ligcand
strength to S-trifluoromethyltetrazole (25), tetrazole (32),
and other strong nitrogen donors (€C&4,F5).

Unlike hexaaquocopper(IT) and copper(ii) rerchlorate hexahvdrate
which may have a slightly distorted octahedral structure, the
appcarance of the zﬂlg* zAlg band (64,€65) seems to supeest Jahn
Teller distortion,

Jonassen et al. (25) have suppested the utility of the

3.

ratio of the enerpgy of the 3A2r* 1°P (F) transition in the nickel

complex to that of the ZB]a* ZAI“ transition in the corresponding
copper(1I) complex. Jonassen et al. (25) reported that their
energy ratio of 1.3 is intermediate between that for complexes
containing six ligands (xl.A) and that for complexes displaying
wveak tetragonal distortion (xl.l). This ratio is also swraller
than that for complexes displaying strong tetragonal distortion

N
(v1.6). The value for the energy ratio of approximatelv 1,1 in

this study indicates that the copper(ll) complexes only cxpericence

95



weak tetraponal distortion. This value of 1.1 is verv similar to
that obtained for diaquo bis(dipvridyl)copper(I1), and tris
(dipyridyl)copper(II) (064).

In Table XVITI, the band positions in the complexes for the
2“ly» 2B1g transition are listed in order of increasing energy.
It is expected that the maximum error in these bands is 100 cm
at the slowest scan rate on the Cary Model 14 spectrophotometer.
Therefore it seems reasonable to suggest the following order of
lipand strengths:

5-p-C1C I, Ck,CN, >5-p-CH OC I CN, =

2 3 76 4 4

S—C6H5Cl\4>5-p—ClC6HACN4>S-0-C1C6H4CI\4

Although the copper(IT1) complexes with 5-p-methoxyphenvl-
tetrazole is a hydroxo complex there 1is apparently little differ-
ence between the spectra of hydroxo(5-substituted tetrazolato)
copper(1I1) and that of bis-(5-substituted tetrazolato)copper(II).
For example, the spectrum of bis(5-phenyltetrazolato)copper(I1)
monohydrate and hydroxo(5-phenyltetrazolato)copper(II) are quite
similar as shown in Table XVIII,.

Tt should be stressed that the znlg* 2Eg was not observed
in this work nor in that by Garber et al. (32),.

An examination of Table XIX reveals that 5-o-chlorophenyl-
tetrazole is a stronger ligand than dimethylsulfoxide and dimethyl-
tormamide, but it is sliphtly weaker than pyridine as evidenced

bY a2 comparison of the band positions in the complex with those

j—“u’

e
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in the copper perchlorate hexahydrate in the same solvent,
Because of experimental difficulties in obtaining spectra that
are free of solvent peaks in the near infrared region
(4000-10000 cm-l), one cannot be certain wether the complexes
are tetragonal in solution, The reflectance spectra, however,
do suggest tetragonal symmetry.

The data in Table XX seem toindicate that the solid cobalt
complexes are octahedral because of similarities in the spectra
of the complexes with those of high spin 6-coordinate cobalt(II)
complexes and Co(C104)2-6H20. The band position of the shoulder
at approximately 19000 crn-l was very difficult to determine in
this study.

The band positions in the solution specctra listed in
Table XXT and associated molar absorptivities indicate octahedral
symmetry 1in solution. Based on the band positions in solution,
it appears that dimethylformamide, dimethylsulfoxide, and pyridine
are slightly stronger ligands than the tectrazoles.

In the case of the nickel(Il) complexes, it appears that
these complexes are octanedral as shown in Tables XXTI and XKXTII
by a comparison of the band positions and molar absorptivities
of these complexes with those of known octahedral complexes. A

comparison of the 3A - 3T (F) band positions for all of the

2¢ lg
nickel(TI) complexes indicates that the 5-p-chlorobenzyltetrazole

is the stronygest ligand in the series and that 5-o-chlorophenyl-

tetrazole is apgain one of the weakest ligands. A ratio of 1.8
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for the band positions of the jAZg > 3Tlp (F) transition to the
3 : ?

band position for the 3A2?

E)

ng (F) transition indicates
octahedral symmetry as well (64).

The chromium(III) complexes also appear to be octahedral as
shown in Tables XXV and XXVI by comparing the band positions and
molar absorptivities in the spectra of the complexes with those
of known octahedral complexes., Trom Table X{IV, it again appears
that S-p-chlorobenzyltetrazole is the strongcst ligand in the
scries due to the relative magnitudes of the band positions

+ 4

of the AZY T, (F) band. Chromium(III) also appecars to have

b

octahedral symmnetry in solution as shown ian Talble XXV,
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Figure 6. Reflcctance Spectra of (A) Copper(II)

Perchlorate Hexahydrate (B) Bis (5-p-
Chlorophenyltetrazolato) Copper(II)
Monohydrate and (C) Bis(5-0-Chloro-
phenyltetrazolato) Copper(I1) Monohydrate
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Magncetic Moments

The magnetic moments of the various complexes are
listed in Table XXVI,

According to Barefield and Busch (€9), high spin
6-coordinate, 5-coordinate and 4-coordinate cobalt(II)
complexes have magnetic moment values of 4.7-5.2,
4,2-4,6, and 4.,2-4.8 respectively. Thus, only the pscudo-
octahedral 6-coordinate complexes can usually be identified
by use of magnetic moment data. The cobalt(II) complexes
of 5-p-chlorophenyltetrazole, 5-o-chlorophenyltetrazole, and
S-p-chlorobenzyltetrazole appear to be octahedral or pscudo-
octahedral complexes. On the other hand, the cobalt(II)
complexes of 5-phenyltetrazole and 5-p-methoxyphenyltetrazole
may be either 5-coordinate or 4-coordinate and their magnetic
moments are very close to the spin only value. Magnetic
moments of these cobalt(II) complexes are very temperature
dependent,

Most of the cobalt(II) complexes have large values for
0, the Weiss constant. Figgis and Lewis (51) state that
large values of O indicate that the excited states lie far
enough from the ground state that they may be '"thermally
occupied" at the temperature in question. In addition,
Cotton and Wilkinson (70) state that large values of O

can possibly be explained in terms of strong "interionic or
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intermolecular interactions".

According to Barefield and Busch (69), high spin
6-coordinate, 5-coordinate, and 4-coordinate nickel (II)
complexes have magnetic moments of 3.0-3.3, 3.0-3.45, and
3.45-4,0 respectively.

The nickel(Il) complexes of S-phenyltetrazole, 5-o-
chlorophenyltetrazole and S5-p-chlorophenyltetrazole may be
6-coordinate,

However, the nickel(II) complexes of 5-p-methoxyphenyl-
tetrazole and 5-p-chlorobenzyltetrazole may be 4-coordinate.

The magnetic moments of the nickel(II) complexes are
vervy temperature dependent and the Weiss constanst are quite
large for these complexes.

The magnetic moments at 295° of 1.35 B.M. and 1.06 B.M,
for the copper(II) complexes of S-phenyltetrazole and 5-p-
methoxyphenyltetrazole are unusually low and may be due to
copper-copper interactions. Kato et al. (71) tave classified
copper-to-copper magnetic interactions as either direct
intcractions or super-exchange interactions. Direct inter-
actions involve metal-metal bonding similar to that found in
copper(I1) acetate monohydrate. Super exchange interactions
are more common when a ligand acts as a bridge between the
mctal ions of 1.96 and 1.75. The magnetic moments of copper(II1)
complexes of 5-o-chlorophenyltetrazole and 5-p-chlorophenyl-

tetrazole are within the expected range of 1,7-2.2 for
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copper(I11) complexes, The magnetic moments of the copper(II)

conplexes are very temperature dependent and the Yeiss
constants arc very largpe.

The magnetic moments of the chromium(IITI) complexes
arrce with the expected value (51) of 3.87-5.29., The
chromium(III) complex of S-=p-methoxyphenyltetrazole lhias a
mapnetic moment of 3.06 at 2950. This observed moment is
lower than expectced and may be duc to dircct metal-mctal
bonding or super exchiange interaction by analogy with the

copper(II) complexces.

CED + B s
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Table XXVI, Marnetic Moments © of the Cobalt(TT7) Niclel(TT),
and Copprer(I1) Comnlexces of Various

Chromium(TIT),

5=Substituted Tetrazoles

Compound

295°K 195°¥ 77°K 0 (°k)
Co(5=n=C1CeH,CN,) 5 0,0 5.36 4.98 3.94 105
Co(H-CalloCN,) 51150 4.09 3.91 3.07 115
Co(5=-p=Cl40CL1,CN,) 5 150 3.89 3.83 3.43 25
Co(5-0=C1CgH,4CN,) 9+ Hp0 4,99 4.57 3.89 130
Co(5-p=ClCgH,CHoCN,) 5150 4,82 4,45 3.69 100
NT(H=CellgCN,) g gelip0 3.07 2.90 2.43 80
N1(5-0-C1CglI4CNg)p g H 0 3.12 3.12 2,44 85
N1(5-n=CICH,CN. )y geHy0 3.35 3.12 2.54 100
N1(5-p=CH40Cgl,CH )  geH)0 3.83 3.49 2.65 225
Ni(H-n=ClC N, CHoCNg) ) g0 3,60 3.57 2,52 —_—
Cu(5-0-C1Cl4CNg) 2N 20 1.96 1.80 1.42 100
Ca(5-n=C1CaH4CNL) 2150 1.75 1.56 78 —_
(:u(S-(:(IH,)(tN[‘)(m!) 1.34 1.01 VAL 300
Cu(5=-n=Cl30CH,CN,) (O11) 1.06 1.39 .75 —
Cu(5=np=C1C14CilpCMN,) 2 3H20 1.05 .73 2006

Coantinued
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Table XXVT, « Continued

Comnound 295°K 195°F 77°¥ 0 (°K)
(?r(S-n-()ll'30(26HACN,‘)20]!-6!120 3.06 3.15 3.G4 9]
Cr(5-p=C1Cql,CN,) 0l *4H,0 5.33 4,82 3.60 207
Cri{5=-CgNoCN,) 0N 4H,0 4,68 4,17 3.14 216
Cr(5-0-C1CH,CN,) 5041150 3.91 3.77 3.12 7%
Cr{b=p=ClC 1, CH,CN,) 50l 61,0 5.22 4.99 4,60 150

in units of RBohr Maenetons



Electron Spin Resonance Spectra

The esr parameters for the copper(II) complexes arc dis-
played in Tabhle XXVII. The gavg values of 2,12 to 2.15
for these complexes compare very favorably with the gavg
valﬁcs of copper(I1) complexes with other nitrogen donors
(66). Likewise, the gl and gll values arec similar to the
gll and gl values found for the copper(II) complexes of
pyridine, 4-cyanopyridine, and pentamethylenetatrazole (66).

Unfortunately in the absence of any accurate estimation
of ﬁL, the extent of tetragonal distortion is difficult to
estimate. However, the value of [gll - gL], which 1is a
measure of splitting within the eg level is almost directly
proportional to the extent of diviation from octahedral
symmetry (67).

Tt 1is proposed that no signal 1is séen with the undiluted
copper(lI) complexes of 5-p-chlorophenyltetrazole and 5~
phenyltetrazole due to spin-spin broadening. Similarly, the
broad unresolvable band found for the copper(ll) complex of
S-p-methoxyphenyltetrazole is possibly due to spin-spin
broadening.

The temperature dependence of the 95:1 (Zn:Cu) sample is

rather unusual and is not readily explainable.

The esr spectra of most of the cobalt(II) complexes are
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very complex., It was impossible to calculate g values for
these complexes with the exception of bis(5-o-cilorophenyl-
tetrazolato)cobalt(Il) monohydrate. This complex shows
rather unusual behavior., Apparently the g value changes

with tenperature. The g values of 2.55, 2.82, 2.87, and 3,01

at -40° ¢,-100° ¢, -130° ¢, and -160° C. This increase in

## values with a decrease in temperature may be due to structural

chanpes which accompany changes in temperature,

The esr spectra of the chromium(III) complexcs are
displaved in Table XXVIII. The gavg value of 1.98 is similar
to that of other octahedral chromium(III) complcxes (68).

The esr spectra of the nickel complexes consisted of

unrcsolved bands.
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~-40° to -100°

-120°

-130°

Fipure 11, FESR Spectra at Various Temperatures of
Bis(5-p-Chlorobenzyltetrazolato)
Copper(II) Trihydrate Diluted by a
Factor of 95:1 (Zn:Cu)
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Fierure 12, A Comparison of the ESN Snectra
at =-160° of the Conner(II) Comnlexes
Diluted by 1000:1 (Zn:Cu)
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