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SUMMARY

The association of pentavalent molybdenum in aguecus HC1l and HBr
has been studied using the technigues of ultraviolet and visible spectro-
photometry and magnetic susceptibility measurements utilizing the Gouy
method.

The soluticns studied were prepared by dissolving (NHu)QMoOCl5 in
various HCl solutions and (NHH)EMOOBPS in HBr. Concentrations ranged
from about 0.001 to 0.1-0.2 F in HBr in total molybdenum concentration.
The magnetic susceptibility experiments required the more concentrated
sclutions.

In each concentrated acid the magnetic susceptibility of the
molybdenum (V) had the characteristic values, 1255 x lO_B(gm atom)_l in
HC1l, and 1360 x lO_B(gm atom)—l in HBr. These values are attributed to
MoOCl; and MoOBr;, respectively. The magnetic susceptibilities of solu-
tions containing a fixed molybdenum ccncentration were found to decrease
to very small values in dilute acids with the major decreases cccurring
in 7 to 4 P HC1 and 8 to 5.5 F HBr. This reduction in paramagnetism had

been previously attributed to the formation of dlamagnetic dimers.

An equation,
A/C0 = sD/Z -=f— =z /CO .

which holds for a monomer in equilibrium with any number of dimers, was

derived for treatment of the spectrophotometric data. In this equation,
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A is the absorbance of a sclution at a given wavelength; Co is the total

concentration of molybdenum, expressed as monomer, MoOBrZ or MoOClS; €

M
is the extinection coefficient of the monomer(s}; K is the overall dimer-

ization {the sum of the equilibrium constants for &ll of the individual

dimerizations); €. 1s a weighted extinction coefficient for all of the

D
associated species, considered to be dimers; and Z is defined as A - CO.
Absorbances of the solutions of Mo(V) in 5-12 F HCl and in 5 to 8.7 F
HBr are described by this equation, as verified by the linearity of a
plot of A/CO versus Zl/z/Con In such a plot the intercept is ED/Q and

the slcpe is

£E_-2¢

from which K and ¢ can be obtained. The results obtained are: 7.01

D
F HCL, K = 0.80, e = 50; 6.49 F HCL, K = 1.44, e = 110; 5.96 F HCL,
K = 2.02, e, = 312; 4.98 T HC1, K = 48, ¢ = 244; .01 F HC1, K = 7.0
x 10°, e, = 603 6.99 F HBr, K = 7.2, g = 1483 6.50 F HBr, K = 42, e =
182; 6.11 F HBr, K = 235, ¢_ = 88.

D

The magnetic and spectrophotometric results suggest that there
are a series of three or more dimers involved in each media as the
acidity is lowered from 12 to 5 T HCl and from 8.7 to 5 F HBr. In each
case, the first dimer is paramagnetic and it first obtains a detectable
concentration around 7.5 to 7 F HC1l and 8 F HBr. The second dimer en-
countered in each of the systems always occurs in equilibrium with the
preceding dimer; however, 1t cobtains its maximum concentration in 5-~6.5

F HC1 and 5 to 7 F HBr. The second dimer is responsible for the large
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increase in absorption intensity observed with decreasing acidity at the
wavelengths used in this study and is diamagnetic. This is reflected in
the large increase in intensity cbserved In these solutions. The de-
creases in € obgerved in the 5.98 and 4.01F HC1l and 6.11F HBr solutions
are due to the occurrence of dimers, also diamagnetic, that do nct absorb
at the two wavelengths., In solutions of 5F HBr and below 4P HC1, the
Beer-Lambert Law is obeyed, indicating no further polymerization., All
species present at these lower acidities are diamagnetic.

There has been considerable uncertainty about the nature of the
species present in ceoncentrated HBr and since the results of the absorb-
ance and magnetic measurements strongly suggest the existence of meno-
meric and dimeric species analogous to those in HCl, efforts were made
to establish definitely the nature of the molybdenum species in concen-~
trated HBEr. Attempts to determine the ultraviclet and visible spectrum

in a KBr pellet were unsuccessful due to the extreme

of (NHH)QMOOBPS

hygroscopicity of the compound. The relatively non-hygroscopic compound,
N) MoOR

(CgH8 )2 o0Br,

solid (CgHBN)QMOOBr

was prepared and its spectrum determined. The spectra of
5 in KBr, was found to be virtually identical with
that of Molybdenum (V) in 8.7F HBr.

It was observed that the compounds, (NHq)QMoOCl and (NHq)QMOOBP

5 57
reacted with ethancl and acetone to yield solutions contalining molybdenum
and chloride, or bromide, ions, and a tan solid. In the acetone solution,
it has been established that there are four chlorides per molybdenum atom
The solids have been 1dentified as NH4C1 or NHHBP, obtaining their dis-

coloration due to small amounts of occluded molybdenum. The solutions

contain molybdenum in a paramagnetic state. This behavior has been



NN

interpreted in terms of the existence in these solutions of (MoOClq)
or (MoOBru); which would be paramagnetic dimers.

These dimers could arise in the following manner:

+ =
zNHu + MOOX5 _ (MoOXq) + QNHMX(S)

Nl

in which X is either Cl or Br., The possibility of the species being
monomeric, MOOX; or MoOXu(solvent)_, arising from the reaction,

+ = -
NH4 + MoOX5 + solvent —— MoOXu(solvent) + NHuX(S) .

cannot be entirely discounted.

It was possible to show further that the species, MoOEr;, in
fact, is the predeminant species present in 8.7 T HBr by examination of
the intensities of the absorption spectrum of (C9H8N)2M00Br5 in acetone
and comparing them with those of Mo(V) in concentrated HBr. This was
made possible by the lack of decomposition of (CgHBN)QMoOEr5 in acetone.

It is concluded, therefore, that the asscciaticn of Molybdenum(V)

in HCLl and HBr involves several equilibria in the range, 12 to 5 F HC1

and 8.7 to 5 F HBr, with the first twe equilibria being postulated as

2MoOX5 EE— (MoOXq)Q + 2X

= -y +
(MoOX, ), + H,0 ———— (Mo0X ),0 " + 2H

The sum of the two reactions yields the equaticn representing the second
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dimerization step,

u

OMoOX. + H.0 ——— (MoOX ). 0 & + 2H' + 2% .
5 — o

2

Equilikbrium constants, expressed In concentrations, for the twe

dimerizations are expressible as

[(MoOXu)éj
Ky = =2
[(M00X5) ]
and
[(MoOX ),.07 "1
© g
K2=

=.2
[MOOXSJ

for given HC1l or HBr concentrations. The dimeric (MOOXH)Z ion is para-
magnetic and the (MoOXu)QO_u is diamagnetic. There are also other
species invelved in 5 T HC1 and 5 F HBr and still others at even lower
acid concentrations. No effort was made to study these.

Combining the magnetic and absorbance data, and in the case of
Mo(V) in HCl, activity data, it was possible to obtain estimates of the

equilibrium constants, K. and K2: 5 HC1, K, = 12, K, = 33; 6 P HC1, K, =

1 1 2 1
3.5, K, = 2.63 6.5 F HC1, K, = 2.4, K, = 1.2; 7 F HCL, K, = 1.1, K, =
0.21; 8 F HCl, K, = 0.35, K, = 0.02; 9 F HCl, K, = 0.12, K = 0.00; 6.99
F HBr, K, = 3.9, K, = 3.3; 6.50 F HBr, X, = 10, K, = 32; 6.11 F HBr,

K, = 20, K, = 215,

The structure cof the (MODXH); ion is postulated to involve bridg-

ing through the halogens, with an electron distribution around the molyb-
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denum atoms being very similar to that of the mcnomer, MOOX;. The
(MoOXu)QO_u would contain an oxygen kridge, allowing for the ohserved
diamagnetism by way of a super exchange interaction through the

Mo-0-Mo linkage.



CHAPTER I
INTRODUCTION

Interest in the nature of solutions of pentavalent molybdenum in
HCl and HBr began with the observation that solutions of molybdenum (V)
in HCl changed cclors when the concentration of acid was changed (1,2,
3,4). The colors noted were amber in 0.5—3.5 I HCL, brown in 3.5 to
7.3 I' HC1, and green in soluticns above 7.3 F HC1l (3).

These facts have been interpreted in terms of equilibria between
a monomeric speciles, MoOCl;, and a series of dimers which arise as the
concentration of acld is lowered, The dimerization is reflected by a
decrease In paramagnetism and increased absorption in the visible spec-
trum.

Molybdenum (V) solutions in hydrobromic acid alsc inveclve equi-
libria that are manifested by color changes as the acid concentration 1s
changed; yellow in 7.5 to 8.7 F HBr, dark brown in 5 to 7 T HBr, and
amber belew 4 F HBr. The changes in the abscrption spectra have not
lent themselves sc readily to interpretation as they have in HC1l, and
little is known about the magnetic behavior of such solutions, although
there i1s a decrease in the paramagnetism of the molybdenum as the acidity
ig reduced.

Studies of the equilibria in 5 to 8.7 F HBr and 5—12 F HC1l will
be made in some detail wusing spectrophotometric and magnetic techniques.

James and Wardlaw (5) and Angell, James and Wardlaw {(6), using



freezing pecint, csmotic, and conductivity data, pestulated hydrolyses

of the following type occurring in aqueous solutions:
+ + -
R2M00X5 + BHQO — MoOQ(OH) BHQO + 2R + 3H + 5%

RMOOX, + 5H,0 — Mo0,(0K)<3H,0 + rRY 4+ s’ o+ ux”

X can be either Cl or Br, and R is K, NH , Li, Rb, C_H. N, or C_H_N

u? B 5 98

Their data can be explained just as well, however, by postulating poly-
meric species instead of monomers as the hydreolysis products.

Cn the basis of the visible and ultraviolet spectrum of Mo(V) in
HC1l, E1 Shamy and others (7,8) postulated the existence of at least
three species, some of them polymers, in the solutions.

Souchay and Simon (9) propesed that the species present in con-
centrated HCl was the MoOC1l. ion. This ion was in equilibrium with a

5

in the range, 3.5 to 7 F HCl, and this dimer was in

dimer, M0203C12,

equilibrium with a tetramer, (MOO;)H’ in lower acid concentrations.
Magnetic measurements (10,11,12,15) cn molybdenyl oxyvhalide
have indicated magnetic moments that

salts of type, R MoOX5 and RMo0X

2 y?

are in accordance with the spin only formula for an atom containing cne
d electron. The varicus values for the magnetic moments are tabulated
in Table 1.

Since the pentavalent state of molybdenum is paramagnetic, Sacconi
and Cini (13) studied the paramagnetism of Molybdenum (V) in hydrochloric
acid solutions as a function of HCl ceoncentration. The value of the

atomic magnetic susceptibility of the molybdenum in concentrated HC1l, 8



Reference (15).
Reference (12}.

CReference (10).

b

dMeasured over the temperature range, 90—300°K.

Table 1. Tabulated Values for Magnetic Moments
of Mclybdenyl Oxyhalides.
Magnetic Magnetic
Moment Temp. Moment Temp.
Compecund (B.M.) {°K) Compound (B.M.) (°K)
RQMOOClS: RMoOClu:
K, Mo0C1, 176209 540 Rb¥o0CL, 1,740 300
(NH,)Mo0CL, 1.7:29 500 CsMo0CL,, 1.63° 300
(C_H_N)_Mo0Cl 1.9 300 C_H_NMoOCl 1.73P 300
978" 2 5 . 65 4 .
1.70 300 CyHglMo0CL, 1.73 300
Rb_Mo0C1 1.68° 300 (C.H_)NH_MoOCL 1.74229 300
2 5 bos 25/ g 4
1.69°° 300
(C_H_N)_MobCl 1.75°% 300
65 7’0 5 ad
1,742 300
Cs Mo0C1, 1.72P 300
((CHS)NHS)MoOClS 1.7ub 300
_ b
((CH,) NH, )MoOCL,  1.72 300
RQMOOBP5: RMoOBru:
(C_H_N).MoOBr 1.80°% 300 (C_H_N)MoOBr 1.78° 300
65 72 5 4 65 n 5
1.82% 300 1.76%> 3200
1.67° 300 (CgH N IMo0Br, 1.77¢ 300
(CHgN) MoOBr, 1.72° 300 1.762*9 300
1.80%% 300
(NH,, ) ,MoOBr 1.72%9 300
Cs,MoOBr, 1.73P 300
Rb, MoOBr 1.73P 200
a




to 12 ¥, was very close to the values for molybdenum in solid compounds.
In the concentration range of 8 to 2.5 F HCL they cbserved a sharp de-
crease in susceptibility. Below 2.5 F HC1l all of the paramagnetism had
disappeared. These data were interpreted in terms of a paramagnetic
menomer, MoOCl;, existing alone in 12 to 8 F HCl and in equilibrium with
a diamagnetic dimer in 2.5 to 8 F HCl. The reduction in paramagnetism
was caused by "pairing of the spins" of the molybdenum atoms as they
coupled together to form the dimer. In the acid concentrations below 2.5
F HC1 all of the monomer had disappeared and only diamagnetic species
were present.

Babko and Getman (14) used spectrophotometric, electrophoretic,
and extraction data to study the equilibria in HCl. They postulated the
existence of only monomers throughout the HCl concentration range and
estimated equilibrium constants for the various reactions. Their re-
sults, however, could be interpreted in the same manner as Souchay and
Simon's (9).

Garside (15) studied solutions of Mo(V) in HCl and HBr in the
same manner as Sacconi and Cinl (13). Results analogous to those of
Sacconi and Cini (13) were obtained (the susceptibility of the molyb-
denum at the highest acidities being very near the wvalue for Mo(V) in
golids, and a large decrease occurring between 8 and 6 F HBr and 7 and
3 F HC1l, with negligible values at lower acldities}. HNo concentrations
of Mo(V), however, were specified. He also reported values of the mag-
netic susceptibilities of various sollids containing the MoOCl; and
MoOBr; ions over a temperature range.

Jakoh (16) and others alsc observed that the paramagnetism of



Mo(V) sclutions decreased when the concentration of HC1l was lowered.
Changing the temperature of the solutions resulted in a shift of the
equilibria as manifested by changes in the observed paramagnetism,
Polarographic studies confirmed the presence of dimers at low HC1l con-
centrations.

Haight (17) believed that the large increase in absorpticn in-
tensity of Mo(V) In 5—7 F HCl at the wavelength of 450 mp could be
explained by a menomer-dimer equilibrium. Using absorbance data at
that wavelength he calculated values for the equilibria in 5 to 6 F HCI,
He proposed an oxygen bridged structure, formulated as (MoOClu)QO_u, as
the dimer in equilibrium with MoOClZ( Other dimeric forms were involved
as the concentration of HCl was lowered below 5 F.

Gray and Hare (18) showed that the spectrum of molybdenum (V) in
9 to 12 T HCl was essentially the same as the reflectance spectrum of
solid (NHH)QMOOClS. They accounted for the visible and ultraviclet
spectrum of the MoOClg ion using semi-empirical molecular orbital calcu-

lations based on a C symmetry model. Using this scheme, absorption

L~
maxima in the visible region occcurring near 14,000 cm-l (720mu) and

23,000cm—l(435mu) were assigned to the transitions B2 — EBEamd B, — Bl’

2
respectively. Three prominent transitions in the ultraviclet region
near 26,700 cm"l(375mu), 32,1oocm'l(312mu), 35,7000m=l(280mu) were as-
signed as charge transfer bands. The transitions in the visible region
increase profcundly in intensity as the concentration of HC1l is lowered
from 12 F to 5—6 F.

Hare and co-workers (19) studied solutions of Mo(V)} in HC1 by

means of electron spin resonance. Combining their results with those of



Sacconi and Cini (13), they established the presence of a second para-
magnetic species (dimeric) in the 8 to 2 F HC1l range. It must be noted,
however, that they used sclutions of concentration,0.03 F Mo(V), con-
giderably more dilute than the concentration, 0.34 F, used by Sacconi
and Cini (13), and hence the amounts of various species they reported
are actually rather crude estimates. It was concluded that the para-
magnetic dimer was the same one studied by Haight (17). This work also
reported values cof the magnetic susceptibility of solid (NH4)2M00C15
over a temperature range.

Wentworth and Piper (20) studied spectra of the ions, MoOXZ in
which ¥ is Cl, Br, or I, in various host crystals. They directed their
attention, however, mostly tc the MoOCl; ion. They observed that the
band near lu,000cm_l was electronic in origin, and the band near 25,000
cm—l was vibronically allowed.

The nature of the molybdenum species in concentrated HBr has been
subject to some controversy. J. F, Allen and Neumann (21) indicated that
the predominant species in concentrated HBr was dimeric, (MoOBru);, by
interpretation of absorbance data for the equilibrium between Mo(VI) and
Mo(V) in HBr (HBr reduces hexavalent molybdenum to pentavalent molyb-
denum) and by the observation that the ultraviclet and wvisible spectrum
of selid (NHu)zMoOBrS, in KBr, bore little resemblance to that of
solutions of Mo(V) in concentrated HBr. Other absorbance data indicated
that all of the species in HBr were dimeric. On the other hand, E. A.
Allen and others (12) alsoc asserted that the spectrum of Mo(V) in con-
centrated HBr was that of the MoOBr_ ion by reason of its analogy to

5
the spectrum of MoOCl; in concentrated HCL.



Mitchell studied the chemical, magnetic, and spectrophctometric
properties of various dipyridyl complexes of Mo(V), MOOQCl(dipy),

50 Cl (dlpy) MoOClB(dipy) (22}, and of K(MOOQCQO,)Q 5H,0 and
Ba(MoOQC204)25H 0 (23). The atomic susceptibility of the molybdenum in
MoOClB(dipy) corresponded to that of the spin only formula for one
electron; however, the magnetic moments of the other two pyridyl com-
plexesz were unusually low, a result he attributed to polymerizationm.
The two oxalate complexes were diamagneticy a fact which led him to
propose that the compounds should be formulated as a dimer,

[Mo Q (CEOM)Q(HQO)QJ , containing two oxygen bridges.
The X-Ray studies of Sands and Zalkin (24} revealed that the
paramagnetic molecule, MoClS, is dimeric in the seclid state, although

it exists as & monomer in the vapor. Bridging occurs through the

chlorines,

Cl
Cl\l \
MOI::::i ,/””
Ccl
Cther X-ray structural werk (25,26} on diamagnetic compounds
containing pentavalent molybdenum has established the presence of
oxygen bridges. Cotton and others (25) determined the presence of a

single, linear, oxygen bridge of length, 3.72 angstroms, between the

twoe molybdenum atoms in [(CQHSOCSQ)QMOO]QO,



Q
() ——

X represents the C2H50C82 greup. Cotten and Morehouse (26) found a

ion,

double oxygen bridge in the (MoO(CQOu)HQO)QO2

The Mo~Mo distance was 2.541 angstroms. The diamagnetism apparently
resulted from a Mo-Mo bond in the latter case and a Mo-0-Mo interaction

in the former case.



CHAPTER II

EXPERIMENTAL

A. Magnetic Measurements

The Gouy method was employed in determining the magnetic sus-
ceptibilities. In the Gouy technique the experimentally determined
quantity 1s a force, f, that is measured on & balance of suitable sen-
sitivity and is related to the susceptibility per unit volume, X of

the material under investigation as
1 2 .2
== -H
f 5 va(H O)

where the additional quantities are: A, the cross sectional area of
the sample and A and}%)which are the field strengths at the center of
the space between the magnet poles and at the upper extremity of the
sample when the sample is inserted in the fleld, respectively. Usually,
the sample is of such length thatbg is negligible; however, in these
experiments H was about 800 gauss. The force is measured as the differ-
ence in welghts of the sample, suspended between the magnet poles, when
the magretic field is off and when the magnet is excited.

Since the quantity that 1s related tec molecular structure is the
molar susceptibility, Xy it is necessary to convert the susceptibility
per unit volume to the molar susceptibility through the following rela-

tionships:
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Xy = FW'XS = Fw'xvd
where Xg> the specific susceptibility or susceptibilility per unit mass,
is related to Xy by the density, 4. FW is the formula weight of the
sample.

Since it Is difficult tc measure the magnetic field strength
accurately, the usual procedure is to calibrate the system with a

material of kncwn susceptibility. The modified equation is now

where o is the quantity, %A(HQ—HS). As lcng as the sample has the same
area and the same field strength is employed, the simplified equaticn
may be used.

Since the sample under investigation was placed in a glass tube
it was necessary to allow for the effect of the glass on the force.
This was done by measuring the force on the tube when empty and then
measuring the force on the tube when filled with the sample to a
fiducial mark. The difference in the two forces will give a value for
the force on the sample that Includes & contribution from the air in
the empty sample tube. The effect of the air was calculated from Soné's

data (27} by the equation,

air S Ta

where xg is the specific susceptibility of the air and da iz the density



11

of air.

The apparatus for the magnetic studlies consisted of two Newport
electromagnets, four inches in diameter, wired in series and mounted on
a yoke. The pole faces were conical in shape, with faces two and one-
half inches in diameter. Power was delivered to the magnet assembly
by a Newport Type B Mark II Power Supply.

Operating conditions involved a direct current of about nine
amperes which produced a field of about 11.9 kilogauss when the gap be-
tween the pole faces was set at about 25 millimeters. Current control
was achieved by measuring with a potenticmeter the voltage drop across
a precision resistor inserted in one branch of the output circuit. In
practice the cutput of the power supply would be adjusted until the
galvanometer registered no deflection from a predetermined setting,

The sample centainer for solutions was a single ended tube con-
structed from a piece of Fischer Porter precision bore tubing, three-
eighths ¢f an inch in diameter. The sample ccntainer was calibrated
with deaerated, distilled water (28) and occasionally with a 10.10 per
cent (weight) NiCl2 solution (29).

A much smaller diameter tube, which was calibrated with HgCo(SCN)u
(30), was used for measurements on solids. It was constructed of pyrex
tubing, about one-eighth inch in diameter.

The forces on the sample tubes were measured with either a
Christian-Becker or a Mettler autcmatic reading semi-micro balance.

The densities of the solutions used in the magnetic measurements
were determined in a pycnometer that had been calibrated with boiled,

distilled water. The densities of the solids were determined directly
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from the weight of material required to fill the sample tube to the

reference mark.

B. Absorbance Data

The absorbance data used for quantitative measurements were ob-
tained on a Beckman Model DU Spectrophotometer, using either a hydrogen
or tungsten source. Silica cells of path length 1, 5, and 1C centimeters
were used.

Qualitative spectra were obtalned on a Cary 1% Recording Spectro-
photometer.

Spectra of sclids were obtained by forming a KBr pellet contain-
ing the compound. The pellets pressed involved small amounts (usually
fractions of a milligram) of the compound of interest in about 150 mil-
ligrams of ¥KBr. The resulting pellet was about 0.5cm in diameter and
0.02cm in thickness. To minimize the absorption of moisture, the KBr

was kept In an oven and the grinding was done in an agate mortar.

{. Synthesis of Compounds

(NHH)QMOOCl5 was prepared by the reduction of ammonium paramolyb-
date, (NH“)6M07024-4H20, with hydrazine. Specifically, 17.7 grams of
ammonium paramolybdate was dissolved in 100 cc of concentrated HC1 to
which was added 3.5 cc of 64 per cent (weight) hydrazine solution. The
solution was heated until evolution of nitrogen stopped. Upcn conclu-
sion of the reduction, 5.35 grams, 0.1 mole, of NHQCl was added and the
mixture cooled. Green crystals of (NHq)QMoOCl5 precipitated. The

material was recrystallized from hot water that had been saturated with

hydrogen chloride gas. The (NHH)QMOOCl5 was stored in a vacuum desic-
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cator over potassium hydroxide. Analysis of the crystals showed:

NH, Mo £l
Theoretical 11.11% 29.,49% 54,48%

Found 11.62% 29.9% 54.29%

(NHM)QMOOBP could be prepared merely by heating a sclution of

5
(NHH)6M07OQH-4 H20 in concentrated HBr since 1t has been shown that

Mo(VI) is reduced to Mo(V) by HBr (21). TFifteen grams of ammonium
paramolybdate were dissolved in 100 cc of concentrated HBr and the
solution was evaporated until dark brown crystals began to appear.
The dark brown (NHH)QMOOBPS is very hygroscopic and the crystals

darkened rapidly upcn expesure to air. It was stored in a vacuum

desiccator over both KCH znd stou' The analysis showed the folleowing:

Mo Br

Theoretical 17.52% 72.97%

72.25%

ol

Found 17.8

(C_H.N).Mo0OBr_ was prepared by dissolving 18 grams of MoO3 in 100 cec of

98 72 5

concentrated HBr. The solution was heated for several hours. Upon ad-
dition of 35 cc of guinoline in 100 cc of boiling, concentrated HBr,
yellow-brown crystals precipitated. These crystals were washed with
concentrated HBr and air-dried on a fritted plate. The crystals are
only slightly hygroscopic. The material was stored over KOH and HZSOJ+

in a vacuum desiccator. Analysis of the material showed the following:
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Yo Br

Theoretical 12.43% 51.77%

Feund 12.3 % 50.32%

The rather low value for the analysis for the bromide content probably
reflects a difficulty in the analysis rather than the presence of an
impurity. It was iImpossible to prevent the precipitation of molybdenum
blue when the compound was dissolved and some of the bromide ion was

probably occluded to the =olid,

D. Analytical Procedures

The ammonia was determined by the Kjeldahl procedure in which a
weighed sample is dissolved in concentrated NaOH and the ammonia is
distilled off into a trap containing 0.1F HCl. The HCl was back
titrated with standard NaCH.

A spectrophotometric technique was used tc determine the molyb-
denum. A weighed sample was dissolved In 6.5 F HCl and the absorbance
measured at a wavelength of 7000 angstroms. The concentration was read
from a previously prepared calibraticn curve. The analyses were simi-
lar for the chloride and bromide compounds except that the 6.5 F HC1
soluticn alsc contained two per cent by volume concentrated HBr in the
latter case.

The chloride and bromide analysis was based on a potentiometric
titration with 0.10CCF AgNO3 sclution using a silver electrode against
a glass electrode. The sample was dissolved in chilled 1F HNO, and

3

titrated as soon as possible,
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E. Solvents

Hydrobromic acid, unlike hydrochloric acid, is oxidized by the
air and must be distilled before use. The product of the air oxidation
is the tribromide ion, Br;, which has a characteristic absorption peak
near 267 millimicrons. The hydrcbromic acid, Baker AR grade, was dis-
tilled over powdered red phosphorous. The constant bolling mixture had
a concentration of abcut 8.6 to 8.8F, depending on the barometric pres-
sure at the time of distillation. It was stored in a polyethylene
bottle and was stable for at least two to three weeks, as noted by the
absence of the peak at 267 millimicrons.

The acetone that was used was Baker Reagent grade which was

purified by storage over CaClQ, and then CaSo It was distilled from

"
CaSOL+ and used Immediately.
All other solvents were either Reagent grade or Analyzed Reagent

grade and were used without further purification.



16

CHAPTER TII

THECRETICAL

A. Treatment of Absorbance Data

Consider an equilibrium situation characterized by a monomer,

M, in equilibrium with dimers, Dl’ D2, P ey Dn as formulated by the
equilibrium constants,
K = [D,1/[M1%, Kk, = [D,1/[¥1%,  «_ = [p. 1/[M]2 (1)
1 1 ? 2 2 ? n n >

in which all concentrations are expressed in formula weights per liter.

The total concentration expressed in terms of menomer is
C, = (] + 2[Dl] + 2[D2] el 2[Dn] (2)

and the abserbance of such a sclution, for a light path of cne centi-

meter, is given by
A= EM[M] + El[Dl] + 52[D2] e, t sn[Dn] . (3)
Equation (2) may be rewritten as

_ 2 2 2
c0 = [M] + 2Kl[M] + QKQEM] ee. + QKn[M] (L)
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1t

[M] + 2[M]2(Kl £ K, e K)

Ml + 2[¥1° K

where K is the sum of the equilibrium constants,

K=K, + K. ... +K (5)

Similarly, Equation (3) may be rewritten as

a=
It

sM[M] + lel[M]2 + EQKQEMJQ ces + EnKn[M]2 (6)

2
EM[M] + [M] (ElKl + 62K2 e + enKn)

Now multiply the second term by K/Kj

K K K

_ 2 1 2 n
A = EM[M] + [M] K(el x + 52 x v + En 7?0
we obtain
A= e [M] + [M]°Ke (7)
M D

where the expression in parenthesis is deflined as €n>

K K K

_ 1 2 n
£y = (el n + €5 X + ...+ £ X ) (8)
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Dividing Equation (7) by (4), the following is obtzined:

e [M] + [M]zKeD ey + [HIKe

M M
A/C = = . (9)
o} [v] + 2K[M]2 1+ 2K[M]
Rearranging and solving for [M],
[M] = A - COEM - Z
K(eDco - 24) K(EDCO - 2A)

in which 2 is defined as the quantity, A - ¢ CO. Inserting this equa-

M

tion in Equaticn (4), we obtain

Z 222

c = + 5
K(e .C - 2A)

o K(EDCO - 24)
Do

which, after multiplying through by K(EDCO - 2A)2, yields

KC (C e, - 2A)2
(o] (o]

D Z(Coe - 2A + 27) (10)

D

Z(Cos - 2A + 2A - QEMCO)

D

ZCO(ED - QEM)

Doing the indicated cancellation,

- 2A)2 = Z2(e -2¢ }/K (11)
D M

(COED
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appears. Taking the square rcot, we obtain

1/2 172
) Z (12)

and after some mere rearranging, the final result obtained is

/2 1/2

———?;———J Z /cO (13)

Hence, for any number of dimers in equilibrium with a monomer,
Equation (13) sheould hcld and a graph of A/C_  against Zl/
L €p - 28y L/2 ©

linear with a slope of - E{—E—K——Ji) and intercept ED/Q. To obtain

2/CO should be

a value for Z, it is necessary to determine Eap which is evaluated by
measuring the absorbance of a solution in which the monomer is the
only absorbing species. The value of K obtained by this treatment, of
courge, is the sum of all the individual equilibrium constants unless
there 1s only one moncmer-dimer equilibrium.

An equation similar to (13) holds for the case in which Z is
negative; in this case, one obtains

1/2 1/2
—) 2 e, (14)

B. Susceptibility Data

For liquids and scolids, the relation,
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is used as it stands in computing the susceptibility; however, in
calculating the susceptibility of a solute in solution, the effect of
the solvent must be determined and subtrzcted from the observed force
on the solution. Tor a sclution, the force, fs, that 1t experiences

is given by

f o=x a , {15)

1
where XVSOl U is the susceptibility per unit volume of the solution.
Assuming the magnetic effect to be a molecular property, the following

egquation holds:

sol'n
vV

A B
= +

Xylal + xy[B] (16)
. . A B il e e
in which Xy and Xy are the molar susceptibilities of the solute and
solvent, respectively, and [A] and [B] are their concentrations as
formula weights per cubic centimeter of solution. Equation (16) may

also be written as:

sol'™n

XB(TAT FW,) + xo([BI-£W) (17)

A, B
*gWa T XgMy

in which Xg, Xg are now the specific susceptibilities cf the solute and

solvent, respectively; FW refers to thelr formula weights, and W, and
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wb are their respective concentrations, expressed now as grams per cc of

solution. Since
w = d*p (18)

where 4 is the density of the solution and p is the weight fraction of

the component of Interest, then

scl'n

A B

Hence, the contribution of the solvent te the force is
' = xé p'da (20)

where the primes now refer to the solvent. The susceptibility per unit
volume of the solute in seclution, x;, may be cbtained, therefore, from

the equation
Xy = ——— - (21)

The molar susceptibility of the solute is, therefore,

XII'
i (22)
C

Xy

where ¢ is the concentration of the solute in formula weights per cc

of solution.
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CHAPTER IV

RESULTS

A. Magnetic Measurements

In the measurements on solutions the value of the constant, o,
for the Gouy Balance underwent some variation, since the measurements
were made over a pericd of a year and one half. Its value was on the
crder of 44,00 x lO6 mg cc. It was checked very frequently during a
given series of measurements.

The calibration constant for the measurement on solid (NHH)QMOOBPB

was 7.212 x 106 mg cc.

All magnetic measurements were carried out at a temperature of
23 * 2 degrees Centigrade.

The susceptibilities of the molybdenum in solution are presented
as the atomic susceptibility of pentavalent molybdenum and were calcu-
lated on the basis of all the molybdenum being mconomer. The values for
the specific susceptibilities of the various HCl and HBr solutions were
taken from Cini and Percicne (31l) cor determined in this laboratory. The
diamagnetic increments used for determining the atomic susceptibility,

8 6

XMo * of the molybdenum were: Mo - 12 x 10 ; C1 - 22.9 x 10 ;

6 = 6

Br - 36 x 10 3 0 - 12 x 10 NH: - 11.5 x 10°° (32). The sum of the

diamagnetic corrections for (NHq)QMoOCl and (NHq)QMOOBr is - 173.5 and

S 5

- 227 (% 10'6), respectively. By subtracting these from the moclar sus-

ceptibility, Xy of the compound, a value for the atomic susceptibility
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of the molybdenum, , 13 obtained.

XMO
1. (NH“)QMOOCIK in HC1

The susceptibilities of the following hydrochloric acid soluticns
of Mo(V) were obtained: 10.66F, 9.50F, 8.0lF, 7.01F, 5.98F, u.98F,
4,01F, 2.98F, 1.93F, 0.98F. Three concentrations of molybdenum were
used, (.01003 F, 0.05108F, C.1C03F, all concentrations expressed as
monomer, MoOClZ.

The specific susceptibilities of the solutions, the specific sus-
ceptibilities of the HCl solutions, and the apparent atomic susceptibili-
ties of the meclybdenum are presented in Table 2.

In Figure 1 is displayed the specific susceptibilities of solu-
tions of Mo(V) of concentration, 0.05108F, as a function of HC1l concen-
tration. The large increase in diamagnetic susceptibility of the
solutions between 7.5 and 3 T HC1l may be attributed to the formaticn of
diamagnetic dimers. The apparent linear behavior outside this region
reflects the presence of only paramagnetic species in the range, 12 to
7.5 F HCl, and only diamagnetic species in the 1 to 3 F HCl sclutiomns.

The atomic susceptibility of the molybdenum, all calculated as
monomer, is presented in Figure 2. The data for the most dilute soclu-
tions, 0.01003 F Mo(V), 1s the least reliable as the differences in
deflections due to the solute are of the same order of magnitude as the
experimental error. The apparent atomic susceptibility in the more
cencentrated solutions (8-12 F) is essentially constant with an average
value of 1250 x lO-B(gm atom) ™' in good agreement with the values, 1195
X 10_6(gm atom)_l {(19), and 1229 x lO_G(gm atom)_l (15) obtained by

measurements on solid (NHM)QMOOCI The decrease in the apparent atomic

5



Table 2. Magnetic Susceptibility Data for Mo(V) in Hydrochloric Acid

CO = 0.01003 CO = 0.05108 CO = 0.1003
a a a a
1 ' 1

[HC1] _XSCl —X:Ol n X;O _xzol n X;o _Xzol n X;o
10.66 0.6802 0.6685 1292 0.6220 1288 0.5694 1259
9.50 0.6839 0.6710 1429 0.6256 1266 00,5772 1191
8.01 0.6887 | 0.6792 1155 0.628u 1293 0.5759 1237
7.01 0.6920 0.6793 1360 0.6324 1257 0.5813 1196
6.50 0.6937 0.6809 1360

5.96 0.6956 0.6838 12447 0.6415 1119 0.5832 1198
5.31 0.6978 0.6053 954
4,98 0.6989 0.6918 721 0.6664 6u5 0.6381 612
4.01 0.7028 0.6978 64 0.7000 5 0.6824 165
2.98 0.7070 0.7047 b 0.7078 -71 0.,6958

1.33 0.7114 0.7093 -13 0.7012 Lg
0.98 0.7156 0.7150 0.7138 -23 0.7050 48

aTimes factor 10_6.

he
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susceptibility in 7 to 4 F HCl is, of course, due to the formation of
diamagnetic dimers. The effect of the dimerization on the molybdenum
susceptibility in the range, 7-6 [ HCl, is alsc apparent in Figure 2.

2. (NquQMOOBr5 in HBr

The atomic susceptibility of molybdenum was determined in sclid

(NHu)QMoOBr . A wvalue of 1278 x lD_G(gm atom)wl, which compares

5
favorably with the value, 1247 x 10_6 (gm atom)_l determined by Garside
(15), was obtained.

The susceptibilities of the folleowing hydrobromic acid solutions
cf Mo(V) were determined: 8.63F, 7.94F, 6,99F, 6.50F, 6.11F, 5.27F,
4.06F, 2.93F, 1.50F. Some difficulty with the precipitation of molyb-
denum blue In the 4.06, 2,93, and 1.50 I HBr solutions was experienced.
Data obtained from the experiments are presented in Tables 3 and 4, and
in Figures 3 and 4. The atomic susceptibility of molybdenum, as deter-
mined in the B.83F HBr sclution, is 1360 x 10-6(gm atom)—l which agrees
quite well with the value, 1278 x lO_B(gm a‘com)_l for solid (NHq)QMoOBrg
The large increase in diamagnetic susceptibility cof the sclutions in 7.5
to 5F HBr, displayed in Figure 3, and the decrease in the apparent atomic
susceptibility of the molybdenum cccurring over the same range of acid,
as seen in Figure 4, is due, as in the case of the solution in HCl, to
the formation of diamagnetic specles. The reductlion in paramagnetism of
the molybdenum occurs in the same range of HBr concentration that the
pronounced changes iIn the abscrption spectrum occur. Little reliability
can be placed iIn quantitative interpretation of the data for atomie

molybdenum below 6F HBr due to the fact that the diamagnetic contribu-

tion of the solvent is nearly as large as that of the solution, and that
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Table 3. Susceptibilities of Mo(V) as Functions of HBr Concentration
a a
HBr sol'n a

[HEr] = Co s KMo
8.63 0.5679 £.01535 0.5525 1372
8.63 C.5678 0.03732 0.5312 1368
8.63 0.56789 0.07558 0.4963 1339
7.94 0.5763 0.0166 0.5625 1340
7.94 0.5763 0.0320 0.5563 1278
7.94 0.5763 0.0660 0.5485 1282
6.99 0.5887 0.0123 0.5761 1325,
6,99 0.5887 0.0364 0.5541 1229
6,99 0.5887 0.07818 0.5227 1084
6.50 0.5955 0.00904 0.5884 971
6.50 0.5955 0.0381u 0.5704 788
.50 0.5955 0.07772 0.5467 772
6.11 0.6011 0.016¢9 0.5876 396
6.11 0.86011 0.0401Yy 0,5928 325
6.11 0.6011 0.0736 0.5792 303
5.27 0.6138 0.Cclels8 0.6114 116
5.27 0.6138 0.03598 0.6092 58
5.27 C.B138 0.07565 0.6012 105
4.06 C.6337 0.0240 0.6313 2
L,06 0.6337 0.0290 0.6266 173
4.06 0.6337 0.0730 0.6227 67
2.93 0.6545 0.0252 0.6482 155
2.93 C.6545 £.0396 0.6463 114
2.93 0.6545 0.0693 0.8383 146
1.50 0.6842 0.0255 0.6790 68
1.50 0.68u42 0.0412 0.6779 31
1.50 0.6842 C.0736 0.6690 83

aTimes factor lO_6
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Table 4. Magnetic Susceptibility Data for Molybdenum (V)
in HBr Sclutions

C = 0.0665F
o]

= 0.0304F
Q

Fraction Fraction
a 1 Totalb @ ' Totalb
HBr _ySor'n xa Paramagnetism - sol'n xa Paramagnetism
s Mo s Mo
8.63 0.5048 1327 0.5384 1345
7.94 0.5162 1230 0.905 0.54986 1278 Q.a41
6.99 0.5342 1058 0.779 0.5619 1132 0.832
6.50 0.5586 665 0.489 0.5771 718 0.528
6.11 0.5802 325 0.239 0.5899 386 0.291
5.27 0.6048 70 0.6110 b
4,06 0.6218 102 0.6291 71
2.93 0.6L408 122 0.6u477 131
1.50 0.6705 81 0.6785 57

aTimes factor, 10-6.

bBased on Xy, = 1360 x loﬁﬁ(gm atom)_l.




6
(-10 )xs

. 7200

.7000

.6800

.E600

LB400

.6200

.6000

. 5800

.5600

. 5400

.5200

.5000

O Cy = 0.0304F

C, = 0.06B5F
| | ] | A 1 [ 1 1
1 p) 3 I 5 g 7 8 g

CONCENTRATION OF HBr

Figure 3. Specific Susceptibility of Scluticns of Mo(V)
as Function of HBr Concentration.

30



lhool

1300} O <

10 JE

12004

1100}

1000}

900 j—

800k

700

6
(10 )XMO

6500 j

500

400 =

300 f=

200 -

100 =

C.0304r

0.0665F

| 1 | 1O 1 1 )

Pigure 4.

2 3 L 5 8 7 8 9
CONCENTRATION OF HBr

Apparent Atomic Susceptibility of Me(V) in HBr.

31



32

molybdenum blue formation was a problem in the mecre dilute HBr solutions.
As evidenced by the rapid drop off in the values of the atomic suscepti-
bility as the HBr concentration is lowered below 8.6F, the range of
existence of paramagnetic species is much smaller than in the chloride

case.

B. Absorbance Measurements

1. (NH”)QMOOCIE in HC1

Solutions of Molybdenum (V) in HC1l are known to follow the Beer-
Lambert Law in 12 to 8F HCl, indicating the presence of only monomer,
MoOCL, .

The wavelength selected for study of the monomer-dimer equilibria
was 520 millimicrons as the MoOClZ absorbs very weakly there. Any In-
crease in intensity at this wavelength would be practically all due to
the presence of other species. The value of gyat 520 mp, evaluated in
12.05F HCl, was found to be 0.43 1l/mole em™ (Table 5).

The absorbances of soluticns of molybdenum (V) ranging in concen-
tration from 0.002 to 0.1F in 7.01, 6.49, 5.96, 4.98, 4.01, 2.98, 1.93,
0.98F HC1l were measured at this wavelength. The results are tabulated
in Table & and shown in Figure 5. The results obtained through treat-
ment of the data according te Equation (13) iIn Chapter 3 are shown in
Table 6 and are consistent with the assumptions leading to Equation
(13).

The changes in the values of €, as the concentration of HCLl is

lowered, Table 7, suggest that at ‘least three dimers are involved in

the 7 to 4F HCl range. The values of K are, of course, constant only
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Table 5. Absorbance Data for Mo(V) in 12.05,
2.98, 1.93, and 0,98F HC1%®
lQ.OiF HC1 2.987 HCl
CO A520 A/CO CO A520 A/CO
0.1025 0.0438 0.43 * 0.005 0.04981 0.811 16.3 £ 0.2
0.08200 0.03y42 0.42 * 0,001 0.02490 0.408 16.4 £ 0.1
0.05012 0.0212 0.42 * 0,002 0.01992 0.333 16.7 ¢ 0.3
0.02562 0.0100 0.39 + 0.02 0.00996 0.165 16.6 * 0.3
0.00498 0.083 16.7 * 0.5
1.93F HC1 0.88F HC1
Co A520 A/Co Co A520 A/Co
0.035463 0.711 13.0 = 0.1 0.05255 0.623 11.9 = C,1
0.02732 0.359 13.2 ¢+ 0.1 0.02628 0.315 12.0 = 0.2
0.02185 0.293 13.4 * 0,2 0.02102 0.258 12.3 £ 0.2
0.01083 0.146 13.4 t 0.3 0,01051 0.128 12.2 + 0.3
0.005463 C.074 13.6 * 0.6

%a11 data given for light path of 1 cm unless otherwisze indicated.

b5 em light path used.
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Table &. Abscrbance Data for Mclybdenum (V)
in HCl, A = 520mp

o L e
(PH/L) c_ A a/c, z°/c Path

7.01 0.1026 0.373 3.63 5.59 1 em
7.01 0.08208 0.2u8 3,02 5.63 1 em
7.01 0.05130 0.116 2.26 5.98 1 cm
7.01 0.02052 0.025° 1.22 6,14 5 com
7.01 0.01026 0.0094% 0.916 6.96 10 cm
6.43 0.06534 0.526 8.05 10.69 1 ecm
6.49 0.04081 0.239 5.85 11.50 1 em
6.49 0.03265 0.151 4,62 11.35 1 cm
6.L3 0.02614 0.105 4.01 11.75 1 em
6.49 0.02040 0.066 _ 3.23 11.72 1 cm
6.043 0.01143 0.0234 2,05 11.91 5 em
6.49 0.008162 0.01342 1.64 12.26 5 em
5.96 0.05303 1.23 24,3 21.2 1 cm
5.96 0.04945 1.14 23.0 21,4 1 cm
5,96 0.04242 0.875 20.6 21.8 1 cm
5.96 0.03950 0.785 19.8 22.1 1 em
5.96 0.02652 0.376 14.2 22.7 1 cm
5.96 0.01061 0.0610°% 5.75 20 .4 1 em
4,98 0.02539 1.63 L. 1 50.1 1 cm
4,98 0.01930 1.1y 57,2 53.4 1 cm
4,98 0.01523 0.810 53.2 58.9 1l cm
4,98 0.01433 0.767 53.5 60.8 1 cm
L. 98 0.01270 0.619 48,7 61.7 1 em
4.98 0.01016 0.466 45.9 66.9 1 em
4,98 0.00995 0,443 4L, S 66.6 1 cm
4,98 0.00716 0.275 38.5 72.8 1 em
4,98 0.00508 0.155 30.5 77.0 1 enm
4.01 0,04046 1.21 29.9 26.9 1 cm
4.01 0.03237 0.92 28,4 29.5 1 cm
4,01 0.02u28 0.701 28.8 34.2 1 cm
4,01 0.02023 0.571 28,2 37.2 1 em
4,01 0.01618 0.453 28.0 41.3 1 cm
4.0l 0.008092 0.220 27.2 57.6 1 cm

fCorrected to a path length of 1 cm.
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Figure 5. Graph of A/Cy vs. Z /C, for Mo(V) in HCL, at A& = 520mu.
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Table 7. Equilibrium Data for Molybdenum (V} in HCL

nclt, Cclor of
(FW/L) K £ Soluticn
7.01 0.80 * 0.04 50 £ 5 Light Green
6.49 l.44 t 0.16 110 = 27 Yellcow Green
5.96 2.02 £ 0,15 312 * 25 Dark Brown
L.98 g * 2 2u4 + 10 Dark Brown
L,0l 7.0(‘—’2.8)}{103 60 * & Red Brown

for a fixed HCl concentration. The 7.01F HCl solution ccntains mostly
just one dimer in equilibrium with the monomer. Increasing amcunts of
the second dimer in the 6.49 and 5.96F sclutions are manifested by the
large increase in €pe It is this second dimer that is responsible for
the dark brown cclor in the sclutions. The decrease in £ in the 4.98
and 4,01F sclutions reflect the occurrence of dimers that have little

or no absorption at this wavelength. As predicted by Equation (8) in

Chapter 3, ec. will decrease once the concentration of non-abscrbing

D
species has become appreciable. Since the 2.98, 1.93, 0.98F HC1l solu-
tions cbey the Beer-Lambert Law (Table 5}, there is nc longer any
MoOCl; in these solutions and ne further polymerization of the mclyb-
denum occurs. Since the apparent atomic susceptibility decreases In
solutions of about 7 to 4F HCl, it may be concluded that the dimer

respongible for the Increased absorption and the brown color is dia-

magnetic. The dimer which appears first in the 8 to 7F HC1l region is
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paramagnetic since the apparent atemic susceptibility shows nc proncunced
decrease until the HC1 concentration is belcw 7F where the concentration
of the second dimer becomes appreciable. All of the other species in

HC1l are diemagnetic.

2. (NquQMOOBP5 in HBr

An earlier spectrophotometric study of Mo(V) in HBr (21) reported
that solutions in 6.2F, 5.2F, and 1.0F HBr follow the Beer-Lambert Law,
However, the solutions had relatively low concentratlons of Mo(V), the
highest ccncentration being 4 x 107F. It was decided to examine sclu-
tions at higher melybdenum concentrations. Sclutions in 5.01, 5.27,
7.94, and 8.72F HBr followed the Beer-Lambert Law (see Tzble 8). How-
ever, solutions in 6.99, 6.50, and 6.11F HBr do not follow the Beer-
Lambert Law, thus indicating that some sort of association Is occcurring
in this regicn of acidity.

It was decided to collect and treat the absorbance data in the
same manner as in the HC1 solutions. The sclutions studied were 6.99,
.50, and 6.11F HBr. It was not possible to find a wavelength at which
the species characteristic of the highest acidity had negligible absorp-
tion while the asscclated species had appreciable absorption at the same
wavelength. Nevertheless the wavelength, 7C0mp, was selected. The value

of € determined in 8.72F HBr, was found to be 18.5 1l/mole <:m_l (Table

M?
8). The results in Tables 9 and 10, and Figure 6, indicate that the
noticn of dimerization-equilibria occurring in HBr 1s consistent with
the data.

The results in Tables 3, 4, and 10 indicate that the dimer re-

sponsible for the increased abscrption intensity at that wavelength is
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Table 8., Absorbance Data for Mo(V) in 8.72,
7.94, 5,27, and 5.01F HBre
8.72F HBr 7.94F HBr
Co A700 A/CO Co A700 A/Co
0.04997 0.92 18.4 = (.2 0.05125 0.968 18.9 * 0.2
0.03998 0,707 17.7 * 0.1 0.04100 0.770 18.8 ¢+ (.1
0.029%8 C.547 18,2 + 0.1 0.03075 0.581 18.9 + 0.1
0,01999 0.371 18.6 * 0.2 0.02050 0.388 1.9 * 0.1
0.00999 0.196 18.6 * 0.3 0.01025 0.1%6 19.1 £ Q.4
0.005125 0.098 19.1 £ 0.4
b
5.27F HBr 5.01 F HBr
Co A700 A/CO CO A700 A/CO
0.09398 0.722 7.2 0.0562 0.180 3.2t 0.1
C.07998 0.488 6.2 0.0337 0.097 2.9 0.1
0.03999 0,185 4.6 0.0281 0.081 2.9 = 0.1
C.020C0 0.085 4.5 0.0112 0.038 3.2t 0.2
0.0099%8 0,040 4,0 0.00562 0.017 3.0 £ 0.4

%A1l data given for light path of 1 cm unless contraindicated.

b

trations of Mo(V) are apparent} the dimerization-hydrclysis of MoOBr_
in these solutions results in the production
can increase the acidity markedly at the highest concentrations.

The deviations from the Beer-Lambert Law at the highest concen-

of HY and Br ions which
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Table 9. Abscrbance Data for Molybdenum (V) in HBr

A = 700mu

HBr, %— Light
(FW/L) CO A A/CO Z /CO Path

6.29 0.02896 0.96 33.1 22.5 1l em
6.99 0.02317 0.698 30.1 22.4 1l cm
6.99 0.01738 Cc.h86 28.0 23.3 1l em
6.99 0.01448 0.390 26,9 24.1 1l cm
6.99 0.01158 0.297 25.8 24.9 1l cm
6.99 0.007240 ¢.170 23.5 26,2 1l em
6.99 0.005792 0.130 22.5 25.5 1l cm
.30 0.02070 1.03 49,7 38.9 1l cm
6.50 0.1656 0.770 46.5 41.1 1 cm
6.50 Q.012u40 0.532 42.9 Huy 1l cm
£.50 0.01035 0.u22 40.7 46.3 1l cm
6.50 0.00888 0.317 38.3 48.9 1l em
£.50 0.00k1Y 0.133 32.1 57.2 1 cm
6.11 0.02243 0.836 37.3 28.9 1l cm
6.11 0.0179k 0.6u43 35.8 31.1 1 cm
.11 0.01346 C.u77 35.4 35.5 1 cm
6.11 0.01122 0.394 35.1 38.5 1l cm
6.11 0.008972 0.308 3u,3 42.0 1l cm
6.11 0.00u4486 0.141 31l.4 53.7 1 cm
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Table 10. Equilibrium Data for Mclybdenum (V) in HBr

Color of
[HEr] £ K Soluticn
6.99 149 *+ 10 7.2 t 0,2 Dark Brown
5.50 182 = 4 L2 £ 1 Dark Brown
6.11 gg t 2 235 t B Dark Brown

Table 11, Compariscn of Amounts of Paramagnetic Species with
Monomer in 6.99, 6.50, and 6.11F HBr

C = 0.0665F C = 0,0304F
o] o]
Fraction® b Fraction® b
Total Fraction Total Fraction
HEBr Paramagnetism Monomer Paramagnetism Moncmer

6.99 0.779 *+ 0.053 0.621 * 0.005 0.832 * 0.054 0.752 * 0.005
6.50 0.489 t 0.057 0.343 * 0.003 0.528 * 0,048 c.461 * 0,004
6.11 0.239 * 0.055 0.164 = 0.002 0.291 * 0.0B4 0.231 * 0.004

aSee Table L.

bComputed using Equation (%) in Chapter III.
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Figure 8. Graph of A/Cg vs. Zl/Q/CO far Mo(V) in liBr,
at A = 700mu.
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diamagnetic. There is alsc a paramagnetic species present in the same
solutions with the diamagnetic dimer since the paramagnetism in the
solutions is greater than that corresponding to the monomer alcone.

This will be noted by an inspection of Table 11, in which the fractiocns
of paramagnetic specles and the fractions of mcnomer at each acidity
studied are presented, along with their maximum errors. The decrease
in £n in the 6.11F HBr scolution indicates the presence of a third
assoclated species that does not absorb at the wavelength. Scolutions
in 5T HBr or leower follow the Beer-Lambert Law, indicating no further
polymerization, Table 8.

Since the absorbance and magnetic data suggest strongly the
existence of moncmeric MoOBr; in concentrated HBr, efforts were made
to redetermine the spectrum of the material.

It was found to be Impossible to obtain a KBr disc of

(NHH)QMOOBr that did not show signs of hydrolysis and molybdenum blue

5
formation.

The relatively non-hygroescopic compound, (CQHSN)EMOOBPS’ was
examined in a KBr pellet. The ultraviolet and visible spectrum showed
the following maxima: 14,290 cm_l(670mu); 21,280 cm_l(470mp); 23,530
cm_l(u25mu); 25,840 cm_l(387mu). The spectrum is illustrated in Figure
7. The band near 14,000 cm_l has also been studied in solids,

(R)QMOOBPS where R is Rb, Cs, and C5H N, by E. A, Allen and cc-workers

3]
{12} who found it near 14,080 cm_l(710mu), and by Wentworth and Piper
(20) who found it centered near 14,400 cm_l(694mu) in solid (NHu)zMoOBpg
It is clear that the spectrum of solid (CgHgN)QMoOBr5 is virtually

identical to the spectrum of molybdenum (V) in concentrated HBr in which
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Figure 7. Absorption Spectrum of (C9H8N)2MOOBP5 in KBr Disc,
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absorption maxima occur near 14,290 cm_l(700mu); 21,280 cm_l(470mu);

24,100 em H(L15me); 26,530 cm T(377mu) (12).

C. Solutions in Acetone and Ethanol

It was observed that sclid (NHu)QMoOCl5 dissolved in absolute
ethanol to deposit a tan precipitate and to yield a brown sclution. OQver
a period of 10 to 14 days the brown solution turned green. When the
brown solution was evaporated, it also turned green as it became more
coeneentrated. Solid (NH4)2M00015 also reacted to yield the same solid
and a green sclution Immediately in acetcne.

The acetone and brown ethanol sclutions cbey the Beer-Lambert
Law while the green ethanol solutions exhibit negative deviations
(Table 12). Consistent with these observations is the existence of an
equilibrium between mencmers and dimers in the green ethancl solutions,
and no such equilibria in the other solutlons.

Magnetic measurements indicate that the molybdenum in the alcohcl
and acetene solutions is paramagrnetic (Table 13).

A careful determination of the weight of solid remaining after
(NHQ)QMOOCl was dissolved in acetone indicated that the reaction,

5

2NH: + 2Mo0C1. —— (Mo0C1, ), + 2NH C1(s)

NI

or possibly,

+ = -
NHu + MOOC15 + (CHB)QCO —_— MoOClI+ (CHs)QCO + NHqu(s)
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has occurred. The solid dissolved readily in water and exhibited the
usual qualitative tests for ammeonium and chloride ions. The discoloration
wag attributed to the occlusion of traces of molybdenum. A chleoride de-
termination on the acetone sclution confirmed the expected 4:1 chloride

to melybdenum ratio.

Because NHuCl is Insoluble in acetcne any reaction, such as,
+ =
——
2NHL+ + MoOCl5 MOOCl3 + 2NHqu,

may be excluded. Because of the solubility of NHuCl in ethanol a similar
unambiguous interpretation is not possible for such solutions. However,

it seems unlikely that MoOCl_ would exist in the presence of Cl in

3
ethancl (which coordinates less well than acetone) when it does not exist
in acetone in the absence of C1 .

The apparent extinction coefficients, A/CO, of the green ethanol
solutions decrease with iIncreasing molybdenum concentration (Table 12},
indicating a value of greater than 31 for the moncmer and less than 8
for the dimer. Assuming that the single species in the brown ethanol
solution is one of the two in the green ethanol solution, one is led to
the conclusion that it is the monomer. The resemblance of the acetone
solution and the green ethanol sclution thus suggests the existence of
a dimer in these solutions.

Spectral data for solutions of (NH4)2M00C15 in acetone and 11.8&F
HC1 are presented in Table 1l4. The spectra are very similar. Absorp-

tion by the acetone prevented observation of bands in the ultraviolet.

It was not possible to study (NHu)QMoOBr5 in ethancl due to the



Table 12,

Absorbance Data for Molybdenum (V) in

Ethanol and Acetone Soluticns®

Le

(NHM)QMOOCl5 in Ethanol

Brown Ethancl Soclution

Green Ethanol Solution

Q A520 A/Co Co A520 A/Co
0.02 1.18 59 0.05 0.410 8.2
0.01 0.613 61 0.02 0.329 16.4
0.006 0.376 63 0.01 0.241 24,1
0.005 0.30u 61 0.006 0.180 30.0

0.005 0.154 31.0
(NH4)2M00015 in Acetone (NHM)QMOOBTS in Acetone

CD AHSD A/CO CO A700 A/CO
0.04066 0.582 14.3 0.07878 1.571 19.9
0.03050 0.42%8 4.1 0.0u727 0.935 19.8
0.02542 0.359 14.1 0.03939 0.797 20.2
0.02033 0.292 14.4 0.03151 0.640 20.3
0.01017 0.145 14.3 0.01576 0.326 20.7

0.007878 0.170 21.6

aLight path is one centimeter.
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Table 13. Magnetic Data for Molybdenum (V), C_ = 0.05F
0
In Non-Aqueous 5olvents

_fSolution _i&ﬂmxm a,b,c

Compound Solvent {mg) (mg) Mo
(NHH)QMOOCl5 Acetone 41.19 43,82 2.63
(NHH)QMOOCl5 Ethanel, Green Sclution 46.83 4g9.01 2.18
(NHu)QMODCl5 Ethanol, Brown Soluticn 46.83 49.00 2.17
(NHH)QMODBPB Dimethyl Sulfoxide 51.24 50.98 -0.26
(NHu)QMOOBr5 Acetone 41,12 43.78 2.66

%Obtained by subtracting fourth column from third column.

bValues of £ are approximate in that nc allowance has been
made for there being less solvent in the solution than in the pure
liquid.

c - . . . .
Positive sign denotes a paramagnetic solute; negative sign,
diamagnetic solute
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rather rapid formation of mclybdenum blue. The behavior of (NH4)2MOOBP5

in acetone is analogous to that of (NHQ)QMOOCIS. The scluticns obey the
Beer-Lambert Law (Table 12) and they contain a paramagnetic speciles, data
in Table 13. The bromide ion concentration in the sclutions was found to

be four times that of the molybdenum concentration. It is then reasoned

that the species, (MOOBPL‘l s exists in these solutions, although the pos-
sibility of it being MoOqu-(CHa)QCOH cannot be entirely discounted.
A yellow brown sclution, very similar in appearance to solutions in

concentrated HBr, was formed when (CgHBN)QMoOBr5 was dissolved in acetone.

No deposit formed when the material was dissolved. Since C9H8NBr is

soluble in acetone, the existence of the MoOBr5 ion in acetcne solution

is possible. The spectral features of the acetone soluticns of (NHu)2

are presented in Table 15. Tor comparison,

MoOBr_ and (CgHSN)zMOOBr5

5

data taken from (12) for Mo(V) in concentrated HBr iIs presented. Rela-
tive to the HBr solutiocn, the absorption bands of the acetone solutions
underge red shifts, and the band near 470 mp has apparently undergone
some sort of solvelysis reaction resulting in a lcss of intensity in
both acetone solutions. The Important thing to notice, however, is the
intensity of the various other bands. The intensities cf the bands of

the acetcne solution of (CgHBN)2MoOBr are very similar to those of the

5

corresponding bands of Mo(V) in HBr, whereas those of the solutions cb-

tained by dissolving (NHH)QMOOBPS in acetone are not. From these data

and the spectrum of solid (CQHBN)QMOOBr it is deduced that the spectrum

5
of Mo(V) in concentrated HBr is that of the MoOBr; ion.

Sclutions of (NH4)2MOOBr in dimethyl sulfoxide showed the same

5

spectra as those vreported by J. F. Allen and Weumann (21), but a measure-
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ment of the magnetic force on such soluticons indicated that the molyb-

denum species were diamagnetic (Table 13).

Thus, seoluticns in dimethyl

sulfoxide could not possibly contain the MoOBr; ion.

Table 14,

Visible Spectral Features of Molybdenum (V)

in Acetone and HC19.

MoQClZ in 11.86F HC1

(NH )_Mo0Cl_ in Acetone 5
42 > A max
A Max em ™t a/c (mu) em™ L A/C
(mu) o o
737 13,600 18. 710 14,100 16.6
u50 22,250 13. uug 272,300 14,0

aPathlength is cne centimeter.

Table 15.

Visible and Ultraviolet Spectral Features

of Molybdenum (V) in Acetcone and HBr?

(CQHSN)QMiBrslnAcemne

(NHq)QMoOBr5 in Acetone

Mo(V)b in 8.6F HBr

A Max A Max

A Max

(mp) — A/C {mu) em™ L A/C (mu) — A/C
o c o
735 13,600 18.0 735 13,600 19.4 700 14,290 17
489 20,450 180 430 20,400 295 u70 21,280 560
420 23,800 3020 uzz 23,700 L580 415 24,100 3200
384 26,040 2580 384 256,040 3700 377 26,530 2500

aLight path is one centimeter.

bData of E. A. Allen, et al. (12).
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CHAPTER V
CONCLUSIONS

A. (NquQMoOCl; in HC1

The results summarized in Table 7 point to the existence of at
least three dimers in 7 to 4F HC1 solutions. The first dimer appearing
at 7F HCl, i1s paramzsgnetic and has a small absorption at 520 mu.

The second dimer, which predominates in 5-8F HCl, is the cne
identified by Haight (17). From spectrophotometric studies in the 5-6F
HC1l region he postulated the existence of only one dimer in equilibrium

with MoOClZ
2 MoOC1- + H_ 0 «—— (Mo0Cl ) o+ ot v 001
5 R 470

He reported eguilibrium constants of 56 in 5F HC1 and 3.% in 6F HCl.

His data for the 6F HCl soluticn has a large scatter, and the extrapola-
ticen technique he used is not really feasible in this case. It appears
that he assumed the same Intercept as for the &F HCLl soluticns and did
the extrapolation accerdingly, thus obtaining the conclusion that there
was only one dimer present. Studying the hydrogen and chloride ion

N There is no

dependences led to the proposed species, (MoOClu)QO_
reason to question his formulation of this dimer. It can now be con-

cluded that this dimer is diamagnetic.

The paramagnetic dimer must have a formula consistent with its
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appearance between MoOCl; and (MoOClle)QO_l1L as the HCl ccncentration is

lowered. It is postulated to be (MoOClu)

Nl

Tt 1s possible to cbtain estimates of the two equilibrium con-

stants corresponding to the dimerizations

2 MoOCl5 — (MoOClu) +2C1

2

= -4 + -
2 MoOCl5 + H,0 — (MoOClu)zo + 2H + 2 C1

2

A measure of the concentration of the paramagnetic dimer is obtained
from the difference in the fraction of the total paramagnetism and the
concentration of monomer at a given acid concentration.

At a given acid concentration, the two equilibrium constants are

formulated now as

¢ (D (2)
c

= 10,1/011% ana x ?) = 1o 11w’
C 2

in which M is MoOCl., D. is (MoOClu);, and D, is (MoOClu)QO_u.

1 2

The equilibria are now formulated as thermodynamic constants:

2
1y _ Pdtee -ty 2
K e

[M]
2 2 2 2

oM [D2][aH+] [a,,-] NS [a,+] [aCl-]

a 2 <

(MI°[a, ] La, ]
H20 HQO
Cnce one knows Kc(l) and KC(Q) fer any solution, then the Ka‘s
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may be computed, and then the Kc's can be calculated for any other solu-
tion. In computing the K_'s, [M] is calculable from Equaticn (%) in Chap-

ter IIT and the data in Table 5. [Dl] can be computed from the relation,

fe - [M]
[p,] = —=——
1 2

the new symbol, £, is the fraction of total paramagnetism and 1s the
ratio of the apparent atomic susceptibility tc the atomic susceptibility
cf the monomer at any acid concentration. [D2] is obtainable by sub-
tracting the concentrations of the other species from CO. It is assumed
that the activities of the moncmer and dimers are equal to their concen-
trations and that the activities of the hydrogen iomns and chloride icns
can be approximated by the mean activities. The activity data was taken
from Akerlof and Teare (33). The data for the 4.98F HCl solutions
seemed most amenable to treatment, although there is a third dimer whose
concentration is being neglected at this HCl concentraticn. The values
of the K_ computed are: Ka(l) = 2.85(*0.60)x103; Ka(z) = 2.70(*0.50)x10§
The values of the activities used in 4.98F HCl were: HCl, 15.4; water,
0.717 (33). The values of the Kc's obtained by inserting the appropriate
values of the activities in the thermodynamic constants are shown in

Table 16, The sum, Kc(l) + KC(Q)

» should be comparable to the values for
K reported iIn Table 7. The computed values are higher, due primarily to

the neglect of the third dimer in the 4,98F HCl solution.



Table 16. Estimates of Equilibrium Constants for
Dimerizations in HC1l, (T = 25°C)
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TS
LHCy 3 (D (2) ¢ (D, (@ a a,
FW/L c ¢ C c * 2
5 12 33 L5 15.6 0.715
6 3.5 2.6 6.1 28.4 0.627
6.5 2.4 l.2 3.6 4.1 0.581
7 1.1 0.21 1.3 51.1 0.536
8 .35 0.02 0.37 89.6 0.448
9 c.12 0.00 0.12 154 0.367
SAkerlof and Teare (33).
Table 17. Calculated Equilibrium Constants
for Dimerizations in HBr
(T = 25°C)

[HBy],
FW/L x (1) ¢ (2) K

o c T
6.59 3.9 3.3 7.2
6.50 10 32 L2
6.11 20 215 235
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B. (NH,_})_QMOOEE5 in HBr

There seems little doubt that the molybdenum species present in
concentrated HBr is the MoOBr; icn. The same equilibria are invclved as
occur with molybdenum in HC1l, The existence of MoOBr; over a much
smaller range of acid concentraticn than the MoOCl; ion is the main dif-
ference between the two systems.

The conclusion reached by J. F. Allen and Neumann (21) that the
spectrum of Mo(V) In concentrated HBr was due to the (MoOqu); ion
appears now to be untenable. The critical peint in their work was the
observation that the spectra of concentrated HBr solutions of Mo(V)

were dissimilar to the spectrum of solid (NHq)QMoOBr Their absorbance

5
data for the Mo(VI}—Mo(V) equilibrium cannot, by itself, offer a de-
cigsive cheocice between the species being monomeric or dimeric in HBr.
Due to the hygroscopic nature of (NHH)QMOOBP5, this compound hydrolyzes
even while dispersed in the KBr medium, and the spectrum they repecrt as
that of the MoOBr; ion 1s probably that of the hydrolyzed material.

The equilibria involved in 8.7 to &6F HBr are, therefore,

2MoOBr5 —_— (MoOBru) + 2 Br

LS 1}

-y +
+ H.0 — (MoOqu)QO + 2H

(MoOqu) 5

N

with the second dimerization being the sum of the two,

= =1 + -
2M00Br5 + HQO ———a—(MoOBru)QO + 2H + 2Br
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In 6F HBr there 1s another dimer present and still others prcbably at
lower HBr concentrations. In analogy to the chloride case, MoOBr; and

(MoOBru) are the only paramagnetic species, all others being diamag-

2
netic.

The individuwal dimerization constants, Kc(l) and KC(Q), were
also estimated; however, since activity data for solutions of HBr were
not available at the concentrations used, the Kc were calculated at each
HBr concentration In the manner described for the 4.98F HCl sclutien.
The data in Tables 2, 3, and 9 were used. The results are presented in
Table 17 and representative data for the computation in the 6.11F HBr
sclution 1s shown in Table 18 in Appendix I.

The results in Tables 16 and 17 indicate that the concentration
of (MoOXu)QO_q builds up very rapidly in the sclutions as the concen-
trations cf HBr and HCl are lowered. Small amcunts of (MoOClu);
exlst, even in 9F HCl, while it is likely that there is some (MoOBru);,
though in small amcunt, in HBr of concentraticn greater than 8F.

It should be noted at this point that Equation (13) of Chapter
IIT would hold for a dimer-tetramer equilibrium as well as for a
monomer-dimer equilibrium. However, for all of the foregoing resulis to

be interpreted in terms of dimer-tetramer equilibria, it would be re-

quired that there be no monomer present, if Equation (13) is to hold.

C. Structure Speculations

A proposed structure for the dimer, (MoOXq);, is
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0 0

X\" L\ m/*

YA

X X

Bridging through the halogens allows retention of paramagnetism, as in
the case of the (M0C15)2 molecule (24). Furthermore, the local environ-

ment of each molybdenum atom Is the same as the monomer,

J
N

X X

leading one to expect an absorption spectrum very similar to the
monomer.

In view of the proposed structure of the paramagnetic dimer,
(MOOXH);, the question arises as to the molecular nature of the solids
formulated as RMo0X, . If coordination number six 1s to be preserved

n

these compounds should be formulated as RQ(MOOX thus having the

4)2’
gsame structure as that proposed for the dimer in solution. All of

these compounds show magnetic moments expected for dl systems (10, 11,

12, 15), althcugh the magnetic moment cannot offer a cholce between the



57

twe possibilities. This question can conly be decided by X-ray studies
of the compounds.
The second dimer would have the formula proposed by Haight (17),

and would have a structure like that of the xanthate complex (25)

0
, X
(o QNI | R — Mo"”’

Ny '\X
X

g
L

O — T —

The diamagnetism of this dimer could arise from a super exchange inter-

action involving the two molybdenum atoms and the bridging oxygen (34).
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APPENDIX I

Table 18. Data for Computation of K; and K, for

Molybdenum (V) in 6.11F HBr

59

3 a b c 2 6
f
CO xMO(lO y f [M] Co [Dl] [M]17(x107) Kl
0.0304 396 0.291 0.00704 0.00885 0.000905 0.486 18.3
0.0665 325 0.239 0.01084 £.0159 0.00253 1.18 21.6
0.0738 303 0.224 0.0115¢C 0.01650 0.00249 1.32 18.9

a XMo
f=—6
1360(x10 )

b Obtained from CO = [M] + 2[M]2235.

fc_ - [M]

c _ o
(o1 = ———.
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APPENDIX II

X
DERIVATION OF THE FORMULA: f = E¥'A(H2_H§)

The potential energy stored in a magnetized medium is
—UQH v
8w

where My is the permeability of the medium, # is the magnetic
field strength and v is the volume of the medium,

If we now imagine a small body, constructed of the material of
permeability, Hos placed in a magnetic field, and the region around
the body evacuated, the potential energy cf the body is

—(UQ—l)HQV
Vs —r—, (1)

8w
since the permeability of free space is 1.

If the bedy is transferred to a medium of permeability Bs it
displaces a volume of the medium whose potentizl energy was
—(ul—l)52vf8ﬂ. The change in potential energy resulting from this
process is

2
—(u2~ul)H v
av = ———— (2)
Lhil

There exists a force, fx, which tends to move the body along a

given direction, which will be denoted the x direction for the time

being:



bl

f o= - — (3)

Using the relation between permeability and the susceptibility per unit

volume, Xy ?

(1)

My = L+ tmy, (4)
_ (2)
My = 1+ by, s
we obtain
(2) {1)
{x -X ) y.
£ = v v (H v (5)
X 2 Ix
Py By gp? ap? aW?
- v v ( % Y ., Z)v
) ax axn In ?
) 2.2 2 2 X )
since HF~ = HX + Hy + HZ . Equation (5) is correct only when we assume

that the field is not appreciably disturbed by the introduction of the

(2)~xv(l)), is very small, this assumption

body. Since the guantity, (Xv
is reasocnable.

Now, 1f we imagine the body to be in the form of a rod of uniform

cross section and that the rod is suspended in the field, Z, between
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two poles, the magnetic force will act cn a small element of length, dx,

and volume, dv, of the sample as follows:

A4 LANED RV S A I (6)

The relevant cocrdinate system may be pictured as:

N .tI-’ 5 (7)
y

One end of the sample is in the field, H, between the magnet peles. The
field would be directed along the positive vy axis. The field at the

cother extremity 8f the sample is denoted as HO. We may say that HX,
3li2 aH
X

, and —2 are very small. Thus the force on the sample may now

B 9%

z’ 9x

be written as

(XV(Q)_XV(l)) dH2
f = J av (8)
2 dx
(2) (1) .2
{x -X ) odan
F=Y A4 Y A dx
2 dx

where A is the cross-sectional area. Integrating,

HY:H
<><V(2)"Xv(l)) i an?
£ o= A —7 ax, (9)
2 ] dx
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we obtain the well-known result,

£z v A(HQ—HE) . (10)

If the susceptibility cf the medium is negligible, then the equation

reduces to

£ = A(HQ—HE) . (11)
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