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We have observed that nuclear uagnetis reseponee oan be
studied In molten salts to t pewates o f at least 10000'1,

and find that it leads to valuable infznoatten on the nature of

the Intersaotion between eations and anlmow Ppepat I entitled

"Hig ~Tmpra-uwNucefir bmitie M~ean a been submitted

to Review of 301entific Instwrnea-ts, It descaribes two $0 ppobe

and turnace designs which we have constracted and found t* funol-

tion well.

Reprint I, entitled "uoleaz- .4agnetic Reon o in Molten

Salts. I.Chemical Mhift Qf.Crystalline Band lten "OMAIN

ISats" has been submitted for publication in the ;0$ of

Chemical PhYsics. It reports the large chemical shifts in the,

resonaooe frequency of the TI 2 0 5 nucleus which ocur when the

anion environment is altered. A downfield shift occur* for

T12 0 5 in both crystalline and molten thallium malts following

the progression s03" , CI-, Br7, Z-. The shift arises

from a soond-order paramagnetic contribution to the field at

the Tl nucleus due to sn admixture of its excited states with

the ionic grownd state, The chemioal shift provides a measmre

of the square of the cationanon overlap Integl, and heme

is a measure of the degree of oovalency. We believ, It w be

possible to base a sesle Of relative oovaleny in Ionle slts

upon shifts in the muaSetogyoc ratio, bat much more work mat

be done to substantiate this.

A downfield shift for ?1205 In thallous sIts is also

found to be a l1near fwbotlon of the te , rsture. ftis is an



imprtant Observation, which we Interpret aster .'ture-windeced
oovaleoy.,.the enhanced overlap of *xoie& p'mtie ele#-

trwio states of oatIon and anion wfteh I$ LeaSd by th rw

vibration.

We are gwrrently extending walea' magnetic sm

studies to other syiteims, Inoluding the aliall metal halides,

solutions of thallium salts i'nL all ialide mlts, anId oojAw

halides.

(2 )- EMMIXA A#OMN AC, ZN NOXJU l*MM.
We htve concluded a study of the electrical oondu1taw*e of

pure molten iodine and of a series of malts dissolved In liquid

iodine. It is the basis of Kiss Bearoroft's Ph.D. dissertation

in chemistry, and will shortly be prepared fov publication.

The measurements were made with a high precision Jones

Bridge at 2,000 ops In a modified H-type Pyre, oondta*t A0 cell.r

The electrodes oonslsted of tungsten wire spirals whieh mere led

into the cell arms through ground glas joints. A third "ma of

the dce! equipped with a porous glass disc, served the purpose

of filtering and mixing the molten iodine solutions when pure

dry nitrogen gas probegre or a vaouvm was applied. The cell had

a capacity of about 4W0 g of iodine and was heated externally

with a belt bath.

The specific conduotance dr, .... liquid iodine at .T1000

we found 'to be 1.21 x 10 olom- 4 , with a temperature coeffi

oient dl dT - "0.0025 x lO he-1eani-1 doe& "1, All of the dOuie-

tame data were .m-Ied to 11000.
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HIGH TEMPERATURE NUCLEAR MAGNETIC RESONANCE

i Stefan Hafne and Norman H. Nachtrieb

Institute for the Study of "Metals

The University of Chicago

ABSTRACT

Two designs are described for single coil NMR probes and furnaces

with the Varian wide line spectrometer (V-4210) to temperatures up to

1000 0 C. Their application to molten salt :.;ystems is outlined.

Although most of the applications of nuclear magnetic resonance have

been made at ordinary temperatures, there are occasions upon which

measurements at high temperatures are necessary. Molten salts are a
(1,2)

case in point Commercially available spectrometer systems, such

as those manufactured by Varian Associates, are limited to temperatures
0

,'Y up to 300 C. , however. In this article two simple probles are described

for use in connection with a Varian wide line spectrometer (e. g. V-4210A)

for temperatures up to 750 and 1000°C. , respectively. The construction

of either probe is simple and inexpensive, and neither makes use of the

Varian heating assembly.

Preliminary experiments showed that it is hard to adapt the Bloch

crossed coil probe to temperatures above 500 0 C. because of the difficulty

of maintaining precise geometry. This is readily circumvented through

the choice of a single coil circuit, though the sensitivity is slightly

reduced thereby. An advantage is that more space is available for the

heating and cooling systems and for rf shielding. The Varian probe

system is replaced by a single coil, furnace, and radiofrequency bridge,

all of which are easily constructed.

*. I,
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(r There are two obvious ways to heat a sample for an NIM moasure-

ment: (1) the sample and coil are' heated by a furnace that surrounds

both, or (2) the sample is heated and the surrounding coil is maintained

at room temperature. The maximvum temperature of (1) is limited by

the melting point of the silver wire used for the coil (960 0 C). Higher

temperatures can be reachedwith (2), but the temperature distribution

is less-uniform unless the filling factor is drastically reduced. Inter-

ruption of the heating current during the NUR measurement is necessary

with arrangement (2).

Figure 1 shows a longitudinal section for design (1). The rf coil for

measurements at 11.5 to 14 Mc consisted of 14 turns of 0. 030" dia. silver

wire, set into threads which were internally cut in a thin wall (1. 0 -m.)

Lava cylinder 25 mm long and 13 mm I.D.. The Q of the coil in its

Lava supporting cylinder was 150-200. The heating element consisted

of 30 vertical loops of 0. 010" dia. platinum wire set into grooves which

were milled into a surrounding thin wall Lava cylinder. A brass water-

cooled jacket of 40 mm. O.D. contained the furnace and rf coil; its

location relative to the modulation coils and bridge is shown in Figure 2.

The furnace was heated with storage batteries (24 - 96 volts). At room

temperature the resistance of the platinum wire was about 10 ohms.

For a sample temperature of 700 0 C. the furnace required 3. 3 amperes

at 96 volts, and the mean wire temperature was 7200 C. No deformation

of the NMR signal could be detected, provided the current supply was

well shielded, and no displacement of the signal was observed when

heating was interrupted. Sample tubes were made of either Pyrex or

Vycor tubing, with a deep re-entrant well to accept a chromel-alumel

thermocouple.. They were sealed off at a constriction after filling with

the appropriate salt and evacuating on a high vacuum line. The weight

of salt was calculated to furnish a volume of about 0. 8 cm3 in the molten

state, leaving about 1/4 of the space for thermal expansion. The
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variation i~n temperature within I cm of the center of the, coil wag'about

0 01

3°C. This could be reduced to I - 2°C. by reducing the coil diameter

to 10 mam. , but has the consequence of diminished sensitivity because of

the- ow red Q of the coil. During measurements it was necei .ry to

remove the thermocouple from its well, since it noticeably affected the
magnetic field.

The second €le~ign (2) made use of a quartz vessel shown in Figure 3a.

The coil, made of 0. 040". dis. silver wire, consisted of 14 turns having

a length of 25 mm, a diameter of 22 rnm, and a Q value of 260. It fitted

the quartz vessel closely, but was not cemented to it. The furnace element

consisted of a platinum ribbon 24 cm long x 0.,002" thick, which formed a

vertical loop around the sample tube (Figure 3b). Its width (s-4 mmr) was

varied along the sample tube in order to provide the most nniform tempera-,

ture distribution. It was important t~iat the cooling water circulate through

the vessel jacket without obvious vortices in order to minimize excessive

noise. When well adjusted, the cooling water at the highest operating

temperature (1000°0C. ),increased the noise level by less than a factor of

two, as compared with the noise when the current and water circulation

I0Io

were int teped. At about 1000 C. tof he eating current was 0 amperes

at 48 volts. Such a current deformed the signal considerably, but in most

cases did not completely obscure the resonance. For resonances which

were strong enough to be displayed on an oscilloscope (e. g. for Na s a in
molten NaC), it was possible to cut off the heating current during the final

adjustment to the resonance. When the signal was weak a fast trac with

an amplifier -recorder was necessary. For nuclei having strong resonances

the filling factor is not of great importance, and the'temperature stability

could be improved by replacement of the heater ribbon and the two inner

quartz tubec by a platinum wound Lava cylinder.

The radiofrequency bridge was of the twin T type, similar to that

a enthof25mm adi3ee of-'2 mavandaQle of 60.in itftendn

described by Athderson It has rder to providm iirepe ra-



( control of either the absorption or dispersion mode of the resonance signal.

The proper choice of bridge constants for optimum signal-to-noise ratio

was based upon the work of D. Gheorgiu and-A. Valeriu (4 ) .

For probe design (1) the coil resistance increases with temperature, and

it is not generally possible to balance the bridge capacitatively over the

entire temperature range, 0 - 750 0 C. For reasons of stability the bridge

should have as few variable capacitors as possible, and rebalance during

-heating is most easily achieved by replacing resistor R' (Anderson's

-notation) with one of lower value. The following constants were selected

for resonance at 14 Mc.: C=7-45pF + 33 11F, C1 = 14F, C S = 154F,

C' = 7-45PF, Ci' = I5 F, R' = 200-(0° - 500 0 C). The bridge was connected

to the coil and furnace by a 22 cm. length of heavy wall copper pipe.. It

is necessary to match the bridge output to the Varian (V-4210A) trans-

mitter and receiver inputs (plugs P103 and P201) with coils (e. g. Cambion

No. 1536-2-1) having 8 turns of No. 30 enameled wire. These coils were

separately shielded from the bridge, as shown in Figure 2. The sensitivity

of the circuit is improved if the Varian receiver is replaced by a low noise

cascade preamplifier (6DS4 triode) and a sensitive superheterodyne

receiver (e. g. Collins 75S).

Modulation of the external magnetic field was provided by two 250 turn

coils of No. 30 enameled wire, wound on a pair of 22 cm. diameter

aluminum spools. The modulation coils spanned the furnace-probe unit,

but to avoid transmission of vibrations to the rf coil, were not directly

attached to it. They were connected directly to the Varian 4250 sweep

unit.

The NMR furnace and probe assemblies have been used for the study

of cation resonances in crystalline and molten salts. Design (1) has been

particularly useful for the measurement of chemical shifts in solid and
(2)

molten thallium salts as a function of temperature. Design (2) is proving

to be valuable for similar studies on molten alkali halides. Figure 4 shows



recorder traces of the resonance of TI o'0  on T15 804 at 7000 C. (14. 0 Mc

at 5. 7 k. gauss) in the first probe, and of the NA 5 resonapce in sodium

chloride at about 1000 0 C. (11. 5 Mc. at 10.2 k. gauss) in the second probe:.

The chief advantage of these probe and furnace design* is their thermal,

mechanical, and electronic stability which make possible the use of a

radiofrequency bridge circuit and conventional oscillator, instead of a

marginal (regenerative) oscillator with its attendant. overloading tendencie's.

Thus, no problem, has been encountered in observing the nucler resonance

in ionic melts of high conductance, while Rowland and Bromberg reported

that saturation difficulties with .the marginal oscillator method caused the

resonance of T1205 to largely disappear in the molten state of thallium

(1)
salts
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( ) NUCLEAR MAGNETIC RESONANCE IN MOLTEN SALTS

I. CHEMICAL SHIFT OF CRYSTALLINE AND

MOLTEN THALLIUM SALTS

Stefan Hafner and Norman H. Nachtrieb

Institute for the Study of Metals

The University of Chicago

ABSTRACT

Relatively large chemical shifts in the resonance frequency of the

thallium nucleus are observed in both the crystalline and molten states

of different thallium salts. Relative to TINOs , which appears to be the

most ionic of all thallium salts studied, the chemical shift increases in

the order: Cl < Br < .J. The results are interpreted in terms of a second-

order paramagnetic contribution to the field at the Tl nucleus, arising

from an admixture of its excited states with the ground state, and the

chemical shift is approximately proportional to the square of the overlap

integral. Although cations and anions in the melts are partly associated,

the NMR shifts of the Tl nucleus show that the cause arises from incipient

covalency rather than polarization of the cation by the halide ions.

In both the crystalline and molten states, a linear increase in the

chemical shift with temperature is observed, which is attributed to the

enhanced overlap of excited states which are induced by thermal

vibrations.

IC.



INTRODUCTION

It is to be expected that chemical shifts in nuclear magnetic

resonance should provide information on the structure of molten malts

and on the nature of the interactions between the constituent species.

Although numerous studiet have been reported, on the NMR of crystalline

salts, very little information has been published on molten salts.

Since environmental effects on nuclear magnetic resonance arise mainly

from short range interactions, it might be expected that no qualitatively

different phenomena should accompany the transition from the crystalline

to the liquid state unless drastic structural changes take place. For this

reason, the present study of nuclear magnetic resonance in molten salts

begins with the corresponding crystalline salts and takes advantage of

the simplification which the symmetry properties of the latter provide.

The highly symmetrical structure of most of the thallous halides, nitrate,

and perchlorate, combined with the favorable nuclear properties of T1ar

2 )Studies in progress on the, resonance of Na"' (I = 3/2) in molten

salts show the feasibility of studies on nuclei having quadrupole moments.

the principal reasons for the choice of these salts for study.

When an atom is closely surrounded by other atoms, the magnetic

resonance line of its nucleus shows a small but significant "chemical

shift" (a) relative to the (hypothetical) resonance line of the atom in free

space. The chemical shift is usually defined as -(v S- V R)/V R at fixed

magnetic field, H, or (HS - H1R)/H R at fixed frequency, v. The subscript.,

S and R, refer to the nucleus in the system under study and in a fixed

reference system, respect'y.ely. Ideally, the reference system for the

i
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! (jpresent study should consist of free ions, but since the magnetogyric ratio

(y = is experimentally unknown forTl+, an arbitrary choice of the

reference state must be made. The best approximation to the idial refer-

ence would be a thallous salt which is as Ilionic" as possible. The chemical

shift of the thallous nucleus in other, less ionic, compounds of thallium

should then be toward higher frequencies at fixed external field. Relative

to the reference, the chemical shift is then primarily a measure of the

magnetic interaction of the applied field with excited paranagnetic states

that are mixed into the ground state of the free ion by its electrostatic

interaction with neighboring ions.

Ramsey's fundamental theory of the chemical shift underlies three

simplified treatments for ionic compounds, all of which lead to an expression

of the form:.

(1) 1 jl \ B
O 3 ~B \aAE

(4)
Yosida and Moriya used a simplified Heitler-London model to account for

the chemical shift in ionic crystals in terms of a covalent contribution to the

metal-4balogen bond. In their notation B equals jZ:I-- , where Z is the

coordination number of the ion in question, and 1- s the fraction of

p character in metal ions (equal to unity for halogen ions)., X represents

the degree of covalency, and AE is the difference in energy between the ionic

ground state and the non-bonding covalent state, one electron being transferred

from an anion to one of the nearest cations.

Kondo and Yamashit 5 ) attribute the chemical shift of an ion in alkali

halide crystals to overlap effects, neglecting covalency and charge transfer.

B then equals ZA, where A is the sum of all overlap integrals between the

outermost p orbitals of the cation which point toward a nearest anion and all

the orbitals of that anion. AE is an average over the energies of the excited

states of the ion in the crystal, and is approximated by Kondo and Yamashita
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as the energy separation of the first exci-ted singlet state of th-e free cation.
Griffith and Orge16) , dealing with the chemical shifts of transition

metal ions in complexes, pointed out that B/AE should increase with the

decreasing field strength produced by the ligands, and experimental data
o+3

on Co complexes are consistent with their analysis. For cations with

two unshared s electrons B is identified with the p fraction, 1 -7, of

the hybrid (decreasing with increasing ligand field strength). As in the

Kondo-Yamashita model, AE is the energy separation of the first excited

singlet state of the free ion above the ground state.

Although each of these approaches the problem of approximating the

terms in the Ramsey equation from a different standpoint, they have in

common the interpretation that the chemical shift arises from low-lying

excited paramagnetic states. This is also the conclusion drawn from the

present work.

EXPERIMENTAL

Some of the thallium salts used in this study were obtained commer-

cially and others were prepared by standard methods from 'thallium metal.

All were found to be free of paramagnetic impurities to the limit of spectro-

graphic detection. Lead and zinc were the chief impurities, present to the

extent of 0. 001 - 0. 1%6, and are believed to be without influence on the

measurements. T12 0r resonance frequencies were observed at about

14 mc/sec. (approximately 5800 Gauss) with a Varian 4200B wide line

spectrometer. Instead of the conventional Varian probe with two crossed

(7)
coils, a single coil was used in conjunction with an Anderson-type parallel

twin bridge. The choice of the single coil method gave greater flexibility

in the design of the sample furnace for high temperature studies. Two

possibilities for furnace construction were tested: (i) heating and cooling

elements inside of the resonance coil, which is maintained at room tempera-

ture, and (ii) a heating element outside of the sample tube and resonance

coil, with an outer cooling jacket. Both were successful, although (ii) is
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limited to temperatures below the melting point of the silver wire used

for the resonance coil. Since thallium salts have relatively low melting

points, most of the experiments were carried out with the simpler con-

struction (ii).

A second circuit was built with a small reference coil, which was

kept at room temperature. Since a proton sample was chosen as the

working reference a conventional marginal oscillator was adequate. The

reference coil was 4 cm. distant from the center of the sample coil, and

the frequency and magnetic field impressed on the heated sample at a

fixed tempekature could be determined within some seconds by simply

moving the coils over that distance. Separate intercalibrated frequency

counters were used in the sample and reference circuits. The absorption

mode of the T1205 resonance was observed throughout, and it was possible

to work with lines of intrinsic width by use of low modulation fields and

low rf power. Signals were displayed on an oscilloscope. The use of a

recorder -amplifier was not generally necessary.

RESULTS AND DISCUSSION

Figure 1 summarizes the measurements made of the resonance

frequency of T12 0
° in a variety of crystalline and molten salts as a

function of temperature. The ordinate scale at the left gives the ratio

W Tl/ H , with pure water as the proton reference. The scale at the

right provides the chemical shift at fixed external magnetic field. Its

zero is somewhat arbitrary, since the true magnetogyric ratio of the free

thallous ion is not known. Under the circumstances, the best approximation

to the free ion value would seem to be the provisional selection of the lowest

resonance frequency observed in any thallium compound. It is not sur-

priaing"that crystalline TlNO and T12 SO 4 are among the salts which have

the smallest values of w /H. The lowest value yet observed is for the

molten composition TICIO, . AgNO. TlClO4 itself is unstable in the
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liquid state, and the TiBOS resonance could not be detected in the crystalline

state. It seems unlikely that thalliuim salts exist which have significantly

lower magnetogyric ratios in either the molten or solid states, and the

dotted line of Figure 1 is our best "guess" for the intrinsic zero. The

comparison of the T12 0 shifts among various salts is unaffected by the

choice of base line, of course, but a reasonable assignment is needed if

the Ramsey model is to be used.for calculations. Other approximations

to the free ion value, based upon extrapolations to infinite dilution of

measurements of aqueous solutions of thallous salts, have far less validity,

as Gutowsky and McGarvey point out.(8) Figure 2 shows the remarkably

higher magnetogyric ratio we have observed for aqueous Tl + , as compared

with that of crystalline TlNO8 or an equimolar molten solution of TlClO4

with AgNO.

To the objection that Tl+ is not very "ionic" even in crystals such

as TlNO3 or TlC10 4 , several arguments may be offered: These salts have

cubic symmetry in the crystalline state, and the comparatively large number

(8) of equivalent nearest neighbor anions haviAg large radii should cause a

minimum of cation polarization. On chemical grounds, thallous salts have

properties (e. g. , aqueous solubilities) which place them between the alkali

halides and the silver halides in ionic character.

CHEMICAL SHIFTS IN CUBIC THALLOUS SALTS

The thallium chemical shifts in both crystalline and molten thallium

salts show a remarkable progression in the order: I > Br > Cl > NO .

(6)This sequence is consistent with the observations of Griffith and Orgel
+3

who find in Co complexes that the paramagnetic shielding effects are

large for ligands which produce small electric fields. Thallous fluoride

occupies a position between TlBr and TlC1, indicating that the electron

affinit4 9 ) of the halogen atom rather than its electronegativity is the

important factor. For solid TlF ( is about - 16 x 10"4; its peculiar crystalt
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structure is probably responsible for the broad resonance observed., It is

a low symmetry form, which may be regarded as a distortion of the NaCl

structure. a is therefore anisotropic, and the observed value in the poly-

crystalline powder is an average over its tensor components.

For a discussion of the B term in the Ramsey equation it is convenient

to begin with the crystalline halides which have cubic symmetry and to

evaluate it from measured values of o and approximations to the quantities,

AE and r) Several approximations to AE can be made. Yosida and

Moriya assumed electron transfer from anion to cation, and used the
' (10)

von Hippel equation to estimate the lowest excited anion state thereby:

(Z) AE (2 - l)e 2

a d +E-I+Q

In this equation is the Madelung constant, E is the halogen electron

affinity, I is the ionization potential of the metal atom, and Q is the polari-

zation interaction between the free atoms which results from charge

transfer; e and d are the electronic charge and nearest cation-anion distance,

respectively. Yosida and Moriya were interested primarily in the chemical

shifts of anion nuclei, but stated that AE should not be very different fromc
AE.

a
A second approach to AE can be made by identifying it with the ultra-

violet absorption bands of Tl+ in ionic crystals. Seitz analyzed the
spectroscopic data of Hilsch and Poh l and others for alkali halide crystals

containing small concentrations of TI . He concluded that charge transfer

from the host anions to Tl + would not account for the bands, whose absorption

shifts only slightly when one anion host lattice is substituted for another.

He attributed the TI bands to transitions from the ground state to the

excited 6 s 6 p states of the cation, and argued that the fundamental charge

transfer band must lie at rather higher energy. We make the assumption

that AE, of the pure thallous halide is about the same as for Tl + ion in the

alkali halides analyzed by Seitz. The values of AE, in Table 1 (col. 3)
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correspond to the mean of the three bands associated with transitions from

the ground state to the excited 6s 6 p states of the TI+ ion. They agree with

the early experimental data of Fesefeldtd, 13), but are remarkably lower

than the LE values calculated from Equation 2 (neglecting Q), which can

(5)
only be regarded as providing an upper limit. Kondo and Yamashita take

the value of AE, to be the 1st excited state of the free cation. This will

be lowered in the crystalline state, however, and we assume that the

spectroscopic results cited by Seitz provide a more nearly correct estimate.

For /13 both Yosida and Moriya and Kondo and Yamashita choose
tve(14) ( o> free atom for

tevlefor the free ion. Baron selected of the
(4)

his application of the Yosida-Moriya model as a consequence of charge

transfer. However, it is to be expected that the Tl atom wave function

should be more localized in the crystal by virtue of the negative charge on

the nearest neighbor anions. For this reason a value intermediate between

K'a Tl + and (I> Tl would probably be more nearly correct; fortunately

the difference is less marked for heavy atoms than it is for light atoms.
/1l (15)

\LP T  (= 11. 8a. u.3 )was taken from Barnes and Smith (without

relativistic correction), and r T+ (= 18. 8a. u.-a)was calculated from the

6p 3 P 0. splitting in the same way. Table.2-uses.the.18..8a.u. -3 value.

For the evaluation of the factor J - a 
2 Yosida and Moriya assumed

a tetrahedral sp 3 metal hybrid for the bonding ground state. However,

because this violates the point symmetry of the cation lattice sites, we

prefer to assume a pure 6p state for Tl, with its orbital axis in the

direction of one of the nearest anions. The factor /l -ta then becomes

unity, as Kondo and Yamashita assume, and the difference from Yosida and

Moriya' s value is numerically small.

Under these circumstances, B becomes numerically almost identical

for both the charge transfer and excited cation approximations, suggesting

that covalency and overlap effects are:'.different aspects of t~e same bonding

situation. The degree of covalency X, and overlap A, respectively, of
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the thallium halides calculated from the NMR data of Figure 1 and Table 1

(col. 4) are listed in Table 2. Their validity as a covalent bonding parameter

is difficult to assess, however, despite the excellent agreement between our

values derived from cation-NMR results and those calculated by Yosida

and Moriya from Kanda's anion-NMR data(1 6 ) for the, same salts. Here

the choice of the zero shift reference enters even though the two studies

are quite independent.

CHEMICAL SHIFTS IN NON-CUBIC THALLOUS AND THALLIC SALTS

The interpretation of the chemical shift in T12 SO 4 is difficult. Its

Tl + ions occupy two non-equivalent lattice sites with low.point symmetry,

and hence two o tensors exist. Moreover, the lack of a center of symmetry

about the Tl+ sites leads to cation polarization and therefore to induced

excited states. This contribution to a may be quite significant because of

the high polarizability (_5 90)(17) of the Tl+ ion. These rather complex

circumstances preclude a more detailed discussion. Nevertheless, T12 SO4

is isomorphous with KSO4 , and the location of its T12 0 s resonance on

Figure 1 shows it to be a predominately ionic salt.

TI is orthorhombic below 1750C with fewer than the eight nearest

neighbors of the CsCl structure, while TlCI and TlBr are cubic at all

temperatures below their melting points. The relatively large degree of

covalency in TII is evidenced by its large a.

The non-cubic symmetry of T1NO s below 144 0 C results from the

peculiarities of the nitrate ion (planar trigonal structure) rather than from

covalent bonding. The transition which is visible in the chemical shift at

this temperature is believed to be due to disorder in the NO. - sub-lattice.

Two thallic salts are depicted in Figure 1: TlC1 and Tl(C10 4 )3 .

Both show large chemical shifts, which arise from two causes: '(i) diminished

diamagnetism of the ion core, resulting from the loss of both 6,3 electrons

and (ii) the covalent character of the bonds to neighboring anions. It ist
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for the latter reason that the metal atom sites of all thallic compounds

possess low symmetry and low coordination number. Such compounds

deviate so markedly from idealized ionic salts that an approximation of

B by either the Yosida-Moriya or Kondo-Yamashita models is not justified.

The detailed crystal structures of both TlC13 and Tl(C10 4 )3 are still

unknown, so that an estimate of the bond strength ( I - a 2 ) of the Tl 6 sp,

hybrid, as suggested by Orgel , is not yet possible.

NMR IN THE MOLTEN STATE

Although those properties of molten salts which depend upon long

range interactions of particles cannot be related in any simple manner to

the crystalline state, there are no difficulties in principle in the application

of Equation 1 to ionic melts. This comes about because NMR chemical

shifts, as well as relaxation effects, are largely determined by the local

symmetry of the nuclear sites; i.e. the symmetry within a sphere drawn

about the nucleus with a radius comparable to the lattice constant. In an

ideal ionic crystal the local symmetry of each ion is identical with the

point symmetry of the ion site, and the main difference between crystal

and melt arises from the loss of translational order. It is often assumed

that the local symmetry in ionic salts is largely preserved on fusion, and

although there may be changes in the local configuration a relatively high

degree of local order is believed to remain in molten salts. The quite

stringent requirement of "strong electroneutrality" greatly aids in main-

taining a form of local order, since it requires that the immediate

neighbors of a given ion generally consist of ions of opposite sign. Strong

local electroneutrality may be relaxed if the departure from a predominately

ionic melt is appreciable.

In fact, the chemical shifts and line widths of solid and molten

thalliumn salts are not greatly different (Table 3). The line widths of the

three thallous halides range from 0. 1 to 0.7 KC. Except for Tl(Cl0 4 )3 ,
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the shift is invariably in the paramagnetic direction on fusion, and the magni-

tude of the shift is less than the difference between that of the melt and that

of an aqueous thallous solution. Roughly speaking, the chemical shift on

fusion for a given thallous halide is comparable to the difference from one

halide to another in the series: Cl, Br, I, in either the solid or molten

state. For the foregoing reasons it appears that all the terms of Equation 1

remain more or less meaningful for molten salts, although they must undergo

some numerical changes.

In Table 1 (Col. 5) values of a for several molten salts have been

extrapolated to a common temperature (5000C), based on the data of

Figure 1. For the molten thallous salts a., is markedly higher than for the

corresponding solids at 200C. Unfortunately, almost no absorption spectro-

scopic measurements for molten salts exist which would permit an estimation

of AE. and a corresponding calculation of A. That AE. undergoes a decrease

in the molten, state is qualitatively certain, however. Retschinsky(1 9 ) observed

a red shift with increasing temperature for the edges of the fundamental

absorption bands of KC1 KBr, and KNO3 and an abrupt decrease at their

melting points. Rhodes and Ubbelohde (2 0 ) found a red shift of 0, 7 eV (-12%)

in the charge transfer band maximum of LiI between 200C. and the melt at

451 0 C. The corresponding bands of LiNOs, NaNO 3 , KNO 3 , and AgNO 3

also shifted from 0. 1 to 0, 5 eV (2 10%) between 200 and the melts

(214 - 340 0 C). Moreover, the 1st excited states of the gaseous thallous

halides are 4.4 eV (T1F), 3.8 eV (TlCl), 3.6 eV (T1Br), and 3. 3 eV (TII).

These provide lower limits for the corresponding 1st excited states in the

molten salts, and therefore maximum possible values for the shift in a on

fusion. Although it is clear that AE, decreases on fusion and a part of

the chemical shift must be attributed to this decrease, it is equally clear

that this does not account for all of the increase in a . B must clearly

increase.

The number of nearest neighbors, Z, can be estimated either from

Cthe radial distribution functions of the molten alkali chlorides as determined
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r by X-ray diffraction or by use of the packing density arguments

For the alkali halide melts Z has been estimated to decrease from 8 to

about 4. 5. Thus, the degree of covalency X, or the mean anion-cation

overlap A, should increase in the molten state 'by about a factor of two,

as compared with the corresponding solid in order to satisfy the observed

a S.

Other evidence related to the increase in A (overlap) in molten salts

is provided by Table 4, which lists cation-anion distances in the crystalline,

molten, and gaseous states. Stillinger (2 3 ) calculated distance of closest

approach for oppositely charged ions, based on the Reiss-Frisch-Lebowitz (2 4 )

rigid sphere model. His values at 700 0 C. are about 10% lower than the

corresponding interionic distances in the crystal at 20 0 C. Levy's eXperi-

mental values for the mean interionic distance (Z 1 ) show a similar, though

less pronounced, trend. In the gaseous thallium halides the "cation- anion"

distance is about 20% lower than in the crystal. Quite evidently, the inter-

ionic distances in molten salts lie intermediate between those in the

crystalline and gaseous states.

Further support for the conclusion that overlap effects are largely

responsible for the chemical shift on fusion may be found in Lbwdin's

cohesive energy calculationsk2 5 ) for alkali halide crystals. His calculations

show that a 10% decrease in the cation-anion distance leads to a 2 - 2. 5

fold increase in the square of the overlap integrals.

The question of whether the shortened cation-anion distance should

be regarded as "ion-pairing" or "partial covalency" is not a mere semantic

one. For while the X-ray evidence shows that cation-anion distances are

diminished in molten salts, and mobility measurements show that diffusion (2 6 )

(27)
is larger than electrolytic mobility 2 , neither observation accounts for

the cause of the apparent association

Bockris and coworkers (8) following the coupled vacancy mcdel

proposed by Seitz and Dienes 3 0 for diffusion in ionic solids, account

C for the discrepancy between the measured and calculated (Nernst-Einstein)
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( diffusion coefficients of molten salts on the assumption that diffusion of

ions without charge transport may occur by consecutive jumps of associated

cation and anion vacancies.
(31)

Klemm )
, on the other hand, has suggested that cation-anion

complexes in molten TIM1 become more abundant with increasing tempera-

ture and thereby accounts not merely for the apparent failure of the Nernst-

Einstein relation but also for the linear decrease with temperature of the

T12 0 3 isotope mass separation factor. This is completely in accord with

our interpretation that covalency increases with temperature. The NMR

shifts show that excited paramagnetic states are mixed into the bonding of

anions and cations, and are relatively more important in molten salts than

in the crystalline state. An even more cogent argument shows that "ion-

pairing" resulting from polarization is not consistent with the NMR data.

For if this were the case, polarization of the cation and deshielding of its

nucleus by an anion should vary in the order Cl>Br>I; just the reverse is

observed in the T12 0 5 NMR shifts.

The trivalent thallium salts deserve special comment. Unlike the

thallous halides, nitrate, and sulfate, they show a very small chemical

shift on fusion, and Tl(C10 4 )3 moves in the diamagnetic direction. These

are not predominately ionic melts, however, as is evidenced by the fact

that their specific conductance in the molten state is smaller by a factor

of 10r, than that of the thallous salts. In the solid state they form molecular

crystals, whose low symmetry for the T1111 sites is governed by molecular

forces and steric considerations, rather than by the isotropic coulombic

interactions of ions. On fusion the local symmetry of the T' 1 1 1 atoms is

little changed. Here the dictum of strong electroneutrality is satisfied

within each molecule, rather than statistically in the 1 st coordination

sphere of a given ion. Presumably, the verjr large chemical shift of TlC1

relative to TlNO3 and its very small change on melting mean that nuclei of

the Tl11 atoms are deshielded within the molecule, but are quite effectively

shielded from neighboring molecules by their own three chlorine atoms.
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( Even in the gaseous state it seems likely that the rnagnetogyric ratio of TI I I

in TIC13 will differ little from its value in the molten state.

TEMPERATURE-DEPENDENCE OF THE CHEMICAL SHIFT

The question of why covalent bonding, rather than ion-pairing due either

to coulomb or polarization forces, is indicated by the NMR chemical shifts

is bound up with the observation of the temperature-dependence. The asso-

ciation of ions which are attracted by coulomb forces alone can only decrease

with increasing thermal energy. However, the shifts observed are in the

paramagnetic direction and seem to increase linearly with temperature in

both the solid and liquid states. We must conclude that cations and anions

do associate, with a positive temperature coefficient, but that the forces

responsible for the attraction are neither coulombic nor polarization in. origin.

That increasing covalency with increasing temperature is a qujite 'general

phenomenon may readily be seen.

First, however, it must be shown that the observed temperature

coefficient (da /dT 10;;s deg - ') is not to be explained in a trivial way as

the increase in magnetic induction with increasing thermal expansion of the

salt. We may write:

(3) 41 '. H. T where B is the magnetic induction, ). isd3 d-T d dT

the specific magnetic susceptibility, and p is the salt density. Taking for

TlCl the values, l=-0.19 x 10 - 8 , dp/dT = -1.8 x 10 "' gm cm - 3 deg "3 , we

obtain dB/dT = 0. 26 x 10 - gauss deg - ' at 6,000 gauss. The contribution
1 dB

to da/dT is then 1. dB = 4.3 x 10 - 1 deg", which is wholly negligible (Cf.

Table 1).

A more significant contribution to the shift comes from the dependence

of AE on temperature. Fesefeldt ( 3 2 ) , in a very careful early study of thin

films of potassium iodide and rubidium br.,mide, found the red shift of the

fundamental absorption band to be 0. 93 x 10 - ' eV deg" and 0. 74 x 10 "'

C eV deg-', respectively (linear from -2530C. to 220 0 C.). Martienssen ( 3 3 )
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has observed a similar red shift (0.7 x 10-eV deg") for solid potassium

bromide. No perceptible shift was observed by Fesefeldt( 13 ) between

-1860C amd 20oc. for TlCl, TlBr, or TiI, however. We are led to the

conclusion that although AE may decrease linearly with temperature, its

contribution to the NMR shift is still minor.

The major part of the linear temperature dependence of the NMR

shift must therefore arise from the vibrational overlap of the cation-anion

-wave functions. The effective vibrations are those infrared modes that

remove the center of symmetry from the Tl site; those modes (acoustic)

which preserve the point symmetry do not influence the mean overlap of

nearest neighbors. The infrared absorptionmnaximurn in TlCl which

appears at 50 4 can be regarded as a standing wave, in which the T1

sublattice vibrates as a whole in the /111 direction against the halide

sublattice. At the temperatures of the NMR experiments such vibrational

states are well-populated.

From Equation (1) we may write:

(4) 1 da 1 dA

, c o  dT Ao dT

Moreover, to first order the temperature-dependence of A may be taken as

.2 A 2- 2P A (U2)
(5) A = Ao + x . ;T -

where A is the sum over the squares of all overlap integrals, and u2 is the

mean square amplitude of vibration along the line of centers of an anion and
a cation, and -=1/3u2 . Several ways of approximating dI- might be

chosen. For temperatures above eD, Leibfried has shown( 3 4 ) that

(6) 7 18 kT , and hence
D

(7) 18k 18

T WD MoD

Table 5 (Column 3) lists the values of the mean-squared thermal

amplitude coefficient, calculated from Equation 7 with OD = 126 0 K and 113 0 K
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for TIC and TlBr, respectively, using the elastic constants ( 3 5 ) of these

salts. James' and Brindley's measurements of the thermal broadening of

the X-ray reflections of KCI(3 6) lead to a value of about 2 x 10"20for the

thermal coefficient of the mean-squared amplitude, and indicate that our

approximation for the thallous salts is of the correct order of magnitude.

The dependence of the square of the overlap integral upon the mean-

squared vibrational amplitude is much more difficult to estimate. A

reasonable estimate can be made, however, for salts which are predomi-

nately ionic, since the radial part of the ion wave functions falls off expo-

nentially with distance. Ldwdin's calculations ( 2 5 ) of the overlap integrals

as a function of interionic separation for a variety of s and p orbitals of

the anion and cation in NaCl and LiCl are tabulated. They show that the

fractional change in the square of the overlap with respect to the interionic

separation in the vicinity of the equilibrium distance is about the same,

independent of the particular cation and anion orbitals. This arises, of

course, because NaCl and LiCl are predominately ionic, and only the

outermost exponential portions of any of the orbitals are involved in the

overlap. We make the assumption that this is also approximately true for

TlCl and TlBr, and take the fractional change in the square of the overlap

with amplitude squaredto be the same as for those alkali halides. This
leads to a-value for _ . = 1.3 x 101, cm 2 , averaged over the overlaps

of both the s and p orbitals of the thallous and halide ions. This value is

certainly correct to order of magnitude, and is probably valid to within

a factor of two.

Table 5 shows the comparison of the observed fractional chemical

shift with temperature with the estimates obtained through the use of

Equations 4 and 5 and the approximations indicated above. The agreement

in the case of TICI is certainly fortuitous, and even the order of magnitude

agreement in the case of TlBr suggests that the cause of the linear tempera-

ture dependence of the chemical shift is the increase in the mixing of excited

C states as a result of vibrational overlap.
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Although the discrepancy between the observed temperature-dependence

for TlBr and the estimated value differs by an amount which is within the

probable reliability of the approximations, it may be significant that the

discrepancy is even larger for TlI. The chemical shift for TlI places this

compound rather close to the thallic salts, which exhibit virtually no tempera-

ture-dependence and which are considerably more covalent than the thallous

salts. The trend through TICI,TIBr, and Tl may mean that the overlap

becomes so large that the approximations which start from an ionic model

are no longer valid. At the other extreme, the very large temperature

dependence of the chemical shift of solid thallous acetate would appear to mean

that the degree of configuration mixing increases with anomalous rapidity.

Both of these questions require further study, and will be the subject of a

future communication.
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C_ TABLE Z

DEGREE OF COVALENCY (OVERLAP)

OF CUBIC THALLOUS SALTS

X, A X, A

From From the anior

Crystal Table 1 shift (ref. 4)

TlNO3  (0.006

TICi 0.033 0.039

TlBr 0.051 0.047

TiI 0.095

TABLE 3

CHEMICAL SHIFT ON FUSION
-Aarxl 04

Rowland &
-AaO" I0Bromberg( 1 )

TINO3  1.7 1.3

T12 SO 4  2.6

TlC1 5.6 6.0

TlBr 5.6 5.6

TlI 3.1

Tl(CIO 3  -0.8

TIC13 0.02

Tl acetate <+0.02

C
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j TABLE 4

INTERIONIC DISTANCES IN SOLID, MOLTEN,

AND GASEOUS SALTS (cm x 10')

Closest Approach Mean

Crystal Melt, 700 0 C Melt Melt Gas
Salt Room Temp. 2) 3) 3)

CsCl 3.56 3.01 3.03 3. 53 2.91

CsBr 3.72 3.06 3.14 3.55 3.07

CsI 3.95 3. 35 3.85 3.32

TlC1 3. 3Z 2.55

TlBr 3.44 2.68

T1 11 3. 64 2.87

1) Above 175 0 C.

2) From ref. 23.

3) From ref. 21. Temperature not stated.

TABLE 5

FRACTIONAL INCREASE IN CHEMICAL SHIFT WITH

TEMPERATURE (SOLID TIC1 AND TlBr)

1 1 d2 A [cm] du [deg.

. d-T- [cm2 /de g'] 1 / d gde 
3 0 __________ a,__________

(NaCl; LiCl) (Ti)' calc. obs. (cf. tb. 1,)

TlCl 2.7 x 10
- 2 0  1.2 x 10-

3  1.4 x 10-3

4. 3 x 1016

c TlBr 3.4 x 10 - 20 1.5 x 10 -3 0.55 x 10 "3



C.j C LO 0

I 0
0

0

0_

co 0
0

4-O 0

o 00 0

0 r)/- Lr



c \I I - I

0

0 0 0 00O O O

o 0 0 0
o HM/ 61M



5

We investigated the conduataAce of the -following 4-1 tee

in molten iodine: potassium iodide, thallous iodide, silver

iodide, stannic iodide, indium trilodide, gallium trilodide,

iodine monoohloride, and iodine monobromide, with results that

are interpreted in terms of an ionic dissociation model. The

following substances appeared to be insoluble in molten iodine,

and had no significant effect upon its cOnductance: ouprous

iodide, antimony (I) iodide, bismuth trilodide, zinc iodide,

and cadmium iodide,

The conductance data are best explained in terms of an

ionic model, in which the solvent ionizes according to the

reaction:

2a + +

where I represents not merely the iodide ion, but polylodide

species as well. Potassium iodide behaves as a ion-pair in

molten iodine, dissociating according to the reaction:

(2) K+Z -K I+f- K

The application of Kohlrausch's Laws to the conductance data,

with the above two equilibria leads to the following values:

K - 1.05 x 107

- 8.5 x 10"3

4o1 2 37.4 ohm-'aom2 eq "1
*
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With these constants the experimental data may be fitted Out W

a oncentration of 1.0 x O'0l X 12.

At higher concentrations of potassium iodide the solution

conductance rises much more rapidly than can be accounted for on

the assumption of the above two equilibria, and it is clear that

another significant process is entering:

(3) I + K- X K + ; K 3 - 2,4 xlo

Ion triples and presumably even higher multipolar species are

favored by the low dielectric constant of iodine ( -12),

and become increasingly important as the solute concentration

is increased,# For thallous iodide the ion pair and ion triple

formation constants are KTl! - 1.24 x lo-3 and K2,1 2 - 1.26 x 10,

respectlvely.

Solutes such as iodine monochloride and iodine monobromide

differ from K! and TlI in their effect on the electrical conduc-

tance. Both cause a monotonic decrease in the conductance, by

ionizing according tot

(4a) ICI = I+ + C- KiC - 1.10 x 10-4

(kb) tBr- I +Br ; K 1.,5 x l0 6

and repressing the solvent dissociation (Iquation 1). The con-

ductance data are well-fitted by the above constants and the

following values for the equivalent conductanoes:

A oici m 1.37 ohui-lm 2 eq"1

so 7.40 oku-lom2 eq-l
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A third class of conductance behavior Is shown by the

solutes, indium trilodide and gallium triiodide, for both of

which the solution conductance pe'sses through a deep minimim

at about 3 x 10-31 and ther, graduatlly rises to values well in

excess of that for pure iodine. -he equilibria which appear- to

be involved are

(5) %nI3 + i 2 IIni4- + I +  KinI3 = 9,2 x 10 3

(4) !2 In + ; M 1.05 x 10-7

These values for the equilibrium constants, together with an

assumed limiting equivalent conductance, A on -
1 2 3'

0.624 ohm- om2 eq- , describe the course of the conductance with

solute concentfation very well, Figures 1, 2 and 3 show the

experimental data and the calculated conductance curves for

KII1,d, and InI3, fitted with the equilibrium constants and

equivalent conductanoes given above.

(3) SURPACE TUISON MUAWRIS M S.

We have been attempting to adapt the maximum bubble pressure

method to the measurement of the surface tension of molten salts,

and the results have been highly encouraging for bismuth t'i-

chloride. The following table lists our best values obtained

to date$
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246.5 62,.80

250.3 61.,94

277.7 59.61

300.3 57.51

317.5 56.02

349.3 51.95

362,4 50. 93

383.0 49.15

394.9 48.13

Efforts to extend these measurements to solutions containing

added bismuth metal have been" less successful. The lower

oxidation state which is formed is highly susceptible to oxida-

tion, and it has been difficult to have exact knowledge of the

composition. They nevertheless show very clear deviations

from additivity in the surface tension with pure salt and pure

metal as the references. This confirms other evidence that the

Bi/BiCl3 solutions have no metaIlc properties, whatsoever.

We wish to refine the measurements, however, and to extend them

to the alkali/alkali metal halide solutions, in which there is

better evidence for electronic and metallic behavior,
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(4) MAONN;SI 8U5 EPTIbLMT OP MuTALMW iSaX RQOM

We are carrying out a study of the magnetic scsep!ibility

of molten salts containing dissolved metal, for the purpose of

learning more about the state of the valence electrons. As a

starting point we take the simple view that each metal atom is

ionized and the electrons are essentially free. At high electron

concentrations they will occupy degenerate spin states, and only

those electrons whose energy is at the top of the Fermi distri-

bution should have unpaired spins. If such a free electron gas

model is valid we should find the magnetic susceptibility to

vary with concentration according to:

7,- (8m/ 2)Zl/3N1/3V2(VY/3)2/3

'Doubtless this is an oversimplified model, which will need modi-

fication in the light of experiment, TO provide data for the

K/KC1 and Na/MaCl systems, we have assembled a Oouy magnetic

balance which is usable up to fields of 25 kilogauss and is

sensitive to weight differences of 10 micrograms. The entire

balance and furnace assembly can be evacuated in order to

eliminate Instabilities whioh aripe from convection urrents.

We have plans to make the susceptibility tubes from thin-wall

seamless nickel tubing, which is impervious to attack by the

molten alkali metal/salt solutions. Temperatures will be well

above the Curie temperature of niokel (3C 0 c) for the measure-

ments, and there will be only second-order paramagnetic oorrec-

tione to make for the containing vessel.
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I The construction of an intricate internally wound water-

Jacketed tube furnace has been completed, and we shall begin

measurements as soon as the seamlers nickel tubing is received4

(5) AMsRPTON ? ECTIA 0 o NOVTI SALTS

Our studies of thallium salts suggest that the shift with

temperature of the fundamental ultraviolet absorption band is

closely related to the NMR shifts we have observed. Very little

is known of the peotra of these simple salts beyond the quali-

tative fact that the long wave length band edge undergoes a red

shift with temperature. We are modifying a speotrophotometer

for high temperature abaorbance studies of the band maxima to

study the temperature dependence of the band maximum in detail.

The problem of constructing quartz cells with very short path

lengths we have solved.

4


