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Created in 1849, the Department of the Interior—America’s

Department of Natural Resources—is concerned with the manage-
ment, conservation, and development of the Nation’s water, wildlife,
mineral, forest, and park recreational resources. It also has major

responsibilities for Indian and Territorial affairs.

As the Nation’s principal conservation agency, the Department
of the Interior works to assure that nonrenewable resources are
developed and used wisely, that park and recreational resources

are conserved for the future, and that renewable resources make

their full contribution to the progress, prosperity, and security of
the United States—now and in the future.
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FOREWORD

This is one of a continuing series of reports designed to present
accounts of progress in saline water conversion and the economics of
its application. Such data are expected to contribute to the long-range

development of economical processes applicable to low-cost demineraliza-
tion of sea and other saline water,

Except for minor editing, the data herein are as contained in a report
submitted by the contractor. The data and conclusions given in the report
are essentially those of the contractor and are not necessarily endorsed by
the Department of the Interior,
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STATEMENT OF THE PROBLEM

The treatment and purification of water poses a difficult and
serijous problem. In order to solve such problems, a knowledge of the
jonic and intermolecular forces at play in aqueous solutions is of fun-
damental importance. The present study focuses attention on the nuclear
magnetic resonance of the fluoride ion in aqueous solutions. The F‘9
chemical shifts of KF , RbF and CsF are measured as a function of
temperature and concentration. |t was initially surmised that such a
study would lead to a better understanding of (1) the nature of ionic

hydrates and (2) the equilibrium between the water and the ionic hy-

drates,

viii




ABSTRACT

This investigation is a study of the natural forces between water
molecules and ions by the technique of nuclear magnetic resonance (NMR),
The fluoride ion was chosen as the object of study because it produces
an accurate NMR spectrum. Effects of temperature and concentration on

the F]9

chemical shift of aqueous solutions of KF , RbF and CsF
are measured.

In the course of this work a new and accurate technique for making
bulk-susceptibility corrections was developed, The technique involves
the use of coaxial sample cells, The area and frequency of the side
bands which result when the coaxial cells are rotated in the magnetic
field are found to be related to the bulk susceptibilities of the sample
and external standard., This technique is of general interest to anyone
requiring bulk-susceptibility data. Details of this work have been pub-
lished in the Journal of Chemical Physics, 45, L355 (1966).

Because F'9 shifts are strongly dependent on temperature, special
techniques for referencing the shifts were developed. A method of tem-
perature calibration, based on hetevonuclear double resonance, was suc-

19

cessfully developed., This method consists of irradiating the F nuclei

. A : 1
of paradifluorobenzene while observing the H resonance, From such ex-

19

periments the F shifts are referenced with respect to the H] reson-

ance of gaseous ethane which does not vary with temperature, This work

has been published in the Journal of Chemical Physics, 47, 1560 (1967).

19

Plots of F shifts versus molality, at a given temperature, for




the various salts (KF , RbF and CsF) converge to a common point at in-
finite dilution. This clearly indicates that the fluoride ion behaves in-
dependently from the cation at infinite dilution. The common intercept
varies with temperature, moving to higher field with increasing tem-
perature. This sensitivity to temperature could be the result of either
the hydrated fluoride ion being promoted to a higher vibrational energy
level or the breakdown of hydrogen bonds of water in the secondary layer,
or, possibly, a combination of both of these effects.

At concentrations below four molal all salts exhibit a non-linear de-
crease in F19 chemical shift with increasing molality. The non-linearity
is explained on the basis of the formation of aquo-ion pairs, according to
the equilibrium:

MT(H,0) + F (H.0) ——> M" F (H.0) + H.0

27« 27— 27 xty= 2
From the shift data, equilibrium constants are calculated, from which AH
of the reaction is obtained. The resulting AH is shown to be in general
agreement with partial molar heat contents derived from heats of dilution

measurements.




Bulk Magnetic Susceptibilities Determined from
NMR Spinning Side Bands using Coaxial Cells

In high resolution NMR spectra prominent spinning side bands are ob-
served for the material in the annular region of a coaxial sample cell.
It is generally believed that these side bands arise because of imperfect-
ions in the glass cells and inhomogeneity of the applied magnetic field,
We contend that the observed side bands are a property of the geometry of
the coaxial system. Side bands would still be observed even if the co-
axial cells were free from all imperfections and the applied magnetic
field were homogeneous. We would also like to point out that this phenome-
non can be used to test the field-modulation theory developed by Williams
and Gutowsky.] Preliminary measurements clearly indicate that the correct
interpretation may be used to determine the bulk susceptibility of liquids
and gases.

The magnetic field Ha in the annular region for a coaxial cell is
a function of the applied field, H0 ; the volume magnetic suscentibilities
of the material in the central tube, the material in the annular region, the
glass and the surrounding air, xl » Xy s Xg and Xgip respectively; the

C

inner and outer radii of the inner glass tube, a and b respectively;

and the polar coordinates r and © (6 = 0 is the direction of the applied

field). Name'ly,z’3

H = <H > + OAH cos 26 (1
a a a

, > = - - A
where Ha [ 21'r()(_a ¥ . )] HO and LHa

- 2
air La (Xc Ag)

+ bz(xg - xa)]ZnHo/r2




Zimmerman and Foster2 argue that a molecule in the annular region of a
spinning coaxial system.experiences an effective field < Ha > ., This is
equivalent to averaging equation (1) over 6 ,

In the coaxial system the effect of spinning causes the individual
molecules in the annular region to experience an oscillatory field as des-
¢ribed by equation {1). An oscillatory field produces side bandsI at
v, 4 e where Vs is the fundamential resonance, v is the frequency

of the oscillatory field and n is 1, 2, .... Since H, is periodic in

11, the separation between two adjacent side bands should be v, = 2 Vg s
where Ve is the spinning frequency. In our laboratory this has been ob-
served, The sample spinning frequency was measured with a General Radio
Strobotac driven by a Hewlett-Packard 200 CDR wide-range oscillator., The
driving frequency was counted within I 0.1 cps with a Hewlett-Packard 523
DR Electronic Counter. The side-band separation for various substances
was recorded with a Varian Associate AGOA spectrometer operating at

60 Mc/sec. In each case the separation between neighboring side bands

was twice the spinner frequency as predicted.

Equation (1) indicates that the magnitude of the field variation de=-
pends upon the magnetic susceptibilities of the substances involved., |If
the annular region is sufficiently narrow an average value of r may be
used and the William=Gutowsky theory‘ for field modulation can be applied
directly. According to this theory the intensity ln of the n-th order
side band is directly proportional to Ji (k) , where J, is the n-th
order Bessel function of the first kind and the argument k = YH/Zﬂvm .

H is the maximum amplitude and Vi the frequency of the field modula-

tion. For the field described by equation (1)

yAHa

K = T (2)
-3




This argument indicates that side-band intensitites can be used to de-
termine a unique value of k for a given spinning frequency. Equation (2)
can then be used to calculate AHa » from which bulk susceptibilities can
be obtained,

Many different techniques can be used to obtain k . One simple
method, for example, is to adjust the spinner frequency so that the inten-
sity of the fundamental band exactly equals the intensity of the first side
band, i.e. I, = II and thus Ji (k) = J% (k) . An examination of tables
of Bessel functions reveals several values of k which obey this equation,
From these values the correct value of k is chosen by considering the
relative intensities of the higher-order side bands, We have studied two
systems at QZOC, each with 1,2-dibromoethane. in the annular region. The
central tube contained acetone in system (1) and carbon tetrachloride in
system (2). Under the conditions described above, we found k = 1.4347
from tables of Bessel functions, The spinning frequencies of the coaxial
cells had to be adjusted to 36,9 cps and 20.5 cps for systems (1) and (2),
respectively., From the data and equation (2), we obtained values for BH_ .
To test this method we calculated the bulk susceptibility of the glass
cells by applying the defining equation for AHa and known values for the
dimensijons of the coaxial system“ and bulk susceptibilities of the sub-
stances employed, We found the bulk susceptibility of the glass to be
--0.817x10“6 emu and -O.8!8x10-6 emu for systems (1) and (2) respectively,
This agreement verifies the interpretation. One could obtain the bulk sus-
ceptibilities of liquids and gases after such calibration of the cells.

This work has been published in the Journal of Chemical Physics.5

This technique has been used for determining the temperature depend-

19

ence of F shifts as described in the following section,




Reference Standard for Studies Involving
Temperature Dependence of "9F  Chemical Shifts

The most desirable reference standard for measuring ]9F chemical
shifts as a function of temperature should have the following properties:
(a) the reference should have a sharp signal, (b) the position of the
reference signal should be independent of temperature and (c) the refer-
ence compound must be a liquid over the temperature range, 0 to 100°%.
Unfortunately, no compound having all three properties was found. For
this reason the requirement of a reference signal which is independent of
temperature was relaxed and the sharp triplet of 1,2-dichlorohexafluoro-1-
cyclopentene and, in some cases, the singlet of hexafluorobenzene were used
as external references,

Studies involving F]9 chemical shifts as a function of temperature
are subject to uncertainty if the temperature variation of the reference
signal has not been established, To date, investigator56 using F19 reso-
nance have recognized, but have not accounted for such possible variations,
We have developed a heteronuclear double resonance technigue for measuring
the "'temperature-dependent shift' of the F19 quintet of p~difluorobenzene,
The temperature-dependent shift of other standards, such as hexafluoroben-
zene, can easily be determined from this information when used in conjunc-
tion with conventional external standard chemical shifts,

OQur method is based upon the measurements and calculations of
Petrakis and Sederholm.7 These workers have shown that the proton shift
of gaseous ethane does not vary with temperature in the region from 25 to
100°c.  Similar calculations performed in our laboratory indicate that

gaseous fluorine compounds may exhibit sizable temperature-dependent shifts

and therefore fluorine gases are not reliable standards, Our method requires




two experimental steps: (1) the chemical shift of the proton triplet of
p-difluorobenzene relative to gaseous ethane is determined using coaxial
sample cells; and (2) the signal separation between the proton triplet
and the fliuorine quintet of p-difluorobenzene is measured by heteronuclear
double resonance, This information allows us to calculate the temperature-
dependent shift of the fluorine gquintet.

For p~difluorobenzcne the fluorine temperature-dependent shift is re-

lated to the proton temperature-dependent shift by the equation8

a‘F’(T) = 1= (v/f) (F /v ) D - 6‘;(T)]. (3)

»

In this expression 6§(T) = SH(T) - GH(O) , where BH(T) and 6H(0) are
the proton shifts measured relative to gaseous ethane at temperature T

and 0°C , respectively. In other words, 63(T) is the proton shift at
temperature T relative to that at 0% . Similarly, 62 is the fluorine

F

shift at temperature T relative to the fluorine signal at OOC. Also, Vo

and fT are the fluorine and proton irradiating frequencies, respectively,

necessary Lo resonate the proton and fluorine nuclei simultaneously at a
given magnetic field strength, at temperature T . Since the H] and F‘9
nucltei of p~difluorcobenzene are magnetically coupled these frequencies are
measurable by heteronuclear double resonance, Our procedure for the de~

coupling experiment was the same as that of Paul and Grant8 with one ex-

ception. The magnitude of the proton irradiating frequency was kept below
that necessary for complete decoupling of the {luorine quintet. This modi-
fied procedure allows us to determine the exact decoupling frequency by in-

spection of the assymetry of the perturbed fluorine pattern.9

C. P. grade ethane (The Matheson Co.,) at approximately 8 atm pressure




was sealed in the central tube of a Wilmad coaxial cell System.h The
annular region was filled with p~difluorobenzene, supplied by the Pierce

F19 and H] shifts were mcasured with Varian DP-60

Chemical Co, The
and AG60OA spectrometers operating at 56,4 mc/s and 60 mc/s, respectively,
Bulk magnetic susceptibilities were determined using the spinning side-

5

band technique,” and the shifts were corrected for bulk susceptibility
differences, The corrected shifts, 63(T) , are shown in column 2 of
Table |, The second irradiating frequency for the double resonance ex-
periment was gencrated by an NMR Specialties SDGO Heteronuclear Spin De-
coupler equipped with frequency lock. All freguencies were counted with
a Hewlett-Packard 52450 Electronic Counter, The ratios fT/vT

in column 3 of Table |, The fourth column contains the values of ég(T)

are listed

calculated from the equation above,

The determination of the temperature-dependent shifts provides experi-
mentalists with the opportunity to conduct meaningful F]9 studies that
involve variable temperatures, The technique described here is applicable
in general to other nuclei that exhibit coupling with protons.

We are greatly indebted to the Bell Telephone Laboratories, Inc,, for

L)

the use of their heteronuclear decoupling apparatus, and to Ernest Anderson

for valuable assistance in performing the decoupling experiments,




TABLE {: CHEMICAL SHIFTS OF p-DIFLUOROBENZENE AS A FUNCTION
OF TEMPERATURE

Temperature (°C) 63(T)(ppm) fT/vT SE(T)(ppm)

- 5 + 0.021 1,063006384 + 0.001

0 0.000 1.063006407 0,000

10 - 0.032 1,063006454 + 0.013

25 - 0,066 1.063006525 + 0,046

Lo - 0.091 1.063006596 + 0.087

55 - 0.112 1.063006666 + 0,132

70 - 0,131 1.063006737 + 0.180

85 - 0,143 1.063006808 + 0,235

100 - 0.1k2 1.063006878 + 0.302

8

Error on each
Entry

14
14
1+

.013 1.5 x 10~ 0.020




Preparation of Aqueous Solutions

Preparation of aqueous solutions o1 KF having a concentration ac-
curacy of tO.I% is quite difficult since KF is extremely hydroscopic.
We investigated several preparative techniques and adepted the one based
on density data, as described below,

A nearly saturated solution of anhydrous KF (Beker & Adarsom,
Recagent Grade) was prepared using distilled, deicnized water. After the
entire batch was filtered to remove insoluble residue, an aliquot was di-
luted to a concentration falling within the range of density versus con-
centration data reported in the lInternational Critical Tables. The density
of the diluted aliquot was measured and the concentration of the stock solu-
tion was determined by calculation,

Accurate density versus concentration data is not available for RbF
and CsF, therefore, stock solutions were prepared by weight, Fortunately
RbF and CsF are not greatly hydroscopic, A vacuum dried, weighed amount
of salt (K and K Laboratories, 99.9% pure) was added to a sufficient quan-
tity of distillied dionized water in a preweighed flask to give a nearly
saturated solution. The solution was then filtered through a preweighed
filter and filter paper (Coors 27H, Millipore 1.2 ) to remove insoluble
residue. The empty {lask and filtering apparatus were vacuum dried and
weighed and the weight of salt corrected for the amounts of residue,

RbF , and Csf

For chemical shift measurements dilutions of the KF , ,

stock solutions were prepared by weight,

Reference Standards

Hexaf luorobenzene, p-difluorobenzene (both from the Pierce Organic
Chemical Co.) and 1,2 dichlorohexafluorocyclopentene-1 (Columbia Organic

Chemical Co.) were used as reference standards during different stages of




this investigation, These compounds exhibited no detectable impurities in
the NMR spectra, and gas.chromatography indicated that any impurity was

much less than 0,1%.

Preparation of Sample Cells
for NMR Measurements

To eliminate spurious results caused by the use of internal standards,
external standards were used in conjunction with coaxial sample cell systems,
A very small amount of reference standard was permanently sealed in the an-
nular portion of a coaxial system by fusing the glass cells, With the refer-
ence compound sealed in the annular region several advantages accrue:

1. The usable temperature range of the reference compound
is increased by at least 20°¢ (both hexaflucrobenzene

and 1,2-dichlorohexafluorocyclopentene-~1 boil below

100°C).

2, The inner cell is easily cleaned and filled using a
syringe and a long Teflon needle. One need not fear

contaminating the standard,

Modifications of the NMR Spectrometer

In order to study the cation effect on the fluoride ion by nuclear re-

19 Shifts of the alkali metal

sonance it is desirable to measure the F
fluorides as a function of concentration over the entire solubility range.
Survey measurements indicated a surprisingly wide range of chemical shifts
for CsF solutions. To obtain accurate measurements we made improvements
in the power supply, stabilizing loop and radio-frequency unit of the DP6&0
spectrometer, The autotransformer that controls the voltage applied to

the magnet coils was replaced by a transformer with a higher current rating.

Other improvements, such as replacing aged components, were also made, With




10,

these modifications the field was made sufficiently stable. In order to

19

measure F shifts of .CsF solutions which scan a range of 25 ppm we
decided to modify the radio-frequency generator according to the method

of Alexakos and Cornwell.IO This modification allows chemical shifts over
the range of 4 to 1300 ppm to be measured by the sideband technique., An
added benefit is that the primary reference standard can be chosen from a

large class of compounds., That is, the signal of the referencc standard

need not lie close to the fluoride ion resonance. In fact, to take ad-
vantage of the greatly increased signal-to-noise ratio of the calibration
sideband we now use hexafluorobenzene as the primary standard instead of
1,2-dichlorohexafluorocyclopentene-1.
An SCR proportional temperature controller was built for the DPGO

Spectroneter variable ftemperature probe.]] With this unit we are able to

. \ . o o A S
maintain any desired temperature between -60C and 150°C within =0,1 C.

The ciycuit diagram is reproduced in Figure i,

Bulk-Magnetic-Susceptibility Correction Factors

Since external reference standards were used in a concentric cylin=-
drical sample cell system, it was necessary to apply a correction to the
observed chemical shift due to the difference in bulk magnetic susceptibil-

ity of the sample and reference,lz namely,

21
& = 5 + = -
corrected observed 3 XV:ref XV 5) (4)

3

In this equation, X ref and X, ¢ @re, respectively, the magnetic sus-

¥

ceptibility per unit volume of the reference and the sample. (There is no

correction necessary for concentric spherical sample tubes).




FIGURE I.
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To obtain the quantity (xv,ref - Xv,s) without resorting to litera-
ture values, experimental techniques employing the NMR spectrometer were
developed in this laboratory, A rigorous theoretical treatment outlined in
a previous section forms the basis for these techniques, The spinning side~
band technique previously described was used to obtain values of Xv,ref
and Xv,s during the latter part of this investigation. Both the spinner
design and spinner airflow system had to be modified to control the spinning
frequency within fo_] cps., The air flow rate was controlled using a car-
tesian diver pressure regulator (Manostat Corporation, Model #8).

The non=-spinning cell techniquez’3 was used to determine (xv ref X 5)

3

during the earlier phases of this work., The resonance signal of the refer-
ence in the annular region of a nonspinning coaxial cell system takes the
shape of a camel hump, The frequencies of the low= and high~field humps,

designated v . and v , obey the following expression:
min max

vmax vmin a2 b2
p o= oSk . man oy, - a - b
N T (XS Xg) Cz (Xg Xr) cz (5)

Here Xg 2 Xg , and X, are the volume susceptibilities of the sample,
glass, and reference, respectively; ¢ is the inner radius of the outer
glass tube; and & and b refer to the inner and outer radii of the inner
glass tube.

{f the sample region is evacuated, the resonance signal of the re-
ference will again take the form of a camel hump. We may write
2 2

a b
= Lyt (0 - Xg)'ZQ + (Xg - Xr)'ZE (6)




13.

Subtracting equations (6) from (5), we find
b- A = by (7)

Since the distances a and ¢ are easily measurable, % c€an be calculated
uniquely after the sign of the quantity inside the magnitude symbols of

equations (5) and (6) are determined by logical reasoning or from approximate

literature values.




14,

Results and Treatment of Data

in measuring the fluorine shifts of KF , RbF and CsF the sharp trip-
let of 1,2-dichlorohexafluoro-l-cyclopentene and, in some cases, the singlet
of hexafluorobenzene were used as external references. Mcasurements were
conducted over the temperature range from 0 to 100°¢. Bulk-susceptibility
corrections werc made in part utilizing the spinning coaxial sample tech-
nique described previously and in part using the stationary sample tech-
nique. All shifts were then rercferenced to the signal of p-difluorobenzene
at OOC, the temperature shift of p-difluorobenzene having becn determined by
the heteronuclear spin decoupling technique described earlier (sec Table I).

Experimental measurements were conducted in such a manner that the
shifts of the fluoride ions of the aqueous solutions could be referenced with
respect to p-difluorobenzenc at 0°C. Since coaxial cells were employed, bulk-
susceptibility corrections were required as stated by Eq. (4). In actual

practice the following equation was used

T o, _ T T T T
8(F -PDB") éobS(F -HFB') - 6Ob5(PDB -HFB")

+ §(ppB"-pDB®) +'§1T[X(PDBO) - %(FN)] (8)

The term 6(FT—PDBO) is the F]9 shift of the fluoride ion at temperature T
relative to the fluorine signal of p-diflucrobenzene (PDB) at 0°C. The term
6ObS(FT—HFBT) is the experimentally observed shift of the fluoride ion rela-
tive to hexafluorobenzene (HFB); the measurement being conducted at tempera-
ture T with hexafluorobenzene in the annular region. Similarly,

T-~HFB1) is the observed shift of p-difluorobenzene relative to hexa-

PDB
6obS(
fluorobenzene; the measurement again being conducted at the same temperature

T with hexafluorobenzenc in the annular region. The term 6(PDBT-PDBO) is




the F]9

temperature-dependent shift of p-difluorobenzene at temperature T
relative to the signal at 0°C. Values for this term at different tempera-
tures, determined by hetcronuclear decoupling experiments are given in the
fourth column of Table 1. The last term on the right-hand sidc of Eq. (8)
represents the bulk-susceptibility correction factors. The symbol x(PDBo)
is the volume magnetic susceptibility of p-difluorobenzene measured at OOC,
whereas X(FT) is the volume magnetic susceptibility of the aqueous
fluoride solution at temperature T .

Values for x(PDB®) and X(FT) were determined experimentally with
the NMR spectrometer. As discussed previously, the signal of a sample in
the annular region of a coaxial cell system takes the shape of a camel hump
when the cell remains stationary in the magnetic field. The separation, A
between the Tow-field and high-field humps is related to the dimensions and
bulk-susceptibilities of the cell system as shown in Eq. (5). To obtain
X(PDBO) one simply places some standard, such as hexafluorobenzene, in the
annular region and measures A when the inner cell is completely evacuated
and again when the inner cell contains p-difluorobenzene. O0f course both
measurements must be carried out at 0°c. Eq. (5) applies to both of these
experiments and upon writing such appropriate expressions one finds that Xg

X, can be mathematically eliminated. Consequently, since Kvacuum o,

x(pDB%) = A(PDBO-HFB®) - A(vac®-HFB?) (9)

Lma

A much more accurate way of determining A is to study the "'spinning
side-bands" which result when the coaxial system is rotated. This method
has been discussed previously. |If the spinner frequency is adjusted so that

the intensity of the fundamental band exactly equals the intensity of the

15.

and




16.

first side band then A= 2 k D = 2,8694D, since k = 1.4347 for these con-
ditions. D 1is the separation, in ppm, between the fundamental band and first

side band. Using this technique we determined that

A(vaco—HFBO) 4,108 T 0.014 ppm

Hi

and A(PDB®-HFB®) ~0.376 ¥ 0.010 ppm.

From the dimensions of the cells we found CZ/LH'ra2 = 0,14956. Substituting

these values into Eq. (9) we obtained

x(PDB®) = -0.671 ¥ 0.003 ppm.

In order to determine x(FT) we employed an expression analogous to

Eq. (9), namely

x(FT) s e A(FThHFBT) - A(vacT—HFBT) (10)

At a constant temperature T the value of A(FT—HFBT) and the value of
A(vacT—HFBT) were determined either by the nonspinning or spinning sideband
techniques. The first term in the parentheses signifies the material in the
central tube and the second indicates the material in the annular region.

In certain experiments 1,2-dichlorohexafluorocyclopentenc-1 (CFC) was
used as the external standard. Experimental values for & and A for
various measuremonts are presented in Tables 11, I, |V and V. Upfield
shifts are chosen to be positive, downfield ncgative.

Using the values given in Tables Il through V and Eq. (8) the F]9
shifts, corrected for bulk-susceptibility differences and referenced with
respect to p-difluorcbenzene at OOC, were determined for a variety of
aqueous solutions from 0 to 100°%. A compilation of these results is pre~

sented in Table VI.




TABLE I1:

0BSERVED Fl9 SHIFTS AND SFINNING SIDEBAND
BULK-SUSCEPTIBILITY FACTORS FUR REFERENCE STANDARDS

AS A FUNCTION OF TEMPERATURE

—————————————— 8 ps (PPM) mm--o-—ooccoeevenoeuo A (ppm) T mmmmome-
7(°c)  (Pos'-HFBT)  (PDB'-CFC')  (PDB'-PDB®)  (vac'-HFB')  (vac'-CFC')
0 -46,130 5.492 0.000 4,108 L ek
10 ~46.092 5.h93 0.013 3.980 4,326
25 -46.035 5.500 0.046 3.786 L1112
Lo -45.977 5.511 0.087 3.594 3.894
50 -45.938 5.518 0.115 3.460 3.754
55 ~1i5.920 5.523 0.132 3.394 3.680
70 =15, 863 5.537 0.180 3.202 3.462
85 -45.805 5.557 0.235 3.010 3.250
100 ~h5, 747 5.588 0.302 2,814 2.032

+ .007 + .006 .020 + .016 + 040

¥ Determined from spinning-sample coaxial-cell technique,
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TABLE 11i: OBSERVED F]9 SHIFTS AND NONSPINNING PEAK SEPARATIONS
AS A FUNCTION OF T FOR KF SOLUTIONS

--- *6obS(FT—CFCT) in ppm o= eemcea “ACET-cFCT) in ppm —commm-
939 25°¢ 50%  100°%C 0% 25°¢ 50°¢ 100°¢C
3.400 - - - - .636 - - -
3.253  3.843  hL.543 6,059 - LBl - 969  -1,131  -1.775
2,985 3.674  L,417 5,990 - 748 -1.065 -1.236 -1.792
2.515 3,356 L,187 5.871 - .978 -1.241  -1.457  -1.936
2,344 3,291 L4.225 6.079 -1.108  -1.396 -1.662 -2.22}
2.615  3.422  4L.342 6,224 -1.346 -1.574  -1.812 -2.348
3.178 - - 6.735 -1.418 - - ~2.617
4.029 4.802 5.707 7.305 -1.618 -1.843 -2.068 -2.573
+.008 + .017 + .010 + .025 +.030  #.025 & .040 I 118

A1l KF solutions were measured relative to CFC using stationary

sample technique for bulk-susceptibility corrections,




TABLE 1V: OBSERVED F]9 SHIFTS AND NONSPINNING PEAK SEPARATIONS

AS A FUNCTHION OF TEMPERATURE FOR RbF SOLUTIONS

Hol al ---(a)éobS(FT—HFBT) in ppm ~-n --—(a)Aobs(FTuHFBT) in ppm ~~=
sk ow% o 2% s0°
0.37 - ~L7.80k -47.038 - -1.219 -1.502
0.78. -L48.769 -48.053 - - .98 -1.313 -
1.10 -49,022 -48, 254 ~47.479 -1.049 -1.325 -1.686
1.69 -49,298 -L8.450 -47.729 -1.111 -1.116 -1.701
2.21 - -48, 746 - - -1.479 -
2.78 ~4g 821 -48,986 -h8,222 -1.269 -5.82 -1.853
4,10 - -19,507 -18, 76k - ~1.712 -1.973
L4 .40 ~50.436 - - -1.462 - -
4,72 - ~L4g. 743 - - -1.798 -
5.38 -50.785 ~Lg.974 -49.291 -1.563 -1.871 -1.978
6.12 - -50.216 - - -1.935 -
6.52 ~51.178 - -49.,698 -1.621 - ~2.061
6.91 - -50.471 - - -2.013 -
7.50 - -50.635(®)  _50.001 - 19908 L2
8.48 -51.7k0 ~50.95L4 -50.340 -1.745 -2.133 -2.196
9.96 - -51.389 -50.814 - -2.211 -2.331
11.72 -52.647 -51.90k -51.368 -2,048 -2.326 ~2.452
14.38 -53.377 -52.714 ~52.197 -2,114 ~2.424 -2.582
+ .010 + .008 + .008 + 042 + .,030 + .027

(a) AVl RbF solutions were measured relative to HFB, Bulk susceptibility
splittings by stationary sample technique.

(b) The 7.5 M solution was measured also relative to CFC:
s(FP0-crc®®) = 40,898 ppm, a(F°-crc””) = -1.465 ppm.
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TABLE V: OBSERVED F'° SHIFTS AND NONSPINNING PEAK SEPARATIONS
AT 25°C AND 50°C FOR CsF SOLUTIONS

-------------- = 2590 mmmm e e n 2590 e
6ObS(F25—HF825) 6ObS(F25—CFC25) A(F25—HF825) A(F25—CFC25)
in ppm in ppm
- 2.716 - -0.904
-50.006 - -1.533 -
- 0.148 - -1.087
-53.184 - ~-1.988 -
- -4 _070 - -1.940
- -6.725 - -2.030
-61.346 -9.716 ~2.764 -2.516
-67.869 - -3.184 -
-76.053 - -3.618 -
+ .024 + .020 + .041 +.030
_________________ SOOC ———— e
E;é;l éobS(FSO—HFBSO) _ s(F% )
— in ppm ———m—
0.74 -48, 214 -1.418
1.65 -49,546 ~1.648
2.82 -51.001 -1.866
L.38 ~52.962 -2.130
6.64 -55.687 -2.450
7.70 -56.901 ~2.571
9.15 ~58.495 ~2.693
11,78 ~61.456 -2.930
14,55 - 64,9540 -3.182
15.69 ~65.697 -3.166
17.81 -67.761 -3.283
19.65 ~69.016 ~-3.515
22.92 ~72.497 -3.538
| + .01k +.035
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TABLE VI: TABLE OF CHEMICAL SHIFTS AND BULK SUSCEPTIBILITIES
FOR AQUEOUS ALKALI METAL FLUORIDE SOLUTIONS

6 = Corrected Chemical Shift at Temperature Indicated
Relative to Para-difluorobenzene at 0°C in ppm
¥ = Volume Magnetic Susceptibility in cgs - emu
----- 0%C mcwmmm mmmee 2590 cemace mmmmen 5090 comeon —ooe 100°%C -----
Salt Molality -5 -y x 10° 5 -y x10° -8 o x10% -8y x10°
-0 b S 2 TER X Y -o Buaty LS L . A X 1Y
KF 0.17 1.899 0.763 - - - - - -
0.53 2.046 0.763 1.425 0.760 0. 860 0.730 -0.874 0.719
1.24 2.281 0.779 1.564 0.774 0.986 0.746 -0.811 0.722
3.28 2.678 0.814 1.828 0.800 1.216 0.780 -0.736 0.743
R 2.809 0,833 1.843 0.824 1.178 0.810 -1,034 0.786
8.00 2.462 0.869 1.658 0.850 1.061 0.832 -1.119 0. 805
11,47 1.860 0.880 - - - - -1.813 0.845
14,37 0.962 0.910 0.189 0.892 ~0.304 0.871 -2.371 0.839
RbF 0.37 - - 1.564 0.748 0.836 0.742
0.78 2.447 0.762 1.781 0.763 - -
1.10 2.682 0,771 1.980 0.764 1.219 0.770
1.69 2.939 0.780 2,147 0.778 1.465 0.772
2,21 - - 2.422 0.788 - -
2.78 34101 0.80k 2.631 0.803 1.909 0.795
4,10 - - 3012 0.822 2.414 0.813
L Lo 3.966 0.833 - - - -
L. 72 - - 3.32] 0.835 - -
5.38 4,283 0.848 3.528 0.846 2.939 0.814
6.12 - - 3.750 0.856 - -
6.52 L, 657 0.857 - - 3.320 0.826
6.91 - - 3.981 0.867 - -
7.50 - - 4152 0.864 3.596 0.839
8.48 5.180 0.876 L.ny 0.885 3.920 0.846
9.96 - - 4,837 0.897 4.353 0.866
11.72 5.992 0.921 5.316 0.914 4,867 0.885
14.38 6.700 0.931 6.097 0.928 5.656 0.904
CsF 0.74 2.573 0.750 2.019 0.739
1.65 3.665 0.796 3.294 0.764
2.82 5.084 0.777 L, 684 0.797
L .38 6.701 0. 86/ 6.563 0.836
6.6k 9.034  0.905 9.188  0.88
711 - - - -
7.70 - - 10.364 0.902
9,15 11,641 0.928 11.920 0.920
9.87 - - - -
11.78 14.560 0.985 14.806 0.956
12.65 - - - -
14,55 - - 18.211 0.994
15.69 - - 18.974 0.991
17.81 21.014 1.042 21.000 1.009
19,65 - - 22.582 1.044
22.92

- - 25,657 1,047
26,50 29.061 1.107 - -




DISCUSSION

For a given magnetic field strength the resonance frequency of a
nucleus is dependent on its immediate electronic and nuclear environment.
Small changes in this environment cause a resonance frequency shift, Thus,
the study of chemical shifts of ifons and water in aqueous electrolyte solu-
tions as a function of concentration and temperature should yield a great

13,14,15

deal of information about the structure of the solution.

Labile Equilibrium

In almost all aqueous solution studies and in this research, only one
peak appears in the resonance spectra of the protbns or ions. The reson-
ance of frequency of this peak is a function of concentration and tempera-
ture, For protons (or ions) this occurs only if (a) all the protons
(or ions) are in exactly the same state or (b) if the protons (or ions)
are exchanging rapidly between several states while maintaining an equili-
brium distribution among the states (labile equilibrium). It is unlikely
that the protons (or ions) are all in the same state, becausc thermal
motion of the molecules in solution causes the immediate environment of
one nucleus to be different from another. One must, therefore, use a
labile equilibrium approach to explain the resonance spectra of aqueous
electrolyte solutions exhibiting only one peak.

The chemical shift of the single peak is then the average shift of
the protons in the various states. This shift is related to the time

average distribution function for the number of nuclel in each state:




5 = -

Ji—

2:,nizsi (1)

In equation (11) & s the observed shift, 6, s the chemical shift of
state 1 , n, is the number of nuclei in state i , and n is the total
number of nuclei.

In particular, the fluoride ion exisls in many different states. Each
change in nuclear position relative to neighboring ions or water molecules
constitutes a different state. The number of states is extremely large and,
consequently, the chemical shift is very difficult to interpret In terms of
the n and 6i .

The labile equilibrium approach is made tractable by assuming that
most of the states can be grouped into a few classes. Each class contains
those states whose chemical shifts differ from the average chemical shift
of the class by a small amount compared to the difference in average shifts
between c¢lasses. The changes in shifts as a function of concentration and
temperature are thus due to changes in the equilibrium distribution of ions
among the classes. This simplified approach has been used with some degree
of success to interpret the proton chemical shifts of aqueous electrolyte
solutions.IB’lu’]5’16’]7

How fast must the nuclei exchange between the several states for only
one peak to appear in the spectrum? An order of magnitude estimate can be
made by considering the condition for coalescence of two nmr peaks into
one. |If the chemical shift difference between the two pecaks (classes),

6, is 2x10-6 and the frequency of the nmr spectrometer, Vg, s is 56.4 Miz,
then the residence time, T , of a given nucleus in one of the classes must

be less than that given bylz"3

21T\)06'T¢e,] .
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-4
Thus, T < 1.4kx10 seconds from the numbers given above.

Motivations for This Investigation

The next logical step in the labile equilibrium approach is to identify
each class with a definfte molecular species, For example, when explaining
the chemical shift of the single peak appearing in the proton nmr spectrum
of pure water as a function of temperature, one assumes that classes of
states are identifiable respectively with water molecules having no hydro-
gen bonds, one hydrogen bond, two hydrogen bonds, etc. The relative numbers
of these species comprise the equilibrium distribution.

Another way of treating the equilibrium distribution is to consider
the classical equilibria between the assigned molecular species. One can
then consider equilibrium constants in addition to the number of moles of
each species,

In these terms the following questions concerning aqueous alkali metal
fluoride solutions arise:

1) What are the species present in solution?

2) What are the relative numbers of each of these species,
and how do these numbers change with concentration and
temperature?

3) What equilibria are involved? What are the equilibrium
constants?

L) what are the energetics of the reactions controlling the
equilibria?

5) What are the chemical shifts of each of these species?
Do these shifts change as a function of temperature?

The intention of this investigation is to attempt to answer these
questions by measuring the F]9 chemical shift of KF , RbF , and CsF as a

function of concentration and temperature; and to explain the shifts using

a labile equilibrium appreach.
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Trends of the Data

When considering the trends in the data, it is well to recall that
positive chemical shifts are high field shifts, representing an increase
in magnetic shielding. Downfield shifts are negative.

The chemical shift data, plotted in Figures 2 through 5, must be con-
sidered in terms of probable ''species, because the single line that appears

in the F]9

spectrum of the fluoride ion in these solutions dictates the use
of a labile equilibrium theory. All the curves are non-linear, the shifts
moving downfield from the infinite dilution values with increasing concen-

19

tration, For RbF and CsF , the F shifts continue downfield and be-

come more linear as the concentration increases; however, for KF the Fl9
shift reaches a minimum and at high concentrations exhibits a more positive
shift than at infinite dilution. The minimum is apparent at all tempecra-
tures, In order to explain the minimum within the framework of a iabile
equilibrium theory at least three species must be considered.

The aqueous salt species predominating in the dilute solutions will be
designated the D-species. As the concentration increases an intermediate
species {l-species) appears in increasing number. In more concentrated
solutions a third structure, the C-species, is postulated,

Figure 5 shows that the infinite dilution chemical shifts are the same
for all three salts, Other investigators of ion resonances in aqucous
solutions have observed similar infinite diluticns intcrsections.]8’19
Hence, the D-species must be the isolated aqurous (hydrated) fluoride ion.
isolation is completc enocugh at infinite dilution to negate cation effects.
Furthermore, the dependence of the intersection on tempcrature represents

the temperature dependence of the chemical shift of the isclated hydrated

fluoride ion.
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The downficld trend of the curves at low concentrations indicates
that the l|-species is less shielded than the D-species for all three salts
observed. The minimum and recurve in the KF data imply that the C-species
is more shielded than the D-species. The continuing downfield trends of the
average chemical shift of the RbF and C(sF solutions do not unequivocally
allow us to determine the shift of the C~species. Most likely the C-species
has a more positive shift than the l-species, but more negative than the
D-species. It is highly unlikely that the alternative is true; namely,
that the shift of the C-species is more positive than the D-species, but
not present in sufficient number to causc the trend to turn upfield.

Notably, for any given salt, the same general shape of the shift-
concentration curves persists at all temperatures. This is consistant with
the labile equilibrium approach. Here, the chemical shifts of the individual
species account for the gross displacements of the curves with temperature
and the changes in the relative proportions of the individual species account
for the slight changes in curvature. What is surprising is that the chemical
shift is an approximately linear function of temperature at any given con-
centration; for example, see Figure 3.

As noted, there is no cation effect at infinite dilution. The magnitude
of the negative shift of the observed signal increases thereafter in the
order K > Rb > Cs , and the total range of the observed shift increases in

the same order.

Curve Fitting

Inspection of the observed chemical shift data indicates a relatively
simple dependence on nmolality; perheps a second or third degree function.
To determine this function more precisely the curves were analyzed by means

of a polynomial least-squares scheme.




The best curve determined visually was drawn through the experimental
points, Values of the chemical shift and molality were read from the
curve at 1/2 molal intervals, These values were used as input for a poly-
nomial least-squares scheme programmed for an 1BM 360 computer,

Table VIl lists values of the standard unbiased error calculated by
computer for the polynomial of maximum degree indicated. The standard un-

biased error, S , is given by

(NP) ) 1/2
+ =
S (13)
with
D = [(NP) - (MAXD)] + 1 (14)

where NP is the number of points fitted with polynomial of maximum degree
MAXD, 6i is the measured value of the chemical shift at molality, me
and 6} is the chemical shift at m; calculated using the polynomial for
which S is being evaluated. For example, the standard unbiased error is
0.011 ppm for the polynomial of maximum degree 4 fitted to the chemical
shift data of KF at 50°C.

The experimental error in the observed chemical shifts is ¥ 0.05 ppm
for KF and RbF and I 0.09 ppm for CsF. Thus a polynomial of at least
second degree is necessary to fit the data within experimental error. At
this point one is cautioned not to conclude that the experimental curves
are truly second degreec in nature. It is only evident that the accuracy
of the observed chemical shift does not warrant using polynomials of

higher degree.

3.
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TABLE VII: VALUES QF THE MEAN UNBIASED ERROR, S ,
TABULATED IN PPM

-------- Maximum Degree of Polynomial Used for the Fit ==e-wmean-

Fitted
_Data 0 1 2 3 L 5 6
KF 0°C  0.550 0.460 0.190 0.180 0.180 0.180 0.180
25 0.510 0.330 0.025 0.005 0.005 0.005 0.004
50 0.530 0.280 0.021 0.010 0.011 0.009 0.010
100 0.540 0.24o 0.020 0.008 0.002 0.003 0.00k
RbF  0°C 1.340 0.170 0.078 0.019 0.012 0.012 0.010
25 1.390 0.110 0.049 0.016 0.009 0.010 0.013
50 1.480 0.130 0.047 0.008 0.008 0.004 0.005
csF 25°%¢  6.280 0.140 0.120 0.078 0.046 0.030 0.108
50 6.580 0.240 0.140 0.086 0.055 0.030 0.110




To second degree then
= 2
§ = a +am+ a;m (15)

The coefficients in equation (15) are listed in Table VIII,

TABLE VIi1: COEFFICIENTS OF EQUATION (15)

m
ppm —PRE—
Fitted Data a_ (ppm) a, \mole a, \[mole]
o] ] 2
ki 0°c -1.843 -0.284 +0.024
25 -1.361 ~0.191 +0.0193
50 -0.763 -0.126 +0.0158
100 +0.912 -0.090 +0.0138
RoF  0°C -2.201 -0.434 +0.0050L
25 -1.486 -0.402 +0.00599
50 0. 744 -0.434 +0.00678
csF 25°¢ -1.665 -1.132 +0.00300
50 -1,061 -1,261 +0.00756

The Physical Model

The physical model is discussed below with particular reference to
potassium fluoride. Indeed, .the chemical shift curve of KF is the most
complicated of all the salts studied in this investigation. If the model
proposed is successful in explaining the KF shift data, it is reasonable
to expect that the same model, or a simpler modification thereof, should

explain the RbF and CsF data,

33.




34,

In very dilute solutions there are extensive regions of normal water
interspersed with ion sites. The ions are isolated from one another but
solvated to water molecules. Estimates of the total hydration of the two
ions (or of the hydration of the individual ions) vary widely]q because
they depend on the experimental procedures involved, the definitions of
hydration number used, the choice of the ion used to divide total hydration
numbers into individual ifon hydration numbers., A total hydration number of
four was chosen for KF . This choice is justified below. The hydrated
ions in this situation comprise the D-species,

For the |-species we postulate a potassium-water-fluoride aquo~ion
pair. In the aquo-ion pair one water molecule is shared by both jons,

Several possible structures exist:

—H...o. F .e.. H,O

o -

HO.... K ....

H
|
(Pizo)z.a..K+.... 0—Huewu' F

H
+ ' -
K eeee 0O—H «oee F +vvt (H.0)

2777

Since the individual ion hydration numbers are not known it is difficult to
decide which of these three structures is the I-species. In any case, the
total hydration number is reduced to 3, whereas a total of four water-ion
bonds still exists as in the D-species. The aquo-ion pair constitutes a
convenient transition structure for the formation of the C-species from
the D-species. The C-species, we postulate, consists of many potassium
ions, fluoride ions, and water molecules mutually bonded with a ratio of

of two water moiecules to one potassium-ion-fluoride~ion pair. 1t is




possible that four water-ion bonds per KF still exist. The time-average
short-range order of this large "flickering' cluster probably resembles

that of KF°2H20 ,» the solid precipitating from concentrated solution at low
temperatures., At all concentrations, dynamic equilibrium exists between the
D- and I-species and between the 1- and C~spccics,

Several factors influenced the structures postulated for the three
species, Namely, the trends in the chemical shift data already noted; the
shortage of water molecules in concentrated solutions; a theory20 concerned
with short-range order in aqueous electrolyte solutions; and the phase dia-
gram for the potassium fluoride-water system.ZI These points are discussed

below,

A. Short-Range Order Theory

The postulate of the theory outlined in Samoilov's book20 is that the
short-range order in dilute solutions is primarily that of the solvent
whereas the short-range order in concentrated solutions is primarily that
of the salt precipitating from solution as the temperature is lowecred. Also,
at intermediste concentrations, there should be a transition structure

bridging the gap between the two extreme short-range orders.

B. Phase Diagrem

The short-range order theory implies that some aspects of the structure
of the solution can be inferred from the structure of the solid phase that
can exist in equilibrium with the solution. (Normally, such interpretation
of the phase diagram is not sound because molecular rearrangements can occur
during crystallization. An exception occurs when a congruent melting point
appears in the phasc diagram for the system),

C. Chemical Shift Data

The formation of the aquo-ion pair readily explains why the chemical




shift curves do not approach the zero concentration chemical shift asymp-

19

totically. Namely, at the lowest concentration for which the “F line of
the fluoride ion can be observed there arc sufficient |-species present

to influence the average shift., The observed shift would be independent
of concentration in the dilute region if no aquo-ion pairs were present.
Indced, future experiments with improved instrumentation might reveal that
the observed chemical shift is independent of concentration below 0.5 M.
The presence of the I~species at low concentrations also explains the
cation effect: viz., the deshielding of the fluoride ion within the aquo-
ion pair should increase with increasing charge density on the cation,
This would have the effect of increasing the range of the total shifts and
of the initial downfield shifts in the order Cs+ > Rb+ > K+ .

23 If this

The structure of crystalline KF-ZHZO is orthohombic,
highly symmetrical structure persists-in solution as the C-species, it is
expected that the fluoride ion in this situation would be more shielded
than the fluoride ion in the D-species. Hence, the C-species would have
a more positive shift than the D-species as required by the minimum in the

KF curve .

Mathematical Development

The three species proposed exist in mutual equilibrium, 1n light of

the previous discussion the D-species can be represented by
+ —
K'(H,0) + F (H,0) x+y=l |
277 27y

the l-species by KF=3H20, and the C-species by KF-2H20 . The equilibria

between these species are:

36.
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K
D
+ -
-+ . o
K (HZO)X + F (HZO)Y & KFe3H,0 + H,0 x+y=h
m‘mw
with Kp = 7 (16)
D
C
. 2 «9H
and KF:3H,0 @ KF:2H,0 + H,0
mcmw
with KC = — (17)

The chemical symbols m,os M, My and m_ appearing in equations (16)
and (17) are the equilibrium molalities of free (unbound) water, species I,
D and C, respectively, Throughout this development the words molality and
moles will be used interchangeably. Thus, it is to be understood that

moles means the number of moles per 55.50 moles of water. There are two

restrictions on the molalities in equations (16) and (17), namely,
m =.n_ +m +mc (18)

and

m = a- /+mD - 3m| - 2mc s (19)

where a = 55.50 , the number of moles in 1000 gm of water, and m s the
stoichiometric molality of KF .

In these terms the average chemical shift of the fluoride ion is

m

i) M c
6=F60+7}T6|+_m_6c (20)




or, after substitution of equation (8),

5 = 5, + Tnl (8,-8,) + —= (6.5, (21)

To relate equation (21) to the experimental shift data, equations (16)

m m
through (19) must be solved for ry and }f as a function of m ., To pro-
ceed, equations (18) and (19) are substituted in equations (16) and (17,

yielding

ml(a - bm + m o+ ZmC)
K, = (22)
b (m-m - m )2
l- c
mc(a - hm + ml + 2mc)
K., = . (23)

m m
These two coupled equations cannol be solved for 7# and ?f in closed

form. However, a double iteration technique yields uncoupled solutions for
m m_
= and o 9% a function of m that is valid at low concentrations.

First, equations (22) and (23) must be rearrangcd and expanded in terms of

m, m , and m.

i
Thus, from equation (22)

1 2

nol S Gl -
m a m, - Lm + 2m

1+ £

a
K
D 2 2
= ;ﬁ(m -m - mc) (l~a+o -, +...) (24)
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and from equation (23)

m m | K
T | e ]
m m| a mo- Lm + 2m
1+ <
a
m
i c 2
=_m""'a""(]"a+a_s+,--')’ (25)
In both equations o« = % (mi—hm + 2mc) . The expansion converges for all

concentrations of interest, because « is less than unity for these con-
centrations. The approximation for the dilute region consists of neglect-
ing terms of order higher than zero, one, and two in succession; and, at
each step, determining an uncoupled solution that is valid to the order
of approximation.

To zero order in the molalities the results are

ml m
— =0 and = =0
m m

Keeping terms to first order in the molalities we find

mI KD mc mI mC
— == (- 2m = 2m 4 2m ==+ m ok m ) (26)
and
m. m, KC m - Lim + 2mC
- - me U 3 ) - (27)
m m

. . . . c . .
Substituting the zero order approximation for - and - into equations

(26) and (27) we find

39.




Substitution of these values back into equations (26) and (27) completes

the iteration process for the first-order solutions, yielding

m K K m KD

a

m . (28)

Further iteration only produces the solutions expressed in these equations,
Solutions that are valid to second order in molality are obtained by

keeping terms to second order throughout the entire approximate iteration

scheme, These solutions are:

m K 2K K
1 D D 1
i m?[““%?“**ﬁ)'i” (29)
and
m K.K 2K K
c _ D c D c, 8
—< = m 7 [1 -m 3—? (1 +-2) - 62:] (30)

The accuracy of the experimental data does not warrant extending the ap-
proximation to higher orders. It should be recalled, that a curve fitted

polynomial of sccond degree reproduces the data satisfactorily.

An equation for the theoretical chemical shift as a function of molality

that is valid to second order results from the substitution of equations (29)

and (30) into equation (21); namely,

2
& = a_ + am+ am
o 2

4o,




L,

where
a, = 6D ' (31)
K K K
_ __[2 _ D¢ _
ap = 5 (6, - 8y) + 2 (6, - 8p) (32)
and
K 2K K
N cy L
a, = - [ n+-—=) - a] (8 - 8))
K.K 2K K
Dc D c 8
+ X l:__; (1 +-=5) +-a-] (8, - 8.) . (33)

There are five parameters (6D s él » B

» Ky o and Kc) in these equations
and only three experimental coefficients (obtained from curve fitting). The

paramgter 6D can be calculated without ambiguity, In thz dilute region,

onc expects me to be small compared to m, and so0 small compared to m

that it can be neglected entirely. This is expressed in equations (31)

D

through (33) by setting Kc® 0 . The equation for the theoretical chemical

shift is then,

K
5 = 5, +[-59 (5, - aD)} {m +3—§ (2 - KD)gmz]. (34)

From this equation the parameters related to the dilute and intermediate
species can be calculated from the experimental data.

In retrospect, equation (34) is valid for low concentrations only. Ef-
fectively,the model has been reduced to a two state theory. As stated
earlier, a two state model cannot predict an extremum in the chemical shifts

as a function of concentration.




Correlation of Theory with Experiment

Comparison of the coefficients of the molality terms in equation (34)

with the curve-fitted coefficients allows calculation of KD , 6| , and
60 . For example, from Table Vill, a, = -1.361, 8, = -0.191, and
a, = #0.0193 for KF at 25°C. Since

a

2 . 2¢,.

a] - a (2 KD) » (35)

KD

a] = _a_ (6| = 6D) L] (36)
and

a, = GD . (37)
we find, 6D = «1.361 ppm , 6! = -3.57 ppm , and KD = 4,8 . Table VIII

presents the coefficients of fitted seccond degree polynomials for the three
salts studied. The values of SD , 6I , and KD , calculated from these
coefficients at various temperatures, appear in Table IX,

Equation (34) must be changed slightly if it is to apply to RbF and
CsF . That is, for CsF solutions, the hydration number of the D-species

is three (chosen to correspond with the phase diagramza). In place of

equation {34)

Ko | 2
o = 8y + (8 - 8)||m+ §3(3"2Ko)zm ; (38)
and in place of equation (35)

22

]
5 = = (3 - 2) . (39)




TABLE 1X: THE PARAMETERS OF THE LABILE EQUIL!BRIUM

THEORY AS CALCULATED WiITH EQS. 35-39

Salt Temp. (OC) K 8y {ppm) 5, (ppm)
Hydration of D species = 4
KF 0 4.38 -1.843 - 5.44
25 482 % o7 -1.361 2,052 - 3.57 2 0.20
50 5.48 ~-0.703 - 1.98
100 6.26 +0.912 + 0.1
Hydration of D species = 4
RbF C 2.58 -2.201 -11.55
25 2.41 % 05 -1.486 & 030 -10.74 ¥ 0.20
50 2.43 -0, 744 -10,02
Hydration of D species = 3
RbF 0 2.08 -2.201 -13.90
25 1.91 % 0.02 -1.486 T .030 -13.16 % 0.10
50 1.93 -0, 7hh -13.21
Hydration of D species = 3
CsF 25 1.57 7 .20 -1.665 = .110 41,66 ¥ 2.0
50 1.67 -1.061 -42.96




Inspection of the phase diagram of RbF25 reveals that the hydration number
of the D-species can be either three or four; for which either equation (34)
and (35) or equations (38) and (39) apply, respcctively. Values of the
parameters calculated for both possible hydration numbers are given in the
Table 11X, Errors are estimated at ZSOCu

Range of Validity of the Dilute Approximation

An upper concentration limit for the validity of the dilute solution
approximation of the theoretical chemical shift can be estimasted by extend-
m

ing equation (29) for 7# . That is, with cho , the iteration process

invelving only equation 14t is easily carricd to third order. The result is

-lll[:EQ—T[l-f-%m(Z—K)——"f(3K2+K-l6)] (40)
a a D aZ D D

For potassium fluoride at ZSOC the third term inside the brackets of
equation (40) is approximately 24% and 10% of the sum of the first two terms
at 3m and 2m , respectively. Thus it is expected that calculated values
of ;g— are reliable within 25% at 3 molal. The reliability is probably
better than 25%, because the higher order terms that were neglected in ar-
riving at equation (L0) have a cancelling effect on the last term inside the
brackets, Of course, this estimate does not take into account any errors

introduced by setting KéE 0.

Verification of the Theory

The experimental data ard the theory (both the physical model and
mathematical structure) are internally consistent. Using the theory one
can successfully explain the qualitative features of the chemical shift
curves within the estimated regicn of validity (i.e., below 3 molal). Fur-

ther independent verifications of the theory are necessary, First, the

ik,
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results of this work will be applied to predict partial molar heat content
of KF , which will be compared to experimental results. Secondly, KD
for KF will be calculated from 39!( nmr shifts.

A. Partial Molar Hcat Content

Table IX contains values of the equilibrium constants KD as a func-

tion of tempcrature. 1in Figure 6 the natural logarithm of K is plotted

D
against 1/T for each salt, The slopes of such plots are related to the
heat of the labile equilibrium reaction, AHD . That is, the slope equals
-AHD/R . For KF , we find AHD = 706 cal/mole. For RbF the errors are
large and we find AHD to be somewhere between 0 to -400 cal/mole when
the hydration number of the D-species is 4. In the case of CsF the
errors are too large for estimating AHD .
These heats of reaction are related to the changes in the partial molar

heat content of the solute in binary aqueous metal fluoride solutions. The

total heat content of such a solution can be written as
11 22 7 (41)

where -ﬁl and FZ , both functions of ny and n, , are the partial molar
heat content of the solvent and solute respectively. The n's are the num-
ber of moles of each substance. Within the framework of the dilute solution

approximation, the solute is composed of the D- and I-species. For a solu-

tion composed of m moles of solute and 55.5 moles of water,

E
e
1

(n»nu)HD + m|H| . (42)

or

™

oot |
1
=
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where HI and HD are independent of molality.

Thus the change in partial molar heat content of the solute for a change in

concentration Am is

m
H = I

B, = (8 ) (aHp) (Lk)

m

where AHD = (Hl - HD) . In the second column of Table X values of —

are listed. These values are calculated using equation (29) after setting
KC =0, and KD = L.8 as found for KF at 250C. In column 3 the values
of g} , listed in column 2, are multiplied by AHD for KF , 706 cal/mole,
The fourth column contains the differences, (A-g})(AHD) between successive
values of the third column. The partial molar heat content, ﬁz , as given
by Harned and Owen26 are listed in column 5. Values for dﬁz , shown in
column 6, are gotten by taking differences between successive values of the
fifth column. By comparing columns 4 and 6 it is clear that the theory
adequately predicts changes in the partial molar heat content of KF over
the concentration range which the theory is expected to be valid, Data
for the partial molar heat content of RbF and CsF is not available for
comparison, Indeed, even if such data were available, the estimates of
AHD are too crude for these compounds to allow meaningful comparison,

B. Potassium Resonagnce Data

19

Deverell and Richards have measured the cation resonance in several
different alkali metal halide solutions at ZSOC including potassium fluoride,
but not cesium or rubidium fluoride. Their chemical shift data, measured by
varying the frequency of the nmr spectrometer at a fixed magnetic field of

12,500 gauss, were published in graphical form. The shifts were uncorrected

for bulk magnetic susceptibility effects. Before using this data we first




TABLE X:

COMPARISON OF CALCULATED CHANGES IN THE PARTIAL MOLAR HEAT
6
CONTENT CF KF AT 25°C wITH THOSE GIVEN BY HARNED AND OWENZ

MO];;HY Ff F’ By % (AFI}(MD) % ];2(15) % oA, %
0.1 0.0086 6.1 5.9 155 ol
0.2 0.0170 12.0 5.8 179 .
0.3 memmmmeeees 0.0252 commmmmaae 1708 e ot SRR EEE RS 190 B o
0.4 0.0333 23.5 5.5 197 6
0.5 0.0411 29.0 5.5 203 6
0.6 0.0488 34.5 5.9 209 6
0.7 0.0564 39.8 5.2 215 5
0.8 0.0637 45.0 5.1 220 6
0.5 0.0709 50.1 4.9 226 5
1.0 0.0779 55.0 9.5 231 g
1.2 0.0913 64.5 13.7 240 "
1.5 0.110) 77.7 8.k 254 3
1.7 0.1219 86.1 1k 262 12
2.0 C. 1381 97.5 16.6 274 17
2.5 ===memm———— 0.1616 ~=mcmemmns R it Tl 291 Bt
3.0 0.1807 127.6 10.3 318 58
3.5 0.1953 137.9 7.3 376 80
4,0 0.2056 45,2 b0 456 90
4.5 0.2114 149.2 3.0 546 97
5.0 0.2128 150.2 o 643 .
5.5 0.2098 148, 51 754 130
6.0 0.2025 143.0 884

8h
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changed the sign of the shifts since a shift to higher frequency corresponds
to a decrease in shielding when a fixed field-variable frequency technique
is used. We then curve fitted to second degree the 39K chemical shift of

KF solutions. A value of KD = 2.5 was obtained from the coefficients of

the curve fitting., Agrecment with KD calculated from the ‘9F shifts, 4.8,

is quite good considering the relative crudeness of the graphical data of

19

Deverell and Richards,




ONCLUSIONS

e

It is apparent that the physical model proposed and the mathematical
theory based thereon adequately explains the observed chemical shifts for
dilute and moderately concentrated solutions. A mathematical solution
could not be devcloped when the concentrated solution species was included.

For KF solutions, the agreement between published heat data and pre-
dicted heat changes is remarkable. Further verification of the theory is
afforded by the good agreement between the values of KD calculated from
data obtained in this research and the potassium resonance shifts of
19

Deverell and Richards, © viz. 4.8 and 2.5, respectively, The uncertain

values of the heat of reaction calculated for rubidium and cesium fluoride
and the lack of compatibte dats involving the physical properties of

aqueous solutions of these salts do not allow further verification of the

model.
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SUGGESTIONS FOR FUYURE WORK

The remarkable success of the theory as applied to potassium fluoridc
solutions provides a guide to future experimentation, Many compounds are
likely choices for such experiments, but preference is given to those that
form stable crystalline hydrates (in order to allow one to determine the
short-range order in the C-species). These electrolytes should have a
nucleus with non-zero spin.

The extensive work of Carrington]8 et. al., concerning the chemical
shift of the fluoride ion in mixed solvents can be extended to elevated
temperatures., These experiments should yield information concerning the
nature of the hydration of the D- and l-species. Experiments involving
cation, anion effects, and mixed salt effects should yield information
about the aquo-ion pair that comprises the I-species, Many experiments of

18,19

this type have already been performed, but are incomplete and not

suited for interpretation in the light of the theory developed herein.
Furthermore, with all of the experiments mentioned, the proton chemical

shift of the solutions concerned should be measured concurrently, It has

15,27

recently been shown that hydration numbers in dilute solutions can be
determined from such data. |n fact, the proton chemical shifts in KF
solutions confirm the choice of 4 and 3 for the total hydration numbers of

the D~ and [~species, respectively,
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