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The composition of alkali (and ammonium) fluoride complexes of the tetravalent d- and f-transition elements Zr, Ce, Th, U,
and Pt can be determined from their molar refractivities, . A simple linear rule applies: Rnpar.ur,=nRar + Ryr,. The
absolute value of the refractivity depends on the tetravalent element M and the mole ratio (#) of alkali fluoride (AF) to
MF4. The increment in refractivity per mole of a given alkali fluoride in the complex is a constant. For some 45 compounds
it was found that Rar is equivalent to R4+ plus Rr-, Fajans’ refractivities for the aqueous ions., Thus, a close estimate of
the molar refractivity for many compounds can be obtained by adding multiples of Fajans’ aqueous refractivities for the

alkali and fluoride ions to the measured refractivity of the tetrafluoride.
reflect the sequence Reery > Rury = Rpire > Rrwrs > Rzrrs.
refractivities of trivalent and pentavalent fluoride complexes.

Introduction

The use of X-ray diffraction to characterize inorganic
compounds is of great value. However, with its in-
creasing use there has been a decline in the use of optical
crystallography. This is unfortunate, because the two
techniques supplement each other in important ways.
In particular, use of the polarizing microscope to ex-
amine crystals can rather quickly classify them into
three major groups: (1) cubic (isotropic, one refractive
index); (2) tetragonal or hexagonal (uniaxial, two re-
fractive indices, 7, and #n.); and (3) orthorhombic,
monoclinic, or triclinic (biaxial, three refractive indices,
%4, n,, and #,). The above classification can be made
even if the crystals totally lack faces; -classification

into subgroups can be made if there are well-developed -

faces.

Also, there is a distinct relationship between optical
properties and the internal structure of a crystal. For
example, calcium carbonate and sodium nitrate contain
triangular anions whose plane is perpendicular to the
threefold rhombohedral axis; they thus show a much
higher refractive index parallel to the planar groups
than perpendicular to them. This view can be extended
to crystals containing the MF¢*~ ion which frequently
is distorted along its threefold axis, with a consequent
effect on the optical properties.

Even less widely utilized by inorganic chemists in
the United States is the semiquantitative information
concerning stoichiometry provided by the molar refrac-

(1) This work was sponsored by the U. S. Atomic Energy Commission.

The Ryar.wur, values for analogous compounds
Additivity also applies to Ruar-mr; and Rnar-ur;, the molar
A model for statistical treatment of refractivity data is given.

tivity, which can be derived from easily made refractive
index and density measurements. In contrast, the
usefulness of refractometry in structural chemistry is
of current interest in Europe.

The refractivity of inorganic and organic substances
in various states has long been the subject of study by
Fajans and his school. Indeed, his newest publication?
comes after 43 years of leadership in this field. While
Fajans has emphasized the interpretation of deviations
from additivity of Lorentz-Lorenz molar refractivities
(see remarks by Fajans in the Correspondence section of
this issue), our purpose is to show that in the area of
fluoride complexes additivity is sufficiently well obeyed
to be of great aid in the study of these complexes. For
example, the refractivities of complexes containing
different amounts of KF differ by about 5 cm?/mol of
KF, so that deviations from additivity amounting to
even several tenths of a cm?® would seldom cause a gross
error in assigning stoichiometry. There is a sufficient
body of quantitative information on alkali and ammon-
ium fluoride complexes (particularly for the tetravalent
elements) that diagnosis for chemical composition can
often be made from refractive index and density
measurements alone.

Particularly simplifying is the finding presented here
that the refractivity of a complex fluoride, such as
nKF-MF,, for example, can be estimated by adding
the Fajans’ refractivities for the aqueous ions K+ and
F~ to the measured refractivity of the particular MF,.

(2) K. Fajans, Struct. Bonding (Berlin), 8, 88 (1967), and references
therein,
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TaBLE I
EXPERIMENTAL MOLAR REFRACTIVITIES OF #AF - MF, COMPLEXES"
A
n M Li Na K Rb NHs Cs
5 Th 40.2%4
4 Ce 42.88
Th 24.6%7 42.0
U 24,635 42.38
3.5 Th (23.4)87
3 Zr 20.910.11 27.08 32.312 38.43
Th 21.5%% (34.4)° 42.13
U 21.9% (24.4)8 30.0° (34.6)% (42.6)%9
2 Zy 16.8° g (17.1)w 30,28
Ce 28 .48
Th B8 20.0% 24,0414 26. 5% (34.3)8
[5 20.5%7 2441814 27.31 28.610
U 18 (20.2)37
Pt 24.5% 27, 5%
1.167 (7:6) Zr 15.5%
Ce 23.18
Th 18.07 20.0% 21.8%
U 18.77 20.48 22.0%13 22.4
1 Th (24.6)°
U 17.419
¢ Values in parentheses were estimated from measured refractive indices, assuming a reasonable value for the molecular volume (see
text).

Extension of this approach to fluorides of trivalent and
pentavalent elements is also suggested by the data.

Data and Calculations

The data collected here concern primarily fluoride
complexes of the tetravalent actinides U and Th with
additional data for Zr(IV), Ce(IV), and Pt(IV) com-
pounds as well as for some U(V), Ta(V), and lanthanide-
(I1I) compounds. Many of the data were calculated
from the results of the extensive fluoride-phase studies
made at Oak Ridge National Laboratory. In those
classic studies, X-ray and optical data constituted an
important part of the results.® However, that optical
data would be even more useful had density always
been measured.

The Lorentz—Lorenz molar refractivity of a sub-
stance has the dimension of cubic centimeters (this di-
mension for R will be understood to apply throughout
the remainder of this paper) and is given by eq 1, where
n is the index of refraction for a definite wavelength (in
this paper the Na b line), A is the formula weight, and
d is the density. Frequently, optical data are given

n? — 1/ M
R = — 1
n? + 2< d) L
_ont = 1<cell volume (A3) X 0.60353> @)
"~ n? 4+ 2\ formula units per cell

together with X-ray cell constants and the alternate
form, eq 2, is useful, avoiding calculation of formula
weight. The refractive index has one value for iso-
tropic crystals. For uniaxial crystals a mean index is
used, obtained from » = (me*ne)"* or, with good ap-
proximation, (2n, -+ #.)/3. TFor biaxial crystals

(3) G. Brunton, H, Insley, T. N. McVay, and R. E. Thoma, “Crystallo-
graphic Data for Some Metal Fluorides, Chlorides, and Oxides,” Oak Ridge
National Laboratory Report 3761, Oak Ridge National Laboratory, Oak
Ridge, Tenn., Feb 1965,

(n.m,m,)'/*is used; when #, is not known, the geometric
mean of the highest and lowest indices (nznz)‘/ ! is used
as an approximation for #. In this paper, R denotes the
(Lorentz-Lorenz) molar refractivity and its subseript is
the substance in question; 4.e., R,ar.ur, is the refrac-
tivity of the complex containing # mol of alkali fluoride
(AF) and 1 mol of tetrafluoride (MF,).

Refractivities of #AF-MF, Complexes.—In Table
13—1% are collected refractivities of 44 #AF-MF, com-
plexes with # ranging from 1 to 5; # is an integer ex-
cept in the 7:6 class of rhombohedral complexes, which
have an ‘“extra AF” per each 6AF-MF, formula
units.’® In calculating R values for the 7:6 complexes,
the formula was taken as 1.167AF-MF,.

In Table I, R values for complexes having different
AF:MF, ratios, #, are listed in the same vertical column
for a particular alkali fluoride. From left to right in a
given row, a constant AF : MF, ratio is maintained with
change of alkali cation, A.

(4) W. J. Asker, E. R, Segnit, and A, W, Wylie, J. Chem. Soc., 4470
(1952).

(8) G. Brunton, J. Inorg. Nucl, Chem., 29, 1631 (1967).

(6) R. A, Penneman and A, Rosenzweig, Inorg, Chem., 8, 627 (1969).

(7) R. E. Thoma, H. Insley, G. M, Hebert, H. A, Friedman, and C. F.
Weaver, J, Am. Ceram. Soc., 46, 37 (1963).

(8) L. A, Harris, G. D. White, and R. E. Thoma, J. Phys. Chemn., 63
1974 (1959).

(9) R. E. Thoma and T. S. Carlton, J. Inorg. Nucl. Chem., 17, 88 (1961).

(10) C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore, and R. E,.
Thoma, J. Phys. Chem., 62, 665 (1958).

(11) L. A, Harris, Acta Crysi., 12, 172 (1959).

(12) A. N. Winchell and H. Winchell, “Microscopic Characters of Artifi-
cial Inorganic Solid Substances,” Academic Press, New York, N. V., 1964,

(13) R. E. Thoma, H. Insley, B. S. Landau, H. A, Friedman, and W. R.
Grimes, J. Am. Ceram. Soc., 41, 538 (1955).

(14) W. H. Zachariasen, Acta Cryst., 2, 390 (1949).

(15) F. H. Kruse, unpublished work, Los Alamos Scientific Laboratory,

(16) L. A. Harris, Acta Cryst., 18, 502 (1960).

(17) National Bureau of Standards Circular 539, Vol. 8, U. S. Govern.
ment Printing, Office, Washington, D. C., 1956.

(18) J. H. Burns, R. D. Ellison, and H, A, Tevy, Acta Cryst., B24, 230
(1968).

(19) G. Brunton, ihid., 21, 814 (1966),
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In Table I13.4.29~22 gre collected Ryr, values for some
d- and f-transition element tetrafluorides, together
with a summary of refractive index and cell volume
information necessary to calculate R values by eq 2.

TasLE II
REFRACTIVITIES OF SOME TETRAFLUORIDES
Lorentz—
Geometric Lorenz Vol/
mean function, formula
refractive (n2 - 1)/ unit,

MFs index (nt + 2) As Rur,
ZrF4 1.5879 0.33649 61.0 12,48
CeF, 1.6308 0.35608 74.0 15.9%
ThF, 1.5173 0.30268 81.1 14.8%2 (15.3)%4
UFy 1.5779 0.33181 77.4 15.5%%
PtF, 63.7 (15.6)

e The value for Rpir, was estimated from Ryr, as a result of
the similarity of the pairs Rx,urs, Rxo.ptrs and Rrp.uTs, KRbsPirs,
given in Table I.

From the data in Table II, it is noted that Rz, is
smaller than Ryr, by AR = 3.1. In Table I it can be
seen that the refractivities of analogous Zr and U com-
plexes reflect this difference. This is demonstrated in
Figure 1, as the R,x.r.zF, line is displaced from the
R,nor.vF, line by an average AR of 3.1 (obtained from
the two least-squares equations).
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Figure 1.—Molar refractivities of comparable sodium fluoride
complexes with zirconium or uranium tetrafluoride. The lines
shown are the least-squares lines Rawar.zcra = #n(2.758) +
12.22 and Raxer.urs = 7(2.833) + 15.23, with R as a function
of # (o, standard deviation).

In Figure 2 are shown R values for complexes with
different alkalies but with a common tetravalent ele-
ment, U(IV). It is seen that the slopes of the lines
decrease in the order Cs > NH, > Rb > K > Na > Li;
however, the lines have a common origin, Rur,. In
Figure 1, R values are shown for two series of complexes
having a common alkali (Na) but different tetravalent
elements (U and Zr); in this latter case the lines have
(essentially) a common slope but different intercepts,
Rz,‘F‘ and RUF‘.

(20) A. C. Larson, R. B. Roof, and D. T. Cromer, Acta Cryst., 17, 555
(1964).

(21) E. Staritzky, unpublished work, Los Alamos Scientific Laboratory.

(22) T. K, Keenan and L, B, Asprey, Inorg. Chem., 8, 235 (1969).
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Figure 2.—Molar refractivities of alkali fluoride-uranium tetra-
fluoride complexes.

Treatment of the Data for »AF-MF, Complexes.—
The refractivity data in Tables I and II are well
represented by a series of straight-line plots, such as
are given in Figures 1 and 2. By linear regression
analysis of the individual data sets, it was established
that: (1) the refractivities of #AF-MF,; complexes
containing a common alkali fluoride but different
tetravalent elements have the same incremental in-
crease in refractivity per mole of alkali fluoride (sta-
tistically indistinguishable slopes); (2) for the different
alkali fluorides but the same tetravalent element, the
functions have a common origin.

Having established these facts above separately, the
49 data points (Tables I and II) were then fitted to a
combined linear model which required that the above
two findings be met simultaneously by all of the data.
In statistical notation, this model may be written
E(Yin) = a; + 8;X 4k, where ¥V, and X,y are the kth
observed values of molar refractivity and mole ratio
for the 7th tetravalent element and the jth alkali fluo-
ride and E(YV,;) denotes the expected value of the re-
fractivity.

The model successfully predicts the refractivity to
better than 1.59, over-all and was as far off as 59, in
only a single instance, that of NasUF;; the abnormal
volume of this compound is discussed later. Using the
49 data points, the sum of squares of deviations is 12.7
and the weighted variance is 0.33. In the LiF-UF,
case, for example, this model yields a value for the LiF
slope (Brir) which best represents all of the lithium
fluoride-metal tetrafluoride data and not solely the
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LiF-UF, data, with the intercept being the value pro-
jected, using all of the #AF-UF, data and not just the
LiF-UF, data.

A Correlation of the Empirical Slopes with Some
Refractivities for Alkali and Fluoride Ions.—The best
estimate of the incremental increase in R,ar.ur, per
mole of a given alkali fluoride is the slope as derived
above. These empirical slopes are compared in Table
I1112.28,24 with the refractivities of the individual alkali

TaBLE III
INCREMENTAL INCREASE IN REFRACTIVITY FOR #ZAF - MF,
CoMPOUNDS PER MOLE OF ALKALI FLUORIDE. COMPARISON
WITH IONIC REFRACTIVITIES® AND THOSE OF THE SOLID
ALKALI FLUORIDES

Empirical
slopes and (Ra+ + (Ra+ +
AF std dev RF ~)aq® Rp-)g Rar()®
LiF 2.34(0.11) 2,28 2.52 2.34
NaF 2.70(0.10) 2.80 2.92 3.01
KF 4,97 (0.10) 4.85 4.69 5.05
RbF 6.36(0.13) 6.39 6.23 6.49
NH.F 6.78(0.09) 6.91 6.75 7.21
CsF 9.16(0.12) 9.13 8.97 9.30

¢ Fajans' refractivities for the aqueous ions??® are {values for

Inorganic Chemistry

Table IV2%-23 are collected measured values for
alkali fluoride—uranium pentafluoride compounds of
stoichiometry AF:MF; = 1:1.® Optical data are
known for the 1:1 complexes only, and the refractivi-
ties are tabulated in Table 1V, column 2. Fajans’
aqueous R+ was then subtracted from each, to give
the net Ryr,- value for this anion in the various com-
pounds.

Molar Refractivities of #AF-MF; Complexes.—For
the lanthanides, data for AF:MF; = 1:1 are known
only for LiF-MF; and NaF-MF; compounds.3.2¥
(Note: the Ryr, data in ref 29 are not correctly listed.)
The tetragonal LiF:MF; compound types are formed
only with the heavier lanthanides, while the hexagonal
NaF - MF; types form throughout the series.?® There is
nearly a constant difference (AR =~ 2.6) between Rur,
and RLiF-MFs (NI = EU‘LU). The NaFlVIFg conl-
pounds, however, have R values which do not par-
allel those of the Rur, values but show a difference,
Ryar.ur, — Rur, decreasing from 3.4 to 2.9 as atomic
number increases from 57 to 71. The sodium flouride—
lanthanide trifluoride systems containing between 35
and 50 mol 9, NaF are complicated by several factors,

the gaseous species?t are enclosed in parentheses): Li*, —0.32 . . . .

(0.08); Nat, 0.20 (0.48); K+, 2.25; Rbt, 3.79; NH,*, 4.31; 1nc1ud1ng cubic, hexagonal, and orthorhombic Sym-
Cst, 6.53; F-, 2.60 (2.44). metries and, apparently, interstitial fluoride.?® Further
TasLE IV
ExXPERIMENTAL MOLAR REFRACTIVITIES OF ALKALI FLUORIDE-URANIUM PENTAFLUORIDE COMPOUNDS?2

RAUTg Ry +% Net Ryrg~ Remarks

LiUFs 19.7 —0.3 20.0 Rhombohedral, 6-coord LiSbF type
NaUF, 20.7 —+0.2 20.5 Rhombohedral, 6-coord LiSbF; type
(NaUTy) (22.5) 0.2 (22.3) Fce, 6-coord NaSbF; type

KUF, 22.7 2.3 20.4 Orthorhombic, 8-coord RbPaF; type
RbUFs 24.6 3.8 20.8 Orthorhombic, 8-coord RbPaF; type
NHUF, 24.8 4.3 20.5 Orthorhombic, 8-coord RbPaFs type
CsUFs 26.8 6.5 20.3 Rhombohedral, 6-coord KXOsFs type

¢ This high value accompanies the abnormally high molecular volume of this phase.

High molecular volumes are generally found in

cubic phases of other NaMF; complexes of group Va elements.?:27 This must indicate an effect other than stoichiometry error and, in
fact, is a result of inefficient packing. Note that in oxides, Shockley has shown that the polarizability increases parallel to the volume

occupied by oxygen.28

However, Professor Zachariasen brought to the author's attention the fact that the cubic NaSbF; structure

type, because of the linear Na-F-M(V) linkage, contains very large holes into which other ions (for example K *) can be packed. For

example, KosNaAlF; has nearly the same cell volume.

fluorides and with Fajans’ classic values for the sum of
the ionic refractivities (Ra+ -+ Rp-)aq and (Rs+ +
Rp-)g. It is seen that the increment in refractivity of
these solid complexes per mole of alkali fluoride is in
good (and perhaps surprising) agreement with the
value obtained using Fajans’ ionic refractivities (& +
+ Ryp-)aq. Statistically, there is no significant differ-
ence at the 0.05 level between the empirical slope values
in column 2 and the (Rs+ + Rr-)aq values in column
3. The sum of squares of deviations increased only
slightly, from 12.7 to 15.2, when the slopes were fixed
at the Rarwg values in fitting the data. The sum of
squares of deviations increases to 23.1 when the gaseous
refractivity values are used and enormously, to 479,
when the refractivities of the solid alkali fluorides
themselves are used.

Molar Refractivities of AF.UF; Compounds.—In

(23) K. Fajans and R, Lithdemann, 7. Physik. Chem., 29B, 150 (1935).

(24) N. Bauer and K. Fajans, J. Am. Chem. Soc., 64, 3023 (1942), and
references therein,

work on structure and refractometry is indicated here.

There are two series, KF-CeF; and NaF-ScF;, which
do form compounds having AF:MF; mole ratios up to
3. The KF-CeF; data are given in the next section.
In the sodium fluoride-scandium trifluoride system,
RSch = 9.43, RNQF.SCFB = 12.56, and RSN&F-Sch
17.97.8 These values give a slope Ryyr = 2.83 (¢ =
0.11).

Comparison of R Values for KF-MF, (x = 3-5)
Complexes.—The data for a series of potassium
fluoride complexes with CeF;, ZrF,, ThF,, TaF; and
UF; are plotted in Figure 3. The data again suggest
that the slopes for a given alkali fluoride are the same,
with the intercepts being the Ryr, values. The value

(25) G. D. Sturgeon, R. A. Penneman, F. H, Kruse, and L. B. Asprey,
Inovg. Chem., 4, 748 (1965).

(26) R. A. Penneman, ¢bid., 6, 431 (1967).

(27) D. Babel, Struct. Bonding (Berlin), 8, 1 (1967).

(28) W. Shockley, Phys, Rev., 78, 1273 (1948).

(29) R. K. Thoma, H. Insley, and G. M. Hebert, Inorg. Chem., 5, 1222
(19686).

(30) R. E. Thoma and R. H. Karraker, ibid., 8, 1933 (1966).
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Figure 3.—Refractivities of potassium fluoride complexes with some tri-, tetra-, and pentavalent metals.

of Ryp, = 17.8 was obtained by subtracting Ray from
each of six Rar.ur, values in Table IV, The values®!
Rror, = 14.8 and Rx,ray, = 23.9 are so close to the
thorium values, Rrwr, and Rx,mur, respectively, that
they are not shown in the figure. The values Rxr.cor,
= 16.5 and Rgr.cer, = 26.2 were calculated from
data supplied by Thoma and Brunton.??

Applications.—For #NH,F:-MF, complexes, a sub-
ject of current interest to us, values of the molar re-
fractivity for the 4:1, 3:1, 2:1, and 7:6 NHF:MF,
ratios (Table I) are clearly distinguishable. This was
useful in our recent work with compounds in the
NHF-CeF,~H,0O system which established (NH,),-
CeFyg as the highest complex® rather than (NH,);CeFy,
as was reported recently.?® In our study, the known
(NH),UF; X-ray powder diffraction data also corrob-
orated the molar refractivity results, since (NH,),-
CeFys is isostructural with (NH,),UFs.

A stricter test of the simplicity and usefulness of the
molar refractivity method was demonstrated in con-
nection with our study of (NHy)ThFg.3¢ The (NH,),-
MF; type of compound is monoclinic and isostructural
for M = Ce(V) and Pa(IV) through Am(IV).3
However, from a saturated NH,F-ThF,~H,0 solution,
needlelike crystals of a compound, later shown to be
triclinic (NH,) ThF;, were obtained which gave an X-
ray powder pattern entirely different from that of
(NH,),;UF;. As initially there were not enough crystals
to analyze chemically, the following approach was used.

(31) A. Rosenzweig, unpublished data, Los Alamos Scientific Laboratory,
1968,

(32) R. E. Thoma and G. Brunton, private communication, Oak Ridge
National Laboratory, 1968,

(33) J. P. Besse and M. Capestan, Bull. Soc. Chim. France, 577 (1966).

(34) R. A. Penneman, R. R. Ryan, and A. Rosenzweig, Chem. Commun.,
990 (1968).

(35) R. A. Penneman, F. H. Kruse, R. S. George, and J. S. Coleman,
Inorg. Chem., 8, 309 (1964).

Flotation of crystals in mixtures of diiodomethane (d
= 3.3 g/cm?) and sym-tetrabromoethane (d = 2.95
g/cm3) on a microscope slide established that the den-
sity was just slightly above 3.0. The extreme refractive
indices of this biaxial compound were found to be #, =
1.456 and #, = 1.474 giving an estimate for the Lorentz—
Lorenz function of 0.2764. Because the crystals should
contain only NH,, F, and Th (hydrates being virtually
unknown), formula weights could be calculated for dif-
ferent NH,F: ThF, ratios. These, when divided by the
density and multiplied by 0.2764, gave the following
estimates of R: (NH,),;ThFs 35.2; (NH,);ThFy,
38.6; (NH,),ThFs, 42.0. Clearly, the first two values
are far above the NH,F-UF, line of Figure 2, whereas
the value estimated for (NH,),ThF; lies very close to
it. Thus, from optical measurements and a simple
density determination, the stoichiometry was shown to
be (NH4)4T1’1F3 rather than (NH4)3T1’1F7 or (NH4)2Tth
The formula (NH.),ThF; was later confirmed by chemi-
cal analysis and a structure determination.?*

The molar refractivities of the complexes 2KF - PtF,
and 2RDbF - PtF, are nearly coincident with the values
for the corresponding UF, complexes. This suggests
that the values of U(IV)-F complexes, more of which
are known than of the Pt(IV) complexes, could serve
as a basis for an estimate for R,ar.per, and for Rp:r,
itself. Extension of this approach to other transition
element complexes is suggested when the data become
available. For example, the anticipated value for
Rrvr, would be expected to be lower than Rcer, be-
cause Rror, < Roer,

Since the slope in Figures 1-3 is a known constant for
a given AF, a single measurement should establish the
line for an element M in a particular valence state,
Indeed, the earlier R value for ThF, (15.3) shown in
Table II was clearly closer to that of UF, (15.5) than
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expected on the basis of the average difference 0.4 =+
0.15 between ten pairs of U(IV)- and Th(IV)-F com-
plexes. Infact, arecent redetermination of the cell con-
stants for ThF, gave alower R value, 14.8.22 Further-
more, the values for nLiF - UF, are very close to those
of the corresponding #NaF-ThF, complexes. The in-
creased refractivity of Na* over Li™ essentially com-
pensates for the lower refractivity of ThF, vs. UF,.

Estimation of Molecular Volumes in Fluoride Com-
plexes.—To estimate R values for compounds for
which optical data and composition are given, but
densities or unit cell volumes are not, the following
approach may often be used. As an example, using
Zachariasen’s® volume values for NH,* (26 A3%) and
F— (18 A3%), we estimate for (NH,),ThFs 248 A3 per
formula unit and a density of 3.056 g/emd. R values,
approximated using such volume estimations,?8-3
are enclosed in parentheses in Table I. This approach
does need to be used with some caution, especially with
sodium compounds, as was mentioned in connection
with NaUFs, Table IV. Also, the compounds Na;MF;
have an abnormally high molecular volume, e.g., in
Na;MF; there are 14 F’s occupying 16 sites, and the
molecular volume and R values for Na;UF; are almost
identical with those of NasThF3.?3% As was mentioned
earlier, the R value for Na;UFy is the farthest (59) off
the calculated function.

Discussion

In UF; the coordination of uranium is eight, with all
fluorines shared.?® It is again eight in (NH,).UFy with
no fluorines shared;¥ (NH,),CeF; represents an inter-
mediate case with four fluorines shared.® In Li,UF;g
uranium is nine-coordinated;? in (NH,),ThF; thorium
is also nine-coordinated, and one fluoride is not involved
in a bond to thortum.® The “free” fluoride ion in the
lattice does not affect the refractivity in an obvious
manner. In the pentavalent uranium complex CsUFs,
uranium is six-coordinated? and in RbUFs it is eight-
coordinated;?* the Rur,- values (Table IV) are only
slightly affected (if at all) by the difference in coordina-
tion. Batsanov,* describing the application of refrac-
tometry to structural chemistry, has shown that in
general there is only a slight change in molar refrac-
tivity in polymorphic modifications of complexes.
Also, in the rare earth trifluorides, the molar refrac-
tivity is not particularly sensitive to structural differ-
ences (shown by Staritzky and Asprey*! and noted by

(38) W. H. Zachariasen, J. Am. Chem. Soc., 70, 2147 (194R).
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(1969).

(39) J. H. Burns, H. A, Levy, and O. L. Keller, Acta Crysi., B24, 1675
(1968).

(40) S. S. Batsanov, ‘“‘Refractometry and Chemical Structure,” Comnsul-
tant’s Bureau, New York, N. Y., 1961, p 115.

(41) E. Staritzky and L. B, Asprey, Anal. Chem., 29, 856 (1957).
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Levin?? in his paper on refractivities of rare earth
oxides). Thus it appears that the approximate addi-
tivity of refractivity values is a generally valid rule in
a wide variety of fluoride complexes, showing little ef-
fect of coordination or of valence of the central metal.
Regarding the effect of valence, the NaF-ScF;, KF-
CeF;, and AF-UF; complexes give the same Rar
as was found with the zAF - MF, complexes. Including
the R values for these MF; and MF; complexes in the
general linear model gives 60 data points to test.
When this is done the sum of squares of deviations
increases only slightly (from 12.7 to 13.3, and the
weighted variance drops from 0.33 to 0.29); the change
in Rar values is neligible (average 0.01).

Conclusions

(1) The Lorentz-Lorenz molar refractivities of
#AF-MF, complexes containing the same tetravalent
element are linear functions of the mole ratio (n), fitting
the equation R, ar.mr, = #Rar + Ryr, For different
alkali fluorides (AF) they have different slopes (Rar)
but a common origin, the refractivity of the pure
tetrafluoride, Ryr,.

(2) Refractivities of #AF-MF, complexes contain-
ing the same alkali (A) but different tetravalent ele-
ments (M) have essentially the same incremental in-
crease in refractivity per mole of alkali fluoride (slope),
AR/An. The results of pooling the data from 49 com-
pounds (as shown in Table III) give the empirical
slopes AR/An which agree closely with the sum of
Fajans’ ionic refractivities Ra+ and Rp-. Thus to es-
timate the refractivity for a complex of formula
7AF - MF,, add to the measured Ryr, value » multiples
of Fajans’ R, - and Ry- aqueous refractivities.

(8) For complexes of the type nAF-MF; and
#AF -MF;, a linear increase in refractivity per mole of
AF is also observed. For the NaF-ScF; KF-CeF;,
KF-TaF;, and AF-UF; systems, the increment in
Regmplox per mole of alkali fluoride is the same as that
found for the tetravalent complexes.

(4) Fluoride complexes between d- and f-transition
elements and the alkali fluorides (or NH,F) comprise a
class of over 1000 potential compounds. Optical data
are lacking even for many of the known representatives;
refractive index measurements and experimental densi-
ties should be part of the data supplied for newly syn-
thesized compounds.*?
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