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Abstract. Empirical electronic polarizabilities of I−, Br−, and Br7+ were determined to predict refractive in-
dices of iodides, bromides, and perbromates, respectively, at λ= 589.3 nm. Polarizabilities of the iodine and
bromine ions were derived from the total electronic polarizabilities of compounds containing I or Br by sub-
tracting the polarizabilities of the remaining cations and anions, yielding the contribution of the halogen ions
to the total electronic polarizabilities calculated from the mean refractive indices using the Anderson–Eggleton
relationship. Refractive indices (RIs) of iodides, bromides, and perbromates are taken from literature data and
from our own measurements on potassium iodide (KI), sodium iodide dihydrate (NaI · 2H2O), potassium bro-
mide (KBr), and sodium perbromate monohydrate (NaBrO4 ·H2O). Powder X-ray diffraction analyses were
done for basic characterization and to check the purity. Structure analyses were performed using single-crystal
X-ray diffraction data on KI, KBr, NaI · 2H2O, and NaBrO4 ·H2O. Refractive indices were determined using
the immersion method with a micro-refractometer spindle stage at λ= 589.3 nm, yielding < n >= 1.671(8) for
isotropic KI, nx = 1.585(9), ny = 1.593(4), and nz = 1.615(6), with a mean refractive index of< n > =1.598(6)
for NaI · 2H2O; < n >= 1.560(2) for isotropic KBr; and nx = 1.470(2), ny = 1.491(2), and nz = 1.492(2) with
a mean refractive index of < n >= 1.484(2) for an optically biaxial NaBrO4 ·H2O crystal. The anion polar-
izability parameters αo− and No for I− were determined by least-squares methods from 20 iodide compounds
with known refractive indices, combined with data from this study. The electronic polarizability of the anion
is described by the equation α− = αo− · 10−No/V

1.20
an , yielding αo− (I−) = 8.53(5) Å3 and No(I−) = 0.90 Å3.6.

Similarly, for Br−, analysis of 20 bromide compounds with established refractive indices, together with data
from this study, resulted in αo− (Br−) = 5.4(3) Å3 and No(Br−) = 1.00 Å3.6. The determination of the refractive
indices of NaBrO4 ·H2O with four-coordinated Br7+ yielded an electronic polarizability value of 0.938 Å3 for
Br7+. Using this value enables the prediction of refractive indices of perbromates. All values were validated
against known halide data and used to predict refractive indices of iodine- and bromine-containing compounds.
A total of 120 refractive indices was predicted. The results are compared with refractive indices calculated from
Gladstone–Dale constants.
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1 Introduction

1.1 General aspects

Refractive indices are fundamental optical properties that
provide critical insights into the crystal structure, composi-
tion, and bonding characteristics of minerals and synthetic
compounds (Feklichev, 1992; Nesse, 2013). In mineralogical
studies, refractive indices play a crucial role in identifying
and classifying minerals, understanding crystal chemistry,
and interpreting phase transitions (Gunter and Ribbe, 1993).
Additionally, refractive indices find significant applications
in laser science (Han et al., 2012). The ability to predict re-
fractive indices allows for better characterization of natural
and synthetic materials, aiding in the development of optical
devices and improving the understanding of geological pro-
cesses. Physically, the effect of refraction is caused by dipole
moments p induced by the electromagnetic wave upon enter-
ing the crystal, which are proportional to the electric field E
according to p = α ·E, where the polarizability α represents
the factor of proportionality between the dipole moment p
and the electric field E (see Shannon and Fischer, 2016, and
Fischer et al., 2018, and references therein). Thus, it quanti-
fies the extent to which an ion or compound responds to an
external electric field. Dielectric polarizabilities are related
to the dielectric constant by the Clausius–Mosotti relation in
the range 1 kHz to 10 MHz, as discussed by Shannon (1993).
Static electronic polarizabilities far below electronic reso-
nances are described by the Lorentz–Lorenz equation for λ=
∞. For a detailed explanation of static polarizabilities, see
Shannon and Fischer (2006), including extensive references
to various applications. Here we use dynamic electronic po-
larizabilities in the visible range of light at λ= 589.3 nm, as
described in Sect. 1.2.1, to predict refractive indices of I- and
Br-bearing compounds and minerals, extending the dataset
determined by Shannon and Fischer (2016) for 270 electronic
polarizabilities for 76 cations and 4 anions. Alternatively, the
Gladstone–Dale relationship is applied to relate refractive in-
dices with density and chemical composition using specific
Gladstone–Dale constants from Mandarino (1981). However,
this relationship does not consider the dependence of optical
parameters on the coordination environment of cations (Man-
darino, 1979; Bloss et al., 1983).

1.2 Theoretical background

1.2.1 Electronic polarizability

Shannon and Fischer (2006) developed an empirical ap-
proach to determine electronic polarizabilities, modifying
earlier methods by analyzing refractive indices for a wide
range of minerals and synthetic compounds. Their work uti-
lized the Anderson–Eggleton (Anderson, 1975; Eggleton,
1991) relationship, which relates the refractive index to mo-
lar volume and total electronic polarizability as follows:

αT =

(
n2

D− 1
)
Vm

4π +
(

4π
3 − c

) (
n2

D− 1
)
,

(1)

where αT is the total electronic polarizability of a mineral
or inorganic compound, nD is the refractive index at λ=
589.3 nm, Vm is the molar volume in Å3, and c = 2.26 is the
electron overlap factor.

Various methodologies exist for relating the refractive in-
dex (RI) to polarizability, including the Lorenz–Lorentz (LL)
(Lorenz, 1880; Lorentz, 1880), Drude (see Anderson and
Schreiber, 1965, and references therein), Gladstone–Dale
(GD) (Gladstone and Dale, 1863), and Anderson–Eggleton
(AE) models. As demonstrated by Shannon and Fischer
(2016), the AE relationship offers a more accurate deter-
mination of polarizabilities from refractive indices, as it ac-
counts for partial electron overlap, ranging between LL and
GD equations. Unlike LL, which neglects electron overlap,
and GD, which does not consider structural details, AE in-
troduces a correction factor (c = 2.26) that enhances the pre-
cision of polarizability estimations across a wide range of
minerals. Whereas the GD and Drude approaches often lead
to overestimated polarizabilities, AE provides a more re-
fined and experimentally validated approach by incorporat-
ing electron overlap effects. Consequently, AE is generally
more suitable for most minerals, though additional modifica-
tions may be necessary for highly covalent compounds, such
as carbonates, nitrates, sulfates, and perchlorates.

1.2.2 Cation and anion polarizabilities

The total molar electronic polarizability (αT) of a compound
can be expressed as the sum of the individual electronic po-
larizabilities of its constituent ions (αe(ion)) according to

αT =

N∑
i=1

mi · αei (ion) , (2)

where i varies over the total number (N ) of ion types in the
formula unit, andmi is the number of ions of type i in the for-
mula unit. Cation polarizability is influenced by factors such
as the coordination number (CN) and ionic radius, which de-
termine the extent to which a cation can distort its electron
cloud in response to an electric field. Jemmer et al. (1998)
explored polarizability using a light-scattering (LS) model,
showing that polarizability systematically decreases as the
coordination number (CN) increases. Shannon and Fischer
(2016) give a detailed explanation of this approach. Anion
polarizabilities depend on the volume occupied by the anion
corresponding to the volume of the unit cell divided by the
number of anions. Shannon and Fischer expressed anion po-
larizability (α−) as

α− = α
o
− · 10

−No

V nan , (3)
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where αo− is the free ion polarizability, Van is the anion mo-
lar volume, and n= 1.20 is an empirical parameter. The re-
fractive index can then be calculated solving Eq. (1) for n
according to

nD =

√√√√ 4παT(
2.26− 4π

3

)
αT+Vm

+ 1. (4)

1.2.3 Refractive indices and total polarizability
calculated from Gladstone–Dale approach

Alternatively, the mean refractive index< nD > could be cal-
culated from the Gladstone–Dale approach (Gladstone and
Dale, 1863) using a set of parameters ki (Gladstone–Dale
constants), determined for the oxide components in a mineral
or inorganic compound by Mandarino (1976, 1981), accord-
ing to

< nD >=
∑

i

kipi

100
·D+ 1, (5)

where pi is the weight percentage of the oxide component
i, and D is the density of the compound. The treatment of
halide components is explained by Fischer et al. (2018) and
in the examples on p. 74 in Mandarino (1979).

The total polarizability using the Gladstone–Dale relation-
ship is expressed as

αGD =
3π
4
Vm (n− 1) , (6)

with the molar volume Vm and the refractive index n (see
Shannon and Fischer, 2016).

Whereas this method has been widely used for mineralog-
ical studies, Shannon and Fischer (2016) found that it shows
larger discrepancies compared to the Anderson–Eggleton ap-
proach.

The Gladstone–Dale compatibility index CI = 1−
(Kp/Kc) measures the consistency of refractive index, den-
sity, and chemical composition by comparing a specific
chemical refractivity,

Kc =
∑
i

Kipi

100
, (7)

to an experimental physically derived value Kp = (< n >
−1)/D, where ki is the Gladstone–Dale constant, pi is
the weight percentage, and D is the density (Mandarino
1979, 1981). However, its reliability is affected by structure-
dependent variations in ki values, as pointed out by Bloss et
al. (1983).

Eggleton (1991) revised ki values for various cations, im-
proving the agreement of CI calculations, with high agree-
ment in most cases but still with larger error margins com-
pared to polarizability analysis.

1.3 Focus of this work

Whereas Shannon and Fischer (2006) extensively covered
oxides, fluorides, chlorides, and hydroxides, their study did
not comprehensively address the polarizabilities of iodine (I)
and bromine (Br) atoms in different oxidation states. Given
the importance of these halogens in both natural and syn-
thetic systems, further refinement of their empirical polariz-
abilities is necessary for accurate refractive index predictions
in compounds containing I or Br.

Notably, Shannon and Fischer (2016) calculated the elec-
tronic polarizability value for I7+, which is adopted in this
study for refractive index predictions of I7+-containing com-
pounds. However, the polarizabilities of I−, Br−, and Br7+

have not been determined previously and are derived in this
study to improve the accuracy of refractive index predictions
for iodine- and bromine-bearing materials. The bromine elec-
tronic polarizability values were initially derived in the mas-
ter’s thesis of Nezamabadi (2023). In the present study, these
values have been improved through additional computational
and experimental validation to ensure greater accuracy and
broader applicability. Additionally, I5+ and Br5+ are investi-
gated in this study; however, due to the presence of lone-pair
electrons, their behavior deviates from the usual trends. The
resulting discrepancies are currently under investigation. I3+

and Br3+ are not included in this study due to their inherent
instability and strong tendency to convert into more stable
oxidation states.

Previous work has focused primarily on the electronic po-
larizabilities of fluorine (F−), chlorine (Cl−), and hydroxyl
(OH−), with well-documented values derived from experi-
mental and computational studies. However, data on iodine
(I−, I5+) and bromine (Br−, Br5+, and Br7+) are missing,
making it difficult to accurately predict the refractive indices
of minerals and synthetic compounds containing these ele-
ments. This study employs an empirical approach based on
refractive index measurements, computational modeling, and
the least-squares refinement method to determine the elec-
tronic polarizabilities of iodine and bromine in different ox-
idation states. By applying the Anderson–Eggleton relation-
ship and comparing results with known halide data, this work
aims to find a systematic methodology for estimating refrac-
tive indices in iodine- and bromine-containing materials.

2 Experimental methods

KI and NaI · 2H2O were selected as compounds containing
iodide (I−), KBr was selected as a compound containing bro-
mide (Br−), and NaBrO4 ·H2O was selected as a compound
containing bromine in its highest oxidation state (Br7+). The
KI and KBr samples were purchased from Sigma-Aldrich,
and NaI · 2H2O was obtained from Carl Roth Chemicals.
NaBrO4 ·H2O was synthesized following the procedure de-
scribed by Appelman (1969), passing diluted fluorine gas
into an aqueous, alkaline solution of sodium bromate accord-
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Table 1. SCXRD instrumental setting used in the experiment for KI, NaI · 2H2O, KBr, and NaBrO4 ·H2O.

Sample KI NaI · 2H2O KBr NaBrO4 ·H2O

Instrumental setting

Tube Mo Mo Mo Mo
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073
Current [mA] 30 30 30 30
Voltage [kV] 50 50 50 50
Temperature [K] 301 302 304 304
Resolution [Å] 0.7 0.7 0.7 0.7
Width/frame [°] 0.5 0.5 0.5 0.5
Time/frame [s] 1 1 9 12
2θ range [°] 9.99–60.41 3.95–43.27 10.70–60.68 5.48–61.54
Total exposure time 1 h 7 min 1 h 4 min 4 h 29 min 5 h 51 min
Crystal dimensions [mm3] 0.127× 0.158× 210 0.111× 0.189× 0.227 0.58× 0.180× 0.190 0.050× 0.072× 0.155
Range of h, k, and l −10 to 10, −10 to 10,

−10 to 10
−10 to 10, −8 to 8,
−10 to 10

−9 to 9, −9 to 9,
−9 to 9

−22 to 22, −8 to 8,
−16 to 16

Total number of reflections 6521 13 165 3205 16 679
Number of unique reflections 45 1521 39 1490

Crystal structure

Space group Fm3̄m P 1̄ Fm3̄m C2/c
Lattice parameters [Å, °] a = 7.0603 (2) a = 7.1447(3)

α = 81.879(1)
b = 6.0260(1)
β = 116.95(1)
c = 7.1652(1)
γ = 115.03(1)

a = 6.5990(3) a = 15.7502(3)
b = 5.7335(1)
c = 11.3367(2)
β = 111.187(1)

Z 4 4 4 8
Refinement residuals [%] Rint = 1.95

Rσ = 0.54
R1= 0.27
wR2= 0.60
GoF = 1.408

Rint = 4.02
Rσ = 2.16
R1= 3.13
wR2= 6.84
GoF = 1.364

Rint = 4.28
Rσ = 0.76
R1= 0.96
wR2= 2.48
GoF = 1.247

Rint = 2.64
Rσ = 1.40
R1= 1.74
wR2= 4.79
GoF = 1.023

Note: Rint =

∑∣∣∣F2
o−F

2
o (mean)

∣∣∣∑
F2
o

, Rσ =
∑
σ (F2

o )∑
F2
o

, R1 =
∑
||Fo |− |Fc ||∑
|Fo |

, wR2 =

∑
w

(
F2
o−F

2
c

)2

∑
w (F2

o )2

, GoF=

√∑
w

(
F2
o−F

2
c

)2

n−p .

ing to the following equation:

NaBrO3+NaOH+F2+H2O→ NaBrO4 ·H2O+NaF+HF.

Details of the synthesis will be reported elsewhere.
Powder X-ray diffraction (PXRD) analyses of the

NaI · 2H2O sample were done using a PANalytical X’Pert
MPD Pro diffractometer, whereas the KI and KBr samples
were examined with a Bruker D8 Discover diffractometer,
all having a θ − 2θ Bragg–Brentano geometry. Identifica-
tion was carried out using HighScore analysis established
by Degen et al. (2014) and Rietveld analysis with BRASS
software developed by Birkenstock et al. (2006). Through
PXRD analysis, mixed phases of NaI and NaI · 2H2O could
be identified in the NaI · 2H2O sample, with weight per-
centages of 11.60± 0.22 % and 88.40± 1.23 %, respectively.
This confirmed a pure phase for KI and KBr. Rietveld refine-

ment yielded lattice parameters that are in agreement with
the values reported by Verbist et al. (1970) for NaI · 2H2O,
Ahtee (1969) for KI, and Subban and Dhanraj (2018) for
KBr. Single-crystal diffraction (SCXRD) was performed us-
ing a Bruker D8 venture Kappa diffractometer with Mo
radiation (λ= 0.71073 Å) on recrystallized samples of KI,
NaI · 2H2O, KBr, and NaBrO4 ·H2O to confirm the defect-
free crystal structure of the samples. Single crystals of each
sample were obtained through slow evaporation. Data reduc-
tion and data integration were then performed using APEX4
software, and eventually, refinement of the data was done via
WINGX software (Farrugia, 2012) using SHELX (Sheldrick,
2015) as the refinement program. Table 1 contains the in-
strumental settings for each SCXRD experiment, the crystal-
structure data, and the refinement residuals. Initial atom pa-
rameters were taken from Ahtee (1969) for KI, Verbist et al.
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Table 2. Refractive indices, molar volumes, and total observed polarizabilities used for calculating the electronic polarizabilities of I− and
Br−. Data are taken from our own measurements and from literature values.

Compound < n > Vm [Å3] αAE [Å3] α (I− /Br−) [Å3]a Reference

Iodides

NaI · 2H2O 1.5979 124.34 12.410 8.61 this work
RbI 1.6465 98.87 10.662 8.292 Kublitzky (1934); Erdmann (1894)
RbI 1.6474 98.87 10.676 8.306 Sprockhoff (1903)
KIb 1.6656 88.59 9.830 8.330 Gyulai (1927)
KIb 1.6659 88.59 9.835 8.335 Gyulai (1927)
KI 1.6664 88.59 9.842 8.342 Harting (1948) cited after Ballard et al. (1972)
KI 1.6666 88.59 9.845 8.345 Topsoe and Christiansen (1874)
KIc 1.6678 88.59 9.862 8.362 Korth (1933)
KIc 1.6682 88.59 9.868 8.368 Korth (1933)
KI 1.668 89.17 9.931 8.431 Swanson and Tatge (1953)
KI 1.6706 88.27 9.867 8.367 this work
KI 1.677 88.59 9.995 8.495 Weast et al. (1985)
CsI-αd 1.661 111.09 12.244 8.444 Winchell and Winchell (1931)
NH4I 1.7007 95.62 11.158 8.868 Swanson et al. (1955a)
NH4I 1.7030 95.62 11.194 8.904 Winchell and Winchell (1931)
NH4I 1.7031 95.62 11.196 8.906 Weast et al. (1985)
NaI 1.7740 67.93 8.730 8.170 Swanson et al. (1955a)
NaI 1.7745 67.93 8.736 8.176 Weast et al. (1985); Winchell and Winchell (1931)
CsI-βd 1.7876 95.03 12.419 8.919 Winchell and Winchell (1931)
LiI 1.955 54.89 8.601 8.361 Spangenberg (1922); Winchell and Winchell (1931)
AgI-αe 2.1816 68.54 13.001 9.481 Wernicke (1871)
AgI-αe 2.2 68.54 13.177 9.657 Larsen (1921); Wernicke (1871)
AgIe 2.2133 68.54 13.303 9.783 Weast et al. (1985)
AgIe 2.2217 68.66 13.407 9.887 Merwin (1930)
AgIe 2.2277 68.66 13.463 9.943 Merwin (1930)

Bromides

NaBr · 2H2O 1.5191 106.600 9.239 5.439 Wulff and Schaller (1934)
KBrf 1.5590 71.743 6.696 5.196 Weast et al. (1985)
KBr 1.5593 71.743 6.700 5.200 Topsoe and Christiansen (1874)
KBr 1.5600 71.743 6.708 5.208 this work
KBr 1.5606 71.743 6.716 5.216 Palik (1991)
RbBr 1.553 81.303 7.507 5.137 Palik (1998); Jaffe (1996); Swanson et al. (1957); Winchell and Winchell (1931)
SiBr4 1.579 173.949 16.816 4.133 Winchell and Winchell (1931)
GeBr4 1.6269 174.316 18.235 4.146 Weast et al. (1985); Dennis and Hance (1922)
NaBr 1.6412 53.295 5.701 5.141 Weast et al. (1985); Spangenberg (1922); Winchell and Winchell (1931)
CsBrg 1.6984 79.340 9.229 5.729 Sprockhoff (1903)
CsBr 1.703 79.340 9.288 5.788 Swanson et al. (1954)
CsBr 1.7095 79.340 9.372 5.872 Palik (1998)
NH4Br 1.7108 66.890 7.915 5.735 Winchell and Winchell (1931)
NH4Br 1.7120 66.890 7.928 5.748 Haase (1931); Weast et al. (1985)
NH4Br 1.7123 66.890 7.932 5.752 Swanson and Fuyat (1953)
BaBr2 · 2H2O 1.72787 144.213 17.464 5.517 Dufet (1903)
BaBr2 · 2H2O 1.7280 144.213 17.467 5.519 Weast et al. (1985)
BaBr2 · 2H2O 1.7266 144.213 17.434 5.502 Winchell and Winchell (1931)
LiBr 1.784 41.64 5.418 5.178 Weast et al. (1985); Jaffe (1996)
Cu4FBr(OH)6 1.8405 179.125 24.905 5.121 Elliott et al. (2014)
AgBre 2.252 48.078 9.586 6.066 Barth (1930)
AgBre 2.253 48.078 9.593 6.073 Weast et al. (1985)

a For an explanation, see Sect. 2. b KI refractive index measured at 66 °C. c KI refractive index measured at 38 °C. d CsI-α has an NaCl structure type, and CsI-β crystallizes in a CsCl structure. e Notably,
silver halides exhibit systematic behavior with relatively high refractive indices and, consequently, high total electronic polarizabilities. Therefore, they have been treated as outliers in this study. Although
their data points are plotted, they are not included in the fitted data (see discussion in Sect. 3.3). f Another record for KBr shows a mean refractive index of 1.5325 (Gundelach, 1930), but it differs
significantly from other values and is therefore excluded from calculations. g An additional record exists for CsBr, in which the mean refractive index is 1.5820 (Winchell and Winchell, 1931). However, this
average refractive index differs considerably from the other documented values. Therefore, it is disregarded in calculations.

(1970) for NaI · 2H2O, Subban and Dhanraj (2018) for KBr,
and Blackburn et al. (1992) for NaBrO4 ·H2O. Ten least-
squares cycles were carried out to obtain the final param-
eters. All refinement results agree with the prior findings of
the above-mentioned studies. To compare the results with the

corresponding parameters from the literature, the unit cell of
NaI · 2H2O was transformed according to −b, a+ b, and c,
with an origin shift of 1/2, 1/2, and 1/2. The refined atom
parameters are listed in Tables S1 to S4 in the Supplement.

https://doi.org/10.5194/ejm-37-889-2025 Eur. J. Mineral., 37, 889–907, 2025



894 S. Nezamabadi et al.: Empirical electronic polarizabilities of iodine and bromine

Figure 1. Calculated electronic polarizability of I− in various com-
pounds as a function of anion volume.

Figure 2. Electronic polarizability of Br− in various compounds
(listed in Table 2) plotted against their respective anion volumes.

The refractive index was determined using polarization
microscopy with the immersion method, where the crystal
was placed on a spindle stage in a liquid with a known re-
fractive index to analyze its optical behavior through extinc-
tion patterns and the Becke method. After obtaining a match
between the crystal and the liquid, the internal refractometer
was used to determine the actual refractive index of the liq-
uid, thus avoiding aging or contamination effects. The mean
refractive index of each sample was determined, and the to-
tal electronic polarizability of the compound was calculated
using the Polario program (Fischer et al., 2018). This pro-
gram has the electronic polarizability values of each atom or
ion with various coordination numbers built-in, as derived by
Shannon and Fischer (2016). Using the Anderson–Eggleton
approach, it calculates the total electronic polarizability of
the compound from the observed refractive index. As ex-

plained in Sect. 1.2.1, the total molar electronic polarizability
αT of a compound is calculated (αcalc) as a linear combina-
tion of the individual ion electronic polarizabilities (αe(ion))
according to the additivity rule (Eq. 2). Shannon and Fischer
(2006, 2016) treated the ion polarizabilities (αe(ion)) as refin-
able parameters in a least-squares procedure that minimizes
the following function:

M∑
i=1

wi(αobs−αcalc)2, (8)

where i represents the number of αobs measurements for dif-
ferent compounds, and wi = σ−2

i , with σi being the esti-
mated percentage error in the experimental refractive index.
Given that each compound investigated here had only one
ion with unknown electronic polarizability, multiple regres-
sion analyses were not necessary. The individual electronic
polarizabilities of I−, Br−, and Br7+ were simply determined
by subtracting the sum of the electronic polarizabilities of the
remaining ions from the observed total electronic polarizabil-
ity of the respective compound. The least-squares refinement
program POLFIT, originally developed for dielectric polariz-
ability analysis (Shannon, 1993), was modified and improved
to enable the simultaneous refinement of αe(ion) for cations
and anions, as well as for I− and Br−, as a function of anion
volume using Eq. (3). The data required for this analysis, in-
cluding refractive indices, crystal-structure parameters, unit-
cell dimensions, and chemical compositions, were sourced
from various references and supplemented by our findings. If
the paper reporting the refractive index also included crystal-
structure data, that information was used. Otherwise, the data
were sourced from the Inorganic Crystal Structure Database
(ICSD) (Belsky et al., 2002). The least-squares method, im-
plemented in the POLFIT program, was employed to de-
termine the anion parameters of I− and Br−, as outlined in
Sect. 1.2.2. Two datasets were utilized, one consisting of re-
fractive index measurements for 20 iodides and another con-
taining measurements for 22 bromides.

To derive the initial anion parameters for I−, a dataset of
20 refractive index measurements from 8 iodides was used.
This dataset included I− and water molecules treated as an-
ions, along with 6 cations with known polarizabilities ob-
tained from Shannon and Fischer (2016). Similarly, the initial
anion parameters for Br− were determined using a dataset of
20 refractive index measurements from 11 bromides. This
dataset included Br−, F−, OH−, and water molecules treated
as anions, along with 11 cations with known polarizabili-
ties taken from Shannon and Fischer (2016). As noted in
Sect. 1.2.2, the cation polarizability was determined using the
polarizability additivity rule (Eq. 2). Specifically, the polariz-
ability of I7+ was adopted from Shannon and Fischer (2006),
whereas the polarizability of Br7+ was calculated based on
data from a single compound.
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Figure 3. Sensitivity analysis of No values for I− and Br−. (a) The effect of varying No on the fitted data for I−. (b) The corresponding
effect for Br−.

Figure 4. (a) Comparison of the fitted polarizability curves for I−, Br−, Cl−, and F− as a function of anion volume. The (αo
−

) values are
3.88 and 0.82 Å3 for Cl− and F−, respectively, with corresponding No values of 1.800 Å3.6 for Cl− and 3 Å3.6 for F−. (b) The relationship
between the cube of ionic radii (Shannon, 1976) and electronic polarizability (α) for halogens.

3 Results and discussion

3.1 Anion polarizabilities

3.1.1 Iodides

Refractive index measurements for NaI · 2H2O yielded val-
ues of nx = 1.585(9), ny = 1.593(4), and nz = 1.615(6),
with an average value of < n >= 1.598(6) compared to the
labeled values of the corresponding oils at 1.582, 1.592, and
1.610, respectively. Verification using an internal refractome-
ter yielded the actual refractive indices, suggesting that the

discrepancies could result from factors such as aging of the
immersion oil. Additionally, stepwise oil replacement during
the immersion measurements may have left traces of the pre-
vious oil in the cell, leading to mixing with the new oil and a
deviation in the refractive index of the resulting mixture. The
optic angle with respect to the acute bisectrix in this mea-
surement was found to be 72.8(22)°.

KI is optically isotropic. Thus, its refractive index is in-
dependent of crystal orientation. The refractive index was
found to be n= 1.671(8) using the internal refractometer,
whereas the labeled refractive index of the matching oil was
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Table 3. Observed refractive indices, molar volumes, and calculated refractive indices of compounds containing Ag+.

Compound < nobs > Vm [Å3] CN(Ag+) nGD ncalc ncalc-new Reference

AgNO3 1.7533 63.72 6 1.848 1.726 1.777 Swanson et al. (1955b)
AgNO3 1.7537 63.72 6 1.848 1.726 1.777 Weast et al. (1985)
Ag2SO4 1.7710 94.90 6 1.929 1.790 1.859 Swanson et al. (1957)
Ag2SO4 1.7727 94.90 6 1.929 1.790 1.859 Wulff and Schaller (1934)
Ag(Fe2.88 Al0.12)(SO4)2(OH)6 1.8497 257.193 12 1.903 1.839 1.849 Fairchild (1933)
AgFe3(SO4)2(OH)6 1.8562 258.353 12 1.91 1.846 1.856 May et al. (1973)
Ag(Fe2.88 Al0.12)(SO4)2(OH)6 1.8650 257.193 12 1.903 1.839 1.849 Winchell (1933) cited after Hellwege and

Hellwege (1962)
Ag3PO4 1.975 108.515 4 2.092 1.964 1.968 Swanson et al. (1955b)
AgCl 2.0615 42.653 6 2.134 1.958 2.040 Hellwege and Hellwege (1962)
AgCl 2.0622 42.653 6 2.134 1.958 2.040 Wernicke (1871)
AgCl 2.0710 42.653 6 2.134 1.958 2.040 Winchell and Winchell (1931) cited after

Hellwege and Hellwege (1962)
(Ag3Hg)(V0.7 As0.3O4) 2.3667 138.760 6 2.119 2.004 2.265 Sarp et al. (2003)

Figure 5. Comparison of observed refractive index (RI) (nobs) with RI calculated after Gladstone–Dale (nGD) with values from Mandarino
(1981), with polarizabilities from Shannon and Fischer (2016) (ncalc), and with mean α value calculated here (ncalc-new).

1.664. The reported refractive index range for KI is between
1.6656 and 1.6770, as indicated by Gyulai (1927), Hart-
ing (1948), Topsoe and Christiansen (1874), Korth (1933),
Swanson and Tatge (1953), and the CRC Handbook of
Chemistry and Physics by Weast et al. (1985).

Analyses of 20 iodide compounds, including the results
of this work listed in Table 2, yielded a refined value of αo−
(I−)= 8.53(5) Å3 andNo(I−) fixed at 0.90 Å3.6, as explained
in Sect. 3.1.3. The individual electronic polarizability of I−

in the dataset is listed in Table 2. The individual electronic
polarizability of the anion in compounds containing Ag+ as
cation is significantly higher than in other compounds, as
shown in Fig. 1. Including these entries in the least-squares
analysis substantially impacts the fitted data, causing most
other data points to become outliers due to a significant up-
ward shift in the curve. Consequently, we excluded these en-

tries from the least-squares analysis, as discussed in Sect. 3.3.
Data points represent values obtained from computational re-
finement with numerical values listed in Table 2, and the fit-
ted curve is derived from least-squares analysis. Notably, al-
though data points of AgI are plotted in the graph, due to
their significant deviation they have been excluded from the
calculation of the fitted curve.

3.1.2 Bromides

The refractive index of KBr was determined to be n=

1.560(2) using the immersion method and Becke line. Anal-
yses of 20 bromide compounds, including the results of this
work listed in Table 2, yielded a refined value of αo− (Br−)
= 5.4(3) Å3 and No(Br−) fixed at 1.00 Å3.6, as explained in
Sect. 3.1.3. The individual electronic polarizability of Br− in

Eur. J. Mineral., 37, 889–907, 2025 https://doi.org/10.5194/ejm-37-889-2025



S. Nezamabadi et al.: Empirical electronic polarizabilities of iodine and bromine 897

Table 4. Comparison of measured mean refractive indices with values calculated via the polarizability approach and the Gladstone–Dale
method, along with their respective deviations from the experimental data.

Compound nobs nGD ncalc 1n (nobs− nGD/nobs [%] 1n (nobs− ncalc/nobs [%]

NaI · 2H2O 1.5979 1.605 1.584 −0.44 0.87
RbI 1.6474 1.657 1.657 −0.58 −0.58
CsI-α 1.661 1.657 1.662 0.24 −0.06
KI 1.6706 1.685 1.676 −0.86 −0.32
NH4I 1.703 1.69 1.674 0.76 1.70
NaI 1.7745 1.808 1.797 −1.89 −1.27
CsI-β 1.7876 1.768 1.757 1.10 1.71
LiI 1.955 1.961 1.958 −0.31 −0.15
NaBr · 2H2O 1.5191 1.527 1.508 −0.52 0.73
RbBr 1.553 1.565 1.568 −0.77 −0.97
KBr 1.56 1.577 1.57 −1.09 −0.64
SiBr4 1.579 1.719 1.738 −8.87 −10.07
GeBr4 1.6269 1.765 1.785 −8.49 −9.72
NaBr 1.6412 1.673 1.659 −1.94 −1.08
CsBr 1.6984 1.68 1.668 1.08 1.79
NH4Br 1.7123 1.702 1.673 0.60 2.30
BaBr2 · 2H2O 1.72787 1.729 1.704 −0.07 1.38
LiBr 1.784 1.81 1.796 −1.46 −0.67
Cu4FBr(OH)6 1.8405 1.826 1.834 0.79 0.35
NaBrO4 ·H2O 1.484 1.462 1.484 1.48 0.00

For references, see Table 2.

Figure 6. Comparison of observed mean refractive indices with those calculated using the polarizability approach and the Gladstone–Dale
method.

the dataset is listed in Table 2, and Fig. 2 depicts these data
points and the trend line representing the fitted data obtained
by least-squares analysis. Data points of AgBr are plotted in
the graph, but they have been excluded from the calculation
of the fitted curve. Although the electronic polarizability of
bromine in AgBr compounds deviates less than that of iodine
in AgI, the calculated refractive index derived from the polar-
izability approach ncalc = 2.140 differs significantly from the
observed refractive index nobs = 2.252. This discrepancy in-

dicates that silver halides require distinct treatment, and the
current methodology is not yet finalized for silver halides.
Consequently, AgBr compounds were also excluded from the
least-squares analysis for determining the electronic polariz-
ability of bromine.
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Table 5. Predicted mean refractive indices of iodide and periodate compounds containing [4]I7+ and [6]I7+, derived from electronic polar-
izability calculations compared to Gladstone–Dale (GD) values.

Structural formula Space group Vm [Å3] αcalc [Å3] ncalc nGD Reference

Iodides

(CsCdI3) · 2H2O P 1 c 1 505.33 34.422 1.409 1.418 Wu et al. (2019)
Na8(AlSiO4)6(Cl1.4I0.6) P 4̄ 3 n 710.71 58.535 1.493 1.508 Borhade et al. (2010)
Na8(AlSiO4)6(Cl1.02I0.98) P 4̄ 3 n 717.16 60.328 1.504 1.518 Borhade et al. (2010)
Na8(AlSiO4)6(Cl0.95I1.05) P 4̄ 3 n 718.91 60.662 1.505 1.519 Borhade et al. (2010)
Na8(AlSiO4)6(Cl0.74I1.26) P 4̄ 3 n 722.77 61.655 1.511 1.524 Borhade et al. (2010)
Na8(AlSiO4)6(Cl0.52I1.48) P 4̄ 3 n 726.82 62.694 1.517 1.529 Weller and Wong (1989)
Na8(AlSiO4)6(Cl0.4I1.6) P 4̄ 3 n 732.75 63.283 1.517 1.529 Weller and Wong (1989)
Na8(AlSiO4)6I2 P 4̄ 3 n 736.75 65.153 1.530 1.540 Weller and Wong (1989)
CaI(H2PO4) · 4H2O B 1 2/c 1 245.48 22.767 1.555 1.559 Mathew et al. (1984)
Na8(AlGeO4)6I2 P 4̄ 3 n 771.98 73.544 1.571 1.58 Johnson and Weller (1997)
Na8(GaSiO4)6I2 P 4̄ 3 n 749.51 72.528 1.580 1.603 Gesing (2007)
(Pr(H2O)9)I3 Pmmn 420.525 43.258 1.616 1.632 Timofte et al. (2005)
Li8(AlGeO4)6I2 P 4̄ 3 n 670.04 72.521 1.649 1.642 Johnson and Weller (1999)
(Nd6O(OH)8(H2O)24)I8 · 12(H2O) Pnnm 1490.93 161.472 1.649 1.669 Mudring and Babai (2005)
Li8(GaSiO4)6I2 P 4̄ 3 n 646.97 71.457 1.662 1.672 Johnson and Weller (1999)
Rb2CdBr2I2 Ama 2 298.695 34.342 1.69 1.721 Wu et al. (2014)
Sr2(PO4)I P 1 21/c 1 158.4175 19.253 1.731 1.736 Haberkorn et al. (2014)
Ba2(PO4)I P 1 21/c 1 178.52 21.807 1.734 1.739 Haberkorn et al. (2014)
Li(Br0.6I0.4) P 63mc 55.765 6.976 1.753 1.77 Fischer et al. (2004)
Li(Br0.3I0.7) P 63mc 61.795 7.918 1.772 1.774 Fischer et al. (2004)
Cs2NaCeI6 P 1 21/n 1 461.355 62.250 1.8 1.814 Kent et al. (2023)
LiI P 63mc 64.505 8.852 1.829 1.818 Fischer et al. (2004)
Cu3(B7O13I) F 4̄ 3 c 217.0975 34.871 1.981 1.919 Berset et al. (1985)
Li2(ZnI4) Pnma 222.13 35.755 1.983 1.977 Pfitzner et al. (1990)
Ag4B4O7I2 P 61 2 2 261.0808 42.321 1.992 2.031 Volkov et al. (2020)
RbAg4I5 P 41 3 2 354.945 58.572 2.001 2.056 Hull et al. (2002)
Hg2BrI3 Cmc 21 229.44 42.486 2.149 2.101 Li et al. (2012)

Periodates

SbF5IF3O2 P 1 21/c 1 175.1725 14.490 1.496 1.47 Edwards and Hana (1980)
K4(O2(HIO4)2(H2O)8 P 1̄ 474.97 41.073 1.518 1.537 Ferrari et al. (1965)
K2Na(H2IO6)(H2O)4 P 1̄ 249.31 22.740 1.546 1.571 Kellersohn (1991)
K9Li3(IO6)2O P 6̄ 2 c 462.825 42.518 1.55 1.568 Untenecker and Hoppe (1987)
Mg(H2O)6H3IO6 P 1 c 1 242.615 22.746 1.561 1.58 Bigoli et al. (1970)
K6(MoO4)2(IO4)2(H2O)10 P 1̄ 653.01 64.194 1.589 1.626 Mattes et al. (1977)
Mg(H4I2O10)(H2O)6 P 1 21/c 1 323.505 32.386 1.6 1.608 Aleksandrova et al. (2008)
CrNa2(IMo6O24)(H2O)24 P 1 21/n 1 106.125 107.322 1.601 1.647 Rosu and Weakley (2000)
Ni(H3IO6)(H2O)6 P 1 c 1 238.87 24.018 1.602 1.624 Zhang et al. (1996)
K4(O3(IO3)2) P 63/mmc 256.495 26.069 1.609 1.637 Brehler et al. (1968)
Cs(IO4) Pnma 127.1725 13.013 1.613 1.62 Waal et al. (1996)
Zn(H4I2O10)(H2O)6 P 1 21/c 1 322.28 33.427 1.622 1.635 Aleksandrova et al. (2008)
K6Na2((IO6)3Fe4O6 H7) · 14H2O R 3 2 916.9533 95.644 1.625 1.665 Jones et al. (1995)
K4Li(IO6) Pbca 183.1975 19.178 1.627 1.655 Hoppe and Schneider (1988)
Ni(H4I2O10)(H2O)6 P 1 21/c 1 318.785 33.414 1.628 1.644 Aleksandrova et al. (2008)
Li(H4IO6)(H2O) P 1̄ 136.8 14.422 1.632 1.652 Kraft and Jansen (1994)
(Cu(H2O)6(H4I2O10) P 1 21/c 1 316.6 33.919 1.642 1.65 Botova et al. (2004)
Ca(H4I2O10)(H2O)4 C 1 2/c 1 277.165 30.020 1.649 1.659 Haeuseler and Botova (2002)
Sr(H4IO6)2(H2O)3 P 1̄ 293.945 32.032 1.653 1.674 Alexandrova and Haeuseler (2004)
Cd (H3IO6)(H2O)3 P 1 21/c 1 178.7075 19.811 1.665 1.697 Braibanti et al. (1970)
H5IO6 P 1 21/n 1 111.6325 12.493 1.671 1.685 Feikema (1966)
Li(IO4) P 1 21/n 1 86.3775 9.893 1.687 1.679 Kraft and Jansen (1995)
Li2(H3IO6) P 61 111.76 12.978 1.697 1.729 Jansen and Kraft (1994)
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Table 5. Continued.

Structural formula Space group Vm [Å3] αcalc [Å3] ncalc nGD Reference

RbGe(IO6) P 3 1 2 139.26 16.284 1.704 1.717 Currie et al. (1993)
RbSn(IO6) P 63 2 2 151.12 17.700 1.704 1.706 Currie et al. (1993)
K5(IMo6O24)(H2O)5 P 1̄ 673.495 79.311 1.707 1.77 Kondo et al. (1980)
Ba(H4I2O10)(H2O)2 C 1 2/c 1 239.79 28.420 1.712 1.731 Haeuseler and Wagener (2008)
Sr2NaIO6 P 1 21/n 1 135.08 16.603 1.739 1.82 O’Sullivan et al. (2020)
CuH3(IO6)(H2O) P 21 21 21 130.51 16.142 1.744 1.758 Botova et al. (2001)
Ca2NaIO6 P 1 21/n 1 127.05 15.731 1.745 1.786 O’Sullivan et al. (2020)
Ba(H3IO6) R 3 2 121.5133 16.160 1.802 1.814 Sasaki et al. (1995)
Sr5(IO6)2 R3̄c 274.582 36.580 1.804 1.825 Hummel et al. (2015)
Ba2NaIO6 Fm3̄m 144.6825 19.378 1.808 1.871 O’Sullivan et al. (2020)
Ba5(IO6)2 Pnma 308.8775 41.790 1.817 1.858 Hummel et al. (2015)
Ca5(IO6)2 R3̄c 243.5983 33.084 1.82 1.82 Hummel et al. (2015)
Ba2Ag(IO6) P 1 21/c 1 151.57 23.226 1.932 1.98 Pogue et al. (2021)
Hg(H3IO6) P 1 116.68 18.322 1.957 1.947 Mormann and Jeitschko (2001)
Hg3(HIO6)2 P 1 21/c 1 243.8225 42.922 2.086 2.046 Mormann and Jeitschko (2000)
Ag5(IO6) R3̄c 163.53 30.539 2.164 2.3 Kovalevskiy and Jansen (2006)
Na6[H2V2I2O16] · 10H2O P 1̄ 287.23 56.151 2.223 2.307 Mattes and Richter (1982)

Figure 7. Predicted mean refractive indices of iodine-bearing compounds using the polarizability approach versus the Gladstone–Dale
method.

3.1.3 Variations in and reliability of the fitted data

Due to the paucity of data points with low Van values, the re-
finement of the No parameter (see Eq. 3) was not stable. As
shown in Fig. 3, variations in No only affect the curve at low
Van, where no data points are available. Varying the value by
hand demonstrates that the data points at higher Van values
are not significantly influenced. Therefore, No was fixed at
different values to assess its impact on the R-squared value,
with a fixed value of 0.9 Å3.6 for I− and 1.0 Å3.6 for Br−

yielding the best results. For instance, fixing No for I− at 0.5
yields an R-squared value of 0.96, whereas No = 0.9 results

in an R-squared value equal to 0.97. Although this difference
is minimal, it indicates that No = 0.9 provides a slightly bet-
ter fit. Due to the wide distribution of data points, accurately
fitting the data can be challenging, resulting in deviations be-
tween the fitted curve and the actual data points. These de-
viations are reflected in the spread of or variation in the data
around the curve, explaining the high values for the standard
deviations.

To evaluate the reliability of the fitted data, the results for
I− and Br− obtained in this study were compared with fit-
ted data for Cl− and F− from the work of Shannon and Fis-
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Table 6. Predicted mean refractive indices of bromide and perbromate compounds containing [4]Br7+. Results from the polarizability
approach are compared with those obtained from the Gladstone–Dale method.

Structural formula Space group Vm [Å3] αcalc [Å3] ncalc nGD Reference

Bromides

Na8(AlSiO4)6(Cl1.43Br0.57) P 4̄ 3 n 704.16 56.628 1.482 1.496 Weller and Wong (1989)
Na8(AlSiO4)6(Cl1.02Br0.98) P 4̄ 3 n 706.68 57.293 1.486 1.499 Weller and Wong (1989)
Na7.84Br1.82(AlSiO4)6 P 4̄ 3 n 712.24 57.960 1.488 1.497 Stein et al. (1992)
Na8(AlSiO4)6(Cl0.26Br1.74) P 4̄ 3 n 710.45 58.518 1.494 1.504 Weller and Wong (1989)
Na8(AlSiO4)6Br2 P 4̄ 3 n 712.22 58.940 1.496 1.506 Weller and Wong (1989)
Na7.76Ag0.24Br1.88(AlSiO4)6 P 4̄ 3 n 711.86 59.064 1.497 1.509 Stein et al. (1992)
Na8(Al4BeSi7O24)Br2 I 4̄ 3 m 700.20 58.250 1.498 1.508 Armstrong and Weller (2006)
Na8((Al0.76Ga0.24)SiO4)6Br2 P 4̄ 3 n 717.64 60.724 1.507 1.520 Murshed and Gesing (2007)
CaBr(H2PO4)(H2O)4 C 1 2/c 1 232.235 19.682 1.508 1.508 Mathew et al. (1984)
Na8((Al0.66Ga0.34)SiO4)6Br2 P 4̄ 3 n 717.30 61.453 1.513 1.527 Murshed and Gesing (2007)
Na8((Al0.63Ga0.37)SiO4)6Br2 P 4̄ 3 n 719.15 61.682 1.514 1.528 Murshed and Gesing (2007)
Na8((Al0.53Ga0.47)SiO4)6Br2 P 4̄ 3 n 719.42 62.414 1.520 1.536 Murshed and Gesing (2007)
Na8((Al0.45Ga0.55)SiO4)6Br2 P 4̄ 3 n 720.96 63.007 1.523 1.540 Murshed and Gesing (2007)
Na8((Al0.39Ga0.61)SiO4)6Br2 P 4̄ 3 n 721.61 63.449 1.527 1.544 Murshed and Gesing (2007)
Na8((Al0.29Ga0.71)SiO4)6Br2 P 4̄ 3 n 723.16 64.188 1.532 1.551 Murshed and Gesing (2007)
Na8((Al0.22Ga0.78)SiO4)6Br2 P 4̄ 3 n 724.66 64.708 1.535 1.555 Murshed and Gesing (2007)
Na8(AlGeO4)6Br2 P 4̄ 3 n 752.30 67.360 1.536 1.545 Fleet (1989)
Na8((Al0.12Ga0.88)SiO4)6Br2 P 4̄ 3 n 727.13 65.452 1.539 1.560 Murshed and Gesing (2007)
Na8(GaSiO4)6Br2 P 4̄ 3 n 731.03 66.350 1.544 1.566 Gesing (2007)
Na3OBr Pm3̄m 94.94 8.680 1.548 1.584 Darminto et al. (2023)
Na5.6Ag2.4Br1.9(AlSiO4)6 P 4̄ 3 n 707.9 65.676 1.556 1.581 Stein et al. (1992)
Ba6.88Na0.17F12(Cl1.39Br0.61) P 63/m 409.2 38.767 1.568 1.623 Penhouet et al. (2007)
Ba6.88Na0.19F12(Cl0.68Br1.32) P 63/m 413.15 39.915 1.579 1.635 Penhouet et al. (2007)
Li8Br2(Be6P6O24) P 4̄ 3 n 527.96 53.119 1.605 1.573 Gier et al. (1991)
Li8(AlGeO4)6Br2 P 4̄ 3 n 653.66 66.357 1.608 1.6 Johnson and Weller (1999)
(Th(H2O)10)Br4 P 4/nnc 402.315 41.224 1.614 1.694 Wilson et al. (2007)
Ag4.56Br0.4(AlSiO4)6(H2O)7.28 P 4̄ 3 n 717.93 73.795 1.614 1.65 Stein et al. (1992)
Ag4.64Br0.2(AlSiO4)6(H2O)8 P 4̄ 3 n 718.5 74.147 1.618 1.655 Stein et al. (1992)
Li8(GaSiO4)6Br2 P 4̄ 3 n 631.1 65.297 1.620 1.628 Johnson and Weller (1999)
Ag6.8Br1.08(AlSiO4)6(H2O)2.64 P 4̄ 3 n 712.27 78.213 1.657 1.709 Stein et al. (1992)
Cs(AlBr4) Pnma 228.31 25.548 1.671 1.656 Berg (1997)
Ag7.52Br1.72(AlSiO4)6 P 4̄ 3 n 707.56 80.060 1.678 1.732 Stein et al. (1992)
Rb2CdBr2I2 Ama 2 298.695 34.342 1.69 1.721 Wu et al. (2014)
MnBr2(H2O)2 C 1 2/m 1 134.245 15.753 1.705 1.713 Morosin (1967)
Sr5(PO4)3Br P 63/m 299.555 35.475 1.711 1.72 Knyazev et al. (2012)
Sr5Br(BO3)3 C 2 2 21 264.755 32.307 1.734 1.711 Alekel and Keszler (1993)
CoBr2(H2O)2 C 1 2/m 1 124.215 15.355 1.743 1.763 Morosin (1967)
Ba3(BO3)Br3 P 1̄ 248.8675 30.945 1.748 1.757 Zhao and Li (2013)
Li(Br0.6I0.4) P 63mc 55.765 6.976 1.753 1.77 Fischer et al. (2004)
Li(Br0.3I0.7) P 63mc 61.795 7.918 1.772 1.774 Fischer et al. (2004)
Cu3ZnBrF(OH)6 P 63/mmc 179.905 23.475 1.786 1.816 Smaha et al. (2018)
Rb3(V2Br9) P 63/mmc 434.76 57.665 1.8 1.837 Leuenberger et al. (1986)
Co3(B7O13)Br Pca21 222.195 30.545 1.831 1.81 Kubel et al. (1992)
Ni3(B7O13Br) Pca 21 218.37 30.273 1.838 1.818 Abrahams et al. (1981)
Ba2InO3Br P 4/nmm 138.92 19.415 1.845 1.873 Needs et al. (1996)
Pr2Br5 P1 21/m 1 216.265 34.392 1.970 1.949 Kraemer et al. (1991)
HgBrCl P 21 21 21 92.945 15.000 1.986 1.958 Dang et al. (2013)
Hg2BrI3 Cmc 21 229.44 42.486 2.149 2.101 Li et al. (2012)
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Table 6. Continued.

Structural formula Space group Vm [Å3] αcalc [Å3] ncalc nGD Reference

Perbromates

Li(BrO4)(H2O)3 P 63mc 147.565 12.482 1.507 1.497 Blackburn et al. (1993)
Cs(BrO4) I 41/amd 122.5475 10.532 1.515 1.514 Rögner et al. (1993)
(Co(H2O)6)(BrO4)2 P 3̄m 1 305.34 26.247 1.515 1.503 Blackburn and Gerkin (1993a)
(Ca(H2O)4)(BrO4)2 P 1̄ 266.25 22.894 1.515 1.491 Blackburn and Gerkin (1993b)
(NH4)(BrO4) Pnma 107.73 9.637 1.536 1.521 Tutov et al. (1986)
Ni(BrO4)2(H2O)6 P 3̄ 291.18 26.171 1.538 1.526 Gallucci et al. (1990)
KBrO4 Pnma 98.98 8.901 1.539 1.511 Siegel et al. (1969)
Li(BrO4)(H2O) C 1 2/c 1 100.4775 9.201 1.548 1.527 Blackburn and Gerkin (1995)
Ba(BrO4)2(H2O)3 P 63/m 237.185 22.659 1.572 1.563 Gerkin et al. (1988)

cher (2016). Using the same methodology, it was observed
that despite notable deviations in the least-squares parame-
ters, the curve maintained a consistent trend. Furthermore,
the relationship between the cube of the ionic radii and the
electronic polarizabilities of the calculated I− and Br− agrees
well with the other calculated halogens and follows the same
trend (see Fig. 4).

3.2 Cation polarizabilities

The measured refractive indices of NaBrO4 ·H2O
were nx = 1.470(2), ny = 1.491(2), nz = 1.492(2), and
< n >= 1.484(2). The optic angle (2V) was determined to
be 28(5)°. A repeated experiment with a non-recrystallized
sample confirmed the consistency of these values. The
final optic angle, calculated as the average from multiple
measurements, was 25.2(22)°. Using α ([6]Na+)= 0.560 Å3,
αo−(O2−) = 1.79 Å3, No(O2−) = 1.776 Å3.6, αo−(H2O) =
1.620 Å3, and No(H2O) = 0.0 Å3.6, applying Eq. (2), the
calculated electronic polarizability of four-coordinated Br7+

was found to be 0.938 Å3. Utilizing the relationship between
electronic polarizability and refractive index, the obtained
value of α(Br7+) can be used as a reference to estimate
the mean refractive index of other compounds containing
[4]Br7+.

3.3 Treatment of compounds containing Ag+

As indicated above, compounds containing Ag+ show sig-
nificant deviations between observed and calculated total po-
larizabilities in halides. This can be mainly attributed to defi-
ciencies in the initial determination of the electronic polariz-
ability of Ag+ by Shannon and Fischer (2016). There, values
for seven- and eight-coordinated Ag atoms could only be de-
termined by least-squares interpolation between correspond-
ing values at low and high coordination numbers (CNs),
where the value for nine-coordinated Ag seems to be doubt-
ful and consequently biased the calculation of values at lower
CNs. Due to the limited dataset and potential for bias, an av-
erage polarizability value for α(Ag+) = 3.52 Å3 was used

here. Table 3 lists these compounds, and Fig. 5 compares the
observed refractive index (nobs), the refractive index calcu-
lated using the Gladstone–Dale relation (nGD), and the calcu-
lated refractive index (ncalc) based on the published Ag+ po-
larizability value (Shannon and Fischer, 2016) with a recal-
culated refractive index (ncalc-new) using the average α(Ag+)
= 3.52 Å3. Adopting this average polarizability significantly
improved agreement, with ncalc-new showing smaller devia-
tions from nobs compared to the published value. However, to
improve the accuracy of polarizability calculations for com-
pounds containing Ag, the corresponding values at different
CNs need to be redetermined.

3.4 Comparison between polarizability concept and
Gladstone–Dale approach

Polarizability analysis is based on empirical ion polarizabil-
ities (αe) that are specific to ion coordination and crystal
structures. The Gladstone–Dale method relates a material’s
mean index of refraction and density to the weight frac-
tions of its components and to the Gladstone–Dale constants
(Bloss et al., 1983). In contrast, the Anderson–Eggleton
method incorporates electronic polarizability, accounting for
ion coordination and electron cloud distortions, which gener-
ally improves accuracy for covalently bonded or structurally
complex materials. However, in cases where a compound’s
refractive index is predominantly dictated by ionic interac-
tions and density, the additional complexity of the ncalc ap-
proach may not yield results more accurate than nGD. As
shown in Table 4, both the polarizability and the Gladstone–
Dale approaches result in comparable accuracy in this case,
with over 90 % of the entries showing less than 3 % devi-
ation between calculated and observed mean refractive in-
dices. Figure 6 further shows that the two methods produce
similar trends in the calculated mean refractive indices com-
pared to experimental values.

Using calculated electronic polarizabilities of αo−(I−)=
8.53(5) Å3, No(I−) = 0.9 Å3.6, and αo−(Br−)= 5.4(3) Å3, as
well as No(Br−) = 1.00 Å3.6 and α([4]Br7+)= 0.938 Å3 re-
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Figure 8. Predicted mean refractive indices of bromine-bearing compounds calculated via the polarizability approach compared to values
obtained using the Gladstone–Dale method.

sulting from this work, together with the extensive set of
polarizability values listed by Shannon and Fischer (2016),
including α([4]I7+)= 3.10 Å3 and α([6]I7+)= 3.00 Å3, a list
of predicted mean refractive indices is presented in Tables 5
and 6. The crystal-structure data are taken from the ICSD
database (Belsky et al., 2002), with the original literature
cited in the last columns of Tables 5 and 6, under atmospheric
pressure and allowing slight variations from room tempera-
ture.

The predicted refractive indices of iodides and periodates
with four- and six-coordinated I7+ atoms, obtained from the
polarizability approach, have been compared to those pre-
dicted using GD values. These results indicate that both cal-
culated values are comparable in accuracy with respect to
experimental data (see Fig. 7).

The refractive indices of bromides and perbromides con-
taining [4]Br7+, predicted using polarizabilities, have been
compared to those obtained using GD values (see Fig. 8).

As discussed by Shannon and Fischer (2016) and Shannon
et al. (2017), systematic deviations from additivity in polariz-
ability calculations occur in compounds with specific struc-
tural characteristics. These include structures featuring lone-
pair electrons (such as I5+ and Br5+, which were excluded
from this study because their lone-pair contributions cause
deviations from typical polarizability behavior), uranyl ions,
sterically strained (SS) frameworks, corner-shared octahe-
dral (CSO) networks like perovskites and tungsten bronzes,
edge-shared Fe3+ and Mn3+ octahedral (ESO) structures,
and fast-ion conductors. These deviations indicate that ad-
ditional structural and electronic factors influence polariz-
ability beyond what is covered by standard additive mod-

els, highlighting the need for further refinement of predictive
methods.

4 Conclusions

The empirically derived electronic polarizabilities of I−,
Br−, and Br7+ were used to predict the mean refractive
indices of selected iodide, bromide, and perbromate com-
pounds. These predictions show reasonable agreement with
other approaches, such as the Gladstone–Dale method, indi-
cating that the derived values can provide useful estimates for
the optical properties of halogen-containing compounds. The
accuracy of the prediction can be estimated from the errors
listed in Table 4 for the refractive indices calculated from
the electronic polarizabilities. Omitting the two outliers of
SiBr4 and GeBr4, the error for the refractive indices is less
than 2 % for all entries and 0.9 % on average.

Data availability. All relevant data required to calculate the em-
pirical electronic polarizabilities of the target atoms are provided in
Table 2. The empirical electronic polarizabilities of other elements
are taken from Shannon and Fischer (2016). Tables 5 and 6 contain
all information necessary for determining the predicted parameters.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/ejm-37-889-2025-supplement.
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