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Big data approach for effective ionic ro i

Julian Gebhardt®*, Andrew M. Rappe?

¢ Department of Chemistry, University of Pennsylvania, Philadet,. o, Pennsylvania
19104-6323, United States

Abstract

Effective ionic radii are a useful tool for research s in many disciplines.
These radii are usually determined from irter.. ~m’: distances and the val-
ues tabulated by Shannon and Prewitt are wllely used since 1969. Here,
we present a modern approach based ¢ automated queries to materials
databases followed by categorization =nd tas lation. This method is used
to augment the available set of effect. e .omc radii by providing radii for
missing anionic oxidation states a: ' coc dination numbers. Our approach
proves to yield results that are consis =n. with known values for anions with
well-established oxidation state. 1,I.- exotic cases result in larger uncer-
tainties due to the smaller amount o1 . vailable structural data. Nevertheless,
the provided estimates give » .. ~unable values for cases that are untabulated
at present. Furthermore, ¢ 1r app: »ach is designed to continuously improve
together with the growtb of a.~il .ble databases. Furthermore, small tweaks
of the presented applics vior will allow us to also complement or revise ionic
radii of cations. Thus ou. apy . oach is designed to update the old and useful
concept of effective * nic radii, bringing it to modern days.
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nary under https://extend-sp-radii-new.herokuapp.com.

Nature of problem: Determine the effective ionic radius for eleme. "< in . “ionic ox-
idation states (OS), depending on the coordination number (C""" Th. is done by
harvesting the Materials Project (MP)[1] database. Newly for nd » «u.” ire adopted
in a way that they coincide with reference values of the es. >lished Shannon-
Prewitt (SP)[2] table for ionic radii.

Solution method: For an element X in oxidation state )S, finc all binary com-
pounds contained in the MP that are composed by X ~nd " . or alkaline-earth
metals. Determine OS and CN for all elements in sack .. the identified binary
compounds (assume OS=+1 and +2 for alkali and a..aline sarth metals, respec-
tively). Determine the nearest neighbor distances . *ween the elements. From
the obtained information and the SP reference - =lues, ¢ mpute the effective ionic
radius of X, depending on OS and CN.

[1] A. Jain, S. P. Ong, G. Hautier, W. Chen, W. . Richards, S. Dacek, S. Cholia,
D. Gunter, D. Skinner, G. Ceder, K. .. I uso0n, Commentary: The materials
project: A materials genome apr -rach -0 accelerating materials innovation,
APL Mater. 1 (1). doi:10.1063/1.4c 2523,

[2] R. D. Shannon, C. T. Prewitt, "fecuve ionic radii in oxides and fluorides,
Acta Cryst. B25 (1454) (1969) 925 6.

1. Introduction

Ionic radii are an rfte. «ve .00l for researchers in all fields related to ma-
terials science. The ~mcept of describing solids as being constituted by ions
(or atoms) with assignea 'ectronic charge and, hence, the assignment of ox-
idation states is - .a « »proximate model. However, this concept proves to be
very useful in n.. nv areas and it can be shown to be rigorous for band in-
sulators. Copn equenu. - since the beginning of the Twentieth century, great
minds have eal, wi'n this issue,[1-7] leading to the seminal work of Shan-
non and Prwit. “.P),[8] who established a set of effective ionic radii for a
large nur .ber o. elements, oxidation states (OS), and coordination numbers
(CN). WL'= ter inically only constructed for oxides and fluorides, these radii
are w dely sed today. Similar concepts have been used to establish effec-
tive 12dii fo sulfides[9] and nitrides[10]. In addition to (inorganic) atomic
ions, recc.ly interest also grew to establish effective ionic radii for organic
ion.".|) .—13] Despite its scale and successful widespread use, the SP set of radii




is incomplete and does not cover all areas of the periodic sys. *m or desired
combinations of OS and CN. Since the revised table of Shan..m i *976,[14]
a large amount of additional data has been accumulated Turtun.rmore, in
addition to growing experimental data, we now also b .ve .cceos to grow-
ing computational data with increasing level of accuracv. L. =sity-functional
theory (DFT)[15] is a powerful tool that is able to dr scribe structural prop-
erties with sufficient accuracy for a wide range of ma. »rials. In recent years,
great efforts were made to archive these data in watabases.[16-18] Besides
providing storage and transparency of computat. »n .. re ults, these archives
can also be used to harvest data in order to g.in s -_ndary insight. Such
a big data approach is presented here in order to »stablish ionic radii for
elements, OSs, or CNs that are missing in the 0> ta! te. To that end, we har-
vest the data contained in the Materials-Projc -t (MP)[19] via the provided
application programming interface (AP. wnich currently contains almost
70,000 inorganic compounds. Here, we focus »n establishing effective ionic
radii for anions by accessing the availe™le mmormation for binary alkali and
alkaline-earth metal compounds. T +hat nd, we access a subset of 569 suit-
able crystals. Our python program “he extracts the necessary geometric
information and assigns CNs. B, . * <ting SP radii of the metals, we can
determine and add unknown anionic . ~dii into the established list of SP.[20]
This approach is able to co~ '~ntly evolve together with data archived in
the MP. We demonstrate .he linc arity between ionic radius rigne and CN
for halides and chalcogerides . nd complete the SP table for these elements.
For completeness, we al .0 aply our method for groups XIII (boron) to XVI
(chalcogens) for all ario..” © OF, up to a filled valence p shell. Furthermore,
we provide estimate for transition metals in unusual anionic OSs. The re-
sulting ionic radii are sto.~d in a postgresql database, which will be made
available for the r ub. ¢ using a django based web application (see supporting
information for < ~ts.ls).

2. Results . 2. D’ scussion

An ouiline ¢ our application is given in Fig. 1. Determination of a target
ionic radi s 7(X,0g.cn for an element X proceeds in the following steps:

1. Specit target elemental species X and OS.
2. Chta' g all binary compounds M, X, with M an alkali or alkaline-earth
.. *al, from the MP.




3. Store the obtained structural data in form of the Cryst."or raphic In-
formation File (.cif) and process it in order to get the 1. ~resy ~eighbor
(NN) distances for X and M.

4. Use this information to determine CN;(X) and CN - M" for every refer-
ence compound 7.

5. From the obtained CN; and the composition, de ermin. OS;(X), assum-
ing OS(M)=+1 or +2 for alkali and alkaline-ear.» met.ls, respectively.

6. With OS;(M) and CN;(M) in hand, obtain tie ST ~adius r;(M)os.cn. If
not tabulated, obtain it from interpolation, .craylation of the avail-
able SP radii.

7. Determine 7;(X)ogs cn-

8. Collect the data for all compounds; mu “iple catries for any one OS and
CN are averaged. If another CN(X) for +k- jven OS(X) is contained in
the SP set, adjust the data by a consu. nt factor so that a fit containing
old and new data retains the SF .. -~ 1t r;(X)og cn does not increase
with CN, average the data points.

9. Last, all r;(X)os.on are added . nr latabase of SP radii. In addition,
if CN=6 or 12 are missir~ the e points are obtained by interpola-
tion/extrapolation from the c~tamed data.

In its current form, our & . pu. “tion is able to determine unknown effective
anionic radii for use in cc “iuncti- n with the SP table. We would like to
emphasize that this choic - has .- a made to comply with the very established
SP reference, i.e., no ve ue .f ST is altered in the current table. Note that as
a result, additional in".uen. s "ike covalency (i.e., the bonding partner)[9, 10,
12] or temperature[” 1, ~re not contained in the present model. In the future,
our approach mav be usecd to revisit effective ionic radii for all cases and
to include these offe ts. In addition to the assumptions underlying the SP
table, our basic as. mption is that alkali and alkaline-earth metals are always
found in OS= +1 and OS=+2, respectively. While this will be justified for
many cases, . =.alli bonds often display mixed covalent and ionic bonding
character ..d, tu.cefore, allow only the assignment of fractional OS (e.g.,
Laves phses[22 ). Hence, in these cases the notion of ionic radii (at least
based on 1"~ OS) must be treated with caution and can only be seen as
rougl estin wte. Furthermore, the influence of different reference metals is
curre: “ly av raged. Similarly, cationic radii can be obtained by minor tweaks
ar ' +he assumption that, e.g., halides are almost always found in OS=-1.




We start by determining missing CNs for halogen anions in S- -1. While
for F~ no action is needed, since the dependence of the ionic ra."1s o. CN was
established by SP, only CN=6 has been reported previousls ..~ the ‘emaining
halides. Our approach is able to establish the missing nfli ence of CN for
these cases. The agreement between SP and our value dete.. ~ined for CN=6
is good, i.e., only small shifts of 0.04A (I and Br; and 9.02A (CI) are
needed to retain the SP values. On one hand, this cc "firms the accuracy of
the established SP values; on the other hand, th.s valiaates our approach.
The results for monovalent halides are summariz 4 4 F 2. 2 (a).

For most cases, our approach yields values 1. ~t ar- .etermined with high
accuracy and small error bars for CNs between 2 a1 1 6. The resulting data
can be fit linearly with good accuracy, allowing “o e .trapolate toward larger
CNs. Furthermore, the slope of the linear .. is quite consistent for all
halides, leading to a well-behaved averag - increase of the radii from CN=6
to CN=12 of 4.7 & 0.4%.

With these encouraging results, our ve eauare is applied to divalent chalco-
genides (Fig. 2 (b)). Once again, v aL cases but Te? the available data
allows to determine relations betwee, 10 ic radius and CN that behave lin-
early, with data points that shov, -... <" deviations from linearity. However,
here the data points are concentrated ~n three CNs (4, 6, and 8). Due to the
established linearity betweer ~™ and 7. for halides and the SP values for
O%, the obtained linear bel avior a\d the resulting values should still provide
good estimates for 7. Fui.~er nore, the increase of rigne from CN=6 to
CN=12 of 4.8 £2.4% is _om parable to the halides, although the spread is in-
creased significantly. Nev. the ess, the overall increase of rigni. from CN=6 to
CN=12 combining d *a of haudes and chalcogenides of 4.7+1.7% (0.79% per
CN) should be a reasona. '= approximation to the influence of CNs on 7igpic.
In order to choo ¢ « lower bound that should be safe to not overestimate
this influence fo. ™ st cases, we choose an increase of m = % = 0.7% for
cases where n ,t enou.h data points are present to allow an independent fit.

Next we nve stig'.te whether or not the relation between oxidation state
and Tiopie 2170 1o 0 ns linear. While this was shown by SP[8] for different
positive xidati n states, we are interested in generating radii for anionic
oxidation *ates In Fig. 2 (¢) we compare the relation between OS and rigpic
for ¢t alcogruides (note that we do not consider oxygen, since the latter is
main v foun . in OS=-2, and peroxo species are strongly covalent). Beyond
the roug.. wrend that anions have much larger ionic radii than cations, we
fin.' tr av the linearity becomes poor when combining cationic and anionic




oxidation states. Therefore, the anionic oxidation states that .= ¢ etermined
for metallic species below, can not be reliably validated by . nv 1. 'ation to
the established cationic states. In addition, the ionic radi’ .. = che’cogenides
width OS=-2 are slightly smaller than the once obtained or f,5= 1, which is
counter intuitive. In part, this is a result of the shifting of O. --2 values to the
SP values. However, this shift is (as discussed) small f 1 all ¢~alcogenides and
the obtained radii for OS=-1 remain slightly larger ev v afte - accounting for
this shift. However, although chemical intuition -vould suggest an opposite
trend, there is no example confirming this in the ST tai le. As only related
trend one can compare the radii of O%* and G.™ 2 - ery small increase of
0.02 A to 0.03 A is observed in the higher OS. Such 1uances are yet beyond
the accuracy of our approach and possibly the ¢_*oip I SP values. In addition
to a refined approach that operates without ti.. SP values as reference, such
effects might be captured when taking i. -0 account the partner element in
each binary compound, which has been shov.n to affect the effective ionic
radii.[12]

Nevertheless, our tests show tha™ ~ur a yoroach gives sensible estimates for
anionic radii for halides and chalcoge. ‘ac - that are in agreement with the SP
values. Therefore, we can apply u > voach also for elements were anionic
radii have not been determined yet. Here, we show results for two groups
of transition metals, namelv ” ~ X% and XI" anions. Note, however, that
anionic radii for these cas s have 10t been tabulated in previous attempts
for a reason: On one hard, v.~s¢ OSs are, to some extent, exotic for these
elements and are not f unc in as many materials as other OSs or anionic
OSs in, e.g., halides ¢v «. lco enides. Thus, the number of suitable crystal
structures is natural’ - small, which reduces the accuracy of our method. On
the other hand, most ino. “anic metallic bonds are a complex combination of
ionic and covalen” b 1d character. This leads to noninteger OSs and compli-
cates the detern.. ~a’i1on of the latter. Nevertheless, determining sizes of such
“ions”, as lon | as the. 2 is a significant ionic contribution to the bond, is of-
ten desired, nd our present approach provides a first step towards this goal.
As mentior~d ar v - improvements could be made by including the bonding
partner ¢ ; addi. onal variable to r;(X), taking into account electronegativity
difference. betw sen elements, or by employing an automatic charge analy-
sis to our method, once the required electron densities (or wave-functions)
are a.'ded tc existing archives. Here we discuss the present estimates, noting
that casc. where no error analysis could be performed should be treated with
ca. *i0'. and only as rough estimates. The relations between CN and 7igpic
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are shown in Fig. 3. Fewer available compounds lead to a wo. = < escription
for Cu and Ag™ compared to halides, and no relation betwec. CIN nd 7ignic
can be determined from the available data yet. Since at ler .. “N=" could be
determined for these cases, we apply the adjusted linear t encd devermined for
halides and chalcogenides (see above) to extrapolate to otu. - CNs. For Au,
we obtain data points for CN=4, 6, and 8; two of the ;e are 1etermined with
good accuracy. The resulting relation with CN is age ‘n line ar. The slope is
much steeper (2.1% per CN) than the one obtai-.ecu on average for halides
and chalcogenides (0.79% per CN). This would su o7 .t t¢ alternatively apply
the same slope to all members of a group if po.~ible 7 or now, we keep our
initial approach, relying on evolving the underlying latabase in the future.

A similar picture is also obtained for grou, X?% ions. The limited data
points again allow to reliably evaluate the targ. “ oxidation state only for one
CN in the cases of Pt and Ni. Therefore, . ¢ other CNs are again obtained by
the linear fit based on the results of halides a.. 1 chalcogenides. As indicated
by the results for Pd% (and Ag™ above'. tae crue influence of CN might be
underestimated for these cases.

For completeness, we also generctec radii for elements in groups XIII
(boron) to XVI (chalcogens) fc. OO up to a filled valence p shell. As
discussed for the previous examples, .~ere are cases where the available data
allows a good estimate, othe -here the data is very scarce or non-existing,
leading to bad guesses or a failu-e of our approach. In some cases, the
available data lead to a nege. ‘v trend between CN and rignie. As noted
above, this relation is .nuc.a less pronounced for anions than for cations.
Nevertheless, this ind*ca. < that further refinements and efforts to increase
the underlying data’ ~se are necessary for these cases. However, besides a
lack of data, this 13 alsc »erhaps due to these OSs being unstable, which
obviously raises ‘.e juestion of whether determining these particular ionic
radii is of signifi. *n’ value.

3. Details . € * ae “mplementation

In thi sectic 1 we describe some of the steps outlined above in more detail
for compl *enes:.

3.1. Jbtain g data

The - ., data are obtained by accessing the MP using pymatgen in our
py ho . ..aplementation. A query is performed for binary materials M,, X,




that contain the investigated element X and one additional ~le aent from
the list of alkali and alkaline-earth metals. If the stoichion. “rv . the 7-th
material does not fulfill the condition

m;0S;(M)
—osx) .

X is not in the OS we are looking for and, therefore, co. now.d 7 is discarded.

3.2. Determination of CN

After obtaining the .cif files of target comp. "nus with X in the correct
OS, the geometry is processed. Nearest neighbor (N 1) lists are obtained for
each atom in the unit cell, excluding aton.” ot .»~ same element. We take
periodic boundary conditions into account bv . anslating each neighboring
ion into each adjacent unit cell. From th. initial list, the minimal distance
is obtained for each case. Only this m ~*mal a.stance and distances within a
small threshold (0.3 A) are considered .1 _he next steps. The distances are
averaged and their number is used . . Jete. mine CN;(M) and CN;(X). If this
procedure leads to inequivalent CNs [or vne of the elements, the respective
compound is discarded. This hap, ~ns, c.g., for cases of charge disproportion,
which are less clear to interpret and u.wanted at this stage. Furthermore, if
the resulting averaged bond ' sy differ by more than a threshold of 0.001 A,
the resulting CNs are chec. ~d for ach case against chemical intuition.

3.3. Determine radii fc - ur sno*vn reference OS/CN

If a target 7(M)o con < n not be obtained (either because it is missing
from the SP table -1 “ecause no material is reported in the MP with the
desired OS/CN combinatic.1), we use linear interpolation/extrapolation from
the available dat .. 1 aus, for a species S we simply solve

T(S)OS,CN - mCN(S) +1 y (2)
“—dci?z)“—N and t are determined from the available data to a
given OS Linea interpolation is usually a very good approximation within a
moderate ange of CNs. For now, we implemented the following adjustments
to eq (2): "t OS exists in the SP table, ¢ is adjusted in a way that the new
value coincic es with the old SP value. This shift is then also applied for all
other C.... Furthermore, if the radius to a given CN is larger than the radius
ot ‘he .aeat higher CN,| then these data are not trusted. Radii and CN of the

where m —
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respective pair of CNs are averaged and the individual data . ~e discarded,
unless one of the two data points is from the SP table. In tu.* cas. the SP
value is chosen, and the other one discarded. These tweal . msur. that new
radii are fully compatible with the established data set f S7. A revision of
this process and the whole set of ionic radii should be poss.. '= in the future.

In cases where interpolation is not possible becat se on. - one data point
is available, we scale the radius with respect to CN. ¢  expl .ined above, the
data of halogens and chalcogens would suggest <. increase by 0.79%, i.e.,
a scaling factor of m = 0.0079. Albeit this is ‘ot per ect, a scaling with
respect to this average should allow to give a easc~.ple estimate for the
influence of CN on rignic for most cases. In order v. not over estimate this
approximative effect, we chose a smaller sceling “act .r of m = 0.007. As seen
by the deviations in the available data for Au . nd Pd?, this cautious choice
indeed seems to underestimate this effect v group X and XI elements. With
increasing data or by including cationir oxidau.~n states, we hope to establish
better relationships per element or per »d . group.

4. Conclusion

We present a modern implemen.. *ion using data harvesting to continue
the work of SP in order to e-*'mate ionic radii. We focus on anionic radii,
completing the relationshi> betw. 2n CN and rjgu. for halides and chalco-
genides. Furthermore, rove. ani nic radii for transition and main group
metal elements are obte nec. Although the accuracy of the latter is yet lim-
ited, due to the smaller - mp’: size for these elements in anionic oxidation
states compared to I alides a..d chalcogenides, our approach allows a contin-
uous improvement of the ~stimated ionic radii with the growth of the chosen
database (MP) ¢ & extension to other databases. Furthermore, the out-
lined approach ¢ -nu’ 1 allow sensible estimates for researchers in need of ionic
radii for these kind " exotic ions and oxidation states.

Despite * 1e <acer 33 of SP radii and this application aimed to complete
this set of radu, tF 2 benefit of additional data and evolving data methods
should al o ena. le to improve on the values of the SP table. Our application
can be usc 1to d | so, since it can also be used to determine radii for cations by
small .justments. By intensive analysis of the data, deviations from regular
trenc 1 and e rors, we plan to revise the full table of ionic radii in future work.
Furthe: '~ sendencies of Tignic on the bound element[12]| or temperature are
po sio .. 21] Additional charge analysis could further improve the results and




add a measure for covalency to the ionic radii. The resulting da ~b .se of ionic
radii is available online.
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Figure 1: Flow- .har’ of the presented application that uses the MP (red) and the SP table
(green) as exte.. ~1 sour es. With these inputs, the ionic radius rionic(X )os,cn of any given
element X iv -n ox. ' don state OS is determined as a function of CN, depending on the
availability of alk. * and alkaline-earth metal reference compounds. The index 7 denotes
the referen » comy runds, whereas the set of tabulated effective radii for all OS and CN
for a gi- _ elew..ut are denoted by r.
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Figure 2: Evalur ion o0 3, vs. CN for halides with OS=-1 (a) and chalcogenides with
0S=-2 (b). D¢ .a p' mts established by our method are in blue, with standard deviations
determined for .. set of available reference compounds in the MP. Whenever only one
reference ce upound .. found, the data point is marked unreliable (red). Values that result
from inter] olation r merging two neighboring data points (see text for details) are marked
green. Dat. nointc from the original SP table are black. A linear fit for each data set is
shown giay) together with its correlation coefficient (note that R? = 1 results trivially
for ca es with too few data points). The dependence of rionie on OS is displayed for
chalcog, nides with CN=6 in (c¢). The linear relation changes drastically when anionic OSs
ar ~~nsidered together with cationic OSs.

14




B Cu R?:0.9964
R?%:1.0000 H SP
® Ag B Interpolated/Averaged
R2:1.0000 B Unreliable Data
A Au
2.2 4 A
(a)
2.0 x
n§ - <"
x
1.8
2 4 6 8 10 12
Coordination Number
B N R?:1.0000
R?%:1.0000 H SP
® Pd B Interpolated/Averagea
R?%:1.0000 B Unreliable Data
A Pt
204 (b il
A :
191 &~
i
~
1.8
a
1.7 s
1.6 T T —— T T
2 4 6 8 10 12
Coord .av. * Number

Figure 3: Influen e of L. on 7inic for group XI™ (a) and X2 (b) anions. While the available
reference comp and allow for an evaluation of Au™ with good accuracy, the evaluation of
other elements . 1'.nite . by the small sample size of appropriate binary compounds.
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