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1 | INTRODUCTION

Astatine or element 85 occurs on earth with an estimated total abun-
dance of less than 1 g.! One of its longest-lived isotopes, 2*At with a
half-life of 7.2 h, is of considerable interest as an « particle emitting

Abstract

The recent accurate and precise determination of the electron affinity (EA) of the
astatine atom At° warrants a re-investigation of the estimated thermodynamic proper-
ties of At° and astatine containing molecules as this EA was found to be much lower
(by 0.4 eV) than previous estimated values. In this contribution we estimate, from
available data sources, the following thermodynamic and physicochemical properties
of the alkali astatides (MAt, M = Li, Na, K, Rb, Cs): their solid and gaseous heats of
formation, lattice and gas-phase binding enthalpies, sublimation energies and melting
temperatures. Gas-phase charge-transfer dissociation energies for the alkali astatides
(the energy requirement for MTAt™ > MP° + At have been obtained and are
compared with those for the other alkali halides. Use of Born-Haber cycles together
with the new AE (At°) value allows the re-evaluation of AHg (Ato)g (=56 £ 5 kJ/mol); it
is concluded that (Aty); is a weakly bonded species (bond strength <50 kJ/mol),
significantly weaker bonded than previously estimated (116 kJ/mol) and much weaker
bonded than I, (148 kJ/mol), but in agreement with the finding from theory that
spin-orbit coupling considerably reduces the bond strength in At,. The hydration
enthalpy (AH,,) of At  is estimated to be —230+2kJ/mol (using AH,,[H"]
= —1150.1 kJ/mol), in good agreement with molecular dynamics calculations.
Arguments are presented that the largest alkali halide, CsAt, like the smallest, LiF, will
be only sparingly soluble in water, following the generalization from hard/soft

acid/base principles that “small likes small” and “large likes large.”
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radionuclide for targeted alpha therapy (TAT),>™* but only nanogram
quantities are available through synthetic methods.>® 2**At can be
produced by bombarding natural bismuth metal targets with a-parti-
cles, but the beam energy should be carefully controlled to avoid for-
mation of 21°At, which decays to the extremely toxic 2:°Po. Recently,
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sodium astatide, Na?**At, was produced and successfully used as a
therapeutic drug, leading to marked tumor regression effects in mice
that had received grafts of thyroid cancer cells.”*® Thus, there is
renewed interest in the properties of astatine and astatine containing
compounds as exemplified by the recent formation of the World Asta-
tine Community (WAC). One of the properties that has received con-
siderable attention over recent years is the electron affinity (EA) of
At°, that is, the energy gain for the process At® + e~ SAt™. The EA
of an element is an important property as it determines its electroneg-
ativity (EN = %{IE + EA}, Mulliken scale, where IE is the ionization
energy) and electrophilicity (w = Y{IE + EAY/{IE - EA}). Earlier esti-
mates of EA (At°) are all 2.8 eV (270 kJ/mol)** and already in 1969
Zollweg!? proposed the value 2.8 + 0.2 eV. In fact, a happy state of
affairs existed where all estimated thermodynamic values of At°® were
reasonably consistent,** for example AHg¢ (Ato)g =92 or 97 kJ/mol,
AHf (At7)g=—197, =191 or —179 kJ/mol with an EA of about
270 kJ/mol. However, various recent ab initio calculations'®~*” pre-
dicted a much smaller value, for example EA (At°) = 2.423
+0.013 eV.'® The EA of At° was recently measured by Leimbach
et al,’® EA (At°) = 2.41578 + 0.00007 eV, and thus the calculations
are in excellent agreement with experiment. The implications for the
smaller EA on other properties derived from EA and IE (such as EN, o,
hardness and softness) have been addressed by Leimbach et al; thus,
for example the molecule HAt is better described as the hydride, AtH.
The EA measurement of Leimbach et al has important consequences
for other aspects of astatine chemistry, such as the dissociation
energy of At, and for curve crossing in the dissociation of the alkali

astatides, on which we report here. For example, for At,, if the above

AH; (At)g values are correct, then from the measured EA (At°) and the
estimated AH; (Aty)y =84+ 11 kJ/mol,Y? a dissociation energy for
Aty of —12 to +24 kJ/mol is calculated, significantly below the esti-
mated value of 116 kJ/mol?® (or even negative).

Thermodynamic properties of astatine containing molecules have
been estimated using various inter- and extrapolation procedures.!?
We consider here the alkali astatides from which earlier estimates of
EA (At) originate. A representative energy diagram (Born Haber cycle)
of the alkali halides (MX) is presented in Figure 1, which shows the
relationships  between  various  thermodynamic  properties.
The Figure is scaled to represent NaCl. It can be seen that for the

alkali halides, the following equations hold:
AH,:(MX)g:AHf(M*)g+AHf(X’)g—GBE (1)

AHf (MX), = AH¢(M*)  + AHy(X7), — LBE (2)

where MX is the alkali halide, AH; represents the heat of formation at
298 K, g and s represent values for gas-phase and solid species
respectively, and GBE and LBE are the gas-phase and lattice binding
enthalpies respectively. These binding energies are relative to M* and
X~, (“heat of ionic dissociation”)?%?%; the gas-phase dissociation
energy (D) shown in Figure 1 is relative to neutral Na® and CI° and is
the result of charge transfer. Note that for all alkali halides these dis-
sociation energies MX > M° + X° are smaller than their binding ener-
gies, MX & M™ 4 X". In the present paper, we have collected from

various sources the thermodynamic properties of the solid and
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FIGURE 1

Energy diagram (Born Haber cycle) for NaCl. Values in kJ/mol.
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gaseous alkali halides. It has been reported previously? that the inter-
ionic distance in (MX); is a good parameter for relevant thermody-
namic properties of (MX)s such as their heats of formation, lattice
binding enthalpies and sublimation enthalpies. We have extended this
finding to gas-phase species and have used this approach to (re-)esti-
mate various thermodynamic properties of the alkali astatides, from
which AHg (At7)g is derived using Equations (1) and (2). From the mea-
sured EA, AH; (Ato)g is obtained and from the previously estimated
AHg (At,)g, the bond strength of the dihalogen At; can be assessed.

2 | RESULTS AND DISCUSSION

21 | Reference data for solid-phase alkali halides
The bond lengths of (MX), were taken from Sirdeshmukh et al,?* see
Table 1. The relevant heats of formation (298 K) of (MX); are available
from the NIST-JANAF tables®> and from the NBS database?® Where
they overlap, agreement is good. These data are collected in Table 1.
Lattice binding energies (LBE) can be found in various (review)
papers, for example, by Kaya?” Morris?® and Woodcock,?® see
Table 1.2° Agreement between the different data sources is in general
quite good. The LBE's reported by Kaya are the recommended values
determined by the Born-Fajans-Haber (BFH) cycle,?” and we have
used these values (column [d]) in the present study. These LBE values
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are also in best agreement with those calculated from Equation (2)
using the AH; values of column (c) (deviation 6 * 5 kJ/mol, with the
largest deviation for CsF, 17 kJ/mol; these matters deserve further
evaluation, but do not change our conclusions).

It had been emphasized by several authors that the trend in lat-
tice binding energy is very regular among the alkali halides.?®3%32 As
can be seen from Figure 2, the LBE's show an inverse proportionality
with d (LBE = 1810.8/d + 142.29 [R? = 0.9972]), which reproduces
LBE to an average of 6 kJ/mol (with maximum deviations of +12 kJ/
mol for Lil, —9 kJ/mol for KBr and +9 kJ/mol for CsCl, experimental
minus calculated values) but note that this line does not go through
the origin. The LBE's can be calculated from the Born-Landé equation,
also linear in 1/d: LBE = [1,389*M*(1-1/n)]/d where M is the Made-
lung constant, n is the Born exponent33 and 1,389 is the Coulomb
constant (in (kJ/mol)*A*e™2). For example, for NaCl, an LBE of 766 is
thus calculated compare Table 1 (M (NaCl) = 1.748, n (NaCl) = 9.1
from compressibility data®3).

Oshchapovskii®*3° has derived an equation for the LBE's for the
alkali halides:

LBE (kJ/mol) = C{(1—a)/(R—b)} (3)

where C is a proportionality constant (to be determined from the
database used), R = Ry + Ry, a = R{Rp/d?, b = (/4)(R1R,/d)?, Ry and
R, are the crystal ionic radii for 6-coordination in A for the metal

ot formation (a0 0 e by M AH (X, Loe et
energies (LBE) of solid alkali halides MX (a) (b) (c) (d) (e) (f) (g)
and sum of hydration enthalpies of M™ LiF 20131 ~616.9 ~616.0 1,036 1,021 1,040 1,042
and X~ (—Z4H,q).
LiCl 2.5699 —4083 —408.6 853 841 858 898
LiBr 2.7508 ~350.9 -351.2 807 808 822 867
Lil 3.0060 —270.0 —2704 757 753 766 825
NaF 2.3164 —5754 ~576.6 923 908 923 927
Nacl 2.8200 —4111 —4112 786 774 804 783
NaBr 2.9865 —3614 ~361.1 747 745 754 752
Nal 3.2364 -287.9 -287.8 704 699 705 710
KF 2.6720 ~568.6 ~567.3 821 816 820 844
Kcl 3.1464 —4367 —436.6 715 715 719 700
KBr 3.2991 -39358 -39338 682 690 691 669
KI 3.5327 ~3279 ~327.9 649 653 650 627
RbF 2.8258 5577 785 774 785 819
RbCl 3.2949 —4354 689 678 692 675
RbBr 3.4454 —394.6 660 657 666 644
Rbl 3.6710 -3338 630 623 629 602
CsF 3.0100 —554.7 —5535 740 724 733 794
CsCl 3.568 —4423 —4430 659 649 676 650
CsBr 3.7198 —405.8 631 632 653 619
Csl 3.9548 —346.6 604 598 618 577

Note: All values in kJ/mol. (a) Sirdeshmukh et al.2* (b) NIST.2* (c) Wagman et al.2¢ (d) Kaya and Kaya.?’ (e)

Morris.2® (f) Woodcock.?? (g) Housecroft and Jenkins.*°
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FIGURE 2 Lattice binding energies
(LBE, kJ/mol) and gas-phase binding
energies (GBE, kJ/mol) of the alkali halides
as function of reciprocal bond length 1/d
(A-Y.
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cation and halogen anion. From the LBE data in column (d) of Table 1,
we obtain C = 2,533 + 17 (ionic radii from Liu and Li%%). This equation
works very well, the LBE's thus calculated are accurate to within 5 kJ/
mol. For example, for NaCl an LBE of 784 kJ/mol is calculated by
Equation (3), very close to the experimental value of 786 kJ/mol.
Other empirical equations proposed to calculate LBE's include the
absolute hardness of the cations and anions.®” A very accurate
method for estimating LBE's involves a graph of atomic orbitals (GAO)
approach using quantitative structure-property relationships (QSPR),
but this was not performed for the alkali astatides.*® Using this
approach the LBE of NaCl was calculated with an impressive accuracy
of 0.3 kJ/mol as 785.7 kJ/mol.

It has been observed by several authors that the trends in heats of
formation of the alkali halides are not as regular as the trends in lattice
energies.2>32 However, and as noted by Nasar,?® for the subfamilies
containing a common metal cation, very good linear correlations are
observed, with R? exceeding 0.999. This is shown in Figure 3B for the
solid alkali halides. Thus, the AH; (MX)s data are divided into five sub-
families, each having four members containing a common metal ion. It
can be seen that for a common cation, AH; (MX)s becomes less negative,
that is to say (MX)s becomes less stable with respect to (M); and %2(X5)g
(X =F, Cl) or %(X5), (X = Br) or %(X5)s (X =1) as d increases. However,
for a common halide anion an opposite, non-linear and much smaller
trend with d is observed and thus only the size of the halide anion plays
a decisive role in the heats of formation of the alkali halides, as was dis-
cussed in an earlier paper.?® The linear relationships observed in
Figure 3B, where the metal ion is kept constant, may be exploited for
estimation purposes of the heats of formation of the solid alkali asta-
tides, provided their bond lengths can be assessed, as discussed below.

Similar observations pertain to gaseous alkali halides, see Figure 2
(plot of GBE against 1/d for all gaseous alkali halides) and Figure 3A
(plots of AHf (MX)g versus d for the subfamilies having a common

metal ion), which are discussed in the next section.

0.55

0.6 0.65 0.7

—

1/d (AY)

2.2 | Reference data for gas-phase alkali halides
The bond lengths d of (MX), were taken from Hargittai®* and
are known to a high degree of accuracy and precision. We have
used the spectroscopic style for the precisions,*® see Table 1,
column (a).

The relevant heats of formation of (MX), in Table 1 are avail-
able from the NIST-JANAF tables?® and NBS database®® as well as
from the GIANT Tables.*? Available error bars are also given. Disso-
ciation energies D, from which AH; (MX); may be calculated, can
also be found in the Herzberg Tables*? and in the original Brewer
and Brackett compilation.*® Accurate dissociation energies D, have

44-4¢ and by Van Veen et al.¥’

also been obtained by Su and Riley
using photofragment spectroscopy from which AH; (MX), follows.
The values of AH; (MX)g are compiled in Table 2 and the agreement
is usually good (within a few kJ/mol), except for CsF where rela-
tively large differences ensue (up to 20 kJ/mol). The agreement
between the Herzberg and Brewer and Brackett values (columns
(g) and (h)) is striking and we have used the average of these values
in our analyses. The measurements of Brewer and Brackett®® are
also in good agreement with theory.*® We stress that our conclu-
sions do not change when the other (slightly different) values
are used.

For the gaseous species, plots of the heats of formation versus d
were similar to those of the solid species; thus, linear relationships are
obtained when the cation is kept constant, see Figure 3A, compare
the corresponding plot for the solid alkali halides in Figure 3B.

The gas-phase binding energies, GBE (energy required for the pro-
cess (MX)g > (M¥), + (X7)g) can be calculated from Equation (1) using
known heats of formation of gaseous M* and X~ and these values are
listed as the final entry in Table 2. A plot of GBE vs d (Figure 2) shows
a linear relationship but not as good as LBE vs d, see also Figure 2.
Notably, the gaseous lithium halides deviate from the line that unites
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FIGURE 3
Straight lines drawn for the subfamilies of common metal ions.

the others, whereas the solid lithium halides follow the general trend
more closely.

It was found that good correlations for GBE and LBE are obtained
for subfamilies containing a common metal ion, paralleling results for
the heats of formation data, see above. We note that good correla-
tions in subfamilies with a common metal ion have also observed for

the melting temperatures,® see later.

(A) Heats of formation of gaseous (AH[g), kJ/mol) and (B) solid (AHs), kJ/mol) alkali halides as a function of bond length d (A).

2.3 | Estimation thermodynamic properties of the
alkali astatides MAt and At,

Figures 2 and 3 form the basis of the astatide estimations. GBE and
LBE follow the equation

GBE (LBE) =o/d+p 4)
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and AH¢ (g) and AH; (s) follow

AHf:yde

(5

where d is the alkali halide bond length (Tables 1 and 2) and o, B, Y

and & are empirical constants, which are given in Tables S1 and S2

together with R?; correlations are generally very good.

We now need to assess the internuclear distances, d, of the alkali

astatides (MAt) from which the various thermodynamic functions fol-

low using the above equations and empirical parameters in Tables S1

and S2. For gaseous alkali astatides, d has been evaluated from DFT
calculations®® (table S1 from Liu and Li%%), and these values are listed
in Table 3. (It should be noted that these d values were derived from
scalar relativistic calculations (i.e., without spin-orbit coupling, SOC, as
opposed to 2 component (2c) and 4 component (4c) treatments,
which include SOC) and so the computed distances for the alkali asta-
tides may be somewhat too short*’ These matters deserve further
study; thus, it would be of interest to calculate d for gaseous MAt
including SOC.)

The d values for solid MAt were derived from the linear relation-

ships of internuclear distances d of solid and gaseous MX, for

TABLE 2 Bond lengths d (A), heats of formation (AH¢ (MX)g), and binding energies (GBE) of gaseous alkali halides MX.

d AHMX)g GBE
(a) (b) (c) (d) (e) (f) (g) (h) (0]
LiF 1.56389(5) ~340.8 —340 ~331 ~336 765
Licl 2.02067(6) ~195.7 ~196 + 13 ~195 ~186 —187 640
LiBr 2.17042(4) ~1540 ~154 £ 13 ~144 £ 4 ~147 —148 615
Lil 2.39191(4) ~91.0 -91.0+84 —75+4 —81 ~76 —88 574
NaF 1.92593(6) ~290.5 ~291 ~291 ~290 645
NaCl 2.3606(1) —1814 ~181+2 ~180+8 ~177 ~179 ~179 555
NaBr 2.50201(4) ~1439 ~143 ~140+ 4 ~145 £ 1(2) ~143 ~142 —144 533
Nal 2.71143(4) -78 —86+2 —93+1(2) -80 -75 -90 498
KF 2.17144(5) ~3268 ~325 ~321 ~322 581
KCl 2.6666(1) ~2147 —2147 +04 —219+8 —214 —209 —214 493
KBr 2.82075(5) ~180.0 ~180 ~174+4 ~175 £ 1(2) ~180 ~176 ~179 473
KI 3.04781(5) ~1255 —1255+21 —123+2 ~126 £ 1(2) ~126 ~123 —125 444
RbF 2.26554(5) —331 ~322 ~326 559
RbCl 2.78670(6) ~229 —222+8 ~229 ~217 ~219 475
RbBr 2.94471(5) ~183 ~184+4 -183 ~183 —185 455
Rbl 3.17684(5) ~133 —127+2 ~134 ~131 -133 428
CsF 2.3453(1) ~356.5 ~361 ~359 —341 —344 547
csCl 2.9062(1) ~240.2 —247 —240+8 —240 —244 —246 470
CsBr 3.07221(5) —200 ~197+4 ~209 ~214 ~216 454
Csl 3.31515(6) ~154 ~150 £2 ~152 ~160 ~162 425

Note: Values in kJ/mol. (a) Hargittai®® - precisions in spectroscopic style. (b) NIST.2® (c) Lias et al.** (d) Previous works.

44-46 (g) van Veen et al.*’ (f)

Wagman et al.?® (g) Huber and Herzberg.*? (h) Brewer and Brackett.*® (i) Calculated from (h), using Equation (1); see text.

TABLE 3  Estimated thermodynamic properties (kJ/mol) of gaseous alkali astatides (MAt)g.

LiAt

d Ay 2476
(@) GBE 564
(b) AHs -55
() AH{M "), 680
a+b-c AH; (At)g —-171

Note: Average AH; (At™)g = —177.2 + 3.6 kJ/mol.
3Lju and Li.3¢

NaAt KAt RbAt CsAt
2.793 3.133 3.262 3.407
492 436 421 413
—65 -107 -117 —140
603 508 484 452
-177 -179 —180 -179
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common M (see Tables 1 and 2) as shown in Table S3 and these inter-
nuclear distances are given in Table 4.

Using our derived d values for solid and gas phase MAt, their
thermodynamic functions may be calculated using Equations (4) and
(5) and the empirical parameters in Tables S1 and S2. The results are
presented in Tables 3 and 4. Table 3 gives the estimated GBE and AH;
for (MAt), as well as (in bold) AH; (At™)g derived therefrom using
Equation (2). Table 4 gives the estimated LBE and AH; for (MAt)s as
well as (in bold) AH (At ™), derived therefrom using Equation (1).

By subtracting the Shannon radii®® from d of the solid alkali asta-
tides (Table 4) we calculate 2.16 + 0.07 A for the crystal radius of At
which represents a revision downwards of the value in Ref. 34, (2.32
A). Our value is in agreement with that in Ref. 36, (2.15 A).

Our values for LBE are in reasonable agreement with those
obtained by Equation (3)3* and by Ladd and Lee,° see Table 3, who
use completely different procedures, and this lends great support for

the procedures used.

24 | Heats of formation of (At ™) and (Ato)g; bond
strength in (At,), and the importance of spin-orbit
coupling

The heat of formation of gaseous At~ can be obtained from
Equation (1) using the estimated GBE (MAt) and AH; (MAt), and
from Equation (2) using the estimated LBE (MAt) and AH; (MAt)..
These values are given in Tables 3 and 4 in bold italics. Noteworthy is
the finding that the AH; (At™), values derived from the solid and gas-
eous thermodynamic estimates agree very well. We derive an average
value of AHf (At™)g = —177 =5 kJ/mol, which represents a revision
upwards (i.e., less negative) of some previous estimates (—197, —191,
and —179 kJ/mol).**

The derived AH; (At7); combined with the measured EA
(=233.091 = 0.007 kJ/mol*) leads to a heat of formation of At°, AH;

MASS WI LEYJLW
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(Ato)g =56 + 5 kJ/mol, which represents a revision downwards from
92 kJ/mol or 97 kJ/mol.** The heat of formation of At, is not known,
but it is reasonable to propose that it will be larger than that of I,
(62 kJ/mol) and so we derive an upper limit of 50 kJ/mol for the dis-
sociation energy of At,, which is considerably less than a previously

I?° and much less than the bond

estimated value of 116 kJ/mo
strength of 1, (148 kJ/mol). There have been a number of theoretical
studies dealing with the bond properties of At, (and Ts,), which have
recently been summarized and the most recent compilations are
briefly discussed below. From these calculations, it appears that the
bond strength of At, (and of Ts,) is considerably reduced by spin-orbit
coupling (SOC). According to de Macedo et al.>* D (At), ranges from
39-76 kJ/mol, where the most extensive full relativistic calculations,
the four component relativistic calculations, agree very well (61,°?
61,2 and 66° kJ/mol). Casetti et al.>* obtain values ranging from 36-
114 kJ/mol (excluding one component calculations) and these authors
argue that such a situation is “disconcerting and calls for further scru-
tiny of the appropriate ab initio methodologies.” Nevertheless, it
would appear that our upper limit (50 kJ/mol) is in good agreement
with the full (i.e., including SOC) relativistic calculations but is still
below the recommended value of Visscher and Dyall (84 + 13 kJ/
mol).>> Note that Mitin and Van Wullen® obtain from scalar relativis-
tic calculations (i.e., without SOC), a value of 167 kJ/mol, but inclusion
of SOC leads to a value of 62 kJ/mol (both B3LYP DK&é), making spin-
orbit coupling effects larger than the value itself. This is also true for
other bond parameters, for example, force constant k of At, without
SOC is 145 Nm~?, but with SOC it reduces to 73 Nm~*.3¢ Such SOC
contributions have been termed “spectacular.”57 Also, the internuc-
lear distances in the halogen dimers increase due to SOC: The varia-
tion is small (0.04%) for Br,, substantial (0.7%) for I,, and large (5.5%)
for At,. Evidence has also been presented®’ that At, is part of the
“charge-shifted” family, epitomized by F, >® It appears that F, and At,
suffer the same fate, both are destabilized, but for different reasons;

F, is destabilized because of Pauli repulsion (which according to

TABLE 4 Estimated thermodynamic properties (kJ/mol) of solid alkali astatides (MAt)s.

LiAt NaAt KAt RbAt CsAt
d (A 3.117 3.327 3.606 3.744 4.048

(d) LBE* 736 688 636 618 596

LBE® 712 660 613 596 577

LBE® 745 686 636 617 595

LBE® 720 657 615 594 586
(e) AH? —225 —257 —308 -316 —328
AHfd —247 —264 —305 —305 -318

(f) AHAM™)g 680 603 508 484 452
d+e—f AH; (At7)g? —169 -172 —180 —182 —184
AH¢ (At’)gd —205 —205 -197 -192 —184

Note: Average AH; (At™)g = —177.4 + 6.6 kJ/mol.
*This work.

bValues +12, using Equation (3), C = 2,533, ionic crystal radius At~ = 2.32 A.3*

“Values +12, using Equation (3), C = 2,533, ionic crystal radius At~ = 2.16 A, this work.

9Ladd and Lee.*°
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Barbosa and Barcelos® can also be described as lone pair repulsion),
while At; is destabilized due to spin-orbit coupling. These matters will

be discussed elsewhere.

2.5 | Mass spectrometry- and radio gas-
chromatography based experiments: Does At, exist?

In the mass spectrometry experiments of Appelman,®® astatine-211
was synthesized by bombardment of bismuth with 29-MeV
a-particles and then distilled from the bismuth on a cooled platinum
plate. Next, the astatine was distilled directly from the platinum plate
into a Time-of-Flight mass spectrometer. This resulted in only At" and
no At," could be detected. However, when a small amount of iodine
was co-introduced, peaks appeared for I, and Atl* but not for At,™.
Similar experiments with bromine and chlorine and astatine led to
AtBr' and AtCI" only. Appelman was careful to point out that the fail-
ure to observe At," does not allow one to draw definitive conclusions
about the equilibrium 2At = At,. For example, the formation of inter-
halogens AtX could indicate that the reaction At, + X, > 2AtX is
exothermic. This may well be the case as At; is highly destabilized by
SOC, more so than AtX.*?

Another way to detect astatine compounds is by radio gas chro-
matography (R-GC) experiments where At-209 compounds are sepa-
rated by GC and detected by a-rays from At-209.% In this way, Atl
and At, could be separated and identified. Interestingly, the boiling
points of Atl and At, could be determined and that of Atl was found
to be the mean value of the boiling points of I, and At,, following the

general rule for boiling points of the interhalogens.®*

2.6 | Charge-transfer dissociation energies, D, of
the alkali halides, including the astatides

In 1896, Goldstein discovered coloration of alkali halide crystals by
UV light, which Przibram later interpreted as arising from neutral alkali
atoms formed by electron transfer from the anion to cation.®? This
process (M™X~ 2> MP° + X9 also occurs in the gas phase®® and has
since then been the subject of many publications. The energy require-
ment for these processes for all alkali halides are given in Table 5 and

is called the neutral dissociation energy D. The energy needed for

TABLE 5 Gas-phase dissociation energies, D, (MX), > M° 4 X°.
X\M Li Na K Rb Cs
F 573 478 490 484 498
Cl 468 408 424 421 441
Br 417 362 377 377 397
| 346 300 320 318 341
At 269 229 252 254 272

Note: Values in kJ/mol.

M*X~ 2> M" + X~ (called GBE above) may be termed the ionic disso-
ciation energy.??? The difference between GBE and D is, see

Figure 1:

GBE (MX) — D (MX) = IE; (M) - EA(X) (6)

and since IE;(M) > EA(X), GBE (MX) will always be larger than D (MX);
thus, dissociation of the ionic structure M*X™ to the atoms is always
more favorable. Indeed, gas-phase alkali halides are prototypical sys-
tems for the study of such charge transfers. These salt molecules have
an ionic character at small internuclear distances, but can undergo an
avoided crossing at fairly large distances (7.2-9.4 A) marked by a
sharp change in dipole moment of the system.®*

It can be seen from Table 5, that D decreases in going from LiX to
NaX and then it increases again (KX, RbX, CsX). It can be seen from
Table 5 that D monotonically decreases for a common M, but the situ-
ation appears more complex for common X, where at first
D decreases and then it increases again. This has been observed previ-
ously.*® In Figure 4A we have plotted these D values where X is kept
constant, together with the GBE values. As expected, the GBE shows
a gradual decline from Li to Cs (and from F to 1) because of its inverse
relationship with the bond length d. However, for D, it is seen that
U-shaped curves result, see Figure 4A. The solution to this somewhat
puzzling result is surprisingly trivial when one analyses the reverse
process, viz. reaction of M® and X° to produce [M*X] using a triadic
approach®’: (1) ionization of the alkali atom (M® > M* + e7), (2) elec-
tron capture by the halogen atom (X° + e~ > X7), and finally (3) for-
mation of an ionic bond, M* + X~ 2 MX. We then obtain (also by
rewriting Equation (6)) for M® + X0 > M* + X~ > MX:

D (MX) = - IE1 (M) +EA(X) + GBE (MX) (7)

For common X, as is the case in Figure 4A, IE;(M) and GBE
(MX) both decrease in the order Li, Na, K, Rb, Cs and subtraction of
these quantities yields a U-shape curve. Thus, Equation (7) is highly
interpretive, but the underlying assumption, that exactly one electron
jumps from M° to X° may be an idealization.®® That the gap between
GBE and D curves is largest for the astatides is a direct consequence
of the low EA measured for At°.

It can also be seen that if M is kept constant, a continuous decline
is observed in the order F, Cl, Br, |, At as changes in EA are not as large
as changes in IE; and more importantly they operate in opposite direc-
tions, see Equation (7). It can be seen from Figure 4A that the most
stable alkali halide is LiF, whereas the least stable is NaAt.

Also shown in Figure 4A are the force constants, k, taken from
Kaya et al.®’ It can be seen that the force constants follow the trend
for the dissociations to ions, that is, for the GBE, not the trend for the
dissociations to neutrals, that is, not for D. This is, of course, as
expected for species being ionic near equilibrium distances, because
k is the second derivative of the energy at the equilibrium structure

with regard to the bond length.
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FIGURE 4
and (B) critical distance for electron transfer, see text.

2.7 | Crossing distances: how do alkali astatides
dissociate?

When an alkali halide M*X~ dissociates to the separated atoms
MP + X° then at some internuclear distance (Ro) electron transfer
must take place. This process is the archetype®® of the curve-crossing
problem, but for our purposes the following simplification will suffice.
The distance R, at which the potential energy curve for Mt + X~
would cross the energy of the separated atoms M° + X° can be calcu-
lated using the Rittner potential for the ionic state®**?~72 which

yields (in atomic units):

AEq=1/Rc+{a(M") +a(X")}/2R* (8)
where short distance repulsive terms may be neglected.®*”2
AE,, is the energy difference of the ionic (M™ + X~) and neutral

(M® + XO) states at infinite separation, AE,, = IE;(M) — EA(X) (=GBE
(MX) — D (MX)) and a are polarizabilities. From Equation (8), R. may

L L K8 IADDD NN RN A
PLIIIY JTHYEYLE XXX
\>Efo~k5o(% < oY) o Q9

(A) Gas-phase binding energies (GBE, kJ/mol), dissociation energies (D, kJ/mol) and force constants (k, N/m) for the alkali halides

be obtained iteratively. Because for the alkali halides the ionization
energies of M are only slightly larger than the electron affinities of X,
the crossing radii are quite large (6-20 A% 7-10 A%%), and so the sec-
ond term in Equation (8) may be neglected to yield the simple

expression:

R. = 1389/AE,, (9)

Rcin A, AE in kJ/mol, which leads to R.'s being only slightly smal-
ler (for example, for LiCl using Equation (9), Rc = 8.11 A vs 8.15 A,
iteratively from Equation (8)). Thus the crossing distance is deter-
mined almost wholly by IE;(M) - EA(X) and these quantities are accu-
rately known, also for X = At.

The R.'s calculated from Equation (8) are plotted in Figure 4B (ion

1.74 It can be seen

polarizabilities from Li et al.,”® a (At™) from Réal et a
that for alkali halides with small values for IE;(M) — EA(X) (i.e., for
small gaps in Figure 4A, for example CsCl), R. becomes exceedingly

large (51 A for CsCI**), far too large for electron transfer to take place;
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as a consequence these species dissociate to ionic products only
despite this process requiring more energy (“chemical over-

).”>76 (Electronic velocities are about 40 times nuclear veloci-

shoot™
ties”” and so if the crossing distance is 0.1 A wide, the electron can
only jump 4 A) Putting the critical crossing distance at c. 10 A** in
Figure 4B, then species above this line dissociate to ions, but species
below this line produce atoms.®® It can be seen that all alkali astatides
are predicted to produce atoms, not ions, upon dissociation via rapid
electron transfer. For example, LiAt will dissociate to atoms at an
internuclear separation of only 5.10 A. The difference between the
iodides and astatides is quite remarkable, the crossing in CsAt occurs
at a much smaller distance (9.7 A) than in Csl (17.2 A), which is a
direct consequence of the low measured EA (At)*® compared with EA
(), 2.41 eV vs 3.06 eV.

Another way to generate metal atoms from alkali halides is by dis-
sociative electron capture of MX if stray electrons are present: MX
+ e > M® 4 X~ rather than electron transfer from X~ to M* as dis-
cussed above. However, the enthalpy change for these reactions,
which is given by GBE (MX) — IE;(M) = D (MX) — EA(X), is positive
(endothermic) for all alkali halides, except for NaAt for which the reac-
tion is predicted to be slightly exothermic. That alkali halides anions
themselves can be remarkably stable species was first shown by Carl-
sten et al. in 1976.7% The expression of Miller et al.,”? viz. EA (MX)
= 114.7-9.94*«(M)/R? (EA in kJ/mol), where R is the internuclear dis-
tance of MX in A, allows the estimation of EA (NaAt) = 84 kJ/mol (o
(Na)®® = 24.09 A% and R (NaAt) = 2.79 A, see Table 3), from which
AH; (NaAt)™ = —150 kJ/mol (using AH; (NaAt) = —66 kJ/mol, see
Table 4). The energy diagram of the dissociative electron capture by

NaAt is given in Figure 5.

2.8 | Hard/soft acid/base (HSAB) principle for
alkali halides

The double-exchange reaction

LiF(g) +Csl(g) = Lil(g) + CsF(g) (10)

has often been used to illustrate the hard/soft acid/base (HSAB) prin-
ciple: whenever “other effects” (chiefly the strength of the acids and
bases) are similar, hard acids (Ay) prefer binding to hard bases (B,)
and soft acids (A,) prefer binding to soft bases (B.).5* Thus, the equilib-
rium for the reaction AnB;, + ABs = AnBs + AsBy, will tend to lie to
the left. The Pauling bond equation for the enthalpy change (in eV) for

reaction (10) is®?:
AHreaction = Z[XCS - XLi] [XF - XI] (11)

where X represents the Pauling electronegativities; this equation
would yield AH,eqction = — 48 kJ/mol, hence reaction (10) would be
exothermic. However, in reality AH,eqction = + 59 kJ/mol (see Table 1)
and so the reaction is in fact endothermic and the equilibrium lies to
the left. In general, hard reagents are smaller than soft reagents and
so a useful generalization for reactions like (10) is: “small likes small
and large likes large.”®! (This principle can also be applied to the solu-
bility of the alkali halides, see later.) This continues for the astatides,
where the reaction LiF(g) + CsAt(g) = LiAt(g) + CsF(g) is calculated to
be even more endothermic (87 kJ/mol) than reaction (10). This is in
agreement with the experimental finding that At is softer than I*8: the

softness S of At (defined as S = 1/(2n)), where n is the hardness

NaAt + e
T m L SEsasea. Na + At
66 Sk
) 70
\
\ 1
!
AH; \ '
(kJ/mol) \ /
\ 1
\ 1
\ I
\ 1
\ I/
\ 1
\ 1
\ 1
\ 1
\ !
\ _ 1
' NaAt |
/
-150

FIGURE 5 Energy diagram for
dissociative electron capture by NaAt.
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(defined as n=%(E - EA); thus, S=1/(IE - EA), is S (At)
=0.145 eV, whereas S(I) = 0.135 eV~ 1.

2.9 | Sublimation energies of (MAt),

From the data in Tables 3 and 4, the sublimation energies (SE) of
(MAt); may be assessed, see Table 6, from SE = AH{g) — AH{s) or
from SE = LBE — GBE, see also Figure 1. These values together with
those of Brewer®® are listed in Table S6 and agreement is good. The
values for the average SEs for all alkali halides are plotted in Figure 6.
The largest sublimation energies are for LiF and NaF, as observed
previously,*® with the prediction that LiAt has the lowest sublimation

energy.

210 | Melting temperatures of the alkali astatides
The melting temperature, T, is an important physicochemical prop-
erty of ionic crystals. For many substances T, is an identifying charac-
teristic and a criterion of the purity of crystals. Melting temperatures
are particularly difficult to calculate; in free energy methods,®® the
free energy difference between the two phases is calculated and
the melting temperature is defined as the temperature at which the
free energy difference between the two phases is zero, which is com-
putationally demanding: differences of 4 kJ/mol can result in errors of
as much as 100 K. This is not unlike the calculation of pK, values in
solution where such differences give an error of 1 pK,, unit.8*

It is known® that with a decrease in the crystal lattice energy,

the melting temperature decreases. Thus, since the LBE's show an

TABLE 6 Estimated sublimation energies (kJ/mol) of alkali
astatides MAt.

LiAt NaAt KAt RbAt CsAt
d-a from Tables 3 and 4 171 194 200 198 184
b-e from Tables 3 and 4 170 186 200 200 187

290 -
270 -

250 -

(kJ/mol) 190 -

170 -

150
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inverse proportionality with d, it is expected that the T,,’s will also be
inversely proportional to d. However, it is known that the T,,’s of the
lithium halides are much smaller than predicted on the basis of their d
values®! and it is very difficult to find a generalized equation relating
T.» with d. Indeed, an equation analogous to Equation (3) leads to the
T,.'s of the lithium halides being c. 250 K too large. Oshchapovskii®®
has used a modified equation, which produces T,, reasonably well, but
discrepancies up to 80 K still persist. However, an important observa-
tion made by Oshchapovskii is that T,, is linearly related with LBE for
all alkali halides provided (as was the case with other relationships,
see above) that the alkali cation is kept constant and so T,, will be lin-
ear with 1/d for all five subfamilies. This is indeed the case and the
empirical constants for T,, = a/d + p, together with R? are given in
Table S4 for alkali halides with common metal ion. (The correlation is
not as good as for LBE with 1/d, compare Table 3.) The T, values for
MALt found by extrapolation are given in Table 7, together with the
calculated values by Oshchapovskii. Our estimated melting tempera-
tures for RbAt and CsAt agree with the calculations of Oshchapovskii,
but the discrepancies for the others, especially for NaAt, are quite
large. However, the calculated T,,, values for some alkali halides, nota-
bly NaCl, also deviate from the experimental values.®>

The melting temperatures follow an inverted U-shaped curve for
a common anion, paralleling the behavior of the other alkali halides,
see Figure 7. It can be seen from this Figure, that our estimated values
of T,, for the alkali astatides more closely follow the experimental T,,
values of the other alkali halides, especially for the bromides and
iodides. Also shown in Figure 7 are the melting temperatures pre-
dicted by the WBK (Wang-Buckingham) method using polarized force
fields.2®

211 | Hydration enthalpy and ionic radius of At™:
is the largest alkali halide, CsAt, insoluble in water?

The solubility of MX in water depends on the lattice energy of MX
and the hydration energies of its ions M and X~.8” Kaya and de Far-
ias®® have pointed toward a correlation between the lattice binding

energy (LBE) and the sum of hydration enthalpies of M* and X~ (=

. iii\/\f\/\/\

FIGURE 6 Sublimation energies &
(kJ/mol) for the alkali halides.
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TABLE 7 Melting temperatures T,, (K) for the alkali astatides,

estimated by extrapolation (this work), and from the calculations of
Oshchapovskii.*®

—2AH,q), as can also be inferred from Table 1. Since LBE is propor-
tional to 1/d, we expect —ZAH,, too to be proportional to 1/d. Next,

LiAt NaAt KAt RbAt CsAt
water:
This work 722 918 954 920 889
Oshchapovskii®® 652 791 869 924 894
1400 -
0 =WBK
1300 A
1200 1 /o
1100
oo &
1000 A o © 5
T, 900 o
(K) 800 - "\
700 - Oshchapovskii
600
50 +-r—r—r—r—rrrrrrrrrrrrrrT-TTr T T TTTT T
L&&&&& SSCSSO (SRRSO IAON D X K K, K
SESLS FoESE SFEEE VENEY IFESSF
1/d (MX), (A1) ——
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
-200 I ¥ 1 1 1 1 )
2s0{ 1% ap e e (A)
-300 - Bre ‘ae ‘e “eBr
Cle oo "o "e(l
-350 - L T T N
AHaq(X') -400 -
(kJ/mol) o !
-450 -
Faeo (Y o F
-500 - e
Cs Rb K Na Li
1/d (MX)g (A1) ——
0.2 025 0.3 035 04 045 0.5 055 0.6 0.65 0.7
_200 L — A- 'l - L 1 1 1 1 L J
-250 - (B)
-300 -
-350 -
2 -400 4
AHaq(X) .
(kJ/mol) 450 -
o F
500 4 o
Li

(MX)gysé(M+)aq+(X’)

consider the processes whereby gaseous or solid MX are dissolved in

(12)

aq

FIGURE 7 Melting temperatures (T,
K) of the alkali halides. Calculations for
the metal astatides by Oshchapovskii® as
indicated. Open circles from WBK
calculations.

FIGURE 8 Hydration enthalpies of
the halide anions (AHgq(X ™), kJ/mol) as a
function of the reciprocal bond length 1/d
(A1) of solid (A) and gaseous (B) alkali
halides.
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TABLE 8 Difference in hydration enthalpies (AthdX_)Y) and hydration free energies (AGhydxeY) of the halide anions.

X>Y
Athd

Exp (Housecroft and Exp (Housecroft and

Jenkins®? Jenkins®©)
F->CI” 144 125
Cl > 31 26
Br-
Br-> 1~ 42 35
I~ > At 17 + 2 (this work) -

Note: Values in kJ/mol.

For a common ion M we then expect the following relationship:

AHgg(X) =a/d+p (13)

where d is the gaseous or solid internuclear distance. This relationship
allows the estimation of the hydration energy of the astatide anion,
AHg, (At7). Indeed, we find very good correlations between AHq4(X")
and d for the gaseous and solid alkali halides, see Figure 8 (the
enthalpies of hydration (kJ/mol) for F~ (-463.7), CI"(-319.5), Br~
(—288.7) and I~ (—246.8) were taken from Housecroft and Jenkins>°
with reference to AH,4(H") = —1150.1 kJ/mol®’). The empirical con-
stants of Equation (13) are given in Tables S5 and Sé. From Table S5
and using d (MAt), from Table 3, we find AH,q (At™) = —231 = 2 kJ/
mol and from Table S6, using d (MAt); from Table 4, we find AHgq
(At7) = —229 + 1 kJ/mol, leading to AH,q (At™) = —230 + 2 kJ/mol.
Note that this value is only 17 + 2 kJ/mol less negative than the
hydration enthalpy of I~ and so the hydration energies of |~ and At~
are predicted to be very close. Indeed, our value for AH,, (At™)
= —230 % 2 kJ/mol compares very favorably with values recently
obtained from Molecular Dynamics (MD) calculations.”*?° To avoid
problems with some of the corrections necessary in the proper calcu-
lation of ion hydration free energies, differences in hydration energies
are reported, see Table 8. It can be seen that such calculations predict
that the solvation of astatide in bulk water is very close to that of
iodide, in good agreement with our results.

Recent work on micro-solvation on the halide anions confirm
these results.”>"? In Table 9, we collect the difference in micro-
hydration energies of the halide ions for six water molecules.

It can be seen that these micro-hydration energies of At~ are only
5 kJ/mol smaller than those of I7. The derived AH,, (At7) allows the
estimation of the ionic (Goldschmidt) radius of At™, R (At™). Following
the procedure of Housecroft and Jenkins,* a plot of AHgy(X7) (X =F,
Cl, Br, 1) versus 1/R(X") gives a straight line (R?> =0.99995) from
which, by extrapolation, R (At™) = 2.33 + 0.01 A, a value larger than
the crystal radius (2.16 A, see above), parallelling the behavior of the
other halogens. Our derived ionic radius of At~ fits nicely with the cal-
culated atomic radius of At, R (At°) = 1.52 A>? following the observa-
tion that for the halogens R (X~) — R (X°) = 0.78 + 0.02 A (values for
R(X°) taken from Cordero et al.”® and values for R(X") taken from

SPECTROMETRY

AGhydx_)Y
Rueda-Espinosa Rueda-Espinosa Real
etal.”® etal”® etal.”*
118 118 113
21 8 28
31 29 39
3 18 6

TABLE 9 Difference in micro-hydration enthalpies (AHp,s>")

and micro-hydration free energies (AGy,,<>") of the halide anions for
six water molecules.

A thdX—)Y AGhdeQY

2 2 91
F->cr 108
Cl->Br- 20
Br > 1” 23 22 21
I~ > At 5 5 5

Note: Values in kJ/mol.

Housecroft and Jenkins®°). Our value for R (At7) is significantly smal-
ler than that estimated by Chang et al, R (At™) = 2.59 + 0.09 A.%*

Differences in solubilities of the alkali halides may be due to dif-
ferences in their lattice energies or differences in hydration energies
of their ions. The free energy change of the process lattice to
hydrated ions determines the solubility of MX.

The enthalpy of dissolvation (or enthalpy of solution, AH,) for the
process (MX)s = (M™)yq+ (X )aq is given by AH;=LBE (MX)
+ XAH,,, see Table 1 and represents the difference of two very large
and similar quantities. The free energy of dissolvation (AG,) of the
alkali halides is given by AG; = AH, - TAS.. It was shown by Ladd and
Lee®” that all alkali halides have negative values for AG, except LiF,
which indeed is only sparingly soluble in water. It is very difficult to
find a quantitative relation between the solubility (m) and AG; for all
alkali halides, but we can indicate what the solubilities of the alkali
astatides might be by way of considering NaAt and CsAt. In Table 10,
we have collected the solvation enthalpies, the solvation free energies
and the solubilities (in mol/kg) of the sodium and cesium halides. The
enthalpy of dissolvation (AH,) for MAt was obtained from AH; = LBE
(MAt) + ZAH,, (MAt), where LBE (MAt) is given in Table 4 and ZAH,,
(MAY) = AH,4(M™) + AH,, (At7), where AH,, (Na*) = —463 kJ/mol,*°
AHg, (Cs*)= —331kJ/mol*® and AH., (At7)= —230kJ/mol, see
above.

It can be seen that the relative solubilities of the sodium halides,
including NaAt, are chiefly determined by entropy effects and so, con-
sidering the trend in these, NaAt will be very soluble in water. (For the
sodium halides, there is a very delicate balance between LBE and

—XAH,q, see Table 1.) By contrast, again by considering the trends of
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SPECTROMETRY
MX m® AH° TAS.” AG? MX m?
NaF 1 0 -3 +3 CsF 38
NaCl 6 4 +13 -9 CsCl 11
NaBr 9 -1 +16 -17 CsBr
Nal 12 -8 +23 -31 Csl
NaAt -5 CsAt
2Haynes.””
PLadd and Lee.?”
“This work.

AHg and AG; in Table 10, it might very well be that AG, (CsAt)
becomes positive and thus CsAt may be only sparingly soluble in
water, like LiF (m = 0.05 mol/kg). It is of interest to note”® that the
least soluble alkali halides are LiF, NaF, Csl (and very likely CsAt), with
RbF and CsF being the most soluble, which is in line with the generali-

zation “small likes small and large likes large.”8%7¢

3 | SUMMARY

The bond length in gaseous and solid alkali halides is a good descriptor
for various of their thermodynamic and physicochemical properties.
Good linear correlations are found provided that the metal cation is
kept constant. Such correlations permit the estimation of thermody-
namic and physicochemical properties (solid and gas-phase heats of
formation, sublimation energies, lattice binding energies, gas-phase
dissociation energies and melting temperatures) for the alkali astatides
(MAt) and these are compared with previous estimates and calcula-
tions. All gas-phase alkali astatides are predicted to dissociate to
atoms, not ions, by rapid charge transfer at relatively small internuc-
lear distances (<10 A, 9.7 A for CsAt). By comparison, Csl dissociates
to ions because for Csl charge transfer is calculated to take place at a
significantly larger distance (circa 17 A).

Using the Born-Haber cycle, AH; (At™)g is assessed as —177
+ 5 kJ/mol, which represents a revision of some earlier estimates
(—=197, —191, and —179 kJ/mol). Based on the recently measured
electron affinity of At°, we derive AH¢ (Ato)g = 56 = 5 kJ/mol, which
represents a significant revision of earlier estimates (92 and 97 kJ/
mol). For At, we derive an upper limit for the dissociation energy of
50 kJ/mol, which is considerably less than a previously estimated
value of 116 kJ/mol and much less than the bond strength of I,
(148 kJ/mol). Our results are in agreement with published full relativ-
istic calculations that predict the bond strength of At, (and Ts,) to be
greatly reduced by spin-orbit coupling.

The hydration enthalpy of At~ is estimated to be —230 + 2 kJ/
mol (using AHgq(H) = —1150.1 kJ/mol), which is only 17 + 2 kJ/mol
less negative than the hydration enthalpy of |-, in good agreement
with recent molecular dynamics calculations.
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