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A previous approach (Hancock, R. D.; Bartolotti, L. J. Inorg. Chem. 2005, 44, 7175) using DFT calculations to
predict log K; (formation constant) values for complexes of NHs in aqueous solution was used to examine the
solution chemistry of Rg(l) (element 111), which is a congener of Cu(l), Ag(l), and Au(l) in Group 1B. Rg(l) has as
its most stable presently known isotope a t; of 3.6 s, so that its solution chemistry is not easily accessible. LFER
(Linear free energy relationships) were established between AFE(g) calculated by DFT for the formation of
monoammine complexes from the aquo ions in the gas phase, and AG(aq) for the formation of the corresponding
complexes in aqueous solution. For M2*, M®*, and M** ions, the gas-phase reaction was [M(H,0)e]™*(g) + NH3(g)
= [M(H,0)sNH3]™(g) + H20(g) (1), while for M* ions, the reaction was [M(H20)2]*(g) + NHs(g) = [M(H.O)NHs]*(q)
+ H,0(g) (2). A value for AG(aq) and for AE for the formation of M = Cu?* in reaction 1, not obtained previously,
was calculated by DFT and shown to correlate well with the LFER obtained previously for other M?* ions, supporting
the LFER approach used here. The simpler use of AE values instead of AG(aq) values calculated by DFT for
formation of monoamine complexes in the gas phase leads to LFER as good as the AG-based correlations.
Values of AE were calculated by DFT to construct LFER with M* = H*, and the Group 1B metal ions Cu*, Ag®,
Au*, and Rg*, and with L = NHs, H,S, and PHs in reaction 3: [M(H,0)2]*(g) + L(g) = [M(H.0)L]*(g) + H.0(q) (3).
Correlations involving AE calculated by DMol3 for H*, Cu*, Ag*, and Au* could reliably be used to construct LFER
and estimate unknown log K; values for Rg(l) complexes of NHs, PHs, and H,S calculated using the ADF (amsterdam
density Functional) code. Log K; values for Rg(l) complexes are predicted that suggest the Rg(l) ion to be a very
strong Lewis acid that is extremely ‘soft’ in the Pearson hard and soft acids and bases sense.

Introduction for the covalence of AtL bonds and its accompanying
The chemistry of the monovalent Group 1B metal ions softness. The solution chemistry of Au(l) suggests that it is

(Cu(l), Ag(l), and Au(l)) is interesting, since they are very DY far the softest metal iohwhich means that Aul
‘soft’ in the HSAB (hard and soft acids and bases) sense of Ponding is very covalent. Indeed, Au(l) is at the center of
Pearsor. In addition, the chemistry of Au(l) is dominated &1 ‘island of electronegativity’, with the highest electrone-

by relativistic effectd™s (RE), which appear to be responsible 92tivity” known for any metallic element. It has been
estimate8l that RE increase the electronegativity of Au by
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to how close it is to Au in the periodic table. This raises the
question of what the aqueous-phase chemistry might be like
for Rg(l), the heaviest member of Group 1B. Rg is a
superheavy elemeht! (SHE), elements of which run from
element 104 (Rf) onward and at present are confiffhas
being synthesized as far as Rg (element 111). The SHE
following Lr (element 103, the heaviest actinide) are not
f-block element$ ! but belong to d-block groups and then
main groups of elements as one progresses along the seventh
period. Thus, Rf belongs to Group 4b (Ti, Zr, and Hf), while
Rg is thought to belong to Group 1B. The SHEs include ‘ i ,
element 114, which had been expeétad be at the center 0 2 4 6 8
of an island of stability, with elements with, of the order ' -AG M*'(aq) + NHs(aq) = M(NH3)"" (aq)
of years. The half-life of7/Rg, the most stable isotope of {kcal.mel™)

Rg produced until recen“}}p,,llis only 6 ms. Only one atom Figure 1. AE (corrected for zero point energy) for the formation of
[M(H20)sNH3]2" complexes calculated by DFT in the gas phase (eq 1)

at a time of the SHEs can be synthesii%%},ranging from plotted against experiment#iG(aq) values in aqueous solutidh.The
a few atoms per hour for Rf to only about one per day for correlation coefficient®) for the least-squares best-it line drawn in is 0.981.

Rg. At the present time, direct chemical study, using single ) .
atoms, of up to element 108 (Hs) has been achié¥&d3 can be used to predict gas-phase properties of Rg compounds,

with t, = 14 s for®*Hs, with the gas-phase generation of but so far have not been used to predict those of Rg(l) species

HsOs. The latter is analogous to OsOsupporting the N @gueous solution in any detail. . .

placement of Hs in Group 8B with Fe, Ru, and Os. It appears N recent worR>2¢it has been shown that density functional

that chemical properties may be deduced directly only for the€ory (DFT) calculations cAG(g) for gas-phase reactions

elements with isotopes with, of at least several seconds. ©f the type in eq 1 correlate well withG(aq) for the

In the future, more stable isotopes of Rg may be pro- cprrespondlng equmbrla_ln aqueous solutfdiThese LFER_

duced!#15leading to direct study of its chemistry. There is (linear free energy relationships) thus allow for prediction

already a repoH-1114.150f observation of an isotope of Rg  °f UnknownAG(aq) values, and hence |dg, values, for

with t., of 3.6 s, and one may anticipat&g isotopes with formation of ammonia complexes in aqueous solution. Thus,
. 1 . . 26 . — -+

ty» of the order of up to 1 min. Prediction of its solution it was possibl&2°to predict logKi(NHz) = 1.46 for L#

chemistry could aid in designing appropriate experiments for ahnd i.29 ;;or An%; consisr:ent with their rtlasembling ;"?‘”' d
studying the chemistry of Rg(l). Of course, Rg(l) is of thanides, but with somewhat greater covalence, as indicate

; 3+
considerable interest in relation to how its softness in the by;hl_elftugher Io.gK.ll(NlH3) \{E’;\Iuetse?.alj[oggl(NHg)”for It_% >7
HSAB sense would relate to that of Au(l). Numerous wave- and 0.99 were S":.“ alry estima 0 be smailer at L.
mechanical studié% 2 on Rg(l) show that RE are even more and ©.93, Tespectively.

important for Rg(l) than Au(l), so that one might expect from 2+ . 2+
this alone that Rg(l) would be very soft. Such calculations M(H 006" () + NHy(0) = [M(H0)sNH,| ™ (g) +

AE (from DFT) [M(H:0)s]*"(g) + NHa(g)
MH:0)sNH;]*(g) + Hz0(g) (kealmol ™)
3
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H,0(g) (1)
(% Fricke, BMS_tXJnCJ-eSf”(‘%t%F‘ o o006 45 368, It has been noted thaE for eq 1 correlates as well with
(11) Schidel. M., Ed. The Chemistry of Superhaa Elements Kluwer: AG(aq) values, as doesG(g), so in the present worldE
12) ?Acggfnegrhthier&mg;g’é%?% 503 values were used to draw up the correlations, with the adQed
(13) Pershina, VChem. Re. 1996 96, 1977. advantage that these are easier to calculate. In the previous
(14) Schalel, M. Personal communication. study?>26 values of AE and AG(g) were not obtained for

(15) Oganessian, Yu. Ts.; Utyonkov, V. K.; Lobanov, Yu. V.; Abdullin, ; iEf ;
F. Sh.; Polyakov, A. N.; Shirokovsky, I. V.; Tsyganov, Yu. S the Cu(”) complex of ammo_ma because of dllfflc?u!ty In
Gulbekian, G. G.; Bogomolov, S. L.; Mezentsev, A. N.; lliev, S.; Obtaining a well-energy-minimized structure. This difficulty

Subbotin, V. G.; Sukhov, A. M.; Voinov, A. A;; Buklanov, G. V., has since been overcome, and the results of the DFT
Subotic, K.; Zagrebaev, V. |.; Itkis, M. G.; Patin, J. B.; Moody, K. J.; . . . .
wild, J. F.; Stoyer, M. A.; Stoyer, N. J.; Shaughnessy, D. A.: calculatl_ons on Cu(ll) with Nhlin eq 1 are available as
ggngzegg%,za. M.; Lougheed, R. WPhys. Re. C: Nucl. Phys2004 Supporting Information. The LFER fekE for divalent metal
(16) Héfmann, S Munzenberg, ®ev. Mod. Phys200Q 72, 733. Ions_m eq 1, VerSPS thAG(aq) values, now including Cu__
(17) Eliav, E.; Kaldor, U.; Schwerdtfeger, P.; Hess, B. A.: Ishikawa, Y. (ll), is presented in Figure 1. The LFER has a correlation
Phys. Re. Lett., 1994 73, 3203. coefficient ) of 0.981, showing the excellent relationship

(18) Pershina, V.; Bastug, T.; Fricke, B. Alloys Comp199§ 271, 283. .
(19) Seth, M.; Schwerdtfeger, P.; Dolg, M.: Faegri, K.; Hess, B. A., Kaldor, DetweenAE in the gas phase and theG(aq) value$’ for

U. Chem. Phys. Lettl996 250, 461. formation of the corresponding complexes in aqueous

(20) Pershina, V.; Hoffman, D. C. Ifiheoretical Chemistry and Physics - . . .
of Heary and Superhes Elements Kaldor, U., Wilson, S., Eds.. solution. Figure 1 gives one some confidence that the

Kluwer Academic Press: Dordrecht, Germany, 2003; p 55.

(21) Seth, M.; Schwerdtfeger, P.; Dolg, M.Chem. Physl997, 106 3623. (25) Hancock, R. D.; Bartolotti, L. Jnorg. Chem.2005 44, 7175.

(22) Seth, M.; Schwerdtfeger, Ehem. Phys. Let200Q 318 314. (26) Hancock, R. D.; Bartolotti, L. hem. Commur2004 534.

(23) Seth, M.; Cooke, F.; Schwerdtfeger, P.; Heully, M.; PelissierJM. (27) Martell, A. E.; Smith, R. MCritical Stability Constant Database,
Chem. Phys1998 109, 3935. No. 46 National Institute of Science and Technology (NIST):

(24) O'Grady, E.; Kaltsoyannis, NPhys. Chem. Chem. PhyX)04 6, 680. Gaithersburg, MD, 2003.
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predictions of the solution chemistry of Rg(l) made here will
be quite reliable.

In this paper theAG(g) and AE(g) values for eq 2 are
calculated by DFT for L= NH3, PH;, and SH with M =
H(1), Cu(l), Ag(l), and Au(l), andAE(g) values for Rg(l)
and LFER are established withG(aq) values for related
equilibria for H(l), Cu(l), Ag(l), and Au(l) in agueous
solution?” These LFER are then used to predivG(aq)

values for the aqueous phase equilibria for Rg(l) and also

the corresponding lok; values.
[M(H,0),]"(g) + L(9) = [M(H,0)L] " (9) + H,0(g) @

The ADF (amsterdam density functional) cétleas used
for calculations involving Rg(l) since the DMol3 cddeised

Hancock et al.

Table 1. Values of AE (kcal/mol) Calculated for Group 1B Metal lons
and the Proton by DFT (eq 2), for Formation of Complexes withsNH
with Experimental Values oAG(aq) and logK; for Formation of the
Corresponding Complexes in Aqueous Solutfon

Lewis acid HF Cu*® Ag™ Au™ Rg"
AE (NH3) (DFT)

DMol32 —26.77 —19.89 -—16.96 —28.14
DMol3 (ZPERp —24.77 —18.90 -16.04 -—-27.05
ADF —27.52 —33.8¢
ADF (ZPE) -26.80 —33.17
AG (NHg) (aq) —12.63 —8.09 —452 —13.1 -17.9
log Ky(NHs) 9.22 5.93 3.31 9% 13.1

aReference 25. ZPE AE corrected for zero point energyThis work.
¢ Estimated previousl§2526 d Estimated from Figure 2.

Table 2. Values of AE (kcal/mol) Calculated by DFT (eq 2) for
Complex Formation of Group 1B Metal lons and the Proton withy &bl
Ligand, with Experimental or Predicted Values &d6G(aq) and logKi

for Formation of the Corresponding Thioether ¢SBelow, Which Is

previously has not been set up to deal with elements beyonds(cH,cH,0H),) Complexes in Aqueous Solutidh

Lr (element 103). To ensure that the results from the ADF
code were comparable with those obtained with DMol3,
calculations were carried out for Au(l) using both codes.

Computational Method

The calculations on the H(l), Cu(l), Ag(l), Au(l), and Cu(ll)
complexes employing DMof3 were carried out as described
previously?> The ADF calculations on Au(l) and Rg(l) complexes
were performed with version 2005.01b of the c88#&33 Scalar
relativistic correction® were included via the ZORA to the Dirac
equatior®43% The valence basis sets were taken from the ADF
ZORAITZP directory and employ uncontracted, Slater-type func-
tions of primarily triple< quality. The frozen core approximation

Lewis acid H" Cu* Ag* Au* Rg"
AE (SHy) (DFT)

DMol32 6.75 —7.22 —7.44 —19.80
DMol3 (ZPEy 5.66 —7.36 —7.24 —19.96
ADF —19.49 —25.21
ADF (ZPE) -19.86 —25.69
AG(SR) (aq) 8.0 —-491 —-482 124 -17.9
log K1(SRy) 59 3@ 353 9.9 13.1

aThis work. ZPE= AE corrected for zero point energyEstimated
previously® ¢ Estimated Figure 3 Reference 38¢ Hancock, R. D.; Tice,
K. E. To be published.

Table 3. Values of AE (kcal/mol) Calculated by DFT (eq 2) for
Complex Formation of Group 1B Metal lons and the Proton with; RS
Ligand, with Experimental or Predicted Values A6 and logK; for

was used; Au(4d), Rg(5d), O(1s), N(1s), S(2p), and P(2p). The local Formation of the Corresponding Phosphines§),P(CsH4SOs~, DPPS)

density parametrization of Vosko, Wilk, and Nus&ivas employed

in conjunction with the PBE gradient corrections. The ADF
numerical integration parameter was set to 6.0 in all calculations,
and the energy gradient convergence criterion was set tox4.5
104 au/A in geometry optimizations. The SCF convergence
criterion was set to x 1077,

Results and Discussion

The values ofAE calculated for eq 2 for H(l), Cu(l), Ag-
(), Au(l), and Rg(l) and L= NH; are seen in Table 1. The
agreement iM\E obtained for Au(l) using the DMof3 and

Complexes in Aqueous Solutidh

Lewis acid H Cu*™ Ag* Au* Rg"
AE (PH) (DFT)

DMol32 —-1.67 —14.77 —-1449 3522
DMol3 (ZPEp —2.54 —14.69 —1429 —34.98
ADF —33.81 —46.48
ADF (ZPE) —34.12 —46.96
AG (PR) (agq) —0.86 —-7.86 —11.12 —28.1 —37.3
log K1(PRs) 0.63 5.76 8.15 20% 273

aThis work. ZPE= AE corrected for zero point energyThis work.
¢ Estimated previousl§2526 d Estimated by eq 2.

ADF?28 codes is most encouraging. Similar good agreement €ncourages one to believe that one may reliably include the

is obtained by these two codes for Au(l) for the reactions
where L= H,S and PH, shown in Tables 2 and 3. The

results obtained for Rg(l) using the ADF code with the results
obtained using DMol3 for the other M(l) ions. What Figure

good agreement for the Au(l) complexes using the two codes2 Shows is a good LFER for M(l) ions fakE(g) for eq 2

(28) (a) ADF version 2005.01b; te Velde, G.; Bickelhaupt, F.M.; van

with L NH3;, against AG(aq) for formation of the
corresponding complexes in aqueous solution, viRth=

Gisbergen, S. J. A.; Fonseca Guerra, C.; Baerends, E. J.; Snijders, J'O.989. The correlation allows one to estim#t& for the

G.; T. Ziegler, T.J. Comput. Chem2001, 22, 931. (b) ADF2005
Department of Theoretical Chemistry, Vrije Universiteit: Amsterdam,
2000.

(29) DMol3 is available from Accelrys, San Diego, CA.

(30) Baerends, E. J.; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41.

(31) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322.

(32) te Velde, G.; Baerends, E.J.Comp. Phys1992 99, 84.

(33) Fonseca, Guerra, C.; Snijders, J. G.; te Velde, G.; Baerendslteat.
Chem. Acc1998 99, 391.

(34) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders,|dt.G.
J. Quantum Chenil996 57, 281.

(35) van Lenthe, E.; Snijders, J. G.; Baerends, BH. Chem. Physl996
105, 6505.

(36) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(37) Perdew, J. P.; Burke, K.; Ernzerhof, hys. Re. Lett. 1996 77,
3865.
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formation of the NH complex of Rg(l) in solution as 22
kcal/mol, which in turn leads to lo&;(NHz) = 13.1. The
latter is higher than the highest repofddg K1(NHs) values
of, for example, logKi(NHs) = 9.7 for Pd(ll), 8.8 for Hg-
(1), or 9.22 with H(l).

Soft ligands with S-donors and P-donors are of particular
interest with soft metal ions because of the complexes of
very high stability formed’ It has been found that an
important aspect of correlations such as those shown in
Figures 1 and 2 is the contribution of polarizabifty*! to
the thermodynamics of complex formation in the gas phase.
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Figure 2. LFER betweem\E (corrected for zero point energy) calculated
for eq 2 for the formation of [M(HO)NHs] ™ complexes in the gas phase
versusAG(agq) for the formation of the corresponding complexes in aqueous
solution. The correlation coefficient for the least-squares best-fit line
excluding the point for Rg(l) is 0.989. The arrows indicate the estimation
of AG(aq) for the formation of the Rg(l)/ammonia complex in aqueous
solution.

22

Polarizability effects stabilize complex ions formed in the
gas phase by distribution of the charge over the whole
complex ion and are size-dependent. Thus, complexes forme
by cations such as Hor Li* are stabilized simply by the

size of the ligand, and conversely, the smaller the metal ion,
the greater is its response to polarizability effects. In the gas

phase AG of protonation of amines increases very strongly
along the series Nii< CHzNH; < (CH3),NH < (CHz)sN38,
The latter effect is largely due to polarizability, with a much
smaller contribution from inductive effects. In solution,
polarizability effects are quenched due to H-bonding, which
distributes charge over the solvent in the vicinity of the cation
or anion. Thus, in aqueous solutfdrthe differences in

basicity along the above series of mono-amines is small. Use

of waters of solvation on metal ions in the form of
[M(H20)e]™ or [M(H20)sNH3]"" species in the gas phase
in eq 1 in the form of ‘clusterg®?%is an attempt to minimize
polarizability effects by decreasing differences in size of the
Lewis acids. For replacement of a water oA"™Nby NHz in

eq 1, the contributions of polarizability effects are minimal
because the difference in size betwee®tdnd NH is small.

For ligands that are significantly larger than the coordinated
H,O molecule that is displaced, such as g8 or (CH;)3P,
one could reduce the contribution of polarizability effects

[M(H,0)SH, ]+ Hy0

-AE(DFT)(g)
{kcal/mol)

M(H,0),]* + H,S

-AG (ag) M + SHy = M(SHy) (kcal/mol)

Figure 3. LFER betweem\E (corrected for zero point energy) calculated
for eq 2 for the formation of [M(HO)SH;]™ complexes in the gas phase
versusAG for the formation of thioether complexes in aqueous solution
(ref 27 and Table 2). The correlation coefficieR) for the least-squares
best-fit line excluding the point for Rg(l) is 0.989.

or (CHs)sP = L for DFT calculations in eq 2AE for the
small proton is much too large compared\h for the large
Group 1B metal ions, which it seems reasonable to attribute
to polarizability effects. A simpler approach to minimizing
polarizability effects is to use models of&Rand RP ligands
that are not very different in size from the®l displaced in
he complex-formation reaction. Thus, Send PH have
een used in the gas-phase DFT calculation®\Bf for
eq 2 for comparison withAG of formation of SR
(R = —CH,CH,OH) (thiodiethanol, TDE) and PRR"
complexes (R= phenyl, R = CsH,SG;~, DPPS) in aqueous
solution?’
In Figure 3 is shown the correlation betweth calculated
in the gas phase for formation of $Homplexes and
aqueous-phase values A5(aq) for the formation of TDE
(SR,) complexes. Excellent linearity is obtained, wkih—
0.989, allowing for estimation oAG(aq) for the formation
of [Rg(H0)R,S]" of —17.9 kcal/mol, and hence Idg; =
13.1. A similar correlation to Figure 2 is obtained for £H
as ligand (not shown), where the solution thermodynamics
refer to the sulfonated phosphine ligand diphenylphosphi-
nosulfonic aci@’#?>44 (DPPS). The relationship leads to eq
3, which fits the data withR = 0.994.
AE(DFT, g)= 1.18AG(aq) + 2.3483 3)
The value of AE for the formation of the phosphine
complex of Rg(l) in Table 3 0f-46.48 kcal/mol thus leads
to a predicted logK; for Rg(l) with DPPS of 27.3. It has

by adding more water molecules to the metal aqua ion in heen suggestétifrom ab initio studies that Rg(l) will be a
the gas phase, which would be the addition of a secondpighy unstable oxidation state. The very high Kgvalues

sphere of water molecules. This approach is being examined,yith soft ligands here suggests that, like Au, the monovalent
but clearly it would be computationally much more demand- siate will be strongly stabilized by ligands such as phos-
ing. Work with the 2-coordinate [M(ED)L] " ions of Group  phines; as well as other soft ligands such as Cldoes

1B suggests that the one or two waters present are insufficient, ¢ apped that an actual value of the standard reduction
to quench polarizability effects. Thus, if one uses ;8

(42) Wright, G.; Bjerrum, JActa Chem. Scand.962 16, 1262.

(43) Ahrland, S.; Chatt, J.; Davies, N. R.; Williams, A. A.Chem. Sac
1958 276.

(44) Hulten, F.; Persson, Inorg. Chim. Actal987 128 43.

(45) Keller, G. L.; Nestor, C. W.; Carison, T. A. Phys. Cheml973 77,
1806.

(38) Taft, R. W.Prog. Phys. Org. Chenl983 14, 247.

(39) Deakyne, C. Alnt. J. Mass Spectron2003 227, 601.

(40) Dearden, D. V.; Liang, Y.; Nicoll, J. B.; Kellersberger, K. A.Mass.
Spectrom2001, 36, 989.

(41) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875.
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potential E°, has been estimated for R@q). However, one
may estimate from the valuEsof E° for the other Group
1B M*(aq) ions thate® for Rg*(aq) might be about-3.2
V:

metal ion:

E°(V)

Cu (aq)
+0.52

Ag (aq)
+0.80

AU (aq)
+1.69

Rg (aq)
~+3.2

It is not clear thatE°® for Rg*(ag) can be obtained

accurately as above from a simple progression involving the

known values for the other Group 1B*Mons since REs
cause the ionic radius of Rdo contract®''to be similar to
that of the smallest Group 1B cation, Guvhich would make

Rg" have a higher hydration energy, possibly leading to a

lower E°. A reviewer has pointed out that Rfpas a 6&7<
configuration’® as compared to the Stconfiguration of
Au™, and that the relativistic contraction of Rgs entirely

due to the 7s contraction. If, for purposes of the present

discussionE® for Rg*(aq) is considered to be aboti3.2

V and that logfS,(L) for Group 1B M' ions”’ tends to be
about 2 x log Ky(L), one can estimate the following®

values for Rg(l) complexes:

[Rg(NHy),] " (aq)+ e~ — Rg(s)+ 2NH,(aq)
E°=+1.8V (4)

[Rg(PR),]" (ag)+ e — Rg(s)+ 2PR(aq) E°=-0.1V

Hancock et al.

Table 4. Softness of Group 1B Metal lons Calculated Following the
Method of Pearson and Mawtyand the Wag Anglestj Calculated
Here by DFT for the Group 1B [M(ED);]™ lons

Lewis acid H(1) cu(l) Ag(l)  Au() Rg(l)
softnes$, S 0.062 0.743 0.864 1.252 1.375
wag anglé 38.8 32.8 33.6 47.7 56.6
(0) (deg)

2 The softness parametes) for each Lewis acid is given by the ratio of
the DFT calculated\E values for eq 2, namelAE(L = PHg)/AE(L =
NHs), as discussed in the te¥tThe wag angleq) is the angle between
the plane containing the coordinated water molecule and th®©Nbond
(see Figure 4).

Figure 4. Structure of the Rg(l) agua ion generated here by DFT, showing
the large value of the wag anglé)(

this using the approach of Pearson and Mawbwhere
hardness/softness of metal ions is quantified using gas-phase
heats of formation of halide complexes. Thus, the hardness
parameter])p, for any metal ion is effectively the ratio of
the gas-phase heat of formation of the metal ion complex

(PR; = DPPS, diphenylphosphinobenzenesulfonic acid) with a very hard halide ion (F to that of a very soft ion

®)
The logK; values for the Ag(l) and Rg(l) complexes with

DPPS are 8.15 and 27.3 (Table 3). By simple proportion,

with?” log 5> = 20.5 for [Ag(CN})]~, one might expect log
p2 for [Rg(CN)]~ to be about 67, which would yield

[RO(CN)] (agq)+e — Rg(s)+ 2CN (aq) E°= —0.8(%

Assuming E° for the Rg'(ag) ion to be very high, as

estimated above, only the more powerfully complexing

ligands such as phosphines and Ciould form stable

complexes with Rg(l) in aqueous solution. Complexes with

more weakly complexing ligands such agSRNH;, or CI-

would be very unstable, particularly to disproportion into

the more stabf® Rg(lll) species plus metallic Rg. This would
resemble, for example, [Augl, which in aqueous solution
disproportionate8 into [AuCl,]~ and metallic gold. Equation

6 suggests that, like Au, metallic Rg would dissolve readily

in dilute CN" solutions in the presence of air.

The soft nature of Rg(l) can be judged from its predicted

very high logK; values with soft ligands. One can quantify

(46) Pershina, V. InRelatwistic Electronic Structure Theory, Part 2.

Applications Schwerdtfeger, P., Ed.; Elsevier: Amsterdam, 2004; p
1

(47) Lide, D. R, EdHandbook of Chemistry and Physi@&5th ed.; CRC
Press: Boca Raton, FL, 2005; pp-80.

(48) Kaldor, U.; Eliav, E.; Landau, A. IRecent Adances in Relatistic
Molecular Theory Hirao, K., Ishikawa, Y., Eds.; World Scientific:
Hackensack, NJ, 2004; p 283.

(49) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.,
Wiley: New York, 1988; p 948.
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(I7). An analogous approach here gives a softness parameter
(Table 4) that is the ratio okE in the gas phase for formation
of the PH complex compared to that for the Nidomplex
in Tables 1 and 3.

It has also been suggestethat the wag angled) between
the plane containing the coordinated water molecule and the
M—O bond (see Figure 4) increases with increasing cova-
lence in the M-O bond. Thus, for very ionic bonding, is
zero, while for covalent bonding, it approaches the $4.7
expected for a regular tetrahedron. It is interesting to note
that the values fof predicted for the Group 1B ions are
consistent with the idea that the bonding in Rg(l) complexes
is very covalent and that Rg(l) would be the softest member
of Group 1B.

The DFT calculations oAE for eq 2 with L= NHj3, H,S,
and PH are encouraging in that they reproduce the subtleties
of HSAB behavior seen in aqueous solution. Thus, with the
hard NH;3 ligand, logK; for the hard H ion is much greater
than Cu, which is greater than for the softekg™ ion. With
the soft HS and PH ligands, this order of preference is
reversed, as would be expected, and is that obs€nied
aqueous solution, where the proton now forms the least stable
complex. The behavior of Au(l) and Rg(l) reflects the fact
that not only are they very soft but they are also stronger
Lewis acids than the other M(l) ions. The authors anticipate
carrying out studies of the kind reported here for Rg(l) with
other SHEs, such as Rf(IV) in comparison to other M(IV)
ions or Mt(lll) compared to other M(lll) ions, with a view

(50) Pearson, R. G.; Mawby, R. J. Halogen ChemistryGutmann, V.,
Ed.; Academic Press: New York, 1967; Vol. 3, p 55.
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to making more extensive predictions of the aqueous Supporting Information Available: Structures of Au(l) and
chemistry of these elements. Rg(l) complexes generated by DFT and discussed here, tables of
. . AE and AE(ZPE) for reaction 2 reported here, and DFT calculated
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