CHEMISTRY

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200800987
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Abstract: A self-consistent system of
additive covalent radii, R(AB)=r(A)

+ r(B), is set up for the entire periodic
table, Groups 1-18, Z=1-118. The pri-
mary bond lengths, R, are taken from
experimental or theoretical data corre-
sponding to chosen group valencies.
All r(E) values are obtained from the
same fit. Both E-E, E-H, and E-CH,

same group are included. For the late
main groups, the system is close to that
of Pauling. For other elements it is
close to the methyl-based one of
Suresh and Koga [J. Phys. Chem. A
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2001, 7105, 5940] and its predecessors.
For the diatomic alkalis MM’ and hal-
ides XX', separate fits give a very high
accuracy. These primary data are then
absorbed with the rest. The most nota-
ble exclusion are the transition-metal
halides and chalcogenides which are re-
garded as partial multiple bonds. Other
anomalies include H, and F,. The stan-

data are incorporated for most ele-
ments, E. Many E-E’ data inside the

elements

Introduction

The aim of additive covalent radii is to express approximate-
ly, as given in Equation (1), a bond length as the sum of two
atomic radii.

Rag=ra+rs (1)

A well-known source for such covalent radii for single
bonds are books by Pauling.-? For metallic bonding see ref-
erence [3]. A more recent list is the VCH periodic table.”
In simple terms, the single bond corresponds to a o® electron
pair in a bonding molecular orbital, as in ethane, H;C-CHs,,
or to a corresponding net excess, as in Cl,.

In pure-bred form the radii are obtained by halving a ho-
monuclear bond, as shown in Equation (2).

r(E) = R(E — E)/2 2)

Another possibility is to choose, as a standard, a group of
moderate electronegativity, such as a methyl group. Then
the radius of element E is obtained by subtracting r(C) from
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dard deviation for the 410 included
data points is 2.8 pm.

R(E-C). This was used by Alcock?! and later by Suresh and
Koga,' who employed their own calculated H;C-EH,, dis-
tances as data set. For ionic radii in crystals, this has been
the standard procedure since the times of Bragg! or Wa-
sastjerna,® notably including the ionic radii by Shannon and
Prewitt.”!"! Batsanov!'!! used both E-C and E-H distances.
He, however, added an electronegativity correction. In his
book!'? he added E-E data, but the details are not given. A
later attempt to introduce different r for different oxidation
states was also made by him."

Based on massive data mining from the Cambridge Struc-
tural Data Base (CSD), and fixing the radii for carbon (sep-
arately for the three usual hybridizations), nitrogen, and
oxygen, Cordero et al."! recently gave a new set of putative
single-bond covalent radii for the elements 1-96.

Our approach to covalent radii is somewhat different. We
treat all elements and all admitted data points as equal. All
radii are then obtained self-consistently through a least-
squares fit. Specific molecular coordination numbers and ox-
idation states are chosen for each element involved. We re-
ported such a set of triple-bond covalent radii for elements
from Be to E112 in reference [15]. Their later usage has
given many further confirmations and no radical deviations
for this set.

A problem which one of us has been studying since
1978061 was that of effective covalent radii for bonds be-
tween transition metals (M=TM) and halides, X, on one
hand, and the corresponding M-H and M-CHj; bonds, on
the other hand: If the Pauling halogen radii are accepted for
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these nominally single M—X bonds, rather small r(M) are
obtained. To make the M-H and M-CHj; distances fit, one
then needs a large, “hydridic” r(H) of about 58 pm. The cor-
responding 7(C) was 97 pm. Our proposal has, fortunately,
been completely neglected by the scientific community. We
here make a new proposition. Our recent work has led us to
believe that the M—X bonds actually have a partial multi-
ple-bond character, coming from mn(X)—m(M) donation.
Therefore our new proposition is to simply omit the transi-
tion-metal M—X bonds from any single-bond data set. TM—
halogen bonds are not single. (Obviously, ionic attraction
terms may also shorten the bond.) The included points will
fit to a self-consistent system, from Group 1 to Group 18.

One earlier example of such, suggested, partial multiple
bonding was UFg. If all the occupied g MO:s would bond to
U 6d and all the occupied u MO:s to U 5f, uranium hexa-
fluoride would have a nominal bond order of 3/2, instead of
one.'”!

Finally note that for crystals, instead of ionic radii, one
can derive a self-consistent set of ion volumes.!"!

Abstract in Finnish: Alkuaineille 1-118 on mididrdtty yksin-
kertaisille sidoksille luonteenomaiset kovalenttiset siteet,
R(AB)=r(A) + r(B). Seki kokeellisia etti teoreettisia sidos-
pituuksien R arvoja on kiytetty aineistona. Kullekin alkuai-
neelle on kiytetty sille tyypillisii koordinaatiolukuja. Kaikki
sdteet r on mddrdtty tasa-arvoisin perustein samassa sovituk-
sessa. Useimmille alkuaineille E on kaytetty sidoksia E-E,
E-H ja E-CH;. Lisdksi pddryhmien sisdisid E-E' sidoksia on
kdytetty. Myohdisten pddryhmien sdteet r ovat lihelld Paulin-
gin arvoja. Muiden alkuaineiden sdteet ovat lahelli Sureshin
ja Kogan [J. Phys. Chem. A 2001, 105, 5940] metyylipohjai-
sia arvoja. Kaksiatomisille alkalimetallimolekyyleille MM' ja
halogeeneille XX' suoritetut erilliset sovitukset antavat erittiin
suuren tarkkuuden. Samat alkuaineet sisdltyvit myos koko
systeemiin. Tirked havainto on, ettd siirtymdametallien halidit
ja kalkogenidit on jitettiva tarkastelun ulkopuolelle koska
niiden sidokset on luokiteltava osittaisiksi moninkertaissidok-
siksi. Aineisto kasittdd 410 pistettd ja tulosten neliollinen kes-
kipoikkeama on 2,8 pm.

Abstract in Japanese:

FFESE IS N8ET, R 125 BETOFHROLZTOTRITT 2 KXERES
FrA)DEE RO, CTOVAT AL 2T, FLDENDHEEE L RAB) =1(A) - 1(B)
EVCHSHIEHETEZ AR, RTERERIEGE ROLy b, BrORFEDEEIS
ICT 2 EBRBLCHROT - 3P 5EAK., ThEDF—-2DLy MIED LOIET
D IENENB BRI, 1EEAEDTHREICDVTIE, EE, EHE& ECH OF— 22D\ T
LI 5, FEOTROMTIE., £ DERELR VALY, TRIICTHEETOARE VS
DR DVTER Y L T OB, ERDTHRICVTOER, AL v 2 EHEE (L
Phys. Chem. A2001, 105,5940]0/KELIBTDRILT, A F L EEFEEL TRDH L DISEV,
2FEFTAHVDF MMENRY ST XXICOVTE, thehflEc 7+ v FEEE
3 EFBEIBCEEORENBLNS, M IhbORELLREF - 2LHDOLOERY
AAT, T O, BEEE AT EME L ar o FEEIERA Lc. Thbk,
BHOBBREEEDLBLERIMOTH S, OMICRI LIS DT H k 2D 3,
410DF — 2k EH, BERZI 28 TH S,
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The working equations are listed in the Appendix. The
homonuclear systems (2) do introduce a certain emphasis
for radii, included in them (see Equation (5)).

Results and Discussion
‘Sharp’ results for partial sets
Alkali metal dimers: A fit to the available experimental R,

values for the 13 alkali-metal dimers in Table 1 gives the
very small standard deviation of 6 =0.84 pm. These “sharp”

Table 1. The experimental and calculated R, values (in picometers) for
alkali metal dimers.”) The experimental reference is Huber and Herz-
berg,™™ unless otherwise stated.

Molecule Exptl Calced Ref.
Li, 267.29 268.6

LiNa 288.5 2882 el
LiK 331.915 330.2 &7l
LiRb - 344.7

LiCs 366.81 366.5 B8l
Na, 307.887 307.8

NaK 349.9035 349.8 159]
NaRb 364.35 364.3 (6ol
NaCs 385.063 386.2 1
K, 390.51 391.9

KRb 406.85 406.4 2
KCs - 428.1

Rb, 420.99 420.9

RbCs 441.84 4427 3l
GCs, 465.1 464.5 [64]

[a] The radii from this specialized fit are: Li 134.3, Na 153.9, K 195.9, Rb

210.4, Cs 232.2.
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alkali radii predict for the unknown CsK an R, of 428.1 pm.
The theoretical value of 425.3 pm by Korek et al.l'”! is not
accurate enough to be useful. For LiRb the sum of radii pre-
dicts an R, of 344.7 pm. This correlation is shown in
Figure 1.

Here one should notice that the r(Cs) of 253 pm, used in
the Wiley-VCH Table, appears to be a perpetuated misprint
of an earlier value of “235” pm, used by Sanderson.” That
older value is close to our current one.

Specialized fit for dialkalis, MM’, M=Li-Cs
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Figure 1. A comparison of the predicted bond lengths for alkali metal
dimers with the experimental R, values. For the data, see Table 1. No ex-
perimental R, are available for LiRb and KCs.
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In our comprehensive and final data set we add the avail-
able alkali hydride and methyl alkali distance data. Theoret-
ical data for the heaviest alkalis are added, as well.

Dihalides: Similarly, a three-parameter fit to the six diha-
lides in Table 2 gives an excellent agreement for CI-I. The
mean-square deviation is only 0.29 pm. These halide radii

Table 2. The experimental and calculated R, values (in picometers) for
halogen dimers.”"! The experimental reference is Huber and Herzberg®!
in all cases.

Molecule Exptl Calcd
Cl, 198.8 198.8
CIBr 213.6 2135
ClL 2321 232.6
Br, 228.1 2282
Brl 246.9 247.3
L 266.6 266.4

[a] The radii from this specialized fit are: Cl 99.4, Br 114.1, I 133.2.

are close to those of Pauling. If one subtracts these halogen
radii from the experimental distances of the three fluorides
XF, X=CI-I, the resulting average r(F) becomes 61 pm.

The F, molecule is a special case. Its electronic structure
has a strongly multiconfigurational character, see, for exam-
ple, Blomberg and Siegbahn.?!! Pauling® first obtained his
r(F) of 64 pm (identical with our final value) by erroneously
using the bond length of, what later turned out to be an ex-
cited state of F,.® We omit the F, data point as atypical
from the present fit.

Alkali halides: At the opposite, ionic, extreme, the bond
lengths of the alkali halides can be expressed as the sum of
ionic radii (Table 3). In a broader sense, also the hydrides
MH and the aurides MAu; M =Rb,Cs can be included, see
Fit 2. Our fits should be regarded as a refinement of that of
Collin and Smith.”¥ In these fits the cations are small and
the anions large.

Table 3. The fitted ionic radii (in picometers) for diatomic molecules
MX. N is the number of data points and 6 the mean-square deviation for
the fit (1). Most R values are from Huber and Herzberg.”” The “hard
sphere” diatomic radii of Collin and Smith®! are given for reference.

Atom Fit 1 Fit 20! Ref. [24]
M=Li 37.8 39.0 44.61
Na 70.9 70.3 74.74
K 102.9 103.1 103.97
Rb 115.4 1152 114.68
Cs 1282 1275 125.37
X=F - 114.4 103.97
Cl 163.5 163.5 165.85
Br 178.9 178.8 179.71
I 201.6 201.5 199.08
Au - 196.0 -

H - 120.3 -

[a] N=15, 6=0.85 pm. M =Li-Cs, X=CI-I. [b] N=26, 6=1.56 pm. M=
Li-Cs, X=F-I, Au, H. NaF, CsF data points omitted.
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In this fit the cation size differentials rather reflect the
sizes of the outermost core orbitals. Hence Li*, 1s* is very
small. The differentials of the halogen radii from Cl to I are
similar for the covalent and ionic sets.

The total fit

General remarks: Both theoretical and experimental data
were used in the present “total” fit. The primary data are
given in Table 4. Some omitted cases are given in Table 5.

The computational methods and the fitting approach are
discussed at the end. The converged radii are given in
Figure 2 and the deviations from the predicted values are
shown in Figure 3. Concerning the various groups of the pe-
riodic table we note the following:

Hydrogen: As discussed by Batsanov,” H, is anomalously
long, having no core electrons. It is omitted from the present
data set. If it were added, the r(H) would remain 32 pm but
the standard deviation would increase by 0.04.

Group 1: For francium we use theoretical data for Fr,,
RbFr, and CsFr.’ The additional hydride- and methyl-
based data, and the heavy Fr change the alkali-only radii in
Table 1 only slightly. As discussed earlier,*”’ the CsH mole-
cule has considerable 5d character in its bonding. It is hence
anomalously short, and removed to Table 5.

Group 2: Here we include the neutral dihydrides MH, for
M=Be-Ra, and the dimethyl compounds for M =Be-Ba.
The recently studied single Mg-Mg bonds of about
285 pm™®?! are coherent with the present r(Mg). The pre-
dicted Ca—Ca bonds™! of about 380 pm are clearly longer
than 2r(Ca).

Group 3, lanthanides, and actinides: The lanthanides were
treated by wusing computational data for the LnH;,
(Cp),LnH, and Ln(CHj;); molecules. For actinides we mainly
used our own calculations for model hydrides. Species with
higher coordination numbers (than 3) were included for Th—
Pu. Notice that Eu and YD prefer to be divalent. An anoma-
lously long r is then obtained, whether the LnL, or LnL;
models are employed. The present YbH, R of 211.6 pm is
near an HF value of 208 pm.*”! We therefore relegated the
Ln" data to Table 5 and used in the fit the data for Eu™™ and
YbHI.

As discussed in the introduction for d-transition metals,
also for the f-transition metal trihalides the M—X distances
(M =Ln, An) are clearly shorter than predicted by the pres-
ent radii.’’! Both multiple bonding and ionicity may contrib-
ute.

Group 4: Tetrahedral hydrides and methyl compounds were
mainly used.

Group 5: Five-coordinate hydride and methyl compounds
were used.

Chem. Eur. J. 2009, 15, 186—197
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Table 4. The single-bonded species, used in the fit. In addition, all data in Table 1 are used. Unspecified references are from Huber and Herzberg.™”!

Z, Z, Distance Species Reference Z, Z, Distance Species Reference Z, Z, Distance Species Reference

3 3 26729 Li 1 10 99.1195 NeH* (85 1 42 1703 CH=MoH, (10s]

6 6 1531 C,Hy 61 p914, 1 1 11 188.66 NaH 1 42 1702 CH=MoH,F 1%

6 6 1537 C(CH,), (71 1 12 173 MgH, (671 1 43 1598 TcH; PW

6 6 154 diamond 1631 p.913 1 13 1575 ALH, 8 B3LYP 1 44 1567 RuH, PW

7 7 1453 N,H, 61 p803(IR) 1 13 158.4 AlH, 5 B3LYP 1 45 1617 RhH, PW

8 8 1217 O,F, 1631 p.502 1 13 159 AlH, (671 1 45 152 RhH, (o7}

11 11 307.887 Na, 1 13 1597 AlH, 831 MP2 1 46 1517 PdH, 191 open
LA, state

14 14 235 Si(s) 1631 p.986 1 14 148 SiH, 51 p.914 1 46 1522 PdH, 1 p.550

14 14 236 Si[Si(CH3)s], 1 15 142.06 PH, 1651 p.846 1 47 161791 AgH (961

15 15 2212 P,Me, (6] 1 16 134 H,S (7 1 48 1664 CdH*

15 15 223 P(black) 631 p.89 1 16 1345 H,S, (84) 1 48 167917 CdH, (109]

16 16 202 S;Me, 1631 p.728 1 16 135 H,S 651 p.705 1 48 1714 HCdCdH PW, SDD

16 16 205.5 S,H, (69 1 16 1352 H,S, () 1 49 1728 InH, (1101

17 17 19879 Cl, 1 17 12749 HCI 1 49 175 InH, 831 MP2

19 19 39051 K, 1 18 128.056 ArH* 87 1 49 175 InH, (1

29 29 221.927 Cu, (70 1 19 224 KH 1 50 170 SnH, 5] p.915

30 30 237.5 HZnZnH 71 1 20 200 CaH, (7 1 50 171 SnH, (7

30 30 236 Ar-ZnZn-Ar (72l 1 20 203 CaH, (53 B3LYP 1 51 1695 Sb,H, 73l

30 30 230.5 (Cp*)ZnZn(Cp*) [ 1 21 1813 ScH, (9] 1 51 1704 SbH, 9]

32 32 241 Ge,H; 631 p.914 1 21 1835 ScH, Pl ccsp(T) 1 51 1707 SbH, 51 p.879

32 32 245 Ge(s) 74 p.24 1 22 1688 TiH, 1 p.550 1 52 164 Te,H, (9]

33 33 2429 As,Me, (6] 1 22 1711 TiH, “11 BP86 1 52 1644 Te,H, 73l

34 34 229 Se,Ph, 1631 p.728 1 22 1717 TiH,Me, 2l 1 52 166 TeH, (671

34 34 233 Se,Me, 1631 p.728 1 23 1622 VH; PW 1 52 169 TeH, (1oor;
B3LYP+SO

34 34 2346 H,Se, 73l 1 23 1698 HC=VH,F- ™ 1 53 16099  HI

35 35 228105 Br, 1 24 1542 CrHq(av) 1 p.550 1 54 1602813 XeH™ (112}

37 37 42099 Rb, 1 24 1535 CrHg(av) 4] 1 56 223 BaH, (671

47 47 253.03 Ag, el 1 25 1512 MnH; PW 1 56 2281 BaH, (1131

48 48 269.6 HCACdH PW 1 26 148 FeH, PW 1 56 2287 BaH, (58]

50 50 277.6 Sn,(CH;), 71 1 27 1431 CoH, PW 157 2111 LaH; %] 4-comp
MP2

50 50 280 Sn(grey) 8l 1 28 1417 NiH, 1, p.550 1 57 212 LaH; (114

51 51 281.8 Sb,Me, 77 1 28 1426 NiH, sl 1 57 2142 (Cp),LaH (1131

52 52 268.6 Te,(CH;), 77 1 29 146.2543776 CuH el 1 58 1942 CeH™, (89

52 52 2762 H,Te, 31 MP4 1 30 15035 (Cp)ZnH PW 1 58 1959 (Cp),CeH* 1113

53 53 26663 1, 1 30 15125 1-Zn-H PW 1 59 208 PrH, (14

55 55 465.1 Cs, 1 30 1514 ZnH™* 159 2093 PrH, (89]

77 77 241.7 H,Ir-IrH, 71 p.414 1 30 15239 ZnH, 7 1 59 2112 (Cp),PrH (113]

78 78 2483 HPtPtH 71 p.414 1 31 1556 Ga,H; 8] 1 60 207 NdH, PW

79 79 24719  Au, 1 31 1567 GaH, 58] 1 60 2099 (Cp),NdH ]

80 80 2682 HHgHgH PW 1 31 1587 GaH, 531 MP2 1 61 206 PmH, PW

82 82 28697  (Bp);Pb— 1 32 153 GeH, (671 1 61 2088 (Cp),PmH (11s]

Pb(Bp);

82 82 288 Pb,(CH,), 631 p.915 1 33 1513 AsH, 31 1 62 204 SmH, PW

83 83 304 Bi,(SiMe), 3l 1 33 1519 AsH, 51 p.879 1 62 2078 (Cp),SmH (11s]

84 84 289.9 Po, H, sl 1 33 1511 AsH, 9] 1 63 233 EuH -, (1141

84 84 291 Po, H, [ 1 34 145 Se,H, (9] 1 63 2331 (Cp),EuH" (11s]

85 85 297.9 At, 81 1 34 1459 Se,H, sl 1 64 202 GdH, PW

87 87 447 Fr, el 1 34 146 H,Se 51 p.705 1 64 2059 (Cp),GdH (11s]

1 2 7143 HeH™ 2] 1 34 1467 H,Se (o] 1 65 201 TbH, PW

B3LYP+SO

1 3 1594 LiH 1 35 141456 HBr 1 65 2045 (Cp),TbH (11s]

1 4 134 BeH, (71 1 36 14211904 KrH* oy 1 66 200 DyH, PW

1 5 118 BH, (71 1 37 236.6808 RbH (o] 1 66 2031 (Cp),DyH (11s]

1 5 1191 BH, 831 MP2 1 38 215 SrH, (67] 1 67 199 HoH, PW

1 6 109 CH, 1 38 2164 SrH, 531 B3LYP 1 67 2018 (Cp),HoH (11s]

1 6 111 C,H, 631 p.914 1 39 1971 YH, (] 1 68 198 ErH, PW

1 7 1008 N,H, (84] 1 40 185 ZrH, 1 p.550 1 68 2005 (Cp),ErH (11s]

1 7 1011 NH,(CH;) 631 p.914 1 40 1868 ZrH,Me, (03] 1 69 197 TmH, pPWi

1 7 1015 NH, 1631 p.793 1 40 187 ZrH, 271 1 69 199.4 (Cp),TmH (113]

1 7 1022 NH(CHs,), 1631 p.793 1 40 1875 CH,=ZrHCl [ 1 70 2015 YbH, PW

1 8 9% H,0 1631 p.653 1 41 1755 NbH; PW 1 71 1922 LuH, %] 4-comp.

1 8 97 H,0, (69) 1 41 1837 HC=NbH,F @I MP2

1 9 9176 HF 1 42 1662 MoHg(av) 1 p.550
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Table 4. (Continued)
Z, Z, Distance Species Reference Z, Z, Distance Species Reference Z, Z, Distance Species Reference
1 71 19 LuH, PW 1 94 2081 PuH, pw,=l 6 15 1838 P,Me, (68]
B3LYP °A,
1 71 1972 (Cp),LuH (s 1 95 2026 AmH, PW 6 15 1843 P(CH,); 651 p.846
1 72 1832 HfH, 1 p.550 1 96 1984 CmH, PW 6 15 1847 P(CH,), 7] (ED)
1 72 185 HfH, 7 1 97 1996 BkH, PW 6 16 1802 S(CHs), 7] (MW)
1 72 1869 CH,=HfHCl (104 1 99 1972 EsH, PW 6 16 1807 (ED)
1 73 1769 TaH; PW 1 100 199.1 FmH, PW 6 16 1819 MeSH (84]
1 73 1839 HC=TaH,F- 3l 1 101 2046 MdH; PW 6 17 1785 CICH, 7 (MW)
1 74 16845  WHg(av) 71 p.550 1 102 207.8 NoH, PW 6 19 2698 K-CH, (141]
1 74 169 WH;(av) [116.117] 1 102 2122 NoH, PW, 132 6 20 2452 CaMe, (1131
1 74 1719 CH=WH,F (106l 1 103 193.4 LrH, ] 4-comp. 6 20 2487 CaMe, (1421
MP2
1 75 1626 ReH; 71 p.391 1 103 1972 LrH, PW 6 21 2183 ScMe, (89
1 75 163 ReH; PW 1 104 189.1 RfH, PW 6 22 205 TiH,Me, 2l
1 75 166 H,Re—ReH, 71 p.414 1 105 1817 DbH, PW 6 22 2085 TiMe, (143,144]
1 76 1594 OsH, PW 1 105 180.9 DbH; PW 6 29 186.6 CuMe (145
1 76 160.1 OsH, 71 p.391 1 106 176.5 SgH; PW 6 29 1922 CuMe,” (1431
1 76 161.4 H,0s-OsH; 71 p.414 1 106 178.688 SgH, PW 6 30 193 Zn(CH;), 7 (ED)
1 76 163.0 OsH, sl 1 107 1722 BhH, PW 6 31 196.7 Ga(CH,); 7 (ED)
1 76 1653 ReH,Me 71 p.398 1 107 174355 BhH; PW 6 32 1945 Ge(CH;), 7 (ED)
1 77 1545 IrH,Me 71 p.398 1 108 165.3 HsH, PW 6 32 195 GeH,(CH;), ' p.914
1 77 1543 IrH, PW 1 108 1656 HsH, PW 6 32 1% (H;Ge);CH ! (ED)
1 77 1548 IrH, 71, p.391 1 109 162.999 MtH, PW 6 32 197 (H;Ge),C 141 (ED)
1 77 1553 H,Ir-IrH, 71 p.414 1 110 156.855 DsH, PW 6 33 19.8 As(CH,); 1 (ED)
1 78 1518 MePtH 71, p.398 1 110 1627 DsH, PW 6 34 1943 Se(CH;), 7 (MW)
1 78 152 HPtPtH 71 p.414 1 111 1499 (E11DHH 1331 SOPP/ 6 35 1932 BrCH, 71 (MW)
CCSD(T)
1 78 152 PtH, 71, p.550 1 111 151 (E111)H (1341 6 37 2859 Rb-CH, (141
1 78 1520 PtH, s 1 111 1529 (E11)H (s3] 6 38 2621 SrMe, (42)
1 78 152 HPtCH, (119.120] 1 111 1543 (E11DHH PW ADF 6 39 2348 YMe, 9
1 79 1523675 AuH el 1 111 154.6 (E11DHH (1361 BDF 6 40 2273 ZrMe, (144]
1 80 159.44  HgH* 1 112 1517 (E112)H* (157) 6 41 2204 Nb(CH;)s (147)
1 80 163315 HgH, t21] 1 112 1583 (E112)H* 1] 6 47 2111 AgMe 041 MP2
1 80 168.7 HHgHgH PW 1 113 168 (E113)H, 038 (avof 'T7) 6 48 2112 Cd(CH;), 71 (RR)
1 81 173 TIH, (122 1 114 175 (E114)H, (1241 6 49 216.1 In(CHs;), 1 (ED)
1 81 1743 TIH, 31 MP2 1 115 1938 (E115)H, PW 6 49 2179 In(CHs;), (48]
B3PWI1
1 81 179 TIH, () 1 116 204.7 (E116)H, oo}, 6 50 2134 Sn(CH,), (149]
B3LYP+SO
1 8 1743 PbH, 123 1 116 204.7 (E116)H, (139 6 50 2144 7 (ED)
1 8 175 PbH, [124] 1 116 2059 (E116)H, oo}, 6 51 2163 Sb(CHS); 7 (ED)
CCSD(T)+SO
1 82 1754 Pb,H, (23 1 117 1938 H(E117) (1261 6 51 2165 Sb(CH,)5 U591 (ED)
1 83 17759  BiH, (123 1 117 194.9 H(E117) (1271 6 52 2142 Te(CH;), 1 (ED)
1 84 174 Po,H, 73l 1 117 1983 H(E117) Bl CcCSD(T) 6 53 2132 ICH, 1 (MW)
1 84 174 Po, H, ] 1 118 199.2 (E118)H™* W ccSD(T) 6 56 2757 BaMe, (142]
1 84 1808 PoH, 0Ol B3LYP 3 6 203 LiCH(SiMe;), [ 6 57 2495 LaMe, (9]
SO
1 8 1737 HAt 06l cCcSD(T) 3 11 2885 LiNa 6 57 2576 (Cp),La—CF; "1
1 85 1742 HAt 127 3 19 331915 LiK 571 6 59 2461 PrMe; (9]
1 86 1618 RnH™* W CcCSD(T) 3 55 366.81 LiCs (58] 6 60 244 NdMe; (9]
1 87 2509 FrH PW 4 6 1698 Be(CH;), (7 6 61 2431 PmMe;, (89
1 88 2331 RaH, PW 5 6 1578 B(CH,); (671 6 62 2417 NdMe; (9]
1 89 2208 AcH; PW 6 7 1466 NH(CH,), 51 p.793 6 63 2701 EuMe, (9]
1 89 2215 AcH;, ) 4-comp. 6 7 1474 NH,(CH;) 51 p.793 6 64 2393 GdMe; (9]
MP2
1 90 2058 ThH, 28] 6 8 1416 O(CH,), 51 p.500 (ED) 6 65 2375 TbMe; (9]
1 90 207.1 ThH, (1291 6 8 1425 MeOH (84) 6 66 2369 DyMe; (8]
1 90 207.1 ThH, (1291 6 9 1389 FCH, (671 6 67 2358 HoMe, (9]
1 91 2006 PaH; PW 6 11 2315 Na-CH; 6 68 2347 ErMe; (8]
1 92 196.7 UH, 1 6 12 2126 Mg(CH;), (7 6 69 234 TmMe, (89
1 92 206.6 UH, B DFT*A, 6 13 1957 AI(CH;), (7 6 70 2615 YbMe, (89
1 93 2029 NpH, PW 6 14 187 (CH;);SiH 651 p.914 6 71 2324 LuMe; (9]
1 94 200.7 PuH, PW 6 14 1875 Si(CH3), 7 (ED) 6 72 2252 HfMe, (144]
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Table 4. (Continued)

Z, Z, Distance Species Reference Z, Z, Distance Species Reference Z, Z, Distance Species Reference

6 73 216.6 TaMe; (av) (150] 9 35 175894 BrF 14 42 2557 H, Si-MoH U

6 73 2198 TaMe; [147) 9 36 187.693 KrF, (1531 14 74 2548 H, Si-WH el

6 74 206.1 WH;Me 1 p.398 9 53 190.9759 IF 17 35 213.665 BrCl

6 74 214.6 WMe, exp.see 2 9 54 19348 XeF, (154 17 53 232.0878 ICI

6 75 2012 ReH,Me 1 p.398 9 54 195 XeF, 155 RCI 17 54 2306 XeCl* in 1621
[XeCI][Sb;F, ]

6 76 200.1 OsH;Me 71 p.398 9 54 197.436 XeF, (1331 17 116 273.6 (E116)Cl, (139

6 77 2004 IrH,Me 1 p.398 9 86 205 RnF, 155 RCI 19 37 40685 KRb (©2]

6 78 200 HPtCH, (1191 9 8 2103 RnF, (1361 29 47 23735  AgCu (163l

6 78 2004 HPtMe 71 p.398 9 86 2135 RnF, U CCSD(T) 29 79 233.03  AuCu (te4]

6 79 2017 AuMe 151 MP2 9 118 2217 (E118)F, U5 CCSD(T) 34 50 2579 av Sn—Sein 11
CSD

6 79 204.8 AuMe 71 p.398 9 118 215 (E118)F, U1 RCI(D,) 35 53 246.8989 IBr

6 80 2083 Hg(CH;), ¥ (ED) 9 118 214 (E118)F, U1 RCI(T,) 35 116 2884 (E116)Br, (139]

6 80 209.4 (RR) 11 19  349.935 NaK (58] 37 55 4418 RbCs (166.167]

6 81 220.6 TI(CH;), 71 (ED) 11 37 36435 NaRb (139] 37 87 434 RbFr (261

6 82 2238 Pb(CH,), ¥ (ED) 11 55 385.063 NaCs (el 53 116 310.0 (E116)1, (139]

6 83 2267 Bi(CH;); 1 (ED) 14 15 2248 P(SiH;); 651 p.846 55 87 4524 CsFr (261

8 30 17701  Zn(OH), PW 14 16 2129 S(SiH;), (160l 85 116 321.3 (E116)At, (139

9 17 162.8313 CIF 14 34 227 Se(SiH;), 651 p.705 116 117 342.0 (E116)(E117), ¥

[a] PW =present work. [b] Mean value of two different X-ray experiments. [c] Mean value for X =Cl and Br.

Group 6: Six-coordinated hydride and methyl compounds
were used. Because both adopt low-symmetry, C;, struc-
tures, an average of the two distances was taken.

Group 7: ML, systems were used.

Table 5. List of some outlier data points, which are not included in the
fit. “PW” =present work.

Z, Z, Distance  Species Reference  Reasonl®
83 83 30534 Bi,R,, R=(Me,Si),CH ' aa
1 54 1916 HXeH (341 a
1 55 24938 CsH 27} b
1 63 233. EuH,~ (114] c
1 63 2331 (Cp)2EuH" (115] c
1 70 2242 YbH;~ (114] c
1 70 2225 (Cp)2YbH [1s] c
1 70 2116 YbH, PW c
1 72 1782 HfH,* (98] d
1 95 2002 AmH, PW dd
3 6 195.9 LiCH, (1401 d
5 8 136 B(OH)(s) 651 p. 1067 d
6 22 199.1 TiMe;* 89 d
6 2 213 TiBz, 1091 e
6 40 2147 ZrMe;* 89 d
6 40 2212 ZrH,Me, (03] d
6 63 2701 EuMe, 89 c
6 58 2332 CeMe;* 89 ee
6 70 2615 YbMe;~ 9 c
6 72 2147 HfMe;* 89 d
8 14 1634 O(SiH;), ©p 500 d
8 32 1766 O(GeHs), ©lp 500 d
9 18 197 HArF B3l a
79 111 2567 (E111)Au (1361 f
111 111 2646 (E111), (1361 g

[a] Abbreviations: aa: diminish statistical weight of homonuclear Bi-Bi
bonds; a: far too long, compared to present radii; b: too short, uses 5d
orbitals; c: too long, being a divalent lanthanide; d: short; dd: divalent;
e: long; “Bz” =benzyl, C¢H;CH,-; ee: tetravalent and short; f: long; g:
open-shell.
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Group 8: ML, systems were used.
Group 9: ML; systems were used.
Group 10: ML, systems of C,, symmetry were used.

Group 11: ML, M=H, Me. In the coinage-metal group
(M=Cu, Ag, Au, Rg) (Rg=roentgenium, E111), the mono-
valent systems ML, L=H, Me were used. The intermetallics
AgCu and AuCu were added. The resulting r(Au) is 4 pm
smaller than r(Ag).

Group 12: ML, systems were used. The Zn-Zn distances of
the new dizinc compounds fit in well.

Group 13: ML; systems were used. As discussed by Himmel
and Gaertner,P’? variations of Ga-Ga distances occur in the
range 239-254 pm for putative single bonds. The present
2r(Ga) is 248 pm.

Group 14: Elements of Group 14 were treated as tetracoor-
dinate. Concerning the homonuclear E-E distances we in-
clude, in addition to molecular data, solid diamond, Si, Ge,
and grey tin. As noted by Pauling on p. 247 of reference [2],
the E-E’ distance in SiC is anomalously short. He attributed
it to an ionic contribution. Another reason could be the in-
volvement of Si d orbitals. We omit SiC. More generally this
anomalous shortness affects the bonds in the neighborhood
(Si, P, S)-(O, F). Pitzer™! evoked differences in core repul-
sion between 2nd-row (2s2p) and 3rd-row (3s3p) elements,
to explain it.

Concerning the Group 14 halides, EX,, for E=Ge-Pb
and X=I, the present radii give distances, close to the ex-
perimental ones.’!! For the more ionic systems X=F-Br,
the experimental R are below the sum of radii.
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1 Single-bond covalent radii 18 fluorides yields the largest
q e errors of the fit, it was felt val-
1352 3 1 15 16 17| uable to include both of them
, | Li| Be Blc|N|]o]| F|ne for the noble gases. It also
133 ] 102 85 |75 | 71 | 63 | 64 ] 67 should be noted that the calcu-

Na | Mg Al si|p|s|alar :
5 lated Ng-E distances of man
3 liss|aae] * ¢ 6 7 8 9 101 20! 116 111 ] 103 ] 99 | 96 ¢ th & bl dy
4 K Ca Sc Ti A\ Cr | Mn | Fe | Co Ni | Cu /n | Ga | Ge As Se Br Kr of the no e-g?S COl’IlPOllIl 5,
196 | 171 | 148 [ 136 | 134 | 122 | 119 | 116 [ 111 | 110 [ 112 | 118 | 124 [ 121 | 121 | 116 | 114 ]| 117 newly observed in matrices, are
s |Rb|Sr| Y | Zr [Nb|Mo| Te | RufRh (Pd|Ag | Cd | In | Sn|Sb|Te| I [Xe much longer than the sum of
210 [ 185 [ 163 [ 154 [ 147 [ 138 | 128 | 125 | 125 | 120 | 128 | 136 | 142 | 140 | 140 | 136 [ 133 | 131 the present radii. An example
6 Cs | Ba Hf | Ta | W | Re | Os | Ir | Pt | Au | Hg| Tl | Pb | Bi | Po | At | Rn is XeH,, Xe-H 193.47[34] com-

232 | 196 152 | 146 [ 137 [ 131 [ 129 [ 122 [ 123 | 124 | 133 | 144 | 144 | 151 | 145 | 147 | 142
, | Fr | Ra Rf [ Db | sg | Bo | Hs | Mt [ Ds | Rg [E112[E113[E114[E115[E116[E117[E118 pared.to a E.r of only. 163 pm.
223 | 201 157 | 149 | 143 | 141 | 134 [ 129 [ 128 [ 121 [ 122 | 136 | 143 | 162 | 175 | 165 | 157 In a simple picture, this system
. . 2

N 1 2 3 4 5 6 5 4 3 2z 1 2 3 4 3 2 1 12 Isbound by asingle o, two-
electron-three-center (2e3c)
6 La | Ce | Pr |[Nd |Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu bond. Another example is th
180 | 163 | 176 | 174 [ 173 [ 172 | 168 | 169 | 168 | 167 | 166 | 165 | 164 | 170 | 162 ond. Another example 1s the
, [Ac[ [ Pa | T [~Np [ Puam|[cm| Bk | cr|Es [Fm[na|No | Lr first argon compound, HATF,
186 [ 175 | 169 [ 170 | 171 [ 172 | 166 | 166 [ 168 | 168 | 165 | 167 | 173 | 176 | 161 having H-Ar 133, Xr 128 but
cN 3 4 s 36 3 3 3 3 3 3 3 3 3 3 3 Ar-F 197, ¥r 160 pm. In other

Figure 2. The proposed single-bond covalent radii in pm.
for the elements.

Single-bond fit for group valencies

The CN are typical coordination numbers assumed

words, their covalent bonds can
be clearly weaker than those in-
cluded here. The present Group
18 bonds are comparable with
those of their Group 17 neigh-

sor Present work ~ + M bors.
400 } o ’ The present noble-gas radii for Ne-Xe are comparable
w0 b " with those of Sanderson® of 71, 98, 112, and 131 pm, re-
L spectively.
300 | P The Xe-Au distance of XeAuF®! in Table 6 agrees well
% 250 | » with the present radii. Note however, that the valence isoe-
- lectronic TAul~ would be too short. The weakness of the
200 p ’ noble-gas bonding and the strength of a TM—X bond may
150 } p give two cancelling errors.
¥
100 | o
* . . . . . . . , Table 6. Further comparisons with data points, not included in the fit.
% 50 100 150 200 250 300 350 400 450 Z, Z, ry+rg  Repuor Rye  Species Reference
(ra+1rp)/pm 1 7 103 103 NH,* 1651 . 792
Figure 3. The correlation between predicted and observed bond lengths 5 6 160 161 [Cp(CO),Mny(n)-BBu)] 1™
for the full data set in Table 4. 5 25 204 202 [Cp(CO),Mny(n)-BrBu)] 1™
9 18 160 162.0 ArF* (7
54 79 255 254.5675 Xe-AuF 30l

Group 15: Here we mainly used ML; systems of C;, symme-
try. Concerning the Group 15 halides, EX;, for E=Sb, Bi,
and X =1, the present radii give distances, close to the ex-
perimental ones.’!! For the more ionic systems X=F-Br,
the experimental R are below the sum of radii.

Group 16: ML, systems were used, for elements up to E116.
Group 17: The halide coordination number was 1.

Group 18: For the noble gases He—(E118), the hydride ions
(Ng)H™* were included in the data set. For He, Ne, and Ar
these were the only data points. For Kr—(E118), also the di-
fluorides and for Xe—(E118) the tetrafluorides were added.
Although the “tension” between the hydride ions and the
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Periodic trends

Among the alkali metals in Group 1, francium is smaller
than caesium, due to relativistic effects. Along a long row, a
broad minimum would seem to occur near Groups 8-10,
with a reservation for the changes of oxidation state.
Among the p-block elements, a monotonous decrease of r
would seem to take place, from Group 13 to or almost to
Group 18. An interesting anomaly is that gallium is slightly
smaller than aluminum.

As regards the row, the main-group elements show the
trend 2p <<3p < 4p < 5p < 6p. Note here the anoma-
lously small size of the nodeless 2p shell®”*! On the 6p row,
the homonuclear Bi-Bi bonds are longer than the neighbor-

Chem. Eur. J. 2009, 15, 186—197
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ing Pb-Pb and Po-Po bonds, whereas the Bi-H and Bi-C
bond lengths are comparable with the Pb and Po ones. Ex-
amples of all three bonds were included in the final data set.

Along the actinide row, the obtained single-bond radii are
larger than the lanthanide ones for Ac and Th. After a de-
scent between Pa and Np, they approach the lanthanide
ones towards the end of the series. Among the lanthanides,
europium and ytterbium prefer to be divalent, f’ and f', re-
spectively. The corresponding covalent radii are larger than
the trivalent ones. Here we used the latter, like Cordero
etal.," whereas the Wiley-VCH table uses the divalent
Eu and Yb radii.

The single-bond radii of the 6d elements in Groups 4-10
are a few pm larger than for their 5d analogues. On the con-
trary, E111 (Rg) and E112 are clearly smaller than the cor-
responding elements Au and Hg, respectively. A similar
trend was observed earlier for the triple bonds.™!

The superheavy 7p elements E113-E118 suffer from large
spin-orbit (SO) effects. Compared to their 6p analogues,
E113 and E114 are smaller. In their electronic structure the
lower, 7p;,, component is predominant. The elements E115—
E118 are clearly larger than their 6p analogues. Now the
7psn is the highest valence orbital. This contrast between the
monohydrides of E113 and E117 was noticed earlier by Han
et al.”

One also must notice the possibility of p-s-hybridization
where the 7p mixes with the higher-lying, empty, 8s atomic
orbital.[*4!]

Hoffmann’s isolobal systems comprise systems, like
(OC)sMn-L, for a singlet o bond.*? We find that for hy-
drides, L=H, the sum of the present M and H radii is com-
parable to, or a little below the calculated or experimental
M-H distances.**! The calculated M-CH; and M-M dis-
tances for such systems are clearly larger than predicted by
the present radii.

From single to double to triple: It is aesthetically pleasing if
the covalent radii, r,, for bond order n obey for each ele-
ment, E, the relation given in Equation (3).

>y > > (3)

Comparing the present r, values in Figure 2 with the analo-
gous r; of reference [15] and our preliminary r,, we see that
this condition mostly holds. When it does not, as for r(Ag),
the r; is suspicious. The full comparison is left for future
work.

Beyond triple bonds: Nagarajan and Morse!! used their re-
sults for transition-metal diatomics to deduce the “multiple-
bond radii” V 89, Cr 84, Nb 104, and Mo 97 pm. They corre-
spond to a bond-order n of 5-6 and are, indeed, shorter still
than our triple-bond radii.

Chem. Eur. J. 2009, 15, 186—197
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Further Validation

Metal-metal bonds: A general observation by Pauling!*®! is
that the metal-metal single-bond lengths are quite variable.
For instance, Fe-Fe distances of 240-280 pm are quoted by
him. It therefore is preferable to use such M-M distances as
a test of radii, determined otherwise.

The observed Pt-Hg bonds of about 252 pm!*” are close
to the sum of radii. A random selection of other recent data
is given in Table 6.

Comparison with previous sets: As seen from Figure 4, the
present radii are perhaps closest to the spirit, and often the
values, of Suresh and Koga® and Batsanov.'” A comparison
with the CSD fit of Cordero et al.™ is shown in Figure 5.
Their statistically large but unsorted data base yields (C, N,
O)-based radii that tend to be larger than ours, probably be-
cause larger coordination numbers than ours were included.
For such applications, their radii are presumably better. A
comparison with the VCH set is seen in Figure 6. It agrees

Single-bond radii for group valencies
250

*

ripm

50 P PW

Alcock (1990)  +
Batsanov (2000) x
0 . ) Suresh-Koga (2001) x

0 20 40 60 80 100 120
z

Figure 4. A comparison of the present radii, given by the line, with those
of Alcock,” Suresh and Koga!® and Batsanov.!"

Single-bond radii for group valencies

r/pm

* PW
0 . ! Cordero et al. + .
0 20 40 60 80 100 120
z

Figure 5. A comparison of the present radii, given by the line, with those
of Cordero et al."!
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Single-bond radii for group valencies

250 | .
200
g 150
&
~
100
50
PW
o . ) Wiley-VCH (2002)  +
0 20 40 60 80 100 120

V4

Figure 6. A comparison of the present radii, given by the line, with the
VCH ones.!

fairly well with the present one, except for the trivalent lan-
thanides where the VCH radii are smaller. A shift of the
minima for the 3d, 4d, and 5d metals is also seen. The
alkali-metal radii, especially r(Cs), should be changed
against the present ones. The small Th and U radii may
refer to an attempt to include their bonds to halides among
covalent single bonds.

Conclusions

While there is no theoretical obligation for additive covalent
radii [Eq. (1)] to work at all, we here find that for narrow
classes of compounds, such as diatomic dialkalis or dihalides,
their mean-square error o lies below 1 pm when the present
radii are used. For general elemental combinations, of the
elements 1-118, in the subset allowed here, we present a
self-consistent set of additive single-bond covalent radii with
0 below 3 pm, for the data set used. These radii have a po-
tential predictive value when assessing the corresponding
experimental data. We repeat that the set is not designed
for M—X bonds between transition metals M and halides X
because these are considered by us to be partial multiple
bonds. Further data can be used to either improve, or parti-
ally invalidate the present system of radii.

Computational Details

Data and fitting methods: Both experimental and computed bond lengths
were used. The experimental data comprise both gas-phase molecular
data and some crystal-structure data. No attempt was made to even out
the “noise”, corresponding to the standard deviation.

The same iterative program was used as in the triple-bond work."™ It is
based on the penalty function over homonuclear and heteronuclear pairs

(Eq. (4)].
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Khomo Kierero

Z (A) = Z (Ri=2r;)* + Z (Ry—ri—1;)? (4)

i i

Putting its derivatives with respect to r; equal to zero, one obtains the
iterative algorithm [Eq. (5)].

Khetero

: 1 Khomo
ey R e { ST2Ri+ D (Rif—r,-(m)} (3)
10mo etero i j

Here K is the number of data points in each set and N the iteration. No
convergence difficulties or signs for multiple minima were noticed. The
final data set (Table 4) had 410 points, used for fitting the 118 radii. The
standard deviation, given by Equation (6) was 2.8 pm.

K 1/2
e= [( > AZ)/KM] Kot = Kiomo + Ketero (6)

tot

Quantum-chemical methods: Quantum-chemical calculations were car-
ried out using density functional methods, as implemented in the pack-
ages Gaussian 031! for transition-metal hydrides and ADF™! for acti-
nides and transactinides. The density functional BP86""! with the follow-
ing basis set combination was used in the former case. The scalar relativ-
istic effects for the transition metals were included via quasirelativistic
small-core pseudopotentials, so called ECP, of the Stuttgart group.” The
corresponding basis sets of the transition metals were augmented by two
polarization f-functions and one g-function, see reference [52]. For the
main-group elements we used an aug-cc-pVTZ basis. The structures were
optimized with standard gradient methods available in Gaussian 03. To
deal with all actinides and transactinides with the same accuracy, ADF
was chosen for those calculations, the reason being that similar frozen
cores and basis-sets are available in this program for all actinides and
transactinides. Relativistic effects were then treated with the “zeroth-
order regular approximation” (ZORA).¥ The innermost electrons of
the heavy metals were treated as frozen, using small frozen cores. For all
elements, the TZ2P basis sets and the density functional PBEF were
used.

Acknowledgements

We belong to the Finnish Centre of Excellence in Computational Molec-
ular Science. M. A. wishes to thank The Academy of Finland and the
Japan Society for the Promotion of Science for financial support. CSC
Computing, Espoo, Finland, provided computer resources.

[1] L. Pauling, The Nature of the Chemical Bond, 2nd ed., Cornell
University Press, Ithaca, NY, 1945.
[2] L. Pauling, The Nature of the Chemical Bond, 3rd ed., Cornell Uni-
versity Press, Ithaca, NY, 1960.
[3] L. Pauling, B. Kamb, Proc. Natl. Acad. Sci. USA 1986, 83, 3569—
3571.
[4] E. Fluck, K. G. Heumann, Periodensystem der Elemente, 3rd ed.,
Wiley-VCH, Weinheim, 2002.
[5] N. W. Alcock, Bonding and Structure, Ellis Horwood, Chichester,
1990.
[6] C.H. Suresh, N. Koga, J. Phys. Chem. A 2001, 105, 5940—5944.
[7] W. L. Bragg, Philos. Mag. 1920, 40, 169-189.
[8] J. A. Wasastjerna, Comm. Phys.-Math. Soc. Sci. Fennica 1923, 1,
No. 38, 1-25.
[9] R. D. Shannon, C.T. Prewitt, Acta Crystallogr. Sect. B 1969, 25,
925-946.
[10] R.D. Shannon, Acta Crystallogr. Sect. A 1976, 32, 751-767.
[11] S.S. Batsanov, Russian J. Inorg. Chem. 1998, 43, 437-439; Zh.
Neorg. Khim. 1998, 43, 501-503.

Chem. Eur. J. 2009, 15, 186—197


http://dx.doi.org/10.1073/pnas.83.11.3569
http://dx.doi.org/10.1073/pnas.83.11.3569
http://dx.doi.org/10.1073/pnas.83.11.3569
http://dx.doi.org/10.1021/jp010432b
http://dx.doi.org/10.1021/jp010432b
http://dx.doi.org/10.1021/jp010432b
http://dx.doi.org/10.1107/S0567740869003220
http://dx.doi.org/10.1107/S0567740869003220
http://dx.doi.org/10.1107/S0567740869003220
http://dx.doi.org/10.1107/S0567740869003220
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0567739476001551
www.chemeurj.org

Molecular Single-Bond Covalent Radii for Elements 1-118

[12] S.S. Batsanov, Structural Chemistry. Facts and Trends (in Russian),
Dialog MGU, Moscow, 2000, p. 145; S. S. Batsanov, Experimental
Foundations of Structural Chemistry, Moscow University Press,
Moscow 2008, p. 265.

[13] S.S. Batsanov, Zh. Neorg. Khim. 2002, 47, 1112-1114.

[14] B. Cordero, V. Gémez, A. E. Platero-Prats, M. Revés, J. Echever-
ria, E. Cremades, F. Barragin, S. Alvarez, Dalton Trans. 2008,
2832-2838.

[15] P. Pyykko, S. Riedel, M. Patzschke, Chem. Eur. J. 2005, 11, 3511—
3520.

[16] P. Pyykko, J. P. Desclaux, Chem. Phys. 1978, 34, 261-280.

[17] M. Straka, M. Patzschke, P. Pyykko, Theor. Chem. Acc. 2003, 109,
332-340.

[18] L. Glasser, H. D. B. Jenkins, Inorg. Chem. 2008, 47, 6195—-6202.

[19] M. Korek, A.R. Allouche, K. Fakhreddine, A. Chaalan, Can. J.
Phys. 2000, 78, 977-988.

[20] R.T. Sanderson, Inorganic Chemistry, Reinhold, New York, 1967,
p. 74.

[21] M. R. A. Blomberg, P. E. M. Siegbahn, Chem. Phys. Lett. 1981, 81,
4-13.

[22] L. Pauling, M. L. Huggins, Z. Kristallogr. 1934, 87, 205-238.

[23] V. Schomaker, D. P. Stevenson, J. Am. Chem. Soc. 1941, 63, 37-40.

[24] R.J. Collin, B. C. Smith, Dalton Trans. 2005, 702-705.

[25] S.S. Batsanov, Struct. Chem. 1998, 9, 65-68.

[26] M. Aymar, O. Dulieu, F. Spiegelman, J. Phys. B 2006, 39, S905-
S927.

[27] P. Pyykkd, J. G. Snijders, E. J. Baerends, Chem. Phys. Lett. 1981, 83,
432-437.

[28] S. P. Green, C. Jones, A. Stasch, Science 2007, 318, 1754-1757.

[29] M. Westerhausen, M. Girtner, R. Fischer, J. Langer, L. Yu, M.
Reiher, Chem. Eur. J. 2007, 13, 6292-6306.

[30] P. Pyykko, J. Chem. Soc. Faraday Trans. 2 1979, 275, 1256-1276.

[31] M. Hargittai, Chem. Rev. 2000, 100, 2233-2301.

[32] H.-J. Himmel, B. Gaertner, Chem. Eur. J. 2004, 10, 5936-5941.

[33] K.S. Pitzer, J. Am. Chem. Soc. 1948, 70, 2140-2145.

[34] N. Runeberg, M. Seth, P. Pyykko, Chem. Phys. Lett. 1995, 246,
239-244.

[35] L. Khriachtchev, M. Pettersson, N. Runeberg, J. Lundell, M. Rési-
nen, Nature 2000, 406, 874—-876.

[36] S. A. Cooke, M. C. L. Gerry, J. Am. Chem. Soc. 2004, 126, 17000—
17008.

[37] P. Pyykko, J. Chem. Res. Synop. 1979, 1979, 380-381.

[38] W. Kutzelnigg, Angew. Chem. 1984, 96, 262-286; Angew. Chem.
Int. Ed. Engl. 1984, 23, 272-295; .

[39] Y.-K. Han, C. Bae, Y. S. Lee, J. Chem. Phys. 1999, 110, 8969-8975.

[40] C.S. Nash, B. E. Bursten, J. Phys. Chem. A 1999, 103, 402—-410.

[41] C.S. Nash, J. Phys. Chem. A 2005, 109, 3493 -3500.

[42] R. Hoffmann, Angew. Chem. 1982, 94, 725-739; Angew. Chem. Int.
Ed. Engl. 1982, 21, 711-724.

[43] T. Ziegler, V. Tschinke, A. Becke, Polyhedron 1987, 6, 685-693.

[44] V. Jonas, C. Boehme, G. Frenking, Inorg. Chem. 1996, 35, 2097 -
2099.

[45] R. Nagarajan, M. D. Morse, J. Chem. Phys. 2007, 127, 164305.

[46] L. Pauling, Proc. Natl. Acad. Sci. USA 1976, 73, 4290-4293.

[47] M. C. Janzen, M. C. Jennings, R. J. Puddephatt, Inorg. Chim. Acta
2005, 358, 1614-1622.

[48] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N.
Kudin, J. C. Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Pe-
tersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O.
Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,

Chem. Eur. J. 2009, 15, 186—197

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. L. Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03, Revision C.02,
Gaussian, Inc., Wallingford, CT, 2004.

[49] E. Baerends, J. Autschbach, A. Bées, F. Bickelhaupt, C. Bo, P.
Boerrigter, L. Cavallo, D. Chong, L. Deng, R. Dickson, D. Ellis, M.
van Faassen, L. Fan, T. Fischer, C. Fonseca Guerra, S. van Gisber-
gen, J. Groeneveld, O. Gritsenko, M. Gruning, F. Harris, P. van den
Hoek, C. Jacob, H. Jacobsen, L. Jensen, G. van Kessel, F. Kootstra,
E. van Lenthe, D. McCormack, A. Michalak, J. Neugebauer, V.
Nicu, V. Osinga, S. Patchkovskii, P. Philipsen, D. Post, C. Pye, W.
Ravenek, P. Ros, P. Schipper, G. Schreckenbach, J. Snijders, M.
Sola, M. Swart, D. Swerhone, G. te Velde, P. Vernooijs, L. Versluis,
L. Visscher, O. Visser, F. Wang, T. Wesolowski, E. van Wezenbeek,
G. Wiesenekker, S. Wolff, T. Woo, A. Yakovlev, T. Ziegler,
ADF2007.01, SCM, Theoretical Chemistry, Vrije Universiteit,
http://www.scm.com, Amsterdam, The Netherlands, 2007.

[50] J. P. Perdew, Phys. Rev. B 1986, 33, 8822-8824.

[51] Http://www.theochem.uni-stuttgart.de/pseudopotentials/index.en.html.

[52] J. M. L. Martin, A. Sundermann, J. Chem. Phys. 2001, 114, 3408—
3420.

[53] S. Faas, J. H. van Lenthe, A.C. Hennum, J. G. Snijders, J. Chem.
Phys. 2000, 113, 4052-4059.

[54] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77,
3865-3868.

[55] K. P. Huber, G. Herzberg, Molecular Spectra and Molecular Struc-
ture 1V. Constants of Diatomic Molecules, Van Nostrand, New
York, 1979.

[56] F. Engelke, G. Ennen, K. H. Meiwes, Chem. Phys. 1982, 66, 391-
402.

[57] E. Martin, P. Crozet, A.J. Ross, M. Aubert-Frécon, P. Kowalczyk,
W. Jasrzgbski, A. Pashov, J. Chem. Phys. 2001, 115, 4118—4124.

[58] P. Staanum, A. Pashov, H. Knockel, E. Tiemann, Phys. Rev. A
2007 75, 042513.

[59] C. Ghanmi, H. Berriche, H. Ben Ouada, J. Mol. Spectrosc. 2006,
235,158-165.

[60] Z. Zaitsevskii, Phys. Rev. A 2001, 63, 052 504.

[61] O. Docenko, M. Tamanis, R. Ferber, A. Pashov, H. Knockel, E.
Tiemann, Eur. Phys. J. D 2004, 31, 205-211.

[62] A.J. Ross, C. Effantin, P. Crozet, E. Boursey, J. Phys. B 1990, 23,
L.247-1.251.

[63] C.E. Fellows, R.F. Gutterres, A.P.C. Campos, J. Verges, C.
Amiot, J. Mol. Spectrosc. 1999, 197, 19-27.

[64] M. Raab, G. Honing, W. Demtroder, C. R. Vidal, J. Chem. Phys.
1982, 76, 4370-4386.

[65] A.F. Wells, Structural Inorganic Chemistry, Oxford Univ. Press,
Oxford, 1984.

[66] P.von R. Schleyer, M. Kaupp, F. Hampel, M. Bremer, K. Mislow, J.
Am. Chem. Soc. 1992, 114, 6791-6797.

[67] A.Haaland, J. Mol. Struct. 1983, 97, 115-128.

[68] O. Mundt, H. Riffel, G. Becker, A. Simon, Z. Naturforsch. B 1988,
43, 952-958.

[69] J. K. Laerdahl, P. Schwerdtfeger, Phys. Rev. A 1999, 60, 4439-4453.

[70] R.S. Ram, P. F. Bernath, J. Chem. Phys. 1992, 96, 6344-6347.

[71] T. M. Greene, W. Brown, L. Andrews, A. J. Downs, G. V. Chertihin,
N. Runeberg, P. Pyykko, J. Phys. Chem. 1995, 99, 7925-7934.

[72] Z.-L. Zhu, R. C. Fischer, J. C. Fettinger, E. Rivard, M. Brynda, P. P.
Power, J. Am. Chem. Soc. 2006, 128, 15068 —15069.

[73] I. Resa, E. Carmona, E. Gutierrez-Puebla, A. Monge, Science
2004, 305, 1136-1138.

[74] C. Kittel, Introduction to Solid State Physics, 6th ed., Wiley, New
York, 1986.

[75] K. W. Klinkhammer, P. Pyykko, Inorg. Chem. 1995, 34, 4134-4138.

[76] H. G. Krémer, V. Beutel, K. Weyers, W. Demtoder, Chem. Phys.
Lett. 1992, 193, 331-334.

[77] A. Haaland, A. Hammel, H. Thomassen, H.V. Volden, H.B.
Singh, P. K. Khanna, Z. Naturforsch. B 1990, 45, 1143-1146.

[78] N. G. Bokii, Yu. T. Struchkov, Zh. Strukt. Khim. 1968, 9, 722-765.

www.chemeurj.org — 195


http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1002/chem.200401299
http://dx.doi.org/10.1002/chem.200401299
http://dx.doi.org/10.1002/chem.200401299
http://dx.doi.org/10.1016/0301-0104(78)80041-X
http://dx.doi.org/10.1016/0301-0104(78)80041-X
http://dx.doi.org/10.1016/0301-0104(78)80041-X
http://dx.doi.org/10.1021/ic702399u
http://dx.doi.org/10.1021/ic702399u
http://dx.doi.org/10.1021/ic702399u
http://dx.doi.org/10.1139/cjp-78-11-977
http://dx.doi.org/10.1139/cjp-78-11-977
http://dx.doi.org/10.1139/cjp-78-11-977
http://dx.doi.org/10.1139/cjp-78-11-977
http://dx.doi.org/10.1016/0009-2614(81)85315-8
http://dx.doi.org/10.1016/0009-2614(81)85315-8
http://dx.doi.org/10.1016/0009-2614(81)85315-8
http://dx.doi.org/10.1016/0009-2614(81)85315-8
http://dx.doi.org/10.1021/ja01846a007
http://dx.doi.org/10.1021/ja01846a007
http://dx.doi.org/10.1021/ja01846a007
http://dx.doi.org/10.1039/b410521b
http://dx.doi.org/10.1039/b410521b
http://dx.doi.org/10.1039/b410521b
http://dx.doi.org/10.1023/A:1022491700274
http://dx.doi.org/10.1023/A:1022491700274
http://dx.doi.org/10.1023/A:1022491700274
http://dx.doi.org/10.1088/0953-4075/39/19/S07
http://dx.doi.org/10.1088/0953-4075/39/19/S07
http://dx.doi.org/10.1016/0009-2614(81)85495-4
http://dx.doi.org/10.1016/0009-2614(81)85495-4
http://dx.doi.org/10.1016/0009-2614(81)85495-4
http://dx.doi.org/10.1016/0009-2614(81)85495-4
http://dx.doi.org/10.1126/science.1150856
http://dx.doi.org/10.1126/science.1150856
http://dx.doi.org/10.1126/science.1150856
http://dx.doi.org/10.1002/chem.200700558
http://dx.doi.org/10.1002/chem.200700558
http://dx.doi.org/10.1002/chem.200700558
http://dx.doi.org/10.1021/cr970115u
http://dx.doi.org/10.1021/cr970115u
http://dx.doi.org/10.1021/cr970115u
http://dx.doi.org/10.1002/chem.200400621
http://dx.doi.org/10.1002/chem.200400621
http://dx.doi.org/10.1002/chem.200400621
http://dx.doi.org/10.1021/ja01186a043
http://dx.doi.org/10.1021/ja01186a043
http://dx.doi.org/10.1021/ja01186a043
http://dx.doi.org/10.1016/0009-2614(95)01159-7
http://dx.doi.org/10.1016/0009-2614(95)01159-7
http://dx.doi.org/10.1016/0009-2614(95)01159-7
http://dx.doi.org/10.1016/0009-2614(95)01159-7
http://dx.doi.org/10.1021/ja044955j
http://dx.doi.org/10.1021/ja044955j
http://dx.doi.org/10.1021/ja044955j
http://dx.doi.org/10.1002/ange.19840960405
http://dx.doi.org/10.1002/ange.19840960405
http://dx.doi.org/10.1002/ange.19840960405
http://dx.doi.org/10.1002/anie.198402721
http://dx.doi.org/10.1002/anie.198402721
http://dx.doi.org/10.1002/anie.198402721
http://dx.doi.org/10.1002/anie.198402721
http://dx.doi.org/10.1063/1.478814
http://dx.doi.org/10.1063/1.478814
http://dx.doi.org/10.1063/1.478814
http://dx.doi.org/10.1021/jp982735k
http://dx.doi.org/10.1021/jp982735k
http://dx.doi.org/10.1021/jp982735k
http://dx.doi.org/10.1021/jp050736o
http://dx.doi.org/10.1021/jp050736o
http://dx.doi.org/10.1021/jp050736o
http://dx.doi.org/10.1002/anie.198207113
http://dx.doi.org/10.1002/anie.198207113
http://dx.doi.org/10.1002/anie.198207113
http://dx.doi.org/10.1002/anie.198207113
http://dx.doi.org/10.1016/S0277-5387(00)86876-X
http://dx.doi.org/10.1016/S0277-5387(00)86876-X
http://dx.doi.org/10.1016/S0277-5387(00)86876-X
http://dx.doi.org/10.1021/ic951397o
http://dx.doi.org/10.1021/ic951397o
http://dx.doi.org/10.1021/ic951397o
http://dx.doi.org/10.1063/1.2778681
http://dx.doi.org/10.1073/pnas.73.12.4290
http://dx.doi.org/10.1073/pnas.73.12.4290
http://dx.doi.org/10.1073/pnas.73.12.4290
http://dx.doi.org/10.1016/j.ica.2004.11.007
http://dx.doi.org/10.1016/j.ica.2004.11.007
http://dx.doi.org/10.1016/j.ica.2004.11.007
http://dx.doi.org/10.1016/j.ica.2004.11.007
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1063/1.1337864
http://dx.doi.org/10.1063/1.1337864
http://dx.doi.org/10.1063/1.1337864
http://dx.doi.org/10.1063/1.1288387
http://dx.doi.org/10.1063/1.1288387
http://dx.doi.org/10.1063/1.1288387
http://dx.doi.org/10.1063/1.1288387
http://dx.doi.org/10.1016/0301-0104(82)88039-7
http://dx.doi.org/10.1016/0301-0104(82)88039-7
http://dx.doi.org/10.1016/0301-0104(82)88039-7
http://dx.doi.org/10.1063/1.1388555
http://dx.doi.org/10.1063/1.1388555
http://dx.doi.org/10.1063/1.1388555
http://dx.doi.org/10.1016/j.jms.2005.10.012
http://dx.doi.org/10.1016/j.jms.2005.10.012
http://dx.doi.org/10.1016/j.jms.2005.10.012
http://dx.doi.org/10.1016/j.jms.2005.10.012
http://dx.doi.org/10.1140/epjd/e2004-00156-5
http://dx.doi.org/10.1140/epjd/e2004-00156-5
http://dx.doi.org/10.1140/epjd/e2004-00156-5
http://dx.doi.org/10.1088/0953-4075/23/12/002
http://dx.doi.org/10.1088/0953-4075/23/12/002
http://dx.doi.org/10.1088/0953-4075/23/12/002
http://dx.doi.org/10.1088/0953-4075/23/12/002
http://dx.doi.org/10.1006/jmsp.1999.7880
http://dx.doi.org/10.1006/jmsp.1999.7880
http://dx.doi.org/10.1006/jmsp.1999.7880
http://dx.doi.org/10.1063/1.443571
http://dx.doi.org/10.1063/1.443571
http://dx.doi.org/10.1063/1.443571
http://dx.doi.org/10.1063/1.443571
http://dx.doi.org/10.1021/ja00043a026
http://dx.doi.org/10.1021/ja00043a026
http://dx.doi.org/10.1021/ja00043a026
http://dx.doi.org/10.1021/ja00043a026
http://dx.doi.org/10.1016/0022-2860(83)90185-0
http://dx.doi.org/10.1016/0022-2860(83)90185-0
http://dx.doi.org/10.1016/0022-2860(83)90185-0
http://dx.doi.org/10.1103/PhysRevA.60.4439
http://dx.doi.org/10.1103/PhysRevA.60.4439
http://dx.doi.org/10.1103/PhysRevA.60.4439
http://dx.doi.org/10.1063/1.462628
http://dx.doi.org/10.1063/1.462628
http://dx.doi.org/10.1063/1.462628
http://dx.doi.org/10.1021/j100020a014
http://dx.doi.org/10.1021/j100020a014
http://dx.doi.org/10.1021/j100020a014
http://dx.doi.org/10.1021/ja066108h
http://dx.doi.org/10.1021/ja066108h
http://dx.doi.org/10.1021/ja066108h
http://dx.doi.org/10.1126/science.1101356
http://dx.doi.org/10.1126/science.1101356
http://dx.doi.org/10.1126/science.1101356
http://dx.doi.org/10.1126/science.1101356
http://dx.doi.org/10.1021/ic00120a018
http://dx.doi.org/10.1021/ic00120a018
http://dx.doi.org/10.1021/ic00120a018
http://dx.doi.org/10.1016/0009-2614(92)85639-R
http://dx.doi.org/10.1016/0009-2614(92)85639-R
http://dx.doi.org/10.1016/0009-2614(92)85639-R
http://dx.doi.org/10.1016/0009-2614(92)85639-R
www.chemeurj.org

CHEMISTRY

P. Pyykko and M. Atsumi

A EUROPEAN JOURNAL

[79] F. Weinhold, C. R. Landis, Valency and Bonding. A Natural Bond
Orbital Donor-Acceptor Perspective, Cambridge University Press,
Cambridge, 2005, p. 749; see chapter 4.10.1..

[80] Y.-Z. Wang, B. Quillian, P-R. Wei, X.-J. Yang, G. H. Robinson,
Chem. Commun. 2004, 2224 -2225.

[81] M. Dolg in Modern Methods and Algorithms of Quantum Chemis-
try, vol. 1 (Ed.: J. Grotendorst), Jiilich, 2000, pp. 479-508.

[82] J. A. Coxon, P. G. Hadjigeorgiou, J. Mol. Spectrosc. 1999, 193, 306—
318.

[83] G. Frenking, S. Fau, C. M. Marchand, H. Griitzmacher, J. Am.
Chem. Soc. 1997, 119, 6648—6655.

[84] M. D. Harmony, V. W. Laurie, R. L. Kuczkowski, R. H. Schwende-
man, D. A. Ramsay, F. J. Lovas, W. J. Lafferty, A. G. Maki, J. Phys.
Chem. Ref. Data 1979, 8, 619-721.

[85] R.S. Ram, P. F. Bernath, J. W. Brault, J. Mol. Spectrosc. 1985, 113,
451-457.

[86] X.-F. Wang, L. Andrews, S. Tam, M. E. DeRose, M. E. Fajardo, J.
Am. Chem. Soc. 2003, 125, 9218-9228.

[87] K. B. Laughlin, G. A. Blake, R. C. Cohen, D. C. Hovde, R. J. Say-
kally, Phys. Rev. Lett. 1987, 58, 996—999.

[88] X.-F. Wang, L. Andrews, J. Phys. Chem. A 2004, 108, 11500-11510.

[89] L. Perrin, L. Marron, O. Eisenstein, Faraday Discuss. 2003, 124,
25-39.

[90] N. B. Balabanov, J. E. Boggs, J. Phys. Chem. A 2000, 104, 7370—
7374.

[91] I Pépai, Theor. Chem. Acc. 2000, 104, 131-139.

[92] L. Andrews, H.-G. Cho, X.-F. Wang, Inorg. Chem. 2005, 44, 4834—

4842.

[93] H.-G. Cho, L. Andrews, J. Phys. Chem. A 2006, 110, 10 063-10
077.

[94] S. K. Kang, T. A. Albright, O. Eisenstein, Inorg. Chem. 1989, 28,
1611-1613.

[95] M. E. Alikhani, C. Minot, J. Phys. Chem. A 2003, 107, 5352-5355.

[96] J. Y. Seto, Z. Morbi, F. Charron, S.K. Lee, P.F. Bernath, R.J.
Le Roy, J. Chem. Phys. 1999, 110, 11756-11767.

[97] A. Shayesteh, I. E. Gordon, D. R. T. Appadoo, P. F. Bernath, Phys.
Chem. Chem. Phys. 2005, 7,3132-3142.

[98] X.-F. Wang, L. Andrews, J. Phys. Chem. A 2003, 107, 11371-11379.

[99] P. Schwerdtfeger, L. J. Laakkonen, P. Pyykko, J. Chem. Phys. 1992,
96, 6807 -6819.

[100] C.S. Nash, W. W. Crockett, J. Phys. Chem. A 2006, 110, 4619—
4621.

[101] H. Linnartz, M. Havenith, E. Zwart, W. L. Meerts, J. J. ter Meulen,
J. Mol. Spectrosc. 1997, 153, 710-717.

[102] U. Magg, H. Birk, H. Jones, Chem. Phys. Lett. 1988, 151, 503-506.

[103] H.-G. Cho, X.-F. Wang, L. Andrews, J. Am. Chem. Soc. 2005, 127,

465-473.
[104] H.-G. Cho, T.-H. Kim, L. Andrews, Chem. Asian J. 2006, I, 404—
416.

105] H.-G. Cho, L. Andrews, J. Am. Chem. Soc. 2005, 127, 8226-8231.

106] H.-G. Cho, L. Andrews, Organometallics 2005, 24, 5678 -5685.

107] X.-F. Wang, L. Andrews, J. Phys. Chem. A 2002, 106, 3706—3713.

108] L. Andrews, X.-F. Wang, M. E. Alikhani, L. Manceron, J. Phys.
Chem. A 2001, 105, 3052-3063.

[109] A. Shayesteh, S.-S. Yu, P. F. Bernath, Chem. Eur. J. 2005, 11, 4709 -
4712.

[110] X.-F. Wang, L. Andrews, J. Phys. Chem. A 2004, 108, 4440—4448.

[111] K. Balasubramanian, J. X. Tao, D. W. Liao, J. Chem. Phys. 1991, 95,
4905-4913.

[112] S. A. Rogers, C. R. Brazier, P. F. Bernath, J. Chem. Phys. 1987, 87,
159-162.

[113] 1. Bytheway, R.J. Gillespie, T.-H. Tang, R.F. W. Bader, Inorg.
Chem. 1995, 34, 2407-2414.

[114] L. Maron, O. Eisenstein, F. Alary, R. Poteau, J. Phys. Chem. A
2002, 106, 1797-1801.

[115] L. Maron, O. Eisenstein, J. Am. Chem. Soc. 2001, 123, 1036-1039.

[116] C.R. Landis, T.K. Firman, D.M. Root, T. Cleveland, J. Am.
Chem. Soc. 1998, 120, 1842-1854.

[117] X.-F. Wang, L. Andrews, J. Am. Chem. Soc. 2002, 124, 5636—5637.

196 —— www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[118] T. Hisashima, T. Matsushita, T. Asada, S. Koseki, A. Toyota, Theor.
Chem. Acc. 2008, 120, 85-94.

[119] O. Swang, K. FaegriJr. , O. Gropen, J. Phys. Chem. 1994, 98,
3006-3009.

[120] L. Andrews, X.-F. Wang, L. Manceron, J. Chem. Phys. 2001, 114,
1559-1566.

[121] A. Shayesteh, S.-S. Yu, P. F. Bernath, J. Phys. Chem. A 2005, 109,
10280-10286.

[122] X.-F. Wang, L. Andrews, J. Phys. Chem. A 2004, 108, 3396—-3402.

[123] X.-F. Wang, L. Andrews, J. Am. Chem. Soc. 2003, 125, 6581 -6587.

[124] M. Seth, K. Faegri, P. Schwerdtfeger, Angew. Chem. 1998, 110,
2669-2672; Angew. Chem. Int. Ed. 1998, 37, 2493 -2496.

[125] W. Jerzembek, H. Biirger, L. Constantin, L. Margules, J. Demaison,
J. Breidung, W. Thiel, Angew. Chem. 2002, 114, 2659-2661; Angew.
Chem. Int. Ed. 2002, 41, 2550-2552.

[126] C.S. Nash, B. E. Bursten, J. Phys. Chem. A 1999, 103, 632-636.

[127] Y.J. Choi, Y. S. Lee, J. Chem. Phys. 2003, 119, 2014-2019.

[128] P. E. Souter, G. P. Kushto, L. Andrews, M. Neurock, J. Phys. Chem.
A 1997, 101, 1287-1291.

[129] X.-F. Wang, L. Andrews, L. Gagliardi, J. Phys. Chem. A 2008, 112,
1754-1761.

[130] K. Balasubramanian, W. J. Siekhaus, W. McLean 11,, J. Chem. Phys.
2003, 719, 5889-5900.

[131] K. Balasubramanian, T. E. Felter, T. Anklam, T. W. Trelenberg, W.
McLean 11, J. Alloys Compd. 2007, 444—445, 447—-452.

[132] K. Balasubramanian, J. Chem. Phys. 2002, 116, 3568 -3575.

[133] M. Seth, P. Schwerdtfeger, Chem. Phys. Lett. 2000, 318, 314-318.

[134] M. Seth, P. Schwerdtfeger, M. Dolg, K. Faegri, B. A. Hess, U.
Kaldor, Chem. Phys. Lett. 1996, 250, 461-465.

[135] M. Dolg, H. Stoll, M. Seth, P. Schwerdtfeger, Chem. Phys. Lett.
2001, 345, 490-496.

[136] W.-J. Liu, C. van Wiillen, J. Chem. Phys. 1999, 110, 3730-3735.

[137] M. Seth, P. Schwerdtfeger, M. Dolg, J. Chem. Phys. 1997, 106,
3623-3632.

[138] M. Seth, P. Schwerdtfeger, K. Faegri, J. Chem. Phys. 1999, 111,
6422 -6433.

[139] C. van Wiillen, N. Langermann, J. Chem. Phys. 2007, 126, 114 106.

[140] M. D. Allen, T. C. Pesch, J. S. Robinson, A.J. Apponi, D. B. Grot-
jahn, L. M. Ziurys, Chem. Phys. Lett. 1998, 293, 397-404.

[141] C. Lambert, M. Kaupp, P. von R. Schleyer, Organometallics 1993,
12, 853-859.

[142] M. Kaupp, P. von R. Schleyer, J. Am. Chem. Soc. 1992, 114, 491 -
497.

[143] S. Grigoleit, M. Biihl, Chem. Eur. J. 2004, 10, 5541 -5552.

[144] Y.-D. Wu, Z.-H. Peng, K. W. K. Chan, X.-Z. Liu, A. A. Tuinman,
Z.-L. Xue, Organometallics 1999, 18, 2081 -2090.

[145] 1. Antes, G. Frenking, Organometallics 1995, 14, 4263—4268.

[146] J. Kouvetakis, A. Haaland, D.J. Shorokhov, H. V. Volden, G. V.
Girichev, V. 1. Sokolov, P. Matsunaga, J. Am. Chem. Soc. 1999, 121,
6738-6744.

[147] Y.-D. Wu, K. W. K. Chan, Z.-L. Xue, J. Am. Chem. Soc. 1995, 117,
9259-9264.

[148] W. Uhl, A. Jantschak, W. Saak, M. Kaupp, R. Wartchow, Organo-
metallics 1998, 17, 5009-5017.

[149] H. Fujii, M. Kimura, Bull. Chem. Soc. Japan 1971, 44, 2643 -2647.

[150] C. Pulham, A. Haaland, A. Hammel, K. Rypdahl, H. P. Verne,
H. V. Volden, Angew. Chem. 1992, 104, 1534-1537.

[151] L. Maron, L. Perrin, O. Eisenstein, Dalton Trans. 2003, 4313-4318.

[152] S. K. Kang, H. Tang, T. A. Albright, J. Am. Chem. Soc. 1993, 115,
1971-1981.

[153] H. Biirger, R. Kuna, S. Ma, J. Breidung, W. Thiel, J. Chem. Phys.
1994, 101, 1-14.

[154] H. Biirger, S. Ma, J. Breidung, W. Thiel, J. Chem. Phys. 1996, 104,
4945-4953.

[155] C.S. Nash, B. E. Bursten, Angew. Chem. 1999, 111, 115-117.

[156] M.-S. Liao, Q.-E. Zhang, J. Phys. Chem. A 1998, 102, 10647 -10654.

[157] Y.-K. Han, Y. S. Lee, J. Phys. Chem. A 1999, 103, 1104-1108.

[158] C. Yamada, E. Hirota, J. Mol. Spectrosc. 1992, 153, 91-95.

Chem. Eur. J. 2009, 15, 186—197


http://dx.doi.org/10.1039/b408860n
http://dx.doi.org/10.1039/b408860n
http://dx.doi.org/10.1039/b408860n
http://dx.doi.org/10.1006/jmsp.1998.7740
http://dx.doi.org/10.1006/jmsp.1998.7740
http://dx.doi.org/10.1006/jmsp.1998.7740
http://dx.doi.org/10.1021/ja970335p
http://dx.doi.org/10.1021/ja970335p
http://dx.doi.org/10.1021/ja970335p
http://dx.doi.org/10.1021/ja970335p
http://dx.doi.org/10.1016/0022-2852(85)90281-4
http://dx.doi.org/10.1016/0022-2852(85)90281-4
http://dx.doi.org/10.1016/0022-2852(85)90281-4
http://dx.doi.org/10.1016/0022-2852(85)90281-4
http://dx.doi.org/10.1021/ja0353560
http://dx.doi.org/10.1021/ja0353560
http://dx.doi.org/10.1021/ja0353560
http://dx.doi.org/10.1021/ja0353560
http://dx.doi.org/10.1103/PhysRevLett.58.996
http://dx.doi.org/10.1103/PhysRevLett.58.996
http://dx.doi.org/10.1103/PhysRevLett.58.996
http://dx.doi.org/10.1021/jp046046m
http://dx.doi.org/10.1021/jp046046m
http://dx.doi.org/10.1021/jp046046m
http://dx.doi.org/10.1039/b212276f
http://dx.doi.org/10.1039/b212276f
http://dx.doi.org/10.1039/b212276f
http://dx.doi.org/10.1039/b212276f
http://dx.doi.org/10.1021/jp001087d
http://dx.doi.org/10.1021/jp001087d
http://dx.doi.org/10.1021/jp001087d
http://dx.doi.org/10.1021/ic0502574
http://dx.doi.org/10.1021/ic0502574
http://dx.doi.org/10.1021/ic0502574
http://dx.doi.org/10.1021/ic00308a001
http://dx.doi.org/10.1021/ic00308a001
http://dx.doi.org/10.1021/ic00308a001
http://dx.doi.org/10.1021/ic00308a001
http://dx.doi.org/10.1021/jp027519x
http://dx.doi.org/10.1021/jp027519x
http://dx.doi.org/10.1021/jp027519x
http://dx.doi.org/10.1063/1.479120
http://dx.doi.org/10.1063/1.479120
http://dx.doi.org/10.1063/1.479120
http://dx.doi.org/10.1039/b507539d
http://dx.doi.org/10.1039/b507539d
http://dx.doi.org/10.1039/b507539d
http://dx.doi.org/10.1039/b507539d
http://dx.doi.org/10.1021/jp035393d
http://dx.doi.org/10.1021/jp035393d
http://dx.doi.org/10.1021/jp035393d
http://dx.doi.org/10.1063/1.462570
http://dx.doi.org/10.1063/1.462570
http://dx.doi.org/10.1063/1.462570
http://dx.doi.org/10.1063/1.462570
http://dx.doi.org/10.1021/jp060888z
http://dx.doi.org/10.1021/jp060888z
http://dx.doi.org/10.1021/jp060888z
http://dx.doi.org/10.1016/S0009-2614(88)85026-7
http://dx.doi.org/10.1016/S0009-2614(88)85026-7
http://dx.doi.org/10.1016/S0009-2614(88)85026-7
http://dx.doi.org/10.1021/ja0451259
http://dx.doi.org/10.1021/ja0451259
http://dx.doi.org/10.1021/ja0451259
http://dx.doi.org/10.1021/ja0451259
http://dx.doi.org/10.1002/asia.200600017
http://dx.doi.org/10.1002/asia.200600017
http://dx.doi.org/10.1002/asia.200600017
http://dx.doi.org/10.1021/ja0511568
http://dx.doi.org/10.1021/ja0511568
http://dx.doi.org/10.1021/ja0511568
http://dx.doi.org/10.1021/om050613q
http://dx.doi.org/10.1021/om050613q
http://dx.doi.org/10.1021/om050613q
http://dx.doi.org/10.1021/jp013624f
http://dx.doi.org/10.1021/jp013624f
http://dx.doi.org/10.1021/jp013624f
http://dx.doi.org/10.1021/jp003721t
http://dx.doi.org/10.1021/jp003721t
http://dx.doi.org/10.1021/jp003721t
http://dx.doi.org/10.1021/jp003721t
http://dx.doi.org/10.1002/chem.200500332
http://dx.doi.org/10.1002/chem.200500332
http://dx.doi.org/10.1002/chem.200500332
http://dx.doi.org/10.1021/jp037942l
http://dx.doi.org/10.1021/jp037942l
http://dx.doi.org/10.1021/jp037942l
http://dx.doi.org/10.1063/1.461706
http://dx.doi.org/10.1063/1.461706
http://dx.doi.org/10.1063/1.461706
http://dx.doi.org/10.1063/1.461706
http://dx.doi.org/10.1063/1.453611
http://dx.doi.org/10.1063/1.453611
http://dx.doi.org/10.1063/1.453611
http://dx.doi.org/10.1063/1.453611
http://dx.doi.org/10.1021/ic00113a023
http://dx.doi.org/10.1021/ic00113a023
http://dx.doi.org/10.1021/ic00113a023
http://dx.doi.org/10.1021/ic00113a023
http://dx.doi.org/10.1021/jp013693u
http://dx.doi.org/10.1021/jp013693u
http://dx.doi.org/10.1021/jp013693u
http://dx.doi.org/10.1021/jp013693u
http://dx.doi.org/10.1021/ja0033483
http://dx.doi.org/10.1021/ja0033483
http://dx.doi.org/10.1021/ja0033483
http://dx.doi.org/10.1021/ja9710114
http://dx.doi.org/10.1021/ja9710114
http://dx.doi.org/10.1021/ja9710114
http://dx.doi.org/10.1021/ja9710114
http://dx.doi.org/10.1021/ja020216w
http://dx.doi.org/10.1021/ja020216w
http://dx.doi.org/10.1021/ja020216w
http://dx.doi.org/10.1007/s00214-007-0302-x
http://dx.doi.org/10.1007/s00214-007-0302-x
http://dx.doi.org/10.1007/s00214-007-0302-x
http://dx.doi.org/10.1007/s00214-007-0302-x
http://dx.doi.org/10.1021/j100062a043
http://dx.doi.org/10.1021/j100062a043
http://dx.doi.org/10.1021/j100062a043
http://dx.doi.org/10.1021/j100062a043
http://dx.doi.org/10.1063/1.1333020
http://dx.doi.org/10.1063/1.1333020
http://dx.doi.org/10.1063/1.1333020
http://dx.doi.org/10.1063/1.1333020
http://dx.doi.org/10.1021/jp0540205
http://dx.doi.org/10.1021/jp0540205
http://dx.doi.org/10.1021/jp0540205
http://dx.doi.org/10.1021/jp0540205
http://dx.doi.org/10.1021/jp0498973
http://dx.doi.org/10.1021/jp0498973
http://dx.doi.org/10.1021/jp0498973
http://dx.doi.org/10.1021/ja029862l
http://dx.doi.org/10.1021/ja029862l
http://dx.doi.org/10.1021/ja029862l
http://dx.doi.org/10.1002/(SICI)1521-3757(19980918)110:18%3C2669::AID-ANGE2669%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1521-3757(19980918)110:18%3C2669::AID-ANGE2669%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1521-3757(19980918)110:18%3C2669::AID-ANGE2669%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1521-3757(19980918)110:18%3C2669::AID-ANGE2669%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1521-3773(19981002)37:18%3C2493::AID-ANIE2493%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3773(19981002)37:18%3C2493::AID-ANIE2493%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3773(19981002)37:18%3C2493::AID-ANIE2493%3E3.0.CO;2-F
http://dx.doi.org/10.1021/jp9843407
http://dx.doi.org/10.1021/jp9843407
http://dx.doi.org/10.1021/jp9843407
http://dx.doi.org/10.1063/1.1584659
http://dx.doi.org/10.1063/1.1584659
http://dx.doi.org/10.1063/1.1584659
http://dx.doi.org/10.1021/jp962863d
http://dx.doi.org/10.1021/jp962863d
http://dx.doi.org/10.1021/jp962863d
http://dx.doi.org/10.1021/jp962863d
http://dx.doi.org/10.1063/1.1601591
http://dx.doi.org/10.1063/1.1601591
http://dx.doi.org/10.1063/1.1601591
http://dx.doi.org/10.1063/1.1601591
http://dx.doi.org/10.1016/j.jallcom.2006.11.068
http://dx.doi.org/10.1016/j.jallcom.2006.11.068
http://dx.doi.org/10.1016/j.jallcom.2006.11.068
http://dx.doi.org/10.1063/1.1446029
http://dx.doi.org/10.1063/1.1446029
http://dx.doi.org/10.1063/1.1446029
http://dx.doi.org/10.1016/S0009-2614(00)00034-8
http://dx.doi.org/10.1016/S0009-2614(00)00034-8
http://dx.doi.org/10.1016/S0009-2614(00)00034-8
http://dx.doi.org/10.1016/0009-2614(96)00039-5
http://dx.doi.org/10.1016/0009-2614(96)00039-5
http://dx.doi.org/10.1016/0009-2614(96)00039-5
http://dx.doi.org/10.1016/S0009-2614(01)00901-0
http://dx.doi.org/10.1016/S0009-2614(01)00901-0
http://dx.doi.org/10.1016/S0009-2614(01)00901-0
http://dx.doi.org/10.1016/S0009-2614(01)00901-0
http://dx.doi.org/10.1063/1.478237
http://dx.doi.org/10.1063/1.478237
http://dx.doi.org/10.1063/1.478237
http://dx.doi.org/10.1063/1.473437
http://dx.doi.org/10.1063/1.473437
http://dx.doi.org/10.1063/1.473437
http://dx.doi.org/10.1063/1.473437
http://dx.doi.org/10.1063/1.480168
http://dx.doi.org/10.1063/1.480168
http://dx.doi.org/10.1063/1.480168
http://dx.doi.org/10.1063/1.480168
http://dx.doi.org/10.1016/S0009-2614(98)00810-0
http://dx.doi.org/10.1016/S0009-2614(98)00810-0
http://dx.doi.org/10.1016/S0009-2614(98)00810-0
http://dx.doi.org/10.1021/om00027a039
http://dx.doi.org/10.1021/om00027a039
http://dx.doi.org/10.1021/om00027a039
http://dx.doi.org/10.1021/om00027a039
http://dx.doi.org/10.1021/ja00028a014
http://dx.doi.org/10.1021/ja00028a014
http://dx.doi.org/10.1021/ja00028a014
http://dx.doi.org/10.1002/chem.200400256
http://dx.doi.org/10.1002/chem.200400256
http://dx.doi.org/10.1002/chem.200400256
http://dx.doi.org/10.1021/om980595v
http://dx.doi.org/10.1021/om980595v
http://dx.doi.org/10.1021/om980595v
http://dx.doi.org/10.1021/om00009a032
http://dx.doi.org/10.1021/om00009a032
http://dx.doi.org/10.1021/om00009a032
http://dx.doi.org/10.1021/ja00141a018
http://dx.doi.org/10.1021/ja00141a018
http://dx.doi.org/10.1021/ja00141a018
http://dx.doi.org/10.1021/ja00141a018
http://dx.doi.org/10.1021/om980359k
http://dx.doi.org/10.1021/om980359k
http://dx.doi.org/10.1021/om980359k
http://dx.doi.org/10.1021/om980359k
http://dx.doi.org/10.1246/bcsj.44.2643
http://dx.doi.org/10.1246/bcsj.44.2643
http://dx.doi.org/10.1246/bcsj.44.2643
http://dx.doi.org/10.1002/ange.19921041130
http://dx.doi.org/10.1002/ange.19921041130
http://dx.doi.org/10.1002/ange.19921041130
http://dx.doi.org/10.1039/b308433g
http://dx.doi.org/10.1039/b308433g
http://dx.doi.org/10.1039/b308433g
http://dx.doi.org/10.1021/ja00058a051
http://dx.doi.org/10.1021/ja00058a051
http://dx.doi.org/10.1021/ja00058a051
http://dx.doi.org/10.1021/ja00058a051
http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C115::AID-ANGE115%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C115::AID-ANGE115%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C115::AID-ANGE115%3E3.0.CO;2-6
http://dx.doi.org/10.1021/jp9825516
http://dx.doi.org/10.1021/jp9825516
http://dx.doi.org/10.1021/jp9825516
http://dx.doi.org/10.1021/jp983665k
http://dx.doi.org/10.1021/jp983665k
http://dx.doi.org/10.1021/jp983665k
http://dx.doi.org/10.1016/0022-2852(92)90460-6
http://dx.doi.org/10.1016/0022-2852(92)90460-6
http://dx.doi.org/10.1016/0022-2852(92)90460-6
www.chemeurj.org

Molecular Single-Bond Covalent Radii for Elements 1-118

[159] A. Zaitsevskii, R. Ferber, C. Teichteil, Phys. Rev. A 2001, 63, 042
S11.

[160] K. F. Déssel, D. H. Sutter, Z. Naturforsch. A 1978, 33, 1190-1196.

[161] X.-F. Wang, L. Andrews, J. Am. Chem. Soc. 2008, 130, 6766—-6773.

[162] S. Seidel, K. Seppelt, Angew. Chem. 2001, 113, 4318—-4320; Angew.
Chem. Int. Ed. 2001, 40, 4225-4227.

[163] G. A. Bishea, N. Marak, M. D. Morse, J. Chem. Phys. 1991, 95,
5618-5629.

[164] G. A. Bishea, J. C. Pinegar, M. D. Morse, J. Chem. Phys. 1991, 95,
5630-5645.

[165] M. Saito, N. Tokitoh, R. Okazaki, J. Am. Chem. Soc. 2004, 126, 15
572-15 582.

[166] T. Gustavsson, C. Amiot, J. Verges, Mol. Phys. 1988, 64, 279-292.

FULL PAPER

[167] S. Kato, R. L. Jaffe, A. Komornicki, K. Morokuma, J. Chem. Phys.
1983, 78, 4567.

[168] G. Balézs, H. J. Breunig, E. Lork, Organometallics 2002, 21, 2584 —
2586.

[169] I. W. Bassi, G. Allegra, R. Scordamaglia, G. Chioccola, J. Am.
Chem. Soc. 2008, 130, 3787-3788.

[170] U. Flierler, M. Burzler, D. Leusser, J. Henn, H. Ott, H. Braunsch-
weig, D. Stalke, Angew. Chem. 2008, 120, 4393-4397; Angew.
Chem. Int. Ed. 2008, 47, 4321-4325.

[171] M. Bogey, M. Cordonnier, C. Demuynck, J. L. Destombes, J. Mol.
Spectrosc. 1992, 155, 217-219.

Received: May 22, 2008
Published online: December 4, 2008

Chem. Eur. J. 2009, 15, 186—197

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 197


http://dx.doi.org/10.1021/ja710810x
http://dx.doi.org/10.1021/ja710810x
http://dx.doi.org/10.1021/ja710810x
http://dx.doi.org/10.1002/1521-3757(20011119)113:22%3C4318::AID-ANGE4318%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20011119)113:22%3C4318::AID-ANGE4318%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20011119)113:22%3C4318::AID-ANGE4318%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4225::AID-ANIE4225%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4225::AID-ANIE4225%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4225::AID-ANIE4225%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4225::AID-ANIE4225%3E3.0.CO;2-3
http://dx.doi.org/10.1063/1.461637
http://dx.doi.org/10.1063/1.461637
http://dx.doi.org/10.1063/1.461637
http://dx.doi.org/10.1063/1.461637
http://dx.doi.org/10.1063/1.461638
http://dx.doi.org/10.1063/1.461638
http://dx.doi.org/10.1063/1.461638
http://dx.doi.org/10.1063/1.461638
http://dx.doi.org/10.1080/00268978800100223
http://dx.doi.org/10.1080/00268978800100223
http://dx.doi.org/10.1080/00268978800100223
http://dx.doi.org/10.1063/1.445297
http://dx.doi.org/10.1063/1.445297
http://dx.doi.org/10.1002/ange.200705257
http://dx.doi.org/10.1002/ange.200705257
http://dx.doi.org/10.1002/ange.200705257
http://dx.doi.org/10.1002/anie.200705257
http://dx.doi.org/10.1002/anie.200705257
http://dx.doi.org/10.1002/anie.200705257
http://dx.doi.org/10.1002/anie.200705257
http://dx.doi.org/10.1016/0022-2852(92)90562-3
http://dx.doi.org/10.1016/0022-2852(92)90562-3
http://dx.doi.org/10.1016/0022-2852(92)90562-3
http://dx.doi.org/10.1016/0022-2852(92)90562-3
www.chemeurj.org

