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Hybrid-density functional calculations on methyl group substituted elemental hydrides of the #@m H

EH, (E is any main block or d block transition element ani O, 1, 2, 3, or 4 depending on the position of

E in the periodic table) give atomic radii {lRas the C-E bond distance minus half of the-«C bond distance

of ethane. R values show good linear correlations with the experimental covalent radii, Slater’s empirical
set of atomic radii, and experimental carbon-based atomic radii particularly for the main block elements.
Except a few cases, the sum of any two\Rilues reproduces very well the corresponding mean single bond
distances in molecules. Further, Ralues provide the calculation of an expected density)(@fs¢he element,

which shows a good linear correlation with solid-state density of elements (Ds) when they are metals, suggesting
similarity in their atomic packing. The percentage of free spage)in the solid-state calculated using'Ds

and Ds suggests that all the metals h&fyg below 66, all the metalloids hawéee between 66 and 71, and

all the nonmetals hav¥.. above 71.

Introduction metallic radii simply taken as half of the M distance (M is
a metal atom) in 12-coordinate metals is proposed as a good
measure of the atomic size of a metal.

It is therefore important to have a consistent approach to
understand the periodic nature of atomic radii. Alc§ck
discussed such an approach based on carbon-based radii. In this
approach, the radii are those derived by subtracting the radius
of carbon atom from C(sp—X distances (abbreviated here as
Raicock). AN sp? carbon is ideally suited for this purpose because
It has no lone pairs, no empty p- or d-orbitals, and is not of
high electronegativity, therefore a consistertXCdistance could
be obtained’18 The radius of carbon is easily obtained from
the C-C bond distances in saturated hydrocarbon cRaias
0.767 A. Experimental carbon-based radii are available only
for groups 13 to 17 and hydrogen and beryllium. The case of
TEs is again a challenging problem because of the absence of
a suitable C(sf)-X system where X is a TE moiety. However,

a computational model of the C&p-X system with almost all

of the elements can be studied systematically using modern
guantum mechanical methods. In this work, a method, which
gives consistent carbon-based atomic radii suitable for all the
main block elements and the d block transition elements, will
be presented.

The use of the term “atomic radius” is very common in the
literature, especially in the fields of crystallography, material
science, and chemistry. However, one can find several different
sets of atomic radii in the literature, and the complete picture
of the periodic table is not very easy to obtain from them
because the selection of the atomic radius of an element often
becomes arbitrary.23 Bragg in 1920 used the idea that atoms
in molecules and crystals can be treated as hard spheres to deriv
the first set of atomic radii.Following this assumption, later
Slater proposed an empirical set of atomic ralide) for most
of the elementsderived by the careful comparison of bond
lengths in over 1200 bond types in ionic, metallic, and covalent
crystals and molecules. He also found a strong correlation
between th&saerand the quantum mechanically calculated radii
of maximum charge density in the outermost shell of the dtom.
Following this result, Clementi, Raimondi, and Reinhardt
determined another set of atomic radickg) from minimal-
basis-set SCF wave functions for ground-state atdmsother
quantity sometimes referred to as a good criterion of atomic
size in molecules is the covalent radiR.daen), Which is
defined as half of the single bond length between two atoms of
same kind-1%14 Because the size of the neutral atom in the
molecule largely depends on the substituents, coordination
number, or ligands attached to it, the ideal systems for the
covalent radii measurement are systems consisting of same It is already mentioned that the radius of a carbon atom in a
atoms and having only single bonds. Although these criteria saturated hydrocarbon is a good measure of its atomic rachéis.
are difficult to achieve for many elements in the periodic table For example, half of the €C bond distance of ethane can be
(a good example is nitrogen), one gratifying thing is that among considered as the methyl group-based atomic radii of carbon
the different set of atomic radii, the radii of main block elements atom Rearmon. IN @ similar manner, the €E (E is any element
show good agreement between each other, primarily becauseother than noble gases) bond distartze g, in molecules such
of the predictable nature of the bonding patterns of these as HHC—H, H3C—Li, H3C—BeH, HsC—BH,, H3C—NH,, H:C—
elements in their compounds. On the other hand, assigning aOH, and HC—F can be used for obtaining the methyl group
single consistent set of atomic radii for transition elements (TEs) based atomic radiufka, of an element: i.e.Ra = dc—g —
becomes problematic due to the various coordination patternsR.amon Basically, the idea used here is to connect an element E
and spin states available for them. Further, the preferred with a methyl group and saturate its remaining normal valencies
coordination state as well as the spin state of TE systems oftenwith hydrogen atoms. Because the C and E effECbond are
depends on the attached ligands. However, we note that thesaturated with hydrogen atoms, there is only little chance for
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TABLE 1: CH 3—EH,-Based Atomic Radii (Ra) and Various TABLE 2: CH 3—TH,-Based Atomic Radii (Ra) and Various
Other Atomic Radii (All Value in A) 2 Other Atomic Radii (All Value in A) 2

atom RA Rcovalent RCRR R'Slater RAIcock RF’auling Ds Ds Vfree atom RA F'ecovalent RCRR %Iater Rmetallic Ds Ds Vfree

H 0.327 0.37 0.53 0.25 0.299 0.30 11504 89.8 99.2 Sc 1337 144 184 160 1.641 7453 2985 60.0
Li 1.219 134 1.67 1.45 1518 535 64.8 Ti 1274 136 176 140 1.462 7932 4507 43.2
Be 0.911 0.90 1.12 1.05 1.060 4726 1848 609 V 1.236 125 1.71 135 1.346 10707 6110 429
B 0.793 0.82 0.87 0.85 0.830 8607 2530 706 Cr 1128 127 166 140 1.282 14367 7140 50.3

C 0.766 0.77 0.67 0.70 0.767 0.77 10585 2267 78.6 Mn 1180 139 1.61 140 1.264 13242 7470 43.6
N 0699 0.75 056 0.65 0.702 0.70 16290 1250 923 Fe 1.091 125 156 140 1.274 17064 7874 53.9
O 0.658 0.73 0.48 0.60 0.659 0.66 22234 1429 936 Co 1.089 126 152 135 1.252 19521 8900 54.4
F 0633 0.71 042 050 0.619 0.64 29697 1710 942 Ni 1077 121 149 135 1.246 18604 8908 52.1

Na 1.545 1.54 1.90 1.80 2473 968 609 Cu 1.146 138 145 135 1.278 16755 8920 46.8
Mg 1.333 1.30 1.45 1.50 4072 1738 573 Y 1482 162 212 180 1.801 10822 4472 58.7
Al 1199 1.18 1.18 1.25 1.180 6205 2700 56.5 Zr 1377 148 2.06 155 1.602 13847 6511 53.0

Si 1123 111 1.11 1.10 1.090 1.17 7871 2330 704 Nb 1353 137 198 145 1.468 14858 8570 42.3
P 1110 1.06 0.98 1.00 1.088 1.10 8975 1823 79.7 Mo 1.240 1.45 190 1.45 1.400 19933 10280 48.4
S 1071 1.02 0.88 1.00 1.052 1.04 10355 1960 81.1 Tc 1.287 156 1.83 1.35 1.360 18395 11500 37.5
Cl 1039 099 0.79 1.00 1.023 0.99 12533 3210 744 Ru 1212 126 178 130 1.339 22478 12370 45.0

K 1978 196 243 220 2003 856 57.3 Rh 1229 135 1.73 1.35 1.345 24362 12450 48.9
Ca 1.745 1.74 1.94 1.80 2993 1550 482 Pd 1240 131 169 140 1.376 22152 12023 45.7
Zn 1187 1.31 1.42 1.35 15500 7140 539 Ag 1362 153 165 160 1.445 16934 10450 38.3
Ga 1.199 126 1.36 1.30 1.250 16039 5904 63.2 La 1.653 1.95 165 1.877 12185 6146 49.6

Ge 1179 122 125 1.25 1220 1.22 17569 5323 69.7 Hf 1.364 150 2.08 155 1.580 27910 13310 52.3
As 1209 1.19 114 115 1.196 1.21 16819 5727 66.0 Ta 1346 138 200 1.45 1.467 29426 16650 43.4
Se 1201 1.16 1.03 1.15 1.203 1.17 18092 4819 734 W 1256 146 193 135 1408 36742 19250 47.6

Br 1.201 1.14 0.94 1.15 1.199 1.14 18285 3140 82.8 Re 1.258 1.59 1.88 1.35 1.375 36742 21020 42.9
Rb 2.217 211 265 2.35 3111 1532 50.8 Os 1222 1.28 1.85 1.30 1.353 41311 22610 45.3
Sr 1928 192 219 2 4848 2630 45.7 Ir 1.227 1.37 1.80 1.35 1.357 45279 22650 50.0
Cd 1429 148 1.61 155 15275 8650 43.4 Pt 1.227 1.28 1.77 1.35 1.387 41848 21090 49.6
In 1.385 144 156 155 1.41 17122 7310 57.3 Au 1273 144 174 135 1.442 37894 19300 49.1
Sn 1380 141 145 145 139 140 17918 7310 59.2 .

Sh 1.421 1.38 1.33 1.45 1.37 1.41 16836 6697 60.2 a Calculations at the B3LYP/6-31+G(d, p) level for Se-Cu and
Te 1.400 1.35 123 1.4 1.391 1.37 18430 6240 66.1 atthe B3LYP/Gen level for ¥-Au. The density values Ds and Dare

| 1.397 133 1.15 1.4 1.395 1.33 18460 4660 74.8 in Kg/m®. See text for details.

Cs 2442 225 298 2.6 3620 1879 48.1

Ba 2.149 1.98 253 2.15 5488 3510 36.0 the 6-3H-+G(d,p) basis sétis used in the calculations. For
Hg 1465 149 171 15 25281 13590 46.2 i i i i
T 1531 145 156 Lo 53670 11850 475 other molecules, a general basis set is used, which contains
Pb 1434 147 154 18 57881 11340 593 0-31++G(d,p) for C and H, and LanL2DZpol for the other

Bi 1.496 1.46 1.43 1.6 24748 9780 60.5 elementd~2° (here, “pol” indicates an extra polarization func-
2 At the B3LYP/6-31+G(d.p) level for H-Br and the B3LYP/ tion). This method is expected to give reliable geometries.
Gen level for Rb-Bi. The density values Ds and Dare in Kg/n?. . .
See text for details. Results and Discussion
In this work, the atomic radiiRa, is defined as €E bond
any other electrons to directly interact with it. Therefore, the |ength minus half of the EC bond length of ethane. In Tables
Ra values are expected to show the inherent atomic size of E. 1 and 2, theRy and atomic radii from other sources are depicted.
However, this approach has some difficulty when applied to Figure 1 gives the linear correlations betweenRaevalues of
TEs because of the different possible coordination patterns andthe main block elements and the correspond®agaient Rsiates
spin states. How can we circumvent these difficulties? Note that R.gr, and Racock. AS One can see, thRs values are in very
all of the CH—EH, systems mentioned above for the main good agreement with thR.ovaenivalues (correlation coefficient,
block elements are closed-shell systems. To be compatible toc.c., is 0.992). This correlation is particularly important because
these, we must use a closed-shell&£fH, system too, where in the present study, except for the-C bond, there is no pure
T is a transition element. For this purpose, let us assume thatcovalent bond in Ck-EH, systems. The empirical set of atomic
during the formation of Ck-TH, two electrons go to a lone  radii proposed by SlateRéiae) based on experimental data also
pair orbital and the remaining outer shell electrons participate shows a good linear correlation with tRa values. However,
in the bond formation with Ckland the hydrogens. To realize  the linear correlation betwedRy and Rerg is not as good as
this, we must use 0, 1, 2, 3, and 41 bonds for elements in  that obtained withReovaent OF the Rsjater radii values. A near
groups 3, 4, 5, 6, and 7 and 3, 2, 1, and 8H bonds for perfect agreement can be seen betweerRihealues and the
elements in groups 8, 9, 10, and 11, respectively. Note that theser, .ok (N0t available for TE) values based on the average
geometries may not be the most stable conformations. However,C(sg)—X distances from X-ray diffraction data. In fact, the
the computed €T bond is expected to show the same behavior R, fitting to the experimental dateRgicock) gives slope and
as the G-E bond of the main block elements, mainly due to y-intercept nearly one and zero, respectively. This result strongly
the pairing of the outermost electrons of T. This will serve as supports the present approach to atomic radii. Table 1 also
a systematic and consistent way to understand the atomic radiidepicts Pauling’s covalent atomic radRduing,®> Which are
in molecules. nothing but half of the average-XX distances in molecules
To simplify the description, hereafter we collectively call all (the values for H and F are exceptions). It can be noted that
of the systems methylelement-hydride (MEH) systems. Based = Rpauing@ndRa values are nearly the same for most of the atoms.
on the above strategy, the geometry optimization of MEH However, deviations of 0.053, 0.049, 0.061, and 0.067 A
systems containing elements up to bismuth (except Ce to Lu between these two quantities are observed for the atoms Si, Cl,
and noble gases) have been done at density functional theoryBr, and I, respectively.
level using the B3LYP function®#l in Gaussian 98 set of It is already mentioned that there is no good atomic radii
programs® For molecules containing elements up to bromine, data available for the transition metals. Unlike the main block
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Figure 1. Correlations between the present scale of atomic r&d)i &nd other popular atomic radii scales. (a) Covalent; (b) Slater; (c) Clementi

Raimondi-Reinhardt; and (d) Alcock.
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Figure 2. Comparison of atomicRa) and metallic Rmetanic) radii of
transition elements.

elements, th&®, values obtained for TE show only poor linear
correlations with thdRcovaient Rsiates @NdRcrr. These radii data
used for comparison witRa were derived without a systematic
selection of the TE systems in terms of the coordination number,

from the group 3 to the group 9 and after that there is a slight

increase in their values. Exceptions to these observations are
Ra values of Mn, Tc, and Re. Further, bd® andRneaiic values

for the third row TE are almost the same as or even in some

cases smaller than those for the second row elements in the
same group. This behavior is expected due to the larger
relativistic effects in the case of third row TE&.

Is there any other meaningful way to judge the goodness of
the R4 values obtained in this study? A physical property of an
element that can be directly correlated with its atomic size is
the solid-state density (Ds), which is nothing but the mass of
1m? of the solid element at specified conditions. Generally Ds
values correspond to the thermodynamically most favored
allotrope of an element at ambient temperature. Because the
volume enclosed by a sphere of radRis contains the atomic
mass of an element, one can calculate the mass of df the
element as its expected density,’ Dg assuming no free space
in it. In Figure 3, the values of Ds and Dgiven in Tables 1
and 2 are compared:3132As one can see from this figure, all
of the metals are nearly on a single line, which suggest that the
atomic packing or the free space available in these systems is
somewhat similar. On the other hand, the nonmetallic elements

spin state, and the attached ligands and the theory used in theshow quite large values for their expected density as compared

calculations was poor, they could be highly erroneous and
therefore the poor correlation is somewhat expected. It is also
easily seen from the fact that unlike the main block elements,
the Reovatent Rsiates and Rerg radii values of TE do not show

any good agreement between each other. On the other hand, a

consistent data that gives the atomic size of a TE could be the
metallic radii, which are also given in Table Ry and Ryetatic
values exhibit almost a parallel trend (cf. Figure 2). Both of

to their actual density, indicating a lot of free space in these
systems. The scenario becomes clearer by defining a percentage
of free volume Ve in the solid state of an element as

Viee = 100 (1— Ds/Ds) (1)

Viee Values are also given in Tables 1 and 2. A simple
classification of the elements into metals, metalloids, and

these quantities generally show a gradual decrease as one goasmonmetals based e alone is immediately obtained. All of
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TABLE 3: Mean Single Bond Length (d) in Compounds of
Main Block Elements and the Corresponding Sum of
Bonded Atom R, Values Rsym)?
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TABLE 4: Mean Single Bond Length (d) in Compounds of
Transition Metals and the Corresponding Sum of Bonded
Atom Rp Values Rsym)?

bond

d

Rsum

bond

d

Rsum

bond

d

Rsum

O-Ti
o-V
O—Cr
O—Mn
O—Fe
O—Co
O—Ni
O—Cu
O—Zr
O—Nb
O—Mo
O—Rh
O—Pd
O—-W
O—Re
O—-0s
O—Pt
S-Ti

1.847
1.917
1.816
1914
1.913
1.899
1.848
1.899
1.924
1.869
1.911
2.035
2.016
1.900
1.890
1.914
2.028

1.932
1.894
1.786
1.838
1.749
1.747
1.735
1.804
2.035
2.011
1.898
1.887
1.898
1.914
1.916
1.880
1.885

SV
SMn
SFe
SCo
SNi
SCu
S Mo
STc
SRu
SPd
SAg
Sir
SPt
CHTi
Ctv
CiCr
CtMn

2.378
2.328
2.271
2.254
2.187
2.292
2.401
2.302
2.238
2.351
2.493
2.382
2.320
2.313
2.224
2.309
2.346

2.432 2.345

CtFe 2.195

2.307
2.251
2.162
2.160
2.148
2.217
2.311
2.358
2.283
2.311
2.433
2.298
2.298
2.313
2.275
2.167
2.219
2.13

CtCo
CHNi
CiCu
Ctzr
CHNb
CtMo
CtTc
CtRu
CIRh
CtPd
CtTa
ckw
CiRe
CtOs
CHlIr
CHPt
CtAu

2.254
2.217

2.179
2.426
2.374
2.389
2.323
2.409
2.369
2.326
2.383
2.390
2.368
2.357
2.361

2.323
2.276

2.128
2.116
2.185
2.416
2.392
2.279
2.326
2.251
2.268
2.279
2.385
2.295
2.297
2.261
2.266
2.266
2.312

bond d Rum bond d Raum bond d Rum a Al Values in A.

As—N 1.858 1.908 €Cl 2.162 2.163 N-S 1.710 1.770

As—Cl 2.268 2.248 &N 1.469 1.465 N 1.425 1.398 25000 1 = main block metals y=05212x-302.25

As—F 1.678 1842 €O 1.432 1424 NSi 1.748 1.822 4 Transition Metals ©c.=0.983 A

As—C 1.963 1.975 €S 1809 1.837 NO 1.463 1.357 20000 | & Nom-metals e

As—O 1.710 1.867 €Si 1.863 1.889 NP 1.730 1.809 A

As—S 2275 2.280 €Te 2.158 2.166 ©P 1.689 1.768 s 7

As—As 2.459 2418 €P 1855 1.876 ©S 1.645 1.729 15000 - . e

B-B 1.701 1586 CSe 1.970 1.967 ©Te 2.133 2.058 Ds Y

B—Br 1.967 1.994 CtP 2.008 2.149 PP 2.214 2.220 10000 N »).

B—C 1597 1559 CtS 2.072 2.110 PSi 2.264 2.233 A‘/‘_

B—P 1.922 1903 CiSi 2.020 2.162 zZnl 2.574 2.584 N ‘n-x*

B-S 1806 1.864 CiTe 2520 2.439 ZrBr 2.390 2.388 5000 Q2R

B-Cl 1833 1832 FS 1.527 1.704 zZnCl 2.255 2.226 '.-"4’68 o o

B—F 1.365 1.426 FN 1.406 1.332 CdBr 2.611 2.630 0 ‘ - ‘ ‘ :
B-N 1549 1492 FP 1579 1.743 CdCl 2.499 2.468 0 10000 20000 30000 40000 50000
B-O 1468 1451 FSi 1.694 1.756 Cdl 2.754 2.826 Ds'

g:gl %?Sg igg’é gg éggg %ggg Egg gigg %ggg Figure 4. Correlations between the expected density'(Bsid the
C—F 1399 1.399 +| 2917 2.796 Hgl 2702 2.862 solid-state density (Ds) of elements. The linear fit is for all the metals.
C—H 1.092 1.093 +Te 2.926 2.799 HgS 2.624 2.536

To get a pictorial representation of the whole scenatimlues
are plotted againg®sym (the predicted bond length) in Figure
4. A correlation line with slope and intercept equal to 0.98 and

nonmetals haveViee larger than 71. TheViee values of 0.06, respect.ively, i;: glso depicted in the figure for main block
metalloids fall into the middle range of 6&1. elements. It is gratifying to note that all of the points corre-
If the Ra values obtained here are a reliable measure of the SPonding to the transition elements fall nearly on the same line,
atomic size in molecules, the sum of any tia values in which further.confi.r.ms the consistency of the present approach
Tables 1 and 2 must be very close to the corresponding toward atomic radii.
interatomic single bond distances in molecules. A test on this
criterion is done by comparing the sum of any tRg values
to the corresponding mean bond lengtk#? A total of 113 A new reliable scale of atomic radii is obtained for all of the
different mean bond lengths can be obtained from ref 31, and main group elements and transition elements based on theoreti-
the corresponding sums of the radia of the bonded atoms  cally calculated geometries of38—EH, (depending on the
(Reum) are given in Tables 3 and 4. The numberd¥alues position of E, in the periodic tabley,= 0, 1, 2, 3, and 4). The
showing absolute deviation frofRsum in the range of 0.08 predicted radii are in very good agreement with the experimen-
0.05, 0.05-0.10, 0.16-0.15, and 0.150.19 A are 50, 33, 20, tally determined carbon-based radii. An additive model of atomic
and 10, respectively. In fact, comparatively larger deviations radii of bonded atoms generally describes the interatomic single
are obtained mainly for bonds involving transition elements, bond distances in molecules. Further, the atomic sizes as realized
and generally the deviations of bonds involving other elements from these radii are used for extracting a correlation of it with
are less than 0.1 A. Particularly noted in the main block elements the solid-state density of the elements and thereby characterizing
are S-F, As—F, P-F, As—0O, and Si-Cl bonds where the  the elements into metals, metalloids, and nonmetals from a
deviations are found to be 0.177, 0.164, 0.164, 0.157, and 0.142 simple criterion involving the percentage of free space present
respectively. The cause of such large deviations could be thein the solid state.
large electronegativity values of F, O, and ClI, which are the
first three most electronegative elements in the periodic table. Acknowledgment. The research was supported by the Grant-
The maximum deviation is only 0.028 A for the bonds involving In Aid for Scientific Research on Priority Areas from the
carbon, which is somewhat expected due to the MEH system-Ministry of Education, Culture, Sports, Science, and Technol-
based derivation ofRa. Ra values therefore can be used ogy. Part of the calculations was carried out at the Research
confidently in the molecular modeling of organic molecules. Center for Computational Science of Okazaki National Research

a All values in A.
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