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Systematic computational studies on the dihydrides and dihalides of group 14 elements have been performed,
for their ground state and first excited state. We present equilibrium geometries of the lowest lying singlet
and triplet states and singtetriplet energy separation data on the whole series obtained by the CCSD(T)
method. Scalar relativistic effects are taken into account by applying effective core potentials (ECP) from the
fourth period on. The performance of two sets of core potentials is compared and set against previous theoretical
results and available experimental information. Expected trends and anomalies in the variation of geometrical
parameters are discussed.

I. Introduction DFT results (using an exchange-correlation functional based on
the local spin density approximation). Both nonrelativistic and
L . ; quasi-relativistic ECPs were applied in their study, so that scalar
analogueévve found certain d|§crepan0|es between the available relativistic effects could be analyzed in detail. When geometries
experimental and computational data, as well as betweenproduced by the two ECPs were compared, bond contraction
different computational results. To have a clearer picture on of bromides and iodides and an increase in,the bond angle of
the regularities in.the structures of these rglatively S‘”.‘p'e lead dihalides were the most noticeable effects found.
molecules, we decided to. carry outa systgmaﬂc computgtlonal The most recent theoretical studies addressing only methylene
study of_aII molecules involved at a high and consistent and/or its halogen derivatives include that of Garcia €t@hs
computational level. , , and Whittenburg, Schwartz and Marshall,and Sendt and
The structure and properties of carbene and its analogues haV‘BacskayB. The experimental singletriplet gap of CCj reported

been the subject of numerous previous investigations. Especiallypy, | ineberger and co-workerfas initiated further investiga-
methylené™* and its halogen derivatives= have received much  ions such as the one of Barden and Schalfeee et alil

interest recently by computations, whereas relatively fewer Hajgafoet al.12 and Hargittai et al?

studies appeared on the hea_lvier analogues (i.e., substituting Tnhe above works vary much in the sophistication of the theory
carbon by other members of its groug)*® and the dimension of the basis set. Thus, the large number of
Focusing mainly on relativistic effects, Balasubramanian and computational data of various accuracies on the differens AX
co-workers performed systematic studies omAolecules, A molecules makes it hard to draw conclusions on the variation
= Ge, Sn, Pb, %= H, F, Cl, Br, |, during the 1990%!"” They of structural parametefsOf the two studies covering most of
carried out multireference configuration interaction calculations the molecules of this family, that of Escalante etédoes not
including single and double excitations (MRSDCI), with the include data on the triplet states, whereas the works of
complete active space self-consistent field (CASSCF) wave Balasubramanian et 17 miss the compounds with C and Si
function as the reference function. Besides the ground State,being the central atom. The motivation of the present work was
they characterized several excited states as well. Scalar relato produce a set of data on the lowest singlet and triplet states
tivistic effects were accounted for in their studies by applying of the whole series favoring consistency of the calculations. Our
the relativistic effective core potentials of Christiansen efaf? goal with this study is to look at the variation of geometrical
furthermore, spirrorbit coupling was described in some of their - parameters from the structural chemistry point of view.
works by explicit inclusion of a spinorbit operator at a . )
subsequent relativistic CI stage. Relativistic effects were found - Computational Details
important for lead being the central atom, whereas the effect of ~As single reference based approaches to count for electron
relativity originating from a ligand of large atomic number, such correlation were found sufficient for a good description of the

In a recent review of the molecular structure of carbene

as iodine, was not that striking. ground and the first excited states of these molecifles have
The performance of density functional theory (DFT) was carried out coupled cluster calculations including single and
tested by Escalante et &% addressing théA; state of AX% double excitations and counting for triples perturbatively

and AX; molecules (A= C, Si, Ge, Sn, Pb and ¥ F, Cl, Br, (CCSD(T) and UCCSD(T) for théA; and the 3B, state,

). They considered three different exchange correlation func- respectively). Full geometry optimizations were performed by
tionals together with the ECPs of the Stuttgart/Bonn grup. the GAUSSIAN 98 program packagéusing the frozen core
Interestingly, they found that equilibrium geometries calculated approximation throughout. Cutoffs for determining a minimum
by the Hartree-Fock (HF) method were as good as their best on the potential energy surface were the default values of

GAUSSIAN 98.
* To whom correspondence should be addressed. E-mail: hargitaim@ 1 hough the coupled cluster method based on an unrestricted
ludens.elte.hu. Hartree-Fock (UHF) determinant does not result in an ap-
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TABLE 1: Computed Equilibrium Bond Lengths [ re(A—X)/A] for AX , Molecules in Their Ground and First Excited States (A
=C, Si, Ge, Sn, Pb; X=H, F, Cl, Br, I) 2

elec ‘A *B1
state C Si Ge Sn Pb C Si Ge Sn Pb
CCSD(T)/EC
H 1.111 1.523 1.564 1.750 1.852 1.078 1.484 1.511 1.693 1.780
F 1.303 1.608 1.714 1.853 2.076 1.317 1.606 1.705 1.840 2.075
Cl 1.730 2.089 2.200 2.357 2.500 1.685 2.063 2.164 2.326 2.509
Br 1.894 2.249 2.397 2.552 2.659 1.840 2.223 2.369 2.530 2.693
| 2.094 2.470 2.633 2.786 2.867 2.020 2.436 2.604 2.765 2.909
CCSD(T)/ST
H 1.111 1.523 1.600 1.784 1.847 1.078 1.484 1.544 1.725 1.773
F 1.303 1.608 1.750 1.934 2.046 1.317 1.606 1.741 1.924 2.057
Cl 1.730 2.089 2.205 2.380 2.494 1.685 2.063 2.178 2.357 2.519
Br 1.906 2.263 2.370 2.539 2.648 1.850 2.236 2.349 2.522 2.687
| 2.114 2.490 2.588 2.757 2.858 2.040 2.453 2.564 2.739 2.902

a CCSD(T) within the frozen core approximation; ECPs are applied on atoms Ge, Br, Sn, | and Pb. For other details’deela¢ixistic ECPs
of Christiansen et aF. Relativistic ECPs of the Stuttgart/Bonn group.

propriate spin eigenfunction, the spin contamination of*e starting from hydrogen up to lead and iodine. To make sure
state at the UHF level was rather small; therefore, we assumedthat the introduction of ECPs in the middle of the group does
that no serious error was introduced by this. This assumption not bring in unwanted parameter changes, we tested its effect
was made in some of the earlier studies as WéH. by altering the row of the periodic table at which we started to
In the first series of calculations (CCSD(T)/EC) the same or apply ECPs. First, geometries were reoptimized at the
similar basis sets and effective core potentials were used as théCCSD(T) level, introducing Stuttgart ECPs already at the third
ones in refs 1417 (MRSDCI/EC), to see the difference row. Next, we shifted the introduction of ECPs to the fifth row
produced by the different theoretical approaches, excluding of the periodic table (i.e., all-electron basis sets were used for
effects coming from the basis set. Thus, from the fourth period the fourth period elements) and again reoptimized the geometries
on, the relativistic ECPs of Christiansen et al. were (8et, at the CCSD(T) level. In both cases we were careful not to
both on the central atom and the ligand, retaining the outermostchange the dimension of the basis and the number of electrons
p? and €p° shells, respectively. Valence basis sets for the involved in the calculation of electron correlation. For this
central atoms were 4s4p1d, designed as follows. In the case ofrfeason, the 2s2p basis Fatorresponding to the Stuttgart ECP
Ge and Sn we uncontracted the basis given in refs 20 and 210f Si was augmentedyta d function with an exponent of 0.5342
and augmented them by an (s, p, d) diffuse set taken from ref (optimized at the HF level, for the Sjtinolecule at experimental
14. As for Pb, to the 4s4p set of ref 14 we added a diffuse d geometry), and by a further (s, p, d, f) diffuse?8dtom the
function with an exponent of 0.0801. The bases for the ligands EMSL basis set databa&In the case of chlorine we added
were 3s2p sets also produced by uncontracting the basis of refdwo d functions (with exponents 1.046 and 3.444) and one f
20 and 21 and adding one d function for both Br and I, with function (with exponent 0.706) to the basis set given with the

the exponents being 0.338 and 0.302, respecti?el¥Dun- Stuttgart ECP? and uncontracted the last primitive Gaussian
ning’s cc-pVTZ basis sets were applied for the elements of the of the first s function of the Stuttgart basis. For the reverse check
first three periodg?28 on the fourth period the ECPs of Ge and Br were changed to

There are still some differences between the ECPs and basidPunning’s cc-pVTZ basis sét.
sets of the CCSD(T)/EC and MRSDCI/EC series (i.e., in  Forthe lead derivatives we also checked the effect of a quasi-
MRSDCI/EC the outermostfl shells were taken out of the  relativistic description of the atomic cores (using ECPs) on the
ECPs of the central atom for the hydrides; ECPs were applied equilibrium geometry compared to the nonrelativistic descrip-
for F and Cl in MRSDCI/EC, whereas in our calculations we tion. For this purpose we took the nonrelativistic BE&f the
used all-electron bases for these atoms). Therefore, the differencestuttgart/Bonn group on Pb and reoptimized the geometries of
in the two series of results, which essentially originates in the PbX, molecules, X=H, F, Cl, Br, |. The nonrelativistic basis
different theoretical approaches, may have been influencedset on Br was cc-pVTZ, whereas for iodine the (18s,12p,7d)/
somewhat by the differences in the ECPs and basis sets[6s,5p,3d] basis labeled “MIDI!” in the EMSL databd3evas
mentioned above. uncontracted to a [7s6p3d] and augmented by an f function with

In our second set of computations (CCSD(T)/ST), quasi- exponent 0.2592. (The f exponent was optimized for the Pbl
relativistic ECPs of the Stuttgart/Bonn group were applied, again molecule at the HF level, at experimental geometry.)
from the fourth period on, retaining the same valence shells as  Simple differences of total energies are reported as siaglet
before23 Of the corresponding basis s€te/e used the valence  triplet gaps. We ignored zero point energy (ZPE) correction,
polarized triple type sets, namely (14s10p2d1f)/[3s3p2d1f] for because its effect is shown to be smaller than the basis set effects
Ge, Br, Sn, and ¥ and a (4s4p1d)/[2s2p1d] basis for Ptor or the effects due to the different approximations of the different
AXz molecules where A= C, Si and X= H, F, Cl Dunning’s theoretical approachéd;consequently, the ZPE correction is
cc-pVTZ basis sets were applied again. The CCSD(T)/EC and not expected to alter the observed trends.

CCSD(T)/ST results are therefore identical for molecules
consisting of atoms of the first three periods only.

Because our main goal with this work was to find trends in
structural parameters along the series, it was essential that the The computed geometrical parameters for all ground state
basis sets be chosen right. This is not an obvious task and first excited state AXmolecules are given in Tables 1 and
considering that atoms of very different sizes are involved, 2. For comparison, the experimentally determined bond lengths

IIl. Results and Discussion
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TABLE 2: Computed Equilibrium Bond Angles [ OX—A—X/deg] for AX, Molecules in Their Ground and First Excited States
(A =C, Si, Ge, Sn, Pb; X=H, F, Cl, Br, I)2

elec ‘A *B1

state C Si Ge Sn Pb C Si Ge Sn Pb
CCSD(T)/EC

H 101.6 92.3 91.3 91.6 91.2 1335 118.4 119.7 118.7 119.4

F 104.9 100.7 97.4 96.3 98.9 119.4 113.2 113.6 1115 120.9

Cl 109.1 101.6 100.3 98.4 100.4 127.8 118.1 118.3 116.6 1245

Br 110.8 103.0 102.2 100.2 101.9 129.9 119.8 120.7 120.0 128.1

| 113.1 104.5 103.7 101.5 102.7 133.9 121.8 123.1 122.8 129.0
CCSD(T)/SF

H 101.6 92.3 91.2 91.4 90.9 133.5 118.4 119.3 118.9 120.6

F 104.9 100.7 97.8 96.4 97.0 119.4 113.2 113.3 112.7 121.7

Cl 109.1 101.6 100.1 98.4 98.9 127.8 118.1 118.7 117.3 126.3

Br 109.9 102.6 101.5 99.5 100.3 129.4 119.7 120.9 119.2 128.6

| 112.0 103.3 102.4 100.1 100.8 132.8 121.2 122.3 120.7 128.2

a CCSD(T) within the frozen core approximation; ECPs are applied on atoms Ge, Br, Sn, |, and Pb. For other details’$eelatixistic ECPs
of Christiansen et aF. Relativistic ECPs of the Stuttgart/Bonn group.

TABLE 3: Experimental Geometrical Parameters for *A; results with some earlier results on methylene and halocarbenes;
States of A% Moleculest see Table 1S in the Supporting Information.
c Si Ge Sn Pb As for equilibrium geometries, computed parameters un-
r(A—X)/Ab doubtedly superior to our two CCSD(T) series, were only found
H 1.107(2y 1.5140 15917y - - for CHy,34 CCl,,1° and CBp.® Singlet-triplet separations as
F %2825(1‘) 1.5901(1) 1.7321(2) ;-82613% obtained from a better computation have been published for all
al 1:7157(28,) 2.088(4 2.186(4) 2.345(3) 2:447(5) CXz speues..Among the values quoted in Table '1S 'ghere are
17141y 2.076(4) 216945(2) 2.338(3) 2.444(5Y numbers of higher quality and of comparable quality (in some
2.065310(26) 2.335(3) cases it is difficult to determine which description of electron
Br 1.74 2.249(5% 2.359(5) 2.512(3y 2.597(3% correlation is better) whereas some of the results are of slightly
2.227(6) 2.504(3) lower quality than our CCSD(T) calculations. From this we can
2.501(3) conclude that the change in the quality of the theoretical
- - 2.540(5% 2.706(4y 2.804(4) d ioti t thi lativelv hiah | | affects th ted
2.699(3) escription at this relatively high level affects the compute
2.688(6) numbers only slightly (bond lengths change mostly less than
0.03 A, bond angles less than 2).5Thus, we feel confident
, XA X)ideg that qualitativel t conclusi be d the basi
H 102.4(4) 92.08 91.2(8) 3 ) at qualitatively correct conclusions can be drawn on the basis
F 104.78(2) 100.76(2)  97.148(30) - 96.2(22) of our CCSD(T) calculations.
104.94 Ground State. The variation of bond lengths in tHé; state
Cl 109.2(3) ~ 102.8(6} 100.3(4y 98.5(20)  98.7(10y of AX, molecules down group 14 is given in Figure 1. For all
109.3(1y  104.2(6) 99.8825(15) 97.7(8)  98.0(14Y o
101.3240(16) 99.1(20) molecules, except for CHthis is the ground state of the system.
Br ~1120 102.7(3¥% 101.0(3) 99.7(20y 99.9(10% The general trend in the variation of geometrical parameters
103.1(4) 98.6(7) is the same from all computations and also from experiment;
100.0(20) : ; L
|- i 102.1(10) 99.9(12) i.e., the bond lengths increase in going from carbon as the central
’ 103.5(9) ’ atom toward lead with the same halogen ligand. The same trend
105.3 is observed in the series of the same central atom in going from

the dihydrides to the diiodides. These trends are what we expect,

aThe few experimental data of ti#8; state A% molecules: CH due to the change in atomic sizZés?

ro=1.078 A and ~136° (ref 42) andr. = 1.0766(14) A and] =

134.037(45) (ref 43); Sik ro = 1.586(1) A andd =113.1(1) (ref Comparing the bond lengths from different computations, the
44); SiCh ro = 2.041(5) A andd =114.5 or 115.4 (ref 45)Bond actual data tend to scatter more as we go toward the larger
lengths are, parameters from ED, unless otherwise indicatedfrom halides. Bond lengths from the density functional calculations

infrared flash-kinetic spectroscopy, ref 46, from microwave spec- of Escalante et &€ are systematically larger than from all the

troscopy (MW), ref 472 ro from ultraviolet spectroscopy (UV), ref 48. - -
ro from MW, ref 49.9r, from laser induced fluorescence (LIF), refs other methods. The MRSDCI/EC calculation, though in good

50 and 51" r, from ED, probably in error, ref 52.r. from infrared agreement with our computed values from QX Sn, gives
spectroscopy (IR), ref 53re from MW refs 54 and 55% Reference much larger PbX bond lengths for all ligands.
56.'r. from joint ED and vibrational spectroscopic analysis (ED Comparison of the calculated and experimental bond lengths

SP), ref 57" re from MW, ref 58." ro from LIF, ref 59.° re from MW, is always difficult due to the different physical meaning of these
ref 60.P Reference 619 r. from MW, ref 62." References 63 and 64.

srq, from ED, ref 65.! Reference 66! r. from ED + SP, ref 677 r¢ pargr.nelteré?% While the computed bond lengths are the

from ED + SP, ref 68 Reference 69¢ Reference 70" Reference 71. eq'u'lllbrlum bond Iengths and as such correspond to the

zReference 72. minimum of the potential energy surface, the experimental bond

lengths are always averaged values, and the averaging depends
) ) o ) on the experimental method. Two bond distance types are found

and bond angles are given in Table 3. Singteiplet separations ot often for A% molecules. One of them is a nemrdistance

as obtained from different computations are collected in Table from microwave spectroscopy obtained with appropriate pro-

4. cedure. This parameter is ideal to compare with the computa-
We tried to assess the effect of the computational level on tions. The thermal average distancg,coming from electron

the structural parameters, and for that reason we compared oudiffraction (ED) studies, on the other hand, is always longer
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TABLE 4: Computed Singlet-Triplet Gaps (kcal mol~?1) for AX , Molecules (A= C, Si, Ge, Sn, Pb; X=H, F, Cl, Br, 1)

C Si Ge Sn Pb
a b a b a b c a b c a b [
F 56.4 56.4 73.5 73.5 82.1 83.3 78.6 75.0 77.1 72.9 91.9 94.9 95.7
Cl 19.8 19.8 53.0 53.0 61.4 62.6 60.3 60.1 61.7 60.0 73.9 75.9 71.0
Br 15.8 16.3 47.7 48.1 55.2 56.2 54.4 54.7 56.4 55.5 65.6 68.0 64.4
| 8.3 9.2 38.9 39.7 45.9 46.6 42.2 46.4 48.0 47.1 55.0 57.5 54.8
H —10.4 —10.4 20.0 20.0 22.0 25.1 23.2 23.4 25.9 24.5 34.0 35.0 33.1

a2 CCSD(T)/EC.> CCSD(T)/ST.c MRSDCI/EC; MRSDCHQ values indicated for GeFSnk, and PbE. See text and original publications for
other details.
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Figure 1. Bond length variation of AXmolecules in theitA; state.
MRSDCI/EC from refs 1417; B3LYP/ST from ref 18; CCSD(T)/EC

bond angle / degree
g

and CCSD(T)/ST present work. For more details see text. 95

than ther. parameter. Not to cause any confusion, in our figures 9°c Si Ge Sn Pb

only th? dphytsr:cal:y comparable experimental distances are Figure 2. Bond angle variation of AXmolecules in theitA; state.
connected with a hine. For abbreviations see caption of Figure 1.

As Figure 1 indicates, the larger the central atom, and the
larger the halogen size, the larger are the differences betweenepyision by the lone electron pair on the central atom of these
computed and experimental bond lengths. The difference is singlet molecules is larger than the repulsion of a bonding pair;
especially conspicuous, as the computed bond lengths appeaherefore, the ideal angle of 128hould decrease. This angle
to be larger than the experimental ones in the heavier molecules;g petween 102and 112 in the C% molecules. In going from
especially in the bromides and iodides. Because the heaviesic 4 g as the central atom, the bond angles decrease further,
AXz molecules (GeEﬂ,Geb’ SnCh, SnBe, Snb, PbF, PbCb, again, as can be explained by the VSEPR model. There is,
PbBr, Pbp) were studied by gas-phase ED, the computed bond 1, ever, an increase of the angle for all Bi¥olecules. This
lengths would fall even more off the hypothetical experimental can be due to relativistic effects, which cause a contraction of

equilibrium distances .than from tirg values indicated in the the 6s orbital and lead to a bond angle increase, as pointed out
figures. At the same time, these heavy molecules are the VerYoarlierl?.18

systems for which the accuracy of the computational technique . ) .
is most difficult to judge (due to the incompleteness of the basis It 1S also interesting to note that the degree of angle change
along the different AX series is very different. When we

sets, truncations in the configurations' space, use of ECPs, etc.)¢ - X )
Therefore, it is fortunate that in judging the computational consider the hydrides, the decrease of the angle is aboutril0

results, we can rely on the comparison with the ED bond lengths, 90ing from Ch to SiH,. On the other hand, the same difference
which are precisely determined parameters. when going from CF to SiF, is merely 4. The large
Interestingly, the reliability of bond angles is just the opposite. €/€Ctronegativity of F should, in principle, cause a large angle
Due to the high temperatures of the electron diffraction decrease. However, th!s same I_arge electronegafuwty gives rise
experiments and the floppiness of these molecules, the halogent© 2 stronger Coulombic repulsion between the ligands, acting
--halogen distances are not well determined from ED, this affects 29ainst the decrease of the angle. On going toward the larger
the reliability of the bond angle¥,as is apparent from Figure ~halides and comparing the GISiX, angle changes, they
2 for the iodides. Consequently, bond angles tend to be morePecome larger and larger, so eventually for thg/Sll, pair, it
reliable from the computations than from the experiment. Also, iS almost as much as for the hydrides, about 9
a comparison of bond angles from different sources suffers less 3B, State.The computed geometrical parameters for the triplet
from the indeterminacy of the physical meaning of the param- state AX molecules are given in Tables 1 and 2, and the
eters than in the case of bond lengths. The bond angle is related/ariation of the geometrical parameters is shown in Figures 3
to the ratio of the two distances; hence some of the systematicand 4. The qualitative trend in their variation is similar to that
errors cancel. of the singlets. However, if we compare the actual geometrical
Figure 2 shows the bond angle variation in the singlet state parameters for the singlet and triplet states of the same molecule,
molecules down group 14. The bond angle of all molecules is we find interesting differences. The most noticeable difference
smaller than 129 in agreement with the VSEPR modéIThe is that the bond angle in the triplets is much larger, by about
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3 T T
3B1 state

TABLE 5: Diatomic Contributions of the SCF Energy (au)
for the Ground State and First Excited State of CX%
Molecules (X= H, F, CI, Br), As Obtained from the CECA
Analysis of Mayer (Ref 39}

2.8

26

C—X XX

s 2.4
8 CH,
g 1A, ~0.4891 0.0290
s 2 By —0.5025 0.0257
% CFy
5 18 1A —0.5604 0.0732
2 16 3B, —0.5234 0.0487
- CCl,
A, —0.3481 0.0523
3By —0.3489 0.0358
12 R Ee g CBr,
1 . CC$Di /ST -~ A, —0.3687 0.0537
Ge sn Pb B, —0.3860 0.0448
Figure 3. Bond length variation of AX molecules in theifB; state. 26-311G basis set, geometries are optimized at the SCF level.

For abbreviations see caption of Figure 1.
energy component analy%i¢®was carried out for the RHF/

::2 ' "35. state P UHF wavefunction of the singlet/triplet states of £4olecules,
125 ! y using the 6-311G basis set at the HF optimized geometry. The
120 | 4 diatomic contributions of the SCF energies, collected in Table

5, underline the trends shown by the geometries: the repulsive
135 . i . interaction between the ligands decreases on going from the
1304 % singlets to the triplets. At the same time the-X component,

™

125 [ ‘_\5’2 i measuring the interaction between the central atom and the
120 s, it il ligand, gets larger in all cases where the bond gets shorter. The
° 140 . ‘ . < origin of this effect may again lie in the decreasing electron
g density around the central atom in the molecular plane, as we
8 130l | go from the singlet to the triplet state. Thus, the Iigands_can
P e ACI, get closer to the central atom and achieve a better screening of
g’ 120 | T the bonding electrons. The opening of the bond angle could in
o 3 — principle also explain the shortening of the bond, however,
§ 110 , , . reoptimizing the bond lengths of the triplets at the bond angles
of the singlets, gave less than 50% of the effect.
140 ' " experimetal © The bond angle of all triplet PbhXmolecules is much larger
3 dnSDoVEC % than those of the Srmolecules. This effect in the triplets is
130 PN S much more pronounced than in the singlets.
! p g
g Comparing the triplet bond angles from different calculations,
120 the agreement is acceptable. The MRSDCI method gives a much
10 larger X—Pb—X anglé"’ than the CCSD(T) method for all

c si Ge Sn Pb halides. Comparison with experimental bond angles is not

Figure 4. Bond angle variation of AXmolecules in theifB; state. possible because there are only a few experimental geometries

For abbreviations see caption of Figure 1. available for the triplets.

Effect of Quasi-Relativistic Treatment. We address two
10—-30°, than in the singlets for all AXmolecules.716:17This issues in this section, both related to the quasi-relativistic
can be rationalized with the VSEPR model. description of the inner shell electrons of the atoms. One of

In the singlet state, the HOMO is of, aymmetry, which them is whether any break or other artificial effect is introduced
qualitatively corresponds to the lone pair of electrons lying in in the trends showing the variation of the geometrical parameters
the molecular plane. The lone pair, exercising a large spaceat the point where we substitute the atomic cores by an effective
requirement, results in a bond angle smaller than® 1@0the potential. This question arises as the application of an effective
triplet state one of these electrons is moved to an orbitah of b potential introduces one more approximation into the theoretical
symmetry, which is essentially the out-of-plane atomic p orbital description.
of the central atom. Thus, regarding the valence shell electrons The other point is connected to the advantage of the
in the molecular plane, there is only one electron left on the application of ECPs, i.e., the possibility to switch scalar
central atom, and this leads to a decreased repulsion and aelativistic effects on and off. Here we study the effect of
consequent opening of the bond angle as compared to the singletelativity on the geometry of molecules containing atoms of
state (see also ref 38). large atomic number.

The other notable difference between the singlet and triplet To characterize the change that the introduction of an ECP
geometries, shown by computations as well as by experiments,induces, two series of equilibrium parameters were computed.
where available, is that bonds are in most cases shorter in theln these calculations we altered the quasi-relativistic and
triplets than in the singlets. This is just the opposite of what nonrelativistic description of the cores at a stage where
one would expect, regarding that in all cases, except fog, CH relativistic effects are expected to be yet unimportant. The results
the 3B; state is the first excited state of the system. To analyze are reported in Table 6, the first lines corresponding to the
this phenomenon somewhat more in detail, Mayer's chemical application of quasi-relativistic ECPs only from the fifth row
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TABLE 6: Comparison of Computed Equilibrium Parameters of AX ; Molecules with Different Approximations?

elec ‘A °By
state C Si Ge Sn Pb C Si Ge Sn Pb
re(A—X)/IA
H 1.523 1.597 1.484 1.545
1.515 1.600 1.474 1.544
F 1.608 1.781 1.606 1.773
1.607 1.750 1.603 1.741
Cl 1.730 2.089 2.193 2.380 2.494 1.685 2.063 2.166 2.357 2.519
1.718 2.078 2.188 2.363 2.483 1.675 2.049 2.160 2.340 2.505
Br 1.892 2.262 2.357 2.543 2.650 1.833 2.229 2.329 2.522 2.686
1.906 2.268 2.370 2.539 2.648 1.850 2.240 2.349 2.522 2.687
| 2.490 2.574 2.453 2.544
2.499 2.588 2.460 2.564
O(X—A—X)/deg
H 92.3 91.8 118.4 119.4
91.5 91.2 117.9 119.3
F 100.7 96.5 113.2 111.3
100.0 97.8 113.7 113.3
Cl 109.1 101.6 100.2 98.4 98.9 127.8 118.1 118.0 117.3 126.3
109.5 101.4 100.0 97.5 98.6 127.6 119.1 118.3 115.9 124.7
Br 109.9 102.2 101.2 99.0 99.7 129.5 119.6 119.7 118.7 127.4
109.9 102.2 101.5 99.5 100.3 129.4 120.0 120.85 119.2 128.6
| 103.3 102.4 121.2 121.4
103.1 102.4 121.0 122.3

a CCSD(T) within the frozen core approximation. First lines: quasi-relativistic ECPs of the Stuttgart/Bonn group on atoms Sn, I, and Pb. Second
lines: quasi-relativistic ECPs of the Stuttgart/Bonn group on atoms Si, Cl, Ge, Br, Sn, |, and Pb. See text for other details.

TABLE 7: Computed Equilibrium Bond Lengths (A) and
Bond Angles (deg) of the!A; and 3B, State of PbX
Molecules (X= H, F, Cl, Br, 1), Applying Quasi-Relativistic
(QR) and Nonrelativistic (NR) Core on Atoms Br, |, and Pk?

1A, 3B,
r(A—X) O(X—A—X) re(A—X) OX—A—X)
NR QR NR OR NR QR NR OR

H 1.866 1847 91.6 90.9 1.811 1.773 117.7 120.6
F 2.007 2.045 9438 97.1 2.001 2056 1115 121.5
Cl 2473 2493 96.1 98.9 2449 2519 1154 126.3
Br 2639 2648 96.9 1003 2.615 2.687 1165 128.6
I 2.842 2.858 984 100.8 2.816 2.902 118.0 128.2

GeXy, CCSD(T)/ST e
SnX,, CCSD(T)/ST --x7---
PbX,, CCSD(T)/ST --=7--
GeX,, MRSDCIVEC @ |
SnX,, MRSDCVEC --©---
PbX,, MRSDCVEC --©--

=]
o

E(®B,) - E('A,) / keal mol
N H
o o

a CCST(T) with frozen core on atoms Br, I, and nonrelatvistic ECP 0
on Pb in the case of NR. Relativistic ECPs of the Stuttgart/Bonn group ) ) ) Y
were used for atoms Br, |, and Pb in the case of QR. For other details F cl Br | H

see text. Figure 5. Singet-triplet separation of AX molecules. For abbrevia-

on, whereas values of the second lines are results from usingtions see text. For fluorides MRSDEQ is plotted from ref 15.
ECPs starting from the third row of the periodic table. The two
series lie fairly close to each other. The bond length changestime, experience with group 15 trihalides, from both experiment
typically remain under 0.02 A, whereas the bond angles are and computation, shows the same effect in theBikalides
mostly affected by less tharf 2 as we observe here for the Pbiihalides3®

In the case of atoms of large atomic numbers, like Pb or I, it ~ Singlet—Triplet Energy Gaps. Table 4 gives the singlet
is interesting to check whether any effect of relativity appears triplet energy separations for all molecules, and their variation
on the geometry. As to the bond lengths, a relativistic contraction is shown in Figure 5. The trend is apparent; the largest separation
can be expected to occur for the heavier lead halides, but thisappears in the fluorides for all central atoms and it decreases
is not observed. Interestingly, it is the bond angles that show toward the iodides as observed earlier, see, e.g., refs 6, 7, 11,
the signs of relativistic effects, in that they increase rather than 16, and 17. Hydrogen occupies a position after iodine; that is,
decrease in all lead halides compared with the tin halides. To the separation is the smallest for the hydrides.
see whether this increase of the bond angle in lead dihalides Considering a molecular orbital (MO) picture, it is two
can be attributed to relativistic effects, equilibrium geometries, orbitals in carbene and all its analogues whose occupancy
obtained by applying a quasi-relativistic description of the core determines whether we have a singf#;, state or a triplet,
electrons, are compared to nonrelativistic results in Table 7. 3B,, state. In the singlet state thesymmetry molecular orbital
From the table it is apparent that the bond angle opens uponis the HOMO. This is ao-type antibonding orbital having
switching on the quasi-relativistic treatment. This is interesting, contributions from the in-plane p orbitals of the central atom
because it had been suggested that the relativistic effect on bondand from the in-plane p orbitals of the substituents in opposite
angles should be slight.Of course, the present case does not phase. Taking the CXseries, for example, and inspecting the
make it possible to distinguish between the basis set andeffect of electronegativity and size of the substituent on the
relativistic effects, so it is hard to draw a definite conclusion HOMO, we can see the following. In the case of a highly
on relativistic effects on the basis of these numbers. At the sameelectronegative ligand, like fluorine, the contribution of the
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carbon s orbital to the bonding will be large, decreasing the with the computed bond lengths appearing too long. As to the
energy of the a orbital. This leads to an increase of the bond angles, they are more reliable from the computation than
HOMO—-LUMO gap, favoring electron pairing, i.e., the singlet from electron diffraction experiments, where they suffer from
state. the high experimental temperatures and the floppiness of these

If we look at the Rk orbital, it is the LUMO in the singlet molecules.
states but becomes the HOMO for the triplets as one of the Comparing the performance of different theoretical methods
electrons from the singlet; arbital moves to this porbital. and basis sets on the computed geometries, the following
This is a p-type antibonding orbital, consisting of the carbon conclusions can be drawn. Density functional B3LYP results
out-of-plane p orbital and the out-of-plane p orbitals of the fall somewhat off from other methods and from experiment,
ligands in opposite phase. For the same very electronegativebut without affecting the qualitative trend shown by the numbers.
ligand, fluorine, this will be a strongly antibonding orbital, Among the computations presented, it is CCSD(T) used with
therefore, its energy will be high. That means that the gap the effective core potential of the Stuttgart/Bonn group that gives
between the aand Q orbitals will be large. equilibrium bond lengths running almost parallel with the

With decreasing electronegativity of the ligand, the contribu- experimental curves and lying the closest to it at the same time.
tion of the carbon s orbitals to the BIO decreases, raising the  The bond angle opening of lead dihalides as compared to the
energy of this orbital. At the same time, for the triplet states, tin analogues is the largest when applying the effective core
with decreasing electronegativity and increasing size of the potentials of Christiansen et al., irrespective of the theoretical
ligands, the energy of their out-of-plane p orbital increases. method (MRSDCI or CCSD(T)).
Therefore, the overlap of these orbitals with the carbon p orbital  Inclusion of the § — 1)d shell of the central atom in the
decreases, and so does the antibonding nature of; thebital, valence space was not found necessary. Rather, unbalanced data
lowering the energy of that orbital. Thus, in going from the sets of equilibrium geometries were obtained when a smaller
fluorides toward the iodides, thg and h orbitals get closer effective core of Christiansen et al. was used together with a
and closer to each other, and their energy separation decreasedarger valence basis. Apart from the carbon derivatives, among
Hydrogen comes after iodine in this series, and for,@tne the computed equilibrium geometries available to date, the
in the series, the triplet becomes the ground state. present CCSD(T)/ST geometries are of the highest computa-

tional level, to our knowledge.
IV. Conclusion
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The variation of the geometrical parameters of the singlets Supporting Information Available: Comparison of equi-
follows the expected trend both along the series of group 14 librium bond lengths, bond angles, and singletplet gaps for
atoms with the same ligand and according to the increasing sizeCX, molecules computed at different levels of theory. This
of the ligands for the same central atom. The bond angles of material is available free of charge via the Internet at http://
the PbX molecules appear to be larger for all ligands than those pubs.acs.org.
of the SnX molecules, in contrast to the trend followed by all
other molecules. This can be explained by the influence of
relativistic effects on the heavy lead atom and our test
calculations with nonrelativistic ECPs confirmed this. In this
regard it is surprising that this effect does not show up in the
bond lengths of the lead dihalides. The trends observed in the
triplet series are similar to those for the singlets, with the
relativistic increase for lead dihalides appearing even more
strongly here. (1) Hargittai, M.; Schultz, G.; Hargittai, IRuss. Chem. Bul2001,

. . o, 1.
The bonds of the triplets are in most cases shorter than those® (2) Yamaguchi, Y. Sherrill C. D.: Schaefer, H. & Phys. Chem.

of the singlets, and this is surprising, considering that the singlets 1996 100, 7911.
are the ground state for all molecules exceptCFhere is, at (3) Sherrill, C. D.; Huis, T. J. V.; Yamaguchi, Y.; Schaefer, H.JF.

the same time, a substantial increase, by-3®, in the bond MO'-f”gﬁt- (IIHEOSHEMNW' 4|8IQL1'3% T3V Schacfer. HE
angles of the triplets compared with those of the singlets. TheseChe(,J Ph;;5j9§8.10é 1%2'&9”‘ < IS, 1V Sehaeter, 1. 5.

changes may be explained by the decreasing electron density (5) Garcia, V. M.; Castell, O.; Reguero, M.; Caballol, Rol. Phys
in the molecular plane of the triplets due to an electron moving 1996 87, 1395.

from the a symmetry in-plane MO to the;tsymmetry out-of- 492(?)75?513' D.; Whittenburg, S. LJ. Mol. Struct. (THEOCHEM)L.999

plane MO .compared with the Singlet5: o (7) Schwartz, M.; Marshall, Rl. Phys. Chem1999 A 103 7900.
Comparison of computed and experimental geometries is the  (8) Sendt, K.; Bacskay, G. Bl. Chem. Phys200Q 112, 2227.

best way to assess the reliability of the computations. In this J(Q%hsihvcvﬁgfﬁlgééﬂ%vsfcé)é 1(33 E.. Ramond, T. M.; Lineberger, W.
respect the bond lengths and the bond angles have to be looked” (10) éa'rden C. J.: Schaefer, H. F.Chem. Phys200q 112, 6515.

at somewhat differently. The bond lengths from experimentare  (11) Lee, E. P. F.; Dyke, J. M.; Wright, T. @hem. Phys. Let200Q
precise and so they are good tests for the computation, provided326, 143.

that the differences in their physical meaning is taken into Ch(elna) gﬁégr;‘mp%gggge;'gm"fT';Vesmmi’ T Nguyen, M. TPhys.
account. Although the agreement is good for the lighter (13) Hargittai, M.: Schultz, G.; Schwerdtfeger, P.; SethSttuct. Chem

molecules, it worsens as the size of the molecules increases2001 12, 377.

Note Added after ASAP Posting.This article was released
ASAP on 5/3/2003. In Table 3, column 3, row 6, 2.706(4) was
changed to 2.076(4), and in column 5, row 11, 2.076(4) was
changed to 2.706(4). The correct version was posted on 5/13/
2003.
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