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Gas-phase electron diffraction (GED) data together with results from ab initio molecular orbital calculations
(HF and MP2/6-311+G(d,p)) have been used to determine the structure of hexamethyldigermane
((CH3)3Ge—Ge(CHs;)3). The equilibrium symmetry is Ds,, but the molecule has a very low-frequency, large-
amplitude, torsional mode (¢CGeGeC) that lowers the thermal average symmetry. The effect of this large-
amplitude mode on the interatomic distances was described by a dynamic model which consisted of a set of
pseudoconformers spaced at even intervals. The amount of each pseudoconformer was obtained from the ab
initio calculations (HF/6-311+G(d,p)). The results for the principal distances (r,) and angles (£;;) obtained
from the combined GED/ab initio (with estimated 10 uncertainties) are r(Ge—Ge) = 2.417(2) A, r(Ge—C)
=1.956(1) A, (C—H) = 1.097(5) A, ZGeGeC = 110.5(2)°, and ZGeCH = 108.8(6)°. Theoretical calculations
were performed for the related molecules ((CH3);Si—Si(CH;); and (CH3);C—C(CHj)s).

Introduction

Structural studies on the series of gaseous molecules
(CH3)sM—M(CH3); (M = C,' Si,> Ge, or Sn’) allow an
investigation of the influence of the nature of M upon the
structure of the molecules and, in particular, the barrier to
rotation about the M—M vector. However a full comparison
has not been made to date primarily because no gas-phase
structural data for (CH3);Ge—Ge(CHj3); have yet been reported.
A gas-phase electron diffraction study of (CH3);Ge—Ge(CHs)s
supported by a series of theoretical calculations has been
undertaken. Additionally the results of ab initio calculations for
the molecules (CH3);C—C(CHj3); and (CHj3)3Si—Si(CHj3); have
been carried out to underpin the structural studies determined
by gas-phase electron diffraction.

Experimental Section

Gas-Phase Electron Diffraction Data Collection. Samples
of hexamethyldigermane were obtained from the Aldrich
Chemical Co. and used without further purification. Electron
diffraction data were obtained at two different camera distances
with an accelerating voltage of 42 kV using the apparatus at
the University of Reading. Scattering intensities were recorded
on digital image plates and measured using a Fuji BAS1800II
image plate system. The electron wavelength was determined
by calibration with benzene vapor. Experimental parameters,
namely, temperatures, nozzle-to-plate distances, correlation
parameters, final scaling factors, and electron wavelengths are
listed in Table 1. Data reduction was performed using standard
routines* using published scattering factors.’ Data analysis was
carried out using the program “ed@ed”.® The experimental
intensity curves are shown in Figure 1. Radial distribution (RD)
curves for the final models of the molecule are presented in
Figure 2.

* To whom correspondence should be addressed.
" Oslo University College.
# University of Reading.
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TABLE 1: Experimental Parameters for

Hexamethyldigermane
nozzle to plate distance/mm 494.89 244.40
nozzle temperature/°C 23 23
nominal electron wavelength/A 0.058378 0.058378
data interval/A ™" 0.25 0.25
no. of plates 2 2
Smin/ A7 3 8
Smax/ A7 10 26
syi/A7! 4 8.5
syo/A7 9 25
correlation parameter 0.286 0.3313
scale factor” 0.541(9) 0.844(23)

“Values in parentheses are the estimated standard deviations.

Theoretical Calculations. (CH;);Ge—Ge(CHj);. Ab initio
calculations using Gaussian03” were performed to determine
the structure of (CH3);Ge—Ge(CH3;); using Hartree—Fock (HF)
and Mgller—Plesset levels (MP2) of theory and with the
6-311+G(d,p) basis sets. The MP2 calculations were carried
out both with and without the inclusion of core electrons. In
addition a DFT calculation was performed using B3LYP. The
torsional potential for the CGeGeC angle was calculated using
HF/6-311+G(d,p) (see Figure 3). The results for the structure
optimalizations are shown in Table 2.

Calculated vibrational data were needed to convert the r,
distances obtained from the electron diffraction model to obtain
a set of geometrically consistent distances (ry1). Ab initio
frequency calculations (HF/6-311+4G(d,p)) provided theoretical
force fields for the molecular vibrations. Vibrational parameters
from this force field were obtained using the program SHRINK.%°
The force constants for the distances were scaled by 0.9 as is
common.

(CHj3);C—C(CH3); and (CH;);Si—Si(CHj3); The structures
of (CH3);C—C(CHs3); and (CH3);Si—Si(CHj3); were determined
some years ago,"> by gas-phase electron diffraction, but no
theoretical calculations were performed. As such calculations
are known to assist in the interpretation of gas-phase electron
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Figure 1. Experimental intensity curves, s*/(s), for hexamethyldiger-
mane, together with theoretical curves calculated from the final model
and difference curves. Difference curves are experimental minus
theoretical.
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Figure 2. Radial distribution curves for hexamethyldigermane. The
experimental curve was calculated from the composite of the two
average intensity curves with the use of theoretical data for the region
0 < s/A" < 275 and B/A2 = 0.002. The difference curve is
experimental minus theoretical. The vertical lines indicate important
interatomic distances and have lengths proportional to the distance
weights.

diffraction data, it was decided to execute theoretical calculations
(MP2/6-311+G(d,p)) on these molecules in an identical manner
to that used for our study of (CH;3);Ge—Ge(CHj); vide supra.
The most relevant parameters obtained by calculations are
recorded in Table 4 together with the comparable results for
(CHj3);Ge—Ge(CHsj);.The variations of the potential energies
with the change of CCCC and CSiSiC torsion angles are shown
in Figure 3.

Analysis of the Gas-Phase Electron Diffraction Data. The
calculations performed predicted a low frequency (approxi-
mately 20 cm™!) for the CGeGeC torsional mode, and the barrier
for the torsion was calculated to be 3.3 kJ mol~!. To compensate
for this low-frequency torsional motion a dynamic model
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Figure 3. Torsional potential for the CMMC torsional angle for
(CH3);sM—M(CH3;); where M = C, Si, and Ge obtained by ab initio
calculations (HF/6-311+G(d,p)).

TABLE 2: Results from ab Initio (6-311+G(d,p) Basis Set)
and DFT Calculations for Hexamethyldigermane*

HF MP2¢ MP2(Full)¢ B3LYP
r(Ge—Ge) 2.479 2.457 2427 2.468
r(Ge—C) 1.977 1.973 1.961 1.985
r(C—H) 1.086 1.094 1.093 1.092
r(C—H) 1.087 1.095 1.094 1.093
r(C—H) 1.086 1.094 1.093 1.092
£GeGeC 110.7 110.6 110.6 110.9
£CGeC 108.2 108.3 108.3 108.0
£GeCH 111.1 110.8 110.8 110.9
£GeCH 110.2 110.0 110.1 109.9
£GeCH 111.1 110.8 110.8 110.9
ZHCH 108.1 108.3 108.4 108.3
Z/HCH 108.2 108.4 108.4 108.4
ZHCH 108.1 108.3 108.4 108.3
PpCGeGeC 60 60 60 60
PpCGeGeC —60 —60 —60 —60
PpCGeGeC —180 180 180 180
¢CGeCH —61 —61 —61 —61
¢CGeCH 59 59 59 58
¢CGeCH 178 178 178 178
¢GeGeCH 60 60 60 60
¢GeGeCH 180 180 180 180
¢GeGeCH —60 —60 —60 —60

“Distances are in angstroms and angles are in degrees. ” Core
electrons not included in the correlation calculation. ¢ Core electrons
included in the correlation calculation.

consisting of a set of seven “pseudoconformers” with values of
the torsion angle CGeGeC from 60 to 0° at 10° intervals was
adopted to describe the molecule. At 60° the C;Ge—GeCs
fragment has D;; symmetry. Ab initio calculations using HF/
6-311+G(d,p) were performed to determine the proportion of
each pseudoconformer to include in the model used in the
refinement of the electron diffraction data. The pseudoconform-
ers were treated as distinct molecules undergoing the usual
framework vibrations, except for the torsional motion.

Each pseudoconformer was defined with identical structural
parameters as the theoretical calculations (HF/6-311+G(d,p))
indicated that these parameters are independent of the CGeGeC
torsion. The following structural parameters were used:
r(Ge—Ge), r(Ge—C), r(C—H), £GeGeC, £GeCH, ¢CGeGeC,
¢HCGeGe. In this model the Ge(CHj3); units were assumed to
have Cs, symmetry.
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TABLE 3: Structural Parameters Obtained from Electron Diffraction (GED) Refinements and Theoretical Calculations

(6-311+G(d,p) basis set) for Hexamethyldigermane

GED ab initio/DFT r/Z.
parameter” rnl Zni Tra o Lexp o Liheo HF MP2 MP2(Full)® B3LYP
r(Ge—Ge) 2417 2.416 2) 0.060 2) 0.055 2.479 2.457 2.427 2.468
r(Ge—C) 1.956 1.954 (1) 0.060 3) 0.051 1.977 1.973 1.961 1.985
r(C—H) 1.097 1.087 5) 0.075 0.075 1.087 1.095 1.094 1.093
Z/GeGeC 110.5 2) 110.7 110.6 110.6 110.9
Z/GeCH 108.8 (6) 110.8 110.6 110.5 110.6

“ Distances are in angstrgms and angles are in degrees. Uncertainties are given as 1. ? Core electrons included in the correlation calculation.
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Figure 4. Hexamethyldigermane.

The independent parameters were unrestrained in the refine-
ment of the electron diffraction data. Values for the dependent
parameters from the final refinement are given in Table 3.
Intensity curves calculated for the final model are shown in
Figure 1, together with experimental and difference curves.
Figure 2 contains the corresponding RD curves. In the refine-
ments only two correlations factors were larger than 50
(r(C—H)/£GeCH = 51 and (Ge—Ge)/l[(Ge—C) = 57).

Results and Discussion

The structural parameters obtained from the analysis of the
electron diffraction data for (CH3);Ge—Ge(CHj3);3 are recorded
in Table 3, and the molecule is depicted in Figure 4. From Table
3 it can be seen that the values obtained experimentally for the
Ge—Ge and Ge—C distances are in reasonable agreement with
those obtained by the full MP2 treatment. Indeed the only
parameter for which full agreement is not obtained is the
Ge—C—H angle. The other theoretical treatments predict slightly
longer Ge—Ge and Ge—C distances than those obtained
experimentally (see Table 3).

From ab initio calculations (HF/6-311+G(d,p)) the barrier
to rotation about the Ge—Ge bond was found to be 3.3 kJ mol !,
which suggests there is close to free rotation about this bond
with the minimum being when the C;Ge—GeC; core has Djy
symmetry. In the refinement of the gas-phase electron diffraction
data, a number of pseudoconformers were used in which the
values of all the parameters were identical except for the value
assigned to the C—Ge—Ge—C torsional angle. The values
chosen for the torsion angles spanned the range 60° (where the
C3Ge—Ge—C; fragment has D, symmetry) to 0° (where it has
D5, symmetry). It was impossible to determine the value of the
torsional potential from the experimental data, and therefore
the values of percentages of the different conformers used in
the refinements were set at those obtained from the ab initio
calculations (HF/6-3114+G(d,p)).

In Table 4 are recorded key structural data obtained for
(CH3);Ge—Ge(CH3); together with comparable data for
(CH;);M—M(CHj3);, HsM—MH3;, and (CH3)sM where M = C,
Si, Ge, and Sn. The Ge—C distance (1.954(1) A) is comparable
to the value observed in (CH;).Ge'® (1.945(3)A) while the
Ge—Ge distance (2.416(2) A) is slightly longer than the Ge—Ge
distance found in HiGe—GeH; (2.403(3) A).!' A similar
situation was observed in (CH;3);Si—Si(CH3); where the Si—Si
distance? is 2.340(9) A while that in H3Si—SiH;'? is 2.331(6)
A. In contrast the central C—C bond (1.582(10) A) in
(CH3);C—C(CH3)3! is significantly longer than that reported for
ethane (1.532(6) A)." In reporting the long value, Bartell et al.
state! it appears unrealistically large. The theoretical calculations
reported here support the long C—C bond (see Table 4).
Additional support for the long bond is provided by thermo-
chemical evidence. The enthalpies of formation of gaseous

TABLE 4: Comparison of Important Structural Parameters’ for MegMe, (M = C, Si, Ge, and Sn), HMM, (M = C, Si, and Ge)
and Me;M (M = C, Si, Ge, and Sn) Obtained by Electron Diffraction and ab Initio Calculations (MP2(Full)/6-311+G(d,p))

r(M—M) r(M—C) ZMMC ZCMC
M GED ab initio” GED ab initio® GED ab initio” GED ab initio” ref
(CH3);M—M(CHa);

C (ry 1.582(10) 1.570 1.542(2) 1.538 111.0(3) 111.2 111.0(3) 107.7 1

Si (ry) 2.34009) 2.349 1.877(3) 1.887 108.4(4) 110.2 110.5(4) 108.7 2

Ge (ry) 2.416(2) 2.427 1.954(1) 1.961 110.5(2) 110.6 108.8(2) 108.3 This work
Sn (r,) 2.776(3) 2.165(3) 111.9(4) 3

H;M—MH;

C (rp) 1.532(6) 13

Si (r,) 2.331(6) 12

Ge (r,) 2.403(3) 11

(CH3)sM

C (rp) 1.537(3) 16

Si (r,) 1.875(2) 2

Ge (r,) 1.945(3) 10

Sn (ry) 2.144(3) 17

@ The ab initio results are from this study. * Distances are in angstroms and angles are in degrees.
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ethane and (CH;);C—C(CH3); are known'* as are the enthalpies
of formation of the gaseous radicals CH;" and (CH3);C" ' and
thus the enthalpies of reactions A and B can be calculated from
which it can be seen that the longer C—C bond in
(CH;);C—C(CHj3); is considerably weaker (46 kJ mol~!) than
the comparable bond in ethane.

(CH;);C—C(CHjy)5(g) — 2(CH3)3C'(g) (A)
AH’ = 328.8 kJ mol”!

CH,CH,(g) — 2CH;'(g) (B)

AH? = 374.9 KJ mol™

The lengthening of the C—C bond and consequent reduction in
bond strength in (CH;);C—C(CHj3);, in comparison to the values
for ethane, acts to minimize the nonbonded interactions (H-++H)
that span the C—C bond. To effect the bond lengthening and
bond weakening that is observed, there must remain in the
molecule some stronger repulsive interactions that are not
present in (CH;);Ge—Ge(CH;);. Experimental structural evi-
dence for nonbonded H-++*H repulsive interactions is difficult
to obtain as the positions of H atoms are not determined very
accurately by gas-phase electron diffraction. From the theoretical
calculations, values for the H+++H distances in both molecules
were obtained. For (CH;);Ge—Ge(CHj3); all the H+++H non-
bonded distances that span the Ge—Ge bond are longer
than those within the (CH;);Ge groups. However, for
(CH3);C—C(CH3); a considerable number of the nonbonded
H--+H distances that span the long central C—C bond are shorter
than those within the (CHj3);C fragments and these short
distances will make a large contribution to nonbonded repulsive
interaction. The nonbonded C+++C distances can be determined
experimentally. In (CH3);C—C(CHs;); the majority of the C+++C
distances across the central C—C bond are only 0.5 A greater
than the C-++C distances within a (CH;);C group whereas in
(CHj3);Ge—Ge(CHs;); the comparable difference is 1.0 A, thus
providing further evidence for residual additional repulsive
interactions in (CH;);C—C(CHs)s.

The torsional potential for the three molecules ((CH;);M—
M(CH;);, M = C, Si, and Ge) were calculated by ab initio
calculations (HF/6-311+G(d,p)) and are given in Figure 3. Both
(CH3)3Ge—Ge(CHs); and (CHj3);Si—Si(CH3); have low torsional
barriers (3.3 and 4.5 kJ mol™!, respectively) with their potential
minima when the core has Dj;; symmetry. In contrast
(CHj3);C—C(CHs;); exhibits very different behavior. It has a large
torsional barrier of 36.6 kJ mol™! and has a minimum when
the C;—C—C—C; fragment is rotated 13.5° from the Dj,
conformation. Bartell et al.! in their analysis of the electron
diffraction data for (CH;3);C—C(CHj3); used a 5° deviation of
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the central core from Ds;; symmetry but suggested that the
deviation could be as large as 13°. The theoretical calculations
reported here are in agreement with published experimental
results! which show that (CH3);C—C(CH3); possesses a unusu-
ally bound C—C bond and derivation from D3, symmetry. This
is in contrast to those of (CH;3);Si—Si(CH3);> and
(CHj3);Ge—Ge(CHj3); which have Ds, symmetry, lower torsional
barriers, and expected Ge—Ge and Si—Si bond lengths.

Acknowledgment. This work has received support from The
Research Council of Norway (Program for Supercomputing)
through a grant of computing time. We thank Professor David
W. H. Rankin of the University of Edinburgh for allowing us
to use his suite of programs (ref 6) and Professor Robin Walsh
for helpful thermochemical advice. We also like thank Mr. Alan
Adams from the University of Reading for technical assistance
and expertise.

References and Notes

(1) Bartell, L. S.; Boates, T. L. J. Mol. Struct. 1976, 32, 379.

(2) Beagley, B.; Monaghan, J. J.; Hewitt, T. J. J. Mol. Struct. 1971, 8,
401.

(3) Haaland, A.; Hammel, A.; Thomassen, H.; Volden, H. V.; Singh,
H. B.; Khanna, P. K. Z. Naturforsch. 1990, B (45), 1143.

(4) Hagen, K.; Hobson, R. J.; Howill, C. J.; Rice, D. A. Inorg. Chem.
1986, 25, 3659

(5) Ross, A. W.; Fink, M.; Hilderbrandt, R. International Tables of
X-Ray Crystallography; Kluwer Academic Publishers: Dordrecht, Boston,
and London, 1992; Vol. C, p 245.

(6) Hinchley, S. L.; Robertson, H. E.; Borisenko, K. B.; Turner, A. R;
Johnston, B. F.; Rankin, D. W. R.; Ahmadian, M.; Jones, J. N.; Cowley,
A. H. Dalton Trans. 2004, 2469.

(7) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci,
B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada,
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian,
H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J. ; Cammi, R.; Pomelli, C. ; Ochterski,
J. W.; Ayala, P. Y. ; Morokuma, K.; Voth, G. A. ; Salvador, P.; Dannenberg,J. J.
; Zakrzewski, V. G.; Dapprich, S. ; Daniels, A. D.; Strain, M. C. ; Farkas, O.;
Malick, D. K.; Rabuck, A. D. ; Raghavachari, K.; Foresman, J. B. ; Ortiz,
J. V.; Cui, Q. ; Baboul, A. G.; Clifford, S. ; Cioslowski, J.; Stefanov, B. B. ;
Liu, G.; Liashenko, A. ; Piskorz, P.; Komaromi, I. ; Martin, R. L.; Fox, D. J.
; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong,M. W.; Gonzalez, C.; Pople,
J. A.; Gaussian 03, Revision D.0I; Gaussian, Inc.: Wallingford, CT, 2004.

(8) Sipachev, V. A. J. Mol. Struct. 2001, 567, 67.

(9) Sipachev, V. A. J. Mol. Struct. 1985, 121, 143.

(10) Hencher, J. L.; Mustoe, F. J. Can. J. Chem. 1975, 53, 3542

(11) Beagley, B.; Monaghan, J. J. Trans Faraday Soc. 1970, 66, 2745.

(12) Beagley, B.; Courad, A. R.; Freeman, J. M.; Monaghan, J. J.;
Norten, B. G.; Holywell, G. C. J. Mol. Struct. 1972, 11, 371.

(13) Lijima, T. Bull. Chem. Soc. Jpn. 1973, 46, 2311.

(14) Stull, D. R.; Westrum, E. F.; Sinke, G. C. The Chemical
Thermodynamics of Organic Compounds; John Wiley: New York, 1969.

(15) Berkowitz, J.; Gutman, D. J. Phys. Chem. 1994, 98, 2744.

(16) Bartell, L. S.; Bradford, F. J. Mol. Struct. 1977, 37, 113.

(17) Nagashim, M.; Fujii, H.; Kimura, M. Bull. Chem. Soc. 1973, 46,
3708.

JP1026042



