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The molecular structure of trimethylgermane has been determined by gas electron diffraction experiments.
Infrared spectra for the gaseous, liquid, and solid phases were also recorded. Parallel and perpendicular polarized
Raman spectra for the liquid were measured to obtain depolarization values. The experimental studies were
supported by a series of computational calculations using HF, B3LYP, and MP2 methods and a variety of
basis sets. The force fields obtained from density functional theory using both B3LYP/6-31G* and B3LYP/
6-311+G** were scaled with both Pulay’s SQM methodology and Yoshida’s WLS procedure to simulate the
vibrational spectra and assist in the assignment of fundamental bands. The Raman intensities were obtained
from polarizability derivatives. The vibrational spectra of trimethylgermane were completely assigned on the
basis of the experimental data and the theoretical prediction of vibrational frequencies and intensities.

Introduction

Both halogen-substituted trimethylgermanes and trimeth-
ylgermane (TMG) itself are frequently used in organic
synthesis.! ™ Interesting applications are known for TMG, for
example, in coupling reactions catalyzed by ruthenium to obtain
polygermanes. These display electrical and optical properties
usually not observed in saturated polymers, such as the Ay
shift to red with chain length increment, narrow emission bands
and semiconducting behavior.® In addition, TMG can be used
as a precursor, providing a source of germanium that is then
reacted and used for the deposition of GeSbTe thin films by
chemical vapor deposition (CVD) processes, which are applied
to electronic devices.” The reaction of TMG with hydrogen is
believed to play an important role in the CVD process used in
the semiconductor industry.® Kinetic studies on the series
(CH3)@-nGeH,, (n = 1—4) reveals that the reactivity of these
species increases when methyl substitution increases from GeHy
to (CH3);GeH due to a reduction in the strength of the Ge—H
bond.®? Because the reactivity of TMG is intimately related to
its structure, a reliable study of its molecular geometry and
vibrational properties is essential. A partial structural study of
TMG was carried out by Durig et al.'” using microwave
spectroscopy. To obtain a complete molecular structure, we have
studied the molecule using gas-phase electron diffraction (GED)
in combination with quantum chemical calculations.

The vibrational spectra of TMG were previously investigated
by Van de Vondel et al.'" Later, Imai et al.'? carried out a normal
coordinate analysis for TMG and its deuterated derivatives. A
number of studies involving the GeH stretching frequencies have
also appeared in the literature.'*™!5 As some vibrational modes
were not observed or were assigned to a single frequency in
previous studies,!"!? a more detailed study of the vibrational
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spectra for TMG is presented in this work. IR spectra for the
gas, liquid, and solid phases and Raman spectra for the liquid
were measured for TMG. The experimental data are augmented
by an analysis based on the harmonic force field calculation,
providing frequency and intensity values that can be used to
simulate the experimental spectra. To obtain an accurate
prediction, the harmonic frequencies obtained from the theoreti-
cal calculations were scaled using both the scaled quantum
mechanical (SQM) method developed by Pulay et al.'*"!* and
the wavenumber linear scaling (WLS) method derived by
Yoshida et al.?® Raman intensities were estimated on the basis
of polarizabilities derived with respect to the Cartesian coor-
dinates, whereas infrared intensities were obtained from the
calculations. The depolarization ratios and the additional data
obtained from the Fourier self-deconvolution (FSD) and curve-
fitting analysis along with the data predicted from calculations
provide a complete assignment for the experimental spectra.

Experimental Methods

Trimethylgermane was purchased from ABCR and handled
under inert conditions to avoid exposure to atmospheric
humidity.

Gas Electron Diffraction. Data were collected for TMG
using the Edinburgh gas-phase electron diffraction apparatus.?!
An accelerating voltage of around 40 kV was used, representing
an electron wavelength of approximately 6.0 pm. Scattering
intensities were recorded on Kodak Electron Image films at
nozzle-to-film distances of 285.23 and 127.75 mm, with sample
and nozzle temperatures held at 293 K. The weighting points
for the off-diagonal weight matrices, correlation parameters and
scale factors for both camera distances for trimethylgermane
are given in Table S1, Supporting Information. Also included
are the electron wavelengths, as determined from the scattering
patterns for benzene, which were recorded immediately after
the patterns for the sample compounds. The scattering intensities
were measured using an Epson Expression 1680 Pro flatbed
scanner and converted to mean optical densities as a function
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Figure 1. Experimental infrared spectra for the gas and the liquid
phase.
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Figure 2. Overlaid parallel and perpendicular polarized Raman spectra.

of the scattering variable, s, using an established program.?> The
data reduction and the least-squares refinement processes were
carried out using the ed@ed program? employing the scattering
factors of Ross et al.?*

Raman and Infrared Spectroscopy. The infrared spectra
for gaseous, liquid, and solid TMG were recorded on a FTIR
spectrophotometer (Perkin-Elmer Model GX1) in the range
4000—400 cm™!. The FTIR spectrum of the gas sample was
obtained by using a 10 cm path length cell with Si windows,
with a resolution of 1 cm™! and 64 scans; the liquid spectrum
was registered as a film between KBr windows, with a resolution
of 2 cm™! and 64 scans. A variable temperature RIIC (VLT-2)
cell equipped with AgCl windows was used to obtain the low-
temperature infrared spectra. The measurements were made at
different temperatures by cooling the liquid sample from room
temperature (298 K) to liquid nitrogen temperature (100 K).
The gas and liquid infrared spectra are shown in Figure 1
whereas the low temperature spectra are displayed further on.
The parallel and perpendicular polarized Raman spectra for the
liquid sample (Figure 2) were recorded with an FT-Raman
Bruker RFS 100 spectrophotometer, equipped with a Nd:YAG
laser with excitation line of 1064 nm and a liquid N,-cooled
Ge detector, using a resolution of 1 cm™! and 200 scans. The
depolarization values were obtained from the intensity ratios
of the fundamental bands in both spectra, without calibration
with CCly. The observed bands in the IR and Raman spectra
and the assignment to the vibrational normal modes of the
molecule are listed in Table 1.

Spectral Analysis. Fourier self-deconvolution (FSD)* and
curve fitting?® were applied to the Raman spectra to enhance
the resolution of the spectral profile. Following the approach
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used by previous authors,”’-?® the estimated band positions were
obtained from the application of FSD to the baseline-corrected
spectrum. Curve fitting of the FSD spectra gives accurate
frequencies and positions of the component bands. The criterion
for acceptance of the resulting bands was the consistency
between curve fitting of the baseline-corrected experimental
spectrum, using the frequency positions and initial band shapes,
and the deconvoluted fitted spectrum. Analysis of the vibrational
spectra was performed using the standard software of the
infrared spectrophotometer® and Gaussian band shapes.
Computational Methods. The structure of the molecule was
investigated using Cs, symmetry. An experimental gas-phase
investigation of iodotrimethylsilane revealed that allowing the
structure freedom to deviate from Cs, to C3 symmetry caused
no change to the structure,’® whereas the related iodotrimeth-
ylgermane was also modeled with Cs, symmetry.>! Therefore,
trimethylgermane was modeled with C;, symmetry only.
Calculations were performed using the Gaussian03 program.?

A series of calculations combining the HF, hybrid functional
B3LYP or MP2 methods with the 6-31G, 6-31G*, 6-31+G,
6-31+G*, 6-311G, 6-311G*, 6-3114G, 6-311+G*, 6-311G**,
6-3114+G**, 6-311++G**, Lanl2dz (ECP), Lanl2dzdp (ECP),
cc-pVTZ and cc-pVTZ basis sets was used to calculate the
vibrational frequencies, infrared intensities and Raman scatter-
ings. These calculations determined the best theoretical ap-
proximation to predict the vibrational frequencies. The param-
eters obtained with the split-valence basis sets are given in Table
S2, Supporting Information.

Estimates of the amplitudes of vibration (u,;)* for use in the
GED refinement were also required. The analytic second
derivatives of the energy with respect to the nuclear coordinates
calculated at the MP2 level with the 6-311++G** basis set
gave force fields, which were used to provide these estimates.

Although the GED vibrational analysis was carried out with
MP2 method, the vibrational spectra assignment was based on
B3LYP. The latter has demonstrated overall accuracy for a
variety of systems and all the scaling methods were defined for
this level of calculation.

The harmonic force field in Cartesian coordinates obtained
from the B3LYP/6-31G* calculation was converted to local Cs,
symmetry coordinates for the methyl groups and also for the
GeC; group. These coordinates were expressed as linear
combinations of internal coordinates following the method
described by Fogarasi and Pulay** and were defined as shown
in Table S3, Supporting Information. The resulting force field
was scaled using Pulay’s SQM methodology,'®!® in which the
diagonal force constants associated with each symmetry coor-
dinate are multiplied by a small number of scale factors (f;, fi,...).
These scale factors are optimized, minimizing the mean square
deviations between the calculated and observed frequencies, until
reaching the best agreement between the calculated and the
experimental frequencies. Consequently, the off-diagonal con-
stants are automatically scaled by the geometrical mean of
factors [(fi*f;)""*] corresponding to the diagonal constants. For
the inactive A, modes, zero weighing factors were assigned.
The scaled quantum mechanical (SQM) force field was used to
obtain the scaled frequencies, the potential-energy distribution
(PED) and the internal valence force constants. The force
constants conversion, fitting of the scale factors and PED
calculation was carried out with the FCARTP program.*

To obtain a satisfactory description of the observed spectra,
Raman intensities were calculated, converting the Raman
activities (S;) obtained from the Gaussian03 program®? to relative
Raman intensities, ;, using the following relationship:* I, =
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TABLE 1: Observed Bands in Infrared and Raman Spectra of Trimethylgermane

infrared*
liquid Raman*
gas room temperature low temperature” observed? depolarization ratios® assignment’

2994 sh 2991 2980 sh Vi3
2986 sh 2982 m 2975 s 2980 34) dp 0.72 2
2983 s 2978 sh 2972 sh Vig
2924 S 2919 m 2911 s 2913 (100) p 0.13 V)
2916 sh 2916 sh Vis
2040 Vs 2041 Vs 2042 S 2032 39) p 0.27 V3
1436 sh 1426 14417 sh Vy
1425 w 1420 w 1415 m 1414/ 2) dp 0.75 Vi6
1414 sh 1393 1384/ sh Vi7
1256 sh 1256 sh 1238 Vs 1248 @] p 0.13 Vs
1247 m 1244 m 1234 1235 sh Vig
845 S 846 s 850 Vs 853/ 2) dp 0.75 Vig
833 832 831 840 sh Ve
827 sh 825 828/ sh V20
626 w 629 (12) dp 0.68 Va1

598 S 598 s 598 Vs 600 1 dp 0.63 Vo
575 w 575 w 574 S 575 () p 0.11 vy
190 W) dp 0.72 V3

132 2) Vo4

“Key: w, weak; m, medium; s, strong; vs, very strong; vw, very weak; sh, shoulder. * From the infrared spectrum of a sample cooled in
liquid nitrogen. ©Relative intensity in parentheses. ¢ Depolarized ratio: p, polarized; dp, depolarized. ¢ Key: v, stretching; ¢, angular
deformation; p, rocking; 7, torsion; s, symmetric; a, antisymmetric. / From Fourier self-deconvolution and curve-fitting.

fwe — v)*heSivi[1 — exp(—hevi/kT)], where v, is the excitation
frequency (in cm™!), v; is the vibrational frequency (in cm™!)
of the ith normal mode, A, k, and ¢ are Planck’s constant, the
Boltzmann constant, and the universal velocity constant,
respectively, and f'is a suitably chosen normalization factor for
all the peak intensities. The infrared intensities were taken
directly from the calculations. The experimental spectral profile
for both the infrared and Raman spectra was simulated using
Lorentzian band shapes and a mean 7y value of 12 cm™'.%’

Results and Discussion

Computational Investigation. The molecular structure of
Me;GeH was investigated with a range of ab initio and DFT
methods and a wide assortment of basis sets. All calculations
agree that the molecule has C;, symmetry, with most bond
lengths and angles not varying significantly. Only bond length
parameters involving germanium showed a large difference
among basis sets for all methods. For example, the Ge—C bond
length was predicted to increase by ~1.7 pm between the
6-31G*/6-31+G* double- and the 6-311G* triple-C basis sets,
whereas the Ge—H bond length was predicted to shorten by
~1.3 pm. All other parameters showed little variation between
basis sets for each method and only small differences between
methods (see Table S2, Supporting Information).

The computed molecular dipole from the HF, B3LYP, and
MP2 methods, all with the 6-311++G** basis set, were 0.48,
0.48, and 0.45 D, respectively. These compare reasonably well
with the experimental value of 0.67 D.* These values indicate
that the molecule is not very polar, with only a small permanent
dipole.

Gas electron diffraction. On the basis of the ab initio
calculations described above, electron-diffraction refinements
were carried out using a model with overall C;, symmetry to
describe the gaseous structure, shown in Figure 3 with the atom
numbering. The structure was defined in terms of six indepen-
dent parameters, comprising three bond lengths, two bond angles
and a tilt of the methyl groups. The bond lengths were rC—H
(p1), rGe—C (p»), and rGe—H (p3). A single C—H bond length

Figure 3. Molecular geometry of Me;GeH showing atom labeling.

was used because the individual ab initio values differed by no
more than 0.1 pm. The model also required two angle
parameters, [1Ge—C—H (p4) and UH—Ge—C (ps), providing
local C;, symmetry for the methyl groups. The methyl tilt
parameter was also included and a positive tilt indicated a
decrease of the unique JGe—C—H and an increase of the pair
of symmetry-related JGe—C—H, i.e., away from the Ge—H
bond. The starting parameters for the ry,; refinement®® were taken
from the theoretical geometry optimized at the MP2/6-
311++G** level. A theoretical (MP2/6-311++4G**) Cartesian
force field was obtained and converted into a force field
described by a set of symmetry coordinates using the program
SHRINK.** From this, the rms amplitudes of vibration (i)
and the perpendicular distance corrections (ky;)** were generated
at the harmonic first-order curvilinear motion approximation.
All geometric parameters and five groups of amplitudes of
vibration were then refined using the SARACEN method,* with
flexible restraints employed for two parameters and one
amplitude of vibration. The rotation constant from microwave
spectroscopy was also included as an extra observation.'?
The final refinement for trimethylgermane provided a satis-
factory fit to the data, with Rg = 0.064 (Rp = 0.033), and can
be assessed on the basis of the radial-distribution curve (Figure
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radial-distribution curves, P(r)/r, for Me;GeH. Before Fourier inversion
the data were multiplied by s+exp(—0.000025%)/(Zg. — foe)(Zc — fo).

4) and the molecular-scattering intensity curves (Figure S1,
Supporting Information). Final refined parameters are listed in
Table 2. The interatomic distances and corresponding rms
amplitudes of vibration are given in Table S4 (Supporting
Information). The least-squares correlation matrix is given in
Table S5 (Supporting Information) and the coordinates of the
final refined structure from the GED investigation are given in
Table S6 (Supporting Information).

The molecular structure of (CH3);Ge—H can be compared
to those determined by GED for (CH3);Ge—X [(X = CI, Br, or
I); Table S7 (Supporting Information)].>'*" In these cases, C;,
symmetry was returned for all molecules, and ab initio calcula-
tions agreed that this high level of symmetry was a minimum
on the potential-energy surface. Ge—C bond lengths (r,) of
195.0(4) pm (X = CI), 195.2(7) pm (X = Br), and 194.3(1)
pm (X = I) were observed experimentally, whereas 194.7(1)
pm was observed in this work. Therefore, no real trend can be
established for the Ge—C bond lengths; they are all in the region
of 194—195 pm and the substituent, regardless of whether it is
a halogen or not, does not appear to have much effect on the
parameter.

The computational investigation at all levels (HF, DFT, MP2)
with triple-¢ basis sets overestimated the Ge—C bond lengths
compared to the experimental result. For example, B3LYP/6-
311++G** indicated a Ge—C bond length of 197.4 pm
compared to the ry,; value of 194.77(4) pm. Distances of 196.7
and 196.4 pm were obtained from HF and MP2 with the same
basis set. Double-§ basis sets performed much better, for
example, the MP2/6-314+G* calculation predicted 194.7 pm,
agreeing with experiment.

The experimental X—Ge-C angles can be compared, with
OH—Ge—C = 108.7(1)°, UCl—Ge—C = 106.0(8)°, UBr—Ge—C
= 104.2(13)° and OI—Ge—C = 105.5(2)° all being observed
by gas diffraction methods. A definite decrease of 3° between
the nonhalogenated and halogenated species can be observed,
but within the halogenated species, no discernible trend is
observed.

The gaseous molecular structure of dimethylgermane is also
known.*! In this case, rGe—C is 195.0(3) pm and JC—Ge—C
is 110.0(5)° from gas electron diffraction, whereas in trimeth-
ylgermane, rGe—C = 194.67(4) pm and [OC—Ge—C =
110.2(1)°. Thus the increase in methyl substituents leads to little
change within the overall molecular structure, implying that
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neither structure is sterically strained. For digermane (Ge,Hg),*

Ge—H bond lengths of 154.1(6) pm are observed, compared to
154.4(4) pm for trimethylgermane, whereas in hexamethyldi-
germane,”* Ge—C bond lengths of 195.7(1) pm are observed,
compared to 194.67(4) pm from our study.

The structure of TMG has been studied previously using
rotational spectroscopy.!® We are able to extract rotational
constants from our diffraction refinement programs and compare
them to those obtained from a microwave study. In this case,
the microwave study determined a rotation constant of 4785.88
MHz, compared to a value of 4782.91(1.71) MHz for the GED
structure. These values compare well, as do the structural
parameters from both studies.

Spectroscopic Analysis. For TMG (Cs3, symmetry, Figure
3), the normal coordinate analysis predicts 36 vibrational normal
modes classified as 8A; (IR, Ra) + 4A, + 12E (IR, Ra). The
A; and E modes are infrared and Raman active, whereas the
A, modes are forbidden in both spectra by selection rules.
The calculated harmonic frequencies obtained from the sys-
tematic evaluation of the theoretical calculations are listed in
Table S8 (Supporting Information), where they are compared
with the experimental data. Because both HF and MP2 methods
show larger deviations in comparison with the B3LYP hybrid
method, only the results obtained for this level of calculation
are presented in Table S8 (Supporting Information). The
deviation of the calculated frequencies from experimental
frequencies is expressed as the root-mean-square deviation
(rmsd). The bands observed for the gas-phase and Raman spectra
were used as a reference. From the comparison of all basis sets
explored, the 6-311G basis set supplemented with diffuse and
polarization functions offers the best description of the vibra-
tional frequencies. For example, the 6-311G**, 6-311+G**,
and 6-311++G** basis sets presented the lowest rmsd values
with no scaling (67, 66, and 66 cm™!, respectively). Dunning’s
cc-pVDZ and cc-pVTZ basis sets predict sets of frequencies
with the same accuracy as those given by the augmented 6-311G
basis sets (rmsd = 67 cm™! and rmsd = 66 cm™!, respectively),
whereas the use of ECP basis sets only introduced a slight
improvement with the inclusion of polarization functions through
the LanL.2dzdp basis set (rmsd = 63 cm™"), which shows a better
prediction for stretching vibrations involving germanium atoms.

Theoretical Prediction of the Vibrational Spectrum. Theo-
retical frequencies and band intensities obtained directly from
the calculations can be used to simulate the IR and Raman
spectra which, when compared to the experimental spectra,
provide useful information for the vibrational analysis. However,
the values of these frequencies can display large deviations with
respect to experimental ones, mainly due to vibrational anhar-
monicity and calculation deficiencies. Therefore, with the goal
of bringing the theoretical calculation of force fields into better
agreement with experimental frequencies, scaling procedures
were applied to the calculated frequencies. In a first step, the
multiple scaled quantum mechanical (SQM)'*~!? methodology
(described in the Computational Investigation section) was used
to predict the vibrational spectra. Two sets of scale factors
available in the literature, proposed by Rauhut and Pulay'” and
Kalincsak and Pongor,' were used to scale the 6-31G* force
field. The frequencies predicted by these two sets of scale factors
are shown in Table 3 along with the experimental and calculated
values, and the assignment proposed from the calculation.
Second, the wavenumber-linear scaling (WLS) method, pro-
posed by Yoshida et al.,** was used to scale the B3LYP/6-
311+G** harmonic force field for TMG. This methodology is
based on calculating the scale factors as the ratio Vyps/Veae by
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TABLE 2: Refined and Calculated Geometric Parameters for Me;GeH (Distances in pm, Angles in deg) from the SARACEN

GED Study**
parameter GED (1) MP2/6-311++G** (r,) restraint
Independent Parameters
2 rC—H 110.8(2) 109.4
23 rGe(1)-C(2/6/10) 194.67(4) 196.4
D3 rGe(1)—H(14) 154.4(4) 154.4 154.4(5)
D4 0Ge—C—H 110.8(2) 110.6
Ds OH(14)—Ge(1)—C(2/6/10) 108.7(1) 109.2
De Me tilt 0.5(8) 0.5(10)
Dependent Parameter
dp, 0C—Ge—C 110.2(1) 109.7

“ Figures in parentheses are the estimated standard deviations of the last digits. * See Supporting Information for parameter definitions.

TABLE 3: Experimental, Calculated, and Predicted Frequencies after Scaling with Different Sets of Scale Factors

B3LYP/6-31G*

B3LYP/6-311+G**

Imai Rauhut Kalincsak IR Raman IR Raman PED
mode exp etal’ calc and Pulay’ and Pongor® SQM¢ int® int® calc Yoshida’ int® int¢ (>10%) assignment?
Ay
2 2986 2982 3136 3008 3008 2992 36.0 2394 3109 2978 36.5 259.6 33% S, + 66% S4 v, CH;
Vs 2924 2992 3057 2932 2932 2916 6.0 481.6 3032 2909 6.0 7589 33% S, + 65% S5 v, CH3
V3 2040 2040 1981 1900 1918 2040 173.0 338.5 2088 2035 183.0 491.3 100% S; v GeH
Vy 1436 1426 1521 1455 1454 1430 54 0.4 1478 1455 11.0 04 31% S4 + 51% Sy; 0, CH;
Vs 1256 1246 1325 1267 1268 1254 1.5 9.0 1285 1270 2.4 753 34% Ss + 69% Sig 0, CH;
Ve 833 833 876 841 849 834 98.0 35.2 852 848 51 0.7 25% S¢ + 29% Si19 + p CH; + v, GeC;
38% Sy
V7 575 571 584 561 596 581 2.5 2895 555 555 2.6 4127 99% S, v, GeCs
Vg - 187 172 171 188 187 1.1 17.1 183 184 2.4 35.1 118% Sg 0, GeCs
A,
Vg 3140 3012 3013 2996 0.0 0.0 3111 2980 0.0 0.0 34% So + 67% Si3 v, CH3
V1o 1508 1443 1443 1419 0.0 0.0 1460 1438 0.0 0.0 32% Sip+51% Si¢ 0, CH;
Vi 749 716 717 704 0.0 0.0 717 715 0.0 0.0 38% Sy +48% Sy p CH;
Vi 116 106 106 104 0.0 0.0 119 120 0.0 00 47% S\, + 58% S,4 7 CHj
E
Vs 2994 2982 3141 3013 3014 2997 208 1794 3112 2981  20.8 2034 34% S+ 67% S;; v CHs
Vig 2983 2982 3134 3006 3006 2990 3.0 28.3 3107 2977 2.0 393 33% S, + 66% S, v, CH;
Vis 2916 2922 3055 2931 2931 2916 13.0 0.1 3031 2908 18.5 03 33% S, + 65% S5 v, CHj
Vie 1425 1426 1518 1453 1452 1428 1.5 153 1471 1449 5.0 11.5 32% Sip + 51% Si¢ 0, CH3
V17 1414 1426 1506 1440 1440 1417 <0.1 1315 14064 1442 <0.1 395 31% S; + 51% Sy d, CH;
Vig 1247 1246 1318 1261 1264 1248 6.5 0.5 1274 1259 12.1 17.2  34% Ss + 69% Sg 0, CH;
Vig 845 624 886 849 862 844 9.5 55.5 861 857 31.6 39.1 25;3; S()S+ 29% S19 + p CH; + v, GeC;
% S
V2 827 833 873 837 854 835 64.0 21.0 848 843 72.0 0.7 38% Sy1 +48% Sy p CH;
Vo 629 850 629 620 685 629 <0.1 62.3 615 614 6.2 84.1 91% Sy 0, GeCs
Vo 598 592 612 592 613 599 40.4 30.5 586 585 44.0 88.6 36% Si9+ 72% S,  p CH3 + v, GeCs
Va3 190 187 183 182 200 190 0.8 64.4 170 172 1.4 127.7 128% Sy p GeCs
Vo4 132 149 136 136 134 <0.1 14 127 128 <0.1 2.0 47% S, + 58% S,y 1 CHj3
rmsd 85 36 36 4 66 15
(em™'y"

@ From ref 12. * Scaled by using Rauhut and Pulay’s scale factors, taken from ref 17. ¢ Scaled by using Kalincsdk and Pongor’s scale factors,
taken from ref 19. ¢ Calculated using the refinement scale factors of this work. ¢ Calculated IR intensities in km mol™' and calculated Raman
intensities in A* (amu)~!. /Scaled with Yoshida’s equation, from ref 20. ¢ Key: v, stretching; o, angular deformation; p, rocking; 7, torsion; s,
symmetric; a, antisymmetric. ” The inactive A, modes were not included in the calculation of the root-mean square deviation (rmsd).

using the following linear equation: Von/Veae = 1.0087(9) —
0.0000163(6)Vcqe, Where Vo, and vy are given in cm™!. The
WLS method, unlike SQM scaling, was derived for a wide range
of molecules including Ge-containing compounds. The scaled
frequencies along with the unscaled values for the 6-3114+G**
force field are also included in Table 3.

The relative infrared and Raman intensities were obtained
using the aforementioned procedure to complement the theoreti-
cally predicted frequencies, providing a complete computational
simulation of the vibrational spectra. These results are collected
in Table 3 for both B3LYP/6-31G* and B3LYP/6-311+G**.
The scaled infrared and Raman spectra obtained from both SQM
and WLS scaling methods, along with the calculated intensities,
are shown in Figures 5 and 6, respectively, where they are
compared to the experimental ones. Generally, the simulated
spectra resemble the observed experimental spectra, providing
useful support for the assignment of the vibrational bands to

the fundamental modes. Because anharmonicity is larger for
the bond stretching involving hydrogen atoms, the unscaled
frequencies for B3LYP/6-31G* and 6-311+G** show larger
deviations in this region compared to the experimental frequen-
cies, as can be seen in Table 3. The prediction of the C—H and
Ge—H stretching vibrations is much better for Yoshida’s scaling
than for the other methods. For the infrared and Raman
intensities, the B3ALYP/6-311+G** spectral profile agrees better
with the experimental vibrational spectra than the same method
with the 6-31G* basis set.* Both dipole moments and polar-
izability derivatives are sensitive to the functional and basis sets
used, and basis sets augmented by additional functions such as
polarization and diffuse functions are needed for a successful
description.

Band Assignments. The assignment of experimental fre-
quencies to the normal modes of vibration was based on
comparison with the previous assignment for this molecule,'?
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Figure 5. Experimental (thick line) and predicted (thin line) IR spectra
of TMG by the SQM method from B3LYP/6-31G* force field using
(a) Rauhut and Pulay’s scale factors, (b) Kalincsak and Pongor’s scale
factors, and (c) the wavenumber linear scaling of Yoshida from B3LYP/
6-311+G**.
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Figure 6. Experimental (thick line) and predicted (thin line) Raman
spectra of TMG by the SQM method from B3LYP/6-31G* force field
using (a) Rauhut and Pulay’s scale factors, (b) Kalincsdk and Pongor’s
scale factors, and (c) the wavenumber linear scaling of Yoshida from
B3LYP/6-311+G**,

the assignments reported for related molecules,?' depolarization
ratios and normal mode descriptions, as well as the relative
positions and intensities of the bands predicted from the
calculations. Because Yoshida’s scaling with B3LYP/6-
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Figure 7. (a) WLS-scaled, (b) gas-phase room temperature, (c) liquid-
phase room temperature, and (d) low-temperature FTIR spectra of TMG
for the region between 3050 and 2850 cm™!.

311+G** performed well for the calculation of vibrational
frequencies and relative intensities when compared with ex-
perimental data, these results were used as a reference for the
assignment of the observed bands to the fundamental modes.
The experimental bands observed in the IR and Raman spectra,
along with their relative intensities and depolarization ratios,
are collected in Table 1. The infrared spectra for the gas, liquid,
solid phases and the WLS-scaled infrared spectrum using
calculated intensities are shown in Figures 7—10 for the regions
3050—2850, 1500—1150, 960—500, and 2120—960 cm™',
respectively.

Methyl Group Modes. Stretching Modes. The vibrational
spectra show the presence of C—H stretching vibrations in the
region 3000—2900 cm™!. Assignment of the observed bands
was made mainly for comparison with the related iodotrimeth-
ylgermane compound.?' The three C—H antisymmetric modes
V13, V1, and vy4 were assigned to the three peaks located at 2994,
2986, and 2983 cm™!, respectively, in the gas-phase infrared
spectrum (Figure 7). The liquid and solid infrared spectra display
bands centered at 2982 and 2975 cm™! with several shoulders,
which are listed in Table 1. The Raman spectrum in Figure 2
shows a depolarized band at 2980 cm™'!, which can be assigned
to the v, stretching mode. The C—H symmetric mode (v) gives
rise to a strongly polarized band at 2913 cm™! in the Raman
spectra, whereas in the low temperature infrared spectrum it
was observed at 2911 cm™!. The band at 2924 cm™! and the
shoulder at 2916 cm™! observed for the gas phase, and at 2919
and at 2916 cm™! for the liquid phase, were assigned to the v,
and v;s vibrational modes, respectively.

Deformation Modes. Taking into account the previously
reported spectra for iodotrimethylgermane®' and the predictions
made by calculation in Table 3, the two weak and broad features
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Figure 8. (a) WLS-scaled, (b) gas-phase room temperature, (c) liquid-
phase room temperature, and (d) low-temperature FTIR spectra of TMG
for the region between 1500 and 1150 cm™'.

at 1425 and 1420 cm™' accompanied by some shoulders for
the gas and liquid infrared spectra can be assigned to the C—H
antisymmetric deformation modes (v4, V6, and v7). These bands
resolve clearly into individual components in the low-temper-
ature spectrum (Figure 8), which shows bands at 1426 cm™!
attributed to the v, mode, 1415 cm™! attributed to the v, mode,
and 1393 cm™! assigned to the v;; mode. The application of
FSD to the Raman spectrum (Figure S2, Supporting Information)
gives three bands at 1441, 1414, and 1384 cm™!, in agreement
with the bands observed for the solid phase. The C—H
symmetric deformation modes appear as a medium band at 1256
cm™! (v4) and a shoulder at 1227 cm™! (vy7) for the gas infrared
spectrum. Likewise, in the liquid IR spectrum these modes were
observed as a weak band at 1256 cm™! and a shoulder at 1244
cm™!. The IR spectrum for the solid phase shows more intense
and closer peaks at 1238 cm™! for the v, mode and 1234 cm™!
for the v|; mode, which also shows reverse relative intensity
compared to that observed for both the gas and liquid spectra.
The equivalent peaks in the Raman spectrum were observed at
1248 and 1235 cm™'.

Rocking Modes. Three fundamental modes can be assigned
as the CH; rocking modes. Two bands at 850 and 833 cm™!
were observed by previous authors'? in this spectral region and
they were assigned to a GeH deformation (v,;) and to CHj
rocking modes (v¢ and v,y), respectively. However, all the
method and basis set combinations tested in this work (see Table
S8, Supporting Information) are in agreement that the band at
850 cm™! is due to a CH; rocking mode. Therefore, considering
the WLS scaling predictions, the pair of bands observed in the
gas-phase IR spectrum at 845 and 833 cm™! can be attributed
to the v|9 and v¢ vibrational modes. These bands shift to 846

J. Phys. Chem. A, Vol. 113, No. 17, 2009 5201

(@)

%  Transmittance
i
G

(d)

900 800 700 600
cm’”

Figure 9. (a) WLS-scaled, (b) gas-phase room temperature, (c) liquid-

phase room temperature, and (d) low-temperature FTIR spectra of TMG

for the region between 960 and 500 cm™.

and 832 cm™! for the liquid spectrum and to 850 and 831 cm™!

for the solid spectrum. On the other hand, no bands were
observed in the earlier work!? for the remaining v,y rocking
mode. Table 3 shows that the predicted splitting between the
vs and vy modes for the WLS scaling was 5 cm™!. Consequently
the shoulder observed in the gas-phase spectrum at 827 cm™!
with a splitting of 6 cm™! generating the band at 833 cm™! can
be assigned to the v,y mode. This assignment was confirmed
by means of the low-temperature IR spectrum shown in Figure
9, where the band located at 825 cm™! increases in intensity
and separates from the others. The FSD of the Raman spectrum
(Figure S2) in this region provides three bands located at 853,
840, and 828 cm™!, belonging to the v,9, V¢, and v, vibrational
modes.

Torsional Modes. The vy, torsional mode of E symmetry is
both infrared and Raman active and is predicted to be rather
weak in both spectra. Therefore, a weak and broadband with a
maximum at 132 cm™! can be assigned to the vy, torsional mode
on the basis of the relative position and intensity predicted by
the calculations in Table 3 for this vibration. This assignment
is in accord with the previously reported torsional mode for
(CH3);GelP! observed at 112 cm™!, which is expected to appear
at a slightly lower frequency than for the hydrogen compound.

GeH Stretching Mode and GeC; Modes. The Ge—H
stretching mode (v;) appears at almost the same frequency in
all the infrared spectra. This mode displays a PQR band contour
in the gas- and liquid-phase spectra as expected for a parallel
vibration of a symmetric top molecule. These are shown in
Figure 10. In the Raman spectrum this mode shifts to a lower
frequency, appearing as a relatively strong polarized band at
2032 cm ™.
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Figure 10. (a) WLS-scaled, (b) gas-phase room temperature, (c) liquid-
phase room temperature, and (d) low-temperature FTIR spectra of TMG
in the GeH stretching mode region.

The GeC; group vibrational modes are expected to appear
below 700 cm™!. The WLS scaling from Table 3 predicts the
appearance of a band at 614 cm™! corresponding to the v,; mode.
Imai et al.'? observed a band at 624 cm™!, which was assigned
to the v,9 CH; rocking mode; however, as mentioned previously,
the rocking modes were expected to appear at higher frequen-
cies. In this study, there is a weak band at 626 cm™! in the
low-temperature infrared spectrum (Figure 9), but according to
the calculations this band can be assigned to the GeC;
antisymmetric deformation mode (v,;), which gives a well-
defined band at 629 cm™! in the Raman spectrum. The GeCs
antisymmetric (v»,) and symmetric (v;) stretching modes give
rise to two bands at 598 and 575 cm™!, respectively, in the
infrared spectra, which are in agreement with a depolarized band
observed at 600 cm™! and a polarized one at 575 cm™! in the
Raman spectrum. Although the GeC; antisymmetric stretching
mode is mixed with the CH; rocking modes in the PED, a
contribution of 72% confirms the assignment to this mode. The
vg and v,;3 modes were earlier assigned to a band observed at
187 cm™ 1.2 In our Raman spectrum this band is located at 190
cm™!, but taking into consideration the depolarization ratio
(Table 1) and the relative intensities predicted for the WLS
scaling, it can be assigned to the GeC; rocking mode (vy3) of E
symmetry. Because the band corresponding to the vs mode is
predicted to be weaker than that of the v,; mode, it is probably
overlapped and thus can not be observed. The combinations
and overtone bands found in the vibrational spectra of TMG
are reported in Table 4.

Calculation of Force Constants. The calculation of force
constants was performed to obtain a detailed description of the
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TABLE 4: Assignment of Combination Bands and
Overtones Observed in the Vibrational Spectra of TMG

IR (a5 IR (g Raman assignment
3826 Vi3t oy
3756 Vot vy
3104 3106 Vst v
3075 Vgt
2855 Vi3 — Vo
2825 21y
2798 Vet V17
2478 2v 90+ vy
2236 Vit vy
1848 Vi3 V3
1694 2v 9
1656 Vis = Vs
1548 1542 1545 Vi— vy
1087 2v 13 — V7
1069 Vs— Va3
418 Vs — Vs
398 397 Vis— Vig
389 384 385 Vi— Uy

TABLE 5: Refined Scale Factors for TMG from the
B3LYP/6-31G* Force Field

scale factor

vibrational mode® initial® final®
v, CHj, 0.920 0.910
v, CH; 0.920 0.910
v GeH 0.920 1.060
0. CH; 0.915 0.885
oy CH; 0.915 0.895
p CH; 0.915 0.882
0.GeCs 1.218 1.020
1,GeC;3 1.042 0.990
1,GeC; 1.042 0.990
p GeC; 1.218 1.090
0,GeCs 1.218 1.200
7 CH; 0.831 0.800

“Key: v, stretching; o, angular deformation; p, rocking; T,
torsion; s, symmetric; a, antisymmetric. ” Kalincsék and Pongor’s
scale factors, from ref 19. ¢ Obtained after the refinement in this
work.

vibrational modes that support the assignment of vibrational
spectra. The scale factors proposed by Kalincsdk and Pongor!”
were used as initial values and are shown in Table 5. As these
factors have not been derived for compounds that contain
germanium, they were refined using the SQM methodology.'¢~ !
For the refinement procedure the scale factors were grouped
according to the nature and symmetry of the vibrational modes
of the molecule and fitted by least-squares to the observed
frequencies to reproduce the experimental vibrational data as
well as possible. The B3LYP/6-31G* force field for TMG was
scaled with 11 refined scale factors, decreasing the frequency
deviations from an initial rmsd value of 36 cm™' (with Kalincsdk
and Pongor'® scale factors) to a final rmsd value of 4 cm™.
The resulting scaled frequencies are compared with the
experimental data in Table 3. It is interesting to note that the
differences between the theoretical and experimental frequencies
are minimized when using different scaling methods. Applica-
tion of the SQM method to the B3LYP/6-31G* force field
decreases the rmsd values from 85 cm™! to 36 cm™! with use
of the transferable Rauhut and Pulay!” scale factors, to 36 cm™
by using the Kalincsak and Pongor! scale factors, and to 4 cm™!
by using the refined scale factors obtained in this work. Also,
application of the WLS method to the B3LYP/6-311+G** force
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TABLE 6: Internal Force Constants for TMG Calculated
with B3LYP/6-31G*

force constant”

coordinate initial® final®
f(CH) 4.90 4.85
AGeH) 2.16 2.44
AGeC) 3.20 2.79
ACGeC) 0.59 0.54
ACGeH) 0.47 0.45
AHCH) 0.44 0.42
AHCGe) 0.36 035
fTIHCGeH) 0.03 0.03
ACGeC/CGeC) —0.12 —0.11
f(CGeH/CGeH) —0.06 —0.06
fIHCH/HCH) —0.10 —0.10
fIHCGe/HCGe) —0.06 —0.06

“Units are mdyn A~ for stretchings and stretching/stretching
interactions and mdyn A rad ~2 for deformations and deformation/
deformation interactions. ” Calculated using Kalincsak and Pongor’s
scale factors included in Table 5. ¢ Calculated using the scale factors
obtained after the refinement procedure in this work.

field predicts frequencies with a deviation of just 15 cm™,

whereas the unscaled predicted frequencies deviate ~66 cm™!
from the experimental ones. The refined scale factors for the
different types of motions and internal force constants obtained
before and after the refinement procedure are shown in Tables
5 and 6. The detailed normal mode description in the potential-
energy distribution (PED) obtained from the scaled B3LYP/6-
31G* force field is presented in Table 3. The scaled force
constant matrix is included in the Supporting Information (Table
S9). In addition, the force constants, scale factors used to scale
the theoretical force field, and the PED obtained for the B3LYP/
6-311+G** level of theory and basis set are given in Tables
S10—S12 (Supporting Information).

From the PED in Table 3 it can be seen that the C—H
vibrational modes are strongly mixed, so it is common to find
some discrepancies between theoretical methods (B3LYP/6-
31G* and 6-311+G**) in relation to the relative positions of
modes of similar frequency involving hydrogen atoms. The
reverse order predicted for the vg and v,; GeC; vibrational modes
would be more significant. However, the prediction obtained
with the larger basis set was preferred for the assignment
because the v mode cannot be observed in the experimental
spectra.

Conclusions

The molecular structure for TMG was determined experi-
mentally using gas electron diffraction studies combined with
quantum mechanical calculations. New spectroscopic data were
collected for the TMG by the measurement of its gas, liquid,
and solid infrared spectra and its liquid Raman spectra. The
depolarization ratios were used to identify some observed modes.
The prediction of vibrational frequencies with the B3LYP hybrid
method was sensitive to increasing basis set size and particularly
to the inclusion of polarization functions. The 6-311+G** basis
set also performed well in the calculation of infrared and Raman
intensities when compared with the experimental spectra.
Empirical corrections to the harmonic force field, such as the
SQM and WLS scaling methodologies, have improved the
calculated frequency quality and proved important in the
assignment of the vibrational spectra. Overlapping frequency
modes were resolved using low-temperature techniques and
numerical spectral analysis, resulting in a complete assignment
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of the fundamental modes to the bands observed in the
vibrational spectra of TMG.
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