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ABSTRACT: The rotational spectrum of 1,3,5-trisilapentane was observed on a
chirped-pulse Fourier transform microwave spectrometer and is reported. During
assignment, multiple conformations of the molecule were identified in the
molecular beam. Prior quantum-chemical calculations performed on the

molecule show that the identified spectra correspond to the lowest three

calculated energetic structures. These structures are of C, (Conf.1), C,, (Conf.2),

and C; (Conf.3) symmetry, with relative energy ordering of Conf.1 < Conf.3 <

Conf.2, which is in stark contrast to n-pentane and all known silicon-substituted

n-pentane derivatives. This is found to most likely arise from the elongation of

the Si—C bond and the size of the silicon atoms providing for the C, and C, ‘

structures relieving steric hindrance in comparison to that of the C,,. In the C,, ‘ L, \”

and C, conformers, splitting in the spectra due to internal rotation of the —SiH; ‘)

end groups of 1,3,5-trisilapentane was observed and determined. The C,, '

equivalent V; values are 368.46(33) cm™!, and the C,V; values are 347.78(21) and 360.18(88) cm™, respectively. These barriers
are compared to similar species in order to help verify their veracity and are determined to be accurate based on similar molecular
silyl rotors.

H INTRODUCTION internal rotation, and “Qualitatively, the structure of the L
Methyl rotor internal rotation is a topic that has been heavily bands v; and v for disilane resembles very closely that fo7und
studied for over 60 years.'™® Over the past 45+ years, the for ethane, which has a sizable barrier to internal rotation.”” All
molecular structure and internal rotation dynamics of species of these make further investigations on the role of the
with one or two —SiH; groups have been of significant separation between the two rotors a very important area of
interest."*”~'” This interest and area of study has been study.

significantly driven from the differences in molecular structure In addition to silyl internal rotation, the molecular structure
upon substitution of a carbon atom by a silicon atom. The of pentane and pentane derivatives has also been studied
general elongation of the bond created from the Si substitution heavily with molecular spectroscopy approaches.”’™>° The
lowers torsional energy strain, providing more freedom for the torsional flexibility of the chained backbone in these molecules
—SiH; group to rotate. Experiments, however, with molecules provides for a wide array of conformations, providing for a rich
like disilane H,Si-SiH; show that this internal rotation is not and intriguing conformational landscape. In the gas-phase

necessarily as “free” (barrier height: 407 em™)"®" as one
would expect when compared to silane compounds such as
methylsilane CH;SiH; (395 cm™)' or silyl methyl ether
CH;O0SiH; (385 cm™)."* Since the barrier height for internal
rotation in these species (disilane, methyl silane, and methyl
silyl ether) results from a complex interplay of a number of
factors—as discussed by Goodman'’—it would take an
exceedingly fortuitous and unlikely cancellation of these factors
to yield free internal rotation in disilane. Furthermore, disilane
gas-phase infrared vibrational spectra show no evidence of free

microwave spectroscopy study of perfluoropentane, for
example, this flexibility allows the fluorines in the molecule
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a)

Figure 1. Five optimized geometries of 1,3,5-trisilapentane. The structures are presented in order to best show symmetry elements. The symmetries

are (a) G, (b) C; (TG), (c) Gy, (d) C; (GG'), and (e) C..

to be distributed in a spiral, providing C, symmetry rather than
the C,, symmetry of the hydrocarbon.*’

This potentially rich conformational landscape, then,
requires additional investigation, particularly in the case of
substituting Si atoms due to Si-bond elongation. Previously,
conformational stability studies of pentane and its silicon-
substituted derivatives were performed using vibrational
spectroscopy. In the case of n-pentane, various computational
approaches”*°*" have identified five possible conformations,
having the following symmetries: C,, (trans, trans (TT)); C,
(trans, gauche (TG)); C, (gauche, gauche (GG)); C, (gauche,
gauche’ (GG')); and a second C; form (gauche, gauche’ (C,
(GG’)), which has unusual dihedral angles of ~65 and ca.
—91°, in contrast to expected ~60 or ~180° values. Because of
steric hindrance, however, the C, (GG’) conformer is less
stable and has been noted by Salam and Deleuze’” as being
“sterically forbidden.” Each of these conformers for 1,3,5-
trisilapentane is presented in Figure 1.

Evidence for all except the C, species exist from the
vibrational spectra of n-pentane in condensed phases
(summarized by Mirkin and Krimm®') and from a gas-phase
Raman spectrum obtained by Balabin.”’ Peaks that readily
correspond to the predicted frequencies of the most intense
Raman-active vibrations below 500 cm™ of the C,, C,,, and the
“regular” C; conformer have been confidently assigned.
Additionally, a very weak peak near 360 cm™ was also
observed by Balabin,”” and it is consistent with the predicted
frequency for the most intense Raman-active vibration below
500 cm™ for the “unusual” C, form. The relative weakness of
this conformer’s Raman band near 360 cm™ is a result of its
being, not surprisingly, notably higher in energy than the other
three stable conformers of n-pentane and, thus, less abundant.

Experimentally, the enthalpy difference between the TT-TG
conformers of n-pentane was determined to be 600 + 100 cal
mol™" (209.9 + 35 cm™), and the enthalpy difference between
the GG-TG conformers was determined to be 670 + 100 cal
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mol™ (234 + 35 cm™!) with the TT conformer as the most
stable conformer.”! Interestingly, the authors found TT, TG,
and GG conformers in the liquid and the solid state of the
sarnple.21 Similarly, one of the authors of this work also was
involved in a liquid Raman study of the CCC bending region
of n-pentane near 400 cm™", which found the TT conformer to
be the most stable.”” The TG conformer was found to be the
second-lowest energy conformer at 164 + 10 cm™! above, in
agreement with the Mirkin and Krimm work. Similar
conformational stability patterns were observed for n-
butylsilane (SiH;CH,CH,CH,CH;) and diethylsilane
(CH,CH,SiH,CH,CH,). For both compounds only the TT
form was observed in the crystalline solid form, whereas TT,
TG, and GG conformers were observed in the liquid and the
gaseous state of the sample.””*>*" In n-butylsilane, again one
of the authors of this work was involved in determining that
TT was the most stable species, followed by the TG conformer
227 + 10 cm™ higher in energy.”’ In the gas-phase electron
diffraction study of 1,5-disilapentane the TT conformer was
observed to be the most stable form.”* The energy difference
between the GG and TT forms was determined to be 1.0 kJ
mol™" (84 cm™), and the energy difference between the TG
and GG forms was determined to be 2.8 k] mol™ (234 cm™),
whereas according to theoretical calculations by using the SCF
3-21G*, SCF 6-21G*, and MP2 6-31G* basis sets, the
conformational stability order was determined to be TT, TG,
and then GG.** However, the authors had some doubt about
the conformational stability of TG and GG forms, and no
further study has been reported. Overall the second most
stable conformer for pentane is TG, whereas for 1,5-
disilapentane the second most stable conformer is GG.

For all of these reasons, we conducted and report the first
microwave spectroscopic study on the molecule 1,3,5-
trisilapentane. Microwave spectroscopy was used due to its
unparalleled accuracy and precision in the determination of
rotational constants, which speak directly to molecular

https://dx.doi.org/10.1021/acs.jpca.0c01100
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Figure 2. Comparison between experimental broadband rotational spectrum measured in the 8—12 GHz microwave region (black color) and
simulated spectra of the three observed conformers of 1,3,5-trisilpentane. The “unknown” peak is believed to be background/manmade and not
part of the rotational spectrum. (a) A portion of 1 GHz between 10 and 11 GHz highlighting the b-type Q-branch structure of Conf.2. (b) An
expanded 40 MHz view showing the 2,, < 2, and 3, < 3; transitions split into quadruplets due to equivalent internal rotation motions of the

SiHj; tops for Conf.2.

structure.”” These studies are coupled with quantum-chemical
calculations to eliminate the discrepancy in the literature with
previously determined conformational landscapes, and the
results are reported. In addition to this, microwave spectros-
copy exhibits the resolution needed to observe internal
rotation and determine accurate barrier heights to compare
to similar silyl rotors.

B EXPERIMENTAL SECTION

1,3,5-trisilapentane (TSP) was prepared by the Grignard
reaction of 2 equiv of chloromethylsilane with powdered
magnesium in dry diethyl ether and coupled with 1 equiv of
dichlorodiethylsilane in dry diethyl ether. The product was
filtered, and the ether was distilled off at reduced pressure. This
product was reduced using lithium aluminum hydride in dry
dibutylether, and TSP was obtained in a trap held at liquid
nitrogen temperature. The identity of TSP was confirmed
using infrared spectra of the gas and NMR spectra in
deuterated chloroform.

The NMR spectra of the TSP product are as expected; 'H
NMR showed a multiplet at 0.01 ppm, a triplet at 3.64 ppm,
and a second multiplet at 3.94 ppm. The *C NMR spectrum
has one band at —15.44 ppm. The *Si spectrum shows two
lines at —30.38 and —62.16 ppm. All of these values are
consistent with the desired product and the absence of
impurities.

After characterization of the synthesized TSP species, the
sample was sent to the Missouri University of Science and
Technology in order to obtain the rotational spectrum. As TSP
is volatile, tanks containing a 3% gas mixture in Ar were
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prepared directly from the sample vial and repeated until no
sample remained. The rotational spectrum was then obtained
in the 6—18 GHz spectral region using a chirped-pulse Fourier
transform microwave (CP-FTMW) spectrometer. This instru-
ment has been detailed in the literature elsewhere.”>™*® The
sample was introduced into the spectrometer at a backing gas
pressure ~1 atm above ambient (2 atm total) pressure from a
pulsed supersonic nozzle (molecular beam). The chamber
pressure, meanwhile, was held at 107 Torr. The spectra were
obtained using 4 ps chirp widths at a pulse rate of 5 Hz,
utilizing five 20 ps free induction decays (FIDs) per gas pulse.
Spectra were collected in two 6 GHz bandwidth (6—12 and
12—18 GHz) regions using 610 000 FID averages per band.
Typical line widths for completely resolved transitions range
from 60 to 80 kHz with an uncertainty of 10 kHz in line
centers. Example portions of the spectrum are presented in
Figures 1 and 2.

B QUANTUM-CHEMICAL CALCULATIONS

Given the conformational flexibility of the molecule, the first
goal of the study was to identify the lowest-energy
conformations of the molecule, as those would be the most
probable species populated due to the molecular beam cooling.
Quantum-chemical calculations were performed using the
Gaussian09®” and Gaussian16>® programs. Since 1,3,5-
trisilapentane is essentially n-pentane with silicon atoms
substituted at every other position, it would not be
unreasonable to expect that the possible conformations for
both compounds would be similar.

https://dx.doi.org/10.1021/acs.jpca.0c01100
J. Phys. Chem. A 2020, 124, 3825—3835
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Table 1. Zero-point Relative Energies and Predicted Spectroscopic Rotational Parameters”

Parameter Unit Conf.1(C,) Conf.2 (Cav) Conf.3 (C1)
Y Y Y
N I w\
e Bl Ak ) C,
w
A Ykt
AE cm 0 79.7 102.1
AE kJ.Mol™ 0 0.95 1.22
A MHz 3117 10950 5292
B MHz 1248 694 886
C MHz 1028 673 800
Vs 4 cm’? 360 320 320
Vi, cm? 360 320 340
Foa GHz 87.0 87.0 87.0
Fo» GHz 87.0 87.0 87.0
<(i,a) ° 59.8 150.1° 61.3¢
<(i,b) ° 129.7 60.1°7 146.3°
<(i,c) ° 54.4 90.0° 73.8°¢
| Mol Debye 0.00 0.00 0.62
[us] Debye 0.20 1.40 0.00
[ el Debye 0.00 0.00 0.67
eotal Debye 0.20 1.40 0.92
Poa® uA? 367.2 716.72 553.1
[ uA? 124.3 34.3 78.4
Pec? uA? 37.86 11.8 17.1

“Zero-point relative energies and predicted spectroscopic rotational parameters for the three observed conformers of trisilapentane along with silyl
rotor barriers to internal rotation parameters. All of these calculations were performed at the MP2/6-311++G(d,p) level of theory. "Fixed values for
barrier height determination are from ab initio results. “Second planar moment values give the mass distribution along each principal axis; they are
defined as P; = 0.5 (Ii + I, — I,), where I, I}, and I; are the moments of inertia about each molecular axis in question.*>

Using B3LYP and MP2 (with full electron correlation)
methods, then, ab initio calculations for 1,3,5-trisilapentane
were performed using Gaussian09” with a variety of basis sets
ranging from 6 to 31 G(d) to aug-cc-pVTZ. The goal was to
identify all possible conformations and predict relative energy
differences, rotational constants, and dipole moments. A full
optimization (keyword “fopt”) was performed, and each
output file was examined to ensure each calculation did
converge at the appropriate point group.

As expected, the computational results for 1,3,5-trisilapen-
tane predict the same conformational symmetries as those for
n-pentane, and the relative single-point (total) energies for
each optimized structure are summarized in Tables S1 and S2
in the Supporting Information. For both B3LYP and MP2
methods, the C; conformation is predicted to have the highest
energy and produced one imaginary frequency. Therefore, the
C, conformation will not be discussed beyond these results.
Surprisingly, the B3LYP and MP2 methods are contradictory
in regard to the orderings of the four possible conformations:
C, (GG), G, (TT), C, (TG), and C; (GG’). This
inconsistency between B3LYP and MP2 was also reported by
Salam and Deleuze”” for high-level calculations of n-pentane.

From the B3LYP calculations, the C,, form was predicted to
be the most stable, followed by C, (TG), C,, C; (GG'), and
lastly C,. Relative to C,, the other four conformations produced
consistent relative energies that appeared to be independent of
the basis set used. The order of stability for 1,3,5-trisilapentane
is congruent with the computational work done for n-
pentane;ZI’Z(’_29 however, the relative energies of the four
conformations for this study, with respect to C,,, are lower in
magnitude compared to previous studies of n-pentane. Such
differences are likely a result of increased conformational

3828

flexibility, relative to n-pentane, due to longer bond lengths
between C and Si atoms.

In contrast to the B3LYP method, MP2 calculations
predicted the C, form as the most stable, followed by C,
(TG), C,,, and lastly C; (GG’). Relative energies between the
other four conformations were sensitive to the basis set used.
Additionally, the magnitude of the total energy for each
conformation increased with added valence region functions,
diffuse functions, and/or polarization functions. To address the
inconsistency between high-level ab initio methods for 1,3,5-
trisilapentane, experimental determination of enthalpy values
between the four possible conformations is highly desirable to
determine which method, either B3LYP or MP2, correctly
predicts the order of conformational stability and to what, if
any, degree of accuracy.

Geometry optimizations for the zero-point structures for the
lowest three conformers of the MP2 calculations were
performed at the MP2/6-311++G(d,p) level. The results of
these quantum-chemical calculations, along with structural
images of these calculations, are presented in Table 1. The new
approach and level provided a slightly different conformational
energy landscape from the original approach. C, was still the
lowest energy (set to 0 cm™"), but the C,, structure was slightly
lower in energy (79.7 cm™') than the C, structure (102.1
cm™'). Only these three conformations were observed
experimentally, and, as these structures were used in the
fitting, the conformers are labeled Conf.1, Conf.2, and Conf.3
for the rest of the text with C, being Conf. 1, C,,
corresponding to Conf2, and C; corresponding to Conf.3.
Because only these species were experimentally observed, no
further geometry optimizations for the zero-point energy
structures of the C; (GG’) or C, were undertaken. The

https://dx.doi.org/10.1021/acs.jpca.0c01100
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Table 2. Determined Spectroscopic Parameters of 1,3,5-Trisilapentane

Conf.1 Conf.2 Conf.3
FIT 1 FIT 2 FIT 3 FIT 4 FIT §
parameter unit SPFIT SPFIT XIAM SPFIT XIAM

A MHz 3196.3878(22)“ 10711.3925(48) 10 710.8507(56) 5400.8951(97) 5400.8319(88)
B MHz 1243.9778(11) 709.1641(16) 709.1833(14) 885.55704(40) 885.56831(32)
C MHz 1033.56730(80) 687.0354(15) 687.0202(11) 807.38396(40) 807.37124(32)
Dy kHz 1.3138(95) 0.3017(24) 0.2993(17)
D¢ kHz 20.89(41) 43.47(2.00) 51.63(1.79)
Dy kHz —8.429(70) —5.6710(96) —5.6731(93)
d; kHz 0.4022(52) —0.07479(50) —0.07519(44)
di kHz 0.159(32) —0.00319(37) —0.00258(31)
Vs, cm™ 368.46(33) 347.78(21)
Vi, cm™! 368.46(33) 360.18(88)
N” 26 16 53 79 336
rms® kHz 10.8 12.4 14.7 113 23.0
P uA? 368.55840(28) 700.5264(12) 700.52371(92) 551.53181(22) 551.53257(18)
Py uA? 120.40735(28) 35.0674(12) 35.08641(92) 74.41449(22) 74.42360(18)
p. uA? 37.70207(28) 12.1140(12) 12.09743(92) 19.15870(22) 19.15069(18)

“Numbers in parentheses are the 1o uncertainties of the measurement (67% confidence interval). “Number of measured/ assigned transitions for

each conformer. “The rms error is the microwave error defined as / 3" (obs — calc)’/N. 9Second planar moment values give the mass distribution

along each principal axis; they are defined as P; = O.S(Ij + I, — I,), where I, I, and I; are the moments of inertia about each molecular axis in

.32
question.

rotational constants provided from these geometry optimiza-
tions show, quantitatively, the very different nuclear position-
ing with respect to the principal axis system shown in Figure 1
and in Table 1. To further quantify this, second moments were
calculated from the predicted rotational constants. As
demonstrated by their P values, Conf2 and Conf.3 have
very little mass out of the ab plane, while Conf.1 has much
more of the heavy atom backbone out of the ab plane. Given
the very small predicted energy differences of the conformers,
the dipole moments would also play a large role in the
observed intensity and transition types observed in the spectra.
Conf2 and Conf3 were substantially more polar with
calculated overall dipoles of 1.40 and 0.92 D, respectively,
compared to 0.20 D for Conf.1.

After geometry optimizations were performed, the barriers
to internal rotation for each —SiH; rotor were calculated, using
potential energy scans obtained from the zero-point geometry
optimizations at the MP2/6-311++G(d,p) level of theory. This
resulted in six calculated barriers. The calculated barriers
provide evidence of what would be expected given the
predicted symmetries of the molecule. Both Confl and
Conf.2 have a pair of equivalent —SiH; rotors with V3 = 356
em™ and V; = 320 cm™!, respectively, while Conf3 is
predicted to have two inequivalent rotors with V; of the first
being 320 cm™' and V; of the other being 340 cm™. In the
event all conformers were observed, then, the likelihood of
observing splitting due to internal rotation in the molecule

should be Conf.2 > Conf.3 > Conf.1.

B RESULTS AND ANALYSIS

As expected from the quantum-chemical calculations, the
resulting CP-FTMW spectrum was rich in transitions. In some
regions, rather dense spectroscopic structures were observed
with some of the rotational transitions split into three to five
components having spacings ranging from 150 to 500 kHz.
The conformational search and barrier height calculations,
described in the quantum-chemical calculations, explain most
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of this, as the barrier height is low enough to possibly observe
internal rotation, and the separations in conformational
energies should provide significant population of more than
one conformation in the molecular beam.

Pure Rotation Analysis. Although not predicted to be the
lowest-energy conformer using MP2, Conf.2 had the largest
dipole moment at 1.4 D, which was also predicted to lie along
the b-axis, meaning only b-type transitions would be expected,
simplifying the search. From the quantum-chemical calcu-
lations, the pure rotation constants for Conf.2 were predicted
to be A = 10950 MHz, B = 694 MHz, and C = 673 MHz (see
Table 1). From this, we used Pickett’s SPFIT/SPCAT program
suite’ to predict a rigid rotor spectrum using the pure
rotational constants cited above. A typical b- type, Q-branch
structure corresponding to K, = 1 < 0 was identified
straightforwardly as shown in Figure 2a in blue color. Some
b-type, R-branch transitions were also assigned, allowing an
accurate determination of the A, B, and C parameters, at the
kilohertz level, in a global fit of 16 lines converging with a root-
mean-square (rms) deviation of 12.4 kHz (FIT 2 of Table 2).
All fits are provided in the Supporting Information.

After discarding these 16 rotational signatures from our
experimental spectrum, we then focused on the next highest
intensity spectrum. This turned out to be Conf.3 of Table 1,
which has the next largest predicted dipole moment (0.92 D)
with components in the a- and c-directions (ly,| = 0.63 D, Ip.|
= 0.67 D).The a-type transitions corresponding to R-branch (J
+ g, g+1) < Jx, ywith J =4, 5, or 6 and K, = 0 or 1 (Figure
2, red color) were targeted first. Note that (and as Figure 2
shows), although these spectra arise from the same molecule,
the difference in both conformation and transition type
provide for very different asymmetric rotor patterns,
simplifying spectral assignment. Then, we completed the
assignments of the remaining R- and Q-branch, c-type pure
rotation spectra of Conf.3. In total, we identified 79 lines
converging with a root-mean-square deviation of 11.3 kHz
(FIT 4 of Table 2). At this stage of analysis, Pickett’s SPFIT/
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Figure 3. Five-component internal rotational signature of the c-type, Q-branch transitions of Conf. 3.

SPCAT program® was used with implementing a semirigid
rotor model in the Watson-S reduction and I’ representation.*’

After removing the SPFIT/SPCAT-assigned transitions
corresponding to Conf.2 and Conf.3 from the spectrum, we
were able to identify the lowest zero-point energy conformer
(Conf.1) despite its low u;, dipole moment value of 0.2 D. A
total of 26 b-type rotational lines were observed in the
measured microwave spectrum and fitted to a root-mean-
square deviation of 9.7 kHz. The rotational constants A, B, and
C as well as the centrifugal distortion parameters were
determined (FIT 1 of Table 2).

Once the pure rotational spectrum was completed for the
three conformers (Table 2: FIT 1, FIT 2, and FIT 4 for
Conf.1, Conf.2, and Conf.3, respectively), the internal
rotations of the two SiH; groups could be taken into account,
since their b-type and c-type transitions are split in the
experimental spectrum. Figure 2b shows an example of this
with the 2;; « 2, and 3,, < 3; transitions of Conf.2 split
into quadruplets. These observed splittings are in agreement
with our expectations. As stated previously, the predicted
geometry of Conf.2 (see Table 1) confirms the presence of two
equivalent C;, internal rotors, with C,, symmetry at
equilibrium, which leads to the split of four rotational energy
levels due to internal motions as explained in detail in ref 41.

Internal Rotation Analysis. Internal rotation spectral
analysis requires suitable theoretical models and Hamiltonians
in order to reproduce the splitting in the spectra. The XIAM
program*” is very convenient for our case of study, since it has
already shown its efficiency for treating internal rotation with
different values of V; potential barriers. This program uses the
Combined Axis Method (CAM), where the rotation-torsion
Hamiltonian is set up in the rho axis system (RAM), for each
top, then converted into the principal axis system (PAM)."’

The XIAM program can be applied to molecules containing
two equivalent C;, internal rotors as in the case of dimethyl
sulfide (CH;SCH;).** It can also be used for molecules
containing two nonequivalent C;, internal rotors as in the case
of ethyl methyl ketone.”> For TSP, we will use hereafter both
of these theoretical approaches, since the two SiH; internal
rotors are equivalent for Conf.2 and nonequivalent for Conf.3,
respectively. No internal rotation signatures, that is, splittings,
were observed in the Conf.1 spectra.

In a first step, a theoretical spectrum of Conf.2 between 10
and 11 GHz was predicted with the XIAM program, where the
pure rotational part in the Hamiltonian was produced using the
obtained experimental A, B, and C constants as well as the
centrifugal distortion constants from the pure rotation analysis
(FIT 2 of Table 2). The starting internal rotation Hamiltonian
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was derived from ab initio calculations. The V; potential

barrier heights were estimated to be 320 cm™, and the F,

rotational constants of the two SiHj; groups were fixed to 87
2

GHz (F,= zh_l where I, is the moment of inertia). The angles

between the internal rotor axes and the principal a-, b-, and c-
axes were taken from ab initio results at the MP2/6-311+
+G(d,p) level (Table 1).

By direct comparison of this calculated spectrum with
measured rotational lines as illustrated in Figure 2b, the 2, «
20, and 3, < 3g; transitions of Conf2 could be assigned to
the S1, S2, S3, and S4 internal rotation components.
Identification and fit of all the split lines of Conf2 were
progressively performed by trial and error. Experimental
spectroscopic parameters including potential barrier heights
for internal rotation (V5 ; and V; ,) were finally determined in
a global fit of 53 transitions, converging with an rms deviation
of 14.7 kHz. Fit 3 of Table 2 summarizes all the obtained
rotational constants with our XIAM analysis.

The internal rotation analysis process of Conf.3 was slightly
different for several reasons. First, the calculated dipole
moment components were lying in the a- and c-axis directions.
Therefore, c-type transitions were targeted first, since the
—SiH; internal rotational effect is estimated to be larger and
more clearly observed in the microwave spectrum. For
example, we show in Figure 3 the 3,, « 3}, and 4,; « 43
c-type, Q-branch transitions, where rotational signatures are
split into five components, labeled as S1, S2, S3, S4, and SS5.

Using an iterative procedure of assignment and fit, we
succeeded in identifying 336 transitions for Conf.3, where this
set of data contains simultaneously the five different species
due to SiH; internal rotation motions. The experimental
spectroscopic constants are summarized in FIT 5 of Table 3.
The barrier heights hindering the internal rotations of SiHj
tops were determined to be V3 | = 347.78(21) cm™' and V5 ,
= 360.18(88) cm™'. The illustrated set of data in FIT 5 of
Table 2 converged with a root-mean-square deviation of 23
kHz, slightly higher than the estimated experimental accuracy.
This is probably due to the presence of several overlapping
transitions corresponding to energy levels, which are essentially
degenerate to the resolution of the instrument, such as the S1
and S2 species of the 4,; < 4,5 transition in Figure 3. Similar
overlapping of transitions occurs for the S3, S4, and SS
components for almost all the a-type, R-branch transitions.

B DISCUSSION

At the beginning of the study, there were three major aspects
that the authors set out to address. These were the
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Table 3. Comparison of Some Similar SiH; Internal
Rotation Barriers

Vi Vi
molecule formula cm ' em ! ref
methylsilane CH;SiH; 59§
chloromethylsilane CH,CISiH; 826 8
892 12
927 13
fluoromethylsilane CH,FSiH; 717 11
dichloromethylsilane ~ CHCIL,SiH; 887 8
silyl methyl ether CH;0SiH, 385 14
disilylsulfide S(SiH;), 183 183 15,16
silylphosphine-d2 SiH;PD, 528 17
disilane H,SiSiH, 407 407 18,19
1,3,5-trisilapentane SiH,CH,SiH,CH,SiH;
Conf2 368 368  this
work
Cont.3 348 360  this
work

conformational landscape and ordering of the possible TSP
conformers, the molecular structure of each observed con-
former, and the comparison of the internal rotation barriers of
the SiHj; rotors compared to similar silyl rotor-containing
molecules.

Although both Conf.l1 and Conf2 are lower in energy than
Conf.3 in our zero-point energy calculations, there were
significantly more transitions observed and assigned for Conf.3
than the other two observed species, and the spectra belonging
to Conf.3 were, in general, more intense than those of the
other species. While the dipole moment of Conf2 is the
largest, if it were the next in energy, given the rotational
temperature of the molecular beam source (~1 K), we would
expect its spectra to be the most intense. Conf.3, as shown in
Figure 2, proves this not to be the case. Furthermore, more
transitions were observed for Conf.3 than any other species.

All of these inconsistencies justified revisiting the calculation
of the energy landscape at multiple basis sets and theoretical
approaches explained in the Quantum Chemical Calculations
section. Although the B3LYP method provided correct
geometrical structures, this does not reproduce the intensity
data observed in the spectra. However, the MP2 method
provides both structures and energy orderings in agreement
with what is observed experimentally. Furthermore, these
calculations become more aligned with the intensity data as the
basis set is increased (see Tables S1—SS of the Supporting
Information). These calculations correspond to an energy
ordering of C, (Conf.1) < C; (TG, Conf3) < C,, (Conf2).
This is an interesting result, as it is in stark contrast to the
energy orderings for the conformations found for n-pentane, n-
butylsilane, and 1,5-disilapentane, TSP’s closest molecular
comparators. This must arise from the elongation of the Si—C
bond from that of the C—C bond and the size of a Si atom for
which the C, and C, (TG) structures relieve steric hindrance in
comparison to C,, (see Figures 1 and 4). Furthermore, the
dipole information calculated at high levels of theory for MP2
(Tables S3—SS) may also provide a clue as to why the C,
(GG’) structure (if it exists) was not observed as it was in n-
pentane. The overall dipole moment is less in C; (GG’) than
that of C,, and it consists of dipole components in all three
axes, most likely lowering the possibility of the observation of
these transitions in the beam. We do not have the capability to
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R

O30

b)

Figure 4. Conf.1 (a), Conf.2 (b), and Conf.3 (c) in the ab, ac, and bc
planes. The b-axis can be seen as the C, axis of symmetry in Conf.1
and Conf2, while there is no such axis or plane for Conf.3.

c)

do experiments outside the beam, so these calculations were
provided to aid in future experiments on the TSP species.
There are, however, exceptions that should be considered
that could cause this conclusion not to be the case. One
explanation for the increase in transitions for Conf.3 is that
there are dipole moment components along the a- and c-axes
instead of just one axis, as is the case for Conf.2, providing for
more transition types to be leveraged. Transition types
themselves follow different rigid rotor patterns that are
dependent on the rotational constants themselves and, given
a specific frequency range, may favor the observation of more
transitions for specific conformers regardless of energy
ordering.46 In this case, Conf.3 does, overall, possess smaller
rotational constants than Conf2, lending credence to this
possibility. This has been observed by the authors before for
the bromine-containing molecules 2-bromo-1,1,1,2-tetrafluoro-
ethane® and :’:-bromo-l,1,1,2,2-pentaﬂuoropropane,48 where
more ¥'Br isotopologue species were observed than the "*Br,
due to more transitions simply falling in the spectrometer’s
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region. Furthermore, the two inequivalent tops in Conf3
provide for there to be five components in split transitions
instead of the four from the equivalent tops of Conf.2, possibly
providing an explanation for the increase in transitions
observed. Although any or all of these could certainly
rationalize the observation of more spectral lines for Conf.3,
the intensity of Conf.3’s spectra cannot be ignored with respect
to the other conformers, giving way to our earlier conclusion of
it being the second in relative energy to Conf.l for the TSP
molecule.

The calculated structures of the conformers observed,
compared to the experimentally observed structures, is
something that is much more easily achieved. To visualize
these comparisons, the quantum-chemical calculated structures
of Confs.1—3 were shown in the ab, ac, and bc planes in Figure
4. Although the determined spectroscopic parameters from the
experimental spectrum lack any isotopologue information in
order to arrive at an experimental substitution structure, there
are still some conclusions that can be drawn from the
determined parameters. As a starting point, we compared the
calculated A rotational constants to those experimentally
determined to arrive at a percent accuracy for the agreement.
Calculated Conf.1 and experimentally determined Conf.l are
~2.5% different, Conf.2 is ~2.2% different, and Conf.3 is
~2.0% different, with Conf.2 overpredicting A and Conf.1 and
Conf.3 underpredicting A for the experimental structure.

This way of comparing the structures, however, is not very
quantitative and provides little insight. Therefore, in the
situations where only parent isotopologue spectra are available,
a great method for comparison is the second moment method
put forward by Bohn.*” This method takes average
contributions to the planar moments from molecular families
and establishes average values for their contributions. For
instance, the CH,/CH; groups in long-chain alkane molecules
average each a contribution of 1.6 uA® to P., due almost
primarily to the two H atoms being out of the ab plane. Using
this method along with some common bond length/bond
angle knowledge, the experimental structures can be built up to
arrive at the given structures. This has been done in some of
the authors’ previous work.””

To start, then, the authors have reported the planar
moments of the calculations and the experimentally
determined structures in Tables 1 and 2. Because Conf.2 has
the heavy-atom backbone structure effectively all in the ab
plane, it is best to start there in order to have the best
comparisons to Bohn’s work and extend to the SiH,/SiH,
functional groups. The experimental P . for Conf.2 is taken to
be 12.1 uA* from FITS 2 and 3. Subtracting Bohn’s 1.6 uA® for
each CH, group, the remaining value of P due to the SiH,
and SiH; groups is 8.9 uA’. An easy approximation for the
origin of 1.6 uA* can be made by assuming a typical C—H
bond of 1.09 A and a H—C—H bond angle of 109.5°. Using
trigonometry, each C—H group contributes ~0.8 uA®. Two, of
course, give the contribution of 1.6 uA? that Bohn has cited as
typical. CH; has one of the hydrogens in the ab plane, so it
does not contribute. With this same approach, the typical Si—
H bond length of 1.48 A may be used with the same 109.5°
bond angle to arrive at a contribution of 1.46 uA? for each Si—
H unit or 2.92 uA? for the group (again, assuming the third H
is in-plane and does not contribute). There are three SiH,/
SiH, units, giving 8.76 uA? or 0.14 uA® off the experimental
value. Given our approximations and that Bohn’s method is set
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from experimental data from entire families of molecules, this
is exceptional agreement.

Conf.1 can be determined similarly to Conf.2 assuming that
the calculated structure in Figure 4 is a reasonable
approximation for the axis system. Looking at the molecule
in the bc plane, the contribution to P, will be very similar to
Conf.2, except that there are now large contributions from the
carbon atoms themselves being out-of-plane. We will ignore
the slight contribution due to the Si atoms being slightly out-
of-plane. A typical Si—C bond length is 1.86 A while, again, it
will be assumed the bond angles are 109.5°. With trigonometry
and the mass of carbon, each out-of-plane carbon contributes
an additional 13.8 uA? from the Conf.2 result. 12.1 uA® + 2 X
13.8 uA’ gives 39.7 uA? overestimating the experimental value
of 37.7 uA® by 2 uA® This is not as satisfying as the Conf.2
argument, though, because it seems too far away given the
experimental accuracy. Another way to look at the structure is
to realize that the Py, value of Conf.2 is almost the exact same
P_. value contribution for Conf.1 with some extra contribution
coming from the Si atoms. The P, value for Conf.2 is 35.1 uA?,
underestimating the experimental value by ~2.6 uA? so our
original approach is reasonable given our neglect of the Si atom
contribution.

Finally, we address the structure of Conf.3 using the Bohn
method. Without a large repository of experimental data on
which to base contributions, it is difficult to be quantitative.
However, a qualitative approach can still be used in making
experimental structural determinations for this conformer. As
shown in Figure 4 for the bc plane, this structure is predicted to
be between the extremes of Conf.l and Conf2 for the
distribution of the mass along the a-axis. There will be less
influence on the P value by the Si and C atoms, but certainly
some contribution will come from these, because they now lie
outside the ab plane. The experimental P value for Conf.3 is
19.15 uA?, which is closer to the Conf.2 P, value than Conf.1
as predicted from the quantum-chemical calculations, demon-
strating this qualitative agreement.

Last of all, it is important to contextualize the findings from
our observations for the internal rotation parameters
determined for each conformer of TSP as well as place these
findings within the context of SiH; rotors as a whole. Conf.2
and Conf.3 each possessed splitting in the spectra for which an
internal rotation barrier was determinable. For Conf2 with
equivalent rotors, this barrier was determined to be 368.46 +
0.33 cm™!, and, for Conf3 with inequivalent rotors, the
barriers were determined to be 347.78 + 0.21 and 360.18 +
0.88 cm™!, respectively. These determined barriers are very
reasonable, because the calculated barriers are 320 cm™ for
Conf.2 and 320 and 340 cm ™" for Conf.3, putting all measured
barriers consistently 20—30 cm ™" higher than their calculated
values (because the higher and lower barriers correlate in
Conf.3). The larger barrier in Conf.3 corresponds to the right
rotor in Figure 4 in the ab plane representation and makes
sense to be higher, because the hydrogens of the middle Si
atom are pointed toward that silyl group, providing slightly
more interference from free rotation than that of the other
SiHj; rotor.

The next question regarding internal rotation to address is
was it reasonable that no splitting was observed in Conf.1?
This barrier was calculated to be 20 cm™" higher in energy than
any other calculated barrier, and all determined experimental
barriers were 20—30 cm ™' above their prediction. From this
standpoint, Conf.1 internal rotation was certainly the least

https://dx.doi.org/10.1021/acs.jpca.0c01100
J. Phys. Chem. A 2020, 124, 3825—3835


pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c01100?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

likely to be observed, as was stated previously, but now
possibly even more unlikely than originally calculated. This is
reinforced by the fact that some transitions were already
effectively degenerate on the observed internal rotation
signatures in the CP-FTMW spectrum.

Finally, it is important to put these experimentally observed
barriers into context with similar molecules. To do this,
comparisons of some Vj barriers of similar molecules were
presented in Table 3. All of the barriers reported are less than
1000 cm™!. However, there is a trend that, as the hydrogens of
the silyl rotor are eclipsing atoms of larger size (fluorines and
chlorines) or if the eclipsing hydrogens are closer due to the
bond length of the Si—X moiety, then the barrier is higher. It is
interesting to note that what would be considered the simple
model molecule to this system, methylsilane, is actually almost
200 cm™' above these determined barriers (595 cm™).
However, the barriers determined here are very comparable
to disilane (407 cm™") and silyl methyl ether (385 cm™"). This
would imply that having such separation between the two
rotors actually relieves steric hindrance and eases rotation. A
study of a hexane with terminal silyl rotors would be an
excellent test of this hypothesis. This compilation of barriers
does show that the experimentally determined barriers of this
work are very reasonable and fit nicely into the previous works
on silyl rotors.

Bl CONCLUSIONS

The CP-FTMW spectrum of 1,3,5-trisilapentane has been
observed and is reported. The observed spectrum contained
the lowest three energetic conformers as predicted by ab initio
(MP2) quantum-chemical calculations. These conformers are
of C,, C,, and C, symmetry, respectively, with an energy
ordering predicted to be C, < C; (TG) < C,,, which has been
determined to be in agreement with the experimentally
observed spectra, but in stark contrast to n-pentane and all
known silicon n-pentane derivatives. The density functional
theory (DFT) method, B3LYP, was also utilized and is shown
to give a different energy ordering not in agreement with the
observed rotational spectra. Internal rotation has been
observed in Conf.2 and Conf.3 but not in Conf.1, which is
in accordance with the likelihood of observing these signatures
from the predicted barrier heights. The conformers’ quantum-
chemical structures have been determined to be an accurate
depiction of the experimental structures based upon the
determined experimental planar moments using the method of
Bohn. The determined internal rotational barriers are 368.46 +
0.33 cm™ for Conf.2’s equivalent rotors and 347.78 + 0.21
and 360.18 + 0.88 cm™' for Conf.3’s inequivalent rotors.
These have been compared to the same values of similar
molecules with silyl rotors and were found to be more
comparable to species with less-hindered silyl rotors like
disilane than, surprisingly, what may be considered the
simplest comparator, methylsilane.
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