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ABSTRACT

The 81 cross-polarization/magic-angle spmning (CP/MAS) spectra of a cyclic polysilane,
decaphenylpentasilane (DPPS), which has a five-membered S1 ring puckered n an envelope form
(C, symmetry) and a half-chair form (C, symmetry ), were measured mn the solid state over a wide
temperature range, 1n order to obtamn information about their conformational behaviour In ad-
dition, the quantum-chemical calculation of the 2°S1 shielding constant was done 1n order to un-
derstand clearly the observed ?*S1-NMR behaviour and to be able to discuss the conformational
behaviour From these results, 1t was found that DPPS mainly takes an envelope form at low
temperature (ca 153 K) and takes a half-chair form at high temperature (ca 393 K) The effect
of the ring current due to the phenyl group 1s discussed

INTRODUCTION

It has been demonstrated that '*C cross-polarization/magic-angle spinning
(CP/MAS) NMR spectroscopy is a very powerful tool in the structural anal-
ysis of polymers in the solid state [1]. This is because *C chemical shifts are
considerably displaced, depending on characteristic conformations in the solid
state. Such situations also occur in the case of the *Si nucleus considered here.
Despate its usefulness, there have been few systematic studies of the 2°Si CP/
MAS NMR spectra of polysilanes [2-4]. Most of the CP/MAS NMR exper:-
ments carried out to date have been done only at room temperature, but vari-
able temperature (VT) CP/MAS NMR experiments provide more useful in-
formation about the conformational change and dynamics such as chemical
exchange.

The aim of the present work was to measure the *Si CP/MAS NMR spectra
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of a cyclic polysilane cyclic decaphenylpentasilane (DPPS) which has a five-
membered Si ring puckered in an envelope form or a half-chair form, 1n the
solid state over a wide temperature range, and to discuss the chemical-shift
behaviour of the backbone Si atoms which arises from conformational isomer-
ism In order to be able to give a more detailed discussion of the above experi-
mental results, the 2°Si chemical shifts of the backbone Si atoms were calcu-
lated by means of the finite perturbation theory (FPT) within the CNDO/2
MO framework.

EXPERIMENTAL
Materials

DPPS was prepared by a method similar to that used by Hengge and Mar-
ketz [5]. Dry toluene (28 m!) and sodium (2.0 g, 0.084 mol) were added to a
reaction flask equipped with a stirrer and an Ar inlet, and the stirred mixture
was heated to gentle reflux. Diphenyldichlorosilane (10.1 g, 0.04 mol ) was added
dropwise at a rate which maintained vigorous refluxing. After all the diphen-
yldichlorosilane had been added, the mixture was refluxed for 2 h. The reaction
mixture was cooled to room temperature and quenched with ethanol (5 ml)
and water (50 ml). The insoluble polymer fraction was separated by filtration.
The toluene layer was separated, washed with water, and dried. The solvent
was then evaporated to give a whate solid consisting of the crude DPPS. The
residue was dissolved in THF (8 ml) and a mixture of methano! (50 ml) and
2-propanol (50 ml) was added slowly to the THF solution with stirring in order
to precipitate the purified DPPS. In this method, DPPS 1s obtained in 85%
yield, but only traces of insoluble material and waxy solid are formed. The
result leads us to conclude that the thermodynamically favoured product in the
(Ph,Si),, series 1s a five-membered ring compound. The cyclic compound is
apparently of a monomodal lower molecular weight distribution as determined
from the gel permeation chromatography (GPC 150-C Module with spectro-
grade THF as eluent and polystyrene as standard) elution profile.

NMR measurement

The *°Si VT-CP/MAS NMR spectra were recorded over the temperature
range —120°C (153 K) to 120°C (393 K) at 53.54 MHz using a JEOL GX270
spectrometer equipped with a variable-temperature CP-MAS accessory. The
sample was contained 1n a cylindrical-type rotor and spun at 4-5 kHz. The
contact time was 5 ms and the repetition time 20 s. The spectral width and
number of data points were 10 kHz and 8 k, respectively. The spectra were
usually accumulated 100-200 times in order to achieve a reasonable signal-to-
noise ratio. The #*Si chemaical shifts were calibrated indirectly through the **S1
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peak of polydimethylsilane and were converted to the exact value relative to
tetramethylsilane (TMS). The variable-temperature control was used for all
probe temperatures at which measurements were taken.

Calculation of **Si-NMR chemical shifts

The calculations were performed employing the FPT-CNDO/2 MO method
[6-8] on two equilibrium forms; namely, the envelope and half-chair form of
Si;H,, as the model cyclic polysilane for the Si backbone of DPPS. The values
used in the calculation for the Si-Si and Si-H bond lengths were 2.40 and 1.48
A, respectively, and the values of the Si-Si-Si and H-Si-H bond angles used
were 108° and 109.47°, respectively [9]. All calculations were carried out using
a FACOM VP-30 computer (Computer Centre of Kanagawa University) and
a HITAC M-280H computer (Tokyo Institute of Technology).

RESULTS AND DISCUSSION

The °Si CP/MAS NMR spectra of DPPS at various temperatures are shown
in Fig. 1. It was found that as the temperature varied, the spectral patterns
changed considerably because large shifts were seen in the individual peaks
constituting the spectrum. The spectrum consists of five peaks corresponding
to the five backbone Si atoms. Each peak was numbered as shown in Fig. 1. In
order to clarify the chemical-shift behaviour of each peak, the chemical-shift
values were plotted against temperature (Fig. 2). Peaks 1, 3 and 5 moved about
2 ppm downfield as the temperature was increased from 153 to 393 K, but peaks
2 and 4 are independent of temperature. The large downfield shifts of peaks 1,
3 and 5 lead to the above-mentioned large spectral change.

Such alarge spectral change 1s associated with the structural change in DPPS
in the solid state. A five-membered ring compound generally takes two non-
planar forms with two kinds of conformers: the envelope and half-chair forms
as determined by electron diffraction where the envelope form has a single Si
atom out of the plane formed by the remaining four Si atoms, and the half-
chair form has three adjacent Si atoms in a plane and the other two adjacent
Si atoms twisted so that one is as much above the plane as the other is below
(Fig. 3) [10-12]. As predicted from the results of the VT-2°S1 CP/MAS spec-
tra, we consider that DPPS 1n the solid state undergoes a fast transition (puck-
ering) between the envelope form and the half-chair form in the NMR time
scale at the appropriate temperature. Such puckering may decrease the ring
strain in the cyclopentasilane ring. With regard to which of the conformations
is the most stable at low temperature, according to an X-ray diffraction study,
DPPS takes predominantly the envelope form at room temperature [13] and
at high temperature the predominant structure is probably the half-chair form.

On the basis of such a view of the structure, we assigned the five peaks cor-




246

T(K)

40 b
333 4
A
S -38 ‘L\ﬂ\mﬁ‘ﬁ\\
3
300 S2¥e) 1

2951 8 onsa/pPPR

T
)
|

153 = F— =5y
4 — S—8—ppo ©
LR LA S | -30 l L I | I
-20 -30 -40 -50 150 200 250 300 350 400
pm Temp (K

Fig 1 The #S1 CP/MAS NMR spectra of decaphenylpentasilane at temperatures from 153 to
393 K The peaks are numbered

Fag 2 Temperature dependence of the observed **S1 CP/MAS NMR chemical shifts m deca-
phenylpentasilane The numbers refer to the peaks in Fig 1

responding to the five backbone S atoms. In the envelope form, the S1(1) and
Si(8), and Si(2) and S1(5) peaks may appear at the same or similar positions
because of the symmetry of the molecule. For this reason the spectrum should
separate into the three groups of peaks. As expected from such a consideration,
the spectrum at low temperature 1s constituted by three peaks. From the peak
intensity, peak 4 may be assigned to the S1(4) atom However, the other Si
atoms and the spectrum of the half-chair form cannot be assigned easily The
FPT CNDOQ/2 calculation of the **Si chemical shifts provide useful informa-
tion about the peak assignments of the **S1 atoms. The **Si nuclear shieldings
of S1;H,, for the envelope form, calculated using FPT-CNDO/2 MO theory as
a function of the dihedral angle w [Si(1)S1(3)-S1(5)S1(4) ], together with the
observed 2°Si chemical shifts of DPPS at 153 K, are given 1n Table 1. Note that
the calculated chemical shift (o) 1s a nuclear shielding constant and so the
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envelope form half-chair form

Fig 3 The equilibrium forms of S1;H,, The numbering of the S: atoms 1s the same as that used
m Tables 1 and 2

negative sign indicates deshielding. On the other hand, the negative sign of the
observed chemical shift (0) indicates shielding. Therefore, the relative differ-
ence in the calculated chemical shifts should be compared with the observed
chemical shifts. As can be seen from the data in Table 1, the calculated shield-
ings of the backbone Si atoms in SizH,, shift downfield in the Si atom order
3<1<2<5<4 during the change of y from 6° to 14°. The Si atom 4 peak,
corresponding to a single carbon atom out of the plane of the other four atoms,
moves downfield the most. This is in agreement with the above-mentioned
assignment. The observed peaks of the remaining S1 atoms can be assigned on
the basis of the calculated shielding, as shown in Table 1.

The w dependence of the calculated shieldings was also considered. It can be
said that as the amplitude of puckering of SizH,, (that is ) 1s increased, the
chemical shift for all the backbone Si atoms moves downfield. The chemical-
shift changes for Si(2), Si(4) and Si(5) atoms are larger than those for the
other atoms. For convenience, the calculated nuclear shieldings were converted
with respect to the Si(3) atom. As can be seen, the calculated results at y=11°
and 12° agree well with the observed ones. This may support the experimental
finding from an X-ray diffraction study [13] that DPPS takes the envelope
form at low temperature. Furthermore, it can be said that the assignment of
the backbone Si atoms can be reasonably done by using the FPT-CNDO/2
calculation.

With regard to the 2°Si chemical shifts for the half-chair form, the calculated
281 nuclear shieldings of Si;H,, with this form as a function of the dihedral
angles y; [S1(3)S1(1)-Si(2)Si(4)] and v, [Si(2)S1(1)-Si(3)Si(5)] and the
observed 2°S1 chemical shifts of DPPS at 393 K are given in Table 2 The
calculated chemical shifts of the backbone Si Atoms of Si;H,, shift downfield
in the Si atom order 1~2~3<4~5, being 11° at ¥, and varying 1n the range
1-5° for y, The value of y, obtained from the calculated results of the enve-
lope form was used. It is found that S1 atoms 4 and 5 largely shift downfield
with increasing s, but Si atoms 1, 2 and 3 are almost independent of ,. The
values of y; =11° and w,=3° agree reasonably well with the observed ones at
393 K. The calculations show that the chemical shifts of the Si(1) and Si(3)
atoms, and of the S1(4) and Si(5) atoms, respectively, are very similar to each
other This trend explains well the observed spectral features. Therefore, from
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TABLE 1

The calculated *S1 chemical shifts (1n ppm) of S1;H,, as a function of the dihedral angle () and
the observed >°S1 chemical shift of DPPS?

WP Statom
()
1 2 3 4 5
0 -315621 —-31525 —31509 —-31517 —31513
(012) (0186) 00) (008) (004)
6 —31561 —316 88 —315 35 —-31781 —316 89
(0 26) (153) (00) (246) (154)
7 -31671 —317 42 —31544 —31874 —31748
027) (198) 00) (3 30) (204)
8 —315 83 —31802 —31553 —-31979 —318 14
(0 30) (2 49) 00) (4 26) (261)
9 —315 97 —318 68 —315 64 —32093 —318 87
(033) (304) (00) (529) (323)
10 —316 13 —319 39 —31575 —-32217 —319 66
(0 38) (3 64) 00) (6 42) (391)
11 —316 24 —320 04 —315 83 —323 40 —32043
(041) (421) 00) (757) (460)
12 —316 42 —320 83 —-31597 —324 78 —32133
(045) (4 86) (00) (881) (536)
13 —316 62 —-32165 —-316 12 —326 23 —322 28
(050) (553) 00) (10 11) (616)
14 —316 84 —322 50 —316 29 —32774 —323 28
(055) (621) (00) (11 45) (699)
Oobsd’ 09 44 00 81 52)

*The numbers 1n parentheses are the calculated chemical shafts converted with respect to the atom
3 The positive sign indicates a downfield shift

*Dihedral angle of S1(1)S1(3)-S1(5)S1(4)

“Observed values at 153 K

the above results, it can be said that at low temperature the envelope form is
predominant and at high temperature the half-chair form 1s predominant. At
intermediate temperature there is rapid transition between the envelope and
half-chair forms and so the ring conformation between the envelope and half-
chair forms occurs as reported by Parkany1 et al. [13] It appears that the
overall trend for the conformation dependence of the observed 2°Si chemical
shifts in DPPS can be explained qualitatively by the present calculations.

We will now discuss the effects of the ring current of the phenyl group on
the #°Si chemical shifts of the backbone Si atoms in DPPS. For convenience,
the planar form and the dihedral angles between the phenyl planes in the S1Ph,
moieties (1,2, 3 and 4) were set at 90° and those for the SiPh, moiety (5) were
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TABLE 2

The calculated **S1 chemical shifts (in ppm) of S1;H,, as a function of the dihedral angles i, and
¥, and the observed ?°S1 chemical shift of DPPS*

Wi Wo° S1atom

) (°)
1 2 3 4 5

11 1 —315 40 —-31767 —316 45 —321 37 —32104
(~105) (122) (00) (492) (459)

11 2 —31548 -31779 —316 57 —322 09 —32176
(—109) (122) (00) (5652) (519)

11 3 —-31561 —-31792 —316 73 —322 75 —322 51
(—-112) (119) 00) (602) (578)

11 4 —315175 —-318 12 —316 96 —323 171 —323 52
(—121) (116) (00) (675) (6 56)

11 5 —315 85 —318 27 —-31715 —324 64 —324 50
(—=130) (112) (00) (749) (735)

Oopsa’ (10 24 00 60 57)

“The numbers 1n parentheses are the calculated chemical shifts converted with respect to atom 3
The positive sign means indicates a downfield shaft

*Dihedral angle of S1(3)S1(1)-S1(2)S1(4)

‘Dihedral angle of S1(2)S1(1)-S1(3)S1(5)

40bserved values at 393 K

set at 45° (Fig. 4). Ring currents produced by neighbouring phenyl groups of
the first, second, and third SiPh, moieties were estimated for each Si atom
along the main chain. The Johnson-Bovey table [14] was used to estimate the
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Fig 4 Schematic 1llustration of the phenyl planes 1n decaphenylpentasilane The numbering of
the S1 atoms 1s indicated
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ring-current effect. The calculated chemical shifts (J) due to the ring current
for the S1 atoms in the planar DPPS were 2.2, 2.4, 2.5, 2.4 and 2.3 ppm down-
field shift for Si atoms 1, 2, 3, 4 and 5, respectively. The phenyl rings produce
large ring-current shifts 1n each Si atom. However, the maximum difference 1n
ring-current shifts between the S1 atoms is smaller than 0.3 ppm. The ring-
current effects in the envelope and the half-chair forms seem to be very similar
to that of the planar form; the SiPh, moieties lie in a five-membered ring and
so the ring-current effects on each Si atom tend to be of similar magnitude.
Therefore, the ring-current effects make only a relatively minor contribution
as compared with the backbone-conformation effects.

Finally, it can be concluded that variable-temperature 2°Si-CP/MAS NMR
confirms that DPPS 1s mainly in the envelope form at low temperatures and
1s mainly in the half-chair form at high temperatures. The FPT-CNDO/2 MO
calculation shows that the chemical shift 1s significant
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