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Proton and deuterium magnetic resonance spectra are reported for CD;SiH;, CH,;SiD;, CD;GeH;,

and CH;GeD; dissolved (under pressure) in the nematic phase of EBBA. From the results we have calculated
several molecular parameters such as the ratio of interatomic distances, bond angles, and deuterium quadrupole

coupling constants.

The results are in good agreement with microwave and other data for these molecules. We

were, however, unable to deduce the predominant conformation of these molecules and determine the sign of Jup.
The proton chemical shift anisotropies in the ~CH,, ~SiH;, and ~GeH; groups are estimated from measurements
of the proton chemical shifts in the nematic and isotropic phases.

he analysis of the nuclear magnetic resonance (nmr)

spectra of molecules dissolved in the nematic phase
of liquid crystals may provide us with data on their
molecular structure, quadrupole coupling constants
(e%¢Q), and the anisotropy of the chemical shift.’~? In-
formation obtained in this manner complements data
derived from other techniques such as microwave
spectroscopy (molecular geometry and e?qQ’s), solid
state nmr (e?9Q and chemical shift anisotropy), nuclear
quadrupole resonance (e?qQ), etc. The interpretation
of the nmr spectra of fairly complicated molecules dis-
solved in liquid crystals is relatively simple and this is
an advantage over other techniques, in particular
microwave spectroscopy. On the other hand the in-
formation contained in the nmr spectra is incomplete
and the precision of the results is usually lower.

In this paper we report the measurements and in-
terpretation of the nmr spectra of methylsilane and
methylgermane dissolved in the nematic and isotropic
phases of a liquid crystal (EBBA).2 Since the interpreta-
tion is greatly facilitated by partial deuteration, we have
prepared and measured the spectra of CD;SiH,,
CH;SiD;, CD;3;GeH;, and CH3;GeD;. Some measure-
ments were also performed on CH;GeH;. The results
are compared with microwave data which are available
for these molecules.’—11

Experimental Section

Materials. CH,SiD; was synthesized from the commercially
available (Fluka) CH;SiCl; by reduction with LiAlD..12 CD,SiH,
was obtained by the Grignard reaction of SiH;Br with CD;Br
(Merck). SiH;Br was obtained by the bromination of silane.!?
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CD;GeH; was obtained by the Grignard reaction of GeH;Br with
CD;Br. GeH;Br was obtained by the bromination of GeH..'t
GeH, was obtained by the reduction of GeO, with KBH; in acidic
medium.’5  GeD3;CH; was prepared by the Grignard reaction of
GeD;Br and CH;Br. GeD;Br was obtained by bromination of
GeD..!'* GeD, was prepared from GeH, and D,O in the presence
of KOD at 70°.18 CH,;GeH; was obtained by the Grignard reac-
tion of GeH;Br with CH;I. All final products were purified by
vacuum distillation at low temperature.

All compounds were dissolved in p-ethoxybenzilidine-p-n-butyl-
aniline (EBBA, obtained from Vari-Light Corp.) under pressures
of 6to 25 atm. The EBBA was carefully thaw-freeze degassed be-
fore the materials were introduced. Samples were sealed in 5-mm
o.d. Pyrex tubes (504 PP from Wilmad Corp.).

Measurements in samples where the solute concentration is low
(i.e., the total pressure in the samgle tube is low) have the ad-
vantage that spectral resolution is better and consequently the pre-
cision in determining the line position is higher. Whenever possible
(spectra of the main proton lines) this procedure was adopted and
the total pressure in the sample tubes was kept at 6-10 atm. On
the other hand, increase of the pressure increases the solute con-
centration and thus the signal/noise ratio is improved. For some
measurements (such as proton satellite spectra or deuterium spec-
tra) the application of high pressures (20-25 atm) was advantageous.
In the following section where the results are reported (Tables I
and IT) these two sets of experiments will be denoted as ‘‘low (or
high) pressure samples.”’

Nmr Measurements. All spectra were taken on a Bruker HFX-
10 nmr spectrometer. Proton spectra were recorded at 90 MHz
using CF;COOH contained in an eccentric 10-mm o.d. tube or in a
capillary, as external lock. In the isotropic phase measurements
were performed in 5-mm o.d. tubes using one of the liquid crystal
resonances for internal lock. In some cases, in the isotropic phase,
the samples were also spun. The proton satellites due to !*C and
2951 were recorded with the aid of a Varian C-1024 CAT (200-500
passages). In some cases the deuterons were decoupled with a
broad-band decoupler operating at 13.82 MHz. We have failed
to observe the sattelites due to 73Ge (I = %}) in CD;GeH;. Deu-
terium spectra were recorded at 13.82 MHz without the use of a
lock. The temperature was kept constant with the aid of the Bruker
B-ST 100/700 temperature controller. All samples were allowed
to equilibrate in the probe for a few hours before the spectra were
recorded.

Results and Discussion

In all compounds, except for CH;GeH;, the proton
spectra consist of a 1:2:1 triplet where each resonance
is further split into a 1:3:6:7:6:3:1 septet by the inter-
action with the deuterons. Also observed are the
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Figure 1. Proton nmr spectrum of CD,SiH; in EBBA at 19°.
The notations for the splittings are indicated.
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Figure 2. Proton nmr spectrum of CH;SiD; in EBBA. The high-
field resonances of the triplet and of the 13C sattelites are not shown
(t =19°).

Figure 3. Deuterium nmr spectrum of CD,SiH; in EBBA. The
expanded (slow passage) spectrum of one of the resonances is in-
cluded and shows the splittings into a quartet due to the interactions
with the protons ( = 19°).

satellites due to the interaction with 1*C or 2°Si which
consist of a doublet, each component of which is split
into a septet by the deuterons. Deuterium spectra
consist of a 1:1 doublet where each line is further split
into a quartet by the interaction with the protons. The
proton spectrum of CH;GeH; in the nematic phase con-
sists of about 36 lines.

Figures 1-5 show some of the proton and deuterium
Spectra of CDgsng, CHgsiDg, CDgGCHs, and CHs'
GeD;. The notations of the splittings used in the
interpretation are shown in the figures. Schematic
diagrams of the CH,;SiD; and CD;SiH; molecules are
shown in Figure 6. Similar diagrams hold for CH,-
GeD; and CD;GeH;. The notations of the distances
and angles are marked in the figure.
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Figure 4. Deuterium nmr spectrum of CD;GeH; in EBBA at
19°, Oneresonance is expanded to show the splittings.
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Figure5. Proton nmr spectrum of CH;GeD;in EBBA at 26°.

Figure 6. Schematic diagrams of CD;SiH; (top) and CH;SiD;
(bottom) showing the notations of interatomic distances and angles
used in the text. An analogous diagram can be drawn for
CD;GeH; and CH;GeD; where the same notations were used.

In the interpretation of the spectra of molecules with
Cs, symmetry of the type CH;YD; or YH;CD; (Y = Si
or Ge), the following general expressions apply -3

Avyn = (3/2)DHH (1)
where
DHH = (ﬁ‘YHZ/ZTFRHHS)SZZ (13)

Ryy is the interproton distance and S, is the ordering
parameter of the C;, axis

Avip = Dup + Jup (2)

where
3 2a—1
Dap = —(yarvo2m)( €824 = DN g - (g
Ryp?

{ )denotes the average over the angle « and the proton—
deuterium distance, Rgp. The angle « is shown in
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Table I. Experimentally Measured Quantities (Splittings Given in Hz and Temperatures in °C)
Nematic phase Isotropic phase~——~————
Compd t Avan AveD Avcq or Avgin Avp t JaD Jom or Jsin
CD,SiH; 19 315.1 £ 0.8 18.0 0.1 298.3 &+ 0.4e 1955 + 8 27 —191 £ 0.6«
26 585.5 £ 1.¢° 34.4£0.1° 37 —191 = 0.6
26 +0.69 = 0.04
CH;SiD; 19 688.5 = 0.8 16.2 0.1 413.7 £ 0.5 891 = 5 26 +0.69 &= 0.04 +121.2 £ 0.3
26 1310 = & 31.6 0.2
CD;GeH,; 19 275 £ 1 15.8 0.1 2037 += 8 +0.65 &= 0.01¢
26 447.5 = 1.00 27.0 0.2
CH,GeD; 26 874 = 3 19.2 0.2 535 £ 1 1061 £ 5 +0.65 = 0.01¢ +128.9 = 0.5¢
Mixture of 1:1
CH,SiH;— 19 2520+ 1.5
CH:SiD; 618 &= 2
Mixture of 1:1
CD;GeHs— 18 382 £ 2
CHgGCDg 1053 = 4

¢ Taken with a CAT.

Figure 6. Jyp is the indirect spin-spin coupling con-
stant between H and D atoms. This value is measured
in the isotropic phase; however, its sign could not be
determined from our nmr data (a detailed exposition of
this problem is given in the Appendix). We have
therefore used the assignment given by Schumann and
Dreeskamp'” who found that Jgp > 0 in compounds
similar to ours

AVCH = DCH + JCH (3)
where

Dey = —(Bynayc(3 cos? B — 1)/27wRcu®)S,. (3a)

Jen 1s the indirect spin-spin coupling constant between
13C and 'H (measured in isotropic phase) and § is the
angle shown in Figure 6. The sign of Jcx is well known
to be positive.’® Analogous expressions hold for Avgin
and Ds;g (with the quantities Jsim, 7vsi, Rsim). The
anisotropy of the spin—spin coupling, AJ, which adds a
term (2AJcx/3)S,. (or (2AJs;:1/3)S..) to eq 3 has been
neglected. In eq 1-3 the effects of molecular vibrations
on the interatomic distances and bond angles are also
neglected

AVD = 3/’.Z(eZqzzQ/h')Szz (4)
and

(e’qQ/R)c-p = ['/o(3 cos?* B — 1) (e’q..Q/R) (4a)

In eq 4 and 4a it was assumed that field gradient eg is
axially symmetric along the C-D bond, i.e., that the
asymmetry parameter 1 = 0. Analogous expressions
hold for Avp measured in Si-D and Ge-D bonds with
é replacing 3.

The measured quantities appearing in eq 1-4 were
used in the computations and are shown in Table L.
Also given in Table I are the values of Jup and Jcn
(or Jsig) which were measured in the isotropic phase.
It should be noted that Avyy and Avgp were also
measured in “low-pressure samples” (¢f. Experimental
Section).

From the data given in Table I and using eq 1-4, the
ordering parameters (S,.) and the geometrical parameters

(17) C. Schumann and H. Dreeskamp, J. Magn. Resonance, 3, 204
(1970).

(18) J. H. Goldstein, V. S. Watts, and L. S. Rattet, Progr. Nucl.
Magn. Resonance Spectrosc., 8, 1 (1972).

b Low-pressure samples. ¢ Calculated using Jup = (yp/yu)Jmn from the value of Jug measured in CH;GeHj; at 42°.

of the molecules may be calculated. The following
procedures were applied.

(a) The first step in our calculations involves the
determination of the absolute signs of the D’s and of
S,.. We start from eq 3 and 3a. From Jog > 0 it
follows that Dcy > 0, otherwise the 8 appearing in eq
3a would deviate drastically from the known microwave
value. Also since 3 cos2 83 — 1 < 0 and Dcy > 0 we
must conclude that S,, > 0. This implies that our
molecules are oriented such that their symmetry axis
lies in the direction of the magnetic field. This agrees
well with other results for molecules with similar struc-
tures dissolved in nematic liquid crystals.!® Since vs;
has an opposite sign to v, it follows, by the same argu-
ments as above, that Js;g < 0 and Dsig < 0. Turning
now to eq 1 and la it follows that both S,. and Duxn
have the same sign, i.e., positive. The value of Dyp
(eq 2 and 2a) is negative because (3 cos? @ — 1)/Rup?)
is positive.

(b) All the molecules studied contain two frag-
ments which may have different relative conformations
(staggered, eclipsed, etc.) or may rotate freely around
the central Si-C or Ge-C bonds. The computed values
of Q'/* = p/s (cf. Figure 6) depend on the conforma-
tional model which is chosen. In more detail, the
values taken by the angle ¢, which is the angle between
the C-H(D) and the Si-H(D) or Ge-H(D) bonds,
determine the conformation. If the two parts of the
molecule are rotating freely with respect to each other,
¢ must be averaged over all angles between 0 and 27.
Otherwise, ¢ takes the values of 7/3, m, S7/3 or 0, 27/3,
4r/3 radians for the staggered and eclipsed conforma-
tions, respectively. For CH,;SiD; we have tried® four
models: (A) free rotation, (B) staggered, (C) eclipsed,
(D) staggered and eclipsed. It was found that the
results for Q correspond closely to the microwave data
only for models A or B. Hence, in present computa-
tions, we shall restrict our consideration to models A
and B, i.e., to the free rotation or the staggered con-
formations.

(c) From eq 1 and 3 the following expression may
be derived

2/sAvan Dux vu \Rcm Rcn

(with an analogous expression for the terms containing
RSiH)c From €q 5 the I'atiO RHH/RCH or RHH/RSiH was
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Table II. Molecular Parameters Obtained in This Work with the Corresponding Microwave (MW) Data’® 1!
CDaSng CHgS]Ds CD3GCH3 CHgGCDg
Run/Ren 1.613 £ 0.001 1.626 + 0.003
MW 1.615 &+ 0.013 1.622 = 0.014
Run/Rsin 1.615 £ 0.022
MW 1.620 = 0.012
ZHCH 107° 34’ = 10’ 108° 48’ + 22’
MW 107° 40’ & 30’ 108° 25’ & 30’
ZHSiH 107° 48’ & 20/
MW 108° 15’ & 30’
Rur'/Ran’ 1.349 & 0.005 1.402 &= 0.007
MW 1.363 & 0.006 1.419 & 0.008
Q'
. 2,00 £ 0.02e 2.69 & 0.02e 1.97 = 0.02s 2.75 £ 0.03
Free rotation 2.01 = 0.0% 2.71 = 0.04 2.01 = 0.02>
Staggered 1.94 &= 0.02¢ 2.61 = 0.02¢ 1.90 &= 0.02e 2,67 =0.03
1.95 = 0.0% 2.60 £ 0.04¢ 1.94 &= 0.02¢
MW 2.01 £0.02 2.073:l:0.03 1.89 = 0.02 2,79 =0.03
Rsi-c° 1.831 &= G.007 A
MW 1.867 = 0.000 A
Rsi-g° 1.474 &= 0.007 A
MW 1.485 = 0.005 A

e Low-pressure samples. * High-pressure samples.

A% and taking QV/2 = 2.71.

obtained by a numerical solution. The HCH (or
HSiH) angle was then obtained from
Raxt _ 5 sin (LHCH)2) (6)

Rcu

(with an analogous expression for £HSiH). The ratio
of interproton distance in the CH; and SiH; (or the
GeH;) groups denoted as # is given by

n = Rygn’/Run'’ = {A”HH(CHS)/AVHH(Sng)}‘/“ N

(with an analogous expression containing Avyu(GeHjs)).
The quantities on the right-hand side of eq 7 are
measured in a 1:1 mixture of CH;SiD; and CD;SiH; or
CH;GeD; and CD;GeH;. The ratio p/s = Q"% may
now be obtained fromeq 1 and 2. First Rgy, (Rup), and
(cos a) are expressed in terms of Q, », and (cos ¢).
For CH;YD; molecules the relations are

Ruxn’ = 3"’ (or Run'’ = 3/'") (8a)
(Rap?) = p? + s'{n® + 1 — 2n{cos ¢)} (8b)
(cos? @) = (p*/(Rup?)) (8¢)

In the case of the YH;CD; molecule 1/n and s’’ replace
n and s’ in (8b). Substituting eq 8 in eq 1 and 2 we
obtain for the CH;YD; molecules

Aygp — Jup _ Dup _

Avyn Dyn

gy (YY) [ 2Q — (n* + 1 — 2n{cos ¢>)>
A3 <7H> <{Q TR 1= 2ncos ) O

(For the YH;CD; molecules 1/n is substituted for »n in
eq 9.) The best values of Q are obtained by a numerical
solution of eq 9. For the free rotation model the right-
hand side of eq 9 is integrated over all values of ¢
(0-27) while in the staggered model ¢ takes discrete
values of #/3, =, and 57/3.

(d) The values of Jem (or Jsin) (eq 5) or Jup (eq 9)
which we used were measured in the isotropic phase of
the same liquid crystal and their values are given in
Table I. Our values compare well with data measured
by others. For CH,SiH;: Jox = 122.1 = 0.8 Hz,

¢ Calculated from molecular geometry obtained by nmr; assuming Rc—x = 1.093

Jsim = 194.2 = 0.6 Hz, Jug = 4.68 = 0.02 Hz!®= or
JCH = 1225 HZ, JSiH = 1942 HZ, and JHH = 472
Hz.1%* For CH;GeH;: Juug = 4.22 Hz?% or Jyg =
4.33 Hz, Jcg = 129 Hz*® or Jyg = 4.2 Hz, and
JCH = 1278 HZ.ZOC

(e) For the calculation of (e2gQ)c-p the value of S,
is required. This value was computed from eq 1 using
Run values taken from microwave data:*-1! Rym =
2.406, 1.765, 2.493, and 1.756 A for CD;SiH;, CH,SiD;,
CD;GeH3;, and CH;GeD;, respectively. The calculated
errors in e’gQ take into account the errors in the Ruxy
microwave data and the errors in the measurements of
Avp and Avgu. However, the dipolar interaction be-
tween the deuterons has been neglected.

The calculated molecular geometrical parameters and
the corresponding values from microwave data’—!! are
given in Table II.

Inspection of Table Il shows that in general there
exists a very good agreement between our results and
the microwave gas-phase data. This agreement justifies
the approximations that we have made such as the neglect
of terms involving AJ or the neglect of corrections for
molecular vibrations. The results for @'/ in compari-
son with the microwave data, do not seem to enable us
to distinguish between the conformation of the mole-
cules although a slight preference to the free rotation
prevails. This contradicts the microwave data for
CH;SiH;® and our conclusion for CH;SiD; given in a
previous report® where Jup was assumed to be negative.
The barriers to internal rotation have been determined
by microwave spectroscopy®!! and are about 1.7 and
1.2 kcal/mol for the Si and Ge compounds, respectively.

Table TII complements the calculated quantities and
gives the value of the quadrupole coupling constants
e?qQ, for the deuterons in C-D, Si-D, and Ge-D bonds
and also the ordering parameters, S,,, of the compounds.
The e2qQ’s obtained for the deuterium bonded to carbon

(19) (a) E. A. V, Ebsworth and S. G. Frankis, Trans. Faraday Soc.,
59,1518 (1963); (b) H. Schmidbaur, Chem. Ber., 97, 1639 (1964).

(20) (a) E. A. V. Ebsworth, S. G. Frankis, and A. G. Robiette, J.
Mol. Spectrosc., 12, 299 (1964); (b) T. Birchall and W. L. Jolly, Inorg.
Chem., 5,2177(1966); (c) D. F. van de Vondel, J. Organometal. Chem.,
3, 400 (1965).
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Table III.  Quadrupole Coupling Constants and Ordering Parameters

CD3$]H3 CDgceHa CHgSlDz CHgGCDa
e’qQ/h, kHz 176 £ 4 175 = 4 91 + 2 82+ 2
Sez +0.0244 + 0.0003¢ +0.0237 £ 0.0003¢ +0.0210 + 0.0002¢ +0.0263 = 0.0003
o At 19°, ® At 26°.

fit well with similar data such as for CH;CD; where the
value is 167 = 12 kHz.®* The values of e%qQ in Si-D
or Ge-D are quite a bit lower and compare well with
other data: SiDy, 94 kHz;2! C¢H.SiD;, 91 == 2kHz;?2?
GeDy, 82 :£ 5 kHz.?%¢

Chemical Shift Anisotropy. The magnitude of the
chemical shift anisotropy of a particular nucleus in a
molecule may be estimated from the chemical shift be-
tween its resonances in the oriented and random states.
In the case of molecules having axial symmetry, the
following expression applies

a(nematic) — a(isotropic) = ?¥/;S..Ac

where A¢ = o, — o). It is, however, necessary to
obtain o(nematic) and o(isotropic) at the same tem-
perature. The best procedure to achieve this seems to
be the measurement of the difference in resonance
positions in nonrotating and rotating samples at such a
temperature in which the nematic phase exists.?* In
another procedure the chemical shifts are measured
relative to a standard such a tetramethylsilane (TMS),
as a function of the temperature in both the nematic
and isotropic phases. The latter value is then ex-
trapolated to a nematic temperature. In the second
procedure solvent effects interfere severely with the
reliability of the results. We have applied both methods
to estimate the proton chemical shift anisotropy in
CDgsng and CDsGCHg. For CH3$1D3 the first
method is unapplicable since the TMS, which serves
as reference, and the CH; resonances are very close (ca.
15 Hz) and overlap. For the same reason the frequency
difference between the central CH; peak in CH;SiD;
and TMS could not be measured precisely when TMS
was used as a lock. The S,, values were obtained in
each case from Avyg (¢f. eq 1), with lock on TMS, using
the Rgy value taken from microwave data.

The results are summarized in Table IV. It should
be noted that solvent effects may change the values of
Ag appreciably.’” Taking into account this effect the
value of Ac in CH;SiD; may be considerably lower than
that given in Table IV. The results for CD,SiH; and

(21) U. Lahteenmaiki, L. Niemela, and P. Pyykko, Phys. Lett. A, 25,
460 (1967).

(22) B. M. Fungand I. Y. Wei, J. Amer. Chem. Soc., 92,1497 (1970).

(23) V. Hovi, U. Lidhteenmiki, and R. Tuulensuu, Phys. Lett. A,
29, 520 (1969).

(24) R. A. Bernheim, D. J. Hoy, T. R. Krugh, and B. J. Lavery,
J. Chem. Phys., 50, 1350 (1969).

Table IV. Proton Chemical Shift Anisotropies in Ppm

CH3$1D3 CD3SIH3 CD;,GeHa
Spinning—nonspinning +2.1+04 +4+4.7x0.7
technique (26°)
Slope of o(nematic) —
a(isotropic) +11 2 442 +6+1.5
vs. S,

CD;GeH; obtained by the spinning-nonspinning proce-
dure are presumably less affected by solvent effects.
It is also reasonable to assume that solvent effects will
be less important in CD;SiH; and CD;GeH; which is
indeed manifested in the results shown in Table IV.
On the other hand, a value of A¢ = +10 ppm has
recently been quoted as an average value for Ag of
aliphatic protons.?®

Appendix

The cause of the difficulty in determining the sign of
Jup 1s its small value as compared to Dgp (eq 2). To
demonstrate this we have calculated Dyp (eq 2a) for
the different molecules using microwave data for the
structural parameters and S,, obtained from the proton
spectra (eq 1 and la). The results together with the
experimental Dgp values, taken from Table I, are given
in Table V. It is clearly evident from Table V that

Table V. Calculated and Experimental Values of Dxp (Hz)

CD3$1H3 CH351D3 CDgGCHg CHgGCDg
Calculated
Staggered 17.9¢ 15,50 15,2¢ 18.3
33.3 29.5b 24 .8
Free rota- 18.82 16.2¢ 16. 52 19.3
tion 34,96 30.8b 26.8°
Experimental
Jup >0 18.7 £0.12 16,9 =0.22 16.4 0.1 198 = 0.2
35,1 0.2 323 0.3 276 0.2
Jap < 0 17.43+0.1¢15.5+-0.2¢ 151 = 0.1¢ 18.5+ 0.2

33.7+0.2230.8+:0.3" 26.3£0.2"

e Low-pressure samples. » High-pressure samples.

within our experimental accuracy the sign of Jup cannot
be determined. Analysis of the proton spectra of the
fully protonated species might solve the problem in our
case.

(25) U. Haeberlen and U. Kohlschitter, Chem. Phys., 2, 76 (1973).

Journal of the American Chemical Society | 96:17 | August 21, 1974



