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SUMMARY QF PROGRESS

We have been studying the vibrational spectra from 4000 to 33 em! of
several molecules which may be present in the atmosphere of the Jovian planets.
These studies have been made to provide vibrational frequencies which can be
used te: (1) determine the composition of the cloud covers of several of
the planets, (2) provide structurdl information under favorable circumstances,
(3) provide necessary data from which accurate thermodynamic data can be
calculated, and {4} furnish information as to the nature of the potential
energy function of the molecules and forces acting within them.

Some of the molecules which we have studied can be produced photo-
chemically from methane, ammonia, and hydrogen sulfide which are thought to
be constituents of the planets with reducing atmospheres. Some of the com-
pounds will polymerize under ultraviolet radiation and drop out of *he
atmospheres., However, planets with a hot base, Tike that of Jupiter, may
rebuild molecules destroyed photochemically. Therefore, we have used these
criteria in selecting the compounds which we have studied.

Gerald P. Km‘per'I has pointed out that the Jovian atmosphere is ex-
pected to contain HZ’ He, NZ’ Ho0, NH3, CHS’ Ar, and possibly 51H4. He has
also listed a number of other gases that should be considered because they
are composed of fairly abundant atomic species and have boiling points below
120°¢ (see Table 8, pg. 349-350 of reference 1), He has also pointed out
that until more is known about the atmospheres of the planets, it is useful
to keep a fairly large number of possible constituents in mind in planning
further spectroscopic work,

In our initial work on the vibrational spectra of molecules of astro-

3

physical interest, we studied hydr'azine,2 methylamine,” as well as several

substituted hydrazines.4"8 Recently both ethane and acetyiene have been
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found in the atmosphere of Jupiter.g

It is expected that substituted ethanes
will also be eventually found in some of the planetary atmospheres. In fact,
ethanol has been found in the Ségibmus B2 cloud of dust and gas which is near

the center of the Milky Way.10

In addition, molecules such as acetaldehyde.
(””3CH0), methanol (CHBOH), dimethylether (CH3)20, formic acid (HCOQH), have
been identified in outer space. Additionally, there is a good chance that
glyoxal (CHOCHO) may be found as a molecule in outer space. As a contihuation

11, 12

of our earlier studies on this molecule, we have undertaken an investiga-

tion of the Raman and infrared spectra of solid gTyoxa1~d] and g]yoxa’i—d2 and
we should 1ike to report our results herein. The 1nfrared13 and electronic14"17
spectra of trans-glyoxal(I) and its deuterated analogs in the vapor state have
been very thoroughly studied. The vapor state Raman data have not yet been
recorded except for the v transition of C,H,0, at 2843 cm™' observed by

Holzer and Ramsay]7 with an argon-ion laser. Because of absorption and
fluorescence in the glue-green region of the spectrum, it is necessary to use
a red laser such as He-Ne for best observation of the Raman spectrum, and

18 and Durig and Hanrium' | have studied

Verderame, Castellucci, and Califano
the Raman spectrum of solid CEHZOZ at low temperatures in this manner. They
combined these measurements with observations of the infrared spectrum, assigned
the frequencies to normal modes and showed that the rule of mutual exclusion
holds well in the crystalline state. Although some discrepancies exist between
the frequencies measured by Verderame, Castellucci, and Califano and those by
Durig and Hannum the assignments are not in doubt. Le Khyu Kho and Tyu1in]9
have made similar measurements on Tiguid Colals.

The present study extends this work to solid g]yoxa1-d] and g]yoxa]—dz.
These compounds are of interest since the Tloss of the center of symmetry in the
monodeuiere compound (CS) means that coincidences will occur in the Raman- and

‘nfrared-active modes , whereas glyoxal-d, (CZh) should exhibit rigorous mutual
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exclusion. Also, there has been some interest in vy the C-C stretching

frequency in these mcﬂecu]es20

and the Raman spectrum is expected to give
clear evidence on this mode.

The results of this study have been submitted for publication in the
Journal of Raman Spectroscopy and a copy of the complete paper is given
in Appendix I. The results and discussion from this paper follow:

a. G1yoxa1—d2'

The infrared and Raman spectra of dideuteroglyoxal are analogous in
most respects to those of 82H202. They clearly demonstrate the CZh moiecular
symmetry of the trans molecules and Ci(T) site symmetry in the crystal since six
fundamentals (EAu + 4Bu) appear strongly in the infrared spectrum and 6
(SAg + Bg) in the Raman spectrum. Admittedly, there is a possible very slight
breakdown of the rule of mutual exclusion due to the poiycrystalline environ-
ment of the molecules since a very weak infrared shoulder occurs at about 1703
cm! [“Z(Ag) = 1709 cm']] on the side of the very intense v, band, and an
.extreme1¥ weak Raman line at 1681 cm'] [u10(Bu) = 1685 cm"1], but none of the
other fundamentals are found in either spectrum in violation of the CZh selec-
tioh rules.

The observed frequencies are easily assigned to normal modes by comparison
with the vapor data and an examination of the data reveals that, as for C2H202’
all vibration frequencies are higher in the solid than the vapor, with the
exception of the two carbonyl frequencies and, marginally, vg the CD wagging
mode. Some of the displacements from the vapor to the solid are quite large,

1

e.g., +31 and +47 ecm ' for the CH stretching modes, +32 for the in-plane

1

skeletal band, Vios +56 cm ' for the torsion, and -13 and -29 cmh] for the

two carbonyl stretching modes. The shift in the torsion amounts to nearly 50%
of the vapor frequency and an equally large change was noted for C,H,0, 11,18,

This obviousTly is the result of very strong intermolecular interactions in the



crystal. Dideuteroglyoxal does show some weak absorption at 121 cm'1 {vapor

torsion = 118 cm"]), but we prefer to assign the very intense band at 174 cm_]

1 to a lattice mode.

to the torsion and that at 121 em”
As found for C2H202 only the C-D in-plane rocking band at 1019, 1025 cm"]
exhibits Tactor group splitting, indicating that there must be at least two
molecules per primitive unit cell. However, the absence of other such
effects shows that vibrational coupling between molecules within the cell is
not large.
The C-C stretching mode, Vs appears clearly in the‘Raman spectrum at
944 ¢! {cf. 1078 cm"] for glyoxal). A number of weak bands in the
infrared spectrum are assigned to binary combinations of one infrared-
active mode and one Raman-active mode as indicated in Table I of Appendix I.
No first overtones are allowed by the CZh symmetry a1though‘2u]0 appears

1

weakly. The combination band,Av3 gy (Bu) at 1231 cm ' is relatively

intense and must be considered as a component of a Fermi doublet with Vg (Bu)

at 2177-cm"]

. 0One overtone, 2u5, occurs in the Raman spectrum.

b. G]yoxaT—d1

This compound gives a classical example of the breakdown of the principle
of mutual exclusion on loss of the center of symmetry by partial deuteration.
A1l twelve modes of C2H002 (CS) can be both infrared- and Raman-active, but
although the center of symmetry has gone,the overall degree of asymmetry
of the molecule is low, so that some transition probabilities will remain
low. However, eight clear coincidences are qbserved. In the cases of
CZHZOZ and C2D202° the éymmetrica] carbonyl stretching vibration, Vo is
Raman~-active and the antisymmetrical mode, Vig° is infrared-active. In
CZHDD2 both transitions occur in both types of spectra, but Vo is very much

the stronger in the Raman effect, and v,y very much the stronger in the

infrared spectrum.



The clear coincidences occur at 2882, 2161, 1720, 1699, 1352, 1116, 1005,

and 981 cm'1

which are readily assigned to the CH stretch, CD stretch, sym-
metrical CO stretch, antisymmetrical CO stretch, CH rock, CC stretch, CH
out-of-plane wag, and CD rock, respectively. In general, the agreement
between the infrared and Raman frequencies is well within the accuracy of the
instruments, but é small anomaly is noticed in the case of the symmetrical
carbonyl stretch, Vo where the infrared maximum occurs at 1725 cm'1 and the
Raman at 1720 cm"]. This discrepancy couid be due to sTight differences in
the degree of crystallinity of the different solid samples, which were dif-
ficult to anneal because of high volatility.

The remaining fundamentals are easily identified at 548 cm'1 (C-C=0
symmetrical bend) in the Raman spectrum, and at 710 cm"] (CD out-of-plane wag),
357 cm"T (antisymmetric C-C=0 bend) and 193 cm'] (torsion) in the infrared
spectrum. It is interesting to note that three of these four fundamentals,
for which the change of a hydrogen atom for a deuterium is insufficient -
to violate the CZh'se1ection rules, all involve principally motion only of the
0=C~C=0 skeleton.

Cole and 0sbo1rne]3 were unable to detect Vg the C-D out~of-plane wag
in the infrared spectra of C,HDO, and 020202 vapor, although product rule

1 1

calculations indicated that they would 1lie near 688 cm ' and 630 cm ,

respectively. In the infrared spectra of the solids they are found at 710

em”™ ! and 643 cm'].

The C-C stretching mode, Vas is clearly indicated at about 1116 cm-] in

both the Raman and infrared spectra. This frequency has been somewhat dif-
ficult to identify in the infrared spectrum of the vapor due to Tack of
resoivable rotational fine structure in the weak band found by Cole and

13 1

Osborne’”. It had been predicted to Tie near 1104 cm ' on the basis of normal

% - coordinate calculations by Fukuyama, Kuchitsu, and Morino {see Ref. 13) and .




was found at that frequency in the Taser-excited emission spectrum of
the vapor]g.

The infrared band due tq viTs the in-plane CH rocking mode, is not sub-
ject to factor group splitting in contrast to the analogous bands of CZHZOZ
and 020202 mentioned above. This is an obvious consequence of the Toss of
symmetry in the monodeutero compound.

A comparison of the freguencies of the solid and the vapor shows that
manodeuteroglyoxal parallels thé behavior of glyoxal. Only the carbony]l
stretching modes move to Tower frequency on crystallization. Again, the
torsional mode is drastically increased in‘frequency, this time to 193 cm'1
(cf. vapor 123 cm"]). Weak infrared abosrption is found at 122, 133, and
138 cn”! but these are attributed to Jattice modes.

First overtones and combinations are both allowed in the infrared
spectrum of Cano2 and a number have been assigned (Table II of Appendix I).
In particular, it should be noted that all three combination modes, 2v2,
vy * vip2 and 2v10, involving the carbonyl stretching modes are observed.

Table III of Appendix I summarizes the vapor and solid data for the three
trans-giyoxals.

Finally, it should be noted that at the Tow sample temperatures used
in the present work, no Raman Tines or infrared bands attributable to cis-

12, 21-22 could be detected.

glyoxal
Closely related to our studies on nitrogen-containing compounds is our

work on the corresponding phosphines. Phoéphine itself is a molecule which

has a high probability of being found in a planetary atmosphere. Additionally,

for reducing-atmospheres, there is é possibility of silane being present.

Because of the ultravioiet radiation, some of these molecules could be

formed photochemically and silylphosphine is such a molecule. Therefore, we

have turned our attention to a study of the microwave and Raman spectra,

a2k ad




dipole moment, barrier to internal rotation, and vibrational assignment of

silyTphosphine. We have been interested23

for some time in the magnitude of
the barriers to internal rotation around single bonds. Much of the reliable
data now available on barrier heights is for C-C or C~X (where X = Si, Ge,
N, P, 0, S) bonds and there is T1ittle information available oh the barriers
to internal rotation around Si-X (where X = N, P, 0, S) bonds.- As part of

a broad program to evaluate such barriers we recor‘dedz4 the microwave
spectrum of silylphosphine but during the course of our work a preliminary

study of the microwave spectrum of this molecule was reported.ZB

However,

there have been no reported microwave or vibrational studies of si]yTphosphine—dz.
Linton and Nixon26 reported the infrared (300-4000 cm"T) spectrum in

the gas phase of silylphosphine and suggested that the ovértone of the torsion

! range. Additionally, these author‘s26

was in the 480 cm assigned six of
the remaining fourteen fundamentals posftive]y and a further seven tenta-
tively but pointed out that the spectra of several deuterated species would
be quite valuable in assessing the correctness of their assignments. More
recently, Drake and Ridd]e27 reported the infrared spectrum of gaseous
SiDSPD2 and carried out a normal coordinate calculation for both the "light"
and totally dueterated species. On the bases of these studies, these

27

authors™ reassigned the deformational motions for the "light" compound. How-

7

ever, they2 stressed that the exact geometry of the silylphosphine is unknovin

so that their results could be subject to considerable error on this point

1 so that no

alone. Additionally, their data was limited to above 400 cm
information was obtained on the internal torsional mode. There have been
no published Raman data on any of the isotopic species of silylphosphine.
Thus, we have recorded the Raman spectra of silylphosphine in the gaseous,
Tiquid, and solid states and the Raman spectrum of sﬂy]phosphine-d2 in the

gaseous state to provide additional data for making vibrational assignments




for the normal modes, The results for this study can be summarized by the
following abstract:

Abstract. The microwave spectrum of 51H3PD2 have been recorded in the
range 26.5 to 40.0 GHz. Both a- and c-type transitions were observed and
assigned. The rigid rotor rotational constants were determined to be:

A = 37589.06 * 0.11, B = 5315,70 % 0.02, and C = 5258.70 = 0.02 MHz. The

barrier to fnterna1 rotation has been calculated from the A-E splittings to
be 1512 + 26 cal/mole. The dipole moment components of lual = (0,22 £+ 0.01,
lucl = 0.56 + 0.01, and |ﬂ£| = 0.60 = 0,01 D were determined from the Stark
effect. By using previously determined microwave data for SiH3PH2, several

structural parameters have been calculated and their values are compared to

similar ones in other compounds. The Raman {0-2500 cm']) spectra of gaseous,

liquid, and solid 51H3PH2 and gaseous SJ’H3PD2 have been recorded and
interpreted in detail on the basis of Cs molecular symmetry.

These experimental results have been submitted for publication in the
Journailof Molecular Spectroscopy and a copy of the complete paper is given

as Appendix II to this report.

FUTURE WORK
. We are continuing the studies of glyoxal and we have completed the
microwave investigation of g1yoxa1—d] and g1yoxa1~d2. We shall report our
findings on this part of our study in the next progress repori. With these
data we should be able to determine the structure of this molecule and
better characterize the potential function with the.additional data on the

cis conformer.

Studies are also nearly complete on (CHB)ZNH and on methchh]Qroformate.

We are working on a computer program for the interpretation of the torsional

‘data on-(CHz)oNH. Also currently in progress, is a vibrational study of .

ST e pomtors i e e
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CZHSCN‘ We shall also continue our current work on several solutes which

have potential interest as planetary atmosphere materials. In particular,

we want to complete our studies of the NO dimer and we éxpect to have this

work as part of our.next progress report as well.
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APPENDIX I

RAMAN AND INFRARED SPECTHA OF SOLID GLYOXAL-d1 AND GLYOXAL~d2

ABSTRACT. The Raman spectra of solid glyoxal-d; and glyoxal-d,

have been recorded at -190°C from 100 to 3000 cm—l. Fundamental
frequencies of glyoxal-d2 were observed at 2169, 1709, 1131, 944,
908 and 543 cm-l and assigned as the C-D stretching, C=0 stretching,
C~D rocking, C~C stretching, C-D wagging and C-C=0 bending modes
rgspectively. The infrared spectra of the solids have been recorded
ffom 90 to 4000 cm-a For C2D202 this gives the other six funda-
mentals at 2177, 1685, 1022, 643, 343 and 174 cm™'. The rule of
mutual exclusion holds rigorously showing that the molecule has a
centrosymmetric structure in the crystal and that the site is Ci(T).
The Raman and infrared spectra of glyoxal—dl show many coincidences,
confirming the breakdown of the rule of mutual exclusion when the
center -of symmetry is losc on partial deuteration. Fundamentals are
assigned at 2882, 2161, 1720, 1699, 1352, 1116, 10C¢5, 981, 710, 348,

1

357 and 193 ecm'. The frequency shifts upon solidification are

discussed.

T8y A R



1. Introduction

The infrared [l] and electronic [2-5] spectra of trans-—

glyoxal (I) and its deuterated analogs in the vapor state have

been very thoroughly studied, but vapor state Raman data have not
yet been reported except for the vj tramnsition of C,H,0, at 2843
cm_l observed by Holzer and Ramsay [5] with an argon ion laser.
Because of absorption and fluorescence in the blue-green region of
the spectrum, it is necessary to use a red laser such as He-Ne for
best observation of the Raman spectrum,and Verderame, Castellucci
and Califano [6] and Durig and Hannum [7] have studied the Raman
spectrum of solid CZHZO2 at low temperatures in this manner. They
combined these measurements with observations of the infrared
gpectrum, assigned the frequencies to normal modes and showed that
the rule of mutual exclusion holds well in the crystalline state.
Although some discrepancies exist between the frequencies measured
by Verderame, Castellucci and Califano and those by Durig and
Hannum the assignments are not in doubt., Le Khyu Kho and Tyulin
[8] have made similar measurements on liquid CZHZOZ'

The present paper extends this work to solid glyoxal-dl

and glyoxal—dz. These compounds are of interest since the loss of




the center of symmetry in the monodeutero-compound (CS) means that
coincidences will occur in the Raman- and infrared-active modes,
while glyoxal~d2 (CZh) should exhibit rigorous mutual exclusion.
Also, there has been some interest in vy, the C-GC stretching
frequency in these molecules [9] and the Raman spectrum is expected

to give clear evidence on this mode.

2. Experimental

The deuterated glyoxals were prepared by oxidizing 1,1~
dideutercethylene (for CZHDoz) and tetradeuteroethylene (for CZDZOZ)
with a mixture of selenium dioxide and phosphorus pentoxide in a
vacuum line [10]. After drying by passage through phosphorus
pentoxide the product was collected in a dry-ice-acetone trap and
purified by trap-to-trap distillation. Each product was stored as
the solid at -78°C, at which temperature little polarization
ogcurred.

The Raman spectra were recorded on a Cary Model 82
spectrometer equipped with a Spectra-Phygics Model 125 He-Ne laser
giving about 40 mW at the sample. The instrument was calibrated
with emission lines of neonm. For Raman measurements at -190°C the
samples were sublimed on to the end of ihe cold metal block in a
Raman cell similar to that used by Durig, Riethmiller and Li [11l].
The Raman spectra, measured at 906° to the incident radiation, are
presented in Figs. 1 and 4, and the observed frequencies are
listed in Tables I and II.

The mid-infrared spectra were recorded on a Perkin Elmer
Model 621 spectrometer, purged with dry nitrogen, and calibrated
with standard gases [12]. Monodeuteroglyoxal was studied in a con-

_ ventional cell cooled with liquid nitrogen, while for dideutero-

glyoxal a Cryogenic Technology, Inc., cryogenic.cell was employed. The

y:
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samples were deposited from the vapor on to CsT substrates which
could be rotated 90° with respect to the light beam, and annealed
before spectra were recorded. Typical spectra are shown in Figs.

2 and 5 and the observed frequencies are given in Tables I and II,

Far infrared spectra from 90 to 300 cm_l were obtained

with a Beckman Model IR11 spectrbmeter which was purged with dry

nitrogen and calibrated with the water vapor pure rotational spectrum
[13]. The samples were condensed on a wedged silicon window in a
cooled cell simildar to that described by Baglin, Bush and Durig
[14] and typical spectra are shown in Figs. 3 and 6. Some slight
difficulty was experiemced in controlling the sample thickness of
CZDZOZ during the deposition and annealing.

After Raman and infrared spectra had been recorded the
samples were sublimed off the suﬁstrate and no residual scattering
or absorption respectively, which could be attfibuted to polymer,

remained.

3. Results and Discussion

{a) Glyoxel~d2

The infrared and Ruman spectra of dideuteroglyoxal are
analogous in most respects to those of C2H202‘ They clearly

demonstrate the CZh molecular symmetry of the trans molecules and

Ci(T) site symmetry in the crystal since six fundamentals (2Au + éBu)

appear strongly in the infrared spectrum and 6 (5Aé + Bg) in the
Raman spectrum. Admittedly there is a possible very slight break-
down of the rule of mutual exclusion due to the poly-crystalline
environment qf the molecules since a very weak infrared shoulder

occurs at about 1703 cm._1 (vz(Ag} = 1709 cmul) on the side of the




- {
very intemse vyg band, and an extremely weak Raman line at 1681 cm 1 i
(vlo(Bu) = 1685 cmfl), but none of the other fundamentals are found

in either spectrum in vieclation of the 02h selection rules.

The observed frequencies are eagily assigned to normal ' —
modes by comparison with the vapor data and an examination of the
data reveals that, as for CZHZOZ’ all wibration frequencies are higher
in the solid than the -vapor with the exception of the two carbonyl
frequencies and, marginally, vg the CD wagging mode. Some of the '
displacements from the vapor to the solid are quite large, e.g.
+31 and +47 c:m"1 for the CH stretching modes, +32 for the in-plane
skeletal band, vy2, +56 cmﬁl for the torsion and -13 and -29 c:m—'1 -
for the two catrbonyl stretching modes. The shift in the torsion
amounts to nearly 50% of the wvapor frequency and an equally large
change was moted for 02H202 [6,71. This obviously is the result of

very strong intermolecular interactions in the crystal. Dideutero-

glyoxal does show some weak absorption at 121 cmfl ( vapor torsion =

118 cmfl), but we prefer to assign the very intense band at 174 cm—l _ —

1

to the torsion and that at 121 em — to a lattice mode.

As found for GZHZOZ only the C-D in-plane rocking band at
1019, 1025 cm“1 exhibits factor group splittiug, indicating that | ?
there must be at least‘two molecules per primitive unit cell. | %
However, the absence of other such effects shows that vibrational ' ﬁ
;oupling between molecules within the cell is not large.

The C-~C stretching.mode, Vi, appearé clearly in the Raman

spectrum at 944 cmfl (ef. 1078 cm—'1 for glyoxal). A number of weak

bands in the infrared spectrum are assigned to binary combinations
of one infrared-active mode and one Raman-active mode as indicated
in Table I. No first overtones are allowed by the c2h symmetry

although 2vygp appears weakly. The combination band vz 4+ v131 (Bu)




at 2131 c'.m—'1 is relatively intense and must be considered as a
component of a Fermi doublet with vg (Bu) at 2177 cmfl. One

overtone, 2vs, occurs in the Raman spectrum.

(b) Glyoxal—dl

This compound gives a classical example of the breakdown
of the principle of mutual exclusion dn loss of the center of
symmetry by partial deuteration. All twelve modes of CZHDO2 (CS)
can be both infrared- and Raman-active, but although the center
of symmetry has gone the overall degree of asymmetry of the molecule
is low, so that some transition probabilities will remain low.
However, eight clear coincidences are observed. In the cases of
CZHZOZ and CZDZOZ’ the symmetrical carbomyl stretching vibration,
Vs, is Raman-active and the antisymmetrical mode, v, is infra-
active, In CZHDO2 both transitions occur in both types of spectrum,
but vz is very much the stronger in the Rawan effect, and vig very
@&t&sum%thMiﬁmmd@&um.

The clear coincidences oceur at 2882, 2161, 1720, 1699,
1352, 1116, 1005 and 981 cm—l which are readily assigned to the CH
stretch, CD stretch, symmetrical CO stretch, antisymmetrical CO
stretch, CH rock, C-C stretch, C-H out-of plane wag and CD rock,
respectively. In general, the agreement between the infrared and
Raman frequencies is well within the accuracy of the instruments,
but a small anomaly is noticed in the case of the symmetrical
carbonyl stretch, vy, where the infrared maximum occurs at 1725
em™! and the Raman at 1720 cm -. This discrepancy could be due to
slight differences in the degree of crystallinity of the different

solid samples, which were difficult to anneal because of high

volatility.

]

R

e



The remaining fundamentals are easily identified at 548
c:mm1 (C-C=0 symmetrical bend) in the Raman spectrum, and at 710
cm_1 (CD out-of-plane wag), 357 en ! (antisymmetric C-C=0 bend)
and 193 cm“l (torsion) in the infrared spectrum. It is interesting
to note that three of these four fundamentals, for which the change
of a hydrogen atom for a deuterium is insufficient to violate the
CZh selection rules, all involve prineipally motion only of the
0=C-C=0 skeleton.

Cole and Osborne [1] were unable to detect vg, the C-D
out-of plane Wag'i~ in the infrared spectra of 02HD02 and 02D202
vapor, although product rule calculations indicated that they
would lie near 638 cmul and 630 cm-'1 respectively, In the dinfrared
spectra of the solids they are found at 710 cm_l and 643 cmnl.

The C-C stretching mode, vy, is clearly indicated at
abhout 1116 cmﬁl in both the Raman and infrared spectra. This
frequency has been somewhat difficult to identify in the infrared
spectrum of the VvapoY due to lack of resolvable rotational fine
structure in the weak band found by Cole and Osborane {1]. It had
been predicted to lie near 11G4 em ! on the basis of normal coordinate
calculations by Fukuyama, Kuchitsu and Morino (see [l]) and was
found at that frequency in the laser—excited emission spectrum of
the vapor IB}.

The infrared band due to vi; the in-plane CH rocking
mode, is not subject to factor group splitting in contrast to the
analogous bands of CZHZOZ and 02D202 mentioned above, This is an
obvious consequence of the loss of symmetry in the monodeutero-

compound.

~l“'Sera footnote to Table 1.
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A comparison of the frequencies of the solid and the vapor
shows that moncdeuteroglyoxal parallels the behavioui of glyoxal.
Only the carbonyl stretching modes move to lower.frequency on
erystallization. Again, the torsional mode is drastically increased
in frequency, this time to 193 cm"1 (cE. wvapor 123 cmfl). Weak
infrared absorption is found at 122, 133 and 138 cm"l but these are
attributed to lattice modes.

First overtones and combinations are both allowed in the
infrared spectrum of CZHDO2 and a number have been assigned (Table

II). In particular, it should be noted that all three combination

modes, 2vs, vobuig and 2vig, involving the carbonyl stretching modes

are observed.

Table TII summarizes the vapor and solid data for the
three trans-glyoxals.

Finally it should be noted that at the low sample
temperatures used in the present work, no Raman lines or infrared

bands attributable to cis-glyoxal [15~17] could be detected.
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TABLE T. Infrared and Reman data on solid glyoxal-d,

10

Infrared Rel. Int. Raman Rel Int. Assignment
'v(cm—l) AU(Cmfl)
3887 W Votvg = 3886
3857 W vi+vig = 3854
3383 w Vo-+tuig = 3394
3361 W 2v1g = 3370
2339 v vitug = 2343
2236 oW vgtuig = 2228
%2177 s Vg
2169 m Vi
%2131 m vgtuyy = 2153
2106 - W
2052 VW votvyz = 2052
1724 w
1703 sh 1709 s Vo
1694 W
1685 vs 1681 w vig
1659 W
1549 W vgtvg = 1551
| | 1131 n va
1086 m 2vg
1025 )
) vs V11
1019 )
080
94 s vy
908" n vg

.. fcontinued

S
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TABLE, .I. (continued)

Infrared Rel. Int.  Raman Rel. Int. ‘Assignment
v(cmml) Av(cmHl)
643 W vg
543 5 \
343 s Via
174 vs ' vy
121 w Lattice mode

* Fermi doublet
+ Note that we have now followed Dong and Ramsay [9] in
interchanging the numbering of vg and vg in comparison with

that originally given by Cole and Osborne [1].
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TABLE II. Infrared and Raman data on solid glycxaludi

1330

Infrared Rel, Int. Raman ~ Rel, Int. Assignment
v(cmfl) | Av(cmﬂl) ' ‘
3883 w vgtvg = 3887

( vgtvg = 3863
3855 v ,
- ( vitvip = 3860
3434 w 2y, = 3440
- 3401 m vagtvig = 3419
3373 W 2vig = 3398
3073 w v7ivg = 3075
2882 s 2882 Vg
2675 W vakvig = 2680
2248 W vs vig = 2247
2204 w
2160 s 2161 v1
'2089 w7 vatvy = 2096
2076 v votvia = 2077
2064 W vgtvil = 2062
2005 W 2vg = 2010
1725 m ‘1720 v
1720 W
1709 W
1699 s 1700 1o
1694 W o  vatvg = 1691
1675 W
1352 = 52 n
W | -

'\173+v.172 =-1338 S

~ (continued.....
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TABLE II. (continued)

Infrared  Rel. Int. - Raman Rel, Int. Assignment
viem by | avlen ™y - |

1116 ' m 1117 | m vy
1092 m 1093 m 2v5 = 1096

-1021 - . W |

1005 n " 1004 m vg'
980 - s 982 m v3
710 W | g

' 560 W v7tvyp = 550
553 i : 548 5 vy

'_ 357 ' VS P
193 vs _ 97

138 W Lattice mode
133 W Lattlice mode
122 W ' Lattice mode

T See footnote to Table 1.
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vi
v2
v3
v

V5

Vg

v7

Vg

Vg

TARLE TIT, Comparison'cf fundamental frequencies of the glyoxals in solid and gas phases

. Vp C-C=0 bending 388

C,H,0, C,D,0, C,HDO,)
Solid [7] Gas [1,9] Solid Gas [1,9] Solid Gas [1,9]
C-H(D) stretching 2882 2843 2169 2138 2161 2130.2
¢=0 stretching 1729 1745 1709 1722 1720 1735
C-H(D) rocking 1364 1338 1131 1130 981 971.6
C-C  stretching 1078 1065 944 932 1116 1104
C-C=0 bending 551 550.53 543 537.29 548 542
A
1
C-H(D) wagging 842 801.4 643 630 710 . 688
torsion 192 126.7 174 117.98 193 122.8
B
g
C-H wagging 1050 1047.91 908 909 1005 999
B
u
C-H(D) stretching 2890 2835.07 2177 2130 2882 2835.2
v C=0  stretching 1707 1732 1685 1710 1699 1717
Vi1 C-H(D) rocking 1333, 1326 1312.4 1025, 1019 1010.1 1352 1335
338.6 343 311.1 357 323.7 .
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Captions for fipures (Jole and Durig)

The Ramon spectrum of solid glynxal—d2
The mid-infrared spectrum of solid glyoxal~d2
The far-infrared spectrum of solid glyoxal—dz

The Raman spectrum of solid glyoxa1~dl. Small
gaps indicate the positions of unfiltered plasma

lines from the laser.
The mid-infrared spectrum of sciid glyoxal—d1

The far-infrared spectrum of solid glyoxal—dl
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APPENDIR 11

MICROWAVE AND RAMAN SPECTRA, DIPOLE MOMENT,
BARRIER TO INTERNAL ROTATION, AND VIBRATIONAL ASSIGNMENT OF SILYLPHOSPHINE-d2

ABSTRACT. The microwave spectrum of SiH3P02 have been recorded in the range

26.5 to 40.0 GHz. Both a- and c- type transitions were observed and assigned.
The rigid rotor rotational constants were determined to be: = 375689.06 + 0.11,-
B = 5315.70 + 0.02 and C = 5258.70 + 0.02 MHz. The barrier to internal rotational
has been calculated from the A - E splittings to be 1512 + 26 cal/mole. The
dipole moment components of Ipal = 0.22 1_0.01; luc| = 0.56 + 0.01, and

[ut[ = 0.60 + 0.01D were determined from the Stark effect. By using previously
determined microwave data for SiHsPHZ, several structural parameters have been
calculated and their values are compared to similar ones in other compounds.

The Raman ( 0 - 2500 cm"l) spectra of gaseous, 1iquid and solid SiHBPH2 and
gaseous SiHzPDy have been recorded and interpreted in detail on the basis of

CS molecular symmetry.




3]

INTRODUCTION

We have heen interestedl for some time in the magnitude of the barriers
to internal rotation around single bonds. Much of the reliable data now
available on harrier heights is for € = C or C - X {where X = 51, Ge, N, P,
0, S) bonds and there is 1ittle information available on the barriers to
internal votation around Si ~ X (where X = N, P, 0, S) bonds. As part of a
broad program to evaluate stuch harriers we recordedz the microwave spectrum
of silylphosphine but during the course of our work a preliminary study of
the microwave spectrum of this molecule was reported.3 However there have
heeh no reported microwave or vibrational studies of sily]phosophine~d2.

4

Linton and Nixan™ repoyted the infrared (300 - 4000 cm"ll spectrum in

the gas phase of silylphosphine and suggested that the overtone of the

1 4

torsion was in the 480 cm ~ range. Additionally these authors™ assigned

six of the remainfng fourteen fundamentals positively and a

further seven tentatively but point out that the spectra of several deuterated
species would be quite valuable in assessing the correctness of their
assignments. More recently Drake and Ridd1e5 reported the infrared spectrum
of gaseous S1‘D3PD2 and carried out a normal coordinate calculation for both
the "1ight" and totally deuterated species. On the bases of these studies,

5

these authors™ reassigned the deformational motions for the "Tight" compound.

However thays stress that the exact geometry of the silylphosphine is

unkhown so that their results could be subject to considerable error on this

1

point alone. Additionally their data was limited to above 400 cm = so that



no information was obtained on the internal torsional mode. There have

been no published Raman data on any of the isotopic species of silylphosphine.
Thus,we have recorded the Raman spectra of silylphosphine in the gaseous,
liquid and solid states and the Raman spectrum of si1y1phosphine—d2 in the
gaseous state to provide additional data for making vibrational assignments

for the normal modes.

EXPERIMENTAL SECTION

With the exception of the phosphine syntheses, all preparative work
was carried out in a conventional high-vacuum system empioying greaseless
stopcocks.6 Aluminum phosphide and silicon tetrachioride were obtained
commercially (Alfa Inorganics) and used without further purification.
Phosphine was prepared under a stream of nitrogen in a fume hood as
described in the TTterature.Y Phosphinead3 was prepared in a similar
manner using Dzo and D,50,. ATl phosphine species were purified by passing
them through a -131° bath (n—C5H12 slush} into a -196° bath. Purity was
monitored by vapor pressure measurements8 and infrared spectrag.

Silane was prepared as described in the 1iterature.10 Silylphosphine
and silylphosphine—dz were prepared by heating a 1:1 mixture of SiHﬂr and

11

Ph3 (or PDS) along with a trace of iodine to 300° C. Final purification

of silylphosphine species was achieved by use of a low temperature vacuum

fractionation co]umnle. Purity was monitored by vapor pressure measurement

and infrared spectra'4’ 5.

13



The microwave spectrum was obtained using a Hewlett Packard Model
8460 A MRR microwave spectrometer with a Stark modulation frequency of
33.33 kHz. Al71 the frequency measurements were taken with the Stark cell
cooled with dry ice and no appreciable decomposition of the sample in the
waveguide was noticed. The accuracy of the measured frequency was estimated
to be better than 0.1 MHz.

The Raman spectra were recorded on a Cary Model 82 Raman spectrophoto-
meter equipped with an argon-ion laser with a frequency of 5145 E for
excitation. The Raman spectrum of the solid was obtained using a cold
cell similar to the one described eariier for far infraredlq'studies, except
that the sample holder consists of a hlackened brass block at an angle of
75° from the normal. The Raman spectrum of the 1iquid was obtained by
sealing the sample in a glass capillary. The Raman spectrum of the gas
was obtained at room temperature in a standard Cary multipass cell and
the laser was multipassed through the cell. The spectra of SiHSPH2 in
solid, 1iquid and gas phases are shown in Figure 1A, B, and C and the spectrum of
SiH,4PD, in the gas phase is shown in Figure 10 and the observed frequencies

are listed in Tables I and II.

VIBRATIONAL ASSIGNMENT

Since silyliphosphine has Cs paint group symmetry, the 15 fundamental
vibrations belong to the following irreducib1e'representations: SA' + BA",
For these fundamental motions, nine wmodes will result from primarily Si-H motions
(5A' + 4A") and five modes from the P-H motjons (3A' + 2A"). Both the A' and

A" species are Raman active with the fundamentals belonging to therA' species




S B B
giving rise to polarized Raman 1lines whereas those belonging to the A" species
should give rise to depolarized 1ines. Thus, the depoiarization data
should make it possible to confirm or reject some of the eariier assignments
for the normal modes.
Sty Modes
There are three Si-H stretching motions but there are only two bands
observed in the expected frequency region in the Raman spectra of the gaseous,
Tiquid and solid S1HaPH,. The polarized bands at 2178 and 2152 cm"1 in the
Raman spectrum of Tiquid H SiPH, (2189 and 2166 in the gas phase} are assigned
to vy and vgs respectively. The A" antisymmetric stretching mode, Vy1e is
expected to give rise to a weak Raman band and is probably hidden by the rather
intense band at 2178 cm“1. The deuteration of the PHZ greup shifts the corres-
ponding vy and vg bands in H,SiPD, to 2198 and 2186 e, respectively. The
differences in the Si-H stretching freguencies between the ~dy and »dz species
is caused by the coupling between the P-H and the Si~H stretching motions which
occurs in the SiHsPH, molecule but not in SiH4PD,.
The antisymmetric SiH, deformations, vg and vy,, are assigned to the

band at 955 cm"l in the Raman spectrum of liquid HSSiPHz. The corresponding

1

modes are observed near 940 cm ' in the spectrum of gaseous SiHBPDz. The

same vibrations are also observed near 940 cm'l in the spectrum of the

polycrystalline material. The symmetric silyl deformation, Vg3 is assigned

to the polarized band at 930 cm™'

in the Raman spectrum of liquid SiH3PH2.
This band is more intense than the corresponding antisymmetiric deformational
band in the 1iquid and solid and the vy band appears as a shoulder on vge In
the spectrum of gaseous SiH,PD,, broad bands near 940 and 927 em”!
ed and are assigned to the antisymmetric and the symmetric deformations,

respectively.

are gbsery-




In STHBPHZ, the A* and A" silyl rocking modes, Vg and Vig» are observed
at 600, 597 and 602 cm” in the 1iquid, solid and gas, respectively. The same
modes (“8 and v]4) for SiH,PD, are assigned fo the single Tine at 605 cm'].

There was no observed band which could be assigned to the torsional
motion of silyl group in either SiH3PH2 or SiH3P02 molecule. However with
the three-fold barrier (see Table V) and the molecular structure obtained
from the microwave study, the torsicnal transition 1s calculated to have

1

frequencies of 168 and 143 cm™ ' for SiHsPH2 and SiH4PD,, respectively.

PH2 fodes

In si1y1phosphine~d0, the P-H stretch is expected to have the highest

1

frequency and the polarized hand at 2293 cm ' in the Raman spectrum of the

Tiquid can be easily assigned to the A* PHZ symmetric stretch, vq- The same

motion is observed at 2287 and 2304 cm” ! for the solid and the gas, respectively.

In the Raman spectrum of the gas a band appears as a shoulder at 2318 cm'] on
the high frequency side of the symmetric PH, stretching band and is assigned to
the A" PHE stretch, In the Raman spectra of the Tiquid and solid, this motion
was not observable due to overlapping by the symmetric PH2 stretch. In the
Raman spectrum of gaseous SiH3PD2 the antisymmetric and symmetric PD2 stretches
were observed at 1597 and 1587 cm"l, respectively.

1

The PH2 scissor, u4,is observed at 1700 cm ° as a very weak polarized

line in the Raman spectrum of Tiquid SiHBPH2 . No corresponding lines are
observed in the spectra of the solid and gaseous materials. This mode was
observed in the spectrum of Sili,PD, at 810 cm"] as a very weak line.

A depolarized band at 770 cm"1 is assigned to the PH2 twisting mode, Vi3
for the "light" compound. This motion is mixed with the A" Sily rocking mode

1

in both SiH PH, and SiHgPD,. A corresponding Tine at 763 cm” ' is observed in

-the spectrum.of the polycrystalline solid STH3PH2. Deuteration of the PH2 group
shifts this band to 657 cm"
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For si1y1phosphine~d0, the PH2 wagging motion is expected to have the lowest
frequency of all the PH2 modes. This vibration is observed at 725 cm'1 as a very
weak Tine in the Raman spectrum of the liquid. Correspanding lines are also

observed in the spectra of the gas and solid. According to the normal coordinate

analysis, this motion is mixed with the SiH3 rock. With deuteration of the PHZ‘
group, the wagging motion is not only mixed with the SiH, rock but also with the

P-31 stretch. The line at 552 cm"] is, thus, assigned to the PD2 wag.‘

Si~P Mode

The Si-P stretching vibration can be assigned unambiguously to the bands at
452, 445 and A4b5 cm'1 in the solid, Tiquid and gaseods phase Raman spectra of
SiHaPH,. With deuteration of the PHy group, this mode shifts to 427 enl.
Polarization measurements in the Tiquid state of SiH3PH2 and the gaseous
state of SiHSPH2 and the gaseous state of SiHSPD2 show that the bands are

polarized as expected for the Si-P motion.

Teller-Redlich Product Rule Calculations.

An atfempt to check the consistency of the isotopic assignments was made
through the Teller-Redlich product rule. Generally, an agreement of 3-4% is
sufficient to suggest the general validity of the vibrational assignments., In
the A' and A" ratios of dzldo, the theoretical r values obtained by using the
microwave experimental moments of inertia are 2.67 and 2.32, respectively. The
vibrational assignments listed in Tables I and II give observed t values of 2.59 and
2.22 for the A' and A" ratios, respectively; both of these values are well within
the uncertainties expected for these quantities. Initially, it was thought that
the PD, twist, v;,, was at 498 cm”| because of the normal coordinate calculation
but such a vaiue gave a totally unvrealistic r value for the A" symmeiry block.

Ne.have also carried out Teller-Redlich product rule calculations for the

totally deuterated molecule and the assignments proposed by Drake and Riddle. The

e




theoretical t values calculated from the microwave structure are 13.65 and 7.15 for
the A' and A" species, respectively. The proposed assignments of Drake and
Riddle gave ¢ values of 13.18 and 8.38 for these symmetry species, respectively.

The agreement for the A' block is satisfactory but the value of 8.38 is in ervor in

the wrong direction., It should be mentioned that this A" symmetry block
includes a calculated value for the PH2 twist which is probably too Tow. Addi-
. tionally, the interchange of the assignments for the SiD3 symmetric and anti-

symmetric deformations would improve the agreement between the observed and

calculated v values.

NORMAL COORDINATE ANALYSIS

Although Drake and Ridd]e5 have reported a normal coordinate calculation for
SngPH2 and SiDSPDZ, they stressed the unknown structural parameters of the molecule
with which the G matrix 6f the molecular motions were calculated. Since we have
proposed a molecular structure from the results of the microwave investigation and'
since we have reassigned some of the vibrational modes for SiHaPH, in addition
to assigning the vibrational spectrum of a new species, SiHsPDZ, a normal coordinate
calculation was carried out to obtain a valence force field (VFF) for silylphosphine
A basis set of 16 internal coerdinates corresponding to those used by Wu, et a1.15
‘for the molecule methylamine was adopted to specify the symmetry coordinates.
Twelve force constants have been chosen, which included eight principal and four

interaction force constants. Schachtschneider's progrmns16’ were used to obtain

a least-squares . fit to the assigned frequencies and they were reproduced to within an

average of 8 cm"] (see Tables I, II & IIL) with the force constants listed in Table

IV. The diagonal force constants are essentially the same as those previously reported

with the exception of the Si-P-H bending force constant which is 10% lower than the

vaiue reported ear]ier.S Also, we found the most significant interaction constant to
-]

be the SiH stretch/PSiH bend which had a value of 0.14 = 0.10 mdyn/A. Other inter-

action constants were relatively small.



MICROWAVE SPECTRUM

Si1ylphosphine. has a symmetry plane which contains the a and ¢ principal
axes; consequently only a- and c- type transitions are expected. The
molecule is very nearly a prolate rotor and the c-type Q-branch series,

Jl,J “ JO,J’ transitions were easily recognized from their regular spacing
and Stark splittings. A1l the Q-branch transitions were observed to have

a splitting of about 20 MHz which is caused by the tunnel effect of the
torsional motion of the silyl group. With the Q-branch assignment, a
reasonably good vatue of A -~ C and k were obtained. A- type transitional
frequencies were initially predicted from the combined information on

A - C, x and the rotational constant C which was calculated from the electron
diffraction structure17. This prediction gave a very good estimate where one
should ' expect the 3« 2 transitions. Further identification of the lines
was made from their Stark effect and the splitting due to the internal
rotation. Since the molecule is very nearly a symmetric rotor, the

k=0 and 2 Tines of the J = 3+ 2 transition are too close in frequency to be
resolved. The A - E splittings of these two transitions were predicted to be
less than 0.2 MHz. For these reasons, only a single line was observed for

all three of these transitions. Listed in Table V are the A state transi-
tional frequencies of S1’H3PD2 in the ground vibrational state along with the
difference calculated from the rigid roter model. The effective rotational

constants listed in Table VI were obtained from these frequencies.

o b B A S A e
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STRUCTURE

The present microwave study has provided Timited information for obtaining
a good molecular structure for silyiphosphine.  However, a well determined
S1-P bond distance has been reported by Glidewell,et a1.-17 from their electron
diffraction investigation of SiHBPHZ. This bond Tength is believed to be the
most sensitive parameter in determining the chserved rotational constants B
and C. Eor this reason, we fixed the S{-P bond distance (2.249 E) and assumed
a Si-H bond length (1.49Q ﬁ) in order to obtain a set of structural parameters

which gave the best reproducible votational constants for both SiHSPH2

(A = 51861.7; B = 5581.48; C = 5556.50 MHz which were obtained for the A 1ines

of the A-E internal rotation doub1et53) and S1H3PD spec1es (In ca1cu]at1ng the
proposed structure, the same P-H and P-D distances were assumed)., The parameters
obtained are: r(P-H) = 1.420 A, $PSiH = 111.4°, $HPH = 93.9°, and JSiPH = 92.8°.
With these parameters, we calculatedall the rotational constants within 3 NMHz of the
experimental values.

It is difficult to determine the aécuracy of these parameters. If a
tilt angle of 2 degrees is assumed for the silyl group toward the Tone-pair
electrons of the PH2 group, the resultant parameters obtained by the same
procedures did not show any significant difference from the previous values. If
a Si-H distance of 1.50 R is assumed, the P-H distance is only 0.003 ﬁ shorter
and the HPH angle was‘on1y 0.2° larger than the corresponding values obtained
in the first calculation, while the PSiH and SiPH angles were 0.9 degree Targer

and 1.3 degree smaller than the previous determined values, respectively.

oy AT H A bbb bt P& g g s s e e
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DIPOLE MOMENT

The dipole moment of SiH4PD, was determined by measuring the quadratic

Stark effects of the following components: " IMl = 3 of the 313<-303

IMI = 4 of the 4~ 45, and [M] = 4 and 5 of the 5,4« 5, transitions. The

electric field was calibrated from the measured Stark effect of the J = 3¢« 2

18 of 0.715210. The

19

transition of the 0CS molecule and its dipole moment
analysis was carried out by the method of Golden and Wilson™> and the

aut of the symmetry plahe component, “b, was assumed to be zero. The dipole
moment components of [u | and [u | were found to be 0.22 + 0.01 and 0.56 *
0.01D, respectively, and the total dipole moment, '“t" was Ffound to have

a value of 0.60 + 0.01D. These results are Tisted in Table VII.

INTERNAL ROTATION

Most of the observed ground state transitions for SiH3P02 have resolvable
A and E state Tines due to the internal rotation of the silyl group along the
SiP bond. These splittings are Tisted in Table VIII. The same method as adopted

20 was used to determine the barrisr to internal rotation. The

previously
internal rotational parameters F = 152.4 kHz, o = 0.4408 and y = 0.0011 (see Table
VIrir) © as required in the barrier calculations were derived from the molecular

17 with an assumption of

structure obtained in the electron diffraction study
a "tilt" angle of 2 degrees. With these parameters and from each splitting
one obtains a barrier to internal rotation as Tisted in Table VIII under column
Va. These values are found to be consistent with each other and the average

value, Vé, is 1512 cal/mole with a standard deviation of 6 cal/mole. A
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possible error of 0.2 MHz in the measured splitting will cause a maximum
deviation of 20 cal/mole for the harrier. If considerations are given only
to the consistency of the barrier obtained from the different transitions and
the possible experimental error of the frequency measurement, the resultant

barrier to internal rotation is V3 = 1512 + 26 cal/mole.

DISCUSSION

In an electron diffraction study of SiHBPHZ, Glidewell,et al. 17

have concluded
that there is little contribution of the 3d orbitals of silicon to the Si-P bond.

They also concluded that the substitution of the SiH3 for CH3 in CHSPHZ did not

change appreciably the structure of the PH2 moiety. Although the accuracy of

our present structural determination prevents us from making any quantitative
comparison strictly with other similar molecules, it would be of interest to
qualitatively compare structural parameters. For instance,

the HPH angle of 93.9° is close to the corresponding angle of 93.3® found in

phosphine 21. A similar value of the SiPH angle (92.8°) is also found in

silylphosphine. The value of r(P-H) of 1.42 R is comparable to the corresponding
bond distance of 1.420 A found in phosphine.Z] From this comparison, it appears
that the chemical bonding involving the phosphorus atom after the substitution
of a silyl group for H in phosphine does not change drastically.

The barrier to internal rotation (1.57 kcal/mole) obtained in the present
study for silylphosphine is apparentiy smaller than that of methylphosphine (1.96

kcaT/mo1e)22

. The absence of d-orbital participation in the chemical bonding has
made it possible to compare the contributions of the nonbonded interactions to the
barriers in these two molecules. Because of the smaller barrier in silylphosphine
than in methylphosphine, it is concluded that silylphosphine has significantly

smatler contributions to the internal rotational barrier from the nonbonded inter-

e meb g e, € Ay Wy e b A n e tm
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actions than methylphosphine. These smalley interactions probably arise from the
fact that the Si-P distance (2.249 R) is Tonger in silylphosphine than the C-P dis-
tance (1.863 3) in methylphosphine.
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Table I. Observed and Calcuiated Raman frequencies (cm"]) of SiHBPHZ.

Observed® Calculated Assignment and P. E. D.
Gas Solid Liquid _
2318 ¥ 2322 vig> Py antisymmetric stretch (100%), A'®
2304 M 2287 M 2293 p M 2318 Ve PH2 symmetric stretch (100%), A’
2188 M 2185 M 2178 p M 2199,2198 Voa Vyp S'EH3 antisymmetric stretch (100%)
2166 S 2153 S 2152 p S 2166 V3, SiH3 Symmetfic stretch (100%), A'
1122 U 1130
1100 p WM 1093 Vgo PH2 scissor (99%), PH2 wag {1%), A’
1060 VYW 1057 VW 1065 dp W VB + Vg = 1065
O40 VY 955 Wi 953 Ve SiH3 antisymmetric deformation (78%), SiH3 rock (10%), -
SiH, symmetric deformation (8%), PH,, wag (4%), A'
947 Vg SiH; antisymmetric deformation (90%), Si, rock (10%), A*
Q4G o 925 ¥ 930 p U 926 Vg S1'H3 symmetric deformation (78%),51H3'antisymmetric
deformation (12%), PH, wag (6%), SiP stretch (3%), SiHg
rock {1%), A'
763 VU 770 dp Vi 745 U13° PH2 twist (93%), S'iH3 rock (7%), A*'
722 VW 720 VU 725 Y 736 V7, PH2 wag (84%), SiH3 rock (16%), AT
602 VU 597 VU 600 Vv 597 Vg5 S1’H3 rock (88%), PH2 wag {6%), 51H3 antisymmetric deforma-
' tion (6%), A’
602 VU 597 UH" 600 Vil 595 V]4, S'iH3 rock (85%), PH2 tﬁist (7%), S'iH3 antisymmetric
detormation (8%), A’
480 W 487 M 500 p U



Table I. {continued)
Observed Calculated Assignment and P, E. D.
Gas Solid Liquid
452 M 445 M 455 p M 458 Vg SiP stretch (96%), PH, wag (2%), symmetric deformation
(2%), A'

432 Wl 440 p U
393 vd 390 W 39 p M
361 W 340 W 355 p W
'[68b 161 Vg2 torsion, A"'

a : . .
S, M, W, V, p, and dp denote strong, medium, weak, very, polarized, and depoiarized, respectively.

b calculated from the barrier given in Table V.



Table 11 Observed and caiculated gas Raman frequencies (cm™ ') of SiH,PD,,.

Obsarved®  Calculated Assignment and P.E.D.

2226

2198 p S 2199 Vs S$iH, antisymmetric stretch (100%) A*

2198 2198 V17 $1H, antisymmetric stretch (100%), A"?

2186 p S 2167 Vqs S1‘H3 symmetric stretch (100%),A’

21650 W

1612 Y 1670 PDH impurity ?

1597 WM 1665 Vig» PD, antisymmetric stretch (100%), A"

1687 M vi> PD, symmetric stretch (100%), A

840 YW 950 Vg SiH3 antisymmetric deformation (89%)
SiH3 rock (11%),A"

940 VW 947 Vygo S1’H3 antisymmetric deformation (90%)
S'IH3 rock (10%), AY!

927 VW 917 Vs S1'H3 symmetric deformation (94%)

PSi stretch (4%)
S1‘H3 antisymmetric deformation (2%).A°

810 VW 784 Vg PD2 scissor {99%),A’

657 VW 511 vyge PDy twist (85%), SiHy rock (15%), A"

2
605 W 622 vy, SiHy rock (89%)
S1‘H3 antisymmetric deformation (11%).A"!
605 W 613 Vgs SiH3 rock {76%)
SiH, antisymmetric deformatior (11%)
PD, wag (11%), PSi stretch (2%).A'
552 Vil 556 Vo, PDZ wag (64%), SiHs rock (20%)

PSi stretch (16%),A

498 W ) ?
427 p M 435 Vg> PSi stretch (78%), PD, wag (22%), A
14§3 149 Vig S‘iH3 torsion (100%), A'"

8 Fop abbyeyiations, see Tahle I.
b Calcuiated from the barrier given in Table V.,



Tahle III. Observed and Calculated vibrational freguencies (cm"1) of SiD.PD,.

Observed®  Calculated Assignment and P, E. D.
1681 1671 Vig: PHy antisymmetric stretch {100%), A'".
1681 1665 Vya PH, symmetric stretch (100%), A’
1588 1591 Vos SiD3 antisymmetric stretch (100%), A
1588 1588 ._..MYJJE_§EE3M§ﬁ?j$¥mTQtFiC stretch (100%), A"’
775 785 vye PD, scissor (100%), A
702 710 Vg S1‘D3 symmetric deformation (69%)

PSi stretch (15%). PD2 wag (10%), $iD, antisym-
metric deformation (4%), P02 scissor (1%), S'iD3
symmetric stretch (1%).

673 676 V> SiD3 antisymmetric deformation (86%), S1‘D3 rock {8%),

$iD, symmetric deformation (6%), A’

682 675 PP 5103 antisymmetric deformation (92%), SiD, rock (8%), A'"
545 545 Vs PD2 wag (69%), $iD; symmetric deformation (23%),
PSi stretch (5%), SiD3 antisymmetric deformation (2%),A'
543 Vy3s PDy twist (86%) , SiDy rock (13%), $iDy antisymmetric
deformation (1%), A*'
450 447 Vgs $1D4 rock (89%), S'iD3 antisymmetric deformation (7%),
PD,, wag (4%), A
450 436 Vigo SiD, rock (76%), PD, twist (17%), SiD3 antisymmetric
deformation (7%), A''.
nA25 421 vg> PSi Stretch (80%), PD,, wag (14%), 5iD; symmetric
deformation (5%), SiD3 rock (14), A'.
131 Vig torsion (100%), A"

2 From ref. 5.



Table IV. Values and descriptions of the VFF force constants of silylphosphine.
Force constant Value (mdynes/A°)® 'Description {
Ke 2.04+0.07 Si-P stretch |
Kr 3.10%0.02 P-H stretch
Ky, 2.74%0.01 Si-H stretch e
HY 0.68+0.07 H-P-H bend
H¢ 0.62+0.01 Si~P-H bend
Hg 0.53+0.01 P-Si-H bend P
H, 0.4420.01 {-Si-H bend B
H, 0.004+0.01 " torsion
FB¢ 0.09%0,01 PSiH bend(SiPH bend
(nvcis)
Fé¢ 0.04%0.02 PSiH bend/SiPH bend
{vgauche)
FQB 0.14%0.10 SiH stretch/PSiH bend
FY¢ 0.03+0.03 P-H stretch/SiPH bend

2 an bending coordinates are weighted by 1R,




Table V. Rotational Transitions (MHz) of the "A" lines of
$ilylphosphine-d, (51H3PDZ) in the Ground
Yibrational State.

Transition v(obs.) Av{obs.~calc.)
b-type
111 < 10} 32273.35 -0.01
212 < 202 32216.46 0.02
313 + 303 32131.20 0.01
414 y 404 + 32017.80 -0.01
515 - 505 31876.55 0.05
616 * bgg 31707.53 -0.02
a-type
3-]3 < 2]2 31637.74 0,10
312 + 2” 31808.66 0.06
322 “ 221 31723.04 ~0.15

ermns o e s
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Table VI,

Effective Rotational Constants (MHz) and Moments of

Inertia (u-A2)® of SiH,PD, in the Ground Vibrational
Stata.

A = 37589.06 = 0.1 Ia = 13.44516
B = 5315.70 % 0.02 Iy = 95.0752

C = 52568.70 % 0,02 I. = 96.1057

k = -0.996474

aConversion factor: 505391 MHz-u-Rz.
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Table VII. Stark Coefficients [MHz-cmz/{k-vult)ZJ and Dipole Moment Components

(Debye) of STHSPD2.

Transition

313% 303

A14° %o

b€ 5

15

157 5

05

5 05

)

1l

Av/EZ

Observed

-0.402
1.054
0.874

1.583

0,22 + 0.01

0.00 (by symmetry) .

0.56 + 0.01
0.60 + 0.01

Calculated®

-0.401
1.052
0.877

1.583

4Calculated from the dipole moment components iisted in this table.

[ O
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Table VIII.Internal Rotation Splittings (MHz) and Parameters of SiHSPDZ.

Transition Vg = Vp V3(ca1/mo1e)
111 < ]0] ~-26.12 1514
212 + 202 -21.47 : 1511

313 * 303 -20.09 1509
414 + 404 -19.43 1510

5]5 + 505 -19.00 1511

6]6 < 606 -19.02 1508
3]3 “* 2]2 1.38 : 1522
3]2 < 2]] -1.39 1522
605 * 514 18.11 1506
616 < 524 68.86 1526

I, = 5.928 u-A° @ = 0.4408
F = 152.4 kHz g =0

V3 = 1512 kcal/mole 0.0011

=<
n



FIGURE CAPTIONS

Figure 1. (A} Raman spectrum of sslid SiHsPHz, (B} Raman Spectrum of Tiquid

SiH3PH2, (C) Raman spectrum of gaseous SiHSPHZ, (D) Raman spectrum
of gaseous SiHapDz. :

‘;i



IFTVOD MO0 d0
o1 AOVd TVNIDIHO

J\MK\A

.

: . | ' | ? !

1600 1000

WAVENUMBER CM'!

| T

| | [ | |

“\\"ﬁw‘.‘r‘\ﬁ'ﬁﬁ."«“\%"'ﬁ‘ ?“fw Uj " j l! ‘

el AN

‘ | !

M
' T E— 1000 0

WAVENUMBER CM!

|

| ! }L

2000
WAV‘E:NUMBER CM i
b
? W
J
| . W K
1 ! ! ! '
2000 1500 1000 S0

WAVENUMBER CM*!



