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I, INTROUUCTICH

The silicone (organosilicon) polymers are a new and remark-
able development of the chemical industry. Fillin, the vold between
organic and inorganic producta, they find a great variety of uses
where their outstanding properties of heat and molsture resistance,
general chenical inertness, and high electrieal resistance can be
applied. They are available as flulds for hydraulic and other uses,
lubricants and greases, electrical seczling campounds, resins, and
elastomers. Some ¢of the intermediate campounds formed in the manu~
facture of these final products have alsc found uses.

Crganic campounds of esilicon have boen known and studied
for over one hundred years. Nearly all of the early study, however,
was done on the chemical and physical properties of the monomers and
low polymers and until very recently little was accomplished toward
the practicsl application of this type of compound. In the United
Gtates, about 1935, impetus was fumished to research on the sili-
cones by the need for a material suitable for binders, varnishes,
and adhesives for newly-developed glass fabries to be used in elec~
trical insulation. The silicones are structurally analogous to
glass and therefore seeamed a likely starting point for the search.
The moncmers and low polymers are unsatisfactory and there were

finally developed high poiymers which proved to have outstanding

heat and moisture resisting properties, in addition to the desirable



[

qualitles for electrical insulation. Since then research on sili-
cones has progressed rapidly. The nusber of new products developed
has created a demand that has far outstripped commercial production,
besun in 1943,

All efforte are now being directed toward finding better
commercial methods of production as present methods are expensive
and relatively difficult to control. This seems to be particularly
true of the initial step in silicone projuction, i.e., that of making
the intermediate organochlorosilanes,

The purpose of this investigation is to develop a process
for the production of phenylchlorosilanes by the phenyl substitution

of silicon tetrachloride at high temperatures.



ile LITLRATURE Rub IEw

A. History of Urganosilicon Compounds

Siliecon is second in sbundance among the elements on the
earth, being found in greater amount than any other except coygen.
In epite of this abundunce, the only compounds of silicon which
have been important to man until very recently have been the natural
forms, such as silica and the silicate mineraie, which are used in
building materials aad ceramic 'nrc(gl) o

Studies Frior to 1900. The first compound of silicon other
than the sillcecus minerals was prepared by Berzelius in 1823 -
silicon tetrachloride. In the saue yoar he became the first te
isolate metallic silicon'22), The first organie compound of silicen,
ethyl orthosilicate ((C2H5O) ;.Si), was made about 100 years azo by
Ebolmun(u) « Friedel and Crafts made the first organosilicon com~
pound containing a direct silicon-to-carbon linksge in 1863(<2)(34)

(91) o« The first aromatic organosilicon compound, piisnvlirichloro-

silane, was made in 1873 by Ladenburg( 22). Several coampounds of
this type were synthesized and studied by Friedel, Crafts, and
Ladenbury from 1871 to id74. Folies, in 1885, made the first erys-
talline organosilicon campound, tetraphenylsilane, and devised
several methods for synthesizing nrgmoailioena(13 e3)(ew). Thus,

it may be seen that the early progress in this field wae slow.



Roohow' 7% concluded that the lack of natural products and wethods
of syntheslzing the campounds were the principal hindrances to the
early stwiies,

Kirping's Studies. At about the turn of the ceatury Dr.
Frederick 5. Kipping began his studies of the organcsilicon came-
poundst (12 ENIQLT) 110 1is assoctates, in England,
studied them for forty yoars( 14) (91)(1L7) and this work has provided
most of the present~iay basic knowledge of the cmpwnd.n( 5 (91 (17) .
The original objeetive of Kipping's researches was Lo prepare an

optically active silicen cmpaund( 51) « His research was "more in the

cause of pure science than with any camzercial objectivo"(u?).
ent of 0. igcens for Prastic ications.

In 1935 Carleton E1118¢32) said, "The further development of the
organic chemistry of silicon may lead to the production of cheap and
readily prepared derivatives which can be applied as resins or bind-
ing agents®. It was at about this time that the first work on the
silicanes, with the object of commercial aprlications, was begun
(5)(a)(za)(eT)(17) |

The develomment of glass fabrics and the thought that organ-
osiloxane derivatives might provide materials useful with glass pro-
vided the original etimulus for the reumh( 5)(15). The need for
insulating resins and varnishes with high heat reslstance and water-
repellent properties, coupled with the already known fact that sili-

con orzanics were sometimes based on a glass-like structure and



shiould therefore have some glass-like pmperties, made it apparent

that the silicones were the logical starting point for the research
(5)(15). Kipping's silicones, monamers and low molecular weight
condensation products, were unsatisfactory asnd the search tumed to
the more complex polynern( 21) .

The first silicone product of importance was a flexible,
thermosetting, resinous po]ymor( 87) . Further research and develop~-
ment has produced such diverse forms of silicones as greases, oils,
insulating materials of many kinds, and rubber-like materials( 5).
Today there are available a great variety of products for many dif-
ferent uses. Some of the ihtemodia‘oe compounkis are coming inte
cammercial importance alao( 91) .

The second wWorld War was largely responsible for the recent
rapid development of siliconé technology. The sudden demand for
these products for war uses necessitated immediate commercial scale
(87)

production and a corporation was formed to manufacture them

Cammercial production was announced in 19L3(2)(l5)(130).

B. Commercial Production and Prices of Silicones

Commercial Production. Commercial production of silicones
is still on a limited scale( 108) in spite of the many rapid advances
in silicone technology which have been made in the past few years and
still lags far behind the demand for the products. Total production

as of May, 1947, was about fifty tons per month for all types of



silicane materials. Better ad less expensive processes are needed
to convert the raw materials into useful products(w 8).

Prices. Prices of sillcone materials are still high, but may
be expected to decrease rapidly as production increases and better
production methods are developed. The following prices of various
silicone products are as of Uctober, 1945. 'I‘hqy ar§ about twenty per
e¢ent lesa than the prices of the first commercial pmducta( 8 )s
1. Kesins= $3.00 to $4.,00 per pound
2., Vamishes~ §15.00 per gallon, 504 solide
3., Fluids=- $6.,00 per pound or $48.00 per gallon
he Greases~ §5.00 to §7.00 per pound
5. Ceraanic treating solutions- $0,38 to $0.48 per pound

6. Elastomers- $3.00 to $4.00 per pound
Co Clussification of Commercial S one P t

Silicones are generally classified sccording to their phys-
ical properties. There are several groupings used by different

(DDA DN | en by

authors
Collinga(zz) will be used fer discussion purposes in this review.
lis groupings are as followst

i« Fluids for hydraulic and other uses

2« Lubricante and greases

3, Sealing compounds mainly for electrical applicaticns

4e Resins for laminating anz ior temperature-resistant

varmishes and palnts



5+ Silicone rubber
A sixth grouping, the iniemedistes, is incluwied in the discussion
of the properties and uses of sllicones. These compounds are or-
ganochlorosilanes rather than silicones, but a chemicsl reaction

occurs during their application which converts them to true sili-

cones.
D. Ereperties and Uses of tilicones
General. The outstanding characteristics of all silicones

are heat mmt’(z)(5)(15)(48)(5s)(37)(u7)' water repellency
() GENWN o entea tnertnesst 2 (5)(15)(EN

In addition, all possess good electrical insulating properties
(5)(15)(38)(53)(87). The basic etructure of alternating silicen
and oxygen atcms (Si~0-5i-O~, ete,) is responsible for the heat
stability, electrical properties, and chemical inertness peculiar

(5)Q15(21(8D) | it1e the water-repelleat prop-

to thege compounds
ertics, plasticity, and similarity in cther respects to organie
compounds are due Lo the presence of organic groups attached to the
silicon atcm:( 5)(‘1‘3)(37)(117). Hany silicones &150 possess excel~
lent low~temperature charscteristics, wndergoing only very small
changes in their properties at reduced temperatures.

Silicones extend the range of service temperatures ccn'-

siderably beyond the limits imposed by conventional organic com-

pounds intended for similar uael(s’) (56;(57)(317) becaunse of their



L)

stability under "drastic themal and chemsical ccnditions"(27),

(28) » depending on

They
can now be made to it predetemined zpecifications
their eventual use.

¥or the agbove reasons it is likely that the silicones, in
general, will find increasirng uso in chemical enginsering applications
such as temperature-resistant paints, valve greases, heat-resistant
gaskets, anti-~foam agents, and many othars(zz).

Fluids. The outstanding property of the silicone flulde is
their excepticnally low rate of viscosity change over a wide temper-
(2)(5)(8)(14)(25)(21)(23)(40) (u6)(87)(11T) |

aturs range They are
nanuf actured in a wide range of viscosities. The following @tug
and suggested uses illustrate their versatility:s

l. baping f1utael 9 (15)(2)(23)(81(117)

2. Mydraulic fluasl9(2)(EN0D

3. Liquid diolectrics(5)“5)(31)("6)(37)
Foun inhibitorst s ()(<2)(87)(117)(131)
5. naterproofing agents’ 515773 (87)
6. Special lubricante' > (40)(46)(&7)(11T)

be

7. Gage flui.da(ls)

8. Dashpot 1iquidsl}3)(31)

9« Impregnants for asbestos mterialo(ls )

10, kold release agents(ls)('z:}) (87)(117)(331)
1l. Impregnated paper mincoats( Gl
12. Floating dry flies in fusi water for fishing( )

13. leat transfer nedial 87)



14, High temperature batha( 87)

15. Thermal expansion i‘lnid:(e'?)

16 High vacum diffusion pump oilel87)(131)

The literature contains coneiderable detalled information on

the chemical and physical properties and uses of the f1u1ds{ 2 (5)(8)

(11)(14)(15)(20)(23) (60) (43 (52)(77) (87)(97)(11T)(131)

T & Gre + The silicone lubricants and
(5)(11)

groases are manufactured for use at high and low temperatures

(31)(;&)(58)(131). Some uscs of the lubricants and greuses arei

1. Stopeoek and plugeock lubricantst 117 (<1)(24)(58)

2. Valve lubricants¢i})(87)

3J. Lubricant for glass and cerslc cockl{u)

e ELlectrical machine lubrieants( 5)(21)(28)(131)

5. Ball bearing lubrisantel24)(54)
6. Journal lubricant!?4)
Considersble test data on silicone lubricants are available
2
in an article by Kauppi and Pedaram(s ). They are rated varicusly
as being suitable for use over & temperature range fram ~170° to
spoop, (2 (1119 (2)(eN(13L)

gvallable in the llterature
(131).

Cther data on these compounds are
(2)(5)(11)(19)(«1)(246)(28)(58)(87)(117)

Some silicones in paste

form are used as eleetrical secaling campounds for spark plug wells,
(19)(21)(<5)(52)(58)(87)

mazneto connections, and radio connections
(117), fThey were particularly successful in military and naval air-



L warl 2L (5)(58)(eN(117)
(21)(25)

craft dgnition systews auring the pas
Areing and corona resistancs is sali to be excellent
Thers is not too much information avallable on the scaling
coa;ounis as such. They have appareatly been classified by wany
authore with the silicone greases.
Zlastasers. 4 recent development in the field of silicones
(6)(13)

are Lhe slastomers They are finding a great variety of

uses: molding, extruding, coating, and laminating stocks are on the

(6)(em)

market Faiy applications have heen developed for these

stockss

(6)(13)(27)(52)(58)(27)(117)(131)
2, Fabrication ef bushings and diaphragas(®)(52)

3. Electrical,inaulatian(b)(37)(73)(87)(117)(131)

b Tubing(®)(131)

1., Gasket lamination

5. Frotoctive cnaxings(é)(26)(117)(131)

6. Printing rollel®(117)

7. UGarden hose, gloves, golf balls, and other conswer
usea(é)

The types of elastwmiers now available are not equal to

natural and synthetic rubbers in tensile strength, shearing resis-

tance, and abrasion rosistanco(é}‘13)(aﬂ)(117). Resistance to
compression set, however, is considerably bstter than that of the
natural and synthetic rubbers'?3?(331) | mie deficient properties
are constantly being 1mproved(6).

Other information on the elastomers is avallable {roa neny



(23(6)(13)(21)(26)(27)(40)(52)(58)(72)(8T)(98)(117)(131)

sources
Resins. 3ome of the most spectacular successes among the
silicone products have been the resins. They are manufactured in
great variety for a wide range of uses, the principal of which is
for clestrical lnsulationt D (DN ADANAS(16)(17)
(29)(41) (25) (27)(28) (:29)(40) (48 (49)( 50) (52)(52)( 58)(77)( 78) (85)(87)

(88)(90)(103)(104)(106) (207)(117)(120)(131)(132) | g i v success in

this application can best be measured by a statement of some of the
findings. The operating temperatures permissible for eleetriec
motors insulated with silicone-impregnated materials is very high
eompared to motors insulated with conventicnal organic substances,

because of the high heat-stability of the ailiconu(l)(z)(s)(sxn)

(B UNGLTOLIT gyt thelr vater-repellency,
general chemical inertness, aid excellent insulating propertics san
be utilized in some of the following ways:

1. To perait higher operating bmperaturu(n)(sz)(se)

2. To permit higher emblent tmperaturu(m)(zs)

3. To permit higher smbient humiiities(16)(28)

4e To eliminate fire hazard from insulaticn fallure
(21)(27)(52)(58)

5, To lessen the poesibilities of odor of burning insula~

tion ad toxic vapers, and thus promote suroty( 58)

6. To provide increased service life of umlation(lb)(zs)

(58)



7. To provide greater protection against overload tempera-
t'm,m(&l)(Sii)
8, To permit & reduction in weight and size of electrical

equipment where operating temperatures may be increas-
0d16) (21)(28)(52)
- The seatinghouse Corporation has published test dau(u)(l”
(40) showing that as much as fifty per cent reduction in welght 1s
possible in electrical equi;ment where .esign limitations are based
‘on insulating tesperatures by using silicons insulating varnishes.
vilicone-insulated machines have beer demensirated to have ocat-

(3)(5)(21)(&9)(%)(37)(10&’ and this

‘standing moisktnre resistance
property is maintained under severe conditlons over a long period of
t.imo(w}('n). Kauppi, et al.(""g), call the results of the testis
“premarkable®, although they are not yei complete.

The enthusiasm about the silicone insulating resins is wide-
spread., DeKiep, st al.(zs), say, "The aivent of silicones is an

(73) states

important milestone in insulation development”. loses
that "unguestionably the new silicone resins constitute cne of iho
greatest «dvances wade in electrical insulations"., The latter
statenent iz somewhat broad, but it is nevertheless evident thet in-
sulation will continue to be one of the aajor uses for silicone
products,

Silicone resins are available in several fomms other tham

insulating materials. They are manufactured as themosetting or

laninating resins, amd coating resins 5)(8){12)(14)(21)(25)(40)(4T)



(52)(85)(87)(88)(90)(103)(104)(206) (107N (XL7)(13L) | 4ny ure used

as lens cemont( 5) ; bonding agents in the fabricatlion of glass

fabriouxla)(dl)(ss), wbeat.os('“)’l)(f’a), and mica(ss) laninations;

(5)(117)

vehicles for paints and enamels which have high resistance

to heat( A% 8)(3“17), oxida.tion( 5) (58), ultravioclet rayu( 5 ), ozone

(5 8), withstand severe blows without chipping, ana do not yellow

with age; impregnants for kraft paper used in condenam(“) ; and

for bending glass and ceraulc mfaeu(uﬂ. The paints and vare

nishee are used for protective coatings on furnace fronts, exhaust
stacks, and the J.iku(z”(%)(l}l).

The use of silicone resins in molding is still experimental
(14),

Intemmediates, Az an exam,le of applications of organo~-
silicon intermediates, the organochlorosilanes, which are inter-

nedi:tes in the production of organosiloxane polymers, are used to

apply watererepelient filis to a variety of natcriala(m)(u )(79)

(99). This interesting and unexpected development has been used

experimentally to waterproof glass, paper, cotton surfaces, ceranie

materials, wood, weol, silk, and h“h“(l&)(??)(?‘?)'

#hen used to
coat radie ceranic goils, these materisls are sald to be six times
as effective as conventional wax coatings in overcoming molisture
of amuimsation( 14) .

The surfsces of materials to be treated usually contain
some molsture whieh hydrclyzes the treating cowpound, usually &

methylchlorosilane, to foru the corresponding silanol. The



silanol immediately condenses chemically to form a methyl silicone
polyner which adheres tightly to the treated surface in the form of
a iilm which is water-repellent and chemically stable(u’) (79)(99) .
Rochw(?g) gives considerable information on the chemical
and physical properties of the water-repellent films, and Horton
(79) has publisheu test data on silicone filwms applied in the man~
ner described to a number of materials, illustrating their effec-

tiveness.

E. Chemistry of Siliecon and Its Organie Cempounds

gilicens "In its chemlcal behavior, sillicon is usually
totrmavalmt“(91). Silicon, like carbon, reaains teiracovalent
in its organic compounds, tut because it is electropositive and
has a maximum covalency of six, reactions may occur under some con-
ditions which are not analogous te carbon under the same conditions
(91). Another cifference which might account for many divergencies
in the carbon and silicon seriecs of compounds is the fact that the
four valence bonds are symmetrically distributed In carbon, but not
in snioon(l‘?’f' ) « A comparison between silicon and carbon chamistry
shows no close parallel; ailicon resembles boren and germanium as

closely as it does earban(9l).

Stability of Silicon Compounds. Cne outstanding character-
Lstle of silicon is it tendency to form the oxide ™), due to the

great strength of the silicon-oxygen bond as cdmparcd with other
sllicon linka.guwl)(nﬂ » A comparisan between the heats of for-



mation of silicon dioxide ana carbon dioxide, as well as other sili-
con compounds, will illustirate this. The following heats of forma-
tion are glyven in the literaturo(B 7)(91)(128)3

810, - 198 to 201 keal/mole (different crystal forms)

€0y - 98 keal/mole (gas)

8iF, - 377 keal/mole (gas)

51C1,~ 155 keal/mole (liquid)

51Br; - 9645 keal/mole (liquid)

5185 = 33 keal/mole (erystalline)

5iC = 1.5 keal/mole (erystalline)

According to these dats, only silicon tetrafluoride is more stsble
than silicon dioxide,

Propexrties Lrgano Polymers. 7The high heat-sta-
bility of the orguncsilexane polymers is due to thelr fund:mental
structure, the silicon~oxygen or slloxane linkago( 5)(87)(117)‘
Since the polymers of this typs are funismentally oxidesg of silicon,

(108) .

their behavior is best understood on this basis An organosil-~

oxane may be comparsd tc the silicate minerals, which sometimes con~-
tain metal lons that satisf{y some of the valence bonds of the atoms
and prevent formation of the completely cross-linked structure found
in pure silica. In the organosiloxanes, Lhe organic groups act in
such a mm“(%)(l()a) , but perform the dissimilar function of giving

the compounds same hydrocarbon characteristies such as solubility in

eertain orcanic 'solvsntn( 95) (5(87)

leney(95)(11T)

s plasticity , and water repel-



Size of Organosiloxans Folymer Moleculege The size of the
pelymer molecules iz dependent on the number of hydroxyl groups
available for condensation in the polymerising silmnla( %)(952
These groups, called "functional groups', are those which can cen-
dense to form a bond with another moleeulo(%). Rapldity of con-
densation varies with the sisze of the organic groups and the num-
ber of organic and hydroxyl groups precent(gs ).

Linkages Found in the Orzanosilexans iolymers. There are
several unkaées and combinations of linkages which can form the
polymer structure. Chain, cyelic, and cross-linkages, or combina~
tione of these three will form, depending on the degree of substitu-
tion of organic groups on the silicon atoms and whether the polymer-
izing substance 1s a single campound or & mixture of cmpounda(”).
Characteristics of the final product depend on the type of linkage
and the nature of the appended organic radicol(‘j').

Organosilexans Polymer Strugture. Little is known concern-
ing the interatomic distances and bond angles in the organosiloxane
polymers. For this reason the search for betier structures has been

on a purely empirical basis'®>,

Rachw(w) lists two general types of ayntheses for pro-

dueing organosilicon compounds: the substitution methods and the
dirsct method., All these methods have as their object the estabe
lishment of direct ecarbonesilicon bonds.



2
Substitution ﬁethodgw ).

1, Substitution by alikyls of zinc, wercury, and

Sluninum.

The following reaction illustrates this substitutions

zine silicon gine

tetraethyl-
diethyl tetrachloride chloride

silane
Mercury has proven most satisfactory in the substitu-
tion of arcmatic groups:

Hg(céﬂs)z 1 SiClh - 0614581013 ~+ G6HSH301

mereury silicon phenylirie

phenyl mercuriec
diphenyl tetrachloride chlorosilane

chloride

2. Substitution by Sodium Condensation. This sub-
stitution is effected by the well~known wurtz reac-

tion using metallic sodium,

S1C1, Y 40 HeCl —+  @Na —>8i(C Hg), -1 &NaCl

silicon butyl sodium  tetrabutyl- sodium
tetrachloride chloride silane chioride

Difficulty of control makes this method suitable

only for the preparation of tetra-alkylsilanes.

It was used by Polia( &3) who followed this reaction

with another to fora organoehlomsilanes( 8"):
(CeHs)y 51 = PCLg —=== (Cghig)aS1CL < CgHsCl ~— PCl,

tetraphenyl~ phosphorous triphenyl=-

chloro- phosphorous
silane pentachloride chlorosilane

benzene tirichloride



3. gSubstitution by JUrganoma:-nesiuvm Compounde. This
is the Gri naru resction. It was used independently

by Dilthey'3?) and Kippin. in tre synthesis of organo-
silicon compounds shertiy after its discovery by
Victor Grignard. Kippin., and his associates, as well
as most other workers on or.ancsilicons, depended
greatly on this method in later werk. This is 4 twoe
stage method. The first step is the preparation of
the or.anic ma;nesium halide containing the alkyl or
aryl group to be substituled. The second step is a
reaction such as followst
20 pHghgCl -+ SiCL, e (0235) 251Cl, +  2gCly

ethyl magne~ silicon ldichlorodiet.byl— xnagneslum

siua chloride tetrachloride silane chloride
Several varistions of this basie method have been used
in preparing orgsnosilicon compounds.

4. Substitution by the Absorption of Hyvdrogarbong.
One method of this type is the absorption of hydro-

carbong by silicon tetrachloride under pressure, 10

to 100 amnospheroacgg), and in the presence of metal

chlorides or oxychlorides as ca‘calystc(%)(ns)z
ciigotiy + 5101, 22Es C10H,CHy-s1C1,

ethylene giliecon Bechloroethyl~
tetrachloride trichloresilane

Another method of the same general type eoffecte absorp-



~

tion by pussing vapors of a suitable hydro-carbon and
silicon tetrachloride over a4 heated surface to fom

the organochlorosilane plus hyurogen chlorids gas

2
(76)(9 ). The follewing resction illustrates this

wethods

06H6 + .Eiic}lh P bbﬁ551c3.3 -+ HCY

bensene silicon phenyltri- hydrogen
tetrachloride chlorosilane chloride

4

Uiregt kethod. The second generil type of synthesis ie the
direet method in which hydrocarbon halides, in the liquid or vapor

phase, are reacted with metallic silicon with or without a catalyst

to fom: organosilicon halidu( 89)(92)(109)(112) (114)(122)(123) .

. The general reaction 13(92)1
20X + 84 —> Ry81X, (with several side reactions)

hydrocarbon silicon di-( hydrocarbon) -
halide dihalogenosilane

Silicon is usually used in the form of a porous silicon-copper mass

(89)(9:2)(209)(112) (114)

with the copper acting as a catalyst Uther

notals, such as nickel, platinum, silver, and sntimony have been

(112)

triea, but copper has proven most aatisfaeiory .

Comiorcial Methods of Urganocsiloxane Polymer Froduction.
Commercial methods of organcsiloxane polymer production first preo-
duce the organosilicon halides by one of the above syntheses. after
the organosilicon halides ars produced, they are treated with

hydrolyzing agents to replace the halogen groups with hydroxyl



groups. The organohydroxysilines (silanols) are then chemically
condensed to build the high melecular weight organosiloxane poly-
mers, except in the csse of the tri-substituted silsnols. Foly~
merization and copolymerizatien of the silanols give rise to an
extenslve variety of productu(ls).

somnercial Production the Gri Synthesis. Camer-
cial production in the past has been entirely by the Grignard syn-
thcsin( 5) (‘22). This process has one great aivantage over others in
its high degree of flaxibility(wo). However, there are two major
drawbacks to the procesa(me) t first, the number of steps in the
process, with resulting intermediste products and by~products, and
secornd, the dependence on ellicon tetracidoride or ethyl silicate,
both low in silicon content, as a source of silicon. The flow dia-
gram on page 21 illustrates the ateps 11:1 the commercial Grignard proc-
ess from raw materials to finished pmdmta(ls )(100).

Synthesis by

the direoct method was scheduled to be in production by the fall of
1946, This date has now been advanced to early 191;8(110). The
treatment of the ehlorides (halides), after their preduction to form
the polymers ls the sane or similar for the direet process to that
used in the Orignard procese. The flow diagrs: on page 22 illus-
trates the steps in the commercial direet method, using the produe-
tion of & methyl silicone polymer as an examplc(ml) o The direct
synthesis of the ehlorosilanes is to be carried out cemmercially by

passing hydrocarbon halides through a silicon-copper mass containing









100 pounds of avallable silicon. The mass is te® be heated to
200°-250°C, and aritated. After two and one-half days of reaction,
in the case of metiyl ciloride, using one batch of the mass, yislds
of methylctlorosilancs containing 70 t¢ 90% of the available silicon
are obtained. bimethyldichlorosilane constitutes about 57% of the

0
methylchlorosilane yiald(n ).

Ge. MNomenclature of Urvanosilicon Compounds

Use of the lem "Hilicone'. The term "silicone' was appire

ently first used by ‘n’ohler(l:’ k) to desipnate a product which he ob-
tained by the action of cuncentrated hydrochloric acid on caicium
silicide. The product was an axyhydride with the approximate ewpir-
ical formula Si3H302. Eipping later used “silicono"(”) to desing-
nate tiie hydrolysis product of disubstituted silicon chlorides, be-
cause he thought them to be analogous to the organic ketones. This
has been proven incorrect and Kipping later realized his mistaks.

The ketones are monomeric, while the "silicones® are always polymeric

6)(108
with the unit structure -R2-81-0~(9 )(10 ). The name still persists

(108) and is now applied to all orzanosiloxanes.

because of long usage
Systens of liomenclature. The nomenclature of the organosili-

con compounds as a whole is in a state of flux. Smor(n's ) lists

four systems of naming them: Kipping's, Stock's, "other usage”, and

(10)

a proposed system. Chemical Abstracts uses a system similar to

Kipping's.



(55) proposed that deriva-

Kipping's System. Kipping
tives ol silicon hydride (SiH,), which he called "silicone", should
receive names corresponding to those of analgous derivatives of
methane. Thus:

51k, - silicane

SiHBOH « 8ilicanol

SiPh;OH = triphsnylsilicanol

51H,(OH) , - eilicanediol
Kipping {irst used the term "cilicane" ito "show the analogy with the

.
corresponciing derivatives of me’chanc”(p k)

in the compound tetraphen=~
ylsilicane, formerly callsd silicon tetraphenyl.

Stock's System. Stock's naming(M) is based on the
term "silane" in thls mannar:

SiHy - monosilane

$1,ig = dieilane
(126)

He also proposed the term "siloxane" to refer to substances con-
taining the -5i-0-5i~l~ systew and to speciiy the number of silicon
and oxygen ataas in such terms as "disiloxane" and "disildioxane",
Using tihils systes the following names are ;iven:

(SLCI.B) 0 - lexactlorodisiloxane

S}thusﬁ"hzosif’hz()?ﬂ’hg - octaphenyltetrasiltetroxane
ol o

Chenical Abstracts System. Chemical Abst.rfacta(lo) uses

"gilicane® as the base word in naming organic silicen compoundss
Siﬁb - silicane
CLE4( G4 5)3 - chlorotriethyleilicane



45ilico” ie used io denote replacement of carbon by silicon:
H3Sisiii3 - disilicoethane
‘ Hjsé.siazSMB - trisilicopropane
These two campounde ars not organcsilicons, however, since there are
no airect carbunesilicon linkages.
0ther Usare". The “other usage” given by Sauer(n”
is a collection of miscellaneous terms applied to individual com-

pounds and is in no particular order.

SJauer's Proposed System. Sauer's proposed s,ystem(uf' )

is ussd by Rocm(gl} (108)

in naming organosilieon compounds, The
"gilane" root is used and "siloxane" is used to designate dehydrae
tion products of the silancls. This systex of nomenclature will be
followed in this thesis. The following rules are given for namings
1. Crganosilicon compounds of the general formula
a(smz)nswy where R may be an organic radical, H, X,
or alkoxy or aroxy group, and n is 0, 1, 2..., are
nased as silane derivativas,
2y Organosilicon campounds containing «S5i-0=5i-
linkages are named as siloxane derivatives.
3. Organosilicon rin. compounds of the general for-
mula (stio) o where R has some aignificance as in 1,
(above), and n 48 2, 3, Lessy are named as cyclosil~
oxanes.
4e In organosilicon compounds containing one or more

On groups attached to the silicon atoms the name is



formea by adding the suffices ~o0l, =diol, =triol,

etc, (correspondin;, to the mumber of OH groups per
moleculs) to the proper root naue.

5. Urganosiiicon campounds of the type formula

H( 51k HH) jo4Rg, whers R has some significance as in
1. (above), ani n is 1, 2, 3.+, &re named as sil-

atine derivatives,



111, EXPERIMENTAL

A. Furpoce of Investigation

The purpose of this investigstion was to develop a process
for the production of phenylehloresiluenes by the phenyl subetl tution

of silicon tetrachloride at righ temperatures.

B. Flan of Investization

Congtruction of 4ipraratus. A gas-fired cambustion furnace

was constructed to heat combustion tubes 1-1/2% to 1-7/8" O, D. A
phenyl subsi.itution aprsratus was assembled, consisting of a feed
vessel, feed orifice, manometer to measure feed pressure, appropri-
ate shutofi and control valves, carbon dioxide feed pressure systes,
combustion tube packed with quartz, product condensers, collaecting
vessels, and the combustion furnsce. A thermocouple was installed
in the cambustion tube aru conneetsa to a pyrometer tc measurs the
temperature of the rhanyl substitution reaction.

rhenyl cubstitution of Lilicon Tetrachloride. an investi-

gation wae mude of the process in which silicon tetrachloride and

bensene ure rescted at rec heat in quartes tubes to form phenylchlor-

onilanee(76). 4 mixture of silicon tetraehloride and benzene in the

gaseous phase in the molur ratio of £:1, such as was held in a pre-

vious investigation of tane metbod( 76)

» wWas passed through a quartze
packed combustion tube at space velocities in the range 100 to 3500

liters gas per liter of reaction space per hour, caloulated at the



temperaturs of the reaction space of the combustion tubs. The tube
was heated to temperatures in the ran.e 650°C. to 300°C., within the

ran:e of "red heat" used in the previous lnvutigatimwé)

s and was
at approximately atmospheric pressure (713x7mm. Hz). The products
of this reaction were condensed and collected. No investisation
was made of any catalysts.

Separation of the Froductas of the Phenyl Substitution of

5ilicon Tetrachl is. The products of the phenyl substitution of
silicon tetrachloride were separated by batch distillation at atmos~
pheric pressure, Fractions were collected over the boiling ranges
of silicon tetrachloride and benzene, intermediate boiling compounds,
phenyltrichlorosilane, and diphenyl. RHRefer to Table I, page 29, for
boiling points of some of the poesible products,

Analysis of the Products. Analysls for chlorine was made of
the fractions collected at the boiling point of phenyltrichlorosil-
ane, Weighed samples of the fractions were hydrolysed with aquecus
sodiun hydroxide; the excess alkali was neutralized with dilute sul-
furic acid and a standard chloride analysis was made of the solution,
From the chloride determination, knowing the theoretical chlorine
content of phenyltrichlorosilane and assurihg all hydrolyszable chlo-
rine in the fractions to be present in the campound, the amount of

phenyltrichlorosilane in the fractions was calculated.



T4BLE I

Sy PHYSICAL FRUR BTIAL COF Gl ur

JHE PUSLIBLE PRULUCTS

OF THo PHENYL SUSOGLITUTILN OF SILICOY TUTHACHLORIDE BY THE

WMILLGR AbU SCHRIGLBRH rATINT H;,«fmw(%)
TNV uSTICATICH
kelting
Substitution :roducts oint, °C.
Tetraphenylailano(g“) 433
Triphanylchlorosil&ne(9“) 111
Diphmyldichlcrosilmt( 94) -2
Phenyltrichlorosilanal 94) -
Unrescted Reactants
Silicon g§§rachloridc(59) 70
Benzens( S5eh=545
engens gig P t
Dipheny1(®3) 69-71
1,3«dipheay1ban%enc(“lg 86-87
1,z.~d1phw1bea§.em( 43 213
Triphenylene( b4 f 198.5
1,3, 5=triphenylbenzenel 42) 170
Chloxebunzene(61)63 ~h5.2
Dichlorobenzenes( 2) ~2he8, 53
Trichlorobenzenest 66) ~63.5
Tetrachlorobenzenea(5‘> Lo=140
dmpurities from Hesctants
Toluunoéggg -95
Xylenes “hTelsy 1342

# Sublimes

USED 1IN THIS

Boiling
Foint, °C.

530
365
303
199

5746
80.1

254.9
363
W27

132.1
172-179
-2.08. 5"':‘?-19
240=254

110.8
138.5«144



C. ksterials

The following materials were required for the construction
ol tne phenyl substitution apparatus:

Insulating rire Brick. K-£6, 2-1/2" x 4=1/2" x 9¥. Manu=
facturea by the Ludowlei-Celadon Co., Chicazo, Illinois. Used in
the construction of the gas-fired cambustion furnace.

Hosrtar, Ready-tiixed. M-5. MKanufactured by the Ludowici-
Celadon Co., Chicago, Illinois., Used as sealing waterial in con-
structing the gas~fired combustion f{urnace.

asbeatos Board. Une piece, 19" x 28" x 3/4". Used as
insulation under the gas-fired combusticn furnace.

Strap iren. 3/4" x 1/8", Used in construction of gas-
fired cambustion furnace.

angle Iron. 3/4' x 3/4" x 1/8%, Used in constructing the
gas~fired combustion furnace.

Carriage Bolts. 3/16" x 4. Used in constructing the gas-
fired combustion furnace.

liachine Secrews. 3/16"-32, Used in constructing the gas-
fired combustlion furnace, ‘

Steel iiod. 1/4" mild steel. Used in constructing the gas-
fired cambustion furnace.

Bi Fittingg. Standard black iron, Used in the con-
struction of the burner assembly, gas-air mixing chamber, secondary
alr inlet pipes, and adapter for combustion tube wetal connsctor-

thermocouple mount connection,



7 1/8n elbow, std. (90°)
4 1/8n tee
1 1/ tee
1 1/ 8" union
2 3/8" x 1/6" bushing
1 1/ x 3/8v bushing
1 a x ifgn bushing
1 i coupling
1 a/8" x 1/8" coupling, reducing
1 1/ x 3/8" coupling, reducing
1 3/en plug
IR 1/8" nipple, close
2 /8 nipple, 1-1/2%
4 in. 1/en pipe
5 ft. 1/8 pipe

Tubing, Pyrex Glass. Standard wall, O.D. 5mm, 9mm, and

19mzm. Used in constructing feed lines, exit lines, feed orifice,
manometer, manometer connections, and other none-standard Pyrex
glass portions of phenyl substitution apparatus,

Filter Plate, "Filtros" silica filtering material; grade
"B*,., Manufactured by Filtros, Inc., Rochester, H.Y. Used to make
filter cover for the feed line intake in the feed vessel.,

Plaster of Paris. Uental grade. "Drugzist" brand. Dis-

tributed by The Penslar Co., Inc., Detroit, kich., Used to seal the



cambuciion tube metal comiectors to the combustion tube.

acetic icid, 28. fHade fram glacial acevlc acid and tap

water.
Acid acetic Glacial
CHaCOUH Fode 6C.05
Lot No. 82646
Je Te Baker Chemical Co.
Phillipsburg, Ne Je
Used to make up Plaster of Farls for sealing combustion tube metal
conuectore to combusticn tubes,
uartz, Crystalline; crushed and screened on 1/4",
through 1/2", Used as packing material in the combustion tube.
Tubing, fubber, 5/16* 0., heavy wall, black. Used to
make connections betwsen various portions of the phenyl substitu-

tion apparatus.

Litharge-Glycerin Cement. Used to seal metal tc metal
connections in the feed section of the phenyl substitution appara-

tus,.

The following materials were used in the phenyl substitu-
tion of silicon tetrachloride:

cilicon Tetrachloride. Purchased from E. H. Sargent & Co.,
Chicago, Illineis; and Fisher Seientific Co. , Pittsburgh, Pennesyl=
vania. Technical grade; sp.g e 1,480 to 1.490 at 20/15.5°C.; free

chlorine not more than 0.01%; titanium tetrachloride not more than



0.10%; silicon tetrachloride not less than 99,504, Used ms a re-
actant in making phenylchlorosilanes.

‘ggnzwo. FPurchased from L. He Sargent & Co., Chicago,
I1linois. Technical grade; impuritics~toluene, xylene, tarry sub-
stances. Used as reactant in making phenylchlorosilanes.

arbon D1 « Une eylinder. Manufactured by the Southern
Uxygen Co., Kingsport, Tennessee. Used to flush air from feed lines,
combustion tube, exit lines, ani condensers; and to maintain pressure

in the feed vessel during phenyl substitution runs.

ihe followin; materials were used in distilling the prod-
ucts of the phenyl substitulicn reaction:

Sund. Used in the sanl bath for healing the distilling
flasks.

Quartz. Crystalline, through & mesh, ou 20 mesh (U, s.
Stds)s Used in the dietilling flasks to prevent "bunping®.

The fcllowing materials were used in making chloride anal-
yses of the phenylchlorosilanes:
silver liltrate.
‘Baker & idamson
MKeets A.C.5. Specifications
Silver Nitrate, Crystal
Ekeagent A@lﬂ3 Code 2179
General Chemical Company

Hew Tork, Kooy UsSais



Used to make standard solution for tiirating chlorides.
Sodium Chloride.
Sodium Chloride, C.P. Fine
1 1b, Crystal NaCl K.W. 58.45
J«T. Baker Chesical Co.
Phillipsburg, hkew Jersey
Used to make standard solution for the standardization of silver
nitrate solution.
Sedius Chromate.
Phipps and Bird, Inc.
fichlmond, Virginia
Used to make indicator solution for chloride tetrations.
gocdium Hydroxide.
Baker & ‘desen
Sodiwa Hydroxide, 76%
Lot Ho. Cl08J,Code 2256
General Chemical Company
dow York, HeYey UeSede
Used to make 54 aqueous solutiocn for the hydrolysis of phenylchior-
osilanes prior to the chloride tetrations.
syulfurie agid. Cone., 98%, C.P.
Baker & Adasson
Heets A.C.5. Specifications
Lot Ho. E=207018 Reagent

General Chemical Company



New York, NuY¥a, UsSeis
Used to make 5% solution (by vol.) for neutralization of excess
sodium hydroxide from the hydrolysis of phenylchlerosilanes.
Teot Papers. 'Hydrion A" and "Hydrion B" (pH range 1-11)
wide range test paper. For rapid detemination of approx. pi.
Micro kssential Laboratory
Brooklyn, Kew York
Used to detemmine the neutral point (pH 7) in neutralizing excess
godiwm hydroxide from the hydrolysis of phenylehlorosilanes.
Calcium Chioride.
Calcium Chleride, Purif., Anhyd., Granular
Lot Fo. 11242
J.T. Baker Chemical Co.
Phillipsburg, New Jersey
Used a8 a drying agent in the desiccator, and in the drying tube in
the carbon dioxide line to the feed section of the phenyl substitu-

tion apparatus.

D. Apparatus

The following apparatus was used in the phenyl substitution
apparatus assexblys
ask, Three-liesck, woulff. <2000 ml., Pyrex glass. Used as
a feed vessel for the benvene-silicon tetrachloride reaction mixture.
Filter Cover. Made of "Filtros"' silica filtering material.

1/2% dia., 3/8" thick, depression Gam dia. by 3om deep drilled in one



face, Uses as a cover on the feed line intake in the feed vessel.

Feeu Urifice. Mhade of & length of 5Sum UJ. :yrex xzlass

tubling, drawn out to foru a capillary, sealed with both ends open
into a length of 9mm Q.. Iyrex glass tubliy =+ & reinforcement.
Overall length- 3"; capillary length- 1-1/4%, Used to restrict
feed {low and as a means of seasuring {eed pressurs.

Stopcock. Flug opening 3mm, 9ua O.0. counnsctions, Fyrex
glase., Used as shutof{ valve in the fced line,

Stopeock. Flug opening lum, émm O.D. conuections, Fyrex
glass., Used as gas bleedoff valve in the fesd line,

Connectors, ketal, Combustion iube. Brass, for combustion

tubes 1-1/4" to 1-1/2" (.D.; size B. Used to connect combustion
(reaction) tube with the feed and exit lines; used as a point of
entry ior temperature measuring equipment at the feed end of the come
bustion tube,

Canbusiion Tube, Fused silica; "Vitreosil"; glazed inslde

and outside; 1-1/2" G.., 1-1/8" 1.D., 30" long; made in England.
Used as a reaction tube in the phenyl substitution of asilicon tetra-
chloride.

Combustion Tubs. Fused silica; 'Vitreosil"; glazed inside,
sand-finichad outsice; 1-7/8" Guw., 1-1/:" I,D., 30" long; made in
bngland. Used as a reaction tube in the phenyl substitution of sile
icon tetrachloride.

adapter. Constructed fras a bronze valve bonnet to which

was brazed a truncated cone made of sheet copper. At the small end



of the cone a 4" lengtii of 5/16" OJi. copper tubing was brazed. Used
to conuect the cambustion tube metal connector at the exit end of the
combustion tube to the steam-cooled condenser.

Cordiensers, liebig. Fyrex glass, 250mm jacket. Used to con-
dense the products of the phenyl substit.ﬁtion reaction.

Heater, Steam (see drawing 5, page 50). Constructed ‘rom a
section of an oil can, 6~1/2" dia. and 5' hi.h, ai one end of which
was soldered a cone of galvanized irom, 3" high. four-inch lengths
of 1/4" galvanized pipe were soldered to openings 1-1/3" belew the top
of the ean section and at the small end of ihe cone. A shileld was
made ¢f two pleces of jalvanire! sheet iron cut to [it arcund the
neck of a 500ml Erlemeyer flask and inside the ieater, jJust above
the pipe in the can section. Used to mainlais the coliecting vessel
for the steam-cooled condenser at teuperaturve vetwsen 35° and 100°C.

gater Bath (see drawing 5, page 50). Constructed fras a can
6" ‘dim, LY high, axi open at one end, to waich were brazed two 2%
lengths of 1/4" galvanized pipe. Une was centered 1/2" below the
top and the other 1/:" abowve tle bottar of the cau. Used to main-
tain the collecting vessel [or the water-cooled condenser at tem-
peratures of 20°C. or below.

Kanometer. water-filled; wmaximu. reading 30 in.; scale
graduations 1/20%. Constructed fraa a length of 9ma OJd. Pyrex

glass tubing bent into a U-shape and mounted on a sultable length of

board, Used to measure pressure differences acroes the feed orifice.
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Pinch Claups. Screw type. Used as valves in rubber tubing

portions of feed section.

Fressure Regulator. Bastian-Blessing Co., Chicago, Illiinois.
Russ-fnight. Gage graduated 0-300 psi. in 5 psi. increments., Used
to control pressure and flow of carbon dioxide.

Adapter. Constructed from a bronze valve bonnet and a 1"
standard black iron coupling, brazed together. Used to connect com=
bustion tubs metal connector and thermocouple mount.

Thermocouples. Chromel-ilumel; #1/ gauge; 18" and 30" leng;
stainless steel wells; 1" S.T.F. wounting threads. Brown Instrument
Co., Philadelphia, Penn. Usei to detemine tenperature in the com-
bustion (reaction) tube.

Pyrometer. Serial no. <38228; surface mounting type; 1l05X1P
sex:ies; ascale O to 2000°F. in 20° increments. Brown Instrument Co.,
Fhiladelphia, Penn. Used to detemine temperature in the combustion
(reaction) tube.

Switehse DoPubeTe} key" Brown Instrument Co., Phildelphia,
Fenn. Used to control pyroameter-themocouple connection.,

ixtension Lead #ire. #5w2Bl3 (AdR2~14); asbestos insulation,
yellow; fur use only with F.i. (chromel-alumel) thermocouples; maxe
imum amblent temperature 4LOC°F. Brown Instrument Co., Fhiladelphia,
Penn., Used to connect thennocouple, switch, and pyromster,

prying Tube. Calcium chloride filled. Made from a four-inch
length of 19mm O,U. Pyrex glass tubing. Used to remove residual mois-

ture from the carbon dioxide prior to its entry into the feed section,



Gas-Fired Combustion Furnace. A gas-fired combustion furnace
was constructed to heat the combustion (reaction) tube in the phenyl
substitution apparatus. Jltens in the construction and assembly of
the parts are given below,

Ges-Air kixing Chamber. 4 gas-air mixing chamber (see
drawing 1, page 4l) was constructed of standard black iron pipe and
fittinge to provide gas-alr mixtures for the burner sssembly.

Burner Aissembly. A burner assembly (see drawing 2,
page 42) was constructed chiefly of standard black iron pipe and
fittings. It consisted of three burners, spaced 3" center-to-canter
along an inlet pipe, on alternate sides of the inlet pipe. The bur-
ners were 1-1/4" center-to-center from the inlet pipe. A footing,
made of 3/4" x 1/8" strap iron, was brased to the 3/8" x 1/8" reduc~
ing coupling at the end of the inlet pipe to provide stability for
the burner assembly inside the furnace. A brass collar was put on
the end of each burner tc fit a standard Bunsen burner fishtail,

The burner was revised uring the experimentsl runs as
follows (see drawing 2a, page 43): the brass collars were removed
from the burners and burner heads of 1/8" standard black iren pipe
were brazed in their place. The burner head on the two-burner side
was 9 long, centered between the burner hesd inlet pipes, and
drilled 3/32" every 1/2" along the top except over the inlet pipes.
The ends of the burner head were brazed shut. The burner head on
the one-burner side was 4-1/2" long and centered on the burner head
inlet pipe. It was the same in other respects as the two-burner

head. The burner was further revised to include & third burner head,



7" long, centered between the other two. 4 hole 3/8Y in diameter was
drilled in the top of the middle tee of the inlet pipe (refer to draw-
ing 2a) and a 2-3/4" length of 1/8" standard black iron pipe was brased
over the hole. The 7" burner head was brased to the top of this pipe,
completing the arrangement.

Furnace Proper. The fumace proper (see drawings 3a and
3b, pages 4), and ,5) was constructed of K=-26 insulating fire briek,
each <=1/2" x 4=1/2" x 9", ssaled with M=5 ready-mixed mortar, as
followss

Two courses of brick were laid four rows wide with the
bricks on the 4=1/2" x 9" side. Lutside dimensions of each layer
were 18-1/2" x 26-1/2" x 9", The rows were stazgered to break mortar
joints. These two courses formed the bottom of the furnase. For the
sides, two more courses of brick were laid on the bottom courses with
the bricks on the <<1/:* x 9" side. Two rows of bricks were laid in
each course with the outside of the bottom courses, leaving a cham-
ber 8-1/2% x 8=1/2" x 1l6=-1/<" open inside the furnace. The rows were
again staggered to break mortar joints.

The bottaa«most course was held in place by a binder of
3/4" x 3/4" x 1/8" angle iron, bent to conform to the cutside dimen-
sions of the course and tightened by a carriage bolt. The other three
¢ourses were held in place by binders of 3/4" x 1/8" strap iron, bent
to conform to the outside dimensions of the courses and tightened by
carriage bolts. Each binder was drilled and tapped for 3/16"-32

machine screws at points 7' fram the ends on eash 26" side and


















secured in place around the courses of brieck by four pieces of 3/4"
x 1/8" strap iren, each 11" long, placed vertically,

‘ One end of the furnace, designated the entering end, was
drilled as follows: one, 1-1/2" dlameter hole, centered 1-1/8" from
the top, for the cambustion tube; one, 7/16" diameter hole, centered
1/2" above the floor of the furnace chamber, for the burner inlet
pipe; two, 7/16" dimmeter holes, centered 1/2" above the floor of the
furnace chamber and 2-1/8" center-to-center on either side of the
burner inlet pipe hole, for the secondary air inlet pipes. The other
end of the furnace, designated the exit end, waes drilled as follows:
one, l-1/2% hole, centersd 1-3/4" below the top, for the combustion
tube. The 1~1/2" holes in each end were drilled along the same axis.
the 1~1/2" holes in both ends of the furnace were enlarged during the
experimental runs to 1+7/8" dimmeter to accommodate a larger size
(1~7/8" GJD,.) combustion tube. The locations of the centers for the
holes and the common axis were not changed.

Top of Furnace. A removable top (see drawing 3c, page
47) for the furnace was constructed of M-26 insulating fire brick,
each 2-1/2" x 4-1/2% x 9", sealed with M~5 ready-mixed mortar, as
follows:

Two rows of brick, laid on the 4-1/2" x 9" side, with the
4=1/2" x 2=1/2" sides of bricks in the adjacent rews together, were
held in place by a binder of 3/4" x 1/8" strap iron bent to conform
to the cutside dimensions of the top and tightened by two carriage
bolts, one on each end, ZXach row of bricks was drilled through the
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center of the 4=1/2" x 9% side, 1" from the top, to accammodats &
1/i¢ steel supporting rod, 28" long, throaded at both ends. The
binder was drilled at the appropriate peints to accommodate the sup-
porting rods, and the rods were then inserted through these licles and
secured by nuts. Overall dimensicns were 18-1/2" x 26-1/2" x 2-1/2%,
The bricks were out to allow the top to protrude 1/2" into the fur-
nace chamber when in place., & 1l-1/4" x <" opening was cut through
thie top at a polnt corresponding to the exit end of the furnace
chasber and centered on the end, to allow the burner gas combustion
products to escape.

Asssubly of Furnace. The burner assembly was placed in .
the furnuce chazber with the inlet pipe projecting through the inlet
pipe hole. The gas=air mixing chauber was then connected to the
burner assembly by a stancard 1/8" black iron ecrewed union. Cne-
eighthinch pipes were inserted through the secondary air inlet pipe
holes and joined to a cowmon compressed air supply inlet through a

1/8" tee. The furnace top was then set in place.

Assembly of Phenyl Substitution Apparatug (For schematie
elevations oi the feeu end and condensing and collecting end of this

apparatus, refer to drawings 4 and 5, respectively, pages .9 and 50).
The combustion (reaction) tube was inserted through the combustion
tube holee in the ends of the gas-fired combustion furnace proper sc
that an equal length protruded fras each end. The ccmbustion tube
metal connectors were disassembled. The combustion tube well pore

tions of the comnectors were cemented to the ends of the cambustion









tube with a Plaster of Paris-2% acetic acid mixture so that the side
am inlet of the entering end connector was vertically downward and
that of the exit end connector was horizontal. These were allowed to
stand for <4 hours so that the ilaster of Paris would set.

The thermocouple mount, with the 18" thermocouple, well,
cover, and switch attached, was screwed into the coupling portion of
the adapter for this connection. The thermocouple projected to a
point inside the combustion tube three inches within the furnace
chamber. The adapter and view port section of the metal connector
were then screwed together. The thermocouple well was inserted inte
the combustion tube and the sections of the connector wers attached
together, completing the thermocouple mounting arrangement in the com-
bustion tube. The thermocouple was then connected through the switech
L0 the pyromster by means of a three-foot length of extension lead
wire. The 18" themmocouple was later replaced by the 30" thermo-
couple t0 measure temperatures at different points inside the com~
bustion tube.

The combustlion tube was packed tightly with pieces of
quartz (on 1/4", through 1/2") through the exit end metal connector.

The xdapter for the exit end was screwed into place on
the assembled metal connector. The side arm inlet of the metal con-
nector was sealed. The outlel tube on the adapter was bent downward
at an angle of 20° and inserted into the inlet end of the steam-
cooled condenser. The exit end of the condenser was previously

welded to & 2" length of 9mm O.0, I'yrex glass tubing, bent so that



its position in the final assewbly woulc be vertically downward. This
tube was connected to a collecting vessel [rom which a tube, also of
9um Oele ryrex glass tubing, led into the water-cooled condenser. The
stean heater was placed under the exit end of the steas cooled condenser,
around the collecting veesel. The exit end of the water-cooled condens-
oer was previously weldea to a 2" length of 9mm C.b. Pyrex ;lass tubing,
bent so that its position in the f{inal assembly would be vertically
downward. Thls tube was connected to a collecting vessel from which
connections were wade to a trap flask and thence to the atmosphere.

The water bath was placed under the exit end of the water-cooled con-
denser, around the collecting vessel.

Weizhed 500 ml Pyrex Erlenmeyer ({lasks were used as col-
lecting vessels, A similar flask was also used as the trap flask.

The stean-cooled condenser was connected to the labo-
ratory low pressure steas supply. ixit steam from the condenser was
introduced into the stea: heater and from there was sent to the drain,

The water-cooled condenser was connected to the labo~
ratory watter supply. ixit water from the condenser was introduced
into the water bath and from there was sent to the drain.

The carbon dioxide tank was connected to the feed
section of the apparatus through the pressure regulator and the dry-
ing tube which had been previously filled with calcium chloride. Con-

nections were made to the feed vessel and to the feed line through

the low pressure xmanometer tap.
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The feed line was constructed of Qmm C.L., iyrex :-lass
tubing. It included the low pressure manometer tap and a U-trap. In
it were attached the feed orifice, feed siutoff stopeock, and gas
bleedof{ stopcoek, The {ilter plate was attached to the intuke end of
the feed line which was then inserted into the feed vessel, Tiie other
end of the feed line was attaclied to the side aru inlet of the enter-
ing end cambustion tube metal connector,

The feed vessel wa: provided witi: a pressure relief valve,

The manometer was connectea to the feed vessel and to the
low pressurs manometer tap. Valves were provided in both manometer
connections and in the carbon dioxide lines to the feed vessel and low

pressure zancmeter tap.

The following apparatus was used in distilling tie products
of the phenyl substitution reaction:

Flasks, Uistilling, Ladenburg. Fyrex glass. 125ml, 250xl,
and 50Qml.

Flask, Uistilline, Standard. Pyrex ;lass, 50ml.

Thermometers. General laboratory, 0 to 360°C. by 1° incre=-
ments; chemical, mercury, nitrogen~-filled. Used to make temperature
measurements during distillaticns.

Condenser, idieblg. Pyrex glass, 250mm jacket. Used to cone-
dense vapors from the distilling flasks.

The following apparatus was used in making chloride analyses

of the phenylchlorosilaness



Burette. Kimble glass; 50ml at 20°C.; stopcock type; grad-
uated in O.dml. Used to measure standard silver nitrate required for
chloriic titrations.

Lamp. Yellow, 60 watts, 120 volts. Used to light titrating
vessel in chloride titrations.

blectric Heater.

Autenp Heater 15v. AJC.
Fisher Gelentific Co,
Pittsburgh, Pennsylvania

Used to heat phenylchloroeilanes during hydrolysis.

The following apparatus was used for miscellaneous purposes:

uesiccator. Pyrex glass, 250mm; snd Uesiccator Flate. 230mm,
porcelain. Used to store rroducts of jhenyl substitution runs and
subsequent distillations,

Hydirameters. Kanges: 0.800-0.900, 0.900-1.000, 1,000-1.200,
1.200-1,400, 1.400-1.600 at 60°/60°F, Graduated to 0,002 below 1.000;
to 0.005 above 1,000, Fisher Seientifie Co., Pittsburgh, Penn, Used
to determine specific gravities of benzene-silicon tetrachloride mix-
tures.

Balance., Analytical; chalnamatic, magnetic damper; capacity
200 grams; sensitivity 0.0001 grax. Wwith weights.

wWa. Ainsworth & Sons, Inc,
Denver, Colorado Kade in U.S.4i.
" Type DLB  No. 15345

will Corporation



Rochester, N.Y,.

Balance. Triple beam; capacity 600 grams; sensitivity 0.05
gram,

Ohaus
Kewark, N.J.
Uebahia

Balance. Douvle beam; porcelaln pans; capacity 2 kilogramse;

sensitivity 0.05 gram, with welghts.
OChaus
maie for
Fisher Seientific Co.
Pittsburgh, Pa.

Glass Working Tools. Glass cutter and glass blowers' shaper.
Used in making non-standard Fyrex glass portions of the phenyl sub-
stitution apparatus.

Blowpipe. "National'; #3-A; OX-2 tip, for gas and oxygen.
Prevision Secientifie¢ Co., Chicago, Illinois. Used in making nen-
standard Fyrex glass portions of the chsnwywl substitution apparatus.

Miscellaneous Laborator; Apparatus and Glassware. Clamps,
ringstands, rings, wire gauze, rubber stoppers, cork stoppers,
Bunegen burner, Meker burner, beakers, f{lasks, volumetric flasks,
pipettes, test tubes, evaporating dishes, graduated eylinders, wateh

glasses, adapters, vials, and bottles.
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4e hethous ol Frocedure

The following procedures were used in preparing, separating
and aralyzing the phenylcehlorosilanes:

Freliminary: Speciflec gravities were taken of mixtures of

silicon tetracldoride and benzene at 25°C. in gram-molar ratios from
2:0 to 4:8 (&iﬁlhzcéﬁé). A curve was ;lotted (figure 3, page 57)
showing specific grevities ys. gram-molar ratios so that the com-
rposition of mixtures of these two compounds could be deterined,

Fhenyl Substitution of Silicon Tetrachloride (numbers and

letters in parentheses refer to drawings 4 ard 5, pagss L9 and 50,
and items in the respective legends)t

a) Prior to each run, about 1200ml of a reaction mixture of
silicon tetrachloride amc benzene in the gram-wolar ratic of 211 was
prepared and put in the feed veesel (4C). The vessel was weighed
and instulled in the phenyl subsilitutlion apparatus. Two 500ml Pyrex
Erlemmeyer {lasks were weighed and installed sns collecting vessels
(58 & H) for condensate from the two condensers (50 & G) in the
epparatus. The sileld (5Fy) was placed around the steam-cooled
condenser collecting vessel,

b) The burner in the gas-fired cumbustion furnuce was
lighted and the gas and alr flows were adjurted until the pyrometer
(4¥) indicated that the healed zone of the cambustion tube (4H, 54)

was at the desired temperature.






¢) About cne=-half hour bafore reaction mixture flow into
tie canbusiion tube was started, low-pressure stea: was turned on
to the steam=-coocled conderser (50) ana stear hester (5F); and water
was turned on Lo the water-cooled condenser (53) and water bath
(5I)s Carbon dicxiae zas w.e passed through the system for sbout
five minutes belfore starting resction mixture flow by opening the
velve (pinchelanp) by-passing the feed vessel (4C) and turning
on the regulating valve on the carbon dioxide cylinder (not shown).
The feed vessecl by-puass valve was tian turned off,

d) The two valves (pinchclanps) in the manometsr connec-
tions anu the feed stopcock (4F) were turned on. Resction mixture
wae forceu through the feed orifice (4E) and canbustion tube metal
connector (4I) into the combustion tube (4H, 54) by introduecing
carbon dioxide gas, under pressure, into the feed vessel (LC),
Carbon dioxide preszure was varied witil the deasired mancmeter
(4B) reading was obtalned. The manometer reading served to indi-
cate the uniformity of the reaction mixture flo«x rate for entire
runs.

e) At fifteen-minute intervals throughout the runs, start-
ing at the time the reaction mixture started flowing into the com-
bustion tube, tewmperature of the reaction zone in the carbustion
tube and the nanometsr reaiing were recoried. Final rcadings were
taken Just before the apparutus was shut down., .lo time limit was
set on the runs. Rathoer, the length of any run was determined by

the time taken to obtain a sufficiently large guantity of products



(over 100 graus) to distil and examine conveniently, and at the same
time to allow the system to approach equilibrium,

f) Carbon dioxide gas bubbles seeping into the feed line
through the manameter connection were vented slowly to the atmosphere
through the gas bleedoff stopcock (4G) es they accumulated at this
peint.

g) The apparatus was shut down as follows: Carbon dicxide
pressure on the feel veasel was relieved by turning off the regulating
valve on the carbon dioxide cylinder andi venting the gas remaining in
the feed vessel to the atmosphere, This imuediately stopped the flow
of reaction mixture into the combustion tube, The furnace gas md alr
supplies were turned off. Cteam to the steam-cooled condenser ard
stean heater was turned off« sater to the water-cooled comdeuser and
water bath was turned of{, HReaction mixture remaining in the feed
line was drained back into the feed vessel. The collecting vessels
for the two cordensers were removed frou the system and weighed., The

feed vessel was removed from the systes and weighed,
Separation of the Products of the Fhenyl Substitution of
11 Tetrachloride:

a) The contents of the two condenser collecting vessels

(5E & H) were cambined and placed in & Pyrex iadenburg distilling
flask of suitable size (125, 250, or 507ml). A few small chips of
crystalline quarts were put into the flask to prevent "bumping".
The flask was fitted with a ocork and a 360°C. thermometer. 7The

side armm was connected to a water-cooled, <50mm Jacket, Pyrex



Liebig condenser., The exit end of the condenser was connected
through a tyrex adapter to a weighed collecting flask, The reflux
bulbs in the neck of the distilling flask were wrapped with asbes-
tos insulating tape. The distilling flask was placed in a sand
bath and heated by means of a Fisher bumer., Distillations were
carried out at atmospheric pressure (713 £7um Hg),

b) The first fraction was collected over the boiling
ranges of silicon tetraciloride and benszene mixtures (about 55° to
80°C.). After this fraction, about 80 to 954 of the original
charge, was colleeted, the condenser and adapter were removed and
the higher-boiling fractions were condensed by air cooling of the
distilling flask side arm. Welghed glass viale, Sal size, were
used as collecting vessels for the higher boiling fractions. The
second fraction was collected over the temperature range between the
end of the first fraction and 180°C, Henrene was added in several
runs to wash the residue left from the first fraction into a smaller
distilling flask. The third fraction was collected over the tempera-
ture range of 190° to 250°C., although it was attempted to limit the
upper temperature to 220°C. A fourth fraction was collected over the
temperature range between the end of the third fraction and 265°C,
No material boiling over 267°C, was obtained in any of the runs. The
table on the following page shows the probable composition of the
various fractions. Aectual temperature ranges varied somewhat from

run to run fram those given in the table,



TABLE II

PROBABLE CWAPOSITION OF THE FRACTIONS COLLECTED DURING THE D ISTILLATICN
OF T FRCDUCTS OF TH. PHENYL SUBSTITUTION OF SILICON TETRACHLCRIDE

Appraximate Probable Some possible

Fraction teaperature principal secondary Remarks
Zange, °G» ~ ecamponents gomponents
Contained
1l 55-80 5iCl, ,CgHg HC1 recoverable
resctants
Chlorinsted
2 81-190 Cylg benzenes, -
toluene,
xylenes
DRiphenyl, Contained
3 : 191-250 063581013 chiorinated phenyltri-
benrenes chlerosilane
Chlorinated
I 251265 66H5-06H5 beni nes -

5 above 265 no fractions expected -



Analysis of the Producte: Fraction 3, obtained in the dis-
tillation of the producte of the phenyl substitution of silicon
tetrachloride (B.F. range approx. 190°-250°C.), was considered te
contali: the yield of phenyltrichlorosilane. This fraction was ana-
lyzed for chlerine content to indicate the true yleld of phenyltri-
chlorosilane, assuming that all ehlorine in the fraction was present
in phenyltrichlorosilane and lmowing the theoretical chlorine con~

(76
tent of this compound, 50.1»95(7 ). The method used was based on that

of Stock and Scmieski(lzn » sugqrested by Rochw(mz).

a) Two liters of a 0.1¥ solution of silver nitrate (Aghio4)
wers prepared and standardized against sodium chloride( 120). Two
hundred ml of sodius chromate indicater solution was prapsmd(z 8) .
One liter each of 5% aqueous solutions of sodlum hydroxide (NaOH) and
sulfuric acid (H S0 h) was prepared.

b) Approximately 0.200 gram of fraction 3 was weighed
accurately in a 250ml Pyrex besker. To this was added 25ml of 5%
NaCH solutien,

¢) The mixture was heated for five minutes at about 90°C,
to hydrolyze the phenylirichlorosilane an: convert the chlorine to
the form of sodium ¢chloride.

d) A solution of 5% Hy80, was added to the solution until
pH paper showed it to be neutral (pH 7).

e) 4 standard chloride analysis(ng) was made of the neutral

solution,



The chlorine content of the sample was calculated in the

following manners

(ml Agmz) (normality)(k.k. of C1)(100) = $C1
(i, of ssapie)

Knowing the theoretical chlorine content of phenyltrichlorosilane,

the weight of the compound present in fraction 3 was calculated as

follows:
sample)(wt. of fraction wi. of phenyl~
theoretical Cl % in phenyltrichloresilane) = trichlorosilane
in fraction 3
;heck on Temperature Variatioans j Heaction Space:s In

order to check on tLemperatire variations slong the reaction space of
the combustion tube, a thirty-inch thermocouple and well was installed
in the combustion tube after the completion of the phenyl substitution
runs in place of the esighteen-inech thermocouple used during the runs.
inis theruocouple was mounted so that it could be moved to take tem~
perature readings at any point up to twelve inches within the furnace
chamber inside the combustion tube, measured from the entering end
wall, The furnace was lighted and allowed to heat up to a toupera=-
ture within the range of those of the phenyl substitution runs. Tem-
perature readings were taken at ene inch intervals for a distance of
twelve inchee within the furnace chamber, starting at the entering

end wall,



Fo Sauple Caiculationg

1. Calculation of Reaction Space in the Combustion Tube:

It was assumed, on the basis of visual observation of the length of
the combustion tube hLeated to the saue degree of redness, that the
effective heated length of the cosbustion tube was eight inches for
the original burner asesembly and ten inches for the two revisions,
both measured from the entering end wall of the furnace chamber. Re=
action space was then caleulated as followsy

I.0. combustion tube (amall) - 1-1/8"

Cee thermocouple well = 0547

Length heated area - g

Thermoecouple well in heated area ~ 3"

(volume heated area) - (volume thermocouple well in heated area) =

reaction space

£)(81)(3.1426) _ (3)(0.54)%(3.1416)
ZEz.giZS A z
1728

C.00421 cu, ft. = 0,119 liters
The following calculations are based on revisione in the equipment

in the order in which they were installed. Nothing was altered after

ite installation.

8) For an effective hcated length of ten inches, reaction

space was calculated:

0.00536 cu. ft. = 0,152 litere



b) For the large combusiion tube with an inside dimmeter
of 1=3/8%, reaction sysce w.s calculateds
0e0U98L cuefte & 0478 liter
¢) For the thenuocouple well extending all the way through
the reacticn space, resction space wuis calcoulated:

’:}.0{3891 cu.fts ® Q254 (Y x

pace Velogity at the Tempera-

suace in the Phenyl substitution of
23licon Te 0. H ba&ge('n} gives a method for the calculation

of the specific volumes of mixtures of gises where tie mole {raction,
molecular welght, critical temperature, and eritical pressure of each
component are known. The oritlcai tlieprailure md pressure for ben-
sens were found in Parry'a(&). ¥ol fractions and wmolecular welghts
of both ccaponents are known. It was neceseary to calculate the
critical values for silicon tetrachloride sinee thesé could not be
found in the literature, The methcis of Meisener and Bedding

were used ss follows:

wherst

? ® parachor

H ® molecular welight = 159,9( 59)
J = viscosity, dynes/om. ® 15,9 at 18.9c.(148)

U ® density of liquid, grass/oc. ¥ l.h53( 59)



(75)
d 8 dengity of saturated vapor, grams/ce. * 2,65 x 10 b R

nezligible at low pressures

(169.9)(16.9)°*%2
P s (1.483)
P = 232.1
b) Caleulation of Cr V olum
Ve # (0,377 11.0)1+%0

where:
Ve ® critical voluwas, cc./gram-mole
P = parachor % 232,1
Ve = ((0.377)(232.1) 11.0)
Ve ®= 309
¢) Caloulation of Critiesl Temperaturs-

1,25

For compounds boiling over 235°% and cortalning sulfur
or halogen:

T, 2 LUlTg 66 - 1IF
wheres
Te ® ¢ritical tenperature, °K
Ip ® boiling point, % = 33_0.6( 59)
F = no, fluorine atams ® 0 for 5iCl,

To = (1.41)(330.6) 66 -0

T, ® 532
d) Caleulation of Critical ‘ressure~
m'nc

Po =Vg - 8



whaere:

| Pg = critical pressure, atmospheres

a?
¥

2 eritical tenperature, *°K = 532

eritical volume, cc./gram-mole = 309

20.8)(532
P, * {505 B

Fo = 36.8

-t
0
i

The eritical values for both benzene and silicon tetraechlor-
ide were converted to degrees Rankine and pounds per square inch ab-

solute., They were then substituted in the eguations of Lodge's

method( 31) to find the specific volume,
Then: CRT
v s pM
wheres

v % gpecific volume, cu.ft./1b,

C = campressibility factor - 1.0 for the tesperatures and
pressure of the experimental work

R ® gas constant, psia-cu.ft./lb.mole-°R * 10.73

T 2 temperaturs of gas mixture, °R.

P & pressure oi gas mixturs, psia 2 13.8 for the experimental
work (assumed)

S molecular welght of the gas mixture, lbs, < 139.3



10,73 T
v & 1902

Converting v to liters/gram

4] 0.0
vse 1902

0.67 1
v & 1902
Knowing the specifie volume, space velocity can be calculated
a8 follows:

v 6
U =5t =902 St

wheres

space velocity, liters gas/liter catalyst epace/hour

n

4]

T ® teuperature of catalyst space (reaction space), °R

w ® total welght of reaction mixture used, graus
§ = catalyst space (reaction space), liters

t ® time of run, lours



G. bata and Results

Tne dats and resulis obtained in the experimental work on ithe
devalopment oi a procees for the production of phenylchlorosilanee are
glven in the form of tables, as follows:

l. bats and results of the phenyl substitution of silicon
tetrachloride and subsequent distillation ani analyeis of the products,
including operating conditlons for the rhenyl substitution, temperature
ranges and welghts of the fractions collected during the distillatioens,
snalysis of the fraction believed to contaln the phenyltrichlorosilane,
yiekis of phenylcinlorosilanes, and losses of reaction mixture incurred
during vhenyl substitution and dletlllatien, are given ims

Table II1 Wwata and Hesults for the Phenyl Substitution
of Silicon Tetrachloride and Subsequent
Distillation and Analysis of the Products.
Page 0.

4o The resulte of the check on temperature variations inside
the combustion tuve to determine the actual effective heated length of
the tube are given im

Table IV  Temperaturs Variations Inside the Combustion

' Tubs Used for the Fhenyl Substituticn of

Silicon Tetrachloride. Page 71.






TABLE IV

Toib L TURS VARIATIONS IRoIos Tils ComBUSTIGH TUBE UsiD

FUH THY PRESTL SUBSTITUTION OF SILICON TaTRACHIOKIDE

e A v )
incheg °F, °Co
o) 1450 788
1 1540 838
2 1550 866
#3 1610 87
4 1640 893
5 1610 877
3 1600 1)
7 1600 871
8 1580 860
9 155 &i3
10 1540 838
u 1510 821
12 1490 810
average, 1<l 1580 860

# Position of thermocouple for azll phenyl substitution
rns,

Reaction space was originally considersd to be from
0 to 10 inches within tiie fumace chuber,



Ve LISCUSSICN

A« Disecussion of Resglga

The ovject of chis investization was to develop a process for
the pruduction oy phenylchilorosilanes., Little pregress was made in
this direciion. 7ihe experimental data and results indicate trends in
the phenyl substitution resction rather than optimum conditions. The
results wers sc scattered that it was not practicel to plot ylelds
¥6+ teuperature or space velocity to show the trends graphically.

4 total of forty~two phenyl substitaiion runs were maue.
Tidriy runs were useful enily in improviang operating teechnique or
were worthiess because of operabing clliiculties such as leaks,
clogging or parts of the apparatus, lack of control, excessive tem-
perature variations, and so on. 7The renaining twelve runs were thoss

from which the data axl results are given in the tables,

Svace Veloeity
(82) defines space velocity as

2efinition: Perry's handbook
",.ethe volune of gas (S.T.P,) or liquid passing through a givcn
volune of catalyst space... in unit time divided by the latter...",
In this investigation no catalyst was used. &Epsee velocities were
calculated for the effective heated lenzth of the combustion tube,
called the reaction space, to zive an indication of the time of con-

tact of the reasction mixture with this length. Neasurezent of faed

rate alone would indicate nothinz since contact time varies consid-



erably with temperature, assuning a constant pressure, even at a
constant feed rate, because of the variation in volume of the gase~
ous reaction mixture,

The comment was :udc( 82) that it would seem to be more cor-
rect to ueasure the voluwe of the gas st the temperature and pressure
of the reaction space, OUn this bssis it was decided to calculate
space velocities at the temperatures and prassure of the phenyl sub~
stitution runs. A calculation of space velocity at standard condie

tions would indicate no more than a feed rate measurement.

Equations for Calculation of Space Velecity. Use of the

equation given by Bodgﬁ(Bl) to calculate specific volumes of the re-

action mixture at the temperatures and pressure of the phenyl sub-
stitution runs, as a step in detemining space velocities, is open
to question., This method was devieed for calculations of hydro-
carbon mixtures. Nevertheless, it is undoubtedly more accurate for
this use than making the assumption that the reactants have molar
volures of 22.4 liters (S.T.F.) to detersine space velocities, as
was considered,

Sugden's parachor wes calculited as one step in finding the
eritical values for silicon tetrachloride by the methods of Meissner
and Radding(vh). The parachor, calculatea to ve 232,1, was later
founi Lo have been experimentall determined as 229.2(138).
Temperature as lelated to Space ,elocity. din calculating

reaction space (see page 64) it was assumed tlhat the space wae

elight inches long for the original burner assasbly and Len inches



long for the two revisions. Both measurements were made from the
entering end wall of the furnace chamber., The asswsption was based
on visual observation of the length of the cambustion tube heated to
redness. In order to justify the assumption, after the camplstion of
the phenyl substitution runs, a thermocouple long enough to project
twelve inches iuto the furnace chamber was installed inside the com-
bustion tube. Temperasture readings were taken at ome~-inch intervals
througheut the twelve-inch distance, starting at the entering end
wall of the fumace chamber (Table IV, page 71). These data show
that there was a ten-inch length of the combustion tube which was ab
or near the so-callea reaction temperature indlcated by the fixed
themmocouple, three inches from the entering end wall, used in the
phenyl substitution runs. The higher temperatures started and ended
one ineh further within the furnace chamber than was originally ase-
suseds There appears to be & sharp drop in temperature on either side
of this section of the tube, However, the questicn remains as to
whether these aijacent sections were at high enocuzh temperaturesz to
cause the phenyl substitution reaction to proceed, particularly in
those runs where the reaction temperatures were above 800°C,, tlus
changing the volume of the reaction space and the space velocities,
No teaperature checks of this natuwre wers made while the original
burner assembly was in use.

Channelling. inother complicating possibility in the cal-
culation of space veloecity wis channellins, 41l ecaleculations were
made on the assumption that the reaction spsce wae filled with

e



gaseous reaction mixture. Channelling wight well have occurred since
the tube was heated uneven'y from top to bottom and rested on its side.
surs felated to S Velocity. Pressure of the re-
action space was assumed to be constant at 13.8 psia, the approximate
average atmospherie pressure of the location in which this investiga-
tion took place. The assumption is valid in this case since it was
never necsasary to apply a pressure of more than twenty inches of
water (0.72 psig), measured against the stmosphere, to the feed ves-
sel to force the reaction mixture into the combustion tube, Fart of
this feed vessel pressure was needed to overcome filter plate resist-
ance, orifice resistance, and feed line frictional resistance to
flow. The condensers at the exit end of the combustion tube had
saue effect in lowering tube pressure, but no measurement or calcu~
lation of the effect was practical, Nommal variation in atmospherie
pressure has a negligible effect in the space velocity calculation,
Loss of ueaction hixture. It will be noted thst the formula
used to calculate space velocity (page ¢:) contains the term "w¥,
defined as the weight in grams of reaction mixture used. This was
measured by difference of the weight of the feed vessel before and
after the phenyl substitution runs. This quantity was coneidered in
the ealculations of both yield and space velocity to have passed
fram the feed vessel through the feed line and combustion tube with-
out loss. This was never the case, but since no method of measuring
leakage from the system could be devised, the error was not consider-

od.



Surfece Ares of Packing. The use of spage velocity as a
factor in evaluating the cata of these experiments is subject to a

limitation: no account is t.“en of the surface area of the packing
material. The seriousness of the limitation is diminished when it
is considered that the packing size wac the same for all the phenyl
suwstitution runs and the quarts packing was packed to about the
sane degree of tightness in all cases, In effect, the surface area
of the packing per wnit volume of the reaction space remained con-
stant, although no measurement was made of it,

Because of the many sources of possible error in the calcu-
lations, space velocities were calculated only to the nearest 5

liters gas/liter reaction space/hour.

Phenyl Substitution Apparatug
The phenyl substitution apparatus was not satisfactory in

its operation. Control of both temperature aud flow rates of the
reaction mixture within narrow limits was impossible,

Temperature Readings, Temperature was determined at only
one point in the cambustion tube reaction space during the phenyl
substitution runs because of the inflexibility of the themoccouple
installation. The thermocouple should have been mounted so that
the tasperature in any part of the combustion tube could have been
determined during the runs. inother disaivantage of this arrange-
ment was the large size of the thermocouple well (0.54" C.D.) as

compared to the inside dimueters of the combustion tubes used



(1-1/8" and 1-1/2" I.b.). This decreasexd the reaction space by about
0% for the length occupied by the well in the case of the ten~inch
reaction space and 1-1/<" 1.D. ecambustion tube.

on ef Teuperature. Temperature control during the phem-
J1 substitution runs was poor in most cases. Gas and air supplies to
the furnace and burner assembly were subject to considerable fluctua-
tien and this in tumn ceussd temperature variations in the combustion
tube. In addition, heat losses through the walls, top, and combustion
products opening in the top of the furnace ecould have caused consid=-
erable temperature variation, especially if there were drafte around
the outside of the furnace. Attempts to maintain a constant tempera-
ture in the combustion tube by varying gas and alr supplies were
largely unsuccessful.

Jeaperature Varlations. Temperature variations from maximum
to minimun during the phenyl substitution experiments were not comn-
sistent from run to run. They ranged from 295“C. for one of the
thirty discarded runs down to 11°C. for several of the twelve report-
ed runs. These variations cannot be entirely assigned to lack of
teuperature control, but were partly due to variations in {low rate
of the reaction mixture into the cambustion tube. In general it may
be sald that tewperature control was betier for the twelve reported
rans than for the thirty which were discarded. iverage variation
from maximm to minimum in the {ormer was 36°C., while in the latter

it was 100°C., Uf the twelve reported runs, those in which the 1-1/2¢
I« tube was used showed a lower average variation, 24°C,, than



those in which the 1~1/8% (.. tubes were used, 46°C, The damping
effect of the 3/16" thiek wall of the larger tube on the trans-
mission of heat causing leuwperatwre variations from the furnace
chamber to the inside of the combustion tube was probably greater
than that of the 1/8" thick wall of the smaller tube. The actual
dimensions of the tubes did not correspond to the catalog specifica~
tions,

he Furnag a_le Unit. 7The cambus-
tion furnace assembly was not satisfactory as a heating unit for the
cambustion tubes. The effective heated lengths of the combustion
tubes for the original burner assembly and the two revisions were
eight and ten inches, respectively. The burner assemblies were not
long enough to heat the tubes along the sixteen-inch length of the
furnace chamber., Those portions of the tubes outside the heated zons
acted only as vaporizers for the resction mixture on the sntering end
or as partial condensers on the exit end. The five-inch lengths of
the tubes pasaing through the end walls of the furnace were also
ineifective as reaction space.

Flames from the burner assemblies impinged upon only a
anall segment of the periphery of the tubes., A "hot epot" resulted
in all runs at the bottoms of the tubes direectly ower the burner
assenblies.

Leaikage. The apparatus developed mumercus leaks during the
experimental work., Some were evident only because of the odor of
escaping silicon tetrachloride. Frinclpal sources of leskage wers



the connections between various parts of the feed end of the appa-
ratus. OSeveral sealing compounds were tried, such as De Khotinsky
cenent, giycerin-litharge cement, and eilicone stopcock lubricant,
but none proved entirely successful. Leaks seriocus enough to neces~
sitate shutting down the apparatus occurred in eight of the thirty
discarded runs,

Condensed,unreacted reaction mixture was lost by vaporiza-
tion from the waler-cooled cordenser collecting vessel. The tempera-
ture of the water bath was not low enough to prevent the highly'fola-
tile mixture from passing off to the atmosphere through the trap
flask,

of Frocess Lines. Clogging of the feed or product
lines occurred in eleven of the thirty discarded runs. In both lines
the principal trouble points were constrictions and bends. Ailthough
precautionary steps were tcken to eliminate moisture from the gystem,
stoppage in the feed line was caused mostly by the hydrolysis of the
silicon tetrachloride in the reaction mixture to form a silica
sluige, It was not discovered how the moisture entered the feed
iine. 1In the product lines, clogging was caused entirely by the
caking of benszene pyrolysis products on the walls. The line from
the steam-cocled condenser collecting vessel to the water-cooled
condenser was particularly subject to this, indlcating that the col~

lecting vessel probably should not have been heated.
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Materials of Construction. The materials of construction

of the apparatus in contact with reactantc and products at tanpera=-
turss below 100°C, were generally satisiactory. Fused eilica,
guarte, Uyrex glass, brass, copper, and stainless steel were all
used without serious deterioration. Brass and copper wers obe
scrved to have been corroded by prolonged contact with reactants
and products at temperatures above 350°C. Stainless steel was
corroded by temperatures of &00°C. or higher, liatural rubber tub-
ing was readily decamposed by the action of the compounds at tem-
peratures above 100°*C. axd more slowly at lower te:speratures.

None of the Pyrex glass parts of the apparatus were subjected to
contact at teamperatures above 300°C, and no deteriorative action
was noted, The fused silica cambustion tubes and quartz packing
were in contact with reactants and products at temperatures up to
900°%C. with no noticesble effect. Ubservations of the action of
products and reactants on the materials of construction indlcate
that fused silica a.nd’ quarts were most satisf{sctory for tempera-
tures above 300°C., while stainless steel and P'yrex slass are the
most satisfactory of the remaindier of the materials at temperatures
below 300°C. The use of natural rubber is not feasible for pro-

longed contact at any tempersture,

Fhenyl Substitution of Silicon Tetrachloride

Variables Studied. The variables studied in the phenyl sub-
stitution of silicon tetractloride tc produce phenylchlorosilanes

were (1) space velocity of the reaction mixture in the gaseous



phase through the reaction space of the combustion tube and (2) tem~-
perature of the reaction as measured by a themocouple placed inside
the combustion tube at a point within the furnace chamber three
inches from the entering end wall, FPressure of the reaction was con=-
sidered to be constant at 13.8 psia anc the gram-molar ratio of the
reactants in the reaction mixture was constant at Z:1 (SiClh:G(,Hé).

Reaction Temperature. The average temperatures of the runs,
given in Table III (page 7n), are the averages of the readings taken
every fifteen minutes during the runs, disregarding the initial read-
ings. The errcr in assuming the averages to be the reaction tenpera-
tures is not known, but may exceed five per cent in all cases. The
initial readings in all runs were not averaged with the rest. In
most runs there was & large decrezse in temperature during the first
five to ten minutes, caused by the entry of cold liquid reaction mix-
ture into the combustion tube. Magnitude of the drop varied approx-
imately with the feed rate (grams per hour) of the reastion mixture.
In run 5-7, for a feed rate of 57.2 grams/hour, the drop was 11°C.}
in runs S~4 and §-6, for feed rates exceeding 650 grams/hour, the
drop was about 120°C, No drop was noted in runs §-10 and S~12 as
the combustion tube was not at its maximum temperature when the runs
were started.

Theorstical Yields. Theoretical yields of phenyltrichlo-
silane (Table I1I, page 70) were calculated on the basis of 100% re-
action of the benzene to form the compound. Bensene was the limit-
ing eomponent of the reaction mixture. This wis used as a basis
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for determining the efficiency of the phenyl substitution runs
(0 to 2.,11%), as measured by per cent-of ~theoretical ylelds, since
no polysutstituted eilicon tetrachloride was produced.

iffect of Cpaee Velocity. The effect of space velocity on
the phenyl substitution reaction is shown by the results in Table
111, page 70). In order to examine the effects of space velocity,
the runs ars grouped by temperature as followe: roughly, runs &-10,
8+11, and 5=14 are at the same temperature; 890°C., 863°C., and
877°C., respectively. Likewise, runs Sel, $-7, and S~9 can be
grouped by temperature (790°C., 765°C., and 777°C.), az can runs
§=-3, 5=4, and 5=5 (769°C., 718°C., and 718°C.); and runs 8-2 and
5-8 (683°C, and 690°C.). These groupings are not sharply deflucd
and no quantitative conclusions can be drawn by a camparison of the
results within them,.

From the yield percentages of runs $-10, S-11, and 5-12,
2,118, 1.604, and 1.743, respectively, it can be seen that the
optimum space velocity for the formation of phenyltrichlorosilane
1s an intermediste value. For a space veloeity of k5%, ra 5-10,
the yleld was higher than for a space veleelty of 290 (S-11) or
1208 (S~12). This is also shown by the results of runs S-1, 5.7,
and S-91 ylelds of 0.94%, 0%, and 1.78¢ were obtained for space
velocities of 20X, 135, and 3%, respectively. Although it would

# Units for all space velocities are liter gas per liter
reaction space per hour



seam that very low space velocities, yiving long contact times,
would produce better yields, the results point to the opposite ef-
foct. At very low space velocities scme other resstion, probably
the pyrolysis of benzens, proceeds more rapidly and suppresses the
phenyl substitution of silicon tetrachloride. At higher epace ve-
locities than the optimum, the contact time is prebably not long
enough to cause the phenyl substitution reaction to take place. The
offect of lowering space velocities seému to be greater than that of
ralsing spsce velocities in suppressing the desired reaction. Runs
8<3, 8=k, and 5«5 show the increase in yield with lewering of space
velocity, but more runs at still lower space velocities are needed
to establish the eptimum point for this group. Yields of 0.60%,
0.35%, and 1.308 were obtalned for apace velocities of 3165, 3460,
and 830, respectively, far the runs in the order given. MKore runs
are also needed in the group with runs S-2 and S-8 which have yialds
of 0.17% and 0.31% for space velocities of 2510 and 360, respectively.

No explanation 1s offered for the inconsistengy of the results
of run $=6 with those of run 5-4. These two runs are closely cempa~
rable in both space velocity, 3460 and 3450, and temperature, 718°C.
and 741°C., and the yleld for §-6 should have been the same as for
Swh, 0.35%. A mistake in operating technique could have been made
undetested in any part of run 86 to cause the loss of material boil-
ing over 120°C. {Table III, page 70).

Effect of Tempsrature. The results of the runs cannot be
easily grouped for a comparison of temperature effects on yiolds as



waz done for space velocity. The space volocities zre rather widely
scatiered. lowever, rorme general ohservations on the effect of teme
persture can te made.

Runs 58 and S=9 were made at sbout the eaue space veloeity
(360 and 350) and at temperatures of 690°C, and T77°C. s respectively.
The yleld for run S-8, 1.78%, was ulmoet six times that of run S-§
which was 0,315, Run 5-10, although st the hisher space veloclty of
LL5, ean be used hers to lllustrate a pointi for a tarperature ine
ereage from 777°C, to 890°C, from run $=9 to run £-10, 23°C, greater
than that from 5-8 to 5-9, the yleld increnaed only from 1,78% to
2,113, cor about‘ozw-fifth. The increase in space velocity could
harily have suppressed the increisse in yleld to this extent as is
shown by run S+51 at a space velocity of 880 the yleld was 1.30%,
st11l better than twoethirds that of S-9, even though the tmnpa-;-
ture was only 718°C, & comparison between runs 3-1 ard §-2, disre-
gardiing the differsnce in space velocity, stows = sharp increase in
yield (frem 0.17£ to 0.94%) for a tempersture rise beyond 700°C,
§-2 was at 683°C. snd Sl was at T90°C. This compares with runs
5-8 and 5~9. Cemparison of runs 5-3 and S-4, again neglecting the
difference in space velocity, shows that the incresse in yield is |
not as pronounced for temperature incresses after the temperature
hes risen asbove about 700°C, Yields of 0.35% amd 0.607 were ob-

tained at tesperatures of 718°C. ana 749°C. for runs Se4 and 5-3,
respectively, This compare: with the case of runs §-9 and S~10,

BEvidently there is a "break poim"” at dout 700°C., representing



the minimwe effective temperature for the phenyl subsiitution re-
action, regardless of space velocity.

Graphical fvaluation of Space Veloecity and Temperature

zffects. It would be desirable to plot variations in yleld versus
temperature at constant space velocity for comparison with ‘plot.a of
yields versus space veloclty at constant temperature., In this man-
ner the optimum space veloeity and temperature for the production of
phenyltrichlorosilane could be detemined graphically. The results
obtalned in this experimental work are too scattered to make such a
graphical evaluation practical and not enough results were obtain-
ed to plot a three-iimensional diagram. The limits of space veloc~-
ity investi:ated probably encompass the optimum, as is evidenced by
the low yield percentages of phenyltrichlorosilane at both extremes.
Tne lower limit on temperature seeas Lo be about 700°C, The upper
tesperature limit is controlled by the degree of pyrolysis of the
(76)

benzene which will occur

fyrolysis of Benzene. Eg.lof!(”)

the pyrolysis of benzene in the absence of oxygen to form camplex

and Hurd‘%?) state that

molecules comzences at about 500°C. It continues with increasing
rapicdity as the temperature rises without eracking of the benzene
ring until the temperature reaches about 750°C. Diphenyl is the

prineipal product up to 750%., optimun temperature for its forma-
tion. &mall amounts of benszene are cracked at texperatures above

750°C. .8 the temperature increases, more complex molecules are

formed at the same time as diphenyl. Highly complex polymerie
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pyrolysis proaucts of benwane arce tars.

Pyrolyzed benzens was obtailned in all phenyl substitution
runs. The amountis prouuced were not collected or welghed, but it
was evident by wvisual observauion of the volumes formed that nore
pyrolysis products were obtained as the teaperatures of the runs in-
creased. This was especially noticesable above 750°C., Jiyrolysis
products wlso incressed as space velocity decreased, partieularly
above 750°C. bNone of these products was isoluated fram the dark
brown, tarry mass remaining as residue from the distillations of
the pheryyl substitution products except small amounts of diphenyl
(BePo 25449°Ce) in four runs (Table III, page 70). Some pyrolyred
benzens was depcsited on the walls of the product lines, the insgide
of the cambustion tubes, the thermocouple well and the quartz tube
packine in the phenyl substitution apparatus. None of this mate~
rial was recovered. Ko study was made of the effect of the coating
oii the incide of the tube or the packing on the phenyl substitution
reaction; or of the sffect of the themogouple well coating on tem=-
perature readings.

Since pyrolyzed benzene is a loes of unreacted material to
possible recycling, the highest temperature practical for the phenyl
substitution reaction (and the lowest space veloeity) is that which
will produce a minimum of pyrolysis products for a hich (relative)
percentage yield of phenyltrichlorosilane. For this investigatiom,

by visual observation only, the smallest yleld of pyrolyzed ben-



space velocity of 350 liters gas/liter reaction space/hour and a
temperature of 777°C.

Yields in Cosmercial Frocesses. There is little informa-
tion available on yields of commercial processes producing any type
of organochlerosilane with which to compare the results of this in-

vestigation. Eochow( 110)

has given scme informmation on yields of
nethylchlorosilanes from the diréct synthesis, & bateh process: in
two and one-half days of reaction, an avera@e of 858 of the avail-
able silicon in the reactants is converted to a mixture of methyl-
chlorosilanes. The beat yleld of phenyltrichlerosilans obtained
from the continuous process used in this investigation was 2.11%
(Table IXI, page 70). One advantage of the process studied is
that recycling of the unreacted material is possible by separating
it from the higher-boiling products. HRecyeling would offset the
disadvantage of the low one-pass yields. Ho yield percentages for
the commercial Grignard process were found in the literature.
Laboratory preparation of phenylchlorosilaes by the Grignard
syathesis has been carried out at 0°C., the reaction being allowed
to proceed for twelve hourl( 56) « Sixty-three per cent of the
available silicon was converted to a mixture of phenylchloro-

eg 35(56)

Ihermochemistry. The small yields of phenyltrichlero-
silane and the complete lack of polyphenylehlorosilanes is best

explained by a censideration of the thermochemistry of the phenyl
substitution reaction, The phenyl substitution of silicon tetra-
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chloride to fom these products is a highl, endothermie reaction
according to theorstical caleculaticnsz. It beconss more endothermic
in a one-pass process as the derree of substitution of organiec groups
on the silicon atom incre.ses. The fact that no appreciable tempera-
ture risss were cnocountered in the phenyl substitution runs amight bear
this out. However, the quantities of phenyltrichlorosilane formed
were 80 small that the effect of an exothemmic reaction, if the re-
action were exoihermic, wouwld bs obscured by teuwperature variations
cauzed by external conditlone, No check was made for "hot spots"
during the phenyl substitution runc. The existence of these would
also have Indicated an exothermic reaction,

The method given by #enner(l33) for the calculatlion of
heats of formation of eanmrounds from the bond energies(ls)(gz)
(133) and heats of formation of the atoms(ls)(133) caaposing them
was used for the phenylchlorosilanes. Heats of formatlion were
found to be +107.4 kcal/mole for phenylirichlorcesilane and +328.3
keal/mcle for diphenyldichlorosilane. The accuracy of this method

(133). teate of reaction were then calculated in
!ﬁ133),

is questionable

the following manne

(8 Gog(e) —t 8iC1(g) =-->= CoHso1014(g) + HCX(g)
ARt +44eb ~14<e5 +107.4 -22,1
Aty = *id3.2 keal.
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(B) 20.H(g) 4 51€1,(g) ===3— (CgH), 5101 (g) + 21C1(e)
AHR = l 122!& kc&_l.

Heat of formation of bensene was calculated from the heat of com~-

(08)(70) ani heats of fomation for silicon tetrachloride

(18)

bustion
and hydrogen chloride were found in the literature

Fuouu 5)

states that the formatlon of diphenyldichlore-
sllane takes place stepwise, rather than as shown in (B), the re-
action proceeding from silicon tetrachloride to phenyltrichloro-
silane to diphenyldichlorosilane. His statement is based on a
Grignard synthesis perfomed by Kipping'>®), but it believed that
an analogy can be drawmn with the phenyl substitution method inves-
tigated. The first step is reaction (A) and the second step, with

heat of reaction calculated,would be as followss

€ che) + CligSitly(g) === (C(H,) sicl (g) =+ HCl(g)
AHgs +4is6 +107.4 +328.3 -22,1
AHg 3 _+154.2 keal,

Reactions (B) and (C) are both erdothermiec, Aissuming that the
phenyl substitution method used in this investigation proceeds
stepwise, it follows that, even though the heat of reaction is less
for the formation of diphenyldichlorosilane from phenyltrichloreo-
silane than for the formation of the latter compound, the energy was

not available to cause the secori step, (C), to take place., This



was evidencea by vhe absence af alplenyldichlorosilane in the prod-
ucts (Tavie 11I, page 70)« The same statements may be made for the
formation of triphemyleidorosilane, a third step in tie series of
mact.ién.s. Bygden(zo) states that mono-derivatives of silicon tetra-
calorlie are easily obtained in most cases, this also witn reference
to & Grignard synthesis, a fuct witici seems to be true of the sub=-
stitution methxxi investligeted.

In reaction (€}, given in the preceding paragraph, the
theoretical heat of reaction for the fomation of diphenyldichloro-
silane {row phenyltricilorosilane, +154.2 keal., is shown to be
less than the heat of reacticn for the initial formation of phenyle
trichlorosilane, +183.2 keal., Thie seams to indicate that it would
be possible to produce diphenyldichlorcsilane by a second phenyl
substitution reaction, using the same methods of procedure by re-
placing the silicon tetrachloride with phenyltrichlorosilane in the
reaction mixture.

The swall percentage ylelds obtained in this investigation
indicate that energy was not furnished eificiently enough to the
reaction mixture at the temperatures md space velocities studied.
Inie, in turn, points to a need for lower space velocities and
higher temperatures. However, as was poinied out previcusly, there
is a limit imposed upon both varisbles by the degree of pyrclysis
of the benzene.

ag. (refer to Table I, page 29;

Table II, page 61; ard Table III, page 70). Technical grades of



silicon tetrachloriue anu benzene were used in this investigation
(pages 32 and 33). These grudes were selected because the patent
on the proceas(76) reported them as satisfactory. The reactants
contalned small asmounte of impuritiee in the form of {ree chlorine
and titanium tetrachloride in the silicon tetrachloride; and tolu-
ene, xylene, and "tarry substances" in the benzene, Some of the
impurities were capable of reacting with each other or the re~
actante to form by-products.

Hydrogen chloride is a principal by-product of the phenyl
substitution method investizated. Its formation undoubtedly took
place, but none was ieolated or identified in the products. Ko
investigation was made of possible action of the compound on others
present in the process.

The presence of small amounts of chloride (0.,10%) in the
silicon tetrachloride made possible the fommation of chlorobenzenes.
Benzene is easily halogenated by direct action of hd.ogene(m 6).
Jiono-, di-, tri-, and tetrachlorobenzenes all have boiling points
within the temperature range of the fractions collected in dis-
tilling the producte of the phenyl substitution reaction. A drop
or two of some compound was observed to have distilled over at
the boiling points of both mono- and dichlorobensenes in several
runs. There was also a possibility that the chlerobensenes, if
formed, would enter into the substitution reaction to produce
chlorophenylchlorosilanes. These compounds have been prepared
and are doairablo(go). The boiling points were not known, how-



ever, and no attempt at isclation or identification was made.

Toluene and xylene both have bolling peints within the tem~
perature range of the fractions collected in distilling the phenyl
substitution producis. A few drops of some meterial was observed
to have distilled over at the boiling points of both compounds in
several runs.

Chlorination of toluene and xylene is also possible, Chleo-
rine can be aided both to the aromatic nucleus and to the side
chains. These compounds were not considered in the investigation.
Toluene and xylene can also take part in substitutien r;actiom of
thelir oun( 76‘). substitution of these compounds on silicon tetra-
chloride can take place either on the arcmatic nucleus or on the
side chains. ko study was made of these possible reactions.

Possible reactions of titanium tetrachloride and the
"tarry substances' wers not considered.

Only a few of the possible by-products have been discuased.
tney are believed to be of minor importance because of the small
quantities which could form. A great many have bolling points
within the temperature range of the fractions collected in dis-
tilling the phenyl substitution products, but it was not practical
because of the very suall guantities obtained to atieupt a separa-
tion for ideuntification purposes.

Losses. Large Losses of material occurred during most of

the phenyl substitution runs (Table 11I, page 70 . Only a small
part oi these losses can be attributed to the formation of hydrogen



chloride in the rhenyl substitution reaction and to pyrolyzed ben=
zene resalning in the systes, The larger part wae caused b, leaks
and vaporization of material frou the watsr-cooled condenser cole
lectiny vessel., The losses bear no relation to the operating: cone
dlcitlions or results of the henyl substitutlion runs. Host of the

losses could be eliminated by refinements in the apparatus.

Bistillation of the rrouucts of the Fhenyl substitution

of oilicon Tetrachloride

tiethod Used in this Investigation. The scparation in thie

investl atlon was effected by collecting the material boiling over
s zcified temperature rances is tempsrature in the distilling flask
increased. Considerable difficulty was experienced in maintsaining
the temperature limits for the fractions from run to run and the
canpositions of the same nusberad fraction varied as a result,
Cletdllation wasz carried out at stmospheric pressure as
this seeucd at first to be the Lwst cenvenient reans, Kipping( 56)
reporied distillations to obtain phenylirichlorosilane, the princi-
pal preduct expected in this icvesll ation, st atmospheric presture.
For polysubstituted cospounds he stateu that distillation was care-
ried out "preferably under diminished preesure”. The tilller and
Sehreiber patent( 76) » on which this investigatlion was based, states
that fractional distillation at Z5um pressure was used to separate

phenylirichlorosilane,



Temperature divisions between thie four fractions collected
were not marked except betwsen fracticns 2 and 3. There was at
least 10°C. difference between thesc iwo fractions in all distil-
lations (Table III, page 70)e The end polnt of the firet frac-
tion was chosen as 80°C, Lo ssparate the unrescted benzene and
silicon {etrachloride from the reaainder of the material. In
several caises the end point of fraction 1 was well beleow &0°C.
llere the bulk of the charge had distilled over and the residue was
washed into a smaller distilling flask with additional benzene.

The additon of benzens caused a zap between I{ractions 1 and < in
several runs, rossible superheating was not considered.

Fraction 1. Fraction 1 was considered to contain the re-
coverable silicon tetrachloride and bentene. This fraction always .
composed the greatest port of the fractions collected during dis-
tillation.

Fraction 2. Fraction 2 conslsted principally of benzens,
both in those runs where bensene was added ac wash and those whare
ne wash was used, A few drops of higher-boiling material were
noted in all runs except S~7. No analysis was mide of the fraction,

Fraction 3. Fraction 3 was coneidered to contain the yield
of phenyltrichloresilans, Cllorine content of the fraction (Table
11I, page 70) showed a definite relationship to the temperature
range over which the fractlon was collected. It will be noted
that for temperatures below 195°C, and above about 210°C. there
was & definite decrease in chlorine content., The effect at tem-

peratures above 210°C. did not became pronounced until the tem~



perature increased above 230°C. Therefore, the ideal temperature
range for the separation of phenyltrichlorosilane by the distile
lation method uud wag between 195°C. and 210°C. Impurities
causing a decrease in chlorine content belew 195°C. were probably
chlorobensenes and those causing a decresse gbove 210°C. proba-
bly consisted principally of diphenyl.

Fraction 4. Fraction 4 was believed to consist princi-
pally of diphenyl. The material collected over the temperature
range between the end of fraction 3 and the maximum temperature
obtainable in the distillations was a white solid, structure un-
determined, with a sweetish smell, Fraction 4 was obtalned in
only four runs.

Higher Boiling Katerial. No material boiling above 267°C,
was dbtained., The lack of fractions at higher temperatures could
have been due to inefficient heating of the distilling flasks,

It was noted, however, that lncreasing the temperature of the
flask seemed to thicken the remaining material rather than to
vaporize any of it, A temperature drop alwaye occurred, either
after fraction 4 was collected or after fraction 3 if fraction 4
were not obtained,

Losses. Losses during distillation of the products of the
phenyl substitution of ellicon tetrachloride were caused princi-
pally by vaporization of material from the receivers. They bear
no relation to the eonditions of the distillations or composition
of the products. A small part of the losses was caused by the
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presence oflpyrolyzed benzene in the residue remaining after the
distillatlons and another amall part by the material boiling at
temperatures over 80°C, which w:s not phenyltrichlorosilane,

The magnitude and percentage of the total of the distillation
losses is given in Table Ili, page 7. host of the losses could

be prevented by refinements in the equijument.

Asalysis of the iroducts

Irue Yield of Phenyltrichlorosilang. The purpose in

analyzing fraction 3 obtained in the distillation of the prod-
ucts of the phenyl substitution runs was to determine the true
yield of phenglirichlorosilane by a comparison between the ana-
lytically determined chlorine content of the fraction and the
thieorstical chiorine content of the compound, 50.&%(76).

sources of irror. il was assumed that all hydrolyzable

cuiorine found in fraction 3 was present in phenyltrichlorosil
ane. It is possible that small guantities of silicon tetra~
chloride were present also. Since chlorine in this eompound is
very readlly hydroiyued, the presence of silicon tetrachloride
would seriously limit the value of the ehlorine analysis. liow-
ever, the diiference in boiling points of ailicon tetraciloridie
and phenyltricilorosilane is large (over 140°C.) and the possible
caapounds with intermediate boiling points so numersue that it is

doubt{ul whether any appreciable quantity of the former compound

was present,
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chlorine in fraction . could have also been present in the
Tfora ol cilorobensencs with boiling points close to that of phenyl~
trichlorosilane (Table I, page 29). Halogen attached to s bensens
ving, however, is hydroiyued only under concitions much more severe
tia were imposed upon fraction 3 in this investiuation, even in the
presence of aqueous alka‘l.i(ns‘)(mé) .

Identification of vhenyltrictloresilene by lydrolysis. Fur-

thur substantiation of the prescnce of phenyltrichlorosilane in
fraction J was furniched by the nature of the hydrolysls products
other trei clilorine eompounds. In hyurolyzing the ss:ples of the
fraction weighed for anaiysis, a white substance of the coneist~
ency of thlex ;lue was observed to form in all cases. The sube
stance hardened in a few minutes and could then be broken into
siall pits in the samyle contalned with a stirring rod. Such a
suostance hass been previcusly observed to form in the hydrolysis

of prenyltrichlorosilane in en alkaline medim( 137).



B. Limitations

1l Substitution i

Flow fiate and Temperature Control. Close control of tem-

perature and flow rate was impossible with the apparatus used in
this investigation. Fluctuations in gas and alr supplies to the
combustion furnace and burner assexblies could not be eliminated,
Feead rate could only be measured by a difference in the weight of
the {eed vessel before and after each phenyl substitution run., HNeo
measurement of feed rate was poeslble while rune were in progress.

Temperature was taken at only one point in the reaction
space during the phenyl substitution runs because of the inflex=-
ibility of the thermocouple installation. The large size of the
theruocouple well reduced the reaction space in the cambustion
tube approximately <204. Burner assembly and furnace design were
such that a maximum of only ten inches of the thirty-inch combus-
tion tube was directly heated,

Zquipment Leaks. Leaks In the feed end of the apparatus
and vaporization of the unreacted material fras the water-cooled
condenser collecting vessel caused large lossea of reaction mix-
ture. The former source of loss made the space velocity calcula~
tions inaccurate; while both sources of loas made an evaluation of
the amcunt of recovered unreacted reactlion mixture and its composi-

tion for purposees of recyeling impractical.



haterials of Construction. Brass, copper, and stailnless

steel in the materials of conebructlion were corroded by the action
of the reactants and products at the higher temperatures to whieh
they were subjected. Natural rubber deteriorated at all tempera-
tures in contact with products and reactants. o investigation
was made of the effects of these materials or their corrosion or

decamposition products on thie phenyl substitution reaction.
Phneyl Cubstitution of Silicon Tetrachlorid

Variables Studieds Space velocity and temperature only
were studied in this investi:ation. The effect of pressure varia-
tions was not investigated, C(nly one molar ratio of silicon tetra-
chloride to benzene (2:1) was used in the reaction mixture and no
catalysts for the reaction were investi.ated.

lieagtion Temperature. The method of determining reaction
temperature, that of averaging the temperature readings for the
run, was probably inaccurate. In addition, the fixed themo-
couple did not show the aversge tewperature of the reaction
space. Temperatures investi,ated were scattered and no investi-
gation of the effect of temperature variations at constant space
velocity was possible because of the lack of control of feed rate
and therefore space velocity. The range of temperatures investi-

gated was fram 683°C. to £90°¢C,



Space vVelocity. The range of space velocities investizated
was {rom 135 to 3460 liters gas per liter reaction space per hour.
Although this range seemed to encompass the optimum, insufficient
intemediate values were studied to draw quantitative conclusions.
ko investigation of the effect of space velocity variations at
constant texperature was possible because of the lack of econtrol
of temperature.

Eyrolysis of Benzene. No investigation was made of the
actual degree of pyrolysis of bensene at the temperatures and
space velocities of the phenyl substitution runs. The degree of
pyrolysis wae estimated by visual observation only.

Polysubstituted Compounds. No investigation was made of
the possibllity of reacting phenyltrichlorosilane with benzene in
a second substitution step to form diphenyldichlorosilane, al-
though the reaction is possible according to thermochemical calcu~-
lations.

Energy Balange. Because of the scattered nature of the
data and results of this investigation no energy balances were
calculated, The apparatus was not suitable for sueh a caleculation,

By-products. Ro attempt aﬁ separation of identification of
the by-preducts of tho‘phanyl substitution reaction was made.
Their effect on ths reaction and subsequent distillation was not

considered,
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Losses. The propertions of the losses in the phenyl sub-
stitution process caused by lesks, loss by veporization, and pyrol=-
ysis of the benzene were not detemined separately. Ko evaluation
¢f the losses to determine the amount of unreacted material avail-

able for recycling coulu bve made.

uistilletion of tne iroducts of the

Phenyl Substitution ef Silicon Tetractloride

hethod Used in this Investigation. The distillation method

used in this investigation did not permit close control of the
temperature ranges, and tierefore composition, of the fractions
coliected. Collection of fractions with boiling points of same of
the by-products was impossible becsuse of the lack of control.
The method of heating the distilling flasks was not efficient,
Losses. The proportions of the losses caused by vapore-
ization fror the receivers, pyrolyzed benzene residue, and mate-
rials boiling at tempcraturec sbove 30°C. which were not phenyl-
trichlorosilane were not deteruined separately. Therefore, the
recoveratle material contuined in fraction 1 could not be evalu~

ated for recyecling purposes.

Analysis of the Froducts

The only analysis wade of any of the fractions collected

during the distillation of the products of the rhenyl substitu-



tion of silicon tetrschloride was for the chlorine content of
fraction 3. do analysis was made for silicon content of fraction
3 to show the proportion of the hyurolyzable chlorine present in
phenyltrichlorosilane, assuming no silicon tetrachloride was
present. It was not known definitely that the msthod of hydrolysis
used was effective in hydrolyzing all the chlorine present in
phenyltrichloresilane. Ro reference was found in the literature
to previous use of the metiod in chlorine analysis of phenyle-

chlorosilanes.
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Ca & Q on

Phenyl Substitution Apparatus

It is recommended that the pnenyl substitutlion apparatus be
changed as follows to provide for better operation ani closer con-
trolt

Cambustion Furmace and Controls. An electrieally heated
combustion furnace, provided with a rhecstat for coarse tempera-
ture conirol, should be used to heat the combustion tube. It
should be long enough to heat the entire length of the tube ex-
cept that needed to make connections to other parts of the appa-
ratus. The construction of the furnace should be such that the
combustion tube would be in a vertical position to prevent get-
tling of the packing in a manner which would leave open spaces in
the reaction space. The furnace should heat the periphery of the
tube evenly. Sowe type of automatic temperature controlling de-
vice should be used in conjunction with the thermocouple-pyro-
neter connection for close teuperature control.

Feei Hate Heasurement., A recording flow meter, if such a
device is available, should be uced to determine accurately the
total weigit of reaction mixture used in each phenyl substitution
run, and st the save time measure feed rates during the runs. A
valve suitable ior feed rate control should be installed in the
feed 1ine, The fesd end of the apparatus should be permanently
sst up and tightly sealed. The sources of leakage experienced in
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this dnvestization would then be eiiminczted.

Froducte (ondenser. 4 single water-cooled condenssr should
be used Lo condense the phenyl substitution products emitting from
the exdt end of the corbustlon tube. If the procucts are to be
coilected here, the ecollecting vessel should be cooled by an ice
bath or siallar Jdevice to prevent vaporization of the volatile come
ponents,

hateriale of Construction. Fused silica or quartz should be
used as materials of construction where contact with products and re-
actante 1s at temperatures of 300°*C. or higher, Stainless steel or
Pyrex glass can be used where contact with rproducts and reactants
ie at teuperatures below 320°C, ¥Natural rubbsr should not be used for
contact at any temperature. The effect of the materials of conetruc-
tion on the phenyl substitution reaction should be studliad,

Thermocouple Installation. The thermocouple should be so

arranged that temperatures could be taken at any point inside the come
bustion tube durdng the phenyl substitution runs. The well should be
construeted of a thin-walled fused silica tube of the emallest diam-
eter which could accommodate the themocouple to provide a mininum

reauction in reaction space in the combustion tube.
Ph substitutlion of Silicon Tetr orid

It is recammended that further investligation of the phenyl

substitution of silicon tetrachloride to produce phenylchloro-
silanes be made. The following specific recommendations are made:



VYariables, In addition to temperature and space velocity,
the effect of preassure on the phenyl substitution reaction should
be studied. &Sub= and superatmospheric pressures should be investi-
gated. The effect of varying the molar ratio of silicon tetra=-
chloride and benrene in the rsaction mixture should aleo be stuiled
with the object of increasing yields of phenylchlorosilanes.

Catalysts. Catalysts for the phenyl substitution reaction
should be studied to promote better ylelds of phenylchlorosilanes
at lower reaction temperatures than were investigated. Tempera~-
tures below about 500°C., tne lowest teuperature at which the
pyrolysis of benzene occurs, should receive particular attention.

Reaction Tewperature. The eirfect ¢f reaction teusperature
on yields of phanylchlorosilanes at constant space velocities
should be more thoroughly Investigated. In the abasence of cata~-
lysts, temperatures between 700°C, and 900°C. should recsive
particular attention with the object of deteormining optimum tem~
perature,

Space Velocity. The effeet of space velocity on ylelds of
phenylctlorosilanes at constant teuperatures should be more thor=
oughly investizated. In the absence of catalysts, space velocilies
between 300 and 500 liters gas per liter reaction spage per hour,
measured at the teuperatures and pressures of the reaction space,

should receive particular sttention with the object of detemining

optimum space velocity.



Iyrolyels of Denzene. The pyrolysis products of benzene

ovtained ir the phernyl eubstitution runs should be eollectec and the
degree of pyrolysis of the benzene at diiferent temperatures and
space velocities should be detertined. These data should be corre-~
lated with the data on ylelds of phenylchlorosilanes at different
tauperatures and space velocities with the oblact of detemining

the conditlonus at whlich a minimum of pyrolysis occurs for a high
pheaylchlorcsilane yleld,

Polygubstituted Compoundg. 4an investization should be made
of the possibllity of u second substitution reaction, involving
phenyltrichlorosilane and benzene as reactants, to produce diphen=-
yldichlorosilans, since none was oblalned in the one~pzass process
studled in this investigation,

Snerzy Balance. An energy balance should be calculated for
the optimum conditions of the phenyl substitution reaction with the
object of incressing the efficlency of the process,

By~-troducts. The by-products, if not isolated, should at
least be ldentified so that thelr effect on the phenyl substitution
reaction and subsequent distillation could be studied.

Losses. If refincments in the phenyl substitution apparatus
eliminate leaks which cannot otherwlse be determined, the loesses in
ihe process should then be eévalusted to determine the amount of un-

reacted benzene and silicon tetrachloride available for rescycling.



Dietillation of the ! roducts of the
Fhenyl Substitution of silicon Tetraehloride

1t is recommenied that a more thorough imvestigation be made
of the distillation of the phenyl substitution products. The fole
lowin; speeific recamxendations are mades

fethod, Fractional distilla:tion shouli be used to seporate
the phenyl subctitution producis. an effort should be made to ob=
tain in soparate iractions as many of the campowris present as
possible. Fracvional aistillatlion should fucllitate control of
tue Lemperature rangse ol the fractlonss The unrescted silicon
tetracnloride and besizens oould bs driven off frozm the fracticn-
ating section since they are tls lowesi-doiling of the materials
which probably compese Lhe phenyl substitutien preducte. They
gould be conlensed ani ccllected as & mixture. A receiver cooled
by an ice bath or similar cevice should be used for silicon tetra-
chloride~bensene mixtures to prevent vaporization.

it would be desirable if the [ractionating apparatus
coulu be connected to the condenser at the exit end of the phenyl
subetitution apparatus. The phenyl substitution products could
then be introduced cirectly into the distilling apparatus. This
would eliminate a source of losses in the transfer procecsz and
from the colleecting veseels used in tiis investdgation. The
fractionating apparatus would have Lo be of amall capacity if oom-

tinuous operation at the same time .z the phenyl substitution re-
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aetién were to be attempted since the feed rates for the space
velocities recommended for study would be quite small,

logses. If refinements in the distillation apparatus
eliminate sources of los: which cannot otherwise be determined,
the losses in the process should then be evaluated to detemine
the aucunt of unreacted benzene and sillcon tetrachloride available

for recyeling,

Analysis of the Products

If fractions could be obtained at the bolling points of
some of the by-products in the distillation of the phenyl substi-
tution products, these should be analyzed to determine their cam~
position with the objsct of detemmining possible effects of the
compownxis on the phenyl substitution reaction.

Fraction 3 obtained in the distillation of the phenyl sub~
stitution products should be analyzed for silicon content as well
as chlorine content with the objeet of determining the proportion
of hydrolyzable chlorine present in chenyltrichlorosilane. Samne
study should be made of the possitility of the presence of silicon
tetrachloride in fraction 3 with the cbject of inereasing the
accuracy of the chlorine analysie as a means of determining the

amount of phenyltrichlorosilane present.



Ve CUECLULIONS

Fhenyl Substitution of cilicon Tetrachloride

to Produce “henylehlorosilan (Y]

On the basis of the results of the phenyl substitution of silieon
tetrachloride in the absence of catalysts, effected by passing a mixture
of gaseous silicon tetrachloride and bensene, in the molar ratio of 2i11
(SiC’lkscéﬁé), at atmospheric pressure through fused silica combustion
tubes, packed with quartz chips (threugh 1/2", on 1/4"), at temperatures
between 683°C, and 890°C. and space velocities between 135 and 3460
liters gas/liter reaction space/hour, and condensation of the products;
the following conclusions are drawni

l. The highest yield of phenyltrichlorosilane, based on chlo-
rine content of the fraction collected between 190°C, and 250°C. » during
the distillation, and on 1003 reaction of the bengzene, was <.11%, where
phenyl substitution was carried out at a temperature of 890°C. and a
space velocity of 445 liters gas/liter reaction epace/hour.

2. HKaximum yield of phenyltrichlorosilane was obtained for space
velocities betwesen 300 and 500 liters gas/liter reaction space/hour.

3. Minimum effective temperature for the phenyl substitution of
eilicon tetrachloride was approximately 700°C.

4. ko polysubstituted compounds of silicon tetrachloride were
obtained within the limits of the conditions investigated.

5. Pyrolysis products of benzene were obtained for all sets

of conditions within the limits investigated.



VI. CUMHARY

The silicone (orgzancsiloxane) polymers are a new and remark-
able development of the chemical industry. 7They are avallable as
fluids, lubricants and greases, electrical sealing coupounds, res-
ins, and elastomers. Thelr oulstanding heat anxd molsture resistance,
chenical inertness, and electrical resistance make them sultable for
a great variety of uses. However, pressent commercial methods of pro-
duetion do not meet the demand for these prouugts. The production
methods are expensive and difficult to comtrol, particularly during
the initial step of converting the raw materials to the intermediate
organochlorosilanes.

Investigation was made of the process to produet phenyl~
chlorosilanes, one type of organochlorosilanes, in which a mixture
of silicon tetrachloride and bensens, in the molar ratic of 2:l
(51€1,1C4Hg) , was passed through fused silica tubes packed with
quartz chips at temperatures from 683°C. to 890°C. at space veloc~
ities, calculated at the temperatures and pressure of the reaction
space, from 135 to 3460 liters gas per liter reaction space per
hour., The reactants were in the gassous phase during the reactiom,
which was carried out at atmospheric pressure (approximately 13.8
psia). The products were collected and bateh distilled at atmos-
pheric pressure. The fraction collected during distillation which
was believed to contain the phenyltrichlorosilane yleld was ana-
lyzed for chlorine content to indiicate the amount of phenyltri-



chlorogilane present, No materdal beiling at teuperatures ahove
267°C. was obtained., 4 total of forty-two rhenyl substitution runs
were made, of which twelve were useful in collecting data on the
process. The remaining thirty runs were discarded because of equip~
ment operating difficulties,

The hizhest yleld of phenylirichlorosilane, based on 100%
reaction of the henzenae, wae 2,11%, where nhenyl substitution was
carried out at a tew eraturs of 8§5°C. wud a 'space velocity of 445
liters zas rer liter reaction space ,¢r hour. Yo rolysubastituted
conpounds of sildcon tetrachloride were obtalned from arny of the
phenyl substitutions. |

Maximum yisld of phenylirichiorosilane was chtained for
space velocities between 300 and 500 liters gas per liter reaction
space per hour,

kKirimum effective tempe -ature for the rhenyl substitution of
silicon tetrachloride to preduce phenyltrichlorosilane was approx-
imately 700°C.

FPyrelysis products of benzene were osbtalned for ail scts of
conditions within the limits investigated. By visual observation
only, the quantities were obgerved to increase as temperature in-
creased or space velocity deéreased.

Batch distillation at stmospherle pressure was found to be
unsuitable where close control of the temperatures at which the
fractions were collected was desirable. Compositions of the frac-

tions varied considerably as a result,
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This invention relates to the preparation of
organic compounds and more particularly to the
preparation of organic compounds of silicon.

Organic compounds of silicon have hitherto
been made by the reaction of silicon halides with
organomagnesium compounds or with hydrocar-
bon halides and alkali metals. Both of these
methods require expensive reagents and are
therefore disadvantageous.

This invention has as an object the provision
of a new process for the manufacture of organic
silicon compounds. A further object is the pro-
vision of a process for preparing organic silicon
halides. Other objects will appear hereinafter.

‘These objects are accomplished by the follow-
ing invention wherein an inorganic silicon halide
containing silicon, a halogen of atomic weight
above twenty and preferably free from elements
other than silicon, hydrogen, and halogen is re-
acted in the vapor phase at temperatures of at
least 450° C. with a hydrocarbon. The silicon
halide and the hydrocarbon are volatile under
the pressure and at the temperature used.

The preferred method of practicing this inven-
tion involves heating a mixture of a hydrocarbon
and the silicon halide to a temperature of 600 to
850° C. This is preferably carried out by passing
the vapors of the reactants through a heated re-
action zone or over a heated surface, condensing
the vapor and separating the hydrocarbon sub-
stituted silicon halide from the liquid so obtained
by fractional distillation or other suitable means.

The more detailed practice of the invention is
illustrated by the following examples, wherein
parts given are by weight. There are of course
many forms of the invention other than these
specific embodiments.

Example I

This example illustrates the preparation of
phenyl-silicon trichloride by passing a mixture
of benzene and silico-chloroform, HSICl,
through a heated zone.

A mixture of 1 part of benzene and 1.5 parts of
silicochloroform was introduced into a tube,
heated externally to 750-770° C., of fused quartz
and filled with small pieces of clay plate. The
rate of addition was controlled so that the space
velocity was of the order of 80 to 90 per hour.
The vapors issuing from the heated tube were
condensed by a water cooled condenser. The
condensate was fractionally distilled to isolate
phenylsilicon trichloride, CsHsSiCls, boiling point
71-74° at 11 mm.

Ezample 11
‘This example illustrates the preparation of an
aryl silicon trichloride by passing the vapors of

an aromatic hydrocarbon and silicon tetrachlo-
ride over a heated surface.
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Benzene and silicon tetrachloride in the ratio
of 1 to 2 were conducted in the vapog phase over
a fused quartz tube heated to bright redness.
The system was so arranged that substances boil-
ing above 100° C. were condensed but the un-
changed reactants were _continuously recycled
over the heated tube. The higher boiling mate-
rial was removed and fractionally distilled under
reduced pressure to obtain pure CsHsSiClz which
boils at 90 to 100° at 25 mm. mercury pressure.
The product was a colorless liquid which fumed
in moist air and had a sharp odor. It contained
13.01% silicon and 48.4% chlorine. The theo-
retical values for Ce¢HsSiClz are 13.24% silicon
and 50.4% chlorine.

Example 111

This example illustrates the preparation of a
hydrocarbon substituted silicon halide from a
polycyclic aromatic hydrocarbon and silicon
tetrachloride. . .

A solution of 1 part naphthalene in 4 parts of
silicon tetrachloride was treated as described in
Example I at a temperature of 850 to 870° C. The
product, isolated by fractional distillation under
reduced pressure, fumed in moist air and reacted
vigorously with water to give an ether-soluble
naphthalenesiliconic acid.

Ezxample IV

This example illustrates the preparation of a
hydrocarbon substituted silicon halide from an
olefin and silicon tetrachloride.

Two parts of octene-1 and 3 parts silicon tetra-
chloride were mixed and treated as described in
Example I at a temperature of 700-720° C. The
unchanged silicon tetrachloride was removed
from the condensate by fractional distillation
leaving a dark colored oil which reacted vigor-
ously with water and contained 4.21% silicon.

Ezample V

This example illustrates the preparation of a
hydrocarbon substituted silicon halide from an
olefin and silicochloroform.

A mixture of 11 parts of silicochloroform,
SiHCl3, and 9 parts of n-octene-1 was treated as
described in Example I at a temperature of 600
to 610° C. The unchanged silicochloroform was
removed from the condensate by fractional dis-
tillation. The residue boiled in the range of
140-200° C. and reacted vigorously with water to
give an ether soluble precipitate which contained
silicon.

) Ezample VI

This example illustrates the preparation of a
hydrocarbon substituted silicon halide from a
paraffin hydrocarbon and silicon tetrachloride.

One part of isobutane as a gas and 4 parts of
silicon tetrachloride as a liquid were introduced
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into & fused quartz tube packed with clay plate,
heated to 800° C. as described in Example I. The
unchanged silicon tetrachloride was removed
from the condensate by fractional distillation.
There remained a green oil which was distilled
at atmospheric pressure. The fraction boiling
above 90° C. contained 12.42% silicon and 46.99%
carbon. This corresponds approximately to di-
butylsilicon dichloride.

The examples disclose the reaction of inorganic
silicon halides with aromatic and aliphatic satu-
rated and unsaturated hydrocarbons but the in-
vention is generic to hydrocarbons, including sat-
urated and unsaturated, cyclic and acyclic,
straight chain and branched chain, aliphatic,
aromatic and mixed aromatic aliphatic hydro-
carbons and mixtures of hydrocarbons including
methane, propane, dodecane, isobutane, neopen-
tane, ethylene, octene, decadiene-1,9, butadiene,

acetylene, hexine, cyclopentane, cyclopentadiene, 2

cyclohexane, cyclohexene, p-menthane, p-men-
thene, pinene, dipentene, alpha-terpinene, ben-
zene, diphenyl, naphthalene, anthracene, toluene,
styrene, and diphenylmethane.

Commercial grades of hydrocarbons are satis-
factory if they do not contain excessive amounts
of water, alcohol, amines or other substances ca-
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is below the temperature at which excessive de-
composition sets in. The upper limit of the tem-
perature depends upor the rate at which the re-

- actants are passed through the heated zone and

<

pable of giving rise to undesirable side reactions

with silicon tetrachloride. Aromatic hydrocar-
bons are preferred. The hydrocarbons may be
substituted with any group which is non-reactive
toward silicon halide, as for example, halogen.

The inorganic silicon halides useful in the
process of this invention contain at least one
halogen of atomic weight above twenty and pref-
erably no element other than silicon, hydrogen,
and the halogens. The preferred silicon halides
have the formula

SinHaXb

where a+-b is 2r+2, n and b are intergeio greater
than 0 and not more than 6 and ¢ may be zero
or an integer whose value depends then on 7 and
b. At least one X atom is a halogen of atomic
weight above twenty. Thus, the invention is pref-
erably practiced with SiFCl:, SiFiCl, SiF2Brz,
SiFBr3, SiCls, SiH2Cla, SIHCls, SisCls, SisHiClg,
SisClu4, SiBrs, SiHBr3, SiCIBrs, SiBrCls, Si2HBrs,
Si4Bri, SiCll:, SiBrIs;, Sials, although silicon
oxyhalides such as SizClsO, Si30:Cls, SieO1Clio,
8i404Cls, can also be used. Mixtures of silicon
halides may be employed.

Commercial grades of inorganic silicon halides
have been found to be satisfactory. Those not

available commercially can be prepared by meth- 5

ods described.in J. W. Mellor, “A Comprehensive
Treatise on Inorganic and Theoretical Chemis-
try,” vol. 6, part 2, pages 960 to 985, Longmans,
Green and Co., London, England; W. C. Schumb
& H. H. Anderson, J. Am. Chem. Soc., 58, 994
(1936) ; H. S. Booth and C. F. Swinehart, J. Am.
‘Chem. Soc., 57, 1333 (1935) ; or Friend, Textbook
of Organic Chemistry, vol. V (1917), pages 187 to
192, 194 to 202.

The method of mixing the reactants or the in-
troduction of them into the reaction zone may
be accomplished by any convenient means. The
reaction may be carried out at subatmospheric,
atmospheric or superatmospheric pressure. The
reaction takes place at temperatures as low as
450° C. but proceeds more rapidly at higher tem-
peratures and is operable even as high as 1000° C.

The upper limit of temperature is determined
by the stability of the hydrocarbon under the re-
action conditions and the product and generally
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in general varies directly with the space velocity.
The space velocity itself can be varied over wide
limits but the optimum space velocity depends
upon the nature of the reactants and the tem-
perature of the reaction zone and is readily de-
termined in any given case.

The tube may be made of any material im-
permeable to gases and capable of withstanding
the elevated temperature and the action of silicon
halide. It is preferred but not at all necessary
to fill the heated zone loosely with an inert ma-
terial to aid in uniform heating of the gases.
Although the examples illustrate the use of clay
plates for filling the heating zone, the process is
not limited to the use of such filler. Carborun-

‘ dum, heat resistant glass beads, carbon, silica gel

or any material resistant to silicon halides at ele--
vated temperatures may be used.

The material may be collected in any conven-
ient manner after it has passed through the
heated zone and may be isolated from other prod-
ucts and unreacted materials in any suitable way.
Fractional distillation is ordinarily used.

The process of this invention is of use in the
preparation of products hitherto obtainable only
through expensive processes such as the Grignard
reaction. The products obtained may be used as
intermediates for the preparation of organosilicon
aclds, esters, etc., and upon hydrolysis give rise
to polymers from which coating compositions un-
usually resistant to high temperature and chemi-
cal attack can be prepared. ’

The above description and examples are in-
tended to be illustrative only. Any modification
of or variation therefrom which conforms to the
spirit of the invention is intended to be included
within the scope of the claims.

What is claimed is:

1. A process for the preparation of organosili-
con compounds which comprises reacting an in-
organic silicon halide having at least one halogen
atom of atomic weight above twenty with an ali-
phatic hydrocarbon in the vapor phase at a tem-
perature of at least 450° C. and below the de-
composition temperatures of the reactants under
the reaction conditions and isolating the organo-
silicon compound.

2. A process for the preparation of organosili-
con compounds which comprises reacting an in-
organic silicon halide having at least one halogen
atom of atomic weight above twenty and which
is free from atoms other than silicon, hydrogen,
and halogen atoms, with an aliphatic hydrocar-
bon in the vapor phase at 600-850° C. and isolat-
ing the organosilicon compound.

3. A process for the preparation of organosili-
con compounds which comprises reacting s silicon
halide containing only silicon and halogen atoms,
at least one of which has an atomic weight above
twenty, with an aliphatic hydrocarbon in the
vapor phase at 600-850° C. and isolating the or-
ganosilicon compound.

4. A process for the preparation of organosili-
con compounds which comprises reacting silicon
tetrachloride with an aliphatic hydrocarbon in
the vapor phase at 600-850° C. and isolating the
organosilicon compound.

HENRY CHARLES MILLER.
RICHARD SEYFARTH SCHREIBER.




