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Part I

A STUDY OF THE OPTIMUM CONDITIONS
FOR THE PRESERVATION OF THE LOWER CHLORIDES
OF SILICON IN THE CHLORINATION PROCESS
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0 _OPTIMUM GOND X
THE PRESERVATION OF THE IOWER CHLORIDES
OF SILICON IN THE CHLORINATION PROCESS

INTRODUCTION

Stock and Somieski (1916) showed that silicoﬁlpossesses
the power of atomlc linkage to a limited degree by their pre-
paration of the hydrosilicons SigHg, SizHg, SigHig, Sigyp,
and 816314. The existence of these 1inked silicon compounds
reveals a field in the chemistry of silicon which has scarcely
been explored The reason for our meager knowledge of these
compounds and thelr derivdtives bears a definite relationship
to the character of these compounds and to the ‘difficulties
Which have attended their preparation, The hydrosilicons theme
'selves are not suitable compounds for the investigstlon of the
chemistry of compounds containing linked silicbn atoms bocause

1
they are spontaneously inflammable in air,

Ih

SOme of the halogen derivatives of the hydrosilicons have
been prepared, Among these, the chlorine deriwatives are the
best known.' While the preparation of the halo@en derivatives
is accomplished with much greater ease than the corresponding
hydrosilicons, a preliminary study showed that they are ob=-
tained in extremely small quantities by the knqwn methods of
preparation. The chlorine derivative of silic ethane 1s ﬁhe
conly one of these compounds which has been pregared tn suf-
‘fioienu quantities to render it available for #esearch on com=-
pounds containing linked silicon atoms, That %his chlorine

3

i
]
!



ﬁ derivative.is superior to the hydrosilicon itself for the study
of compounds containing the silicon linkage, is shown by a come~
parison of their physlcel properties in the following table.

tVapor Pressure: MN,P,, 9C : B,P,, °C

i mm, i 760 ym, : 760 nm,
SigHs ¢ 725(-15,7°) : -132,5 : =15
SigClg ¢ 2.5(10°) : 2,5 & 147

A Comperison of the Chloro-derivative with
Other Halogen Derivetlves of Silicoethane:

The chloro-derivative is the only halogen derivative of
silicosthane which is a liquid, The bromine and iodine deri-
vatives are solids, Disilicon hexalodide cannot be distilled
at ordinary atmospheric pressure or in vacuo and its prepar-
ation from silicon tetraiodide is not adapted to the prepara-
tion of relatively large amounts of the compound, Silicén
tetréiodide is also difficult t¢ prepare and hence the prepar-
atlon of dlsilicon hexaiodide 1s rendered even more difficult.
The fact thet disilicon hexabromide depends on disilicon
hexalodide for its preparatlion, likewise removes it from the
field at present as a starting point for the development of
the chemistry of linked silicon compounds, Although disili-
con hexachloride may not show as much activity as the 1odine
derivative, because of the stronger bonding of the chlorine,
‘Qorkers in the fileld of silicon chemistry have selected it as

the most accessible compound at the present time for the start-
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ing point'of their research on the chemistry of 1inked silicom

compounds,

Methods of Preparation of Disllicon Hexachloride:

Diailicon hexachloride was prepared by Friedel (1871) by
the action of chlorine upon the corresponding lodide, 8iglg,
or by gently heating this compound with mercuric chioride.
The difficulties involved in this method have already been dise
cussed, Troost and Hautefeullle (1876) obtalred the compound

in very small amounts by the union of silicon and its tetra-

chloride; by passing the vapor of the labter over white hot
silicon, This method is not & practicel one because of the
decoﬁposition of the product as it passeslthrough the decom=-
posiﬁibn range (350°-800°) during the cooling of the Vabor;
Gaﬁtéfmann and Weinlig (1894) reported a yield of 20 per dent
disilicon hexachloride calculated on the basis of the total
chlorides formed when crude silicon was chloriﬁated. " These
workers began the chlorination at 350° and then lowéred the
temperature to 300°, This yield of 20 per cent could'ndt be
duplicated in this 1aboratory; Martin (1914) chlorinated 50
per cent ferrosilicon at 180°-200° and obtained a yield of
5.25 per cent when calculated on the basis of the total chlor-

ides condensed, If the percentage is calculated on the basis |

of the ferrosilicon used, the yleld 1s 2,5 per cent,

Preliminary experiments in this laboratory showed that
the method used by Martin was unquestionably the best. The
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yields by this method, however, are tco small for it to lend
itself to the preparation of this much desired compound in suf-

ficient smounts for extensive research on the chemistry of

- linked silicon compounds, With thls incentive the author de-

cided to study the chlorination of ferrosilicon with the
special purpose of determining‘the cause of the low yields. of
disilicon hexachloride and of devising & method by which this
cpﬁpound could be produced in sufficlent quantiﬁies for.re4

searcly on the chemistry of linked silicon compoundé. .



A STUDY OF THE EFFECT OF. THE VAPOR
OF SILICON TETRACHLORIDE ON THE CHILOR=~
INATION OF FIFTY PER CENT FERROSILICON

Gattermann and Weinlig (1894) assumed that the chlorina-
- tion of silicon first gave the totrachloride-and that this was
then reduced by more silicon to the lower chloride by the re-
action 3 SiCl, + Si = 2 SigClg, Mertin (1914) has shown that
this reaction does not take place to any éppréci&ble-exteht
when the vapors of silicon tetrachloride ere passed over elther
silicon or ferrosilicon at temperatures betwéén 200° end 350°,
He cites this as refuting Géttermann and Weinlig's idea of the
process.of the formation of the lower chlorideé'from'the tetra-
chloride.

Mertin (1914) hes also shown that the reaction, SigClg +
Glp = 8 51C1,, does not take place unless the tube through
which the vapors are passing is heated above the boiling point
of disilicon hexachloride (145°), However, at 300° or above,
the reaction takes place very rapidly, This would seem to ac-
count for the fact that better ylelds of disilicon hexe-
chloride are obtalned by chlorinating at 180°-200° than at 300°,
It also accounts for the fact that better ylelds are obtained
by chlorinating ferrosilicon than silicon since the latter re-
-quires e higher temperature than the former in order io effect
the chlorination, and, at this higher temperature, the di-
silicon hexachloride chlorinates readily to the tetrachloride,

There is another factor which operates to destroy the lower
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chlorides of silicon duri ng the ch_c”inatibn b' Per“os*licon.
Disilicon hexachloride decomposes somewhat at 350° according
to the reaction, 2 Si5Clg = 3 8iCl, + 81, My experiments have
shown that this reaction takes place to some exbtent’ during the'
 chlor1nation process, The temperature of the zone inxwhidh
the chlorination takes place is much higher then the sempera~
ture of the tube through which the vapors are passing because
of the hoat evolved by the chlorination of the.irén and the
silicon, J. N, Friend (1921) haa'calculatedﬁthe hoat of forme-
tion of anhydrous ferric chloride and gives for the-thermo
chemical equation 2 Fe + 5 Clg = 2 FeCly + 192, 080 calories
thus showing that the chlorination of the iron is highly ox0-
thermic, The chlorination of silicon to form silicon tetra~
chloride 1s also mildly exothermic as shown by Berthelot'(1876),

S1 + 401 = SiCl? + 121,8 calories, It is probeble then that
(orys.) (gas o

the net effect of these two reactions results in a témperdture
at the irmediate zone of the chlorination which is within the

decomposition range .of disilicon hexachloride,

The Preservation of Disilicon hexa-
chlorids in the Chlorination Process:

A devicé of frequent application to overcome the excessive
localization of temperature in gas rea¢tions is the addition
of an inert comstituent to the gas mixture or the addition in
‘a‘circulatory process of excess of one of the reacting constitu-
ents, or, in a process whers the reactlon is practically ex~

dlusively in one direction, the addition of one of the reaction
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products fo the incoming gases, Taylor {(1922) states thet these
devices operate by diminishing the heat evoluation per unit vol-
ume of total gas, thus lessening the temperature increase of
| the gas mixture per unit of reaction, The problem of the chlor=
ﬁ'”ination of hydrocarbons may be cited in which the intensity of
the resction may be minimized by admixing with the incoming
gases, carbpn tetrachloride or other saturated chlorocompound.
Thet the passage of silicon tetrachloride with chlorins,
-during the chlorination of ferrosillcon would_operate;in L]
manner favoreble to the preservation of the lower chlbrides of
silicon appeared probable. There were five reasons for this
view. {a) If disilicon hexachloride is formed first and this
is.tﬁen chlorinated to silicon tetrachloride the presence of
the latter, one of the products of the reaction, would tend to
retard the rate of finel chlorination, (b) If disilicon«hexa~
chloride is heated to its decomposition temperature because of
thﬁ excessive localization of temperature in the chlorination
of the iron or silicon, the presence of silicon tetrédhldride,
one of the products of the decomposition of disiiicon hexa~
chloride, would tend to retard the rate of this decomposition,
.(c) The silicon tetrachloride would dilute the chlorine and
.thns operate to retard the finel rate of chlorination because
of the diminished partiel pressure of the chlorinating gas.
'(a) I£ silicon tetrachloride is an inert constituent in the
“process, the sdmixing of 1t with the chlorine would ralse the
spécifid heat of the gas mixtﬁre per molecule of disilicon hexe



{ achloride, the specific effect of which, would tend to lower
f‘the temperature, Since the finael chlorination or the decomposi-
1 tion of disilicon hexachloride does not take place below 300°,
 % this lowering of the temperature of the gas mixture would aid

; in the preservation of the lower chlorides, (e) The silicon

4 tetrachloride would ect as an inert gas to sweep the lower

é chlorides away from the zone of high temperatufe'where.the

§ first actlion todk place to a zone where the température is not

»g high'enohgh to allow the final chlorination of_decomposition to
| take place. ) |

{ ’The above theories were tested by passing mixtures of sile
icon tetrachloride and chlorine of different concentrations

and at different rates over ferrosilicon heated to 200°,

Experimental

The mixture of chlorine and silicon tétrachloride vapor
‘was made by passing the gas through the liquid tetrachloride,
The vapor pressure of the tetrachloride is 78,02 mm. at 0° and
204,39 mm, at 30°, By varying the temperature of the tetra-
chloride it was thus possible to vary the concentration of the
getrachloride in the reacting vapor between wide limits,

The Chlorination Process:
_The apparatus which was used is shown in Figure 1, It
1s similar to that used by Martin (1914) but with some improve-
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ments. The chlorine from o cylinder is dried by pessing it
through a sulfuric acid drying bottle (B) and a gas wash bottle
(C) and f£inally through a phosphorus pentoxide tube (D) to
which a manometer (E) is attached to show when the ferric
chloride is stopping up the iron pipe (H), The chlorine then
passes through the tube (F) into the iron gas pipe (H) set in
a8 three multiple unit electric furnace which is heated to
180°-200° and is charged with 200250 grams of 50% ferrosilicon,
Aftér,a perlod of gestation, usually about thifty ming&és, and
after: the chlorination has begun, the chlorine is allowed to
pass through the two liter flask (F) containing the Qilicon
tetrachloride which had previously been seturated with chlorine,
~Thé units were heated so that at first the end next to the
‘point where the chlorine entered was the hottest, As the rén
actlon progressed the others were ralsed, |
The 0,75 inch iron pipe (H) is fitted with a detaéhable
iron cap (H') and a ferric chlorlde trap (I) having a length
of 4 inches and a diameter of 2 inches, which are made gaé
tight by luting with ordinary soap, The trap (I) is ‘fittérl
with .a removable, closed bronze screen containing 24 meshes to
the inch, This screen prevents the ferric chloride from en-
‘tering the three necked flask (J) in which the 6hlorides are
condensed and collected, (M) 1s also a three necked flask
comnected to {J) by a‘Hopkiné condenser (L) and a safety flask
.69 cétch eny silicon chloride that escapes from (J), Both of

théée?flasks?are immersed in an ice bath to insure condense-~
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tion and are fitted similarly with tubes (K) and (K') in order
that the chlorides maey be removed by applying alr pressure,

(1') is a Hopkins condenser which leads to a large bottle (N)
containing sulfuric acid, This sids in preventing hydrolysis

and serves as an indicator to show the excess of chlorine pas-

sing through the apperatus, (N) is connected to a calcium
chloride tower (0) which leads to ths hood, |

. When a sufficient amount of the chlorides has collected in
(J) they are forced by the pressure of dry air into a Clalssen
d1st11ling flask (P) and the silicon tetrachloride is distilled
off_by_means of the heat from a water bath, When a consider-
able amount of the lower chlorides has collected in the flask
(P)*ﬁhe water bath is replaced by an oil bath and the portion
dist1lling between 140° and 155° is collected in the flask (Q),
This portion is then forced by the pressure of dry alr into
the special Clalssen distilling flask (S) which ia'méae entire-
1y of glass and sealed to the condenser, The £lask (8) 1s
heated with an oil bath and the portion distilling at 144°-
148° gives pure disilicoh hexachloride. The residue remaining
in (P) éonsiats of & considerable quantity of triailicon octa~

'thoride and still lower chlorides, Thié residue is heated

with & sulfuric acid bath and the trisilicon octachloride boil-
ing 210°-215° distills over, A small residue of lower chlorides
ahd © black tarry matter remains behind, The trisilicon octa-
chior;de upon redistillation in the all glass distilling aﬁo
peratus distilled at 213°,
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The Effect of the Silicon Tetrachloride Vapor:

The first experiment in whleh sillcon tetreehloride was
aaspirated at the rate of 0,1158 grams per minute gave a yield
of 20,3 per cent of disilicon hexachloride as compareaxyith
2,5 per cent obtained by Martin (1914), This indiceted %het
the vapor of silicon tetrachloride hed a beneficlal effect én
the preservation of the lower chlorides of silicon during the

chlorination process,

The_obtimum Amount of Silicon Tetrachloride Vapor; }
B In order to determihe the opﬁimum amount of silicon tetra-.
chloride vapor to be passed with the chlorine, several chlor-
1natione were made in which the amount of silicon tetrachloride
vapor weg varled by regulating the temperature of the flaek
containing the liguid sillcon tetraehloride and by changing .
the pressure of the chlorine, The resulte of these experiments
are shown in Table I, page 22.

Analysis of Disilicon Hexachloride: ,

' The reaction SigGlg + 4 HgO = (S100H)g + 6 HOL §noceeds
rapidly even in the presence of very nminute amounts of meietuﬁe
and for thils reason great care is necessary in obtaining a
sample for analysls, For thls purpose small glass bulbs with
»capillary tubes wore blown and thoroughly dried by heating in
a‘flame. The dlsilicon hexachloride was kept in small eealed
bottles until ready for snalysis, A bottle was ‘then Opened
and the end of the capillary of the small weighed glass bulb



was introdﬁced below the level of the iiquid and the bulb heat-
ed by & flame and then cooled, Thils caused a sample-from~0.1500
to 0,2000 groms to be drawn up into the bulb which was thsn

Sealed and'weighed.

It was then placed in a heavy‘gas bottle with 100 cc. of
0.1 N NaOE and the bottle tightly closed with a rubber stopper.
The bottle was then vigorously shaken, thus breaking the bulb
end allowing the reaction SipGls + 10 NaOH = 6 NaCl + 2 NagS10s
+ 4 Bg0 + Hp to take place, After considerable 3haking the
bottle was opened, the remainder of the glass bulb finely

crushed with a strong glaas rod to be certain that the reaction

‘was complete, The solution was then filtered and diluted to

500 cc. and an aliquot portion of 100 ecc. analyzed for chlorine
by the Volhard method, This method 1is superior to the gravi-
metric method beceuse silver silicate 1sidecomposed by strong.

ectds, The theoretical percentage of chlorine in SiéCls is

78,99%, Three results gave 78,92, 78,93, and 78,88%.

Galculation of Results: S
 Hartin (1914) and others calculated the yield of disilicon |
heiachloride on the basis of the total dhlorides'fcnmed, This

method assumes that the silicon tetrachloride was entirely con~
1densed and does not consider the large amount of chlorine dis-
fsolved in the chlorides of silicon, My experiments have shown

thet some silicon tetrachloride escapes becduse~of its rela-

tively high vapor pressure and -also because of the entrainment
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by the chlorine gas.A That chlorine is appreciably so&uble in
the tetrachloride was shown by the determination of thb solu-
bility of chlorine in the latter at 0° end 25°, oOne g#amyof
the tetrachloride will dissolve 0,1320 grams of chlorixi\e at 0°
 and 0,0980 grams at 25°, Thls shows that the weight of‘the
total condensed product does not represent the true weight of
chlorides formed unless the chlorine is entirely removed be-
fore they ere weighed, Since these experiments’ required ﬁhe
passage of large smounts of silicon tetrachloride th:gggh Qhe
furnace, it seemed more desirable to calculate the yiéld1oixthe'
basls of the welght of silicon used, The method of.obtaini¥év
this welght required the removal of the unused ferr081llcon\
and ferric chloride from the iron tube at the end of the ex~h
periment and the aubsequent-washing out of the ferric dhlori#a.
The residue was dried and weighed, The differencé~betwéenal\
this weight and the weight of the original aemount of ferro-%l
"gillcon was taken to represent.the weight of the 50%.ferro-g
~gilicon used, An objection to thls method 1s found in the gs—
sumption that the residue contained the same percentage of ;ilw
icon as the original ferrosilicon, This may not be the case,
If it 1s not, then the percentages as calculated in these ex-
periments aré too low because an experiment in this idboratory

showed that iron chlorinates more readily than silicon at the

temperature of the experiments,
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Table I,

Yields of Disilicon Hexachloride from 50% Ferro-
silicon with Chlorine and Silicon Tetrachloride

1 2 3 4 5 6

Time Min,  720.0  540,0  750,0 70,0  £70.0 ' 270,0
Temp, , °C 0.0 0.0 25.0 25,0 25.0  25.0

Wg.fEerro-' " . ' e ~
~silicon Add  450.,0° - 250.0 450,0 450.0 - 450.0 . 450,0

vi'go 'F'GI'I'O- ‘ K 'lA R )
silicon Used 102.0 76,0  140.0  130.0 ~ 105.0  127.0
Vg, 5101y Asp, 83,37 108,09  372.6 . 370.9 . 345.68. 564,86
vg. SiCl, Asp, ‘ REERUE T '
per Min,”  0,1158 0,201 -0.4968 0,5152 1,2713 2,002
Wg, Lower - | ST

Chlorides | | | o
Formed . 49,38 58,91 114.,0 108.0 - 66,41 67,09

- Wg, Lower
Chlorildes
Eq, to 8i 242,7 180.8 331,11 309,3 249,88  302,2

% SigC 16 »
Pormed 20,3 52,6 34,2 34,9 25,6 22,3

- When 450 g, were used two furnaces were run in parallel,
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'-DiSGussiqn of Results

o Thé 1argesﬁ'yieid (34,9%) of disilicon.hexachloride is obe
tained when the dhlorine pressure is regulated to deliver
- 0,5162 grams of silicon tetrachloride per minute to the furnace
containing the ferrosilicon. The fact that a further addition
of silicon tetrachloride to the chlorine (Fig.3, p.23) reduces
the yield of disilicon hexachloride, indicates that the first
1ncrease is due to a retarding of the final chlorination and
" not to the reduction of silicon tetrachloride by sili¢on,

Swmary

1; The yleld of disilicon hexachloride may be increased by
passing the vapor of silicon tetrachloride with chlorine over
50% ferrosilicon, | |

2, The largest yleld of disllicon hexachloride 1s obtained
when chlorine 1s passed through liquid silicon tetrachloride
at 25° at such a rate that it causes 0,5152 gram of silicon
tetrachloride vepor per mimute to enter the furnace,

-3, The results indicate that the increase in the yieids of
-the lower chlorides of silicon is due to the retarding of the
final chlorination éf the lower chlorides to silicon tetra-
chloride and not to the reduction of the latter by sllicon,

4, An improved method for the preparation of disllicon hex-
achloride and the other lower chlorides of silicon has been
‘describad.
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THE EFFECT OF SILICON AND 50% FERRO-
SILICON ON THE VAPOR OF SILICON TETRA-
CHLORIDE AT THEIR CHLORINATION TEMPERATURES

Troost and HEautefeuille (1871) showed that silicon tetra-
chloride reacts with silicon when the vapor of the tetraﬁhldr-
ide 1s passed over silicon heated to a white heat, Gatter:
mann and Weinlig (1894) explained the formation of disilicon
hexachloride when chlorine passes over silicon at 300° by as~
suming that the chlorine first directly unitQS"With the sili-
con to form silicon tetrachlorlde according to the edﬁétion,
S1 + 2 Clp = 81Cl,, Next they supposed that the‘Siliboﬁ tet-
rachloride thus formed, reacts at once with.more gilicon to |
produce the hexachloride according to the equatiOn, 3 8iCly +
81 = 2 81g01g. This explanation of the formation of disilicon
‘hexachloride was agcepted for twenty years, Martin (1914)
found- that when silicon tetrachloride is distilled over eithef
fsilicon or 50% ferrosilicon heated to any temperature~ﬁetween
200° and 340° that no noticesble amounts of disilicon hoxa-
- chloride could be detected in the resulting sillcon tetra-
-chioride and therefore concluded that Gattermann and Wéinlig's
theory for the formation of disilicon hexachloride was incor-
rect, The results obtained by Mertin (1914) and by us (Fig.3,
P 23) indicate that the action of silicon and ferrosilicon on
silicon tetrachloride are not apprecisble st 200° but thess
‘results do not justify the definite conclusion that there is

' absoiutely~no reaction between the silicon and silicon tetra-
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chloride at the temperature of the chlorination of silicon and
ferrogilicon,

In order that the function of the silicon tetrachloride
vapor in the preservation of disllicon hexachloride might be
studied with some degree of explicitness, it was necessary to
determine whether the beneficial effect produced by the silicon
tetrachloride in the chlorination process was the result of a
physical or chemical phenomenon or perhaps, . a4combindtion of
both, Since the effect of silicon and 50% ferrosilicon on the
vapor of silicon tetrachloride was not known, quantitatively,

1t was necessary to repeat.aprrtion qf Martin's work;

| Experimental

Preparation of Pure Silicon metrachloride:

The necesslty of using pure silicon tetrachlori&é'in this
expafiment is obvious, The solubilities of chlorine and hydro-
genvchloride in silicon tebradhloride are so pronounced that
espécial precaution must be observed in its purification, The
gilicon tetrachloride was purified as described on page X0,

Eﬁperimental'Procedure:

The procedure used in these experlments was ldentical with
that used by Martin (1914) except in regard to the tempera-
tﬁres.emplOYed. In the experiment with Kahlbaum sillcon the
%émpérature of the furnsce was maintained in the range 300°-



‘27 -

556° because a preliminsry experiment showed that crystalline
_8ilicon begins chlorinating at 350° and then the temperature of
the furnace may be lowered to 300° without stopping the
chlorination, In the experiment with 50% ferrosilicon, the
temperature was maintained in the range 170°-2000_Qeqause this
is the minimum range of chlorination for this substance,

One kilogram of the purified silicon tetrachloride which
Was'known to be free from chlorine and hydrogén Chloride was
Avépbrized_and passed ver& slowly over each ons of these sub-
_sféncés at the temperatures pteviously{indiéaﬁed;' Thé?process

.inbegéh case was repested several times,

‘Distillation of Product:

“When the products from the individual experiments were
distilled, the entire amount of liquid in each case distilled
at the temperature of the boiling point of silicon tetra-
chloride (57°-59°), There was no residue whaﬁsoover that woﬁld
indicate the formation of disiiicon hexachloride or other

.1ower chlorides of silicen,

Digcussion of Results

The results of these experiments establish the fact that
the reaction 3 SiCly + 81 = 2 SigClg does not take place when
the vapor of sillicon tetrachloride 1s passed over crystalline

dilicon or 507 ferrosilicon at the respective temperatures of
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their chlorination, The result obtained in the case of ferro-
silicon also indicates that the iron in this substance does not
catalyze the reaction, 3 51Cly + Si = 2 SipgClg at a temperature
of 170°-200°,

Summary

The vapor of silicon tetrachloride acts as en inert con-
stituent when it is passed over silicon or 50% féfros};icon
in the process for the preparation of disilicon hexachloride

or the other lower chiorides of silicon,
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THE SUBSTITUTION OF SILICON FOR 503

FERROSILICON IN THE PROCESS FOR THE

PREPARATION OF DISILICON HEXACHIORIDE

Some experiments in this laboratory showed that the yield
of disilicon hexachloride was neglligible when crystalline or
smorphous silicon were chlorinated at 300°, Since the yield
of disilicon hexachloride had‘been.materially increased by ade
mixing silicon tetrachloride vapor with chlorine in the chlor=
ination of 507 ferrosilicon at 170°-200°, it se‘émea desirable
;’to ascertain if this same phenomenon would ocecur whenithis}ad~
mixture was passed over silicon which chiorinates otie hundred
'degrees gbove the chlorination temperature of 50% ferrosilicon,
The reactions which destroy the disilicon hexachloride in the
chlorination process are operative at the tempersture at which
erystalline silicon chlorinates (300°-350°) and thersfore if
-the yield of disilicon hexachlorlde can be increased by ad-
mixing the vapor of silicon tetrachloride with chlorine in the
_ chlorination of crystalline silicon, we may conclude that the
silicon tetrachloride functions to preserve the disllicon hex-
achloride when the temperatgre of the chlorination tube is
high enough for the reactions,
8lgClg + Clp = 2 8iCl,
@ 81o01g = 3 S101, + 81

to proceed, The experiment will also determine whether ferro-
gilicon is superior to silicon for the preparation of disilicon

hexachloride by the method previously described,
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Experimental

The apparatﬁs and experimental procedure were identical

with that described on page 14 for the preparation of disilicon

' hexachloride except that Kehlbaum crystalline silicon was used

instead of 50% ferrosilicon and the temperature of the furnace
was maintained at 300°-350°, The silicon was pulverized rather
finely and placed in an oven at 130° for twelﬁe hours to expel
traces of molsture, |

' The distillation of the resulting product gavé aﬁ.ap-
precisble residue boiling above that of silicon tetrachloride,
Further examination of this residue showed ﬁhat it wes disili-
con hexﬁohloridé. The results of this experiment together
with those of an experiment in which approximately thetsame.
amount of silicon tetrachioride vapor was passed over 503 fer-

rosilicon are shown in Table II,
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" Pable I

“¥ields of Si,Clg Obtained by Passing Approx-
imately Same Amount of S5iCl, with Cl, Over
50% Ferrosilicon and crystafline 8ilicon

Crystaelline Silicon 50% Ferrosilicon

an o cales as

Pemp, of Chlor,, °C . 300~350 : . 170-200
Time, Min, : 540 i A‘54o‘
Yaterisl Added, g, ; 230.0 3 250.,0
‘Méterial used, g. : 51,4 P 6.0
51014 aspirated, g, 118,53 P 108.9
S1,01g Formed, g. :_ 15,9 : o se.9 |
_S;gcls'Equiv.‘Si Used,g:_ 244,6 }: 15@.8‘
51C1, Asp. Per Min,, g 0,219 ; 0,201
$1,01g Formed, % : 6,50 ; 82,60
Table III

Summary Showing the Effectiveness
of Passing S1Cl, Vapor at the Same
~ Rate at Different Temperaturss -

With 8101,

- i No SiCly
Temp, of : Vapor:

~ Substance : , ; Vapor:
Chloringted : Chlor%nation: Yield %igCle, :Yield 312C16s
_ : ¢ 3 - %
Crysﬁalline Silicon; 300 : none P G4
50% Perrosilicon : 200 i 2.5 : 32,6
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Diascussion of Results

An inspection of the results in Table II shows that the

-vapor of silicon tetrachloride functions to increase the yield

~ of disilicon hexachloride when silicon is chlorinated at 300°-

350°, sSince the temperature of the furnace was kept within
this temperature raange, it is significant that there was a
fractional preservation of disilicon hexachloride because the

final chlorinavion and, indeed, a partial decomposition of the

disilicon hexachloride msy take plece at these temperatures,

Interesting as this result appears to be, it does not aid

greatly in the isolation of the specific function of the 5113~
‘con tetrachloride vapor, - It is plausible that the effect pro-

duced in this experiment mey be attributed to any of the
théobies previously proposed (page 13), The results in Table ITTI
show the desirabllity of the employment of a substance which
chlor¢nates at a relatively 1ov temperature, There is a de-
crease in the yield of disilicon hexachloride corresponding to
0,261 per cent per degres riae in the temperaturé of the chlor-

ination,
Summary
1, Disilicon hexachloride may be produced in small amounts by
passing 51Cl, vapor and chlorine over crystalline sllicon at
300°-350°,
2, Fifty per cent ferrosilicon is superior to crystalline S8il=

icon for the preparation of disilicon hexachloride,
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A DISCUSSION OF THE PROBABLE FUNCTION OF THE VAPOR

OF SILICON TETRACHLORIDE IN THE PRESERVATION OF DI-
SILICON HEXACHLORIDE DURING THE CHLORINATIOB OF SILICON
The previous work has shown that the degree of preserva-
~ tion of the disilicon hexachloride by the influence of the ad-
dition of an inert saturated chloro-compound is of greater
magnitude when the temperature of the whole system is kept as
low as poSsible.“Nb results up to the present time have con-
tributed anything toward an epplanation of the mechenism of
'thg action of the inert constituent, o

- Probable Functions of the
Inert Saturated Chloro-Compound

The Sweeping Effecﬁ:

‘It seems reascnable to believe that the sweeping action of
tha}iﬁert constituent aids in the preservation of'thé.disilicon
‘hexachloride, It s very difficult, however, to determime %o
-what\extent this sweeping actlon aids in the presérvafion be-
cause of the opposing factors involved, An inspection of the
curve showing the ylelds of disilicon hexachloride iﬁ relation
to the amount of the inert constituent passed with the chlor-
ine, (Fig.3, p.23) shows that a yield of 25 per cent of di-
silicon hexachloride is obtained by the passage of elther 0,15
gram or 1,40 grams of silicon tetrachloride vapor per minute.
‘In the first case the partial pressure of tho sllicon tetra-
vch;oride vapor is small while that of the chlorine is large,
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the effect of which would be to cause a conslderable amount of
disilicon hexachloride to be produced, In the latter case the
-partial pressure of the silicon tetrachloride vapor is large
while that of the chlorine is small, the effect of which would
be to cause a small amount of disilicon hexachloride to be
formed, Since in the first case wore disilicon hexachioride
is formed by the initlal chlorination, and because thé concen-
tration of the chlorine is higher, the opportﬁnity for the
final chlorination to take place 1s much greatér than in the
-seéénﬂ case. It 1s also probable that the temperaturékpf-thg
reaction chamber is samewhat hnigher in the first case and this
would also hasten the final chlorination, The sweeping actioh
of the inert constituent;is not appreciable in the experiment
in which 0,15 gram of siiiqon tetrachloride was passed and
consequently there must7hgve been additional factors which ef-
fected the increased yielé‘of disilicon hexachloride, On the
other hand, when 1,40 grams or nearly ten times as much siii-
con tetrachloride vepor &a# paésed it appears reasonable to
attribute a part of the preservation to the sweeping action of
.the inert constituent, These results cesuse the author to con-
‘diﬁdé, however, that the sﬁeeping effect is not the predominant

factor in the process of preservation,

Addition of End Product:

“fhe final chlorination and decomposition of disilicon hex-
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achloride may be represented respectively by the equations:
81,014 + Cly —{Heatls 2 sicy, (1)
2 s1901 LReBt) 5 3 5101, + 51 (2)
We know that these reactions are principally in the direction
indicated at the temperature of the experiment, but if we as~
sume that they are infiniteslmally reversible, then when equi-
librium is reached at aeny definite temperature, the condiltlons

are satlsfied which are expressed by the following equations:

o2
SiCly =Ky (1)
Cs15015 * Co1p
3
c
3101
4 = Kp (2)
o2
312016

In studying the effect of increasing the concentration of the
gsllicon tetrachloride it must be remembered that a éimnltaneoua
dimunition of the concentration of chlorine occurs, A conaider
ation of (1) thus shows that in order to saﬁisfy the éoﬁditions
expressed by the equation, the'concentration of the disilicon
hexachloride must increasse, Since the reaction 1s principally
in the direction indicated it is apparent that a relatively
large concentration of silicon tetrachloride may operate to
retard the reactlion because of the increasing of (GZSiGiQ in
‘the numeretor and the simultaneous diminution of (Gc12) in the

denominator, A consideration of equation (2) in which the con-
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centration of the chlorine 1s not a factor shows clearly how the
presence of silicon tetrachloride vapor may function to retard

the decomposition of the disilicon hexachloride.

Addition of Inert Saturated Chloro-Compound:
.In the case of reactions which take place simultanecusly,
€eo s .
2 81 + 3 Clg = Sigllg (1)
SisClg + Clg = 2 8401,  (2)

The rate of each reaction is determined by its.own_speCific re-
action rate and by the concentrations of the substancés involé~
ved in 1t, The specific reaction rate of (1) is asppreciable
at much lower temperatures than (2) and it is therefore appar-
ent‘that any agency Whidh.serVes to lower the temperature of
the gases in the reaction chember will aid in the'establi§h~'
ment of a condltion in which the reaction velocity of (1) will
be appreciable while the reaction velocity of (2) will be de-
ereased, |

The eddition of the vapor of an inert saturated chloro-
compound because of 1ts high heat capacity would operate ﬁot
-only.to overcome the excessive localization of temperature in
the peglon of the chlorination of the iron and silicon, but
also to diminish the heat evolution per unit volume of the tote
al gases 1n the reaction chamber, If this lowering of temper-
ature is of such & magnitude that reactlon (1) will take place

appreciably while reaction (2) will be negligible, then con-
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ditions will Dbe present which favor the preservstion of the di-
sllicon hexachloride, |

The addition of the inert constituent also diminishes the
concentration of the chlorine, This has a tendency to decrease
’both‘(l) and (2) but since (1) has an appreciable reaction vel-
ocity at the lower temperature obtalned by adding ﬁhe inert
constituent, the conditions will be more favorable for the for-
mation of the disilicon hexgchloride than for ﬁhe- formation of
thé product of the final chlorination of disilicon hexachloride,




THE SUBSTITUTION OF THE VAPOR OF ANHY?ROUS
CARBON TETRACHLORIDE FOR THE VAPOR OF SILICON
TETRACHLORIDE IN THE CHLORINATION PROCESS

- It has been shown that silicon tetrachloride is an inert
conétituent in the chlorination process, If & different in-
ert saturated chloro-compound were substituted for silicon
tetrachlorlde, it 1s evident thet the results obtained from
sﬁph an experiment would sid in determining the4predominating
action of the inert constituent, For if a saturated chloro-
coﬁpoﬁnd,}whidh is not an end product of the faactidnsadf}the
final chlorination or decomposition of the disilicon hexachlor-
ide, Qperaﬁes to increase the yield of tﬁis lower chloride of
silicon to the seme extent as silicon tetrachloride, then the
conclusion may be drawn that the predominant function of the
inert cbnstituent is not a retardation of those reactions which
destroy the disilicon hexadhloridé, because of the addition of
an end product of those reactions, but rather a.retafdaﬁion
because of a temperature lowering produced by the inert con-
stitueht.

Carbon fetrachloride was selected as the inert saturated

chloro-compound for testing this theory because the molecule
of this analogue of silicon tetrachloride has the seme structure
and the same number of stoms as the molecule of silicon tetra-

chloride, The specific heat of ?101 between 90° and 234° is
| aas .

0,1322 (Regnault 1862) while that for(Cle at 70° is 0,115
‘ ges '

(Mills and MacRae, 1911), The specific heat of(Cle at the tem-
gas
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'perature of the experiment has not been determined but it is
probably less than 0,115,

Since this close similarity exists between silicon tetra-
chloride and carbon tetrachloride, one might predict that the
‘employing of carbon tetrachloride as the inert constituent in
the chlorination process will also increase the yleld of di-
silicon hexachloride. If the retardation of the resctions is
noﬁ 1ﬁfluenced by the addition of an end produbt, then the in-
créase in the yileld of the disilicon hexachloride should be
in the order of their relative specific heats at the fémpéra-

ture of the chlorination process,

Experimental

'Preparafion of Anhydrous Cﬁrbon Tetrachloride:

‘Békers Analyzed carbon tetrachloride was allowed to stand
over calcium carbide for several déys. It was then distilled
from the calcium carbide and the 1liquid distilling 76°-78° was
cOlledted'for the portion used in the experiment,

Effect oflso% Ferrosilicon on CCls at 200°:

Carbon tetrachloride vapor when passed through & red hot
tube splits off chlorinsvand the compounds €oClyg and Collg re-
sult, Camboulives (1910) has also shown that carbon tetr#-

chloride vepor readily chlorinates various oxides, It was

.therefore necessary to determine whether carbon tetrachloride
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would undergo any change when passed over 507 ferrosilicon at
200°c,

One kilogram of the purified carbon tetrachloride was pas-
sed over 250 grams of 50% ferrosilicon at 200P, ' The same ap-

‘peratus employed in the preparation of disilicon hexachloride

was used (Fig,l, p.15) except that the gas train ﬁas ondtted,
The carbon tetrachloride was placed in the flask (b) which was
heated by an eleciric hot plate covered with ﬁ.thick asbestos

board, The rate of passing the carbon tetrachioride Was 2.58

grams per minute, | .

Upon distillation the resulting product gave~nc'fraction.
boiling 50°~60° thus indicating that no silicon tetrachloride
was formed by chlorination of the silicon, The reméinder dig-
tilled at 76.7° showing that no GaGla, Cplg, or SisGlg were
formed during the process, These results show that 50% ferro~
silicon has no action on carbon tetrachloride vapor at a tem=

perature of 200°,

The Ef¢ecu of Passing Carbon Tetrachloride Vapor

with Chlorine over 50% Ferrosilicon at 200°C:

The apparatus and eXperimental procedure (Figs,l and 2,

‘Pel5 ) was the same as that used in the preparation of disilicon

hexachloride in previous ekperiments except that carbon tetra-~
chloride was subspituted for silicon tetrachloride in the

flask (f), Tt wes necessary to heat the carbon tetrachloride
near its boiling point in order to raise its vapor pressufe

sufflcliently to allow the chlorine to sweep the vapor into the
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fornace,

Distillation of Product: |

Upon distilletion of the resulting product some silicon
.tetrachloride distilled (64°-70°) end then the temperature rose
to 80° with the subsequent distilling of the carbon tetrachlor-
ide, A residue remained in the flask and was transferred to
a smaller distilling flask and further distilled, The entire
portion boiled at 145°, Upon hydrolysis with water it formed
silico-oxalic acid, When potassium hydroxide 301utioﬁ?wa8'ad_
ded, hydrogen was evolved, No CgClg or CgCly were formed, The
results of this experiment and a comparison of the yield of
disilicon hexachloride obtained by substituting carbon tetra-
’dbloride for silicon tetrachloride are shown in Table 1v,
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Table IV

The Effect of the Substitution
of the Vapor of Carbon Tetprachloride
for the Vapor of Silicon Tetrachloride

P 61, . si01,

Time expt,, Min, :‘ 240.0 ::' 270.0

Temp. Iiquid Ghloro-Compd., °C :  50.0 fv 25,0

Ferrosilicon Added, g. i 200;9 _ : 450,0

Ferrosilicon Used, g. : S0.0 . : 127.0

" Inert Gompd., Aspirated, g. P 631,55 5649
Inert Compd,, Asp. Per Hin, : 2,63 : 2.09
51,014 Formed, g, | . 1352 : 67,10
319016 Equiv, to Si Used, g. : 71,40 : 302.20,

51,01 Formed, % ; 18.90 :  22.3

Discussion of Results

- The yleld of 18,9% of disilicon hexachloride compared with
a yield of 2,5% when no carbon tetrachloride is passed with the
chlorine Shbﬁé that the vapor of carbon tetrachloride is very
effective in.preserving the disilicon hegachloride in the
chlorination of 50% ferrosilicon at 200°c, The comparlison with
sllicon tetrachloride shown in Table IV indlicates that carbon
tetrachloride vapor is nearly as effective as silicoﬁ tetra-

chlotide vapor, It will be noted that the carbon tetrachloride
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vapor was passed at the rate of 2,63 grams per mimute whille
the sllicon tetrachlorlde vapor was passed at the rate of 2,09
grams per minute, An inspection of the curve (Fig.3, p, 23)
shows that the yield of disilicon hexachloride by passing this
emount of silicon tetrachlorlde would be approximately 20%,
Hence, the ylelds of disilicon hexachloride shown in Table
‘are'inAtheir proper order in reference to thelr relative
specific heats, It would be desirable to kmow the effect on
the yield of disilicon hexachloride caused by adding different
amounﬁé of fhe carbon tetrachloride vapor, but lack of time
prevented further experiments being made,

he results obtained indicate thab the predominent funce
tiéﬁ of the inert vapor of the saturated chloro-compound in the
preservation of disilicoﬁ hexachloride is not a retardation of
the reactions which destroy the lower chloride because of the
addition of the end product of these reactions, but rether the
attainment of a set of conditions, in regard to temperature,
in which the reactlon velbcities for the formation of disllicon
hexachloride by the reaction 2 81 + 3 Clp = SigClg are appreci-
-able, while the reaction velocitles for the formation of sili-
con tetrachloride by the reaction, Sigflg + Cly = 2 S1Cl,, are

deercased,

Comparison of Inert Constituents:
Silicon tetﬁadhloride is the more desirable of the inert
constituents because of the ease with which it may bé asplr-

ated into the reaction chember by the chlorine, Because of 1ts
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wide variation in vapor pressure at different temperatures, the
control of the rate of its passage may be carefully regulated
by changing the température of the liquid, The low boiling
point of silicon tetrachloride (59°) permits a reedy fraction-
ation of the disilicon hexachloride, Its chief disedvantege
is the ease with which it hgdrblyzes in the air or when traces
of moisture are present in the apparétus. Carbon tetrachlor-
ide possesseé the advantage of being cheaper ahd'is also more

easily obtained than silicon tebtrachlorids,

‘The vapor of the inert saturated chloro-compound carbon
tetrachloride acts similar to the vapor of silicon'fetrachlorm
ide in the preservatlion of disllicon hexachloride in the
chlorination process, This preservation is not due to-a re-
:tardation of those reactions which destroy the disiiicon hex-
achlgride because of the addition of an end product, but
rather to a temperature lowering of such = magnitude‘that the
‘initial chlorination reaction 2 Si + 3 Clg = Sigllg will take

place while the reaction, Sigllg + Clg = 2 SiCly 1s suppressed.




THE STRUCTURE OF 50% FERROSILICON

Warren {1889) was the first worker to use ferrosilicon

for the preparation of silicon tetrachloride but Martin (1914)
wes the first to reallze its importance in the preparation of
the lower chlorides of siliéon,l Fifty per cenlt ferrosilicon
is the only éétisfactory compound knqwn at the present time
.fof the successful preparation of the lower chiorides of sil-
‘icon, No reason has been suggested for the facﬁ'that this
substance chlorinates one hundred degrees,lower_thah grﬁstalf
Iine elemental silicon, This subject is discussed briefly

below,

The Iron-Silicon Phase Diagram:

Guertler $1917) in a phase diagram for the silicon-iron
alloys shows the 50 per cent alloy to be a mixture of crystals
of the compound FeS3i and a solid solution of iron in silicon,
the lattor predominating, It has been previously stated that
the chlorinstion of iron ﬁepresents a highly exothermic re-
ﬁction {page 12 ). If the iron were mixed very inﬁimaﬁely with
the silicon as it would be in the sollid solution of which fer-
rogilicon consists, it séems probable that some of the silicon
would be beaﬁed iocally by the glowing iron to a high enough
temperature to ceuse it to chleorinaste, Since an experiment
Showeﬁ that iron chlorinates at 200°, this explanation vould

serve to show why the furnace does not have to be heated above
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this temperature to cause the chlorination of the silicon in

504 ferrosilicon,

The Silicon Molecule in 50% Ferrosilicon:

Jiptner (1898) studied the lowering of the molting point
of pure iron by silicon and made some interesting ébservations
in regard to the silicon molecule dissolved in pure iron, He
concluded that the size of the silicon molecule grows with the
rising;silicon content in the iron alloy, He also found by
caleulation that the molecular weight of silicon in pire ivon
corresponds to a seven atom molecule, The effect.of'silicon"
on the}fﬁeezing point of copper indicabtes, however, that the
molecqle of silicon in molten copper is possibly monatomic. If
this dats is correct it would seem to offer a plausible eX-
planation for the production of thé lower chlorldes of silicon
in greater sbundance when ferrosilicon is chlorinated, It
‘would be of interest to establish a comparison between the
vield of lower chlorides obtaiﬁed from the chlorination of fer-
fosilicon and the yield obtained from the chlorination of
nonatomlc silicon dissolved in copper, The possible formation
ofhg;éilicide’may spoil the inferences in regard to the mon-

atomlc molecule of silicon in molten copper,




THE EFFECT OF CATALYSTS ON THE CHILOR-
INATION TEMPERATURE OF 50% FERROSILICON
The deslrability of employing a chlorination temperature
as_low as posslble has been discussed, Very little c§nsider-
‘ation was given to the subject of increasing the yields of the
lower chlorides of silicon by a further lowering of the tem-

pcratﬁre of the chlorination by means of catalysts,

Perrlc Chlorlide as a Cataelyst

1t ﬁae thought that the effect of the iron in thevfer?o4,
silicon might be due to the ferric chloride ameting in its femil-
iar,rble of é.haIOgen carrier and thus causing the silicon to
oxidize to the lower chlorides at a temperature which would be
too low to cause the disilicon hexachloride thus formed to ox-
idize to the stable end product sgilicon tetrachloride.'

As.it is difficult to mix ferric chloride with silicon
‘and keep the material dry, an intimate mixture of metallic |
iron and silicon was placed in a combustion tube and chlorine
passed over it while it was heated to 200°, The iron near the
end of the tube where the chlorine entered began to glow and
to‘chiorinaté'at this temperature but no silicon chlorides
were formed unless the temperature was raised to 300°, This
shows that the mere presence of ferric chloride did not act as
a cabalyst to form the disdlicon hexachloride or to lower the

temperéture at which the silidon.was chlorinated,
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Wood Chercosl as @ Catalyst

The problem of the chlorination of hydrocarbons may be
cited as an exsmple of reaction in presence of charcoal as a
~catalyst, in which the intensity of the reaction may be mini-
mized by admixing, with the incoming gas, carbon tetrachloride
or other saturated chloro-compound, In this way the rcady
tendency to explosive violence, which this reacticn shows, may
be restrained., Since we had already found tnat thg‘addition of
8 -saturated chloro-compound to the chlorine minimizédfﬁheiin-
‘tensity of the chlorination of ferrosilicon, it was thought
thgt.the presence of charcoal might act in a similar manner to -
its role in the chlorination of hydrocarbons, |

Experimental

| Twenty-five grams of perfectly ary, finely'powdéred, willow
wood charcoal was thoroughly mixzed with 200 grams of ‘rather
finely ground 50% ferrosilicbn and the resulting mixture
chlorinated as shown in Fig.i (p, 15),  Silicon £etrachloride
vwas used as the inert saturated chloro~compound in this chlor-

ination, This mixture chlorinated at 170°-200°,

Discussion.of Results

- The results of this experiment and a comparison with an
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experiment in which no wood charconl was used are shown in

Table V.
Table V
- Effect of Wood Charcoal on the
Chlorination of 50% PFerrosilicon
Time, Min, i 270.0 i 750.0
| Temp. Liguid si01,, % | P 5.0 25,0 ..
xv*:_dbd”c:haz_»coélmded,. e i 25.0 : nome.
Porrosilicon Acided, Z. 200,0 . 450,0
Ferroéilicon Used, g, : 32,0 : 140.0
SiCl1, Aspirated, g. : 130,0 : 372.6
SiCl4 Asp, Per Min,, g. : 0.481° : 0,496
Lower Chlorildes Formed, g. : 17.4 : 114;0'
Lovier Chlorldes Equiv, to : :
31 Used, g. '+ 76,2 ¢ 831l.1
22,8 34,2

Lower Chlorides Formed, %

These results indicate thet the addition of wood charcoal
to silicon lowers the percentesge yield of lower chlorides, In

this experiment 1t was found that the yleld was lowered 11,4

—per cent, This decrease in the yield shows that wood charcosl

 &étsvas an inert conatituent in the chlorination process,

8inco approximabtely 11 per cent of the mixture chlorinated con-
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sisted of the inert charcoal, the efficiency of the chlorina-

tlon was decreased.

Surmary

1, The fefric chloride formed by the chlorination of a mix-
ture of 1ron and silicon does not act as a halogen carrier to
increase the yield of lower chlorides nor to iower the temper-
ature at ﬁhich gilicon 1s chlorinated, ‘.

2. Wood charcosl does not act s a catalyst in the chlorina-

tion of 50% ferrosilicon,
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GENERAL SUMMARY

The lmown methods of preparation of disilicon hexachloride

were unsatisfactory because of the negligible yields, Since

‘|  this compound was needed as an intermediste in the development

of the chemistry of silicon compounds containing the silicon
linkage, an investigation was begun, This investigation had
for its object the idea of the development of:a laboratory
process by which disilicon hexachloride and the'other lower
chlorides of silicon could be produced in sufficieﬁt q&antities

for the much desired research on linked silicon compounds,

Preliminery experiments showed that the production of di-

silicon hexachloride in appreclable amounts depended.upoh the

suppression of two reactions which destroy the lower chlorides

in the chlorination process:

815Clg + Clg (heat) = 2 51C1,
2 S1,0lg (heat) = 3 SiCly + S1

It was found thet the admixing of the vapor of éilicon
tetrachloride with chlorine in the chlorination of 50% ferro~
silicon materially increased the yleld of disilicon hexachlor-
ide and the .other lower chlorides of sgilicon, Further exper-~
iments showed that when chlorine was passed through silicon
tetrachloride at such a rate that it delivered 0,5152 gram of

gilicon tetrachloride per minute to the reaction chamber, a

meximum yield of 34,9 per cent of disilicon hexachloride was
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obtained, The yield 1s 2,5 per cent when no silicon tetra-
chloride is passed into the reaction chamber.
A study of the function of the silicon tetrachloride vapor

revealed that this compound acted as an inert constituent in

i the process, The substitution of the inert sesturated chloro-

compound carbon tetrachloride for silicon tetrachloride, pro-
duced4tﬁe same beneficlal results in the preservatioﬁ-of the
disilicon hexgchloride. Since carbon tetrachioride is not an
enduprodﬁct of those reactions which destroy the disilicon hex-
achloride, it was concluded that these inert éompound§~aid in
the preservation of the diéilicon hexachloride by céuéing a
tenmperature lowering of the chlorine and the initial products
of the oxidation of gilicon by chlorine, When the inert con-
stituent is added to the chlorine in sufficient quantity to
produce a temperature lowering of such a magﬁitude that the
initial chlorination reaction 2 81 + 3 Clg = 31gClg will take
place while the reaction, SipgClg + Clg = 2 SiCly 1is éuppres~
sed, then an appreciable preservation of the disllicon hexa-
chloride results. If this condition prevails in the reactlon
chamber, then the reactlon velocity of the reaction, 2 SigClg =
5 SiCly + S1 1is negligible,
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CONCLUSION

‘The optimnm conditions for the preservation of disilicon
hexachloride in the chlorination of silicon demand a set of
f _cbnditions in regard to temgefature which will cause the re-
'actidn velocities for the formation of disilicon hexachloride
to be appréciable and those for the formatlon of siiicon tétra—
chloride to be negligible,
The. factors which sid in the procurement of these condi-
tions are: R
1. The selection of a silicon compound or mixtﬁfe vhich
chlorinates at s lower temperature than elemental silicon,
g, The minimization of the temperature of chlorination
bj the addition of an inert saturated chloro-compdund.
3, A careful regulation of the temperature of the fur-

néce used in the chlorination process,
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Part II

A STUDY OF THE FORMATION
OF THE OXYCHLORIDES OF SILICON

|
|
?




A _STUDY OF THE FORMATION
OF THE OXYCHLORIDES OF SILICON

INTRODUCTION

The importance of research on silicon oxychlorides in ad-
dition to contributing to the undeveloped chemistry of sillcon
is seen in the relatlonship which the complex silicon oxy-
chlorides are thought to bear to the similarlj complex silicie
acids of which the natural silicates are probabiy salté. It
is a well known fact that the classificationlof the nafural
gllicates is a matﬁer of great complexity and that tclfefei _
them to a few types of hypotheticel silicic acids constructed
apriorl on theoretical grounds, 1s not to account for them com-
pletely. It is probable that very little knowledge can be ob-
telned concerning the silicates by a study of the mineral com-
pounds of silicon because of their great molecular complexity
and their insolubility in neutral solvents, Whether oﬁr knovi-
ledge 1s to be extended through a study of inorganic or of the
seemingly more advantageous orgenlc derivatlives because of their
solubllity in neutral solvents, is a problem involving a very
largé amount of research, No matter which 1line of attack is
followed 1t 1s evident that elementary compounds of sillcon
such as the halides and oxychlorides must be available, At

the present time, silicon tetrachloride and silico-chloroform

are the only known compounds of this nature which may be ob-
tained in the market or prepared in the laboratory with any
degree of ease, This has been the case with the lower chlorides
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of silicon which only recently we have been able to prepare
with appreciable yields in this laboratory, dJust as the lower
chlorides of silicon lend themselves as the starting point for
all derivatives contalning linked silicon atoms, so the oxy-

; 'chlorides_pfesent a series of compounds which may be utilized
for the preparation of compounds containing silicon atoms link-
ed by oxygen atoms, Since this manner of linking is thought to
exist in the complex silicic acids and silicates it becomes
very apparent why our knowledge of the silicon'oxychlorides

should be augmented by further research on them,

Historical Survey

The following oxychlorides have been prepared, the molecu-
lar formuls of several of them having been established by vapor

density determinations,

BbP‘ Vapor Density Theoretical
0°C

(air = 1)
815001 - 157-138 10,05 9.86
8140501y  152-154 — —
81404014 198-202 15.5 15,9
810100112 300 31.2 28.0
(SigOsClg)n above 400 — —

(8140nC1y), above 440 — —
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Structural Formlas

The structural formulés which have been assigned to the

oxychlorides are as follows:

Clz51,0,51Clz

ClzS1¢0¢8iClge S5iClz

C1zS84e0e 81010000 51015.048iC15 otc,
The principal feature of these compounds is the recurronce of
the group -—0s5iClge0~—, Analogous compounds héve also been
prepared by Kipping (1912) in which the group. -O-Si(géﬁs)goo-
is present, while the several siliclic acids and silicaﬁes con-

tain the group ==0°5i0¢0~,

Methods of Preparation

The only one of the series concerning which much is known
is the first member, SigClg0. A review of its methods of
preparation show that it was obtained by Friedel and Laden-
burg (1868) when the vapor of silicon tetrachloride was pas-
sed over feldspar heated to a white heat in a porcelain tube,
Later it was prepared by Troost and Hautefeuille (1881) in e
more satisfactory manner by passing a mixbture of chlorine
and oxygen over crystalline silicon heated to 800°, Besson
and Fournier obtained it in an entirely different manner by the
action of oxidizing agents on silico~-chloroform, They found
that silico-chloroform interacts with dry oxygen.in the sun-
1ight at -80°C, and with ozone, sulfur trioxide, end chromium

trioxide at ordinary room temperature, Sanger and Riegel (1912)
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thought that sulfur trioxide reacted with silicon tetrachloride
to form 810150 but they were uneble to isolate the oxychloride.
The latest work on this compound was done by A, Stock and co-
workers (1925) who experimented with the zinc electric arc as
f' a means of reduction, They reduced silicon tetrachloride to
di-silicon hexachloride and found that when oxygen was present
in their apparatus that the compound SizClg0 was always formed:
If the apparatus was previously filled with nitrogen, no sili-

con oxychloride was formed,

Theories for the Formation of Silicon Oxychlorides

When the compound SipClg0 is formed by the action of oxi-
dizing egents on silico-chloroform, it 1s apparent that the
hydrogen In two molecules of silico-chloroform is replaced by
oxygen, thus forming s compound in which two silicon atoms are
linked by an oxygen atom, This reaction is in accordance with

the fact that the hydrogen is loosely jolned to the silicon
atom as shown by the instabllity of the hydrides of silicon,

The chemistry of the other methods of preparation is not un-
derstood, It i1s not known whether the oxychloride $1gClg0 is
formed from silicon tetrachloride by the replacement of the
chlorine in two mdlecules of silicon tetrachloride or from the
lower chlorides which may be produced under the favorable con-
ditions of the experiment, The simultaneous formation of sil-

icon oxychlorides in very small amounts when silicon is chlor-
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inated in the presence of oxygen at rather low temperstures and
when silicon tetrachloride is reduced to di-silicon hexachloride
at a very high temperature, appe&®s to beer some relation with
‘the range of temperature at which di~silicon hexachloride 1s
 stable, Duhem (1900) showed that di-gsilicon hexachloride is
stable from ordinary temperatures up to 350°, decomposes into
silicon and silicon tetrachloride between 3509 and 800°, and
then becomes stable above 800° These facts éuggest two pos- .
sible theories for the formation of the oxychloride SizClg0
from the silicon halides; (a) silicon tetrachloride ié.first
formed and the chlorine in two molecules sybsequently replaced
by oxygen, 2 SiClg + [0] = S1p0150 + Clg; (b) diésiliéon.hexa-
chloride is formed which then dissociates forming @ nascent
molecule of silicon chloride in which the silicon is trivalent,
SioClg = SiCly + $iClz, Two molecules of the nascent chloride
then combine with one atom of oxygen to form the compound
8150150, The latter theory is less probable when considered
from & nowledge of Schlenk's (1911) work with hexaphenyl- -
silicoethane in which he has shown that trivalent silicon does
not exist under the conditions enunciated for trivalent carbon
by Gomberg (1914). - Hexaphenylsillcoethane shows no dissocie~
tion into the tri-phenyl silicyl free radicle even in hot
xylene solution., It 1s very probable, however, that silicon
tetrachloride end di-silicon hexachloride act differently than
tneir carbon analogues in the presence of oxldizing agents,
The carbon halides react with oxidizing agents to form oxy-
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chlorides‘by the replacemént of the chlorine in one molecule of
the compound, Chlorine is held so firmly by silicon, however,
that the simplest oxychloride, Si0Clp, has never been made,
Thaet silicon binds the halogens much more filrmly than carbon isa
shown by e comparison of the behavior of the two elements wilth

the halogens, Silicon and carbon both combine directly with

" plucrine, Silicon combines with chlorine at 350°C, with

bromine st 500°C, but not directly with iodine, Carbon on the
other hend, unites directly nelther with chlofine,.bromine, or
jodine, Recent research on dl-silicon hexachloride nas shown
that its chlorine is not held es firmly as the chlorine in
silicon tetrachloride and for this reascn the behavior of di-
gilicon héxadhloride might also be expected to differ from
silicon totrachloride, Martin (1914) prepared the compound
812(002H5)6’by the intersction of di-silicon hexachloride with
othyl alcohol and demonstrated that all of the chlorine atoms
of di-silicon hexachloride may be replaced without severing
the silicon linkage. ZLdter Schwarz (1926) replaced ell of the
chlorine of di~silicon hexachloride with amido and imido
groups, Thus in addition to securing knowledge concerning the
formetion of the oxychlorides, the author has in mind an in-~
vestigationvof the stability of the silicon linkage and the
bonding of the chlorine in di-silicon hexachloride,
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THE ACTION OF OXIDIZING AGENTS
OTHER THAN OXYGEN OK DI-SILICON HEXACHLORIDE

The action of oxidizing agents other than oxygen on silicon
tetrachloride was studied by Reuter. (1892) and on silico-chloro-

{ form by Besson and Fournier (1909) but no research concerning
‘their action on a compound containing linked silicon atoms. has

been made, Di=-silicon hexachloride is unsteble between 350°
and 800°, Previous experiments showed that okygén had no effect
on di-silicon hexachloride unless higher températures’were em-
ployed and that during the experiment some deéomposiéion'of the.
di-silicon hexachloride alweys occurred, Difficulty 18 exper=
ionced in avoiding the decomposition range entirely because the
vapor mist necessarily pass through this range as it emerges
from the furnace, The temperature control of the furnace is .
likewise very troublesome because of the cooling effect produc-
ed by the passage of thé vapor of di-sllicon hexachloride and
oxygen, Oxlidizing agents therefore which give up their oxygen
below the decomposition temperaturs of\di—silicon.hexadhloride
appear to present a distinct advantage. |

Sulfur trioxide because of its solubllity in di-silicon

hexachloride presents an interesting possibility from the stand-

point of seéuring contact in the liquid state, Furthermore,

1ts reaction with silicon tetrachloride in which the oxychloride,
8150150 1s reported to be formed, furnishes an interesting come
perison with its action on & silicon chloride containing linked
silicon atoms, Chromium trioxide has the property of giving up
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its oxygen probably in the nascent state, one hundred degrees
below the decomposition range of dl-silicon hexachloride and
thus enables one to study the effect of nascent oxygen at a
temperature of 250°C., Ozone, by virtue of the fact that it de-
composes at low temperatures especlally when catalyzed by'sil~
ver oxide, presents a powerful oxidizing agent whose action may

be studied at ordinary atmospheric temperature,
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THE ACTION OF SULFUR TRIOXIDE.
ON DI-SILICON HEXACHLORIDE

P, Schittzenberger (1869), J. Prud'homme (1870), H, E,
Armstrong (1870), V., Grignard and E, Urbain (1919), and E,
Paterno and A, Mezzucchelli (1920) have shown that sulfur tri-
oxide reacts with carbon tetrachloride forming phosgene and
pyrosulfuryl chloride, J, Prudthomme (1870} also demonstrated
that hexachlorethene reacts similarly, Collg + 2 SOz = CgClg0 +
Sc0501p. Sanger and Riegel (1912) studied the action of sul-
fur trioxide on silicon tetrachloride and conbluded from‘ﬁheir-
observations that silicon tetrachloride does not aéf 1ike car-
bon tetrachloride, They wers unabls to lsolate the silicon
oxychloride but represent the reaction, 2 80z + 2 SiCly = 850501,
+ S5150Clg,
| The direct object of thls experiment is to study the action
of sulfur trioxide on di~silicon hexachloride, a homologue of
silicon tetrachloride which contains linked silicon atoms, in
order to obtain knowledge of two facts; (a) di-silicon hexs-
chloride may react similar to its carbon analogue having a
similar structure i,e., form an oxychloride by replacement of
chlorine thus leaving the silicon linkage intact; (b) di-sili-
con hexachlbride hay form an oxychloride by disruption of the
silicon linkage to form a compound containing the siloxan linke
age which is the characteristic linkage given to silicon oxy-
chlorides by various workers, (Kipping 1912),

The results obtained show that sulfur trioxide does not




react with di-silicon hexachloride in elther of the sbove men-
tioned ways. Sulfur trioxide does not act as an oxidizing
agent with di-silicon hexachloride and therefore its action
with this compound is distinctly different from its actlion on
the carbon asnalogue., The behavior of sulfur trioxide in this.
reaction is in asccordance wlith the characteristic addition
reactions. shown by sulfur trioxide, The results of the analysis
of the addition compound formed in this cease ghbws that it has
the formila 2 S1g01gS03, We are sble to draw this conclusion
because of the isolation and subseguent analysis of fhe éddition
compound and the confirmation received from a deterﬁination'of

the amount of silicon linkage present in the compound,

Experimental

The di-gilicon hexachloride was prepared by passing
chlorine and silicon tetrachloride ovér 50% ferro-siliconas
described elsewhere, It had s boiling point of 145°C and
freezing point of 2,5°C, .Sulfur trioxide having a boiling
point of 47° was used, It was perfectly white and free of im-
purities, The sulfur trioxide was distilled directly into a .
small distiiling flask containing a weighed amount of di-sili-
con hexachloride, No rubber was allowed to come in contact
with the sulfur trioxide, The two liquids mixed at once and.
upon gentle shaking formed e homogenous colorless liquid, which
upon standing, deposited fine asbestos-like needles of /3 sulfur




trioxide.. The flask was then connected to a reflux condenser
and refluxed for three hours at 100°C, After cooling, the
1liquid was siphoned off from the crystals of /J sulfur trioxide
and then subjected to distillation, A few drops distilled at
45° and the thermometer then rose rapidly to 172°, The entire
product distilled between 172°-183°, A test for chlorosulphone
ic acid (Sanger and Riegel, 1912) was negative, The excess
sulfur trloxide was removed from the liquid by the method of
Traube (1913) by the addition of extremely fipe sodiqm;chloride
and subsequent heating, One molecule of sodium chloride ab-
sorbs two molecules of sulffur trioxide with the forﬁation of
the sodium salt of chloro-pyrosulfuric acld, The 1iquid was
distilled from the sodium chloride and sgaein distilled, The

entire product came over 179°-182°,

Properties of the Liguid Boiling 1799-182°

The liquid is moblle and has a slight yellow color, It
fumes in air very much like sulfur trioxide. It has a frees-
ing point of -10°C while di-silicon hexachloride and sulfur
trioxide freeze at 2,5°C and 14,8°C respectively, When poured
into cold wéter it hydrolyzes vigorously with the formation of
silico~oxalic acld, sulfuric acid, hydrochloric acid and a

small amount of sllicic acid,
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Anslysia of the Product

The 1liquid d4id not hydrolyze as rapidly as di-silicon hexe
achloride and consequently could be withdrawn in a dry plppette
for all of the determinations except the one for the amount of
silicon in the silicon linkage, The liquid was weighed in a
amall weighing bottle with a ground glass stopper, The weigh-
ing bottle and its contents were then placed in a precipita-
tion flask containing freshly prepared 20% sodium hydroiide
solution prepared from metallic sodium known'to be free from
chlorine, gilicon dioxide, and sulfur, The ground glass stop-
per was removed under the solution and the flask Immediately
closed to avoid loss of hydrogen chloride or sulphur trioxide,
When all fumes had disappeared, the flask was opened and heated
for fifteen minutes to decompose the silico-oxalic acld accord-
ing to the resction (SiOOH)g + 4 NaOH = 2 NagSiOz + 2 Hg0 + Hp,
There was no appreciable 1loss in welght of the glass weighing
bottle when the time of its iﬁmersion in the sodium hydroxilde
was not more then fifteen minutes and consequently this pro-

codure was strictly adhered to in all analyses,

Chlorine:

A ssnmple cf approximately 0,5000 grem was obtained as
described in the analysis of di-sillcon hexachloride and the
chlorine was determined in the same manner (page 19). The
Volhard method was used in preference to the gravimetric

method because Hawkins (1890) found that silver silicate ia de-




composed in the presence of strong acids,

Total silicon:

-The sample was placed in & platinum dish, acidified with
sulfate free hydrochloric acid and the ususl determination made
for Si0s. |

Sulfur:

The sample was obtained as previously described, great
care being taken to avoid loss of sulfur trioxide fumes. The
Sioz was removed and the filtrate used for the sulfur deter-
minstion, The sulfur was precipitated as barium sulfate.

Determination of the Silicon Linkage

G, Martin (1914) hes shown that in the presence of ate
tached oxygen atoms gg., H-OH or Ne-OH, that ‘two directly
linked silicon atoms are severed with the liberation of one
mole of hydrogen, Thus 'by“determining the amount of hydrogen
liberated from a given welght of the compound, the percentage
of silicon as iinked silicon may be found, The sample was
weighed in a small glass bulb with & long capillary tube., The
glass bulb 6ontain1ng the sample was then placed in a bath
consisting of nitric acid and ice until the ligquid sample was
frozen, The capillary of the bulb was then removed with the
flame of a micro-burner, The bulb was then placed in a 200 cc
pyrex flask having a short neck and wide mouth, Fifty cubic
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centimeters of 30% sodium carbonate solution were added and
the flask closed with a rubber stopper containing two glass
tubes bent at right angles and provided with glass stop cocks.‘
One of these tubes led to a Schiffs nitrometer containing 50%
potassium hydroxide and the other to a safety gas washing bot-
tle containing sulfuric acid, The gas washing bottle wes in
turn connected to a carbon dioxide generator which was arranged
so that a constant pressure of casrbon dloxide could be main-
tained in the apparatus. Pure carbon dioxide was geggfated by
dropping 1-1 hydrochloric aci& on pure sodium.bi-carbonate.
The air was thoroughly swept out of the apparatus bj allowing
a slow stream of carben dloxlde to pass through the apparatus
for several hours, When the apparatus was free of air; the
stop cocks on each side of the flask containing the bulb and
the sodium carbonate solution were closed, The bulb was thén
broken by an abrupt movement of the flask, Hydrogen was
evolved at once but it was necessary to heat the flask rather
vigorously to bring the reaction to completion, It was found
advisable to maintaln a slow stream of carbon dioxide through
the apparatus during the evolution of the hydrogen and for at
least an hour after the evolution had ceased, The hydrogen
was allowed.to stand for at least twenty-four hours over the
50% potassium hydroxide solution to insure complete absorption
éf the carbon dioxide, At the end of this time & potassium
’pyrogallate absorptlon was maede for oxygen, If any oxygen was

found 1t was subsequently calculated to air and the necessary
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correction made, The vapor pressure of the 50% potassium
hydroxide solution according to Kingscott and Knight (1914)
may be taken as one-third that of water at the same temperature,

The barometer readings were corrected to 0°c.

Anslytical Results

Total Chlorine

Wt, Subs,, g. Chlorine, g. Chilorine, %
0.8852 0.6151 169.49 -
0.4927 0.3425 69.52
0,5240 0.3642 69,50

Theory 68,76

Total Silicon

Wt, Subs., g. S105, g. 8i, %
0,3316 0,1422 20,12
0.738% 0,3170 20.14
0.4156 0,1788 20,19

Theory 18,30
Total Sulfur

th Su'bs.’ gc B&SO4, g. S’ %
0.1146 0.0408 4,89
0.3316 0.1197 4,96

Theory 5,18
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Silicon Linkage (3if)
Wt.Subs.,g. Vol,Hp,cc Temp, ,°C  Pressure,nm Silicon,g Sir%

0.46856 38,2 26.0 739.9 0.0848 18,11
00,4164 34,25 23,0 739.1 0.0766 18,40
0,7467 58,82 20,8 744,5 0.1355 18,15

Theory 18,30

Discussion of Results

A review of the results shows that 18.22'§er cent of the
20,15 per cent of total silicon of the Substance‘is present as
linked silicon, 1In endeavoring to account fof.this7appérent
discrepancy between the percentage of linked silicon,ana the
total silicon it was observed that an addition compound having
the formula 2 81pClgS03 contalns 18,30 per cent of silicon
end 68,76 per cent of chlorine, Since there was no SiOg in the
compound, 1t seemed probable that thé difference between the
percentages of total silicon and linked silicon might be due
to a small aﬁount of silicon tetrachloride, In ordef ﬁo test
the validity of this assumption it was necessary to calculate
the amount of chlorine combined with the linked and unlinked
silicon, aséuming that the linked silicon existed in the ad-
dition compound 2 SipClgSOz. The total chlorine calculated
by the forﬁula, |

(si - 817) 4C1 + Sij 6C1 = total chlorine
S§1 28y

gave 69,56 per cent while the percentage of total chlorine
found was 69,50%, The calculation also gave 0,95 per cent of

chlorine present as chlorine in silicon tetrachloride, and
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68,60 per cent as chlorine in the eddition compound 281,C14S0s.
The percentage of chlorine in the hypothetical compound is'
68,76 per cent, The purity of the mixture in regard to the ad-
dition compound was found to be 97,72 per cent, Subséquent
correction of the percentage of sulfur (4.93) forvthe impurity
of silicon tetrachloride in the mixture,'than gave 5,05 per
cent of sulfur as compared with 5,18 per cent for the theofet-
ical percentage in 2 SigClgB0z.

Suwrmary of Hesults

Sit. Cl, S ,
L. # 1, % , ¥ Byo&ig%erence

Determined 18,25 68,60 5,05 8,10

Theoretical 18,30 68,76 5,18 7.76

The analytical results leave much to be desired in re-
gard to the hypothetical compound but they indicate very clear-
1y that the action of sulfur trioxlde on di-silicon hexachloride
does not form an oxychloride of sllicon by the interposition
of an oxygen atom between two silicon atoms or by the'replace-
ment of chlorine, The rsesults show conclusively that the
action of sulfur trioxide on di-silicon hexachloride is en-
tirely different than its action on the homologue silicon tet-
rachloride (Samger and Riegel, 1912) and the analogue hexa-
chloroethane, {(J, Prud'homme, 1870),
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Summary

1, Di-silicon hexachloride in the presence of sulfur tri-
oxide at 180°C does not form en oxychloride by the fission of
- the silicon linkage or by the replacement of chlorine,

2, Di-gilicon hexachloride does not react similar to its
carbon analogue hexachlorethane or to its homologue silicon
tetrachloride in the presence of sulfur trioxide.

S« A new compound 2 516180z hds been preopared and analyzed,
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THE ACTION OF CHROMIUM TRIOXIDE
ON DI-SILICON HEXACHLORIDE

Besson and Fournier (1909) found that chromium trioxide
reacts at ordinary temperatures with silico-chloroform forming
- oxychlorides of silicon and a compound CrzOCly and Rauter (1892)
in his comprehensive survey of the action of different oxides
on silicon tetrachloride said that when chromium trioxide is ade
ded to silicon tetrachloride in the cold s red‘color is pro-
duced, Vhen the mixture was placed in a sealed tube gn& grad-
uslly raised to a tempersture of 300°C, the chlorine of the
silicon tetrachloride was entirely replaced by oxygeﬁ with the
formation of silica and chromie¢ chloride,

The results obtained show that chromium trioxide does not
react with di-silicon hexachloride at ordinary temperatures,
No red color indicating the formatlon of chromyl chloride waé
observed as in the case with silicon tetrachloride, At 200°
the oxidation proceeds explosively with the complete destruc-
tion of the sillicon linkage and the complete replacement of the
chlorine with oxygen, Our results and those of Rauter (1892)
indicate that the chlorine attached to the silicon atom is very
stable at ordinary temperatures, At higher temperatures, the
predaminatiné bondling of oxygen by silicon 1s shown in such a
vigorous manner that it is impossible for oxychlorides to be

formed.
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enerimental

The chromium tr;oxide was prepared by the action of con-
centrated sulfuric on a-solution of potassium dichromate, the
- erystals wefe waéhed with pure nitrie acid and heated to 60°-
80° in a glass tube through which a current of dry air was pas-
vsed. ‘The melting point.of the chromium trioxide was 193°,

Chromium.trioxide glves up its oxygen at 250° according to
the equation 2 CrOg = Crg + 3 [0], It was thought that the
liberated oxygen might act on the di-silicon hexachloride ac-
cording to the equation 3 SipClg + 3 [0].= 3 S150C1, and the
‘ﬁheoretical amounts of each substance required by this equation
were teken in the experimént. Thirty-eight and five-tenths
grams of di—silicon.hexadhloridevwxe;placed in a distilling
flask containing 5 grams of chramium trioxide and the mixbure
refluxed for three hours at the boiling point of di-silicon
hexachloride (146%-148°), At the end of this time the entire
liquid was distilled, the entire amount distilling at 145°,
thus 1ndicating that no S150150 (B,P.136°) was formed at the
~ temperature of the ekperiment; The di-sllicon hexachloride was
again placed in the distilling flask contalning the chromium
trioxide and the temperature gradually raised to 200°C, When
this point was reached.an‘explosidn occurfed which blew the
cork from the distilling flask, Chromic oxide, silica and a
small amount of chromium trioxide remained in the flask, Thé
resction at 200° mey be represented by the equation,

8 Cr0z + 3 S1p0lg = 4 Crg0z + 6 510 + 9 Clg




Ar_other experiment wag carrisd out in which the compounds
were taken in the same amounts and placed in a ca:c-ius tube, The
tube was sealed and then heated at a temperature of 250°-300°

for five hours in a Garius furnace, The products remaining 111
| the tube as a result of the reaction were the same as in the
pwnv* ousg ev:perimen ith tbe eddition of some red chromyl
chloride which decomposed in the moisture of . the atmosphere when
the tube was opened, The reaction at 250°-300° in a closed tube
mey be represented by the eguation, - -

11 Cr0z + 3 812016 = Crg0z + 6 8102 + 9 Cr02£‘-12

Summery

1., No oxychlorides of silicon are formed by the action of
chromium trioxide on di-silicon hexachloride,

2, The silicon linkage 1s stable at a temperature of 150° in
'bhe presence of clrmomium trioxide, At 200°¢ the silicon link-
age is diarupted and the chlorine is entirely replaced by oxy-
gen with the fonnation of silicon dioxide.
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THE ACTION OF OZOXE OF DI-SILICOY HEXACHILORIDE

The action of chromlium trioxide on silicon tetrachloride

and di-slilicon hexachloride indicates that these chlorine

-derivatives of the hydrosillicons are not easily oxidlzed at or-

dinary temperatures but that at higher temperatures the oxida-
tion is complete with the formation of silicon dloxide, In
consequence of the behavior of these silicon chlorides with
chromium tkioxide, it was thought that the employment of an ox-
idizing agent which has the property of yilelding its d%ﬁgen at
ordinary temperatures would be better adépted for effecting a
partial oxidetion of di-sllicon hexachloride, Clark and Chap-
man (1908) in their investigations found that ozone possesses
remarkable chemlcal activity at ordinary temperatures, Later
Rothmund and Burgstaller {1913) pointed out that ozone is es=
pecially active as an oxidizing agent when its decomposition
is catalyzed by certain substances such as platinum black and
metallic oxides, Friend and Twiss (1924) state that ozone may
manifest its oxidizing property in two different ways, namely:
i. Oxidation, during the process of which there is no change
in volume insofar as the ozone itself is concerned, each
molecule of ozone ylelding a molecule of oxygen, the‘third
oxygen atom entering the oxidized product,
2, Oxidation in which all three atoms of oxygen are sbsorbed,
This behavior of ozone then furnishes a method of bringing di-

silicon hexachloride in contact with nascent oxygen at ordin-
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ary temperéture. Beason and Pournicr (1895) state that ozone
acts on phosphorus trichloride forming the oxychloride of phose
phorus, The same authors (1909) found that ozone acts more
vigorcusly than chromium trioxide‘pn silico-chloroform at or-
‘dinary temperatures, In this reaction they obtained some vis-
cous oxycnlorides of silicon which indicate that the oxldation
proceeded farbher}than the similar oxidetion with chromium tri-
oxide; | |

The results of our experiments show that ozone has no ox-
1dizing effect on di~silicon hexachloride, either alpﬁe'or |

when the decomposition is catalyzed by silver oxide,

Experimental

The ozone was produced by means of a Brodie ozoniser which
gave very successful results, The di~silicon hexachlofide was
placed in a distilling flask which contained a glass tube ex-
tending to the bottom of the flask, This tube was sealed in-
to the neck of the flask and thus allowed thb ozone fo be asg-
piréted through thé di-silicon hexachloride without cbming in
contact wiﬁh_any‘rubber_cbnnsctions. For“ﬁhe éame reason, the
distilling flask was sealed to the ozoniser and its outlet tube
to & amaell phosphorus pentoxide tower which protected the di-
sllicon hexachloride from atmospheric moisture, Dry oxygen
sas obtained by passing the gas successively through sulfuric
acid and phosphorus pentoxide, Twenty-one and two-tenths
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grams of di-silicon hexachlorids (B.P.145°)were placed in the
distilling flask and oxygen allowed to enter the ozoniser atb
the rate of one bubble per second when counted in the sulfuric
acid washing bottle. This gave sufficient ozone to cause a
very strong odor in the vicinity of the apparatus, The loss
of di-silicon hexachloride by entraimment was 0,13 grams for
21,2 grams dﬁring a perlod of six hours, After.the ozone had
bubbled through the di-silicon hexachloride for, six hours, the
speclal distilling flask was removed and the iiquid‘disfilled
into another dry distilling flask, Distillation from_fhie
f£lask gave 0,2 grem distilling 134°-136° and the entire re-
mainder at 145°-148°, The small portion distilling at 134°-
136° gave silico-oxalic acid when hydrolyzed with water.. The
presence of the silico-oxalic acid w as confirmed by a posi-
tive test for hydrogen when potassium hydroxide solution was
added. S8ince Si5Clg0 hydrolyzes to form silicic acid, it weas
concluded that no sillicon oxychloride wes formed, The remain-

der of the distlllate was pure di-silicon hexachlorids,

Ozone in the Presence of Silver Oxide

A second experiment was mede in which silver oxide was
added to the di-silicon hexachloride for the purpose of cat-
alyzing the decomposition of the ozone, Thirty and sixty-
soeven hundredths grams of di-silicon hexachloride and 5 grams
of dry silver oxlde were placed in the distilling flask and
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the operation carrled out as vefore for a period of sixzteen
hours, There was no appareﬁt rise of teﬁperature or any other
indication that any oxidation had teken place, Upon distil-
lation, the entire product came over at the boiling point of
di-silicon hexachloride,

Dlscussion of Resulis

This behavior of ozone with di-silicon héxadhldridé is of
considerable lnterest because it shows that the silicoﬁ iink-‘
age is stable in the presence of nascent oxygen at ordinary
temperatures, Martin (1912) found that di-silicon hexachloride
is stable in the presence of chlorine at temperatures below
the boiling point of di-silicon hexachloride, These facts
show that a relatively high temperature is a necessary attri-
bute to the formatlon of the stable end products of 6xidation
and. chlorination, That di-silicon hexachloride does not form
silicon tetrachloride or silicon dioxide when brought in con-
tact with chiorine or ozone et ordinary temperatures serves to
demonstrate that this compound possesses greater stability
than hitherto supposed, 1t is very probable that the lack of
knowledge, concerning the chemistry of the lower chlorldes of
silicon, is not a result of their instability but of the dif-

ficulty heretofore involved in their preparation,
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Summary

1., No oxychlorides of silicon are‘ﬂmmed'by'the action of
ozone on di-silicon hexachloride,

2, The silicon linkage 1s stable et ordinary temperature in
thg presence of ozone when the decomposition of the ozone is

catalyzed by silver oxide,
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THE ACTION OF 0Z0FE ON THE VAPOR
OF DI-SILICON HEXACHLORIDE

In this experiment the apparatus was designed in a manner
which allowed the vapor of di-gilicon hexachloride and oxygen
to pass simultaneously through the silent electric discharge,
By this arrangement we were able to bring the vapor of di-sili-
con hexachloride and ozone together at a temperature of 145°¢,
The decomposition of ozone is more rapid at highér temperatures
and consequently its oxidizing power 1is more marked Iﬁ is a
“well known fact that many reactions which will not proceed un-
‘der ordinary conditions take place when one or both reacting
su'bs’cances are in the vapor or gaseous condition at a higher
temperature,

Our results show that ozone even at a temperaﬁure of 145°C
has no effect on the vapor of di-silicon hexachloride, when
these substances are brought in contact in ths presance' of the

silent electric discharge,

Experimental

A Sienians ozoniser was sealed to a small distilling flask
which was provided with a side arm through which oxygen enter-
ed the apparatus, The apparatus was placed upright in order
that the ozonlser might also gserve ss a reflux condenser for
the liquid, The apparatus was thoroughly dried and 5 grams of
di~silicon hexachloride placed in the flask, A previous ex-
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periment showed that when an oll bath surrounding ths flask was
raised to a temperature of 180° the vapor rose sufficiently high
4n the condenser to come in contact with the ozone and the silent
discharge, Dry oxygen was allowed to enter the ozoniser at the
rate of one bubble per second when counted az the gas passed
thrdugh sulfuric acid, This gave sufiiclensi ozone Lo causo &
perceptible odor above the apparatus, The vapor was exposed to
the action of the ozone and the silent electrie'discharge for

a period of one hour, Dark rings of a brown substaﬁceVSéttled
out in the flask during the experiment After cooling, the f‘ask.
'was disconnected from the ozoniser and the liquid distilled,
Several cubic centimeters distilled at 55°-60° and were identi-
fied as silicon tetrachloride, The remainder distilled at 145°
and the percentege of chlorine {78¢82) determined , This showed
i1t to be unchanged di-silicon hexachloride, The smell amount

of residue in the flasic was found to be elemental silicon.

Discussion of Results

Ozone has no apparent action on the vapor of di-silicon

| hexachldride at 145° in the presence of the silent electric dise

charge, thus showing the stability of the eilicon linkage when

in the presénce of a vigorous oxidlzing agent at a temperature
somewhat higher than ordinary atmospheric temperature, It will

| be remembered that chlorine reacts with di-silicon hexachloride

et this temperature to form the steble end product silicon tet-
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rachloride. This result siows that di-silicon hexzachloride

has e greater activity for drdinary chlorine than for activated
oxygen at the bolling point of di~silicon hexachloride, The
decomposition of di-silicon hexachloride into elemental silicon
end silicon tetrachloride in the sllent elec¢tric discharge pro-
coeds saccording bto the eguation, 2 S101s = 81 + 8iCl,, This
same behavior was found by Troost and Hautefeuiile (1871)_in
the temperature range 350°-800°, The silent electric discharge
appears to lower the temperature of initial decompositibﬁ two

hundred degrees.

Summazry

1, No oxychlorides of silicon are férmed vhen the vapor of
di~-gilicon hexachloride and ozone are brought in contact at
145° in the presence of the silent electric discharge, |

2, The vapor of di-silicon hexachloride is decomposed into
elemental silicon and silicon tetrachloride at 145° in the

presence of the silent electric discharge,
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GENERAT, SUMMARY OF THE ACTION OF OXIDIZING AGENTS
OTHER THAN OXYGEN ON DI-SILICON HEXACHLORIDE

1. Vigorous oxldizing agents do not act upon di-sllicon hexa-
chloride at ordinary temperé.tures tq form oxychlorides of sili=-
c.on'by the interposition of an oxygen atom between the two sil-

eon atoms t_o form the siloxen cheln, or by the replacement of
chlorine,

2. A’_c higher temperatures, strong oxidizing agénts convert
di-silicon hexachloride completely to silica, o
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THE ACTION OF OXYGEN ON THE VAPOR OF
DI-SILICON HEXACHELORIDE AT HIGHER TEMPERATURES

The previous experiments have shown that di-silicon hex-
achloride does not form an oxychloride of silicon when brought
in contact with'vigorous oxidizing agents, The conclusion
that di-sllicon hexachlioride is incapable of forming an oxy-
chloride could not be made from the resulis of:the previous
experiments because of the behavior peculiar to.éome of the
oxldizing agents at higher temperatures, Chromium ﬁriéiide,
for example, loses its oxygen at 250°C and it 1is tho,ught that
the oxygen 1s in the nascent state at the instant of decompo- |
sition, It is probabls that the actlon of nascent oxygen at
this temperature is entirely too vigorous to effect a partial
oxidation of the dl-silicon hexachloride,

In reviewing the methods which have been proposed for the
preparation of the oxychloride, S1501g0, it was observed thab
oxygen was used in the method of Troost end Heutefeuille (1881).
In this method the chiorination and oxidation processes were
carried out simultsneously, The mechanism of the formation of
the oxychlorides was unlmown to the authors, The conditions
under which these workers produced the oxychloride, SigClgO
do not prohibit the assumption that its formation may involve
the lower chlorlde, SigClg as an intermediate step in the
process, Furthermore, there appears to be some relationship
between the negliglble yields of 3150150 obtained by Zanettl
(1912), sanger and Riegel (1912), and by us, and the corres-
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pondingly low yields of di-silicon hexachloride produced by the
chlorination of slilicon,

The theories for the formation of the oxychlorlde, S15C1g0
from the lower chloride SigClg have~been previously discussed
(p.58). The object of the present research is to study the
actlon of oxygen on the vapor of di-silicon hexachloride at
higher temperatures, This includes (a) a studj of the effect
of 6xygen on pure di-silicon hexachloride vapor.ﬁt different
temperatures under conditions favorable for the preéervétion.
of the lower chlorides and (b) a study of the reaction iﬁ
which the oxygen will come 1n contact with appreciable quanti-
ties of di-silicon hexachloride simultaneously with its formas-
tion and under conditions most favorable for the prevention of

its decomposition,

The Action of Oxygen on the Végor of Di~
gilicon Hexachloride at 300YC and 1000

Troost and Heutefeuille (1871) found that the decomposi-

tion range of di-silicon hexachloride is between 350° and 8000.
Therefore, in.studying the action of oxygen on di-silicon
hexachloride ﬁt higher temperatures, it was necessary to ‘
choose temperatures outside of this range, A temperature of
300° was selected for the temperature below the range of de-
composltion because of a Qoﬁparison desired with the action of
nascent oxygen at this temperature, One thousand degrees was

selected for the lnvestigation sbove the range of decomposiﬁion.
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EXperimental

It was necessary to have an electric furnaceycapable of
reaching a temperature of 1000° and holding this temperature

‘foquOme time, The ordinary electric combustion furnace was
o .

v”gﬁsuitable because of its inabllity to remain at thls temper-

K

,Ja@ﬁre without the destruction of the element,

Descripbion of Furnace:
The 220 V, furnace which was especially constructed for

these experiments hed a heating length of eighteen inches, It

contained a silica tube having ‘an inside diemeter of 0,5

inéh. The heating element was constructed of No,2 Nichrome
wire and was covered with magnesia cement and then packed in
911-o-cei powder, The furnace, which was enclosed_in a seanm-
leés steel tube, was calibrated for the desired temperature by
means of sliding resistance colls, The temperature was measule
ed with a calibrated Alumel~Chromel thermo-couple having a
cold junction which was meinteined at 0° by means of an ice

bath.*

Temperature 3000

Ten and five~tenths grams of di-silicon hexachloride was
placed in a small distilling flask containing a piece of glass
tubing extending to the bottom of the flask so that the oxygen
could be bubbled through the ligquid. The flask was attached

to the silica tube of the furnace and the temperature of the

- ¥heg-muthor is indebted t? Dr, Je.d.Canfield for the construction

and calibration of the thermocouple.
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furnace reised to 300°, The di-silicon hezechloride was then
brought to its bolling point by means of an oil bath and the
oxygen bubbled through the liquid, The operation was continued
for one hour, ¥o explosive action occurred as in the case of
chlorine at this temperature (Martin, 1914). The resulting
product was condensed in a small distilling flask Immersed in
an ice bath and containing a spiral condenser to insure come-

plete condensation of Ui n?oﬁﬂcﬁ, The distillation of the

product gave a very small oooav ol 1liquld distillingﬂat 59°
which proved to be silicwu: 4. tzachloride. The thermqﬁeﬁer
then rose rapldly to 177 ond Hhe wmeinnt er of the liguid dis-
tilled at thils tempcro’ x>, e whole oncration vas repeated

by bubbling oxygen throusli the last poriic: of the distillate,
The distillation of this product produced a 2ll amount of
silicon tetrachloride as in the previous opcration thus show-
ing that there was some decomposition of di-silicon heiadhlor-
ide in the presence of oxygen at a temperature fifty degrees
below the reported decomposition range, The remainder of the
product distilled at 145°, A determination of chlorine on this
portion gave 79.10% chlorine while the theoretical percentage
for di-silicon hexachloride is 78,99%.

Temperature 1000°: |
At 300° there was a paﬁtial decompositiongof the di-sil-
icon hexachloride correspondirg to the equation, 2 8igClg =

Si + 3 81Cly. It is apparehc that the decompos&tlon will be
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even greatef at this higher temperature because the vapor must
pass through the decomposition range (350°f800°) when entering
and leaving the furnace, In order that the vapér might be rals~
ed qulckly to the stable range! the flask containing the di-
.silicon hexachloride was attached to a small sillca tube which
extended into the hottest zone of the furnace, Another effort
was made to prevent this decomposition by aspirating silicon
tetrachloride vapor through the furnace as in iheApreparation
of the lower chlorides (p.l4)}, Silicon totrachloride is one

of the products resulting from the decompositibn of di;silicon
hexachloride and it seemed probable that 1ts presencé would

aid in the preservation of the dl-siligon hexachloride, Fur~
ther precaution was taken to prevent decomposition by cooling
the wvapors as rapidly as possible as they emerged from the
furnece, A brass condenser was inserted into the end of the
furnace for this purpose, The condenser was supported by

clamps and held in place in the furnace by wrapping the end of
the condenssr in asbestos paper coated wlth sodium silicate,

The end of the condenser projected into the furnace several inches
and the junction was gas tight, A vigorous stream of water was
run through the condenser to keep the temperature as low as
possible, The resulting products were received in a three neck-
ed flask as deseribed in the preparation of the lower chlor-
ides {(p. 18, The entire apparatus wes sloped towards the re-
celving flask to insure removal of the products from the brass

condenser, The regulation of the temperature proved to
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be very difficult on account of the cooling effect produced by

the vapor of silicon tobrachloride, When it was observed that

the temperature of the furnace was'falling, the passage of the

vapors was stopped until the furnace regained the original tem=
perature,

Twenty grams of di-silicon hexachloride and 118,4 grams
of silicon tetrachloride were passed through the furnace in the
presence of oxygen. The oxygen was bubbled through the silicon
tetrachloride at the same rate as in the previoﬁs éipefiment.
No explosive reaction occurred during the process., In splte of |
the precautions observed for thevprevention of the decomposi-'
tion of di-silicon hexachioride, it was decomposed to a large.
extent, The distillate had a dark brown color as it emerged
from the brass condenser because of the presence of finely di-
vided elemental silicon.

The contents of the receiving flask were removed by the
prossure of dry alr and then sdbjected‘to distillatioﬁ. A con-
siderabie smount of silicon tetrachloride distilled at 55°-60°,
The water bath which had been used was then replaced by an oil
bath, The temperature rose to 145° without any distillate
coming over at 136°, the boiling point of the compound SigClg0,
As there was only a small residue remaining in the flask, the
distillation was interrupted while the residue was transferred
to & smaller dlstilling flask, Three grams of a 1iguid boil-
ing 145°-148° were obtained, A chlorine determination on this
portion by the Volhard method gave 79,2 per cent while the
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theoretical percentage for di-silicon hexachloride is 78,99.
Hydrolysis of this portion geve the white solid silico-oxalic
acid which evolved hydrogen when treated with potassium hydroxe
‘ide, There was no evidence of the formetion of the compound

3150150 or eny other oxychloride of silicon,

TPabulation of Results

Temperature of furnace, °C , , , 300,0 . 1600;0

Time, passage vapors, min, ., , , 60,0 120.0
S81p0lg used, 8« « ¢ » 4 2 » o« » 5,54 20.0
8iClg used, 8¢ o ¢ s o 5 » » o & = 118.4
81501l recovered, g. » » o « « +» 5,10 5,0
Decomposition S8igClg, % . . . . 8.0 85,0
815001l produced, g. « « o « o » 1ONG none

Discussion of Results

These résults.indicate that pure di~silicon hexachloride
does not react with oxygen to form an oxychloride, The ten-
dency for di~silicon hexachloride to decompose between the tem-
peratures 300° and 1000° is very marked, The experiments show
fﬁat the decomposition temperature is lower in the prosence of ox-
ygen, The rapid decomposition of di-silicon hexachloride even in

the presence of silicon tetrachloride wapor serves to show why it
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is not possible to produce the ilower chlorides of silicom by
the chlorination of com@ouhds of silicon whose temperatures

of chlorination are above 500°; Herestofore, we have regarded
“the brown residus obtained in the receiving flask during the
production of the lower chlorides of silicon as ferric chloride,
Further examination shows that much of it is Tinely divided
silicon, It is very probable that the dark residue left in

the fractionatlon of the lower chlorides consists of finely
divided silicon mixed with the residue of the lnown lower chlor=

ides of silicon.

Surmary

1. No oxychloride of silicon is formed when the vepor of di-
silicon hexachloride and oxygen are brought in contact at 300°
and 1000°, |

2; In the presence of oxygen the vapor of di-silicon hexa-
chloride is.partially decomposed at 300° wh%le at 1000° its de-

composition is nearly completbe,
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A STUDY OF THE EFFECT OF OXYGEN OR THE LOWER

CHLORIDES OF SILIGON DURING THE CHLORINATION PROCESS

To subxtantiste the results already obtained concerning
the action of oxygen on the lower chlorides of silicon, a study
was made to determine the effect of oxygen on the lower chlor-
ides during the chlorination process. Since oxychlorides of
sllicon had been produced by passing chlorine and one-fifth its
vO1ume of oxygen over silicon, there exlsted the probabillity
that the material chlorinated or some of the producﬁs of the
reaction of the chlorine and oxygen, acted as catalytic‘agents
of oxidation. C, R, Downs (1926) in a discussion of the cata-
lytic gas phase oxidation of orgenic compounds states thaﬁ
there are several catalysts known which willl produce partial
oxldation products at Intermediate temperatures, While the
oxldation of silicon chlorides may have little anelogy to the
oxidation of organic compounds it does not Justify the conclu-
sion that the same phenomenon may not exist in the oxidation
of inorganic compounds, The purpose of these experiments is
to determine whether the lower chlorides of silicon and oxygen
behave in the same manner in the chlorination process as they
do when the two substances are brought in contact at the same

temperature in pure state,
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1, The Effect of Passing Chlorine and Oxygen
over 50% Ferrosilicon in the Presence of
Silicon Tetrachloride Vapor at 200°C,

Experimental

Dry chlorine and one-fifth its volume of dry oxygen (com-
pare Troost and Hautefeuille, 1881) were bubbled through pure
silicon tetrachloride as in the preparation of:the lower chlor-
ides of silicon (Fig.l,'p.ls). The furnace was.éharged with
ferrosilicon and heated to 200° before the mixed gaées{ﬁere ale~
lowed to enter the furnace, The chlorination began at éOOo.
The course of the gases was then changed so that they bubbled
through the silicon tetrachloride, An lnspection of Teble I
(p. 22) shows that the optimum rate of passing the silicon tet-
rachloride to obtain the maximum yield of lower chlorides is

at the rate of 0,5152 gram per minute, In this experiment the
rate of passing the mixed gases through the silicon teﬁra—
chloride was so controlled that 0,4766 gram of silicon tetra-
chloride per minute was obtained, Two hundred four and four-
tenths grams.of the resulting product gave but 5,8 grams of
liquid boiling above the temperature of silicon tetrachloride,
This portion boiled at 145° and proved to be di-silicon hexa-
chloride,

2, The Effect of Passing Chlorine an% Oxygen
over 50% Ferrosilicon at 200°C.

The previous experiment showed that the yield of lower
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chlorides was very low because of the dilution of the chlorine
with oxygen and silicon tetrachloride, This result 1s in ec-
cordance with the results obtained in the preparation of the
-lower chlorides (Table I, p.22). When sllicon tetrachloride is
used as a dllutent for the chlorine, the yield of lower chlor-
ldes is increased up to a certain point bub beyond that a fur-
ther addition reduces the yield (Fig,3, D.23 ). Although the
optimum amount of silicon tetrachloride was aspirated with the
chlorine.for the production of a maximum yield of thefiower
chlorides, the yields were very low, This shows that oiygen
elso acts as a dilutent in the presence of sllicon totrachlor-
ide at a temperature of 200°, The effect, therefore, on the
yield of lower chlorides was the same as that produced by the
aspiration of more than 0,4968 gram of silicon tetrachloride
per minute, Our experiments on the preperation of the lower
chlorides of silicon have shown that silicon tetrachloride in
addition to its dilutent effect, also operates in the chlori-
nation process by diminishing the heat evolution per unit vol-
ume of total gas, thus lessening the temperature increase of
the gas mixture per unit of reaction, Since the passage of the
silicon tetrachloride caused too great a dilution of the chlor-
ine and a lowering of the temperature of the reaction in the
previous experiment, it appeered probable that the action of
the oxygen might be Intensified by omitting the passage of the
silicon tetrachloride with the chlorine and oxygen,
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Experimental

The chlorination was carried out as 1In the previous exper-

iment, Twenty-three and elghty-three hundredths grams of the

resulting product was distilled and gave 6,43 grams of liquid

boiling above the temperature of silicon tetrachloride.

Upon

distillation this portion distilled at 145° and proved to be

di-silicon hexachloride,

Tabulation of Results

Time,minoooo.otoo
Ferrosilicon added, g.

Ferrosilicon used, g8, .«
- 81C1, asp.; Bo o o o » o o
S1Cl, asp. per min,, 8. .
Iower chlorides formed, g.

- Lower chlorides equiv, to
SBlused, e o v « o o o

ILower chlorides formed, %

Oxychlorides formed, g. .

®

L
360,0

150.0
56,0
71,6

0.4766
5.8

133.3
4,35

none

&
180.0

100,0
54.0
none
néne

6,43

128,52
5.00

nomne
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Discussion of Resulis

No oxychlorides of silicon are formed when chlorine and
oxygen are passed over 50% ferrosilicon at 2000. Since pure
vdi-silicon hexachloride does not react with oxygen at this
temperature, the resuvlts of thess experiments show that the
materiel chlorinasted and the products of the reaction do not
act a3 catalytic oxidation agents., The low yields of the
lower chlorides of silicon are a result of the dilutiqq‘of the

chlorine by the oxygen.

Swmnary

1. Oxygen has no action on the lower chlorides of silicon
in the chlorination process at a temperature of 200°C,

2. The ferrosilicon or other products of the reaction have
no catalytic oxidation effect on the lower chlorides of sile

icon,
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THE ACTION OF OXYGEN
ON SILICON TETRACHLORIDE AT 1250°C

It has been shown that di-silicon hexachloride does not
form the oxychloride SisClg0 by the interposition of an oxy-
gen atom between two silicon atoms, 1In consequence of this
behavior of the silicon linkage with oxygen, we have concluded
that the siloxan linkage which characterizes many steble sili-
con compounds is not formed in this manner, In view of the
fact that the oxychloride SisClg0 was produced by Trooﬁt‘and
Hautefeuille (1881) by the introduction of oxygen into the
chlorination zone during the chlorination of silicon, it seemed
logical to conclude that the oxygen may have reacted with the
silicon tetrachloride ta form the oxychloride.

Isolation of the Silicon Oxychloride
from Commercial Silicon Tetrachloride

Further conflirmation of the action of oxygen on silicon
tetrachloride at high temperatures to form compounds contain-
ing the siloxan linkage was obtained by the successful isola-
tion of 150 grams of the oxychloride SipgClgO from 9000 grams
of sillicon tetrachloride furnished by the Chemical Warfere Sere
vice, According to Hutchins (1919) much of the silicon tetra-
chloride for militery purposes during the war was made by the
chlorination of sillcon carblde at a temperaturs of 125000.

Our experiments and those of Martin (1914) have shown that the
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lower chloride SigClg, 1s extremely unstable in the presence
of chlorine at higher teﬁpefatures. It is significant that no
lower chlorides of sllicon were found in the higher boiling
‘resldue from this large amount of siliéon tetrachloride because
it not only confirms the results in regard to the instability
of the lower chlorides of silicon in the presence of chlorine
at high temperatures, but also substantiates Oﬁr observations
that the lower chloride SigClg, is not an intermédiate con-
pound concerned in the formation of the oxychloride-SiéC16O.
Moreover, 1t appears to indicate that some oxygen must ﬁave
been present in the commercial process and that the formation~
of the oxychloride of silicon was a result of the action of
the oxygen on silicon tetrachloride,

The purpose of this experiment is to determine whether
oxygen acts on silicon tetrachloride at 1250°C to form the
oxyehloride SinG01g0. o

Experimental

Deseription of Furnace:

A special furnace was constructed which was capable of
attaining a temperature of 1250°C and holding this temperature
for some time, The furnace was of the carbon resistor type.
It had 4-inch heavy carbon electrodes at each end, The re-
sistor was ﬁlacedlbetween the electrodes and had the fofm of a

cylinder, It was 8 inches long, 1.5 inches outside diametor




- 100 =

end 0,25 iﬁch thick, A one inch hole was left in the center ond
sealed‘to prevent loss of carbon, The resistor was covered with
magnesia cement to avold contact with air, The magnesia come
bustion tube through the center of the furnace was 18 inches
.long and had an inside diameter of 0,5 inch, The current con-

" sumption of the furnace varied from 70 to 100 amperes and from
50 to 60 volts. The current adjustment was made by means of a
series of switches which were connected to varidus windings 6f
the secondary of a S5-kilowatt step down transformer, ﬂThe’tem~
perature of the furnace was determined by a Leeds and Nbrthrup
optical pyrometer of the disappearing film type,

Preparation of Pure Silicon Tetrachlorids: _

Commercial silicon tetrachloride furnished by the Chemical
Warefare Service was distilled and the first and last poriions
of the distillate were rejected, The portion obtained in this
manner was allowed to stand over mercury for several weeks to
remove the majorlty of the chlorine; the bottle being shaken at
intervals to bring new portions of the silicon tetrachloride in
contact with the mercury, It was then distilled from the mer-
cury into a balloon flask having a volume of 2000 cc, Hetallic -
sodium was added to remove the last traces of hydrogen chlor-
ide and chlorine, That these substances were not removed en-
tirely by the mercury was evidenced by a perceptable ireaction
with the sodium, Distillation was made from the balloon flask
directly into the distilling flask used in the process, The
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silicon tetrachloride was colorless and had a boiling point of
59°C, A chlorine determination by the Volhard méfhodfgave
83,3355, (theory 83,37%).

Experihental Procedurse:

The procedure of the experiment wes the same as in the
preparation of the lower chlorides of silicon,éxcept that dry
oxygen, instead of chlorine, was bubbled through the silicon
tetrachloride and the admixed vapor and ges were passed
" through the magnesia tube of the special furmace, The furnace
was first raised to 1250° and then the dry oxygen was allowed
to pass through the silicon tetrachloride vigorously enough to
cause a slow dropping of the distillate into the receiving
flask which was arranged as shown in Fig,l, p.15. The process

was continuved for six hours,

Distillation of Product:

The resulting product was removed by the pressure of dry
air and distilled, Three hundred and ninety grams gave dbub
10,1 grams boiling above the temperature of silicoﬁ tetrachlor-
ide, This fraction was transferred to a smell distilling
flask and distilled, Seven and eight-tenths grams of liquid
were obtained at 136°-138°, A small residue remained in the

flask, This was not investigated.

Identification of the Fraction B,P, 136°~ 138°:
Stock (1925) gave 137°-138° as the boiling point of di-
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silicon hezachloride while this fraction bolled at 136°-138°,

A melting point debtermination was mede by placing 2 small amount
of the liquid iInto & small test tube which was closed by a rub-
“ber stopper conteaining a calibrated thermometer, This test
tube was then fitted into a larger test tube containing anhyd-
rous ether, The whole apparatus was then lumersed in a carbon
dioxide~ether bath and the liquid frozen, The‘apparatus was
thea removed and the melting point determined;. The melting
point was found to be -32°C while Stock (1925) repdrtgé -33°C,
‘A determination of chlorine (p,19) gave 74,45% of dhlorine
while the theoretical pevcentage in the compound 51,010 is

74,56%.,
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Comparison of Yields of SigClgO
Obtained by the Action of Oxygen
on Silicon Tetrachloride at 1250°C

2 TTrom Commeroial
:ILaboratory.:  Silicon
.Preparation- Tetrachloride

*n

Temp, Furnace, °C . 1250,0 :  1250,0
Wt. Crude product, g  : 590.0 : _ 9000,0
Wt, Fraction 1362138°, g.: 7.8 :  150.0
 Y1eld SigClg0 ecalc, on : : . ;
wt, crude prod,, : 2,0 : 1,67
, 7 : o
Clo, det, (theory : :
3950160 74.56), % : 74,45 74,40
B.P 81,0160 det,, °C ¢ : -
(Lis, T5701580) " : 136-138 :  134-136
WP 5150160 dot., °C : : |
{1is, Z23 : 32 : 30

Dlscussion of Results‘

Berzelius (1824) states that the dissociation point of
silicon tetrachlorlde is above 1600°C, It is réasonably cer-
tain then, that the silicon tetrachloride undergoes no dis-
sociatiop at a temperature of 12500. The results obbtained
show that silicon tetrachloride forms the oxychloride, SigClgl -
by ﬁhe‘replacement of chlorine in two molecules of siiicon
tetrachloride with one atom of oxygen at 1250°C, The dif-
ficulty in replacing the chlorine in this compound presents a

~markséd contrast to the easy replacement of hydrogen in silico-
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chloroform and therefore suggests that the latier compound is

a much more desirable interﬁediate compound for the preparsastion
of the oxychloride, Sip01lg0. This method does not lend itself
“to laboratory practice because of the dlffliculty of obtaining

a high temperature and because of the low yleld of the oxy-
cﬁloride. The results indicate that the mechanlsm of the for~
mation of compounds containing the siloxan (-—S#-—O-ﬁi-—)
linkage, involves a condensation type of reaqtion. The_specific

reactlon in this case is,

Cl cl

- |
Gl-—E'a'i--Cl . $1—=S1—C1
o - " |
- ~oly 0 + Ol
¢l ' .
CleemSimmCl dl-—-alm-cl
1 . c1
Summary

1, Oxygen reacts with silicon tetrachloride at 1250°C to form
'the oxychloride Si5C1g0.

2. The chlorine of silicon tetrachloride is replaced by oxy~
gen with great difficulty,
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CENERAL SUMMARY

1, The silicon linkage in the compound SisClg is stable in
the presence of strong oxldizlng agents at obdinary temperatures.,
‘The linkage is disrupted at 300° in the pre{aence of molecular
oxygen and the di-silicon hexachloride decomposes into silicon
and silicon tetrachloride, Nascent oxygen breaks the iinkage
et 200° with the complete _conversion_ of the silicon to sillce,

2, The silicon linkage of di-silicon hexachloride is ‘Amore.
stable in the presence of oxygen than in the presence of
chlorine at the same temperature, ' |

3;'. Oxidizing agents do not react with di-silicon hexachloride
to form oxychlgrides of siiicon by the interposition of an oxy-
gen atom between two silicon atoms to form the siloxen chaih,
or by the replacement of chlorine, | |

4, The oxychlorilde SigClg0 is formed by the replacement of
one atom of chlorine in each of two molecules of silicon tetra~

chloride with an atom of oxygen at a temperature of 1250°C,
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CONCIUSICHN

1, Oxychlorides of silicon are formed by the action of ox-
idizing agents on the chloro-~derivatives of silico-methsane,

2. The chloro~derivatives of silico-ethane do not form oxy~
chlorides of sllicon when acted upon by oxidizing agents, The
silicon linkage of di-silicon hexachloride is stable at rela-
tively low temperatures in the presence of vigbrous oxldizing
agents; at higher temperatures the linkage 1s broken dan and
the compound is completely oxidized to silica. .

3, That chloro-derivative of silico-methane in which the
hydrogen is not completely replaced by chloriné forms an oxy-
chloride of silicon with more ease than that chloro-derivative

in which all of the.hydrogen is replaced by chlorine,
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