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I. INTRODUCTION

Elthough the use of paints for decorative or protective purposes
goes back to prehistoric times, no generally suitable fire-resistant
paint has ever been developed. The combustible part of the available
paints is the organic vehicle. One of the obvious curatives is to use
a fire-resigtant vehicle. It is the object of this research to devel-
op organo silicon fire-resistant vehicles. The reason for the choice
of organo silicon resins is fivefold: 1), silicon is the second most
abundant element in the world, 2). the fire resistence of some of the
silicon compounds is great, 3). research with organo silicon compounds
is smoll, 4). the availability of the initial raw material, sand, is
great, 5). resins developed whether'fire-&eéistant or not should‘have
other interesting properties.

The fire-resistant reguirement limits very definitely the types
of silicon organc compounds that can be COnsidered. It is obvious that
it is necegsary to'keep the carbon content of the final resin to as low
a value as possible, However, the ethyl ortheester and ethyl silicon
halides are most frequently employed as starting materials because of
the ease of preparing and working with these compounds justifies their
use.

The experimentsal part of thig thesis can be divided into three main
divisions: formation of resins possessing silicon-oxygen—~carbon bonds;
formation of resins possessing silicon-oxygen-phosphorous bonds; and the
formation of silicon-carbon bond compounds. Although some new silicon

resing were obtained none suitable for paint vehicles were produced.
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IT. HISTORICAL

A brief review of the chemistry of the various compounds of
silicon with different elements is indicated since there is no ade-
quate modern review of the chemistry of these compounds. This will
include compounds containing the folloﬁing bonds: Si-H, Si-0C, Si-X,
gi-C, Si-N, $i-S, and Si-0-8i. Two recently published specislized re-
views will be referred to when the bonds, Si-X and Si-O0C, are dis-
cussed. Stock (1), (2), and Kipping (3) who have done the greatest
amount of the work with the silicon compounds have both written gen-
eral reviews on this subject, but they tended to place emphasis on
their own work. Bygden (4) has written a 200 page dissertetion cove
ering the chemistry of many of the silicon compounds but placed empha—
sis on their physical properties.

The greatest similarity in the chemistry of silicon and carbon is
the exhibition of quartenary valence by both of the atoms. The greatest
difference between the two atoms is the instability of the silicon-
silicon bond and the apparent failure of siiicon to form any type of dou-
ble bond compound, with itself or any other atom. The gilicon analogues
of C=C, C=0, C=N, C=N, C=S, etc. have never been shown conclusively to
existe In cases where analyses have indicated a typé of double bond, fur-
ther substantiating physical and chemical properties (compare silica and
carbon dioxide) were not encountered. The compounds can generally be
showmn to be polymeric. The lack of these silicon analogues is not an

indication of scanty investigation along these lines, but rather the

non-formation of these types of compounds.
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The similarity of carbon and silicon compounds is noted mostly
in physical properties and not in the chemical behavior of analogpusg
compounds. The beiling and the melting point of many of the analogues
are surprisingly close to one another, and thg same can be said for
some of the other physical properties.

In this review the silicon compounds are to be considered accord-
ing to the stability of the silicon bond with respeet to hydrolysis. -
The increasing resistance to hydrolysis can be arranged approximately
according to the scheme: Si-X, Si-N, 8i-S, S8i-H, S$i-0C, Si-C, and
3i-0-Si. This arrangement is only approximate. It is not based on
thermochemical data, but on the conclusions drawn from the chemical
behavior of thege compounds as recorded in iiterature. The preparation
and chemistry of each bhond shall be discussed with most emphasis-on
those bonds that were formed in this research.

Because of the brevity of this review the bibliography and exam-
ples of compounds given are not complete. An attempt has been made to
pick out thoge works that are most important. Reviews mentioned at the
beginning of some of the sections will give a much broader scope of
that particular bond.

The nomenclature used in this paper is as followss

Silane applies to SiHA or any compound pogsessing & silicon—hydrogén
bond as R381H, named trialkyl silane. Silicane applies to compounds not
containing a silicon-hydrogen bond, and the term can sometimes be re-
vlaced by silicon such ag RoSiClp, dialkylsilicane dichloride, or di-

alkylsilicon dichloride, The radicle —SiHB is termed gilicyl, and cor-
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responds to -GH3 €.ge Ph38iCl, triphenyl-silicyl chloride. Silicanol

and gilicanediol are used for hydroxy derivatives:

H,S10H Ph,S10H Hy81(0H), (Ph)s1(0H),
Silicanol Triphenylsilicanol Silicsnediol  Diphenyleilicanediol

- 8ilicone denotes analogues of ketones, EtpSi®, diethylsilicone. The
term giliconic acid or giliconate means the acid or ester of the silicon
compound such as RSiOyHe The grouping Si-0-Si 1s referred to as giloxane
usuallj'when this occurs in condensation products, but a compound as
RBSiOSiRB is termed trialkylsilicyloxide to emphasize the dissimilarity
of the carbon analogues, the ethers. Other instances of terminology
used in this thesis should be self-explanatory.

A. Silicon-halogen Bond:- A specialized review covering these bonds

was published in Chemical Reviews in 1942 (5). However, this review is
devoted to the recent research in this field, and mekes no effort to in-
clude the general methods of formation and chemistry of the silicon-
halide bond.

The ﬁethods of preparation and behavior of Si-I, Si-Br, and Si-Cl
compounds are quite similar, and since the gilicon tetrachloride is the
starting halide used in the majority of the syntheses reported, the halo
bond is to be studied largely through the Si-Cl compounds.

A commercial method of preparing silicon tetrachloride is the heat-
ing of a mixture of silicon dioxide and carbon in the presence of chlorine.
A leboratory preparation that is successful is the passage of chlorine
over elemental silicon heated to red heat. All of the silicon tetfahal~
ides can be prepared by passing vapors of the halogen over hot silicon.

The method that appears most suitsble for small scale production involvés
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" -the use of calcium silicide or ferrosilicon and chlorine (6). With
these elloys lower temperatures cen be used, and significantly greater
cuantities of higher homologues are obteined., At higher temperatures
the tetrachloride is almost exclusively formed, indicating that the
initial compounds produced on chlorination are the more complex, with
chains of Si-Si ligkages, such as were present in the elemenf itself.
In ?resence of excess chlorine and higher temperatures, these linkages
are broken down, finally yielding the tetrachloride.

In addition to the straight silicon halogen compounds, there éx-
ist'compoﬁnds in which two or three different halogens are linked to
silicon. The complete series of éilicon chlorobromides, chloroiodes,

. ‘bromoiodides, fluorochlorides, fluorobromides, and two fluorochloro- -
bromides are known. There is no recorded instance in which four dif-
ferent halides have been attached to the same gilicon atom.

The mixed halides can be made in a variety of ways:s 1). Swarts re-
action (7) of antimony trihalide with a silicon halide (8); b). the
explosion of hexshalodisilicane, Sioxg, in presence of a gaseous halogen
(9); c¢). passing a mixture of helides over hot silicon (9); d). dis-
placement of cné halide by sn elemental halogen (9); e). double displace-
ment involving siliconvtetrachloride and hydrohalogen acid at red heat
or silicon tetrahalide and a mixture of hydrogen and halogen under the
influence of an electric digcherge (10); and f). the substitution of a
hydrogen atom of a halosilane by a halogen.

Mother group of silicon halides consists of those containing more
than one silicon atom. In most preparations of the tetrahalides, there

is usually formed varying amounte of the higher molecular weight homo-
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logues, especially when alloys are the source of silicon. From commercial
"caleium silicon" (11) (containing 60-65 percent éilicon) up to 25 per cent
yields of disilic¢n hexachloride, Si,Clg, were obtained. Rapidly dimin-
ishing proportions of SisClg and higher halides were also formed. To form
larger homologues than Si,Cl;q methods other than the interaction of ele-
mental silicon or silicon alloys with chlorine must be used. Schwarz and
co-workers (12}, have obtained 81,401y, by the reaction of the tetrachlor-
ide and its decomposition preducts with hydrogen in a "hot-cold" tube.

Some so-called unsaturated polymeric silicon chlorides, (31612)2, and
(8iCl)x have also been prepared (13), by more complicated procedures.

Most of the silicon halides are stable in dry air. Silicen tetraio-
dide liberates iodine when exposed to air or light, while silicohaloforms
have been known to form exploéive mixtures with air at room temperature.
Silicobromoform when poured through the air burns brilliantly(5).

There has been an appreciable smount of work done on the hydroldysis
of the silicon halides, and from this knowledge, it can be inferred that
hydrolysis proceeds stepwise. Silicon tetrachloride would give initially
a silicanol which could condense to chlorosilicyloxide:

281Cl, + 2HOH - 2HCL + 2CL4S10H ClBSiOSiClB.
Schumb (5) states in his review that uncompleted experiments on the hydrol-
ysis of silicon tetrachloride in anhydrous ether with a moist ether has
produced appreciable quantities of oxychlorides. However, silicon oxyhal-
ides can be made directly by passing a mixture of halogen and oxygen over
heated silicon. The silicon oxyhalides are worthy of attention as this is
one way of decreasing the functionallity of silicon without increasing éom—

bustibility.
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The further hydrolysis of silicon tetrahalides cannct be controlled
and the polymeric products formed have not been well verified experimen-
tally. Some of the structures that have been offered for the empirical
formila (5i,05015)x |

0
C1-812081-C1

0
C1-SiZ0~8i~C1 or
\0/

€1-8i-0-8i-C1
\Q/

violate the structural requirements known to hold among silicates ise.
there is never a bridging of two or three oxygen atoms between two silicon
atomg.

The hydrolysis of silicon fluorides isg significently different from
that of the other halides. With water partial hydrolysis results in the
formation of fluosilicic acid: |

BSiF4 4+ 3HOH —s H28103+ 2H,51F¢.

- These facts lead to the cuestion of what would happen in the hydrolysis of
difluorosilicon dichloride. A water stable inorganic polymer might be
formed according to the equation:

xC1,SiF, + (x-1) HOH —» F%§;-O(SiF2-o) < oS1F + 2(x-1)HCL.

The interaction of siliéon halides with other inorganic compounds will
be listed in eguation form to give an idea of what might be expected. The
products are self-explanatory. -

a)e ”8iCl, + 2503 = S§O5Clg + Sip0Clge
b)e SiClA + H2804 - HC1, 802, S10,.
c). SiCl, + 4H NOp — 4NOCL 4+ Si(OH),.

A

d)e S:‘LCl4 + Ag(CNO) —= Agcvzz'f Si(OGN)A + Si(NCO)A (trace).
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e). 38iC1, + 2P,05 -+ 4POCL3 + 3510p.

There are ::ther reactions involving silicon tetrachloride and inorgenic
compounds that can be found in the literature. An excellent review of
thege reactions can be found in the references given in Friend, Mellor,
and Gmelin-Kraut.

Silicon tetrachloride is used aé the starting compound in the forma-
tion of most of the silico organic compounds. The reactions used in form-
ing these compounds are similar to those used in carbon chemistry, i.e.
Williamson synthesis, Grignard reaction, Wurtz reaction, dauble displace-
ments, etc. Since most of these reactions are to be considered further in
other sections, equations only will be given here.

a). SiCl, + 4RYH —= AHCL + Si(YR)A.

Y=o, S, N.
b). 8iCl, + 4RWNa -+ /NaCl + Si(YR)A.

Y=0, 5 N, COg
e). SiClA + ARMX —+ AMXCl + SiR,.

M = Mg, 7n, Hg.
d). SiClA + 4RX + 8Na -+ 4NaCl + /NaX + SiRA.
With the first three reactions it is possible to control the number of
organic radical: s attached to the gsilicon by limiting the amount of or-
ganic compbund sideds With reaction (d) the tetraalkyl compound is fa-
vored almost exclusively.

Silicon halides have been rescted wi‘bh most of the other common or-
ganic reagents such as those listed below, but the silicon products are of
no importances

a)e SiCl 4 + MeC=0OMe -+ 510 + mesityl oxide.
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b). Sicl 4L+ AMeC=0NHy —» 2MeCN ¢ SiOp + AHCL.
c). S5iCl, + Si(0Bt), -+ 201,81(0Et),.

B. Silicon-nitrogen Bond:~ There are not many compounds that con-

tain silicon and nitrogen atoms diresctly united. Those compounds that do
exigt are easily decomposed by cocld water and sometimeg aleohol.

- The compounds are usually formed by a direct combination of the sili-
con halide and the nitrogen containihgﬂéémpounds. These gimple compounds
can fresuently be changed into more complex polymers by heating. Silicon
tetramide can be prepared by passing ammonia into a benzene solution of
silicon tetrachloride at 0°C (14). This forms a tetramide that is unstable
at a 1little above 0°C losing ammonia. This decomposition is accomplished
rapidly at 120” C to form silicon di-imide (15):

sicl L+ 8NH3 begzene Si(NHz) 4 F ANHACZL

S1(NHy) , NH, + SL(NH),.

0°-120°

Stock and Zeidler (16) claim that the tetramide is not formed by the ac-

tion of NH3 on SiCl,, but dieminoiminomonosilcene. according to the emperi-

42
cal equations

Si0l, + 7NH3 — 4NH,CL + S1(NHp) NH. This upon warming in vacuo to
O° gives SL(NH),.

The di-imide is also claimed to be a by-product during the formation
of the tetramide (15) Silicon disulfide or silicon thiochloride with li-
quid ammonia can &lso be used as reactants for the_ di-imide formation (16).
This compound is a white infusible, amorphous solid which is stable to
heat in the absence of air and like the tetraﬁxide is decompqsed by water to

silicic acid and ammonia. The di-imide is basic forming salts such as

51 (NH) 52 2HCL.
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-10 -

When the di-imide is heated to 200YC in & nitrogen atmosphere, sil-
icon nitrimide is formed (18):

281(NH)2 2 NH3+ SiZN3H°

N
100°
This product is of unknown gtructure and is of interegt in that it is sta-
ble to hydrolysise. DMore complex compounds are formed by heating the nitri-
nide to 1,200-1,300°C. However, these compounds are not clearly character-
ized.

A gaseous mixture of trichlorosilane and ammonia with hydrogen as a
diluent reagt‘to form ammonium chloride and a solid compound that analyzes
for HSiN., It is doubtful whether the molecular formula given igs the sim-
ple structure indicated (16), because by analogy to HCN, a solid compound
that sublimes at 300°C would not be expected. The polymer is a good re-
ducing agent resembling silicoformic anhydride in this respect:

HSiN + 3HOH -+ NHg + Hy + H,Si03,

It also possesses the property of decomposing as do some other silicon-
nitrogen compounds, in reacting with hydrogen halidest

HSiN + AH CL —» NHACl + HSiClB.

The reaction with excess silicyl chloride and gaseous ammonia be-
haves as one would expect forming trisilicylamine, (H3Si)4N (19). This
nonbasic compound boils at 52°C, is spontaneously combustible in air, and
is deéomposed by water to silica, ammonia, and hydrogem. The reaﬁtion
between excess ammonia and silicyl chloride is complex. Some of the
products formed are (SiHB)zNH, SiHB(NHQ), (SiHB)BN, (SiHy(NH) ) x.

Complex silicon halides form compounds @wth ammonia that are even more

unstable than those given above. Hexachlorodlsilane forms bisaminoimino-

digilane in licuid ammonia (20):
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-1l -

Cl5518iClg + NH3 -+ NH,CL +1(Si(=NH) NHp) 5.
At ~10°C ammonia is split off and a polymeric substance is produced. Both
subgtances are decomposed by air and moisture with preduction of ammonia.

These inorgenic compounds just considered show the behavior and in-
stability of the Si-N bond and also the dissimilarity to their carbon ana-
logues. Although there are more papers concerned with these inorganic
type of silicon-nitrogen compounds, these will not be tsken up in this re-
view,

Wiork with erganic amines is not as great as was expected. Thig is
probsbly due to the instebility of the compounds formed. In general the
reactions are straight forward double decompositions.

A reaction that could also be mentioned under the behavior of sili-
con-hydrogen bond is the reaction of triethyl-siiane in liguid ammonia in

presence of potassiugﬂamide (22):

-~

i

Bt,SiH 4 KNy —s (Bby61)NK.
When ammonium bromide was substituted for potassium amide, bis(triethylsilyl)
amine, (EtBSi)BN, was produced. A compound, EtBSiNHEt, of camphor-like
odor was formed when triethylsilane or triethylsilicon bromide reacted with
ethyl amine in presence of lithium. Upon hydrolysis the bis(triethylsilyl)
amine formed an oxide while the monogiliceo smines formed triethylsilicanols.

Silicylchloride, HBSiCl, reacts spontaneously and cuantitatively with
methyl amine to yield MéN(SiHB)z. This amine is stable in air but is com-
pletely hydrolyzed by cold water, Hydrochloric acid decomposes it into its
starting compounds. Ethyl amine behaves as does methyl amine throughout.
Tertiary amines only form addition compounds with silicon halides. With

trimethyl amine a solid compound precipitatéd, MejNSiHBCl, which was decqm-
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-12 -

posed by water to trimethyl amine hydrochloride and gilicyl oxide.
Silicon tetrachloride reacts with aniline to produce a tetranilide,
Si(NHAr)4 (22). Reynolds drew attention to the following reactions of

orthosilico anilide which are analogous to those of the carbon compounds:

_NHAT NAr _NHAr
Si(NHAT), — SIENH — §f — &=
2 -~ \NHAr Nar \NHAr.

A suspensgion of potassium pyrrole in petroleum ether was reacted
with trichiorosilane (22), From this mixture a dark green liquid analyzing
for tripyrrolesilane, HSi(NCAHA)B, wag obtained besides legs pyrrole sub~
stituted silicon compounds. There were decomposed by acid, alkeli, alco-
hol, and water.

The examples of organic amine compounds given serve as a guide to
the method of formation of these compounds. These can be summarizeds

1, -SiC 1 + R¥Hp -= = ~Bi(NHR).

2. -SICL + RJHL g;§¥§§3‘+ SiNHR.

3. =SiCl + KNR, - ~SiNR,.

2
bhe =SiC 1 + NR3 - —SiClNRB.
The compounds produced are without exception decomposed by wter and fre-
guently by hydrohalide acid and alcohol.

C. Silicon-sulfur Bond:~ The number of compounds possessing the

silicon-sulfur bond thaﬁ are reported in literature is the smallest of any
of the groups. The sulfur inﬁrganic series is well represented, but the
sulfur organic compounds number less than twenty. The scarcity of the
latter group is probably due to the diffiCulty of preparation. This is
rather surprising in view of the ease of preﬁaration of the silicoortho-
esters.

The silicon-sulfur inorganiecs that were found reported in the litera-

~ture were: SiSp, Sif, 8105, S18Cly, S18Bro,Si0l,TH, S18(VIL),, end S1M,SH,
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None of these compounds had physical or chemicel properties resembling
those of their carbon analogues.

0f "the several methods of obtaining silicon disulfide, SiSz, the best
(23) is to heat a mixture of aluminum sulfide with powdered cuartz in a
stream of nitrogen at 1,200°C.  The sublimation product, SiSQ, is a white
silky néedle-like solid. This product, as borne out by x-ray investigation,
seems to consist of a series of closed chains each of which contains sili-

con and two gulfur atoms:
S S S
e /S
ef s 3¢ K

However this polymeric structure does not prevent it from being readily re-
active with oxygen, water, chlorine, and sodium sulfide forming respective-
1y Si02 + 802; HoS + Si02; SCl + SiClA; and NaZSiS3 (sodium thiosilicate)‘(24).

The compound that analyzes for SiS seems to exist in two modifica-
tions, yellqw and black. The silicon monosulfide can be prepared by heat-
ing ferrosilicon with sulfur in an electric furnace (25); by heating car-
bon disulfide with excess silicon (28); or by passing sulfur vepor over
silicon heated in a porcelain tube. In the latter reaction 5105 is also a
product. Cambi in his paper (25) showed that the dark modification of sil-
icon monosulfide was really a mixture of silicon di-~ and monosulfide, and
intermediate derivatives., The hydrolysie product of yellow silicon mono-
sulfide has the composition HESiQOB’ silicoformic anhydride.

Silicon thiochloride, SiSClz,'is formed together with silicon disul-
fide and éilicon tetrachloride when the vapor of sulfur chloride reacts
with crystall ine silicon at red heat (27). A better method of prepara-

tion is to pass a mixture of silicon tetrachloride and hydrogen sulfide
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through a tube at dull red heat. Silicon chlorohydrosulfide, SiClBSH,
ig formed as an intermediate which on prolonged contact with the heated
tube partially decomposes into hydrochloric acid and silicon thiochlor-
ide (19). Silicon thiocchloride is a crystelline solid m.p. 75YC; b.pe.
92°C/ 23 mm., and is soluble in carbon disulfide. It is decomposed com-
pletely bymeer into silicic acid, hydrochleric acid, and hydrogen sul-
fide, It dispropoftionates upon being heated into silicon tetrachloride
and silicon disulfide, and its halogens are readily replaced by ammonia
to form silicethiourea. However, silicourea does not exist because SiOX2
hag never been prepared.

During the preparation of silicon thiochloride it was noticed that
silicon chlorohydrosulfide was an intermediate. Workers took advantage
of this observation to prepare good yields of the hydrosulfide by heat-
ing silicon tetrachloride and hydrogen sulfide at a lower temperature than
that used for the thiochloride (28). The hydrosulfide is a licuid of b.p.
96“C which undergoes the reactionss

SiCl,SH + HOH — 8i(OH), + HyS + HBr.

3

5101351{ + Bry — si(c1) 4Br,

8iC1,SH + ROH —= Si(OR)BSH.

Silicon thioureaz is made by passing dry gaseous ammonia into a solution
of silicon thiobromide in dry benzene. The white product, silicon thiourea,
left behind is unstable, decomposing at room temperature and giving off
hydrogen sulfide and ammonia. Water decomposes it, but it is sufficiently
besic and stable to form salts with hydrogen halides.

Becaugse of the apparent failure to prepare Si-SR compounds from sili-

con tetrachloride and mercaptans, it has not been possible to say that
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silicon tetrachloride readily reacts with compounds posééssing active hy-
drogens. Gilman (29) arranged several of the organic compounds contain-
ing reactive hydrogen with‘respect to organic metallic compounds accord-—
ing to the descending order: RSH,ROH, BNHz, R,NH, RCSCH, RH. Except
for the position of RSH which should be before or after the acetylene,
this order holds for reactions @th silicon tetrachloride. Neither thio-
phenol nor ethyl mercaptan reacted with silicon tetrachloride under ususel
conditions. The reaction in the latter case was slow even &t ZOOfC (30).
Thiophenol gave a small quantity of thiophenoxysilicon (31). The exam-
ples of mccessful preparations of Si-SR compounds involved the use of so-
dium alkyl sulfides ( 32).‘ Tertiarybutyl mercapten heated in absolute
ether with sodium gave Me3CSN$ which on trestment with silicon tetra-
chloride gave (MeBCS)BSiCl. This chloride waé replaced with reagents
MeSNa and EtSNa giving respectively (MeBCS)BSiSMe and (MeBCS)BSiSEt. In
a similar manner (MeBGS)BSiSCHMe2 and (MeBCS)ASi were obtained, How-
ever, the most interesting fact of this paper was that (MeBCS)BSiCl dis-
solved in absolute alcohol in presence of sodium hydroxide to glve
(MeBCS)BSiGH. The stability of the silicon sulfur bond in this instancé
might be attributed to stéric hinderance,

The chemical properties of the other silicon-sulfur cerbon bonds

would be expected to parallel those of the orthoesters.

D. Silicon-hydrogen Bond:- Alfred Stock and co-workers after years

of laborious experimentation developed a high~vacuum technique which ena-
bled them to work with gases which came into contact only with glass and
mercury. The specialized technique was necessary in order to exclude air,

moisture, and lubricants while working with unstable, volatile substances
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@g gome of the silicon hydrides. Stock gives a summary of his work
with the hydrides of silicon and boron in a lectureship at Cornell
University.

Silane, SiHA, is a simple preparation which can be represented by
the\equations:

4Mg + 510, -~ MgoSi + 2Mg0.

Mg,S1 + 4HCL -» 2MgCly + éiHA + higher hyarides + polymers.
With slight variation in yield, different experiments gave only a 23 per
cent conversion of the magnesium silicide to hydrides. Of the total
amount of hydrides 40 per cent was SiHA, 30 per cent was SizHé, 15 per ceﬁt
was Si3H8’ 10 per cent was SiéﬂiO’ and 7 per cent ﬁas higher hydrides. A
large amount of the magnesium silicide was converted inte a white to
brownish polymeric dioxo-disiloxane, ((SiH(0)),0)x. To account for these
products, Schwarz and Hoefer (33) proposed the following mechanism based
on an in£ermediate (34) H281=(Mg0H)2, (34) isolated during the decomposi-
tion of magnesium silicide using alcoholic instead of agueous hydrochlor-
ic aecid.

H,S1=(MgOH) , + LHCL -+ 2MgCl, + 2HOH + H, + SiH,.
The radical SiH2 is transitorys

2SiH, + HOH -- SiH,() + SiH,.

3SiHy + HOH - Sin(O) + SiHeo
and so forthe.

For the monomer prosiloxane, SiH,0, to.exist a gilicon double bond oxy-
gen grouping, Si=0, would be postulated. As in all cases where a silicon
double bond is postulated, the monomer was never obtained but instead the

~golld polymer was the end product.
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H igher yields, 65-80 per cent based on the silicon used in the prep-
aration of magnesium silicide, of silicon containing gases can be obtained
by the addition of magnesium silicide to a liquid ammonia-ammonium bromide
solution (15)s The Schwarz and Konrad (34) mechanism cannot be used to ex-
plain the formationbof the silanes using the liquid ammonia medium, be-
cause this mechanism can ;nly give a 50 per cent yield as a maximum and
a130~aknitrogen_comple£ analogous to (Sino) should be formed. The mechan-
ism of silane formation from magnesium gilicide must take into account
such factors as method of preparing the silicide, solvent, and temperature
of reaction. \
Besides the higher'molecular weight satufated silicon>hydrides which
are unstable at room temperature above Si,H 0 there exists a group of
polymeric, hydrogen poor hydrides. Some of the methods of producing theée
compounds are: a). the action of acids on CaSi (36) or C aSi, (37);
b). silent electric discharge on Si}{4 (38); or c). by the action of Na on
S5iHsCl, SiHCl, or SiH013 (2)« The composition of the solids varies be-
tween (SiH)x to (SiHy)x depending on the method of formation. These poly-
merie subsﬁances are amorphous, yellow to brown solids, unaffected hy wa-
tér, insoluble in organic solvents, but react with alkall to form sili-
cates with Simultaneous evolution of hydrogen. They take up bromine by
both addition and substitution (39).

| The behavior of the silicon hydrides gives an excellent insight into
the differenée between the chemiétry of silicon and carbon compounds. Sat-
urated silicon hydrides above SiéHlA probably do not exist because they
are too unstable. Silane and disilane are stable in sunlight for years.
Trisilane, Sigﬁg, will show signs of decomposition after several months,

~while during the same period Si d10 Showed considerable dissociation form-
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ing hydrogen, silane, disilane, and some trisilane. Pyrolysis or crack-
ing of digilane behaved in a manner similar to that of hydrocarbons, but,
of ﬁoursé, no unsaturated silicon hydrides were formed (40).

A 11 the hydrides are sensitive to oxidation, and the lower members
are spontaneous combustible upon contact with air. This necessitates the
gpecial techniques that were developed by Stock. Three other general re~
actions of hydrides with inorgsnic compounds are: a). theif reductive
action on inorganic salts; b)e. their formation of silicates with aque-
ous alkalli which acts as a €atalyst; and c). their formstion of substi-
tution products with halogens. The latter products can best be made by
reacting hydrochloric gas with heated silicon or hydrochloric gas with
gagseous gilane using aluminum chloride as catalyst (Ai):

4 3

e

It is difficult to obtain these halo hydrides in pure form becsuse of

SiH, + HCL  A1C1

exchange reactionst

SiHA ¥ SiH2012 AlClé ZSiHBCl.
A similar type of exchange was performed by Stock and Stiebeler (42)
using carbon tetrachloride or chloroform and aluminum chleride with the
exclusion of oxygen:

Si,Hy v 4HCCL, ALCLs g 6ol 4 Si.H,CL,.

3 3 HIRTEER 344

The halohydrides undergo the same reactions as do the silicon halides. Thus,
for example, the action of alcohol or a Grignard reagent on a halosilane form
an alkoxyl sileme or alkyl silane respectively. The hydrogen' of the alkyl
gilenes react in manner similar to hydrogen of the saturated silanes. How-

ever, there are several instances of steric hinderance where a trialkyl
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silane is stable toward alkeli hydrolysis (43). Ordinarily this lone hy-
drogen may be hydrolyzed or oxidized to a hydroxyl group or.be replaced by
bromine. |

There are two reactions of silanes involving organiec radicals that are
interesting. The first is a transformation foﬁnd by Friedel and Ladenburg
(44) to take place guantitatively at room temperature in the presence of
metallic sodium:

Na

4SIH(OEt); ——--s SiH, + 38i(OEt),.

The second reaction is the reported action of zincpropyl on trichloro
silane (2): |

2S1HC 15 + 4ZnPr, %ﬂ%%@ HSiPry + Si(Pr) 4 + 3Cly + Zn + Pri,

The amount of the tetrapropylsilicane was eQual to that of tripropyl silane.

Boron hydrides react with acetylene (45). For example, acetylene and
excess BoHg ylelded at 50°C a non volatile substance with an aromatic odor
containing about three molecules of CpHoper molecule of BgHge A reaction
of this type with gsilane would prove valuable.

From these facts some of the comparative points of the chemistry of
gilicon and carbon compounds may be summarized: a). Both atoms tend to
form chain hydrides, but the silicon chain becomes rather unstable above
Si,H Q. b). Carbon has about equal affinity for both positive and nega-
tive elements, Silicon shows greater affinity for negative elements such
as oxygen and halogens than for positive elements such as hydrogen. This
is whaf>one expects from its position in the periodic chart. Going dowm
in any series increases the metallic character of he elements of the ser-
ies. ¢)e Silicon has a tendency to form polymeric compounds, especially _

with oxygen and when unsaturated linkages are formed.
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Ee Silicon—oxlg§n~cafbon Bond:- A recent monograph (46) on the chem-
istry of the aliphatic orthoesters contains two chapters, or thirty-one pa-
ges, on the preparation and chemistry of silicon orthoesters. The chapter
devoted to preparations gives the material in a chronological order, Whilé
the chapter devoted to the chemistry of the orthoesters is more orderly
and logically arranged. In the review presented here, only the materisl
that is related to the present research problem shall be considered,

The silicon*oﬁygen—carbcn compounds can be classified into three groﬁps:
simple or mixed orthoesters, orthoesters con taining functional groups,
and so-called silico acid anhydrides. Since von Ebelmann in 1 846 (47)
prepared the first orthoester, Si(OEt)A, over two hundred different com-
pounds containing a silicon-oxygen-carbon bond have been prepared and iso-
lated. Besides these compounds there exists in literature descriptions
of a number of high boiling polymeric materials that were found in the res-
idue or mother liguors of the types of compounds listed above., In many
cases the investigator merely stated that a high boiling dark residue re-
mained but did not investigate the products further,

There are three general methods of preparing gimple or mixed ortho-
esters: a)e. a&ding the silicon halide directly to an alcohol, or vice
versa; b). reacting the halide and an alcohol in an inert medium; and
¢). substituting one alkoxyl group with another, The first method is ob-~
viously the easieste. The yield of the orthoester, however, is usually not
over 80 per cent. The highest yield of an orthoester found to date (pre-
pared by the dropwise addition of five mole excess of butyl a;cohol to
silicon tetrachloride) is the 84 per cent yield of tetrabutyl orthosili-

cate (48). Andrianov (49) reported similar yields of orthoesters with a
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geries of alcohols; however, Kalinin (50) and several patents seem to
favor an inert diluent for the ester formation. The use of a medium such
as benzene or benzine is claimed to be favorable because the dehydration
of alcohols is not necessary when these diluents are used. There are sev-
eral reasons for the low yields of orthoesters: a). the evolution of
large volumes of gas carry over both alcohol and the silicon halide;

b). the formation of partially substituted silicon halides; c¢). the for-
mation offcondensation products, probably caused by the presence of dis-
solved hydrohalides; and d). the reaction of the hydrohalide acid with
the alcohol liberating water which reacts with the silicon halide. For
best yields these difficulties must be overcome.

It is obvious that by limiting the quantity of aleohol added to the
silicon tetrachloride the various intermediates can be produced, Size
or nature of the alkyl group generslly has no detrimental effect upon the
results obtained. Long chain alcohols up to Gy, (51), branch chain alco-
hols (52), cyclic alcohols, (53) and even phenols (54), resct. In the
case of secondary alcohols it has beecn reported that the alcohols are de-
hydrated by silicon tetrachloride.

The substitution of en alkoxyl for one usually of lower molecular
weight is a method of preparing mixed orthoesters and the preparation of
orthoesters containing a functional group. The exchange of alkoxyl
groups can take place between different orthoesters (55) or an orthoester
and an alcohols:

Si(GMe)A JfASi(e)r::t‘)4 - 2 (Meo)ZSi(OEt)z.

Si(OEt)A + 4ROH - _4Et03 t Si(QR)4-

‘Post and Hofrichter {48) in a recent investiguation observed some limita-
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tions to the latter reaction. They found that if the alkoxyl group at-
tached to the silicon was larger than ethoxy, the exchange was slight and
high molecular weight products were formed. The reason given was the larger
alkoxyl groups attached to silicon interfered with coordination between

the alcohol and the SiOR group. In their experiment they uged ethyl or-
thosilicate and butyl elcohol to obtain a 22 per cent yield of triethyl-
butyl orthesilicate, 30 per cent of diethyldibutyl orthosilicate, and 25

per cent of impure ethyliributyl orthosilicate.

The preparation of functional orthosilicates is brought about by an
exchange reaction especially if the functional group is one that has a .
possibility of reacting with a silicon halide. Tetra-(B-aminocethyl)-
orthosilicate was prepared by heating together tﬁe orthoester with ethanol
amine (56). There are a number of patents that are concerned with the ex-
change reaction of ethyl orthosilicate with hydroxy esters such as g-
monostearin (57) or methyl ricinoleates (58):

S:L(OEt)4 + 06H13CHBHCH CH :CH(CH2)2COQM6 —

2
EtOH + (EtG)BS iOCH(CéﬂiB)CH20H=CH(CH2)7002M6.

" Halohydrins have been reacted with silicon tetrachioride for the prep-
aration of some bromo- and chloroalkyl orthoesters (59). Hydroxycarboxylic
acids, their esters, or salts have been reacted with silicon tetrachloride
(preferably in the presence of pyridine) to prepare esters of orthosilicate
esters (60). There are undoubtedly other functlonal orthoesters that can
be prepared from alcohols containing such groups as keto, aldehyde, nitro,
etc.

Both gilicon tetrachloride and silicon orthoesters have been used as

addition products with some commercial resins containing hydroxy groups.
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One patent (61) is concerned with a mixture of ethyl orthosilicate end par-
tially or completely esterified cellulose. The amount of silico ester
could be varied from 20-50 per cent of the total composition. In snother
patent (62), silico esters that were prepared framvlong chain alcohols
were used as plasticizers in cellulose nitrate resins. It was claimed
that these plasticizers reduced the tendency of the nitro cellulose to
ignite. Silico esters containing functional groups (63) were also sug-
gested as plasticizers. In amother patent (64) the free hydroxy groups
of resol or novalag resins were etherified with q-or pFnonochlorotetra-
ethylsilicanes or more highly chlorinated derivatives. The silice esters
in another patent (65) were not added to a preformed resin but were one
of the reactants. An alkyl phenol, an alkyl orthosilicate, silicon te-
trachloride, or alkyl substituted gilicon halides, and a vegetable oil
were heated to 175YC for twenty hours. The resin could be used for
molding, films, etc.

Before considering the regins that are prepa red directly by the
hydrolysis of silico orthoesters, it is well to discuss briefly the prep-
aration of the third type of compounds containing the Si--0C bcnd, viz;
the silico anhydrides. There are two obviously general methods of prepar-
ing the éilico anhydrides, One involves the reaction of silicon tetra-
chloride with an acid or its salt; the other uses orthoesters for ex-
change reactiong. An example of the first is to suspend potassium metha-
crylate in benzene and add silicon tetrachloride glowly (66)e After the
reaction is complete, the potassium chloride can be removed by filtration,
and the silicon tetramethacrylate remains after the benzene is evaporated.

This product and its polymers have been patenteds Silicon tetra-acetate
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can be obtained directly by reacting silicon ;etrachloride with elther
acetic acid or acetic anhydride (67). However, with larger molecular
weight acids or anhydridés there is a tendency to form acld chloride and
silica as the end products. Estersg such as ethyl acetate and phenyl ace-
tate (68) give silicon tetraesters, ut the yield is reduced by the form-
ation of alkyl halides, acid chloride, and partially substituted silicon
halides.

As previously mentioned, the second general method of obtaining sili-
co anhydrides is to react the orthoesters with en acid anhydride (69).
When monoalkyl ethyl silicenates were used, all the ethbxyl groups could
be replaced by acetate groups asg determined by the quantity of ethyl ace-
tate recovered. EtSi(OEt)z(OZCMe), EtC0,51 (0Et) 35 nd (EtCO,) 551 (0Et) 5
were obtained in about 40 per cent yield when the respective esters were
used. High molecular weight products were also formed.

Egterification of silicols is useful for the preparation of monocace-
tates whenever the silicol can be obtained. The esterification has to be
performed by means of the acid anhydride (70) since the acid chloride gives
silicon chlorides (71). |

Both the chlorides 0133181013 (72) end 01351081013 (73) have been re-
acted with alcohols to replace all the chlorine by ethoxy groups.

The chemical property of orthosilicates previously discussed involves
the exchenge of an alkoxyl group with either an orthosilicate, &alcobol,
ester, acid or anhydride. The hydrolysis products of esters will be con-
sidered nexte

Variable guantities of water‘wili naturally give different productw.

Treatment of one mole of methyl orthosilicate with one~helf mole of water
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lesds almost exclusively to the formetion of the disilicyl ester,
(MeO)BSiOSi(OMe)B. The use of one mole of water per mole of ester gives
practically a cuantitative yleld of a polymeric ester'hawing a molecular
welght of approximately 10,000 (74). Ellis suggested that the structure
~is a linear continuation of the dimer obtained when the small water ra-
tio was used (75). When even more water is added a complex thermoset
resin is obtained, and this’?roperty is the basis of the commercial ortho-
. gilicate paints (76). The initial setting of these paints, depending upon
the solvent and atmospheric moisture, takes place in approximately one
hour; final setting, which is the completion of the hydrolysis, regulres
a longer period, up to six months. The end product of this hydrolysis is
silica. Ethyl orthosilicate has limited use as a protective medium for
stone and plaster, for metals exposed to high tempersture, for stiffening
and fire-proofing textilesg, and as a binding agentvfor gends and fireproof
brick. |
Mndrienov (77) studied the mechanism and obtained & patent (78) on
the hydrolysis of alkyl orthosiliconates, RSi(OEt)s. If these compounds
were heated with water for two hours at 93YC, 93 per cent of the ethoxyl
groups were removed. When insufficient water was used a polymer, -RSi(OEt)
—OQRSi(GEt)-O—, was predicteds In presence of more water, the remaining
ethoxy groups would be removed with the formation of more éiloxane bonds.
ndrisnov was not able to get any type'cf compound analogous to slliconic
acid, RSi02H, ags claimed by others.
There are several reactions with inorgenic compounds that are inter-
‘esting. Boric acid resct’ with ethyl orthosilicate to férm ethyl borate

{79), snd boric anhydride reacts with phenyl orthosilicate to form verious
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Phenyl borates (80).v Stokes carried out some reactions with phosphorous
oxychloride (81). When ethyl orthosilicate was heated with excess POCl,
for two hours at 180-200YC a solid compound containing silicon and phos-
phorous was obtained along with much ethyl chloride. Triethoxysilicon
chloride reascted in a similar menner. The reactions are expressed as fol-
lows:

Si(OEt)4 + 2POCly — AEtCl + SiP,04C1,.

4C18i(OEt)5 + 6POCLy — 12EtCL + SiCl, + 351P0¢Cly.

Thege products wil’t. be further considered in the experimental part of this
thesis which deals with the silicon-oxygen-phosphorus bond.

Aside from the reaction between orthoesters and Grignard reagent
which comes under the formation of & silicon-carbon bond, only explori-
tory work has been done with other orgenic compounds. Some of these re-
actions shall be indicated here by equations:

a). si(05t) , + gy 2193 cumtgs (2) (30

b) e Si(eEt)4 + RCOCL —= (EtO)BSiCl + RCOEt  (82).

e). Si(OEt)4 + MeCHO —- CHBCH(GEt)Z + O08i(0Et), (83).

d). 1(0Bt), & CCL,CH(OH), ~ gel + CL,CH(CH)OEt  (24) 4.1% yields

It may be well to point out here that the method of preparation and
cpemistry of the higher molecular weight esters such as (RB)BSiSi(OR)B
or (RD)BSiOSi((iR)3 is\predictable for the behavior of the orthosilicates.

There 1s considerable similarxlty between tie chemlstry, method of
preparation, and physical properties of the silicon orthoesters and car-
bon orthoesters. Again a pronounced difference between the two esters
is the tendency of the former compounds to form polymers with & silicon-

cxygen~gilicon honding.
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F. Silicon-carbon Bond:-~ There is no one general review devoted to
thé preparation and chemistry of silicon-carbon bonds, ut the reviews by
Kipping (3), Bygden (4), end in Friend (85) which is the best, give ex-
cellent views of this bonding.

A polymerization or condensation to be useful for the preparation of
commercial synthetic resins must be controllable. There are few instences
where a monomer with more than three functional groups has been successful-
ly used in the preparation of recins. Thus, it appears that at least one
or two of the valencies of silicon must be rendered non-functional. Of
the groupings considered, it appears that they are either too active to be
non-functional or, in other werds, they would to be too unstable to appear
in the fineal film. However, the silicon-carbon bond ig sufficiently sta-
bPle to act as a blocking groupe.

It would be uséful to know which gilicon-carbon bonds are the most
stable and whether this bonding is stronger ihan the carbon-carbon bond.
Without a téble of the bonding energies possessed by various silicon-
carbon compounds, it is necessary to resort tc some qualitative informa;
tion considering the stability of silicon compounds. Gilman (29) lists
five properties that the compounds of group IV-B from carbon to lead pos-
sess in a definite gradation: a). the tendency © form mixed hydrides |
like RMH5, RgMH,, and RBMH is‘lcwest with the organolead compounds; b).
thermal stability decreases so that organolead compounds are the least
stable; ¢). the tendency to form polymetellic compounds decreases in the
same order; d). the rate of cleavage by halogen or acids is greetest with
organclead compﬁunds; e). organolead compounds are the most reactive

toward acid halide and some reactive alkyl halidess
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RAM + R'COCL -= RCCR'.

RAM + C1'12=GHCH2BI' — RCH20H=CH2.
This list indicates that the carbon-carbon bond is the most stable physi-
cally and chemiecally. However, Stock (1) maintains that the silicon-
carbon bond is more stable than the carbon-carbon bond. He bases his
belief on the ease of formation of siliconium compounds in comparison
to the carbonium compounds and the greater stability of hexasubstituted
disilanes in comparison to hexasubstituted ethane. Furthermore neo-
pentyl rearrangements that are encountered in carbon chemistry have no
ccunterparﬁ in silicon compounds.

There ére se#eral theories for the dissociation of hexaphenyl
ethane and formation of triphenyl methane free radicals. At the present
time it is generally considered that the dissociation of the hexaaryl
ethanes is more or less adequately explained on the basis of resonance
and steric hinderance. Thus the odd electron on triphenyl methane is
pictured resonating among nine other positions. In theserresonating
structures the central carbon of necesgity forms a double bond with the
quinoid ring possessing the odd electron. These resonating forms lower
the energy content of the resultant hybrid structure and stabilize the
free radical. The silicon compound, however, in not forming any types
of double bonds cannot form a free radical which would be stabilized by
resonance. Therefore tetrasrysilicane or hexsaryldisilicane sre in their
stablest form and would not dissociate. Furthermore, from a consideration
of lonic radii, it can be seen that silicon of O.Alxlb"8 cem. ionie radius
8 cm. In general it

has more room for radicals than carbon with 0.15x10™

may be said that the silicon-
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carbon bond is probably less stable than carbon-cerbon bond, but the differ-
ence in case of the two bonds is not very greast.

There are three gyntheses of wide application for the formation of
organonetallic compoundss
a)e RX + M -+ RM X or 2RX + 2M -= Ryl + WX,

b). RoM' & MY - RZM“ + MY,

c)s RM' 4 MK, - RQM" + WX,

Method (b) generally tekes place when M" is above M' in the electromotive
series and RoM" is more reactive then RoM'; while in (c) the reverse is
true. Of these three methods only (c) can be used for the preparation of
organo silicon compounds. In thig vrocedure M"Xz can be either SiX4 or
Si(OEt)A while R,M' may be BMgX, 7nRy, HgRy, or NaR. It is evident from
these synthetic methods that the cost ¢f forming a silicon-carbon bond is
out of proportion commercially to the cost of silica as one of the start-
ing materials.

There are two well established ways of forming the silicon-carbon
bond by method (c): a Grignard resgent may be reacted with either the
silicon halide, or silicon ester, or the Wurtz and Fittig types of re~
action may be used. The latter reaction is most suitable for the prep-
aration of tetrsalkyl or aryl gilicon compounds. The Grignard procedure
is very versatile and with it almost anyvof the other alkyl or aryl

silicon—-element bonds can be prepared such ase

a)e 2RMgX - Cl,SiH, -- 2MgXCl - RySiH,.
b). 2RMgX - SiCl, -- 2MgXCl - RpSiCly.
c). 2RMgX - Cl,Si(0BEt)p — RMgXCl -~ R251(0Et) 5.
d). 2RMgX - 5i(OEt), — 2MgClOEt - R,S1(0Et),.

Reaction b). can be run stepwise so that four different alkyl or aryl
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groups are attached to the same silicon, thereby meking an optically ac-
tive compound.

There are three general procedures that can be followed in the prep-
aration of sgilicon-carbon compounds by use of the Grignard and silicon
halide or o:thoester: a). the preformed Grignard reagent and silicon
compound are reacted together in the presgence of a solvent until the re~
action is completed; b). the reactants are brought together and partially
reacted in the presence of a solvent, usually ethef, which ig then dis-
tilled off and the remaining mixture is heated at a higher temperature
until the reaction is completed; c¢). the Grignard reagent is forméd in
the presence of the silicon halide and a solvent. This latter reaction
is the simplest and deserves the most congideration (86).

Besides the simple compounds already mentioned, there are several
more complicated ones that have been prepared by use of the Grignard re-
agent. A cyclic compound in which silicon is one of the:atoms was ob-
tained from silicon tetrachloride and dimagnesium dibromopentamethylene.
The cyclopentamethylenesilicon dichloride was further reacted with me-
thyl magnesium iodide to give the dimethyl compound (87). A compound
that gave the theoretical silicon percentage and molecular weight for
tetraacetylenesilicaﬁe and decolorized bromine water, was obtained from
silicon tetrachloride and magnesium‘acetylene (88). When chlorosilicyl-
oxide was used in place of silicbn.tetrachloride only 4 per cent of the
hexaacetylene product was obtained. Other compounds containing a func-
tional group have been also made -by means of the Grignard reagents
(01(361{4) 431 (89), tetrathiophene, (C AHBS) 431 (90),(063508 HA) 2816;2(91),‘6130.

The most convenient laboratory method of forming a silicon-carbon
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bond is through the use of the silicon ester., This reaction can be ac-
complished by the reaction of a preformed Grignard with an ester or by
forming the reagent in presence of the ester. However, from the litera-
fture it is evident that conditions for best yields have not been worked
out completely. The originators (92) of the method claimed that only
one alkoxyl group could be replaced from ethyl orthosilicate but more re-
cent work (48) indicates that tetrabutylsilicane is obtained in 56 per
cent yield from butyl magnesium bromide and ethyl orthosilicate.

In all of these reactions involving the Grignard ieagent for the
preparation of silicon-carbon bonds, the yields are rather low because
of the formation of the other alkyl derivative besides the desired one.
Separation of some of these products is sometimes difficult becsuse of
the neasrness of boiling points. The second reason for the low yields is
the formation of a large amount of magnesium salt which always retains
some of the silicon compound tenaciously.

The modified Wurtz and Fittig methods of forming a silicon carbon
bond have not been used as frequently aé the Grignard method. The meth-
ods are best suited for the preparation of tetrasubstituted silicon com-
pounds, since the reaction is rather difficult to control or step at an
intermediate stage. Taurke (93) has used the method to prepare trialkyl
silanes from trichlor silane and tetraisoamylsilicane from silicon tetra-
chloride, while Kipping and Lloyd (94) were able to obtain tetraethyl-
silicane in the same manner. Several patents have been obtained for the
production of alkyl and aryl éilicon compounds by this method: one (95)
uses siliéﬁn tetrafluoride énd another (96) recuires the addition of the

ealeulated amount of sodium in toluene to a mixture of gilicon tetra-
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chlofide and an organic halide.

Hexasubstituted alkyl or aryl disilanes or hexasubstituted silicyl-
oxides could not be prepared from the respective silicon halides by the
Wurtz type of synthesis (97). The silicon-silicon linkage was invariably
broken leading tO‘the.tetrésubstituted monosilicane. However this splitt-
ing was obviated by a two stage Wurtz reaction (98).

One attempt was made (99) to form a silicon-carbon bond through use
of sodio acetoacetate. The final product was & polymer which could not be
dietilled or purified.

The chemistry of silicon-carbon compounds can be divided inte three
classes: a). the reactivity of any functional group still attached to
silicon; b). the stability of the silicon-carbon bond; and c). the re-
actions of the attached carbon radical.

The reactions of the funetional groups still attached to the silicon
are with few exceptions similar to those possessed by that type of group-
ing. Most of these reactions have already been considered in their res-
pective section.

There are instances in which the silicon-carbon bonds are broken,
sometimes very easily. In oiganometallic compounds it is possible to ar—
range the attached organic radicals in & series of relative gtabilities
to one another with respec ﬁ to some cleavage. Once such a series is es-
tablished other correlationg based on the arrangement can be made. Pre-
dictions that can be based on some cleavage series afe: a)e preferential
cleavage in an unsymmetrical molecule; b). thermal stability; and c).
relative reactivities toward some functional group. So far theré hag been

found no suitable reagent for the study of ease of ¢ leavage of gilicon
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organic compounds, and the few studies and cleavages that have been made do
not permit definite conclusions to be drawn.

When unsymmetrical organometallic compounds of mercury, lead, tin,
etc. are cleaved by halogens and halogen acids, there is a preferential
replacement of some of the radicals. By a comparison of the amounts of
products obtained by the reaction of hydrochloric acid with various un-
symmetrical &ercury compounds this abbreviated series arranged according
to the decreasing electronegativity (i.e. the affinity with which the or-
geno radical holds its valence electrons) was given (29): p-methoxyphenyl,
p-tolyl, phenyl, p-chlorcphenyl, methyl, ethyl, propyl, n-butyl, benzyl,
p-chlorobenzyl.

One series of cleavages that can be establighed with respect to a
silicon-carbon bond is that obtained from the sulfonation of organosili-
con compounds.

1). Dibenzylethylpropylsilicane - H2304 -_— 06H50H281.Et.Pr.CH206HASGBH.

2). Phenylmethylethylpropylsilicene - HQSOA. - CgHe- HOSiMe.EtoPr.

3). Phenylbenzylethylpropylsilicsne — H?SG4 - C6H6- HOSiEt.Pr.CHzcéHASOBH.

4). Benzylmethylethylpropylsilicane - H2804 — CH47 HGSiEt.Pr.CH206HASG3H -
MéSiEtPrCHZCéHASO He

Thus the ease of splitting the radicals from)silican by sulfuric acid is

approximately: phenyl, methyl, ethyl, propyl, benz&jl. The sulfonatibn work

was done by Kipping for purpose of ;i.solating . optically active compounds |

some of which were resolvable. This work is best reviewed in Friend (85).

It has been shown that ethyllgrsups are split from silicon easier than phe-

nyl groups by hydrogen under pressure end at higher temperatures (100). Un-

expectedly triethylphenylsilicane gave benzene and hexaethyl disilicane
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while triphenylethylsilicane decomposed intq ethane and hexaphenyldisili-
cane (101), The conclusion from these last two results is that where there
ére three substituents of one kind and one of another, the latter is loose~
ly bound and is easily displaced.

There are other examples of fissions that have been accomplished, btut
unfortunately there are not enough exsmples to make comparisons. Ladenburg
(70) found that bromine reacted with tetrsphenylsilicane to give triphe-
‘nylsilicon bromide and brombenzene. Some recent patents (102), however, ob-
tained chlorophenylsilicanes by direct chlorination. In the examples giv-
en, chlorine wag added to the arylsilicon chlorides in presence of a cata-
lyst until the ratio of chlorine per aryl group was three to one. Tetrani-
tro derivatives obtained from interacticn of tetraphenylsilicane gave nitro-
benzene and»bromnitrobenzene when treated with acueous solutions of so-
dium hydroxide or bromine (103), When simpler nitro compounds as p- or
m-nitrophenyltriethylsilicane were used, it was possible to show that both
p- and m—- isomers were stable to acids, but much less so towards alkali.
On the other hand the amine phenyl-silicon bond undergoes fission by acids,
but the m-amino phenyl-silicon bond is stable not only toward acids but
also toward boiling alkali (104).

Redistribution of elkyl groups was evident during fission of gilicon-
carbon bonds with hydrogen (105). Kipping believed that an interchange of
hydrocarbon radicals occurred to a slight extent between a Grignard reagent
and a substituent attached to silicon (106). In an actusl study of alkyl
silicons, redistribution was found to occur in a random fashion (107).
Tetraethylsilicene and tetrapropylsilicaﬁe when heated together gave 5

ver cent Bt Si, 21 BtsPrSi, 40 Bt,SiPr,, 24 BtSiPr; and 10 Pr,sSi.

4
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In the discussion of the fission of the silicon-carbon bond certain
of the chemical reactions that the radicals could undergo were mentionéd.
These were sulfonation, chlorination, nitration, reduction, and rearrasnge—
ments. Most of these reactions were carried out on the aryl radicals at-
tached to silicon. An idea of the conditions required to perform these
‘reactions will be found in references given. In_gener&5 care must be ex-
erciged in performing these resctions or figsiong are apt te take place.

So@e chlorinations of alkyl silicon compounds gave valuable infor-
mation on the effect of the gilicon atom on attached orgsnic radicals.

The liquid phase, photochemicel chlorination of tetramethylsiliceane at
0YC gave a 35 per cent yield of silicon neopentyl chloride, Me,S1CHCL
(108). Thie chloride reacted with magnesium easily to give a Grignard
reagent which was succegssfully reacted with mercury chloride, and phe-
nyl isocyanate. By means of the mercury compound it was possible to de-
termine that the siliconeopentyl group is moré elecéronegative than any
aliphatic group and less electronegative than phenyl.

Wheﬁ ethyltrichlorosilicene, EtSiClg, was chlorinated (109) with
sulfuryl chloride in presence of peroxide theré wag two and one half
times as much B-chloroethylsilicene trichloride formed as there was
o@chloroethyléilicane trichloride. Moreover, methylsilicane trichlor-

- ide could not be chlorinated by this manner indicating thet the —SiClB,
group deactivates the alpha carbon. Hydrolysis of elther the o~chloro
or B-chloroethylsilicone trimethyl proved that the RLehlorine was much
more active than the Of-derivative. This further demongtrates the influ-

ence of silicon on the alkyl radicals.

Conclusions to be dramn are: 1). Although the silicon carbon bond
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is easily formed, the formation reactions are several steps removed from
sand. The best laboratory method of forming this bond is by use of the
Grignard reagent on ethyl orthosilicate. 2). The silicon-carbon bond
is less stable than the carbon-carbon bond, but the difference in sta-
bility is not very great. 3). Silicon exerts considerable influence

on the alpha carbon atom.

G. Silicon-oxygen-silicon Bond:—~ There are no reviews covering the

gilicon-oxygen~silicon bond.

For commercisl resins this ig probably the mosgt importsnt linksage.
Sand will not burn because it is already completely oxidized. The near-
er any resin can approach this state of oxidation the more desirous it
gshould be for vehicles in which fire-resistance is most important.

From a study of the vast array of inorganic gilicates by means of X-
ray, only two types of oxygen linkages have been found: a). the oxygen
atom belongs to two silicon atoms; b)e the oxygen atom is linked on one
gide only to silicon and the other negative charge of the oxygen can be
neutralized by a positive cation. In no instance was there any evidence
of a silicon-double bond oxygen, or two oxygen atoms linked between two

silicon atoms such as: -8i=0 or -3i-0-8i-.
\0/

With this in mind the chemistry, physical properties, and structure of
some of the compounds containihg the $i-0-Si bond will be considered.
The simplest kind of silicon-hydrogen containing compound of this
type is HBSiOSiHB (110) Whicﬁ ié a Stable.gas boiling at -15°C. This is
formed instantaneously in watér from gilicyl chloride, HBSiCl, but upon

standing longer in contact with water bydrolysis is effected:

28iH01 3 3HOH — HSi(0)-0-S1Hy(OH) 4 3HOH 4 2HC1.
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Jhen (H351)20 is treated with a limited amount of water a curious reac-
tion takes vlace:

(HBSi)QO — SiH; + SiHZ0.
The compound SiH,0 polymeriz es, and has given a benzene-goluble polymer
containing six SiH,0 molecules by hydrolyzing a benzene solution of
SiHpClge It hes already been mentioned that the monomer, SiHj0, analogue
of formaldehyde, was predicted as a by-product during the decomposition
of magnesium silicide. This silicoformaldehyde monomer could be reason—
ably expected to form polymers containing units analogous to the methy-
lene oxide units present in formaldehyde polymers. These polymers are
hydrolyzed by alkali to silicic acid.

Other silicon compounds of oxygen and hydrogen for which a giloxane
beonding has been postulated are silicoformic anhydride, stizos, and
siloxene polymers of emperical formula, SisH,0. The former compound
which is the analogue of formic anhydride is a nonvolatile solid poly-
mer., In none of the hydrolysis products of the di- or trihalogilanes
is there any conclusive evidence of a -3i=0 formation. Experimental ev-
idence sgeems to show that there is no intramolecular loss of water, but
ingtead a progressive intermolecular condensation forming closed and
open chain polymers (3). Thus a structure such as (111) H-S%SG is not
probable. H—S{¥O
The structure of this compound is such that it probably cannot be elu-
cidated by chemical reactions.

The siloxene polymer was obtained when calcium silicide, CaSiz, was
treated with a mixture Qf hydrochloric acid and alcohélr Kautsky and

Herzberg (112) attributed to siloxene the cyclic structure:
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O
HQ1~~—31H

i
45

The chemical evidence pointing to this arrangement was mainly its re-
action with halogens. Siloxene reacts with halogens, the hydrogen atoms
being partially or completely replaced by halogen with the formation of
hydrohalide gas. Iodine gave a compound, Si603H5l, which established
six silicon atoms in the molecule. Bromination gave either a partially
brominated compound, Si603HBBr3, or caused a degradation to the bromo-
silicyloxide, (BrBSi)QOQ Other properties indicating this structure are
its ease of ignition and powerful reducing aﬁilitye‘

Mention was made of the formation of silicon oxyhalides when disg-
cugssing the silicon-halide bond. These compounds should prove useful
for the preparation of fire-resistant resins. Begides the silicyloxide
already mentioned several times, molecules possessing several siloxane
groups are formed during the reaction of oxygen and halogeng on hot
silicon. Most of the products fit the formula, Si,0, jBro, o (113),
but én exception was found in a crystalline cyclic tetramer, (SiOBrZ)A.
The straight chain products are oily liguids which are stable and can be
fractionated. The reactions they undergo are similar teo those of any
other silicon«halidgs such as ease of hydrolysis, reaction with alcohols,
Grignard reagents, etc.

Siloxane compounds possessing the oxygen-—carbon bonding are ob-
tained either by the controlled hydrolysis of an orthoester or by the

reasction of alcohols on the oxyhalide. It was stated in the discussion
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of the alkoxyl linkage, that an appreciable residue always remained af-
ter distilling a freshly prepared orthoester. In all investigations of
these residues, compounds possessing the siloxane linkage were found.
These could arise either from the use of wet alcohol, air oxidation, or
fission of the oxygen-carbon bond by the acid liberated.

Schumb and Hollaway (73) prepared the ethyl ester of oxy _halides up
to S1405(0Et)1; by adding anhydrous alcohol to the corresponding halides.
The esters of the bromide compound had to be prepared using sodium ethox—
ide, because the hydrobromic acid, as did the hydrochloric acid, reacted
with the alcohol forming water which hydrolyzed the halide. Water had
little if any effect upon the esters even after prolonged contact with
water at 100°C.

The siloxane group containing alkyl or aryl groups is probably the
1 inkage of the organo silicon resins being prepared by The Dow Chemical
Company for war work. To my knowledge no information in journalgs or
patents concerning the manufacture of the Dow resins exists at this tinme.
However from some of the patents and articles published on this linkage,
there is reason to suspect that this type of resin would be successful.

The alkyl or aryl siloxanes are obtained by the condensation of the
approoriate silicol. It is generally possible to obtzin a silicanol,

- R38i0H, in pure form but the silicanediol, RgSi(ﬂH)Q frequently hag too
great a tendency to split out water intermolecularily to make the isola-
tion of the pure compound possible,

Silicanols have been made by the hydrolysis or oxidation of a trialkyl-
silane, the oxidation of a tetrsalkylsilicane, or by the hydrolysis of an
alkyl- or aryléilicon halide or ester, and the action of Grignard reagents

on silicones, R,S8i0.
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The first two methods of preparation have already been considered.
The Urignard reaction with the silicones is interesting in that it seems
to belie the nonexistance of a silicon double bond. However the pre-
dicted physical properties and other expected ketone reactions with the
silicones are not encountered.  Diethylsilicone, obtained by the hydrol-
ysis of diethylsilicon dichloride, is a liquid polymerized to a high
molecular product of about 575 (114). It cennot be reduced nor does it
react with hydroxylamine or phenyl hydrazine (115). However when the
phenylethylsilicofle was heated with methyl magnesium iodide at 190°C
in the absence of any solvent for one hour snd then treated with water,
an oily ligquid could be obtained by distilling under reduced pressure.
The compound analyzed for phenylethylmethy silicenol. This product on
standing for one day self-condensed to form the siloxane compound. Al-
though it is assumed that the silicanediol, EtZSi(OH)z,'was an interme-
diete of diethyl silicone, it was not possible to isolate the diol.
However some of the gilicon dihslides having at least one phenyl group
attached to the silicon atom form sufficiently stable diols to permit
their isolation., These are sparingly soluble in water, but dissolve
freely in solutions of alkali from which they may be reprecipitated by
acidifying. Thege diols undergo condensation very readily, sometimes
spontaneously, and especially when they are heated or in the presence
of acids or alkali, Thé types of condensation pfoducts of the diols that
have been reported (3) as isclated and identified are:

HOS1R,-0-SiR0H SiRp-0

| of (;SiRg
HOS1Ry~0-S1Ry-0-S1R,0H SiRo-
iRy~ 0-Si
HOS1Ro-(0-SiRp) p~OSiRp0H. 0 o,

A ~
8iRy-0-51R;
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. &nd mixtures of more cemplex products formed from twenty or more mole-
cules of diols, but these have not been obtained pure. The conditions
under which the vafious condengation products were obtained are very
exacting. Hyde and Delong (116) cuestion Kipping's work because they
were not able to duplicate the regults and furthermore found that the
straight chain condensation products reported in literature were not
sufficiently characterized. They found that the hydrolysis of phenyl-
ethyl-, diethyl-; phenylmethyl-, and dimethylsilicon dichloride gave
relatively low molecular weight products. A cyclic trimer appeared defi-
nitely to be formed upon hydrolysis of phenylethylsilicon dichloride wn-
der the conditions described and cyclic trimeric condensation products
also seemed to be pregent in the hydrolysis products of diethyl and di-
methyl compounds. This tendency teo cyclize 1s of importance because
removal of an organic radical by oxidation or some other chemlcal reac-
tion such as ringbopening will be necegssary for further condensation.
Actually it was found that the orgenic radicals could be removed by ei-
ther hydrolysis or oxidation which resulted in the formation of siloxane
linkages giving in both cases higher polymers that were identical in phy-
sical properties. In the resinification of cyclic dimethyltrisiloxane
by running air through it while heating, a gel was obtained when approx-
imately one~fifth of the disubstituted silicon atoms were converted to
monosubstituted atoms as determined by the increase‘invsilicon content of
the set resin. Gellation attained by meang of hydrolyzing in presence of
hydrochloric acid requires a lower loss of organic radicals.to reach the
same condensation stage. These facts gseem to indicate that the conden-

~sation of diols is not as simple a process as that given by Rochow and
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Gilliam (117) who picture an intermolecular condensation giving polymers
of structured

-R551~0-8i-0-R,81-0-

(I)
I

~R551-0-51~-0-R58i-0-.
These workers did not work with a pure diol, but a mixture of methyl sil-
icanediols and triols. They obtained approximately the gsme results by the
hydrolysis of either a mixture of pure methylsilicon trichloride and dime-
thylsilicon dichloride or from the alkylsilicon chloride mixtufe obtaiﬁed
from gilicon tetrachloride and a calculated amount of methyl magnesium bro-
mide. They found that with a methyllto silicon ratio of 1 to l.3 in thé
polymer by analysis, the hydrolysis product of the chloride went from a
sticky sirupy stage to a hard transparent regsin, Heating made this a brit-
tle glassy mass. A ratio of 1.3 to 1.5 of methyl to sgilicon gave a hydrol-
ysils product of oily consistency at room temperature, Heating to 100°C
caused the viscosity to rise and volatility to decrease, At 150-200YC
gellation occurred in a few hours giving a clear, hard, horny resin. A
ratio of 1.5 to 1.9 of methyl to silicon gave a hydrolysis product which
was volatile at the condensation temperature. It recuired continued heat-
ing at 200Y C for seversl weeks to obtain a hard brittle gel. These britf \
tle transparent resins could withstand a temperature of 200°C for an indef-
inite time, at 300” C in air disintegration of surface methyl groups teok
place, while at 400YC oxidation was rapid. There are - series of patents

obtained on these types of resins. (118).
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III. COMPOUNDS CONTAINING SILICON-OXYGEN-CARBON BONDS

A. Discussion of Preparation of Monomers: — From the number of
organic aleohols and acids that exist together with the different silicon
bonds that bave already been made, it is evident that the list of $i-0-C
type of compounds that could be made would run well into the thousands.
From the preliminary work and literature search of silicoorthoester it
wes not evidenirthat many of these compounds wpuld be worth investigating
from the standpoint of forming fire—res;’.stant films. However, the three
gilicon orthoesters whose preparations from the methyl, ethyl, and chloro-
hydrin alcohols are described in the experimental part were prepared for
definite purposes.

Ethyl orthosilicate, Si(0Et),, was prepared in highest yield by
ﬁearing and Reid (30) who obtained 70 per cent of the theoretical amount
of the ester by dropping silicon tetrachloride into a 10 per cent excess
of absolute aleohcl, cooled by an ice mixture, and fractionating under
reduced pressure after drawing through air to rid the ester of hydrochloric
acid and excess alcohol. The main difficulty im the preparation of:
orthoesters is that four moleeules of hydrochloric gas are eliminated for
eaéh mole of silieop tetrachlqride. The lgrge gas evolution causes
considerable 1038 of the valatile reactants. In the hope of improving
this yield and to test the film forming properties of the orﬁhoesters as
well as their residues, the ethyl ester with its residue was Al;repaz'*ed. as
desceribed below.  The yielé obtained was 68 per cent and the wéight of
residue was 25 g. for one mole of silicon tetrachloride used. The £ilms
from both fhe ester and its residue were the typically inferior films v

obtained from all orthoesters.
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As stated previously, orthoesters undergo exchange reactions when re—

fluxed with other alcohols to form mixed orthoesters. It was with this in
mind that ethyl orthosilieate was reacted with dimethylol urea to form
silico-urea~-formaldehyde resins. The films from thses resins although
uniform, clear, and hard were combustible. Since the methyl orthoester
contains the lowest percentage of carbon, this ester was prepared for the
pﬁrpose of lowering the carbon content and thereby lowering the com-
bustibility of any urea resinsg prepared.

Ip,attempting to prepare the methyl orthoester, the same difficulty
of self-condensation was encountered as recorded by'EbéLmann (47},
Friedel and Crafts (79) and others when absolute methyl alcohol was not
used. Ordinary commercial alcohal containing 2-3 per cent water yielded
less then 5 per cent of the methyl silicate. The main produet was a non-
constant, high boiling condensation product. A satisfactory yiéld of
methyl silicate was obtained when 99.5 per cent pure methyl alcohol %as
used with cooling as described in the experimental part.

’ The methyl'orthosiliqate~urea—formaldehyde films resembled those
of the ethyl ester in appearance and combustibility.

Taurke (B) reported the formation of throe products vhen reaeting
glycol and silicon tetrachloridé; viz; chlo:ohydrin, silicon ester of
chlorohydrin, end a white mass consisting of two molecules of silica and
one molecule of glycol. He interpréted fhe reaction according to the
equations:

28iC1, + SR(GH), — 48(0}1)01+(85.02)2.R(03)?+‘ 4 HO1.

310144— /R(OH)CL -+ /HCL + Si(ORCl)A .
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To confirm these reactions, Taurke added silicon tetrachloride to pure
dry, cold glycol in sbout the amount demanded by the first equation.
After the ethylene chlorohydrin was distilled from the reaction mixture,
gsilicon tetrachloride was slowly added to it. The resulting B-chloro-
ethyl orthosilicate was obtained in en unstated yield boiling at 177~
1809 . per mm. Dearing and Reid (0) reacted ethylene chlorohydrin
with silicon tétrachloride but were; unable to distill their product and
the analysis showed it to be only 94 per cent pure.

P-Chloroethyl oithosilicate was obtained in 73 per cent yield by
dropping anhydrous ethylene chlorohydrin into ice~cooled silicon
tetrachloride. The only explanation for the failure of Dearing and Reid
to obtain this ester is that their chlorohydrin was not anhydrous. It |
is essential to realize that in the preparation of or’chpasters one-
half mole of water is sufficient to condense one mole of ester. If 98
per cent ethyl alcohol was used for preparing ethyl orthosilicate, the
theoretical yleld would not be over 75 per cent while the actual
laboratory yield would‘ probably be about 50 per cent.

The main iject of moking the B-chloroethyl orthosilicate was
to ascertain whether or not a resin could be obtained /by reacting
the silicate with sodium polysulfide. Anhydrous sodium polysulfide
was prepared in absolute aleohol and added to some B-chloroethyl
Sil:l_.ca.te. A preclpltate was formed soon after mixing these compounds.
Since ethyl orthosilicate behaved in a similar manner, the attempt to
£orm an Thiokol type resin from chlroethyl orthosilicate was not
further Investigated. |

Since the ethyl orthosilicate~urea-formaldehyde resins burned,
it was thought that this type of resin from B-chloroethyl silicate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



might prove incombustible. However a film of this type also burned when
held in an open flame.

The possibility for the formation of B-chlorethyl silicate by the
addition of ethylene oxide to silicon tetrachloride existss
, Sj.(OOHchzcl) 4

There was little evidence of reaction when these compounds were mixed at

HAGH.
gc\éggﬁz + SiC1

o°® C., but after standing at room temperature for one year and distilling
the mixture, none of the Starting reagents were recovered. JInstead a
Qlear'liquid of steadily incfeasing boiling point was obtained., Both the
residue and the highest boiling cut 250-55%., reacted vigorously with
either alcohol or water. The liquids were hydrolyzed by atmospheric
moisture to a'gel which when heated at 140%C . left a sand-like residue.
Analysis of a fraction boiling between 150-60%C. checked for B-
chloroetho;cysilicon trichloride, ClBSiOGHzcﬂ‘gGl- The identy of this
compound was verified by synthesizing it from ethylene chloroh&drin and
silicon tetrachloride. The reaction between silicon tetrachloride and
ethylene oxide is thus a new method of makiﬁg this particular type of
compound. The higher boiling fractions are ﬁndoubtedly'B-chleroethoxy
esters, and the use of & pressure bomb should enable one to form the
orthoester. It would also be interesting to investigate the reaction
between ethers and silicon tetrachloride in a pressure bomb, and to
investigate the rapidity of the reaction between ethylene oxide and
silicon tetrachloride.
Ebelmann (47) reported that dry chlorine reacted with ethyl
orthosili¢ate energetically. Although the chloro compounds were formed,
',investigation of them was not completed; but Ebelmsnn stated that these

would be further investigated. However no further mention of this
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reaction was found in the literature. Thus it seemed worth while to
investigate ihe action of hélogens on an alkyl orthosilicate. When
liquid bromine was added to the ethyl ester an exothermic reactlon took
place with a simultaneous gradual disappearance of the bromine color.
This solution could be refluxed to eventﬁé,lly produce & solution with =
yellowish color. If more than equal molar equivalents of the reagents
were used, the mixture gelled 1f heated. When the heating was accom-
plished with tﬁe 2id of a controlled temperature oil bath, & low boiling
liquid which proved to be ethyl bromide was obtained. Slightly more
‘than anevequivalent of ethyl bromide was collected besides a small
amount of bromine and a product coming over between 70-8° C. The
remaining residue could not be distilled without gellation at atmos-
pheric pressure. This clear liquid analyzed for 15 25 per cent
silicon and 21.5 per cent bromine. These figures require an empérical
ratio of two atoms of siliecon to one atom of bromide giving s molecular
weight of about 370. A compound that would f£it these figures is
pentaethoxy digilicon bromide, (EtO)BSiSi(OEt)zBr, molecular weight
361; 81, 15.5; Br, 22.2,

oo Paurke (93) from the reaction of gyleol with silicon tetrachloride
obtaine& a white mass, an analysis of which gave an indication of an
emperical molecule consisting of two molecules of Si0, and one molecule
of glycol, 28162. CH A(OH)»?:‘ Séveral attempts were made to prepare films
from the glycolsilicon tetrachloride reaction. If glycol is added drop-
wise to cold silicon ’c.et#achloriéte, the vapor of the latter immediately

reacts with each drop of glyeol forming a gel-like f£ilm around each drop.
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This complicates the addition of glycol making it an unsatisfactory
procedure. If the reverse addition is used, the mixture gels after about
one~fourth of the calculated amount of silicon tetrachloride is added.
This gel can be put into solution by the addition of a mono-functional
alcohol. The alcohol, of course, reacts with the unreacted silicon
halide group thus forming an ester grouping, stoppiﬁg cross condensation,
and alding in solublizing the gél. However if this solution of glycol,
aleohol, silicoﬁ tetrachloride is hea‘oéd, gellation sets in again, and it
is not possible to break the gel by addition of alecohols. A sample of
this gel was dried and anaijrzed for silicon which amounte@ to 28.7 per

cent, while the silicon content of Taurke's white mass, (Sib)g.CgHAKOH)z

~S1-0CHLCHA0-
71-0CHALCH0

is 30.8 per cent. The hypothetical possibilities such as QMe or
OMe
CH,0- contain lower amounts of silicon i. e. 18.7 and 20.8
per cent respectively. ‘It can be concluded, therefore, that although
mono~functional alecohols solublize the first gel, through esterlfbnma%ion,
’ the~alkoxy‘groups are readily displaced by glycol groups which then by
cross condensation cause gellation. This may be demoﬁstrated by
refluxing together excess glycol with a performed orthosilicate.
Gellation does not set in, hcweve?, unﬁil gbout half of the theoretical
amount of displaced alcohol is removed by distillation which ié good
evidence of the displacement equilibriuﬁ:

oy

HOCH,CHO0H + (Et0),§1 == EtOH + HOCHCH0S1(0Et) 5.

The films formed from the glycol-orthosilicate mixtures, although greatly
eraged, were the best films of this type. Diethylene glycol gave a better

result than gilycol itself, which might have been due to the lower
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volatility of the former compound. This is further borme ou£ by the
slight deliquescent nature of the hardened film when diethylene glycol
-Wa.s used as the polyfunctional alechol.

Glycol reacts with bifunctional acids to give the thermoplastic
:;a.lkyds. If the gel from the silicon tetrachloride glycol resction
contained an appreciable number of free hydroxy groups, necessitating
the formé.’oion of compounds of the type Si(OCIiZCH20H) 4 it might be
possible to obtain a thermoset resin by reaction with any bifunctional
acid. The gel from the glycolsilicon tetrachloride reaction with
phthalic anhydride gave a heterogenous powder layer instead of a film,
while the mixture of glycerol, ethyl orthosilicate, and maleic anhydride
produced an aicohol insoluble gel. | ’ | »

- C. Discussion of Formation of Urea-formaldehyde—orthosilicate
Resins: ~ The use of.xﬁethyl, ethyi, and B-—chioroethyl orﬁhésilicates
with urea—formldehyde resing has already been briefly mentioned. In
conjunction with these resins, several of the obviocus experiments were
also performed. From‘ the analysis of the silicon éon’oen’o of the
intermediate and the film from a dimethylol urea, ethyl orthosilicate
and aleohol mixture, it could be concluded that there was present at least
one sil_icon atom per urea unit of the film. Since the thermosetting of
urea resins has been expléined as resulting from the cross condensation

of methylol groups (119).

Hip /¢ Ry sCH 0
HOCHW G~ N~ CNCHAOH — _c H;,/Ug-l’\/ N_&ReHe
CHy CH, CHy CHy
\/‘V. \/'V/
,?,‘Ho C=o
CH), NH
OH ?H;
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it appears feasible that a thermosetting resin might be prepared from

mpnosubstituted ureas by reacting with silicon orthoesters.

HY CH: Q@ R H CHa
RNE=N N & uH + Si(OEt)y . EtOH + RNE—I‘V/ }?/~g_§=51(<>£t)3

Hy C M, CHyCH
N gl
€20 ‘ ¢=o

HNR HNR

Since there are still hydrogens present to displace alkoxyllgroups of
silicon esters, sufficiently.large molecules might be prepared to give
highei softening temperatures if not a thermosetting film. An organic
solvent soluble butylureafofmaldehyde resin was prepared and part of this
was mixed with some ethyl orthosilicate. This film was harder and less
sticky at iSOQJ than was the standard butylurea~formaldehyde film, but the
silicon conteining film was noﬁ thermoset. More work along this line was
indicated, but was not cérried out as the films Weré combustible.

It was not possible to form a urea~formeldehyde-ethyl orthosilicate.
resin by sterting with urea, paraformeldehyde and ethyl orthosilicate.
Neither wag it posgible Yo obtain a resin of high silicon content from the
méthyl ether of dimethylol and the silicon esters. Attempts to prepars
organic soluble_:esins by reacting together dimethylol urea and alkoxyl-
silicon halides failea.' In these instances the dimethylol urea clumped
together forming an insoluble unreactive ball in the liquid ethoxy
gilicon chloride. This would be expected as any hydrochloric acid
liberatedkshould cétalyze the methylene urea férmation.

D. Experimental: - The same apparatus was used for the prepafation
of all the silicon esters described in thls section. A 500-cc. three-
necked flask was provided with a mercury-sealed stirrer and a 22-cm.

condenser. To prevent the loss of the most volatile component, silicon
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letrachloride, by the large volume of hydrochloric acid that was evolved,
the condenser was filled with glass beads which were held up by several

- indentations made at the bottom of the inner tube, and the alcohol was
allowed to drop onto the glass beads countercurrent to the gas evolved. .
The top of the condenser was provided with a three-hole stopper which
held a dropping funnel, a tube for pressure equallzing, and a gas outl,e'b‘
tube. A large calcium chloride drying tube could be attached to the
outlet which would stop most of the alcohol thereby providing & means for
a check of alcohol lost and also protecting the apparatus against moisture.
In all the preparations of orthosilicates or their derivatives, the
alcohols were anhydrou;s, and the sil;’.con tetrachloride (Stauffer Co.
product) used was the fraction that bolled constant at 57° C. in a 22-
cm. glass-bead filled Claisen column described by Post and Hofrichter (120).
Recorded b.p. 59—60° c. (121) The tetraethyl orthosilicate (Carbide and
Carbon Co. prg&uet) used in most of the resin preparations was the
distilled fraction b.p. 164-66° C; recorded b.p. 166 (121).

1. Tetra-(B-Chloroethyl) -orthosilicate: - Two hundred grams

(.22 moles) of éﬁhydrous ethylene chlorohydrin (éarbide and Carbon
product) was dropped slowly (about 2.5 hours) through the glass-bead

' filled condenser into 84 g.(0.5 moles) of constantly stirred silicon tetra-
chloride in a 500-cc. three-necked flask. Although not necessary, it was
well to cool the flask with ice as the decreased temperaiure permitted a
niore rapid addition of the alcohol. Affer all the alcohol had been
added, the ice bath was remgved é;nd the mixture stood at room temperature
until the evolution of hydrochloric gas lessened appreciably. Then a hot

plate was placed beneath the flask and its temperature was regulated so
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. a8 to maintain a steady evolution of hydrochloric gas. About four hours
time was required to di-ive off most of the gas. .Efter stending overnight,
dry air was drawn thru the mixture for three hours. The product was then
placed in a 500-cec. Claisen i‘iask and the following fractions were collected
under ‘reduced pressure: |

20 20

Temperature Pressure Welght np dog

60° ¢ 50-51 mm. 34ed 8o 1.4407 1.216
140-44 2 35.5 1.4635 1.345
147154 2 90.1 1.4640  1.346
154-174 2 ——— L4645 =
HResidue - ——— ——— e

~ The first fraction was unreacted ethylene chlorohydrin as its

boiling point determined on a micro scale (8) was 127.0° C, while the
recorded boiling point and density are respectively 128.8° C and 1.213 io
(122) . The total weight of fraétions 2 and 3 gave a 72.6 per cent yield
of B-chloroethyl orthosilicate. The only physical date in literature for
this compound is that given as the boiling poiling point of 177-80° ¢/
g mm. by Taurke (95) . At about 170° ¢/2 mm. decomposition set in as was
evident by the slighﬁ diseoloration of the distillate collected.

2. Tetrsethyl orthosilicate: — The same apparatus and procedure
was used for this estei‘ és wa.s uged for the »revious compound and the
absolute ethanol was prepared as recommended in Organic Syﬁtheses, (123).
One hundred two grams (2.2 moles) of alcohol was added to 84 g. (0.5 moles)
of silicon tetrachloride in about three hours. The more rapid evolution
of hydrochloride gas necessitated a slower addition of the aleohol. In-
order to lessen the loss of ester during the removal of hydrochloric gas,
a_ir was drawn through the product for only one hour. All of the hydrochloric

was not removed as there was an appreciable evolution of hydrochloric at
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the start’of the distillation. The ester was digtilled from a 250-cc.
distilling flask. The receiver was a filtering flask attached to the
condenser by means of en adaepter. The side arm of the filtering flask
wes ccnnected toia Qalcium chloride drying tube to pxotect the system from
atmospheric moisture. Seventy-one grams of product boiling from 160-166°
C/747 mm. pPessure which amounted to a 68 per cent yield. The recorded -
boiling point is 165-167° ¢ (121). The weight of the brownish residue

was 18 g.

3. Tetramethyl orthosilicate: - Using the same apparatus as in the

two previous runs, 150 8o of 99.5 per cent methyl alcohol (47 moles) were
dropped over & period of three hours intp 170 g. of silicon tetrachloride
(1.0 mole). The procedure followed was that f§r thé ethyl orthosilicate
preparation. When the‘commercial methanol (97-98 per cent pure) was used,
there was no definite fraction obtained as the boiling point steadily
increased until 220° ¢ was reached when gellation set in stopping further
treatment of the ester. The product boiling between 118-24° C.; recorded
b. p. 120-22° C. (124), weighed 70 g. which amounted to a 46 pér cent
yield. The rather large amﬁunt of residue weighing about 50 g. had a
boiling point over 200° C.

4. Dimethoxysilicon dichloride: - Using the same procedure as for
tetramethyl orthosilicate and a three to one molar ratio ofbmethyl aleohol

to silicon tetrachloride, 107.3 ge. of a product boiling between 97-108° C.
was'collected; recorded boiling point for dimethoxysilicon dichloride is

98-103° C. (79). |
5. Mono—(B~chloroethyl)-gilicon trichloride: - Seventeen grams

(0.4 moles) of liquid ethylene oxide was directly added to 17 g. (0.1

moles) of ice-cold silicon tetrachloride in a 50-cc. ground glass-joint,
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Tound-bottomed flask. The flask was immediately‘connected to a calcium
chloride protected condenser and surrounded by about 1,000 g. of ice.
After the ice was permitted to melt, thé»mixture stood at room temperature
for two -days. During this period 9 g. of reactants were lost. The
mixture was then transferred teo a 50-cc. bottle, stoppered by a rubber

stopper, allowed to stand for one year, and then distilled. The follow-

ing fractions were collected:

Temperature Weight

60-90% . 3.0 g.
150-60 6.6
205-250 7.5
250-255 1.1
Residue 5.0
23.2

~ Anal: Fraction b.p. 150-60° C. é&lcﬁ. for CgH,001,81: 51, 13.12.
Found: 8i, l3.l5, 13.04.

The same compound was prepered by adding 50 g. (0.625 moles) of
ethylene chlorohydrin b. p. 125-126° C. to 85 g. (0.5 moles) of
silicop teﬁrachloride. After proceeding;according to the method
described for dimethoxysilicon dichloride, the reactiog nixture was

fractionated through a 20-cm. Vigreux columm, and the following fractions

were collected:

Temperature Weight
55 - 60°¢ 19.9 G.
152 <153 27.0
234 - 238 18.8
Resgidue. 354
100.7 g.

Anal, Fraction b. p. 152-53° C. caled. for CoH,001,Si Si, 13.12;

XL, 49.72. Found: Si, 13.40, 13.35; X1, 49.05, 49.18.
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6. Resction between Ethyl orthosilicate and Bromines - To 83.0 g.

(0.4 moles) of ethyl orthosilicate in a 250-ce flask cooled by ice, 64

g. (0.4 moles) of bromine was added over a period of several minﬁtes.

A condenser ﬁas attached, the ice bath removed, and tﬁe mixture was
allowed to stand at room teﬁperature for abqut one hour during which

time an exothermic reaction completed itself. The flask was then immersed
in an oil bath that was slowly heated to 100° C. during a period of
another hour. 'By'this time the solution had changed from an opague,

dark red bromine color to that of a transparent reddish solution.
Continued heating brought no further color change, indiceting an
equilbrium. The condenser was replaced by a 20-cm. Vigreux column, and

the following fractions were collected:

Temperature Weight Color of fraction

36-37° C. 20.0 ¢. Bry color

37=40 33.5 5light yellow color

70-77 8.7 Clear

Residue 8l.4 Nitrobenzene yellow
143.6

Fractions (1)‘and (2) proved to be a mixture of bromine and slightly
more than Q.A moles of éthyl bromide. The residue could not be distilled
at atmospheric pressure without gellatlon, it would gel rapldly in
presence of water, but it was stable alt room ltemperature for nine months.
Anal: TFound Si, 15.1, 15.3; Br, 21.7§, 21.13, 21.99, 21.83.
7. Attempted F rmetion fro ' hogilicate: -
For the purpose of describing the method of testing the orthosilicate
solutions, the run With‘tetraethyl silicate is describad. One drbp of
dilute hydrochloric acid was added to a mixture of equal volumes (10 cc.)

of the silicon ester and 85 per cent ethyl alcohol. This mixture was
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poured into a Petri dish in a layer sufficiently deep to completely cover
the bottom. Then the dish was tilted to a 45 degree angle to allow the
excess solution to drain off. The dish was placed in a constant tempera-
ture oven (about 110° C.) where it remained for at least fifteen minutes
or longer whenever necessary to reach complete condensation. The result
in the trials with e‘ghj'l, methyl, B-chloroethyl orthesilicate and their
residues was'the formation of a white’powdery, almost pure silica layer
vhich could be readily removed by rubbing. ~This white powdery layer
could not be called a film and could not have any protective power for
metals.

8. Attembted Regin Formation from B-chloroethyl orthosilicate

and Sodium tetrasulfide: - The sodium tetrasulfide was prepared

essentially as described in Friend (125). To a solution consisting

of 40 g. of NaOH in 500 cc. of absolute aleohol saturated with hydrogen
sulfide was added another solution of 40 g. of sodium hydroxide in 500
cc. more of absolute alcohol. Ninty-sgix graﬁs of powdered rolled sulfur
was added and stirring was continued overnight; the solution being out
of contact with the atmosphere. Ninty grams of the resulting dark
reddish solution contained 7 grams of a golid which was assumed to be
sodium tetrasulfide. To a 50—g. portion of the aleoholiec sodium tetra—
sulfide solution was added five hundredths of a mole of either B~
chloroethyl orthosilicate or ethyl orthoslilicate. With both esters a
white powdery precipitate was obtained by either refluxing or allowing
the mixture to stend overnight. The powder could not be analyzed for the
silicon content accurately by simply igniting in a porcelein crucible as
sublimation occured when'the glow temperature was reached. This high

temperature sublimation is a property of silicon disulfide, SiSp. The
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identy ofvthe silicon sulfide could be confirmed qualitatively by the odor
of hydrogen sulfide by boiling it with watef (126) . The failure of forma-
iion of any resinous product warrented the discontinuation of further
investigation along this line.

9. Attempted Film Formation from Glyecol and Silicon tetrachloride: -
A gel can be obtained by refluxing together the three-componénts silicon
tetrachloride, glycol, and a monofunctional aleohol irrespective of the
order of addition of-these compounds. Just as the films from these
condensation products are identicél, it would be expected that the silicon
content in all of their films would be the same.

The process g;ven here is the most convenient for the formation
of the glycol-sgilicon tetrachloride-alcoholie solutions. It amounts to
the initial formation of the dimethoxy silicon dichloride followed by the
addition of glyéol. Thrity-twe grams (1.0 mole) of 99.5 per cent methyl
alcohol was reacted with 85 g. (0.5 moles) of silicon tetrachloride as
described for the éreparation of dimethoxy silicon dichloride. After
the removal of most of the hydrochloric gas, 31 g. (0.5 moles) of glycol
was slowly added. Dry air was drawn tbrough this product for two hours
which weighed 79.8 g. indicating the loss of 71 g. of material. This
condensation product upon heating for ebout fifteen minutes with a hot
rlate gelled. Some of this gelled product was placed over phosphorous
pentoxide in a vacuum desiccator for twenty days. An analysis of this
dried product showed a 28.7 per cent silicon content. Films from the
condensation product before gellation, although very undesirable for a
protective filmweredifferent from the powdery layer given by heating

ethyl orthosilicate. The material in thé Petri dish consisted of flakes
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that charred when held in a flame. These flakes were nonadherent, water
clear, and brittle.

10. Attempted Film Formation frqm‘ Gl;y; col and Tetraethyl ortho-
silicate: - Although the films from the condensation products of
polyfunctionalAalcbholﬁ and ethyl orthosilicate were the best of the
orthosilicate type, they were not satisfactory. Polyfﬁnctional alcohols
ere not miscible with ethyl orthosilicate, but when they are refluxed
together for a short while the mixtures become homogeneous. Glycerol,
however, when heated with the silicon ester produces a white precipitate
and never forms a homogeneous solution. Inorder to produce a gel from
ethyl ortho silicate and a glyeol, it is necessary to remove the ethyl
alcohol as it is displaced, thereby forcing cross condensation. The
directidnsfiven here were used with either ethylene glycol or diethylene
glycol in ratios of either two or four moles of alcohol to one mole of
ethyl orthoester. Twenty and six-tenths gramsg of ethyl orthosilicate
(0.1 moles) and 24 g. of ethylene glycol (0.4 moles) were refluxed to-
gether until the temperature of the licguid in the flasgk became constant.
This was 115° G, after two hours of refluxing. The mixture was trans-—
ferred to a Claisen flask with a 20-cm Vigreux columm attachment. The
flask was heated by an oil bath to 175° C, and 14.6 g. of a liquid
boiling between 78-81° C was collected before there was sny sign of
gellation. This licuild driventavgr was ethyl alcohol which amounted to
0.318 moles. Films of the condensation product burned and were slightly
hydroscopic indicating a rather high carbon content. However’it was not
poésilbe to tell without quantitative work whether the producﬁ was a

homogeneous polymer with some free hydroxyl groups or a silica gel
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conteining free glycol. Probably both conditions prevailed. The films
baked at 130-50° C to the nontacky stage were. hdmo_geneous whilé in the
‘oven, but upon cooling they crazed and'brdﬁe eway from the bottom 6f the
Petri dish. |

11. Preparation of Resinsg from Dimethylol ures and Ethyl ortho-

silicate: - It was not possible to prepare a resin solution from
dimethylol urea and any compound containing a silicon chloride bond. In
presence of a compound with a silicon halide‘bond, dimethyldl uresa
clumped together to form a solid, insoluble unreactive ﬁass. Although
it was not possible to obtein a resin solution from urea, paraformalde-
hyde, and ethyl orthosilicate, good results were obtained with dimethjlol
urea and the orthosilicate. With these resins it could be guantitatively
shown that the silicon was chemically combined to & urea-formaldehyde
unit. An intermediate could be obitained which contained approximately
one silicon atom per urea unit, the final film contained a constant4
amount of siiicon, and during the resin formation a reasonable amount of
alechol would be liberated. The experiments described here demonsteate
these facts. |

a. Intermediate from the Ethyl orthosilicate and Dimethylol ures
Reaction: — To 20.4 g. of ethyl orthosilicate (0.1 mole) in a 50-cc.
Erlenmeyer flask was added 6.0 g. (0.05 moles) of &imethylol ures.,
and one drop of 6 N hydrochloric acid. The flask was placed in a water
bath heated to 50° C., and the mixture was stirred by hand. As the
reaction progressed, the powdery dimethylol urea was slowly converted
to crumb-like white particles. These particles were collected on a
filter and after drying in air weighed 1l.2 g. This is only 0.4 g. lesé
than the expected weight of 0.05 moles of dimethylol urea and ethyl

orthosilicate splitting out 0.05 moles of ethyl alcohol forming the
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«possible compounds
HOH

[}

t
HOCH AN-G-iCH081(CE t)
“:Anal: Caled. for C N OSi: Si, 9:94. Found: Si, 10.06, 10.10.

The only unexpected property of this product is that it did not
melt as might be expected but decomposed at 239° C which 1s near the
decomposition point of methylene urea.

b. Orthosilicate end Dimethylol urea Resins: - Twenty-four grams

(0.2 moles) of dimethylol urea, 10 g. of 95 per cent ethanol and lec. of
alcoholic hydrochloric acid made from 9cc. of 95 per cent ethanol and 1 cc.
of 6 I hydrochloride (a totel of 0.23 moles of ethanol for the reaction),
and 49.5 g. (0.24 moles) of ethyl orthogiliéate were placed in a three-
necked 250-cc. round-bottomed flask. The flask was provided with a
stirrer, condenser, and heated by means of an oil bath. The bath tempera-
ture was maintained at 652 C. for one hour at the end of which time the
materials had formed a clear solution. By replacing the condenser

with an‘angle tube connected to a condenser and increasing the oil bath
temperature to 95° C. it was possibie to collect 25 g. of a liquid boiling =
from 74-78.5° C. This liquid which possessed a slight ethyl orthosilicate
odor, had e density of 0.7979 43 and consisted almost entirely of

ethanol. The films of this resin were analyzed in the following manner.

About one gram of the resin solution was poured into a porcelein crucible

and then baked at 120° C. until a reasonable constant weight was
obtained which took from one to two hours depending on the thickness of the
film. Then the film was slowly ignited until the full flame of the Meker

burner was reached. The residue was ignited at white heat until constant
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welght Was attained. Four analyses of this resin gave the following
‘silicon percentages: 15.2, 16.2, 15.1, 16.3.

Considering that there is only one silicon atom per methylol
molecule in the intermediate, it 1s reasonable to assume not more than
one silicon atom per urea residue in the baked film. This would give

, nr
- a unit weight of 181 which is reasonable gince the uniib—eﬂgfﬁ—d-N—CHz—Si-,

has a molecular weight of 112 leaving the difference to be made up by
ethoxyl groups.

To show that the silicon is not present only as a solvent, two
otl;er resin SOlu_tions were made. The first was prepared from the
dimethyl ether of dimethylol, ethyl Qr’chosilicate » and butyl alcohol in
thé same ratiqs as used above, and ’ohe second was prepared from the |
standard Ault and Wiborg urea resin of 50 per cent solids 'contént, silicon
orthosilicate, and butyl alcohol to give approximately the same urea to
silicon c»ontent as in the resin solution above. The film from the
dimethyl ether of dimethylol urea had }a silicon content of 1.33, 1l.43 per
cent, while the latter film had 1.63, 1.93 per cent. This indicates
that‘ only a small portion of the solvent ortho silicate is retained in
the final film. |

For the purpose of determining i;hev increased flame resistance
of halogens m the urea—silicate type of condensation product, a resin
solution was made as above using dimethylol urea, ethylene chloro];ydrin,
and tetra-(B-chloroethyl) -orthosilicate.

The films from these urea-formaeldehyde-orthosilicate mixtures
resembled the standard urea-formaldehyde-alcohol resins in being clear,

hard end brittle. Since these orthosilicate resins gave homogeneous
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£ilms, the burn test similar to that employed at Ault and Wiborg was used.
A course steel wool is first clesned with dilute hydroéhloric acid,
washed well with water, then dried by immersing in acetone aﬁd blowing
air through the wool. A resin solution is then prepéfed by dilution

of the condensation product to a 25 per cent solids content. The cleaned
steel wool is dipped into this solution several times, allowed to drain,
and then place in an oven heated between 140-500 C for ten to fifteen
minutes. The coated steel wool is then held directly in a 6 in.

slightly yellow Bunsen f{lame. éhe combustibility is roughly divided

into three obvious groups: whether it burns only when held in the flame
but extinguishes when taken out of the flame, whethgr it does not burn
when held in a flame, or whether it continues to burn when taken out of
the flame. The standard urea-formaldehyde-alcohol film ignites easily
and continues to burn once away from the flame. The ureafformaldehyde
resin films made with methyl and ethyl orthosilicate are more difficult
to ignite, but once started they will continue to burn out of the flame.
The film made using the B—ehlorpethyl orthosil;cate gave the best flame
resistance. It was the most difficult to ignite and burned for only

& short while whenvtaken out of the flame. This was the best flame-
resistent filnm preparedvcf this type. '

12. Preparation of Butyl urea-formaldehyde—-ethyl orthosilicate

Resin: -~ Twenty—five milliters of 35 per cent formalin neutralized

to approximately pH 7.0 with sodiuﬁ hydroxide was added to 1l.6 g. of
butyl urea (Sharples Solvent Corp. product) (0.1 mole) in a 100-cc. flask.
This mixture was refluxed for one hour by heating on an oil bath

maintained at 150° C. The condenser was then arranged for distillation
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and 16.5 cc. of distillate was collected., This resin was further dehydra-—
ted by twice adding 25-cc. portions of acetone and distilling over liquid
until the resin frothed excessively. Films from this resin were thermo-
plastic even after heating at 150° € for one hour.

The resin was not very compatible with ethyl orthosilicate alone.
A solution was prepared by using a mixture of 5 ce. of ethyl orthosilicate,
10 cc. of butyl alechol and 5 g. of butyl urea~formaldehyde resin. |
Films from this mixture were less sticky and more thermoset than the pure

butyl urea resins after heating at 150° C. for one hour.
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IV. PREPARATION OF COMPOUNDS CONTAINING A SILICON-CARBON BOND

A. Discussion of Reactions with the Grignard Reagentsi— The best
known method of blocking some of the functionality of quadrivalent eilicon

is to form a silicon~carbon bond. From the present state of knowledge of
the chemistry of silicon compounds, the most convenient method of forming
a silicon-carbon bond is by the reaction of a Grignard reagent with sili-
con halides or esters. For commercial production and large scale labora-
tory preparation, the formatlon of this bond by the use of the Grignard
reagent has disadventages. The process is several steps removed from
sand, the source of raw material; large quantities of anhydrous ethyl ether
are required and magnesium halides are produced; ihe yield of the desired
derivative iz low because of the formation of sgilicon derivatives other
than the desired ones end because of the tenscity with which the silicon
compounds adhere to the magnesium halides. For these reasoms it is desir-
able to either improve the present process or devise & new method of
forming the silicon-carbon bond. Some of the time devoted to this thesis
weg given to both of these problems.

The initial research with the Grignard reagent was done with methyl
magnegium bromide. Later most of the work wes done with ethyl magnesium
bromide because of the greater convenience of working with th;s compound.

Although silicon organic compounds had already been known for asbout
eighty years, the methyl silicon halides were prepared pure for thé first
time in 1941 (127). The reason for this wes the unexpected boiling points

of the methyl derivatives in comparison to other alkyl derivatives:
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€ompound Boiling Point Compound Boiling Point
81C1, 57.6°C SiCl, 57.6°C

MeSiCl 66-67 (127) EtSiCl3 100 (128)
Me28iCl, 70 (127) Et,8iClo 128-30 (128)
Me4S1C1 —— Et45iC1 143 (129)
MeySi 26 (127) Etz81 152-154 (128) .

Two conditions were esteblighed for the preparation of alkyl silicon
chlorides by means of the methyl derivaetives. These were: +the proper
amount of Grignard reagent to be added for the preparation of & certain
derivative, and the best method of obtaining the silicon halides from the
reaction mixture.

By varying the amount of preformed methyl megnesiwm. bromide added
to a constant amount of silieon tetrachloride-ethyl ether solution, it was
found that the highest yield of dimethyl silicon dichloride was obtained
when 2.2 moles of Grignard reagent was added to one mole of silicon tetra-
chloride. This is the amount used in the directions given by Gilliem,
Liebhofsky and Winslow (127) and is approximetely the best as indicated by

the following table:

Amount of Grigmard Weight of product
Moles/mole of 5iCl, b.p. 67-69°C.

2.0 28. g.

2.3 45,

2.57 R4

Methyl chloride was used in one run, but only 6l g. of produc£ b.p.
36-68° C was obtained. Furthermore the difficulty of forming lafge
emounts of methyl magnesium chloride without a dry ice cold finger was
discouraging.

In carrying out the reaction between the Grignard reagent and silicon

tetrachloride a large volume of ether is required because of the bulky
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mass of megnesium halide formed. After the reaction is;completed the

ether solution can be separated from the magnesium halide by filtration,
centrifuging, eontinuoﬁs extraction process, and distillation. All of
thegse methods have been used by other workers. The method found most suit-
able was to distill off the ether at atmospheric pressure ag repidly as
possible by heating with an oil bath until the magnesium halide appeared
dry, and then the tenaciously held liquor was driven over by heating the
0il bath up to 250°C under reduced pressure. Even under these conditions

5 to 10 g. of silicon compounds were still retained by the magnesium'
halide.

From informaetion in the literature the length of time given for the
Grignard reagent to react with silicon tetrachloride varied from two hours
to several days. Actually the reection with ethyl magnesium bromide was
complete almost immediately after the addition of the reagent. The reaction
was followed roughly by withdrawing some of the reaction mixture and
measuring by means of & eudiometer the amount of ethane liberated by water.

Diethylsilicon dichloride was prepared in two ways; the preformed
Grignard reagent was added to an ether solution ef silicon tetrachloride,
or the Grignard reagent was made in presence of silicon tetrachloride by
adding an ether solution of ethyl bromide to & mixture of silicon tetra-
chloride, magnesium, and ether.

The best yield of diethylsilicon dichloride obteined by the first
method occurred when the ether solution of silicom tetrachloride was cooled
with an ice bath. In this instance the reactants were stirred together at

0° C overnight. The yield was 38 per cept. Although by the one stage
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brocedure cooiing could not be used, the yield was 41.4 per cent. The
. better yield-by the latter method was probably due to the ease with which
the reaction is performed.

The most convenient way of obteining an alkyl silicon compound con-
teining functional groups is to react a Grignard reagent with an orthe--
ester. It is pleasanter to wﬁrk with the orthoester, and the alkoxyl
compound is less susceptible to hydrolysis than the halide. WBis latter
property facilitates the isolation of alkyl silicon compounds, because
the magnesium salt can be dissolved in dilute acid leaving the silicon
compound in the ether layer. 'Diethyldiethoxylsilicane and dibutyidi~
ethoxysilicane were obtained in 45 and 50 percent yields respectively.

B. Discugsion of Wurtz and Fittig Types of Reactiong:- These reactionsg

have been used to obtain yie;ds of 80 to 90 per cent of the tetraalkyl - or
arylsilicanes, but ﬁhey have never been successfully used to prepare the
silicon chlorides. Kipping and Lloyd (94) state that they performed many
experiments to test the practicibility of obtaining arylsilicon chlorides
by altering the proportions of the reactants. However, even when the
smallest proporticn of chlorobenzene and sodium wire were used, the prin-
cipal product was tetraphenylsilicane. An attempt was made in the
laboratory to prepare diethylsilicon dichloride by modification of the Wurtz
reaction. It wag difficult to get a reaction started when ethyl bromide inm
ether was dropped into a mixture of ether, siliéan tetrachloride, and
sodium; When ethyl acetate, which is sometimes used as & cataljst for this
reaction (130), was added, the ether would reflux for & short duration and

a quantity of blue colored precipitate formed. When the stirring was
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finally stopped, much unreacted sodium metal was still preaent and only a
small amount of product boiling in the range of the ethyl gilicon halides
wag obtained. |

Some Russian workers (131) report the successful formation of silicon-
cerbon bonds by the reaction of benzyl magnesium halides with sodium
fluosilicate. Tetfabenzylsilicane was obtained in 53 per cent yield by
this method. This suggested a Wurtz type of reaction which was attempted
with chlorobenzene, sodium, and sodium fluosilicate in various solvents.
No aryl silicon compounds were formed as the sodium fluosilicate wes en-
tirely recovered.

C. Discussion of Reaction Between Diethylsilicon dichloride and
Sodium malonates- Kipping's (99) attempt to react sodio acetoacetate with

triethylsilicon chloride ih ethyl ether was unsuccessful. When diethyl-
gilicon dichloride‘was added to sodio malonete sugpended in benzene, a
reaction took place as evidenced by the gradual disappearance of the sodio
malonate and the simultaneous sppearance of a gel-like preciplitate. This
reaction mixture was shaken with water and extracted with benzene. After
drying the benzene was distilied off .and the residue was hydrolyzed with
concentrated ammonia. The products obtained from this hydrolysis were av
silicon polymer and an ammonium salt not containing silicon which analyzed
27,2 per cent nitrogen. The structure of this‘eompound cannot be predicted
without further analysis.

D. Attempted Silicon-carbon Bond Formation from Magnegium Silicide
and Gomgoggds Coptaining Active Groups:- Magnesium reacts with silicon

dioxide exothermally forming magnesium silicide and maegnesium oxide. This
mixture reacts with aeids very vigorously giving silicon hydrides and

polymeric prosiloxene. Because of the ease of preparing the silieide and
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its pronounced reactivity with aqueous acids, it seemed possible that com-
pounds containing active-halides would react with magnesium silicide.

Johnson and Isenberg (35) mede a rather thorough study of the pre-
aration of mono-and disilane by the action of liquid ammonia-smmonium
bromide solution on magnesium silicide and a few comparative runs using di-
lute acids. They reviewed the work done on the preparation of megnesium
silicide and reporteﬂ‘that at least three éilicides have been ghown to
exigt:s MgdSi, MgoSi and M83Siz' MgSi is steble only above 800°C; at lower
temperatures it decomposes into Mg,ySi and silicon. Likewise, MgoSi decom-
poses to MgSi and megnesium above 800°C, MgBSig hag a stability range
between 550-650°C, A silieide prepered at temperatures above 1,000°C was
found to produce only small amounts of silanes. |

Some magnesium silicide was prepared by heating together the elementis
in an induction furnace under & hydrogen atmosphere. The temperature of
the furnace read by an optical pyrometer was about 900° C. This would in-
dicate the existance of MgSi and a large amount of magnesium, but this did
not seem to be the case as indicated by 1ts explosive reaction with hydro-
chloric acid and slight reaction with ethyl iodide indicating a small excess
of magnesium.

With variation such es solvents and addition of compounds thet might

act as catalysts, the magnesium silicide was refluxed with compounds such
as alkyl or aryl halides, acid chlorides, anhydrides, bromine, methyl sulfate,

or aleohols. There was visible and guentitative evidence of reaction between
the silicide and benzoyl chloride, methyl sulfate, and glycol..

The benzoyl reaction gave & brown amorphous product that possessed no
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silicon, burned with a sooty flame, and was only slighgly'soluble in ben-
gene. It was not possible to separate this product ané the magnesium sili-
cide of which there was & considerable quantity. The Srcwn product was
probably & polymeric ketone formed by a Friedel and Crafts type of reaction
with benzoyl chloride, |

The weight of the solid obtained after refluxihg magnesium silicide
with methyl sulfate in preseﬁce of a trace of pyridine was twice the weight
of the starting silicide. This black product was a mixture containing
magnesium silieide as eould be determined by its reaction with water. This
seems to indicate the presence of some acid or acidiec forming ecompound such
as magnesium methyl sulfate. Execept for thq presence of magnesium silicide
no other compound was identified in this mixture.

A rapid reaction took place between magnesium silicide and glycol when
heated to its boiling point. Nome of the other alcohols, low or high
boiling or glycerol, had any effect upon the silicide. The produect from:
ethylene glycol did not melt, burned, and was insoluble in all the common
organiec solvents exeept glacial acetic aeid; Upon standing for one week the
acetic acid solution gelled indicating the presence of silicates. Analysis
gave 6.05 per cent silicon and 11,06 per cent megnesium. These figures give
a ratio of atoms in a molecule of approximately 1 to 2 of silicon to magne-
sium, By assuming the remainder of the molecule was composed of glycol
ﬁnits hypothetical compounds can be constructed that fit all the figures.

The time devoted to the characterization of these products wae scanty,
but because of the lack of aﬁy evidence of silicon-carbon bond formatioen

no further work was expended in their characterization.
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E. Experimental:—~ The ether used in all of the preparations of the
alkylsilicon halides was commercial anhydrous ether that was dried with
sodium metal. The methyl bromide was generated by héating a mixture of ’
aqueous methyl alcohol, sulfurie acid, and potassiﬁm brbmide. The GrignardA
reagent and the dimethylsilicon dichloride were both formed in 2-l. three-
necked flasks prﬁvided with spiral condensers, mercury sealed stirrers,
and dropping funnels.

1. Dimethylsilicon dichloride:~ The methyl bromide was generated by
the method of Bygden (132). To 740 g. of concentrated sulfurie aaid in &
2-1. flask, cooled by ice, 557 g. of commercial methanol was added with
stirring so that the temperature never passed 60° C. After this mixture
cooled 284 g. of water was also added slowiy to prevent excegsive heat
generaton. Now 371 g. (3.12 moles) of potassium bromide was gradually
addéd. The flask was placed on a sand bath and provided with a 50-cm.
spiral condenser. The top o§ the condenser was comnected to a train which
congisted of a safety bottle, two 500-cc. water wash botiles, twoe 500-cc.
concentrated sulfuric acid washbottles, a sodium hydroxide drying bottle,

a meréury pressuré‘regulator, and finally a magnesium perchlorate drying
bottle. The methyl bromide was generated at such a rate, by regulating
the temperature of the sand bath, that kept the ether refluxing.

The methyl magnesium bromide was prepared by the method described by
Kharasch and Tawney (133). The three-necked 2-1. flask was provided with
a 50-em. spiral condensér, Hershberg stirrer, a 500-cc. pear-shaped funnel
having connections for pressure equalization; and an inlet tube extending

to the bottom of the flask. The top of the eondenser was provided with a
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mercury escape valve as recommended by Fieser (134) .

Before adding the megnesium to the flask, dry nit?ogen was allowed to
sweep through the apparatus and escapé at the mouth of the dropping funnel.
At the same time the flask was heated by means of a flame to drive out the
sﬁrface condensed water.

Fifty- six grams (2.3 moles) of megnesium was placed in the flask.
This was covéred with 270 ce. of anhydrous ether and 455 cc. of absolute
ether was also poured into the dropping funmnel. Fifteen minutes after
the Grignard reagent formation started, about 270 cec. ofrether was added.
At the end of one hour from the éfart of the reaction, 185 cec. ﬁore of
ether was-added. Methyl bromide was passed in uptil practically all the
magnesium was used up. A 5-cc.portion analyzed as recommended by Fieser
(134), indicated a 97 per cent yield of Grignard.

The 2-1. three-necked flask containing the silicon tetrachloride was
provided in the same mammer as the flask for the Grignard reagent prepara-
tion except there was_novgas inlet tube, and the top of the dropping funnel
was connected to caleium chloride drying tube filled with glass wool for
filtering. A rubber tube connection with the filter tube and the methylfw
bromide inlet tube served to transfer the Grignard reagent (under nitrogen
pressure) to the second dropping funnel.

The second flask was dried by means of nitrogen and heat as previously.
This apparatus was also under a continnous nitrogen pressure. A mixture of
170 g. (1.0 mole) of distilled silicon tetrachloride and 250 ce. of anhydrous
‘ether were poured into the flask. The Grignard reegent was added dropwise
at such a rate that only & slight reflux was noticeable. Immediately upon

addition of the methyl magnesium bromide, the precipitated magnesium halide
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wag evident. Because of the bulky nature of this piéeipitate vigorous
stirring was needed during the entire reaction. All of the Grignard re-
acted within a short time after the addition of the final portion. However,
the mixture was usually allowed to stand overnight because the entire pfe—
paration took about 8 hours after the apparatus was set up.

After the reaction was completed the entire contents of the second
flask were transferred as rapidly as possible to a 2-1. distilling flask.
The side-arm wes connected to a condenser provided with an adapter. A
500-ce,. filﬁering flagk protected with a drying tube served as a receiver
which was pertly immersed in an ice bath. An oil bath heated to about
70° € distilled over the bulk of the ether solution and as the distillate
started to come over slower the temperature of the bath was glowly raised.
The bath temperature was brought to about 230° C in this manner and when the
distillaete slowed to about one drop in five seconds, the side arm of the
receiving flask was connected to a source of reduced pressure. A water pump
served well, but for best yields a mechanical pump was ﬁsed. The pressure
was slowly reduced until about 10 mm. of mercury was attained. All the dis-
tillates were poured into a 2-1. round-bottomed fl#sk, and the mixture was
fractionated through a 22-cm. column filled with glass beads and provided
with a partial condensation partial teke off head. Three fractions were

usually obtained, as for example for the best run:

Boiling point Weight
35-67° C 39 g.
67-69 45
Residue . 22

The procedure used for this preparation is essentially the seme ag that

given by Gilliem, Liebhofsky, and Winslow (127), but in much greater detail.
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The yield of pure dimethylsilicon dichloride reported by these workers
was 11l.2 per cent. The weight of product obteined in this run amounts to
35.2 per cent. This product was rather pure as was evident from the dif-

ficulty of gelling the hydrolysis product.

2. Biethylsilicon dichloride:- This compound was prepared by two
methqu: & two stage procedure in which the preformed eth&l magnesium
bromide was added to silicon fetrachloride, and by the éecond method, the
Grignard reagent weas formed in presence of silicon tetrachloride.

The procedure followed for the preparation of diethylsilicon dichlo-
ride by the first method was similar to that used for dimethylsilicon
dichloride except that an ether solution of the halide was employed.
Thus, after the flask was dried 400 cc. of anhydrous ether was poured over
56 g. (2.3 moles) of magnesium. Then 5 cc of‘ethyl bromide (b.p.
38.4-38.6°C) was added to start the reaction (L35) and then 250 g.

(2.3 moles) more ofbethyl bromide in 500 cc. of ether was dropped in at
such 2 rate that kept the ether refluxing. This required sbout two and
one-half hours.

The directions followed for the reaction of the Grignara reagent
and the silicon tetrachloride were those of Martin and Kipping (114).
However, instead of allowing the reaction to teke place at room tempera-
ture, the flask containing the solution of one mole of silicon tetra-
chloride in 250 cc. of ether was immersed in an ice-bath. The Grignard
reagent was then added over & period of three hours and the mixture was
stirred twelve hours more while remaining in the ice bath.

The completion of thekreaction.was determined’in the following
manner. Both calibrated znd cup portions of an eudiometer were filled with

water and stoppered. Then the cup portion was lmmersed under water where
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tﬁe stopper was removed. Five cubic centimeters of reaction mixture was
pipetted into a 10-cc. weighing bottle. The weighing bottle was then in-
serted ipside the cup portion of the eudiometer where the 1lid was pushed
off with the aid of a piece of wire. After opening the stopcock, the gas
in the cup portion was forced into the calibrated portion of the spparatus.
The resction was completed when the volume of the gas reached a constant
minimum volume.

The ether and silicon haiides were distilled from the magnesium hali-
des using reduced pressure &s for the methyl derivatives. After stripping
off the ether from the silicoh halides with the aid of a fractionating
column, the ethyl silicon chlorides were fractionated in‘g 20 cm, Vigreux

apparatus. The best run using the two stage procedure gave the following

fractionss:-
Boiling Point ’ Weight
30-95°C ' 2.6 g.
95125 : 2.0
125-132 59.5
136-147 ‘ 47.8
Residue B , 19.1
131.0

The ffaction boiling between 125-132° C amounts to 38 per cent of diethy-
silicon dichloride. Recorded b.p. l28-30° CCEA) This material wés also
rather pure as was evident by the long heating -that was required to gel its
hydrolysis products.

The ome stage procedure for the preparatlon of alkysilicon halides was
'firat used by Martin and Kipping (114) end is the most suitable for these
compounds &g it gives thg best yields, saves time, and is the more pleasant

to carry out.
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. The 2-1. three-necked flask was set up and dried"as for the preparations
of the methyl derivative. -Thén 56 g. (2.3 moles) of magnesium, 400 cc. of ‘
enhydrous ether, and 170‘é.'(l.0 mole) of silicon tetrachloride were placed
in the flask. To this mixbture & solution of 250 g. of ethyl bfomide (2.3
moles) im 500 ce. of absolute ethér was added dropwise. The rate of addi-
tion was repid enough (requiring five to six hours) to keep the ether re-
fluxing., After standing with stirring overnight, the ether and halides were

distilled under reduced pressure. The best run gave the following fractionms:

Boiling point Weight
37-125°C Te5 g
125-132 ; 65.0
Residue 27.1
99.6

The yield is 41.4 per cent. If the magnesium halides which weighed
341 g; (2.3 moles of MgBrCl weigh 321 g.) were dissolved in water, a lﬁyer
consisting of a silicon polymer and ether floated to the surface. This
silicon polyﬁer weighed from five to ten grams. This was en indiceation of
how completely the silicon chloride had been driven from the magnesium
halides.

3. Diethyldiethoxysiljecane:- The reaction between a Grignard reagent
and silicon orthoester cean bé either a one or a two stage procedure. There
are several examples of the two st&ée procedure (136) in literature, but only
one was found for the one stage procedure (137). In this latter reaction,
allyl bromide or chloride was condensed with ethyl orthosilicate in pres-
ence of magnesium forming allyltriethoxylsilicane.

No investigator!s directions were followed for the preparation of di-

ethyldiethoxysilicane by the one stage procedure. The ratio of the reacténts
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was the same &g for the previous experimente except all were halved. Thus,
28 g. (1.15 moles) of magnesium, 104 g. (0.5 moles) of ethyl orthosilicate,
and 200 cc. of absolute ether were placed into a 1l-l. three-necked flask

as for the ;;reparation of dimethyl silicon dichloride. A mixtﬁre of 125 g.
(1.15 moles) of ethyl bromidé in 200 cc. of anhydrous ether was dropped into
the magnesium, ether, and silicate mixture. The reaction started almost im-
mediately with the formation of a white precipitate and a gentle refluxing
of the ether. After the halide addition, which took about two hours, the
mixture was allowed to stand with stirring overnight. The white solid was
collected on a filter and weighed 153 g. (1.0 mole of MgOEtBr weighs 149 g.).
The ether was distilled off by means of an oil bath, the temperature of which
w;s allowed to reach 120° C. The weight of the higher boiling residue was
56.6 g« This was fractionated in a 22 cm. Vigreux column and the fractions
collected were:

Boiling point Weight .

35-154° C : 10.0 g.
154-155 40,7
Residue 5

The yield is 46 per cent. Recorded b.p. 155.5 (138).

be Dibutzldietho;xsilieagg:— Although this compound was prepared by
the procedure used for diethyldiethoxy silicane, its isolation was different.
In the flésk were plased 28 g. of magnesium, 200 ce. of absolute ether, and
104 g. of ethyl orthosilicate. The dropping funnel contained & solution of
164 g. (1.2 moles) of butyl bromide (b.p. 101.6-101.8° C) and 200 ce. of an-
hydrous ether. The Grignard reagent formed immediately but the reaction

with the silicate was slow, After all the halide had been added the mixture
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was refluxed for twenty-four hours with seirring. The reaction mixture was
poured onto_l.S 1. of erushed ice. The aqueéus layer was acidified to break
an emulsion that formed and to dissolve the suspended solids. After de-
ecanting the ether layer, the agueous layer was extracted twice with 100-ce.
portions of ether. This was dried wifh calcium chloride overnight, the
ether was removed by distillation, and the residue distilled under reduced
pressure. This high boiling residue weighed 88,1 g. The fraction b.p.
210-15° C weighed 49.5 g. yields 25 per cent of dibutyldiethoxysilieane.

It is diffiecult to hydrolyze these alkylethoxyl compounds as is eviQ
dent from the manner in which they can be isolated. To form & film these
compounds must first be hydrolyzed by refluxing with an alkali or acid for
at least fifteen minutes. This hydrolysis product can be baked to a film

‘which resemble those obtained from the alkylsilicon halides.

5. Attempted Wurtz Type of Reaction:i- A one stage procedure for

forming silicon-carbon bond'would be the modified Wurtz reaction between
silicon tetrachloride, sodium, and ethyl bromide. Thus to a mixture of 84 g.
(0.5 moles) of silicon tetrachloride, 46 g. (2.0 moles of finely divided
sodium metal, and 100 eec. of anhydrous ether was added a solution consisting
of 109 g. (1.0 mole) of ethyl bromide in 300 ecc. of ether. When the halide

- was firsf dropped in no reaction started until 1 cc. of ethyl acetate was
added. However, the reaction was of about three minute duration as indicated
by the refluxing stﬁer. Subsequent additions of halide gave no further
evidence of reaction and only when ethyl acetate was added did the ether re-
flux. In all, about 10 cc. of etbyl acetate was added. The mixture was

heateft with stirring overnight and next morning the ether and products were
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distilled under a nitrogen atmosphere by means of an oil bath heated finally

to 220° C. The ether was sitripped off and the following fractions were

collected:
Boiling point Weight
36-70° C 27. g.
70-120 277
Residue o N

The first cut consisted largely of silicon tetrachloride and the second cut
contained no constant boiling portion.  The reaction as described is a
failure for the preparation of diethyl silicon dichloride.

About the same results were obﬁained uging benzene as a solvent.

6. Attempted Fittig Type of Reactioni- A 250 ce. three-necked flask

was set up as were the flagks for the preparation of the Grignard reagents.
Eighteen ahd.eight-tenths grems (0.1 mole) of sodium fluosilicate (obtained
from Harshaw Chemical Company), 19.2 g. (0.8 moles) of sodium, and 50 cc. of
Xylene drie& over godium were placed into the flask. The sodium was beat into
finely divided "bird shot" acecording to the directions in Fieser (13%).
Forty-four and eight tenths grams (0.4 moles) of chlorobenzene b.p. 128-129° C
wag added slowly. During this addition a white precipitate formed and the
solvent refluxed. After all the chlorobenzene had been added, the mixture
was heated for several more hours. There seemed to be a great deal of unre-
acted metallic sodium which was destroyed by methyl alcohol. This mixture

was poured into 100 g. of water, the ;ayers were separated, and the bottom
layer extracted with two R5-cc. portions of xylene. A tan preecipitste was
present in the aqueous layer. This was collectsd on a filter, washed with

" water, and dried. The precipitate weighed 22.6 g. and was composed largely
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of godium fluosilicate as was evident from the large volﬁme of silicon
fluoride evolved when heated with concentracted sulfuric acid. The xylene
solution contained biphenyl which was identified by its odor and melting
point. Very little if any tetraphenyl silicene was formed.

7. Attempted Resctions of Magnesium silicide with Organie Compounds

Containing Active Groups:~ The megnesium silicide (}) was prepared in a

400 ce. graphite efucibie, covered with a grephite 1id through which ran a
porcelain tube for the hydrogen. Into the crucible was placed & mixture
consisting of 136 g. (5.68 moleé) of magnesium filings (Dow magnesium con-
teining 97 per cent magnesium and 3 per cent mangsnese) and 66 g. (2.35
moles) of powdered silicon (Electro Metallurgical Company product consisting
of 97.9 per cent eilicon). To decrease the loss of magnesium by volatil i-
zation, 10 g. more of silicon wes spread on top of the mixture making a
total of 2.72 moles of silicon. The temperature (which was determined by
an optical pyrometer) of the induction furnece was brought to about 900° C
in one-half ~-our. This heat was meinteined for twenty minutes, and then
the product was allowed to cool under a hydrogen atmosphere for thirty
minutes. The blue-black crystalline material weighed 186.3 g. indicating

a 15.3 g. loss of mostly megnesium. When this silicide was powdered and

thrown on dilute hydrochloric acid the gases exploded spectacularly.

~($) J. Stensbury and the Metaliﬁrgy Department are thanked for this

willful cooperation during the preparation of the silicide.
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The silicide still conmtained free magnesiun as could be determined by
reacting it with compounds containing active halides. When the Bilicide wés
used in place of magnesium in a Grignard reaction, the other refluxed for a
ghort time. Then no heatingvor stirring could induce any further reaction.
The solid residue collected by filtration would always weigh more than the
megnesium silicide initially used. Thus 3.9 g. of megnesium silicide, 31.2
g. of ethyl iodide (b.p. 72.3° C), end 140 ece. of anhydréus ether‘were
heated for 16 hours. The solid collected on a filter reacted with acids to
give a gas that exploded, was blue-gray in eolor, and weighed 4 g

Other halides that behave gimilarily were butyl bromide, heptyl chle-
ride, allyl bromide, benzyl chloride, phenyl'bromide and phenyl iodide.

The reaction with methyl sulfate was performed in the following manner.
Seven and eight-tenths grams of magnesium silicide and 25.2 g. of commercial
methyl sulfate were placed in & 100 cc., flask. These were refluxed for ten
hours without eny visible evidence of & reaction. However, when 1 cc. of
pyridine was added té the boiling mixture, some gas seemed to be formed.
The weight of the solid residue after washing with benzene and drying on &
steem plate was 15.5 g. It still contained megnesium silicide as indicated
by the explosion when thrown into dilute acids. When the black residue was
added to distilled water, gas which exploded was sgain generated. This in-
aicates the presence of &n acid which could have come ffom occluded methyl
sulfate, magnegium sulfate, sulfonated pyridine or pyridinium salts, or
mixtures of these.

Neither the benzene solution nor any of the fractions obtained by
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distillation conteined any silicon.

The procedure with benzoyl chloride (b.p. 191,5-93° C) was identical
to that with the methyl sulfate except no pyridine wes added. The brown
product collected contained magnesium silicide and weighed 20 g. The
brown portion of the solid was difficultly soluble in benzene, but since
it did not contein any silicon it must have been & polymeric¢ compound formed
by the self condensation df benzoyl chloride. There was no visible evidence
of reaction with acetyl chloride, chloracetyl chloride, acetic anhydride,
and phthallyl dichiorideu Pyridine was used with some of these compounds.

The reaction with glycol was definite but unexplanable. Seven and
eight-tenths grams of magnesium silicide and 200 cc. of pure glycol were
placed in & 500-cc. round-bottomed flask provided with a water-cooled con-—-
denser. The reaction was rapid near the boiling point of the glycol and
cooling with ice was necessary to control the reaction. A ges, which was not
collected, ﬁas generated, but the lack of any explosion probably indicated
pure hydrogen. After the initial reaction had subsided, the miiture wag re-—
fluxed until no colored specks of silicide were visible. A white precipitate
wag formed. Thié precipitate was insoluble in water, acetone, ethyl acetate,
and alcohols. Glacial and agueous acetic acid geve a clear solution which
was stable for about a week after which it gelled.

The white solid weighed 32 g. and contained 6.03, 6.06 per cent silicon
end 10.94, 10.81, 11.43 per cent magnesium.

It was surprising that none of the other alcohols tried, ineluding
phenol, reacted. The aleohols were ethyl alcohol, butyl alecohol, Cellosolve,

Carbitol, diethylene glycol, propylene glycol, ethanol amine, and glycerine.
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Glycerine was reacted with the magnesium silicide in the_ presence of a small
amount of water, glycol, dilute hydrochloric acid, dilute sodium hydroxide,
and & mixture of bromine in water. These had no catalytic action.

Aniline did not react, but an aqueous solution of aniline hydrochloride
slowly generated silane. This might be a convenient way of obtaining this
gas as it seems to bebcontrollable..

Bromine had no effect by itself ér in presence of carbon tetrachloride
or pyridine. |

More work with megnesium silicides prepared at lower temperaiures or
other metallic giliecides should be carried-out‘before this method of forming

a gilicon carbon bond can be proven & failure.
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V. PREPARATION OF PRODUCTS CONTAINING A SILICON—OXYGENfPHOSPHOROUS BOND
A. Discussion:- The silicon film containing the lowest carbon con-
tent should be the most fire-resistant. Thus films mede from ihe silicols
of methylsilicon chlorides should be the most desirable. These silicols
undoubtediy combine by splitting‘out water and by oxidizing off methyl
groups to form siloxane linkzages. Pure dimethylsilicon dichloride would

give a siloxane unit contzining methyl groups:

e Me
~51~0-51-0-
Me e

The carbon content of one of these units is 32.5 per cent. However, it
would be possible to reduce the carbon content of one of these units in

the final polymer if some larger group other than oxygen was the connect-
"ing radical between two silicon atoms. From the review of silicon chemis-
try it wes apperent that none of the other silicon-element bonds (Si, N,

or 3) would be sxffiéiently stable t.o bind silicon atoms in paint films.
This lead to a conéideration of the possibility of some inorganic éompounds
for thié puréose. Of the acids, bases, and salts considered, phosphoric
acid appeared to be the most promising for several reasons: &). orthophos-
phoric acid derivatives are being used for flame proofing purposes; b). the
functionality of orthophosphoric zcid can be controlled; and c). some sil-
icon-phosphorous-oxygen conteining compounds have been formed.

Hautefeuille end Margottet (139) studied.the reaction between silica
and phosphoric acids. From a fusion mixture of silica,and metaphosphoric
acid they were sble to extract with water a product which crystallized.
This substance scratched glass, melted to a glass which did not devitrify

on cooling, and its composition corresponded with Si0 .P205. Stokes (L140)

2
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- obtained 2 product giving the same analysis when he heated the compound
obtained by reacting together ethyl orthosilicate or chloroethoxysilicanes
and phosphorous trichloride. For example: |

ASl(OEt,)A + 8P0(Jl3 - 16EtC1 + 4SiP206012.
ASiClz(OEt)z T APOCIB - 2SiCl4 + 8EtCL 4 28iP206012.
Some of the reactions besides decomposition are:
a3 aoQ° .
SiP0gCl, %98 POCL; + Si05.P0%.
3 + 81014.
SiP50¢Cl, 0y HaPO, + HCL + 8i0,.

P _Qs"
SiP 206C12 v POCL

S1P,0.Cl, BY soluble product snd no free SiO..
The structure of this compound was not elucidated, but it was named
silicopyrophosphoryl chloride as it seemed to conteln a pyrophosphoryl
g!‘oup! —O .P0.0.P0.0—‘

With this evidence for the existence of compounds containing silicon,
oxygen, snd phosphorous it was hoped that & controllable condensation might
be realized between difunctional phosphoric acid esters and organo silicon
compound. Dimethylsilicon dichloride and monomethyl orthophosphoric acid
or fluorophosphoric zcid could form a unit conteining less carbon than the
condensation product of dimethylsilicanediol:

Unit Per cent carbon
e ‘
e

Me Q :

~31=0P~0~ 214

fle Oie .

e Q

~81-0P-0- 15.4
‘Me
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- There is ample evidence that resins can be formed from alkylsilicon
chlorides and diacidic phosphoric compounds, but the silicon-oxygen-
phosphorousg bond is not suffieiently stsble to fesist hydrolysis nor
to withstsnd the heet that would be required for thermosetting. The
menner in which these facts were determined is discussed bélow.

There are three ways in which resins conteining silicon-oxygen-
vhosphorous bonds could be formed: a). the difunctionel phosphoric
acid or its salts could'be reacted with silicon chlorides; b). elknxyl—
silicanes; snd c¢). silicenediols might be rescted with phosphoric anhy-
dride or phosphorous oxychloride.

When monomethyl orthophosphoric acid dissolved in 2 small amount
of methanol was dropped into silicon tetrachloride, & resction resembling
the addition of glycol in methanol to the silicon helide was obtained.

A gel would form which could be put inte solution by edding excess alcohol,
but upon standing this alcoholic solution solidified within one-half hour.
The gel when dried would flare momentarily when put in a flame, but then
would only char end intumescate, i.e., when heated it swelled to a mass
which hardened.

To prove more definitely that compounds containing silicon-oxygen-
phosphorous bonds exist, silicon tetrachloride was refluxed with excess
diethylphosphoric ecid in dioxene. An emorphous white solid was obtained
which hydrolyczed in water to give 2n aecid reaction, eznd conteined a2 ratio
of silicon to phosphorous of 1 to 1. This compound flered momenterily
when held in the direct flame, then charred, and melted only at the highest
temperature of the Mecker burner. During ignition the residue would l&se

~weight steadily indicating the sublimation of some meterisl.
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Dimethylsilicon dichloride =nd monomethyl phosphoric acid are not
miscible at room temperature, but if heeted to 35° C for three hours
they become hbmogeneous. If these two reactants are heated at 90-100° C
%hile stirring they becomeihomogeneous in fifteen minutes with the simul-
taneous evolution Qf hydrochloric ges. With continued hesting, the mix-
ture increases in viscosity until the product becomes too hard to stir.
This meterizl is deligquescent zs is the film which is formed upon baking
at 3.20o C for twenty-four hours. If the film is baked for about three
days, the deliquescent tendency is slowly lost and the fiim becomes
brittle resembling the silicol filus.
It was thought that the water absorption of the fiim was due to an
~incomplete condensation leaving free acidic groups. Therefore, attempts
were made to use larger smounts of silicon dichloride and higher tempera-—
tures during the resin formation. However, when the mixture of diethyl-
silicon dichloride and monoethylphosphoric acid was heated to 150° C, a
large volume of gas other than hydrochloric acid wes evolved. This other
gaé wes ethylene fomed by the decomposition of momoethyl phosphate.
This resinous product was deliquescent a5 was the resin formed by heating
the mixture at 320° C until stirring became difficult. This product wes
decomposed slowly by zlcohol into two layers. The top layer consisted of
an alcohol-phosphoric acid mixturé while the bottom layer was a silicon
polymer. This polymer bazked to a2 very clear film possessing 32.6 per cent
silicon and 1.0 per cent phosphorous. A unit, —Si(Et)z—Ok, formed from
the condensation of diethylsilicanediol conteins 27.5 per cent silicon.
The film snalyzed sbove is the condensation product of diethylgilicanediol

that cross condensed by oxidizing off ethyl groups, thereby increasing

the silicon content.
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It wasihoped that fluorophosphoric acid would be sufficiently differ-
ent to form a steble silicoh-oxygen~phoaph§rous bond. However, whén 0.1
nmoles of diethylsilicon dichloride and 0;1 moles of monofluorophOSphorié
acid were heated tdgether up to 200° C, +&'7 moles of sodium hydroxide
were neutralized by the gases evolved, indicating that st least QQ7 moles
of hydrofluoric acid was liberated. These films were also acidic and
deliquescent..

Attempts were made to form phosphoric acid and ethylphosphate in
presence of the silicon hslide, bybadding weter or ethyl alcohol to a
mixture of diethylsilicon dichloride and phosphoric anhydride. The water
or slcohol reacted first with the anhydride forming metsphosphoric acid
or the ester which reacted with the silicon halide evolving hydrochlorib |
ges and eventuelly forming 2 product that was deliquescent and ecidic in,>’
the presence of water.

To determine whether alkylethoxyleilicenes behaved differently, dieth&l—
diethoxy— and dibuﬁyldie£hoxysilicanes were refluxed with diethyl phosbhate.
This formed & homogeneous solution which did not harden e&s did the silicon
chloride mixture on prolonged heating, but the films formed were deliques—I
cent which property wes lost on prolonged heating. When tetraethyl ortho-
silicate and monomethyl phosphate were refluxed together, a2 white solid
was formed. This emorphous solid hydrolyzed to give an scid reaction in
water, charred but did not burn, snd contained 12.8 per cent silicon and
18.4 per cent phosphorous. The atomic ratio of silicon to phosphorous in
eny molecule or polymeric unit ig 1l to 1.2. Hypotheticel struectures caﬁ— )
" not be proposed without more anslyses. -

The final attempts to form silicon-oxygen-phosphorous bonds were to
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resct together diethylsilicanediol and phosphoric anhydride and phosphor- .
ous oxychloride. The latter compound did not react appreciably upon heat-
ing the solution of the reactents. When baking & leyer of thé mixture,
vhosphorous chloride was volatilized off leaving behind & silicon polymer
that finslly beked to & silicol-like film. Phosphoric enhydride seemed

to have a plasticizing action on the silicols. inlms of this mixture
remeined apprecisbly sticky after over twenty-four hours of baking 2t
"130-150° C. Continued baking eventuelly gave a hard brittle film which
absorbed a surface layer of water indicating the presancé of phosphoric
compounds .

B. Experimental:- ALl of the reactions of the silicon halides with

phosphoric acid com?ounds were pérformed in 2 250-cc. three-necked flask
provided with & 100-cc. dropping funnel with = pressure equalization
attachnent, s mercury-sealed stirrer, and a 20-cm. condenser the top of
which held z stopper through which a glass tube ran for conductingvthe
hydrochloric ges through either a sodium hydroxide wash bottle or a gas
trap. ’

For some of the preliminary experiments =z mixed mono- and dimethyl
orthophosphoric acid ester (Monsanto Chemical Co. produbt) was used. All
of this preliminﬁﬁy work was repeated with pure mono- and diacids obteined
from the Victor Chemical Works. The silicon hezlides used were those

described in the section IV.

1. HMonomethyl orthophosphoric seid ester, Silicon tetrachloride, and

Methyl slcohol:- Seventeen grams (0.l mole) of silicon tetrachloride was
weighed directly in the 250-cc. three-necked flask. Then o mixture of 23 g.

(0.2 moles) of monomethyl phosphate and 6.3 g. (0.2 moles) of 99.5 per cent
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methyl alcohol was pleced in the 100 cc. dropping funnel. As the acid
solution was dropped into the silicon tetrachloride, vepors of the latter
immedietely reacted with each drop forming & gel-bag into which more sol-
ution flowed until it broke from the weight. The bag was broken by the
agitation and more gel would be formed in the silicon tetrachloride.

When 211 the solution had been added, the gel could be brought into sol-
ution which was stable for about one-half hour by adding more alcohol,.
This gel would not burn and upon direct heating in z fleme would swell
into & white noncombustible foem.

2 Silicon tetrachloride =znd Diethyl orthophosphoric acid ester:-

Fifteen grams (0.1 moles) of diethyl phosphate with 15 cc. of anhydrous
dioxane were pleced in the 250-cc. flask. Into this mixture was dropped
4 g. (0.025 moles) of silicon tetrachloride in 10 cc. of dioxane. &t
first the precipitatelthat formed dissolved, then the solution became
cloudy, and finslly & permanent precipitete formed. The mixture was
refluxed until only e slight smount of the hydrochloric ges es detected
with emmoniz was evolved. The white solid was collected on a filter,
dried on a steam plate, and anelyzed for silicon end phosphorous which
gave 11.39, 11.43 and 12.45, 12.2% per cent respectively. This gives
an exact ratio of silicon to phosphorous atoms in a molecule or unit of
1 to 1.

3. Dimethylsilicon dichloride and Monomethyl orthophosphoric_acid

ester:- Twelve and eight tenths grams (0.1 mole) of dimethylsilicon dichlor-
ide was weighed directly into the flask. To this over 2 period of one-
half hour wes added 11 g. (0.1 mole) of monomethyl phosphate. The liquids

were not homogeneous and stirring 2t room temperature for six hours caused
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no visible change. However, heating =t 35° ¢ for three hours while
stirring caused the resctants to become homogeneous. During this treat-
ment hydrochloric gas came off slowly. The rate of evolution was apprec-
iebly increzsed when the tempersture of the oil bath was raised to 90-
100° C. Vhile heating a2t his temperature for six hours the product
beczme more and more viscous until at the end of the time it was too

hard to stir. The solid weighed 15.7 g. indiceting an 2.1 g. loss of

ges (0.2 moles of HCL weighi7.3 g.).

This deliquescent resin after being ignited in a porcelain crucible,
left a residue which smounted to 75.3-78.0 per cent of the product. The
residue upon continued ignition slowly lost weight, thereby indicating
products other then silica.

Varigtions of the above resin formation were attempted such as the
use of an inert solvent, addition of excess diethylsilicon dichloride,
adding the silicon dichloride into heated phosphate, and completing the
condensation at temperstures up to 320° C. None of these overceme the
deliquescent neture of the resin.

4. Diethylsilicon dichloride end Monoethyl orthophosphoric scid

ester:~ Although there was evidence of excess nonacldic gas evolution
during the high temperature ireatment of the previous run, none was identi-
fied. It was suspected that phosphate was decomposing; so to prove this
the following run was performed.

The ges that came out of the top of the condenser passed through a
wash bottle containing 100 cc. of 2.95 N sodium hydroxide and.any excess
gas was collected over distilled water in a 2.5 1. inverted bottle.

To 19.2 g. (0.122 moles) of diethylsilicon dichloride was slowly
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-edded 15.4 (0.122 moles) of monoethylphosphete. After the initisl evolu-
tion of ges had subsided, the temperature of the oil bath was slowly
increased (temperature azbove 200° C was attained by‘use of a metal beth.)

The gas was evolved according to the following rate:

Time Temp of bath Vol. of gas at
: 21.0-22.8° C

0.0 Room ‘ 0.0 cec.

0.5 105° ¢ 605

1.75 140 1000

233 170 1617

3.26 310 44T

Lell 330 3200

6.00 330 3659

The partially neutralized sodium hydroxide was titrated, and 0.120
equivelents of base had been neutralized. Originally there had been 0.244
equivalents of chloride in the diethylsilicon dichloride indicéting en
unfound 0.06/ equivalents of hydrochloric gas.

In 2 similar experiment previous to this run, all the gas was bubbled
through a carbon tetrachloride-bromine solution. The bromine wes used up
and 1l,2-dibromoethane was isolated.

To determine the amount of ethylene in the gas collected in this
experiment, an Orsat gas analysis apparatus was.employed. By exposing the
ges sample to a saturated aqueous bromine solution, the first 2,447 cc. of
gas collected contained 66.5 per cent ethylene and the second 1,212 cc.
contained 8.8 per cént meking & total of 1,730 cc. of ethylene. The vol-
ume of the gas was measured and the analyses were made when the room
temperature was approximately 22.5° C and barometric pressure was 745 mm.
Under these conditions if all the ethyl phosphaﬁé had decomposed to ethyl-
ene gas, there should have been 3,100 cc. The discrepancy of these two

values for ethylene, 1,730 cc. found and 3,100 cc. theoretical can be
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accounted for by thé fact that decomposition of the ethyl phosphate pro-
duced free ethyl radicel which started chain reactions forming besides
ethylene some hydrogen, methéne and ethane. Furthermore, ethylene and
hydrochloric ges might héve reacted to produée ethyl chloride.

The weight of the final psin was 21;8 g. representing a decrease
of 12.2 g. Of this decreése, 8.9 g. may be éccounted for by the evolu-
tion‘of hydrochloric gas, leaving 3.89 g. for theethyl radiéal formation
(0.122 moles of ethyl radicel weigh 3.54 g,). These valueg are checked
well by 2 previous run in which the weight of the finel resin was 21.5’g.
This resin would dissolve in ethyl alcohol forming two layers. The top
leyer contained phosphoric acid, while the bottom layer was composed of
84.5 ver cent nonvolatile material. A film beked for forty-eight hours
contained 32.57, 32.52 per cent silicon and 6.90, 1.20 per cent phos-
phorous. The film was hard, brittle and remarkably glass clear. Further
substantiating dsta that the gas evolved came only from the ethyl phosphate
and not the diethylsiiicon dichloride were obtained when the resin was
prepared from fluorophosphoric acid in place of the ethyl ester.

5. Diethylsilicon dichloride and Monofluorophosphoric acid:- This

reaction was perfomed in the seme manner &8 No. 4. Ten grams (0.1 mole)
of fluorophosphoric acid (prepared by Dr. Ralph Livingston and wes found
to be 96.5 per cent pure) wes placed in the three-necked flask. Fifteen
and seven-tenths grams (o.’i mole) of diethylsilicon dichloride wes added
dropwise. After the oll bath tempeb&ture had reached =bout 200° C, the

mixture was too viscous to stir so heating wes stopped. Froum an analysis
of the sodium hydroxide solution, it was found that 0.270 equivzlents of

base had been neutrelized, indicating that at least 0.07 equivalents ceame
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_from the fluorophosphoric acid. The volume of gas collected was 240 cc.
and none of this was absorbed by potassium hydroxide or bromine-water

in the Orsat apparatus.

%

The solid resin was deliquescent as was its film. Water decomposed
it into two layers, the top layer was the silicon resin znd the bottom
leyer was phosphoric zcid,

" 6. Diethylsilicon dichloride, Phosphoric anhydride, and Water or

Ethyl 2lcohol:-~ Fifteen and four-tenths grams of diethylsilicon dichlor-

ide (0.1 moles) and 5.1 g. (enough to prepare 0.185 equivalents of phos-
phoric acid) of phosphoric enhydride were weighed directly into the three-
necked flask., To this stirred mixture was slowly added 3.4 cc. of water
in enough dioxane to give a 10 cc. solution. The first reaction of the
water was with the phosphoric enhydride zs indicated by the heat generated
and the formetion of 2 ball of =cid around the stirrer blade. After the
ball was formed hydrochloric gas came off; simulteneously the ball began
to decreese in size until overnight it almost had disappeared. Hesting
the resultent mixture drove qff more hydrochloric gas end the mixture
began to turn brown. The cooled solution was viscous giving beked films
that were f&cky‘ana deliguescent.

With the intention of forming methyl orthophosphate in the presence
of the silicon halide, a solution of 4.6 g. (0.1 mole) of absolute ethyl
alcohol znd 0.9 g. (0.05 mole) of water were dropped into a slurrybof
15.4 g. (0.1 mole) of diethylsilicon dichloride, 7.1 g. (0.05 mole) of
phosphoric anhydride, and 10 cc. of dioxane. The reaction ran smoothly
and the mixture was refluxed uﬁtil hydrochloric gas no longer was evolved.
The film obtzined after forty-eight hours baking at 130-150° C was hard,

but wes slightly deliquescent.
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7. Dialkyldiethoxysilicanes, Tetraethyl orthosilicate, snd Mono-

ethyl orthophosphoric acid ester:- Refluxing together 12.7 g. (0.1 mole)

of ‘dibutyldiethoxysilicane end 12.6 g. (0.1 mole) of ethyl phosphate for
three houré gave a clear steble solution that produced a film 2t 130° Cs
which was deliquescent znd tacky. Prolonged heating gave 2 hard brittle
film that would cloud slightly when immersed in water.

When the same proportions of material were used together with 10 g.
(0.5 mole) of tetraethyl orthosilicate, 2 clear solution was again obtained.
This mixture produced 2 hard film sooner than the solution above, but the'
f£ilm hed poor zdherence and crazed.

Diethyldiethoxysilicene gave products that had the same properties
ag those from the dibutyl compounds.

The greater the smount of monomethyl orthophosphoric acid added to
e constent amount of ethyl orthosilicate, the greater the volume of white
precipitate produced. This white precipitete is difficult to isolate
because it is of a resinous neture. After repeated washings by decanta-
tion with dixene, a clean precipitate that was free of ethyl silicate
odor was obteined. An snalysis showed this to contain 12.81 per cent
silicon and 18.43 per cent phosphorous, giving a2n atom ratio of 1 to 1.3
t‘espéctively. The white precipitate was obtained by refluxing = mixture
of 10 g. of me£hyl phosphate with 40 g. of ethyl orthosilicate with an
oil beth at 150° C for one and one-hzlf hours. The precipitate was hydro-
lyzed by water, did not burn, but charred.

8. Diethylsilicanediol end Phosphoric anhydride:- A patent (141)

hzs been obtained for the condensation of silicols in presence of dehydrat-

ing agents. All possible dehydrating agents from sulfuric zcid to Portland
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cement are mentioned. Examples were given using entimony pentachloride,
sulfuric acid, ethylene diamine, and borate esters. Special emphasis

was given to this latter compound and the boric acid formed by the hydrd:
ysis was sn integral part of the final film. Phosphoric anhydride was
mentioned =8 one of the dehydrating agents that could be used, but no
exzmple of its use was given.

’In the expectetion of forming a silicon-oxygen-phosphorous bond,
18.g. (0.15 moles) of the silicsznediol and 7.1 g. (0.05 moles) of phos-
phoric anhydride were weighed directly into the three-necked flask. Some
heat was generated while these products were stirred at room temperature
and the mixture became viscous. Hezting for one and one-half hours at
aﬁ oil bath tempereture of 180° C increased the viscosity to almost a
solid. The product formed two leyers with ethyl alcohol; thevtop was
phosphoric acid and the bottom contained the silicon polymer. These two
layers were soluble in dioxane and a layer of this solution waé liquid
at 1500 C after fifteen minutes and sticky at room temperature. Continued
heating at 150° C for three days gave a hard homogeneous film which on
standing adsorbed moisture forming in droplets which were acidic.

. When the amount of phosphoric anhydride was halved, a tacky film
would be produced sfter heating for one hour at 150° C. This tacky film

was not very deliquescent, but would cloud when covered with water.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VI. SUMMARY AND CONCLUSION

1. Orthoesters prepared by dropping alcohol through a condenser
filled with glass beads and countercurrent to the gas evolved, gave no
better yields than those reported in literature. A new method of form-
ing mono-(B-chloroethyl)-silicon trichloride was developed, which con-
sisted in adding ethylene oxide to silicon tetrachloride. Bromination of
tetraethyl orthosilicate gave a product which analyzed for pentaethoxydi-
silicane bromide.

2. Baking films of alkyl orthosilicates or their condensation
products, gave inferlor coatings of no value as protective films. The
silicon-oxygen-carbon bond is not sufficiently stable to withstand the
baking process necessery for thermosetting. Films formed from the urea-
formaldehyde-orthosilicate solutions greatly resembled the stfaight urea-—
formaldehyde-alecohol films except the former were more difficult to ignite.

3. Methods of obtaining higher yields of dimethyl- and diethylsili-
con dichlorides and diethyl- and dibutyldiethoxysilicanes were developed.
The best way of obtaining aﬁ alkylsilicane containing functional groups is
to form a Grignard reagent in presence of ethyl orthosilicate. It was not
possible to obtain a silicon-carbon bond compound from magnesium silicide.

4. Diacidic phosphate esters and fluorophosphoric acid reacted with
dialkylsilicon dichlorides to form resins containing silicon-oxygen-
phosphorous bonds; These products have excellent fire—resistancg but the
silicon-oxygen~phosphorous bond is not sufficiently stable to resist
hydrolysis or high temperatures. Phosphoric anhydride has & plasticizing

effect upon silicol condensation products.
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