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1.

SUMMA RY

Silane esters of 2 , 2 , 2-fluorodi nitroethanol (FDNE ) have been prepared in
90 % yields by the direct reaction of the alcohol (ROH) with chiorosilanes at 25-70°

in the absence of a solvent. One to 1. 5 moles of FDN E were employed for each Si-Cl
group . The compounds obtained in good purifies and usefu l amounts were III-V,
(RO )~ SiMe4..x, x 2-4 , and the disiloxane VII , (RO )2MeSiOSIMe(OR)2 , whose ordinary
physical properties and multinuclear nmr spectra are summarized in Tables I and II.
Less successful syntheses and some alternative routes are also described, especially
the attempted hydrolysis of the orthoester V, (RO )4 S1, to the linear polysiloxane VI ,
+osl(OR)2 -)~. Analysis of mixtures of closely related structures such as V and VI
was greatly facilitated by the use of 29 Si-nm r spectroscopy.

Comparison of the physical properties of the silane esters with those of the
reference explosive compound FEFO (ROCH 2OR) revealed a considerably extended
upper liquid range in the trisester IV, (RO)3 SiMe , and disiloxane VII without loss of
substantial lower range values at similar densities (~l. 6 g/cc) . The sensitivity of
the silane esters was low to non-compressive shock , resembling that of the explosive
Tetryirather than RDX ; direct comparision with FEFO has not been made. The stabil-
ity of the esters towards ambient , atmospheric moisture varied greatly according to
structure from very good (III , VII) to poor (v), and in the case of the trisester IV was
observed to depend upon the % relative humidity; thus , IV was reasonably stable to
significant liberation of free FDNE and formation of polysiloxanes only at RH <40 %.
The densities varied from i. 4 (III) to i. 95 g/cc (v) .

Calculations were carried out, in lieu of actual experimental measurements,
of the estimation of heats of formation , energy contents , and detonation pressures and
velocities in the esters prepared as well as in some related, presently hypothetical
structures; the compounds encompassed high energy groups bound to Si by both hydrolyz-
able (oxygen) and non-hydrolyzable groups (methylene). The results (Table iii ) suggest
a good , linear relationship between the density and the detonation velocity in the four
compounds Ill-V and VII, as might be anticipated from their closely related structures.
Although the energy contents Q remained about constant, an Incremental increase in

A the quantity 0 of ~ 0. 5 unit was found for each OR group added to Si after two ; the tris-
• ester IV corresponded closely with FEFO in theoretical maximum detonation properties.

Comparison of Q and 0-values for SiCH2R vs SIOR type compounds revealed larger
0-values In the former but a coincidence of the ultimate 0-values , implying little diffe r-
ence in the two types of silanes In detonati on energy characteristics at simij ar densities.

INTRODUCTION

We report herewith the results of tha t phase of our studies under the subject
contract and Its extension which deals with silicon esters of 2, 2 , 2-fluorodtnitroe thanol
(FDNE, I) .  The object of the work was to determ ine whether target compounds III-VIII

~~~~~~~~~~~~~~~~~~~~~-- ----- _---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — _ - _ _
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and others could be prepared and with what efficiencies, and to ascertain certain of their
• physical properties, especially the useful liquid ranges as compared to the formal of FDNE

(FEFO , II) . Thus, it had been proposed that substitution of the central CH2 group in FEFO
by the SiMe2 group to give III might afford the desired increase in liquid range, and that re-
lated compounds bearing differing num bers of methyl and FDNE residues per Si atom might

• similarly prove of interest. The anticipated applica tion of the target compounds as plasti-
cizing liquids potentially superior to FEFO in high energy compositions and in related po-
tential uses further suggested that the characterization data include estimates of hydrolytic

• stability, density and shock sensitivity.

As the result of informal discussions with the contract manager during 1976,
certain additional information on thermochemical properties has been provided and the
work emphasis shifted toward the study of “non-hydrolyzable high energy compounds of
silicon, as outlined in the Proposal for Extension of the subject contract. Accordingly,
the results obtained to date on the target ester compounds are gathered together in this
formal report , which covers the first 6 quarters of work. Our work continues to be re-
ported informally to the project manager on a quarterly basis.

The target esters and related structures referred to above are the following,
in which “R” designates the moiety FC(N02)2CH 2-.

FC(NO2)2 CH2OH ROCH2OR ROSiMe2OR (RO )3SiMe

I (FDNE;ROH) II (FEFO ) III IV

(RO)4S1 4OSi(OR)3 4,~ (RO ) 2MeSiOSiMe(OR)2

V VI VII

(Ro),sisi(oR) 3
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• RESULTS A. SYNTHESIS

-

• 

The preparation and characterization of each target compound (except VIII) was
accomplished as described in the following subsections. Some comments on the purifica-
tion of purchased FDNE are included, since the purity of the starting alcohol was a dom-
inant factor in the general success of the esterification reaction 1. This general reaction
was uniformly successful in the preparation of the monosilanes and the disiloxane , re-
quiring only minor operational variations for each new compound. Usually , stoichiometric
amounts of alcohol could be used (n x ) .  The physical properties of the compounds are
drawn together in Table I, along with the calculated detonation values from the Results ,
Section B.

x ROH + Me 4-xSiCIx ~ Me4~x Si(OR) x + x MCI (1)

• As part of the characterization of each compound, complete nmr spectra were
• obtained. The results are presented in Table II rather than compound-by-compound in

order to fa cilitate comparisons and accessibility of the data.

Purification of Fluorodinitroethanol

Shortly into our initially planned laboratory synthesis of FDN E via 2, 2-dinitro-
1, 3-propanediol, ’ we were able to purchase a quantity of FDNE from Fluorochem,
Inc. , and our work was subsequently carried out with this material. Information supplied
by Fluorochem stated this material to derive from Aerojet ’s synthesis based on dinitro-
propanediol. Our initial esteri fi cation reaction results, nmr analysis, and distillation
revealed the presence of substantial amounts of water in the alcohol ( ‘-20 mol-% ; 2-3 wt-
% ) and of high boiling, apparently polymeric materials ( ‘ -  5 wt- % ) .  Water is a par-
ticular problem because it leads to condensation of chlorosilanes through formation of
siloxane bonds Si-O-Sl, ln competition with the desired esterificatlon, and to hydrolysis
of the silane ester products. Drying methylene chloride solutions of the alcohol over
molecular sieves (Linde 4A) and subsequent distillation provided FDNE free of all im - 4

purities excep t one. This proved to be compound IX , the mixed formal of FDNE ,
methanol and formaldehyde , which was slightly concentrated In the higher boiling fractions
and present to the extent of 2-6 wt- %

FC (NO2 ),CH2OCH,OCH,

IX

Although the mixed formal impurity IX could not be entirely removed from dis-
tilled FDNE, Its concentration was reduced to 2-4 mol- % by distilling the sieve-dried

,~ ~~
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crude alcohol from “-0. 4 wt- % conc H2S04 at a 1p not exceeding 45°C; simik r results
obtained upon distilling undried FDNE from acid, except that water collected as a fore-
run. Repeated experience showed 70-85 wt-% of distilled FDNE was obtainable from
50-100 g samples of the dried crude while restricting the average concentration of IX to

f 3 wt- % .  Further efforts to rem ove IX completely were not made because it failed
I ~. to participate in the esterification reaction and could be more readily stripped from

the crude products than removed from the starting alcohol.

Unambiguous, although not rigorous, identification of IX was possible without
isolation of a pure sample from Its hp 2 careful examination of the H-nmr spectrum2
(Table II) , and 13C-nmr spectrum (Table II) , whose absorption at 96. 9 ppm downfield
vs TMS was characteristic of the dioxymethylene carbon OCH2O. ~ Determination of the
concentration of IX in FDNE was readily carried out by integration of the H-nmr peaks ,
as detailed in the Experimental Section.

A small cample of FDNE was also obtained from Fluorochem which was stated
to derive from Rockedyr e’s process involving fluoronitroform . Distillation yielded FDNE
containing only l-”% of IX, and little if any water was present. However, bulk samples
recently -‘ eceived directly from Rockedyne have been found to contain 5- 10 wt-% water
and to yield distilled PDNE containing 2-4% of the formal. This material thus appears
to have had an origin similar to that originally obtained and described above; it is being
used for the studies involving non-hydrolyzable high energy silanes now underway.

Dlmethyl(bis-2, 2, 2-fluorodinitroethoxy)si lane, Iii

Preferred route. The silane bisester III was best prepared directly from FDNE
and dimethyldichiorosilane in approximately the stoichiometric amounts (eq 2) . Although
distilled FDNE and pure Me2SiCl2 were used under anhydrous conditions, an impurity

2 FC(NOI) 2CH2OH + Me2SIC12 -
~~
-

~
‘
-

~~
_p. [FC(NO 2) 2CH20 J2 SiMe2 + 2 HCI (2)

60-80°

I ~ 0. 06 mol 0.03 mol neat III , 87% (distilled)

tha t could not be removed even upon redistillation was obtained to the extent of 2 mol- %
and identi fied as the disiloxane X. Distillation of III proceeded readily on a 10 g scale
with no sign of instability of the compound, which proved amenable to gas chromato-
graphic analysis and preparative separation of X at 200-250° in a glass column.

L_ _
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RO SI(Me)2 OSi(Me )2 0R

X, R~~ CH2CF(N02)2

Characterization of HI followed from the method of synthesis and analytical
data. H- Nmr was particularly useful in that the progression toward higher field of the
absorption of methyl groups of types Cl2 SiMe2, Cl(RO ) SiMe2, and (RO )2SIMe 2 facilitated
one ’s following the progress of the esteriflcati on reacti on; formation of disiloxane X
during the latter stages of reaction was apparent from the still higher field absorption
of its methyl protons. The shifts , relative areas, and coupling constants of the protons
in III and the observed resonances of the methyl ‘3C, 29S1 and ‘9F were all completely
consistent with structure III (Table II) . There was a marked progression toward lower
field (relative to TMS ) of the 29Si resonance in the series (RO)2SiMe2, (RO)3SIMe , (RO)4 Si , but

• the ‘9F and ‘3C resonances in all three compounds rema ined constant . The proton decoupled
‘3CH2 appeared as a strong, sharp doublet (due to coupling to 19F ) ,  which affords a par-
ticularly distinct identification of the F C(N02)2CH20- residue. The elemental analysis
of III was satisfactory in H, F and N but slightly incorrect for C and Si, whether or not
allowing for the presence of X. Physical properties are given in Table I and furthe r
discussed in Part B of the Results Section.

The sample of X obtained in 95% purity by preparative glpc was characterized
by H-nmr , which disclosed a ratio of CH3 to RO groups of 2:1 rather than the 1:1 ratio
in III, and 13C-nmr , in which the distinctive absorption of carbons of the formal type
OCH2O was absent. The ir spectrum of X was nearly identical to tha t of III , except tha t
stronger absorption in the Si 0 Si region was evident at 1050 cm

Alternative syntheses. Two probing experiments quickly established that re-
action 2 was adversely affected by the presence of stoichiometri c amounts of dry pyridine
as an HC1 acceptor, since reactions in chloroform at 5° or dimethoxyethane at 20° pro-
duced several-fold increases in the disiloxane X at the expense of III. This result reflects
the normal behavior of chiorosilanes during alcoholysis, which is known 4 to result in the
formation of di- and trisiloxanes along with the desired monosilane esters; however ,
bases normally reduce siloxane formation by acting as HC 1 acceptors.

- J A second alternative to the prepa ration of HI was also explored. Transeste r-
ificati on of lower silane esters, such as (MeO)2 S1Me2, with FDNE should yield in.
Since the commercial methoxysilane compound was grossly Impure and not readily up-

• graded, trial equilibrations were conducted with (EtO)2 SiMe 2 instead. Equilibration of
neat , 2:1 or 4:1 molar mixtures of FDNE and the ethoxysilane occurred within a few
minutes at 35° in nmr tubes in the presence of HCI or H2 S04 catalysts but failed to in-

:1 volve any significant reaction of the second of the two ethoxy groups (eq 3) .

ROH + (EtO)2 SiMe2 
50T~~~~ RO(EtO)SiMe 2 + EtOH ~~~~ (RO )2 SIMe2 (3)

(FDNE) 1 mole

2-4 moles

_ _  _ _  -~~~~~~ --~~~~~~
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Continuous removal of ethanol is clearly called for to drive the equilibrium forward.
Unfortunately, ethanol is known5 to form an azeotrope with the starting ethoxysilane ,
and our study of the transesterificati on procedure was consequently not further pursued
until work began on the preparation of the orthoester V.

Methyl(trls -2, 2, 2- fluorodinitroethoxy) silane, IV

• The stoichiometric reaction of distilled , 96% pure FDNE with 96% MeSiCl3,
containing 4% of the dlchlorosilane impurity Me2SiCl2, p roceeded as illustra ted in eq 4.
A Dry Ice condenser was now employed to prevent entrainment loss of the chlorosilane

• by the liberated MC I. A single phase reaction mixture was attained only at or above 40° C.
The 22. 8 g of crude IV obtained

3 FC(N0~) 2 CH2OH + MeSiCI, 29-70° ~~
• [FC~N02) 2CH 20}3SiMe + HC I (4)

0. 15 mol 0. 048 mol IV, 95% crude

- 
- 

following high vacuum removal of remaining volatiles, such as the formal impurity in the
starting alcohol, appeared spectroscopically pure except for the small amount of bisester
III expected from the dichiorosilane impurity . Safety considerations dictated tha t only a
small sample be subjected to distillation because of the anticipated very high boiling point,
but the procedurewas accomplished without thcId~~t to yield 80 wt To of the 4 g pot cha rge as
pure, colorless trisester Iv (Table i) . The forerun , 8 wt- %, contained the bisester im-
purity.

A second preparation of IV , carried out using 100 To pure MeSiCl,, yielded 35 g
(ioo wt- % ) of crude IV, free of volatiles, followIng 10. 5 hr reaction at 40-75° and high

t vacuum distillative stripping. No bisester was now present , but “-5 wt- % of an only par-
tially esterified silane believed to be (R0)2 C1S1Me was present, alongwlth “-5 % of the
disiloxane (R0)2MeSIOSIMe(R0)2 (compound VII, also synthesized preparatively; see

.1 below .

Characterization of trisester IV followed fr om the method and yield of synthesis
and nmr data (Table II) . Although the C, H ekmental analyses were satisfactory, the F, N
and Si values were all “-1% low; however , we do not consider thi s to detract from the cer-
tainty of the structure IV.

- I Tetrakis(2, 2, 2-fluorodinltroethoxy )silane, V

Preferred synthesis. The preparation of the orth oester V according to the gen-
era l reaction 1 required a 50% excess if FON E (largely recoverable ) to ensure complete
reaction of the silicon tetrachioride under convenient conditions (eq 5) .  

• 

- -•--- --- - •~~~~~~~~ - -“-- - •
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40-70°
FC (No 2) 2 CH2 OH + Si Cl4 

~~~ 5
•
~j~ 

{FC(N 02) 2CH20] ~ Si + HCI (5)

- - 50% excess 0. 20 mol V, 90% (recrystallized)

• The chlorosilane was added at 40° in four portions at hourly intervals because of its limited
solubility in FDNE; a Dry lee reflux condenser was again necessary. Following high vac-
uum removal of excess alcohol (81% of the theoretical amount) along with 50% of the or-
iginal formal impuri ty , “-15 g of a solid remained which was twice recrystallized from
hot chloroform to afford the final product (Table I ) .  A sharp mp never was observed,
doubtless because of the extreme hydrolytic sensitivity of V toward ambient and surface
moisture and the accumulation of disiloxane Xl, which recrystallization failed to completely
remove. Similarly , the elemental analyses were not entirely acceptable ( “-1% low F and
N values) , and nmr spectra showed the presence of FDNE and the disiloxane XI due to
transient hydrolysis.

( R O ) 3SiOSi(OR)3

XI

The characterization and purity determinations carried out using the usual
multinuclear nmr ana lyses therefore gave results dependent upon the particular samp les
under examination. The purity results reported are therefore minimum values and ,
judging from the experience of handling several samples, probably not typical of the
product as originally obtained afte r the first recrystallization and before subsequent
handling.

Nmr spectra (Table II) were now recorded in deutero-acetone (although an in-
herently “wetter ’ solvent than chloroform ) because V is insoluble in the latter unti l heated . The
concentration of free FDNE (in the nmr sample) was estimated from the H-nmr spectrum ,
and the relative amounts of V and disiloxane XI fr om the 29~~ spect rum. The latter was
particularly appropriate in dIfferentiating different types of Si as a function of the number
of OR and other types of groups attached; this is well illustrated in the analysis of the
hydrolysis products of V as described in the following section .

Alternative synthesis. The transesteri fi cation reaction 6 was examined
more vigorously for the preparation of V than it had been for III , but failed to afford

ROH + (MeO)4 Si ~ (RO) 4 S1 + (RO)3 Si O Me + MeOH (6)
H2S04

(FDNE;excess) V

2. 5 moles 1 mole
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the complete replacement of the methoxy groups by FDNE residues. Even when operating
• under the optimum, balanced conditions of heat and vacuum capable of removing liberated
• methanol but not excess FDNE , a viscous product was obtained whose composition corn -

— prised the molar product mixture shown above. Because this procedure was operationally
ponderous and clearly yielded a inferior product relative to the chiorosilane esterification
method , transesterificati on was not furthe r pursued as a method for the synthesis of mon-
omeric silane esters.

Bis(2, 2, 2-fluorod 1nitroethoxy~~olysiloxane, Yl

• 

- 

The obvious approach to the preparation of linear polymers VI was the hydrolysis,
either stepwise or at once, of two groups of the orthoester V. Removal of just 1 fluorodi-

1 - nitroethoxy group followed by silanol condensation should produce the disiloxane XI (eq 7 ) .
whereas rem oval of two groups should produce the desired linear and/or cyclic oligomers
(eq 8). Loss of a third or fourth group would result in highly undesirable cross-linking
and gellation to Insoluble and unworkable materials. Our studies have shown that selective
step wise removal of fluorodinitroethoxy

2 (Ro)4 s1 + H30 -
~~~ 

(R O) -~SiOSi (OR)3 + 2 ROH (7)

V XI

n (RO)4 S1 + n H 20 ~ 4OSi(OR)24~ + 2n ROH (8)

VI

[linear VI must also contain end groups OSi(OR)3 ]

groups is not a feasible route to stable products of the type VI. Thus , hydrolysis of V in
acetone or acetone-methylene chloride solvent at room temperature according to the stoi-
chiometry of eq 7 and followed by removal of solvent and liberated FDNE produced a mix-
ture containing an unacceptably high 25 % of unconverted orthoester. During the removal
of FDNE , the proportion of end group structures (RO)3 SIOSI increased at the expense of
internal —oSi(OR)2— units but it decreased again on the addition of water to a solution
of the product to approximate the overall stoichiometry of eq 8. Further obser-

• vation revealed that reaction 8 proceeded to “ 90% loss of 1 RO group per mole of V
but tha t removal of the solvent dramatically altered the product composition from one con-
tam ing predominantly the desired di functional units VI to one with greatly enhanced
amounts of all the other species; remova l of liberated FDN E left a mixture still containing

20 mol- % of starting ester V.

_ _ _ __ _  j
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In another experiment, hydrolysis of 1 mole of V wi th 0. 5 mole of water (eq 7) in
acetone caused reaction of the theoretical 1/4 of SI-OR groups overall but of only 70% of
the ester V itself , before removal of solvent. Use of 100% excess of water (2n moles in
eq 8) rapidly produced insoluble gels. Generally, hydrolytic conversion of V was favored
by Increasing its dilution in the solvent. These results point strongly to a reversible
equilibrium situation wherein the starting orthoester , despite its facile, partial hydrolyti c
decomposition in humid air , retains upon hydrolysis in solution a marked concentration
and no single type of linear polysiloxane product can be made to overwhelmingly predom-

• m ate.

• The equilibrium mixtures were ana lyzed using a combination of 220 MHz H-nmr
and 29Si-nm r techniques. In particular, the latter resonances were found to occur at dis-
tinctly different chemical shifts in the series n 4, 3 ,and 2 in the structures (RO)1~~Si(OSi ) j ,~

which showed increasingly higher field shifts vs TMS as the extent of hydrolysis of RO
groups progressed ( see Results B, nmr spectra ) . Unfortunately , the poor resolution
and number of scans required even in the FT-29Si-nrn r analysis of all but the most concen-
trated product mixtures precluded distinction among the types of -EOSi(OR)2~~ structures;
the 220 H-nmr results clearly revealed a host of structural types in all products except
those still diluted in the original solvent.

l, 3-Di methyl-l, 1, 3, 3- tetrakis (
~ 

,,
~~~~ P- fluorodinitroethoxy )disiloxane, VII

Although compound VII should be the first hydrolysis-condensation product of
the trisester IV, our experience with the nonspecifi c hydrolysis of V dictated that the
disiloxane be prepared instead by esterlficatlon of the corresponding tetrachiorodisiloxane
XII. The two-step procedure shown in eqs 9 and 10 yielded the crude product VII without

-
, ~~3P

(MeO)2 Me SiOSiMe(OMe)2 + 4 SOd 2 ~ C12MeSiOSiMeCI2 + 4 MeCl + 4S02 (9)

XII, 57%
• 50-70°

XII + 4 ROM ~ (RO )2 MeSiOSiMe(OR)2 + 4 HC1 (10)
29 hr

VII , 86%

• 

.

~ t incident following a high vacuum strip of remaining volatiles. Additional purification was
not attempted because of the 93-95% spectra l purity of VII as first obtained and a projected
bp dangerously exceeding 250° under high vacuum. The long reaction time included an 18 hr
peri od at 50° which failed to complete the replacement of SICI groups, although subsequent
heating for 4 hrs at 70° was sufficient for the purpose. Generally, therefore , all the ester-
Ifications reported herein according to eq 1 proceded only sluggishly until reaction tempera-
tu res of 60-70° we re reached.

• Identi fication of VII followed from its method and yield of synthesis and totally
- 

f 
• consisten t spectra l cha racteristics. In particular , there was coincidence of Its infrared

-
• spectrum with that of one sample of IV hydrolyzed in the air under non -gellation conditions,

_ _ _ _ _ _ _ _ _  _ _
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• presumably to the same disiloxane VII, and the position of the 29Si-nrnr resonance
(Table II) was convincingly located in relation to the several similar silane ester corn-
pounds prepared In this work. In fact, the regular change in chemical shift of the 29Si

- resonances with the nature and type of substituents has proved to be an exceptionally
- diagnosti c tool (see Results Section B ) .  On the basis of the 29Si and H-nmr spectra,

• we have deduced that the single impurity observed in VII is probably the trisiloxane
XIII.

(RO ) 2MeSiOSiMe(OR) OSiMe(OR) 2
-

- 

XIII

Disilanes

Little work has been completed on this subject to date . One attempt to esterif y
hexachlorodisilane to give target compound VIII was carried out with 50% excess FDNE.

• However , the product proved to be a mixture of orthoester V with a second type of Si-OR
- • compound, and greater than the theoretical amount of FDNE was consumed at reaction

temperatures up to 73° . Cleavage of the Si-Si bond obviously had proceeded to a substan-
- tial degree under the conditions used, as has been reported’ to occur in simila r reactions

r with this disilane. The minor product was tentatively identified as the disiloxane XI,
• (RO),SiOSi(OR) 3, f rom its characteristic 29Si-nm r spectrum ; the presence of the desired

disilane VIII , (RO)3SiSI(OR) 3, was similarly ruled out. A 42% yield of the orthoester ,
• based on completion of the assumed cleavage reaction was isola ted following work-up.

RESULTS B. PHYSICAL AND CHEMICAL PROPE RTIES

The observed physical and chemical properties of the five products described
• in Section A are tabulated in Table I, al ong with the results of calculations

I of thermochemical prop erties . As noted earlier , the nmr spectra l properties are
given in Table II. Infrared spectra are given in Appendix 13. Detailed thermo-

• chemical in formation is pr esented in Appendix A with highlights discussed in a
subsection below.

Yield and purity

-
~~ Except as noted, yields are given for distilled or recrystallized products ,

and purity determinations were based upon H-nmr and 29S1-nmr analyses. In the case
- of the orthoester V, the extreme sensitivity to hydrolysis referred to in a preceeding

- section requires further comment. Although deliberate reaction with stoichiometric
amounts of water m a  solvent was Instantaneous , It was noted tha t only a certain amount

• of the orthoester reacted before equilibrium with hydrolysis products was attained.

_

- —~~~- •- - --- ~~~~~~~~~ ~~-- •- ____ ~~— — -—•—
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TABLE I

Physical and Thermochemical Properties of High Energy Silane Esters

Y!L
Property (RO)2SiMe2 (RO)3 SiMe (RO)4 Si {$i(OR)20}.x_ fjRO)2 MeS~ 20

Synthesis yield , % 87 73(a) 90 mixture ~~ (86)~~

Purity , wt-% 97 100 ~ 
82 (d) mixture � 9~

mp °C 19-19. 5 ~~25 74~86(d) -- .-l5-20

bp °C (mm ) 96 (0. 1) 170 (0. 3) -- -- ‘.‘250(0.

— 1.430822 l. 4412~~ -- -- 1 4406 25

d C g/cc 1. 395 ~ 1. 66023 1.938 25 - - 1. 58024

Shock sens H5 —3O0~~ -- 76~~ -- --
kg-cm

Hydrolysis rate nil/46% slow/35% rapid/l8% - - nil/35%
in air at % RH v. slow/52% rapid/60% v. slow/52%

Calcd max values
4H~~kcai/mo1 288 391 500 354 719

- Q cal/g 1310 1330 1330 1220 1170

- - P kbars 153 238 348 - - 195

D km/sec 6.38 7.51 8.67 .- 6.90

(a) Yield of crude product was 91%, > 96% pure , mp 00 .
• - (b) From 1:1 reaction (R0)4 Si + H20.

(c) Crude product .
(d) Hydroly3is occurred even upon careful handling ; nmr analysis of a typical sample revealed

the presence of 6wt -% FDNE and 12 wt-% disiloxane XI , at least at the time of ana lysis.
• (e) Estimated value.

(f) ASTM procedure no. D2540 for liquids,except with unsealed sample container; value reduce

• to only 2. 5 kg-cm under the usual compressive shock conditions (sealed sample cup).
(g) M. Kamlet , AWRE test for solids , sandpaper surface; value 300 kg-cm in ASTM test

-

- 

• -

~ 

apparatus with unsealed sample cup. -
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In air of even low relative humidity (<35  ~‘ at 23°C) . hydrolysis also proceeded rapidly
• in the initial stages and extensively enough in a matter of minutes that the liberation of

FDN E became pronounced. The presence of any free alcohol clearly dep ressed the mp
of the pure compound, which we have never observed to be sha rp despite normal drying

-. I precautions. Minor amounts of hydrolysis should not affect elemental analysis to an
appreciable extent, however, unless hydrolysis is extensive and samples are subjected
to vacuum “drying, ~ which would remove free FDN E but not the corresponding polysi-
loxane residues. Since nicely crystalline samples of V appeared to “melt even upon
contact with the surface moisture of metals or glass , it is not surprising that sample
transfers and normal handling in spectroscopic work might lead to the observed rela-
tively low purity levels due to such contact hydrolysis. Recrystallization of exposed
samples was not particularly effective for puri fication , as judged by changes in mp,
since the polyslloxane impurities were at least partially retained in the fresh precipi-
tates . - •

Nmr spectra

The multinuclear nmr spectral da ta presented In Table II were obtained on a
variety of instruments. Chemical shifts downfield of the reference are taken as positive
throughout. Proton spectra were recorded on a Hitachi R24A or , for superior resolution
and integration accuracy, Varian A60, spectrometer. When interpreta tion became dif-
fi cult because of the overlapping of patte rns , spectra recorded at 220 MHz at Rockefeller
University proved highly va luable; unfortunately, even the superior resolution of this in-
strument is hard put to sort out the complex variety of methylene absorptl ons due to mix-
tures of FDNE residues In very closely related environments.

For example, the hydrolysis of the orthoester V produced a host of structura l
va riations in the number and nature of different groups attached to each Si atom ; although

• the variety was clearly evident in the 220-H nmr spectra , overlapping of the patte rns still -

• precluded assignment, at least in the absence of ‘9F-decoupllng. Thus , splitting of the
F-C-CH 2-O-Si methylene group into a doublet was invariably observed, and the doubled
envelope of multiple CH 2 absorptlons when present often overlapped. Consequently,
2~~I-nmr data proved invaluable, since operation of our Bruker spectrometer with Fourier

• transform under conditions of gated proton decoupling provided results as shown
in Table II and further illustrated below , wherein each change In substitution pat-
te rn around Si produced a ~~ I resonance In a separate and characteristic region . Only
minor di fferences could not be differentiated, such as the (RO)3S1- silicon in the simple
disiloxane XI vs that present as an end group in the polysiloxane VI. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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NMR Data for Fluorodinit roethoxy Compounds

Nucleus Solvent Compound and Spectrum , ~ 
— 

J , H~

FC(N02)2 — CH2O — ~~~ FDNE

‘H CDGI3 4, 70(d ,d) 3.31-3. 45(t ) H , F 15.7
H , H 7.0

I
• 4 CDdI3 + 4. 70(d , d) 5. 20(t ) H , F 17. 5

1d6-acetone H ,H (b)

d6-acetone 4.75(d ,d) 5.62(t) H , F 17.6
H , H 7.0

CDd13 121(d) F ,C 290.
61. 1(d) F , C 20. 4

FC(N02)2— CH2O — CH2O — CH3~~k Compound ix

H CHdI3 4. 67(d) 4. 74(s) 3.45(s) H, F 17. S

d6-acetone (ci) 4. 72(s) 3. 36(s)

C CDc13 64.8(d) 96.9(s) 56. 0(s) F ,C 20. 4

[FC(No2)2 —CH20]~ Si(CH3)2, Compound III

H CDdl3 4.81(d) 0. 27(s) H , F 17. 2

C CDdI3 120. 6(d) F ,C 290.
61. 5(s) -4.5(s) F , C 18. 1

‘9F CDdI3 34. 4(t) H , F (
~

29~~ CDCI3 7. 7 (s )

[Fc(No2) 2 CH20 Sl(CH 3) r}T 0, Compound X

~~: ::~~ 

~::: H , F 18 0
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Nucleus Solvent Compound and Spectrum , J , H2

[Fc(No2)2— cI-12o ~ 3 Si CH 3, Compound IV

H CD~ 13 4.87(d) 0. 39(s ) H , F 16. 5

C CD~13 121. 8(d) F , C 280. 7
63. 15(d) -7. 95(s ) F ,C 20.8

F CDc13 52. 7(t) H , F 15. 7

Si CD~l3 -39.6(s )

~FC(NO 2)r CH 2O 
~2 Si —(CH3) 0, Compound VII

H CDcI 3 4. 83(d) 0. 37(s) H , F 17. 8

- 

- 
C CDC13 134. 2(d) F,C 293.

64.05(d) -7. 23(s ) F ,C 29. 3

• F CD~l 3 53.1(t) H , F 15. 7

Si CDC13 -47. i(s )

[FC(N02)2_ CH20]-~- Si , Compound v

H CHcl3~~ 4.93(d) H ,F 15. 0

3, 5 CDc13 + 5. 08(d) H ,F 15.5

1 d6-acetone
-

• 
- - C 3 CD~ 13 + 119. 4(d) F , C 291. 5

1 d6-acetone 62.5(d) F , C 22.6

F 3 CD~13 + 54. 4(t) H , F 15. 5

1 d6-acetone

Si 1 CDC13 + -88.7
9 d6-acetone

d6-acetone~~ 
-87.9

~~~~

~~~~~~~~~~~~~~~~
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Footnotes to Table II

(a) Lit23(solvent not speclfted ) 8 CH2 5. 80, OH 3. ~~ HF 15. 9, J ~~ 7. 0 Hz).
(b) Usual triplet now contains doubled center line; apparent 

~ HH ~ 0 Hz.
(c) Lit 2 (CC14 ) :  8 CCH2 O 4. 58 

~~HF 17. 5) ,  OCH2 O 4. 67(s), Cl-I3 3.36(s).
-

• (d) Masked by FDNE also present.

-
• 

(e) Not observed.

• (f) Unresolved.

(g) Sample from transesterifi catlon (MeO)4S1 + excess FDNE , Impure and therefore
soluble in chloroform.

(h) Mixture with siloxane hydrolysis products .

The chemical shifts , 
~ 

(ppm vs TMS), observed for 29~ j resonances in the
silane esters and hydrolysis products described in Results Section A were the following.
There was little effect (1-2 ppm) of chloroform vs acetone solven t where comparisons
were made. The region of RO-functi onal Si absorption clearly reflects the number of
attached methyl groups; as usual, the RO- symbolism designates the FC(N02)2 CH20- group .

(RO )4 Si (RO )3SiO +si(OR)2o -J~ si (OR)3 +Si(OR) 03/2-h

-88 -94 -98 to - 106 to
100 - 108

k (RO )3SiMe (RO )2 MeSiO4-Sl(OR) (Me ) 0 +,~ SIMe(OR)2

-40 -47 -56

(RO )2 SiMe2

+8

-J

__________________________ ___________ ~~~~~~~~~~~
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The only shortcom~ngs of the method are the lack of integration capability and
the relatively low sensitivity , which precluded the observation of strong, definitive
spectra from dilute solutions, such as result when Si comprises only a minor contribu-
tion to the molecular weight of the sample (as in the present compounds) . Unfortuna tely .
the spin relaxation benefits of added Cr(acac)3 could not be utilized in examination of our
hydrolysis mixtures , since the compound catalyzed changes in their compositions.
Nevertheless , the analysis of compounds and mixtures lacking the Si-C-H residues useful
in H- or ~ C-nmr analysis , such as V and VI, was highly simplified through our 2

~~i-nmr
capability.

‘3C-nmr and 19F-nmr spectra were also recorded on the Bruker instrument with
no unusual results apart from the strong doublet ‘3CH2 peak due to the ‘9F-C -‘3C splitt ing
noted earlier , which characterizes all these compounds under conditions of broad band
proton decoupling. It should also be noted tha t the F- ’3C doublet carbon absorption was
uniformly weak and diffuse, although possessed of the expected 10-fold larger ‘9F couplin g
constants relative to the once removed methylene carbon . The fluorine spectra showed
the expected coupling to the methylene protons but provided little analytical information ;
the chemical shifts in Table II are referred to C6F6 reference.

Density

Density values for pure vs crude products were indistinguishable. No effort
was made to obtain more precise values than resulted from a simple syringe and micro-
balance technique for liquids and displacement of an inert liquid with the solid product
V. The accuracy was at least ± 0. 01 g/cc.

Shock and thermal sensitivity

Preliminary sensitivity testing was conducted on each new compound prior to
and following purification . A thermal test was performed by dropping small samples
onto a porcelain surface maintained at 315°C. None of the compounds described herein
displayed signs of decomposition , with the exception of the orth oester V. Instead of
the usual boil-off Into white fumes with little residue , V produced yellow fumes and a
small residue, but no sign of detonation could be observed.

Shock sensitivity was qualitatively assayed by the firm striking of samples
resting unrestrained on a steel pla te with both the flat and the edge of a 1-lb claw hammer.
No response was noted In any case. Quantitative drop weight tests were also carried out
with bisester III and orthoester V at the Union Carbide Laboratories in South Charleston ,
West Virginia. ASTM Procedure No. D2540 for liquids was applied to III , wherein the
sample was sealed in a small volume and shock provided by sudden compression of the
air above as the cover plate was struck by the failing weight. Compound III showed a
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remarkable sensitivity > 4 times tha t of the reference, n-propyl nitrate. However ,
when the impacting rod was allowed to strike the sample di rectly in the absence of
the cover plate (non-compressive shock) , a 100-fold lower sensitivity was observed.

Tests of the orth oester were carried out in specially dried, oven-baked
sample cups to prevent contact hydrolysis ; under the non-compressive shock condi-
tions described above, a low level of sensitivity similar to tha t of III was observed.

Samples of both III and V were also submitted to Dr. M. Kamlet at the
Naval Surface Weapons Center in Silver Spring, Md. , for sensitivity testing. (Subse-
quent samples, I. e. of IV and VII, have not been shipped because of new problems
in shipping regulations.) Compound V was tested, now using a procedure for solids
which constitutes normal practice in the field. ~ The value given in Table I was re-
ported to the writer by telephone and is dealt with further in the D1scu~slon Section
of this report.

Hydrolytic sensitivity

Some mention has already been made of the variable hydrolytic sensitivity
of the silane esters in moist aIr. One must always anticipate that Si-OR bonds can
be heterolytically broken upon reaction with water, but the rates of such reactions
depend upon the number of oxy-linked groups, the electronic and steric nature of R ,
catalysis, and the water solubility of the esters, among other factors. 8 We have
examined the relative stability of Ill-WI towards moisture normally present in the
air as an indication of whether problems in routine handling need be anticipated, but
we have not studied the hydrolysis in solution, except for tha t of V in the p repara tion
of VI.

Hydrolysis was observed by exposing samples of the silanes on different
surfaces to ambient air and recording their infrared spectra at various times.
When hydrolysis occurred, key changes in the ir were the early development of
OH and SiOSi absorption. Obvious gellation could result after extensive reaction,
and specific bands due to FDN E became clearly evident unless the hydrolysis had
proceeded rela tively slowly, in which event the liberated al cohol la rgely evaporated.

Examination of compounds III , IV, V and VII revealed that the tendency
for hydrolytic sensitivity toward ambient atmospheric moisture was much more a
function of the structure of the silane and the % relative humidity then of the nature
of the supporting surface and presence of acidic or basic catalysts. The
bisester III showed no sign of change after 17 hr exposure in 46% RH air at
23° ; another , similarly treated sample showed only traces of hydrolysis after
22 hr at 47-55% RH. It is not certain whether the % RH remained at precisely
the indicated levels for the entire test periods.
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In stark contrast to the stability of III was the “melting of the orthoester V
after only 10 mm at 18% RH on a dry glass surface. Apparently, the FDN E formed in
the first minutes of exposure acted both as solvent and melting point depressant toward
V and accelerated the transformation to a liquid, whose free FDNE content was observed
to be very high. Even contact hydrolysis was rapid, as observed when micro samples
loaded into brass cups in a dry box preparatory to use in drop weight testing were found
to “melt” while still in the dry atmosphere ; oven baking of the sample cups prior to use
obviated the problem.

An intermediate behavior was observed with the trisester IV , (RO)3 SiMe ,
whose substitution pattern obviously falls midway between that of the dimethy l compound
III , (RO )2 SiMe 2, and the orthoester V, (RO)4Si. Thus, IV was relatively stable, like III ,
at low RH but, like V, quite sensitive at higher RH. At 35-40% RH , hydrolysis had pro-
ceeded only slowly after 4 hr on glass , and a gel-free sample was obtained afte r 24 hr
whose ir spectrum was superimposable upon that of the disiloxane VII , except for traces
of residual FDNE that had not yet evaporated. At 50-60% RH, however , hydrolysis was
extensive after only 20 mm and led to gellation after 1 hr. Some differences in gross
hydrolysis rate of a lower order of magnitude were also noted with IV as a function of
sample purity and the nature and acidity of the support. Samples of lesser purity and
those tested on acidified or copper supports showed somewhat reduced hydrolytic decom-
position . Representative ir spectra of III-IV before and after exposure to humid air
are reproduced in Appendix B.

The disiloxane VII prepared independently of the hydrolysis of IV (eq 10) proved
stable in 35-42% RH air for 40 hr, and suffered only minor decomposition after a furthe r
18 hr at 52% RI-I. There is therefore a rather pronounced effect of structure and % RH
(water concentration) on the hydrolytic stability of these high energy silane esters in the
air which may or may not be mirrored in their solution behavior.

Thermochemical calculations —

At the request of the contract manager , calculations were carried out of certain
thermochemica l data relating to the energy content of the high energy silane esters pre-
pared in this work and of some other , related structures. The quantities requested were
the heat of formation, the theoretical maximum chemica l energy of the detonation reaction
and the theoretical maximum detonation pressure and velocity ; the latter calculations were
carried out according to the guidelines provided in ref. 7. The results and full details of

• the calculations employed have been reported informally. We present below an outline of

- 

- the procedures used and summary table of the results (Table 111); the detailed calculations
are given in Appendix A.

Heat of formation, AHf. The initial quantity to be determined in each case is
the compound heat of formation. Although a special technique involving rotating bomb
calorimetry ‘~ (to ensure completeness of combustion), exists for the experimental deter-
mination of AH f In complex Si and F- containing compounds, the necessary facilities were
not available to us. Consequently, values of A H f were calculated as the difference be-
tween the heats of formation of the component radicals and the dissociati on energies D of
the bonds broken to produce the radicals (eq 11). following the usual assumption of Ideal gas

IL 
~~~~~~~~~ • • • ~~~~~~~~~~~~~~~ •~~~~~~~ •~~~~~~ • •~~•~~~~~~~~~~~
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~ Hf (compound) ~ ~~~ (radicals ) - D-values (ii)

behavior at 298°K. ‘~ The necessary values for the heats of formation of the radicals
were either taken from the literature or, when unknown, calculated In various ways .
The key value, ~ Hf 

(FC(NO2)2CH20.), was calculated from the reported 7 value of

~ H~(FEFO). When individual, 
stepwise bond dissociation energies were not known or

rea~i1y subject to calculation, an average 
dissociation energy D could be calculated

over a group of initially identical bonds, as for Si—O in structures (RO) 4Si, or the total

• • 

- (D1-) of the various D-values could be found from model compound data without individ-
ual differentiation, such as for the 4 bonds to Si in (RO)2 SiMe2. The operational values
D and DT are not to be afforded any real physical significance.

Although all the calculations performed are detailed in Appendix A , we abstract

below the calculation of ~ Hf 
(RO ) 4S1, compound V, to illustra te the general procedures

employed. Thus , for the gas phase dissociation reaction 12, the AHf of the ester is found

(RO)4Si ‘ 4 RO. + Si (gas) (12)

from eq 13, whose rearrangement of terms yields the form of eq 11. The unknown

4 D (Si-OR) = 4 i~H~(RO) + ~Hf
(SI) - AH

f
(RO)4Si (13)

unknown unknown known

quantities are the Si-OR dissociation energies and ~AH f (RO) . whereas AH~SI 
~ 

=

4 limati on (Si) is known. To approximate the requisite quantities , we assume ‘~ fh at
D for Si-OR in (RO )4 Si is closely approximated by that in (Etc)4 and then calculate

~~H1
(RO).

D (51 O) in (EtO)4 SI ~ 4 EtO + Si

4 1) (Si —0) = 4AH ~(~ tO) + ~I-lf (S1) — ~Hf(EtO)4
SL G4)

known known known

D (Sl—O) = 
4 (-6.7) + 106 — (-322) 

= 100. 3 kcal/mol
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then , àH f (R0 ) in RO- CH2-OR — 
~~~

- 2 RO -f- cl-I2 is found by

FEFO

2 D (RO- CH2) = 2 AHf (RO) + 4H1 (CH2) — 4Hf (FEFO) (15)

• unknown known known

The unknown T (RO-CH2) is assumed equal to D (EtO-CH 2) in diethyl formal,
• and all the terms necessary to calculate ~ Hf (RO ) are then available.

2 (82. 6) = 2 ~ Hf (RO) + 90 — ~-177. 5), and

~ H~ (RO) —51 .2  kcal/mol

Eq 13 can then be solved for ~Hf (RO)4Si = -500 kcal/mol.

Energy content, ~ Hd~t and Q. The heat of reaction for the decomposition of
a compound to a group of specified, small, stable molecules in a preferred order of form-
ation from the available atoms is the heat of detonation ,&Idet (kcal/mol), and provides a
measure of the theoretical maximum chemical energy available in such a process (eq 16).
The energy content per gram , Q, is obtained by dividing ~ Hdet by the molecular weight.

4H
det
(comPound) = A. Hf (prodUCts) — ~~Hf 

(compound) (16)

A H detQ = Mol. w~. 
(kcal/g) (17)

The quantity Q is then used in the calculation of detonation pressure and velocity as shown
below.

Clearly,  the solution of eq 16 for each compound can be made to vary depending
upon what the nature and relative amounts of the products are assumed to be. Consistency
with standard practice is assured by writing the following gaseous products in the order given
with the maximum molaryleld of each allowed by the elemental composition: SIF 4, S1O2(s) 

- - • -~~~~-- -~~~~~~~--~~~~~~~~~~~~~~ _ _
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HF, H2O. CC2, CO, N,. Any excess of carbon is assumed to appear as solid carbon.
Literature values are taken for the heats of formation of each product, wherein elements

— • obtained in their standards states, such as N2, have AHf
= 0. Although the argument can

be made that low energy SIO(g) and not the highly stable Si02 (s) should be the silicon -
containing product at the high temperatures of actual detonations or controlled burns,t’
calculation either way does not necessarily result in an appreciable difference in the
fina l detonation velocity . This is illustrated by the following data for the disiloxane VII.

For the comp ound VII, decomposition may be written in two ways (18a , b ) ,  if
one assumes S1F4 to be the most favored product. However, at the anticipated several

• thousand degrees temperature of a detonation reaction , one might well find much of the
divalent species SiF 2, which exists in preference to Si +Si F4, for example, at > 1300°

• and low pressures ,u unless the high pressure of detonation should favor the tetrava lent
Si fluoride over the divalent species or even oxide over fluoride products.

theoretical
[Fc(No2)2cH2O]2 MeS1OSiMe [ocH2cF(No ,)2 ]2

detonation
VII, C,0H,4 F4N 8O21Si2

SiF4 + Si02 + 7H20 + 6C02 + 4C + 4N2 (l8a )

or

SiF 4 + SiO + 7H 20 + 6C02 + CO + 3C + 4N, (l8b)

From eq 16 and the appropriate ~ Hf for VII and for products (see Appendix) , the energy
content of VII based on 18a is -1. 28 kcal/g vs - 1. 05 based on 18b, clea rly a marked
di fference of 20 ~~~ However, calculations of detonation pressure and velocity as next
described reduces this difference.

Detonation pressure and velocity. Empirical equations 19 and 20 have been
derived 7 whereby the theoretical detonation pressures and velocities may be calculated
from density (

~~
) and energy content (Q) da ta. An intermediate quantity 0 (eq 21) ta kes

into account the energy content of the compound, the number of moles of gaseous detonation
products per gram (N) , and the average molecular weight of the gaseous products (M) .
Since detonation route l8b in the above disiloxane example yields more moles of gas than
route l8a , the di fference In energy contents is overcome and both routes lead to the same
calculated detonation pressure and velocity (Table I I I ) .
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TABLE III 22.

Calculated Thermochemical Properties of High Energy Silicon Compounds

R~ FC(N02)2CH2 -

-~~Hf - Q  N M 0 e P D
Compound kc4/mol ca~~ mols/g g/mol 

______ 
g/cc kbars km/sec

Ei (RO)2 SiMe2, III 288. 1310 . 0275 25.60 5. 036 1. 395 152. 7 6. 38

(RO)3StMe , IV 390. 5 1325 .0279 29. 86 5. 550 1.66 238. 3 7.51

- • (RO)2 MeSiOSIMe(OR)2, 642 1048 • 0280 33. 90 5. 280 1. 58 205. 4 7. 09
VII

• a
(RO)2 MeSiSiMe(OR)2 

— 
551 1163 • 0272 34. 20 5. 425 (1. 60 ?) (216. 4) (7. 25)

—{SiMe(OR)O +x 246. 4 1158 . 0236 25.60 4. 063

C C

(RO)4Si , V 500 1330 .0266 37.65 5. 952 1.938 348. 3 8.67

+~~(0R)20 —4
~ 

,VI 353. 8 1221 . 0257 32. 22 5. 098

+S1(CH2R)2O4~
. 239. 8 1355 0260 26. 44 4. 922

(RCH2)4Si 272 1480 .0269 31.53 5.811

j

a b
— Decomposition to SiC. — Values assuming Si02 as detonation product are , in order left to
right: 642 , 1278, .0252 , 33.7 , 5. 23 , 1.58, 203. 4 and 7. 05. £ Also calculated by M. Kamlet ,
report ed ‘~ to be 0 = 6. 025; P = 352.

-t
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Detonation pressure P = l5. 58 e20 (19)

Detonation velocity D = 1. 01 01 /2 (1 + 1. ~~~ 
(20)

0 = NM i~” 2 0 1/2 (21)

Some calculations have also been carried out for compounds whose densities
are not known; the 0 - values are given for these so that estimates of P and D may be
made for assumed densities (parentheses). All such results are collected in the summary
Table Hi.

DISCUSSION

Synthesis

The preparation of target compounds LU -Vu was accomplished with efficiencies
of ‘-90% via reaction 1, the direct esterification of chlorosilanes with FDNE involving
elimination of gaseous HC 1. The same method was employed in some recently reported ’4
Russian work on the preparation of a series of a , a , 8- difluoromononitroethoxysilane
esters, and elsewhere15 in the preparation of some perfluoroalkoxysilanes. Alternate
methods proved inferior , including use of a base as HCJ acceptor in reaction 1 and trans-
esterification of alkoxysilanes with FDNE; the potential reaction of other functional silanes
such as acetoxy or ureido compounds, with FDN E in a manner analgous to transesterifi-
cation was not investigated for lack of time and necessity . The use of pyridine as HC1
acceptor in ether solvent has been employed in other recent Russian work for the prepara-
tion of halo and nitro-substituted alkoxysilanes , 16 but the low yields (12-66%) suggest
that side reactions were a significant problem in that work , just as we observed in ours.
Grignard displacement of perfluoroalkoxy groups from the orthoesters has also been em-
ployed to prepare mixed alkyl-alkoxysilanes. 17

k Minor variations in the general reaction 1 were employed depending on the par-
ticular reactant volatility, solubiity in FDNE , and reactivity. To avoid entrainment losses
of volatile chioro silanes , general use of a Dry Ice condenser through which the liberated
HC 1 must pass is recommended. Elevated temperatures clearl y enhanced chlorosilane
solubilities in FDNE (‘—70° ) but had to be balanced against the resulting increase in volatil-
ity and loss of the monomeric chlorosilanes. An excess of FDN E al so favored more rap id

• 

- 
and complete reactions but was found necessary only in the preparation of the orthoester V.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •• ~~~~~~~~ •~~~
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All the reactions , except the attempted esterification of hexachlorodisilane to
give VIII (see below) , proceeded relatively cleanly to the desired products and produced
only one type of by-product , the corresponding sioxane compounds containing one m ore
Si-C-Si group than was present initially, such as X and XL Although the mechanism of
Si-O-Si formation has not been studied here , it is unlikely that it is a consequence of
moisture in the well-dried reactants or apparatus which could lead to chlorosilane hydrol y-
sis and subsequent silanol condensation; furthermore , the siloxanes appeared only in
the very last stages of reaction. The occurrence of siloxane products during the alcoholy-
sis of chiorosilanes normally cannot be avoided due to some degree of reaction of HC 1
with the alcohol ROH to give RC 1 and H20, especially with alcohols prone to form species
with carbonium ion-like character. 4 Thi s would not be expected of the very acidic alco hol
FDNE , however , which should resemble phenol in its resistance to conversion to the
chloride. Normally, amines are employed as HC 1 acceptors and , sometimes , catalysts ,
to increase the yields of esters, although siloxanes can form even then. ~ In our work ,
surprisingly, pyridine as an HC1 acceptor actually enhanced the siloxane formation
rather than reducing it , for reasons we have not attempted to define , and was thus contra-
indicated. The extent of sioxane formation was usually only 1-5 wt-% and did not rep-
resent a serious complication ; distillati on , when feasible , offered a convenient
means of purification. Only in the case of the orthoester V did siloxane formation become
a real problem , mainly during work-up , due to the exceptional hydrolytic sensitivity of V.

Also true of the compounds III- VII generally was the invaluable assistance
affo rded by multinuclear nmr analyses for the characterization and determination of ester
purities. Although these analyses have been described in the preceeding section of this
report , the FT—~ Si—nmr technique deserves separate mention for emphasis of its critical
role in this work. Thus , for the definition of the number of alkoxy and methyl groups
attached to ea ch Si atom in the product or impurity compounds , the highly specific changes
in the ~ Si resonance shift (vs tetramethylsi.lane reference) attributable to the substitution
pattern proved invaluable, especially for analysis of orthoester V and its hydrolysis products .

This technique should prove equally useful for any related work which may yet be
carried out involving the preparation of high energy organosilicone polymers , since analysis
for end groups and cross-linking would be greatly facilitated. A limitation , however , is a
simple molecular weight eff ect . When a given Si atom is surrounded by substituents with
a net high molecular weight , such as in the present polynitroalkoxy structures , and a variety

• of different Si atoms are present , the effective concentration of each Si is necessarily low

4 vs the total substrate and prevent s detailed analysis of any but concentrated solutions of
the substrate. Ordinarily, however , it is not a problem to prepare sufficientl y concentrated
sample solutions, especially of relatively simple compounds ; the presence of 0. 5-1% wt/ vol
per type of Si in the sample solution proved suffi cient to y ield useful results if spin relax-
ation agents Cr(acac)3] could be tolerated , although concentrations 5-fold higher we re
clearly preferable.

When present , methyl groups attached to Si also yielded characteristic chemical
shifts in the 13 C-nrn r spectra as a function of their numbe r , hut the differences were

_  -~~~~~~• -A
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insufficiently large to permit analysis of more closely related structures , such as
Cl-13-SiOR vs CH3-Si-OSi , in the absence of reference compounds. The’~F-nmr spectra
were not of particular value in this work , since the F-environment was always that of an
FDN E residue.

As noted in the Results Section , hydrol ysis of V failed to y ield the desi red
polymers VI , -f O Si (OR)2 -

~~ ~ either linear (with end groups) or cyclic , except as mixt u res
with a number of other structures , including the starting orthoester Si(OR)4 . This result

- 
- and the observed changes in equilthrium mixture with changes in concentration and temper-

ature were highly reminiscent of the situation long known to obtain in the hydrolysis of
ethyl silicate , (EtO)4Si , wherein reaction wit h water leaves much unreacted ort hoester
(14% at —40% hydrol ysis of total ethoxy groups) , and solutions must be prepared dilute ,
acidic , and in H-bonding solvents to prevent cross-linking to the point of gellation. ~q
The only significant difference between V and ethyl silicate in hydrolysis was tha t the
latter requires a catalyst to effect rapid reaction .

The failure of the disilane C13SiSiC13 to undergo simple alcohol ysis with FDNE ,
and to suffer Si—Si cleavage instead , was not surprising . Whethe r the cleavage is the re-
stilt of reaction of the starting chioro or product alkoxy disilane has not been determined ,
nor has the cleaving agent been identified , e.g., HC 1 vs ROH. In line with the poor per-
formance of HC 1 acceptors in alcoholysis of chlorosilane monomers and the facile base
catalyzed redistribution of Cl 6 Si 2to Si Cl 4 and higher polysilanes , ’~ we have not attempted
to esterify this disilane in the presence of amine bases. It appears more fruitful to deter-
mine whether some ratio of methyl-to-chloro substituents exists per SI atom which permits
substitution but not cleavage of disi.lanes. If time permits , the compounds MeC 12SiSiC12Me ,

• MeCl 2SiSiclMe 2, and Me2GlSiSi~iMe2 will be t reated with FDNE in order to establish this
point.

One potential complication in the preparation and stability of disilanes containing

• FDNE residues follows from the reported deoxygenati on of an nitro compounds by disilanes ,
whi ch has been studied as a function of disilane structure at 240°C and interpreted in term s
of nitrene intermediates. 20 Whether similar reduction of aliphati c nitro groups and form-
ati on of siloxanes m ight occur during the attempted alcoholysis of chioromethyldisilanes by
FDN E or subsequent heating of the alkoxymethyldisila ne products may be defined 1w any
further work in this area .

Physical properties

The object of the synthesis work was to obtain compounds whose ph ysical prop-
erties (Table I) could be evaluated, especially against the bisformal ‘ FEFO, compound II ,
which has bp 120-124° (10 mm) , mp 11-13 ’, p 1.607 g/cc? The bisalkoxydimethylsilane III ,

‘- 
• - 

the dimethylsilicon analog of FEFO, had a moderate ly lower density than FEFO but a mod-
erately enhanced bp °“ 175° (10 m m ) ;  it was hydrolytically stable at 23° to normal atmos-
pheric moisture. The trisalkoxymonomethylsilane IV, on the other hand, had an even

-_ __ _ _ _
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more extended liquid range relative to FEFO (estimated l~ 245° at 10 m m ) ,  despite a
slightly higher mp. However, the mp of IV was readily depressed to the 0-5° range in
the presence of small amounts of impurities , and one can contemplate the deliberate
addition of III to lower the mp without significantly altering the favorabl y high density
of IV. The disiloxane VII, with a similar density and mp to that of IV, had an even higher
estimated bp (350” atlO mm) and, like III, was hydrolyticallv stable in the air during
normal handling. Compound IV, however , was reasonably inert to atmospheric moisture
only at relative humidities <40 % at 23” , for the possible reasons discussed below.

The tetraalkoxysilane V broke the pattern of liquidity at or near room temp-
erature, presumably because of its greatly enhanced symmetry, and pr oved to be a
nicely crystalline compoun d of very high density but extreme hydrolyti c sensitivity,
even in air of relative humidity < 20% at 23°, which led to handling and analytical
problems. A potential hazard in working with V Is therefore defined by its hydrolytic
liberation of the relatively volatile and toxi c FDNE . Because V is so dense, however ,
its admixture with other compounds such as III , IV or VII in certain applications might
offe r attractive possibilities when energy content is a critical consideration.

The exposure of IV to ambient air resulted in differing rates of FDN E libera-
tion and siloxane formation depending up on the condition s of the exposure. Althoug h
compound purity and surface material and acidity had small effects on the initial , highly
qualitative hydr olysis rates , the major effect was that of the airborne wate r concentra-
tion as expressed by the relative humidity at 22-24° . We hav e observed facile evapor-
ation of FDNE which has been liberated from hydrolyti c exposure of V in a well but not
excessively ventilated laboratory location (1 m outside a hood drawing 50- 100 cu-ft/rn in) ,
and we tentatively rationalize the hydrolytic dependence of IV on humidi ty as follows.
At high humidities, the absorp tion of water by FDN E liberated at the interface of IV with
the air may occur more rapidly than FDNE can evaporate, with the result tha t more
and more water is drawn into the otherwise hydrophobi c sample. This would lead to
multiple alkoxy group hydrolysis and Irreversible formation of cross-linked, insoluble
polysiloxane gels. At low humidities , however , the rate of FDNE evaporation may
now compete favorably with tha t of water absorption , the reby removing the mechanism

F 
of water solubilizati on and accordingly limiting the hydrolysis rate . Ultimately, the
disiloxane VII was produced from IV at RH <40 ’°~’, p resumably reflecting a substantia lly

• 
- greater hydrolysis rate of the first alkoxy group compared to the remaining two. Whether

I - similar results would obtain for hydrolysis of Ill -Vu in solution as a function of water

k -- 
concentration and solubility has not been explored.

It Is difficult to assess the relative shock sensitivities of the sliane esters vs
FEFO for lack of overlapping reference data . Low sensitivities to non-compressive
shock of II! and V have been determined as described in the Results Secti on , but only
the solid compound V has been tested under the standard 7 drop weight testing conditions
for which da ta on other solid, explosive compounds , including FEFO, are available. ~
I~ ta for V. Tetryl and RDX were reported to the writer by telephone from Silver Spring
and indicated V to resemble the relatively stable Tetryl rather than the 2-fold more sensi-
five RDX . However, FEFO , RDX and Tetry l were all assigned similar sensitivities in
ref. 7, as Illustrated below , with RDX appearing “- 4-fold less sensitive than reported by
Kamlet. Compari son of V vs FEFO is therefore not possible on the basis of the da ta at

~~~~~~~~~~~~~~~~~~ hand
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H~ (cm)

• Kamlet , telephone Ref . 7
Compound 2.5 kg, sandpaper 5 kg, sandpaper

- (RO)4Si , V 30. 5 --
- Tetryl 30. 5 28

RDX 15. 8 28

FEFO -- 28

Thermochemistry

Calculation s are summarized in Table III both for compounds actually prepa red
and for potentia l , pure monomers or polymer units. The latte r include structures con-

r tam ing high energy groups bound to Si through CH2 groupS as welt as through oxygen atoms.
The calculation of detonation pressures (P) and velocities (D) require s knowledge of com-
pound densities and hence could be carried out only for the known compounds prepared in
this work. Given the 0 -va lues, however , one can readily calculate P and D for “best -

- • guess” or other density values, as we have done for the disilane (RO )2 MeSiS iMe ( RO)2.
Thus, for alkoxydisilanes vs alkoxydisiloxanes, the known minor density differences between

-
• the hexamethoxy and hexaethoxy pairs 21 can be presumed to hold for higher alkoxy corn -

pounds. One could therefore assume for the disilane a density 1.60 g /ccby analogy to that of
the corresponding disiloxane VII and calculate values of P = 216. 4 kbars and D = 7. 25 km/sec.
Of course , when the densities of 2 com pounds are similar , eqs 19 and 20 show that com-
parison of 0 or 0 1/2 values immediately reveal the proportiona l differences between the
com pounds in P and D.

Conside ring only the four compounds III , IV , V and VII of known densities , two
• points are worthy of note. Clearly, as the number of FIDNE residues per Si atom increases ,

the 0 — value s increase , although the energy contents Q remain about constant. The incre -
meri t in 0 is about 0. 5 unit per OR group. Furthermore , if one plots density vs detonatfon
velocity for the four compounds , a good linear relationship results (circles , Fig. 1), i. e. ,
D=0. 49 + 4. 22(e ). Whether this reflects coincidence or a real degree of internal con-

1 sistency is open to question . The correlation of e vs 0, also shown in Fig. 1 (crosses),
is Less well defined.

— 

I When the two non -hydrolyzable structure s containing SiCH 2 R groups are corn -
pared to the corresponding alkoxysilane compounds V and VI , a high coincidence of ç~-va lues

- . results despite significant differences in Q. Thus , unless the densities of the SiCH2 R corn -
- 

- 

pounds diffe r substantially from those of the corresponding SIOR com pounds or the basis
of our computations proves erroneous, we would anticipa te little difference in P and D

p 
__ _  _ _ _
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FIG. 1

Correlation of Density with Detonation

Velocity D (Circles) and the Quantity ~ (Crosses )

in Fluorodinitroethoxysilane Esters
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values between the corresponding hydrolyzable vs non -hydrol yzable silanes.

The consideration of physical properties in the preceding subsection suggests
the trisester IV or disiloxane VII as preferred candidates to extend the liquid range of
FEFO but reduce the shock sensitivity without losing density. Comparison of the energy
contents and detonation properties of IV and VII vs FEFO reveals a close match between
FEFO and IV , with VII delivering a somewha t lower theoretical D. Thus , FEFO is cited 7

to have Q = — 1390 cal/g and D = 7. 50 krn /sec; we calculate the sam e Q but a highe r 0
(7. 94). Overall , therefore , ester IV possesses very fa vorable propertie s relative to
FEFO except for a sensitivity to atmospheric moisture at high relative humidities.

E XPERIMENTA L

Purification of 2 , 2 , 2- fluorodinitroethanol (I). A typical , preferred procedure
was the following. One hundred thirty ml of a 33 wt-% solution of FDNE in methylene chlor-
ide , as received from Fluorochem , Inc. , was dried over 15 g of Linde 4A Molecular Sieves
for 1. 5 hr with occa sional swirling and thenstripped to 62. 5 g of crude I. To this was added
with swirling 12 micro drops (0. 30 g) of conc H2S04. Distillation of 61. 8 g (39 ml) was car-
ried out using a 50 nil pot with a capillary nitrogen bleed and a 60 cm x 0.6 cm i. d. heated
column containing a snugly fitted 16 ga tantalum wire spiral for fra ctionation. Five fractions
were collected at 0. 40 - 0. 45 mm pressure (measured on the pump side of the cold trap) ,
bp 37. 5~39~ 50 ; 8.5 g of a dark , viscous residue remained. The silicone oil heating bath
temperature was maintained at 72-82° throughout.

Following a forerun , the last four fractions , all containing about 3.6 mol-~~
of the formal IX, were combined to afford puri fied I as used , net 47. 2 g, n~3 1. 4323 ,
d22 1. 575 g/cc. In the absence of H2SO4, an increasing index of refraction attended in-
creasing fraction numbers, typically n~3 1. 4328 ‘ 1. 43 18, as nmr analysis re-
vealed an Increasing content of IX of typically 2 ~ 5%. The effect of temperature
upon the refractive Index of I was normal, as Illustrated by two samples both contain-
ing 2 moi -To of IX, n~~

5 1.4336 and n~ 1.43 16. When Insufficient or no pre-drying
of the crude FDN E occurred, water was obtained in the cold trap before substantial
dis tillation of the alcohol began, whether or not H2S04 was used. A pure sample of IX
was neither isolated nor synthesized; only its bp 58-61° (1. 5 mm) and H-nmr spectrum
(Table ii)  have been reported. 2

The physical constants of the distilled FDNE were In reasonable agreement
with those reported for the compound: d2° 1. 5851 g/cc;22 n2

~ 1. 433822 or n~ 1. 4430;23

bp 55° (o. 5 mm) ~ 38-39° (o. 1 mm) ~ or 62-66° ( 1-2 mmY ;22 mp 70 2 2  or 12~ 
24 The

ir spectrum of I t s  reproduced In Appendix B and agreed with the reported spectra . 22 24

The H-nmr spectra of FDN E samples facilitated the analysis for the contained
Impuri ty IX, which proved Impractical for us by glpc due to decomposition of I. Although
the X 3CCH 2OCH 2- portion of the spectrum of IX superimposes on the methy lene resonances
of I , integration of the upfleld OCH3 singlet of IX and allowance for the 4/3 greater area 
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due to the remaining 4 protons permitted separation of the spectra of mixtures of I ÷ IX
by area and yielded mol- % purity estimates. In order to isolate the OCH3 peak , it was
necessary to collapse the FDNE-OH triplet and shift its resonance slightly downfield
from the OCH3 peak which it overlaps in CDC13 solvent; this was accomplished by the
addition of traces of CF3COOD. Alternatively, the coupled OH resonance could be isolated
well down field of even the X3C CH2 group (a doublet of a doublet due to 19F primary split-
ting and lesser coupling to the OH) byusing d6-acetone solvent instead of CDC13. Spectra
illustrating these solvent effects and the spectrum of IX are giv en in Appendix B. The
presence of water in FDNE samples was indicated when the CH2: OH area ratio fell below
the usually exact 2:1 value.

Although solution of FDNE in acetone resulted in a significant exotherm , no
indication of the formation of new products , such as the ketal , was noted even after several
days. The exotherm was thus assumed to reflect the fo rmation of H-bonded complexes of
FDN E with acetone , analagous to the similar behavior of F3CCH2OH. 25

Dimethyl( bis -2 , 2 , 2- fluorodinitroetho xy)silane (III). The synthesis of III re-
quired the direct , stoichiometric reaction of FDNE with Me2SiC12 (eq 2). To a 100 ml
4-necked flask oven-dried at 140° and fitted with thermometer, septum , stopcock , and
water-cooled reflux condenser was added 5. 86 ml (0. 06 mol) of distilled , 96% pure FDNE.
The stopcock and condenser exit were fitted with a nitrogen line set up to permit passage
through or by-passing the pot; the nitrogen exited through a silicone oil bubbler. To the
magnetically stirred alcohol was then added via syringe 3.6 ml (0. 03 mol) of pure
Me2SiCl2. The resulting solution was heated to 78° over 1. 5 hr with a very slow stream of
nitrogen in the by-pass mode , whereupon the mixture was cooled and left to stand overnight.
Nmr analysis of an aliquot sample revealed the presence of both the desired bisester UI ,
(RO)2 SiMe2, and the half-reacted silane ROSiMe2C1, the latter from its absorption at ô
0. 53 ppm , intermediate between that of III and the starting silane at 0. 81 ppm in CUd 3.
About 25% of the alcohol remained unreacted .

The solution was reheated at 70-83° for 2. 5 hr under a very slow flushing
stream of nitrogen to remove residual HC1. This resulted in complete conversion of the
monoeste r and of half of the remaining alcohol. On the assumption tha t some volatilization
loss of the sta rting Me2SIC12 had occu rred, an amoun t equa l to 10% of the origina l charge of

the silane was added and the solution heated 1 hr at 74-81° without nitrogen flushing and
a final 1 hr at 81° with flushing. However , a small amount of FDN E still remained. A
majority of the crude product (8.9 g) was then distilled through a 10 cm x 12 mm i. d.
micro Vigreaux column from a 15-mi pot with capillary air bleed to afford 0. 45 g of a
forerun , bp 30° (0. 15 mmX and 8. 4 g of III , bp 103- 105° (0. 2 mm) , n~ 1. 4302- 1. 4304.
The pressure in this and all other micro scale distillations cited was measured between
the pot and the cold trap. The presence of an impurity was indicated by an H-nm r Si-Me
peak at highfleld n ot due to III and subsequently found to characterize the disiloxane X.

This product and a similar samp le of III were redistilled under the same condi-
tions to afford the purest sample (Table I), altho ugh X was still observed in the later frac-
tions. The mp shown in Table I was determined on the bul k material. The nmr spectral
data for III are given in Table II , and the ir spectrum is included in Appendix B along with
that of X.

- , 
- Anal. Calcd for C~H 10F2N 4O10Si: C , 19. 78; H , 2. 77; F , 10. 43; N . 1~ . 3S; Si .

7.71. Found: C, 20. 45; H , 2. 72; F , 10. 29; N , iS. 32; Si , 6 . 43. The calcd v alues for
a mixture of III with 3 mol-% of disiloxane X are very little different fro m those for the
pure compound. Galbraith laboratorles perforrned all the elemental analyses reported herein
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in duplicate , the average of which are given , and state that Si was determined by fusing
the sample with Na2O2 in a Parr Bomb , washing the resulting sodium silicates and fluoride
with water , neutralizing, and subjecting the soluti on to colorimetric or atomic absorption
analysis.

A pure sample of disioxane X was isolated by preparative glpc using a reaction
product III (see below) particularly rich in X and other impurities , once it became appa r-
ent tha t the impurities were most likely a mixture of polysiloxanes , l~DMe 2Si EOSiMe 2 : n
OSIMe2OR , wherein compounds with n = 0 (compound X), 1 and 2 were indicated by glpc
and ir examination of distillation fractions and residues. Thus , peaks were eluted at

- 
- 

200° from a stainless steel column containing methyiphenylsilicon e gum SE52 on ~hromo-
sorbW packing in the regular progression with time typical of polysioxane homolog mix-
tures. In samples with increased amounts of high boilers relative to the main component
(RO)2 SIMe 2, the ir intensity in the 1050 cm 1 SiOSi region was proportionately larger. The
preparative-scale separation of III and X was achieved on a methylsilicone glass column
at 200-250° , which also afforded a few micro liters of the next to elute peak , presumabl y
the (tri) siloxane above (n = 1, compound XIV) . Reinj ection of the separated fractions
using the stainless steel column proved X to be ~-95% pure and stabl e to the separation
conditions , but indicated some decomposition of the bisester LII occurred unless the glass
column and injector were used. The nmr spectrum of disiloxane X , nB 1.4218 , is sum-
marized in Table II; the ir spectrum of XIV is given in Appendix B.

An alternative procedure for the preparation of III involved the dropwise addi-
tion of 0. 052 mol of KOH-dried pyridine to a mixture of 0. 052 mol FDN E and 0. 026 mol
of Me2SiCl2 in 15 ml of pure dl-lCl3 at 0° - 5° over 30 mm and stirring the resulting
colorless solution for 3 hr as it warmed to 25° . The chloroform had been freed of sta bi l-
izer ethanol by passing it through - an A1203 column . Work-up by concentratio n and pre-
cipitation of pyridine • HC 1 (100%) by ether dilution and reconcentration y ielded a crudc
product containing a roughly 4:1 mixture of bisester III with disiloxane X. A product even
richer in impurities was produced from a similar reaction in dimethoxyethane solvent at
0° (mixture FDNE ÷ pyridine in DME added to chiorosilane in DME); distillation of this
affo rded the samples from which X and XIV were later separated.

Methyl (tris - 2 , 2 , 2- fiuo rodinit roethoxy)silane (IV) . Compound IV was prepared
similarly to Ill except tha t a Dry Ice reflux condenser was now employed to prev ent en-
trainment loss of the volatile chiorosilane in the liberated HCI gas. To 14. 7 ml of 96°
FDN E (0. 145 mol) was added 5. 70 ml (0. 048 mol) of MeSiC13 (co ntaining 4% of Me2SiC12 ,
for which no allowance was made) at 25° and the resulting 2-p hase mixture stirred while
heat was applied. The system was temporarily closed thro ugh the bubbler in order to
premit observation of the rate of gas evolution with tim e and temperature . After 20 mm ,
the mixture became homogeneous at 33° and began a moderate rate of gas evolution five
minutes later at 42° . Heating was continued to 55° over an additional 3 h r ,  whereupon
the rate of gas evolution roughly doubled. A final 3 hr heating at 55-67° led to cessation
of significant gassing, and the now orange solution was cooled under nitrogen. A 4-hr
period of flushing the stirred solution at 64-73° with an increasingly more rap id st ream 
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of nitrogen followed, and the crude product was then stripped in a micro pot-to-pot
still at 65-85° heat bath temperature to yield 1. 7 g of distillate, bp 37-38° (o. 1 m m ) ,
and 21. 9 g (91 % of theoretical , unadjusted for transfer losses ) of crude IV as the
residue, n13 1. 4416.

It was determined tha t crude IV appeared stable to high temperature,
boiling off from a 315° porcelain surface without decomposition , and to shock
showing little sign of reaction to being struck repeatedly on a steel plate by a

- 

- 
hammer. A 4. 0 ml (6. 41 g) sample was then subjected to micro pot-to-pot
distillation ; a bp 155° (0. 1 mm) was first estimated from a bp vs mol wt plot
of the known compounds i, FC(NO 2)2 CH 2OSIMe 3, 26 III , and the complete 4-silane
series [F2C(N O2) CH2OJ~~SlMe4... 14 There was obtaIned 80 wt- T~ of the pot charge
as pure IV (Table I) at a heat batl~ temperature 195-210° ; the forerun contained the
bisester impurity III . The nmr data are given In Table II , and the ir spectrum in
Appendix B.

Anal. Calcd for C7H~F3N6 O 15 Si: C, 16. 74; H , 1.81; F , 11. 35; N, 16. 73; Si , 5.59 .
Found: C, 17.04; H, 1.98; F , 9. 99; N, 15. 89; Si, 4.88.

An alternat ive to distillative purification was suggested when the undistmlled
balance of crude IV partiaUy crystallized after 2-wk standing at 0-5° . Cold decantation
removed impure IV and left IV in a~ pure a state as provided by distillation. Unfo rtunate-
ly, the initial crystallization required was both slow and unpredictable among various
pure and crude samples of IV. For example, crude IV as prepared from pure MeSiC 13
(see Results Section A) remained totally fluid at 0° over 2 mo.

Tetrakis (2 , 2, 2- fluorodinitroethoxy)stlane (v) . A 50~~ excess relative to the
chlorosila ne of distilled FDNE (0. 12 mol , 18. 5 g, accom panied by 1. 8 g of the impurity
formal IX) was warmed to 40° with good stirring under nitrogen in the dried apparatus
previously described for IV. Electronic grade SiC14 (o. 08 mol, 2. 3 ml) was slowl y
added beneath the surface in 4 equal portions at 1 hr intervals to maintain homogeneity,
although this was probably not necessary to a successful reaction. The system was main-
tained open to a very slow nitrogen stream at the condenser exit except when observation
of the gas evolution rate was desired.

One hour after the final addition of chlorosilane , the internal temperature was

r increased to 65° over 3 hr as occasional refluxing continued. The esterification proceeded
steadily but rather slowly, apparently limited by the relatively low reaction temperature
required by the volatility of SiCl4 and its insolubility in the alcohoi. Follow ing an overnight
interruption at 23° , the solution was further heated at 65-70° for 1. 5 hr and then for 3 hr
under a slowly increased rate of nitrogen flushing. The homogeneous, yellow oil which
resulted upon cooling remained liquid at 25° but began crystallizing upon transfer of most
of it (19. 7 g) to a 50 ml single-necked pot for distillation of the excess FDNE and other
volatiles. The dry ,  glass syringe employed for the transfer had a 15-gauge stainless steel
needle and Teflon r ing-sealed plunger. No condensate was found in the nitrogen line cold
trap.

El 
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The now solidified reaction mixture was warmed under the well- insulated micro
Vigreaux column at 7 mm pressure, and the resulting melt was then stirred magnetically
at 0. 25 mm for distillation of FDNE at an external pot temperature of 60-85° . Spattering
of the semi-solid residue in the pot was pronounced as 4. 8 g of distillate was obtained ,
bp — 30° , which contained 4. 1 g of FDNE and 0. 7 g of IX. The 14. 7 g of residue was heat-

p ed to solution at 58° (external) under dry nitrogen with 26 ml of alcohol-free chloroform
along with the 2 ml of chloroform solution plus solids obtained on rinsing the original re-
action pot, and massive crystallization followed upon cooling. The crystals were collected
with the minimum exposure to air , short of working in a dry-box , by dumping the entire ,

- 
- 

- chilled mixture with one motion into a dry, 60- mi Buchner funnel rigged to operate under
nitrogen. The funnel was immediately recapped and the filtrate rapidly forced through the
coarse frit into a nitrogen-protected receiver by nitrogen pressure. A rinse of the crys-
tallIzation pot with 5 ml of cold solvent was similarly filtered, and the precipitate of
dense, white platelets was blown dry with nitrogen to give 12. 2 g (95 % vs SiC14) of V,
mp 56-79° . Transfers and samplings were carried out in a dry box under N2.

The crystallization filtrate was evaporated to 3. 2 g of residue , estimated by
nmr to contain 1.4 g of FDNE , 1 g of V and 0. 16 g of IX. The total recovery of excess
FDNE was thus 5.5 g (90 %), and of formal IX 0.86 g (48 %) .

Recrystallization of V from 2 ml CHCI 3 per gram afforded 94 wt ¶~ recovery
of solids (89% yield) . Further recrystallizations failed to improve the mp, despite one ’s
carrying out of all operations involving air contact with V, except filtration as above , in
a dry box. The ir spectrum of V was recorded in CH2C12 solution (Append ix B) , and nmr
spectra in pure , dry d6-acetone because of solubility considerations ( Table II)

Anal. Calcd for C8H8F4 N8O20Si; C, 15. 00; H, 1. 26; F, 11. 87; N, 17. 50; Si, 4. 39.
Found : C, 14. 60; H, 1.54; F , 11. 06; N, 16.44; Si, 4.21. Minor hydrolysis of V t o  FDNE
and siloxanes should not affect the elemental analyses except for H as long as no losses
occur.

Hydrolysis of orthoester V to polysioxanes VI. illustrative of the preparative
and analytical results are the following experimental results based on the stoichiometries
of reactions 7 and 8. In small scale experiments, 0. 5 or 1 mole of water (in 1 ml of ace-
tone) per mole of orthoester V was added to 1 g of V in 1 ml of acetone at 23° . The re-
sulting solutions , along with those containing half the solvent concentration , we re analy zed
by H-nmr (220 MHz ); greater relative amount s of water produced gels before spectra
could be recorded the next day. The 4-peak CH2 pattern due to free ROH (FDNE) lay

1 well up-field of the complex CH2 pattern due to ester residues u SIOR, and the alcohol -OH
triplet lay conveniently down-field; no reaction between FDNE and the ketone solvent had
been observed in previous studies , although the heat of solution was substantial. Within
the CH 2- products absorption envelope , the pattern was doubled by proton coupling to ‘9F ,
and chemical shifts in (RO)~ Si(OSi)4-~ structures progressed marg inally up-field as x
dec reased from 4 to 2. The chemical shift differences were slightly more pronounced in
the more dilute solutions.

- -----.-.- ~-~- _  _ _
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Best estimates were made of the overlapping peak areas of the partial structures
with x 2, 3 and 4 using 100 Hz sweep width expanded spectra of the ester region. The
relative amounts of free alcohol and total ester compounds were calculated, and the per-
centages of x 2 vs 3 vs 4 partial structures determined vs the total ester contents,
(Table IV) . These solutions proved too dilute for confirmatory 29Si- nmr analysis even
after 30, 000 scans and could only be analyzed in the presence of Cr (acac)3. Unfortunately,
the spin relaxation catalyst also affected the equilbria, so that the peaks representing the
various types of Si atoms (see p 15 ) showed a marked change in the relative amounts of
tetra vs dialkoxy- Si in favor of the former. These hydrolysis solutions therefore showed
about the theoretical amount of SI-OR hydrolytic cleavage overall at both stoichiometries ,
but the selectivity for formation of the theoretical products (eqs 7 and 8) was poor, even

- 
- before any subsequent work-up .

TABLE IV

Hydrolysis of 1. 0 g of (RO)4 Si

~ Gro up type in ester mixture
Relat ive nil % Hydrolysis
Mols H20 Acetone of RO- Groups (RO)4 Si ~~~~~Si- (RO )2 Si-

0.5 2 27 30 34 36
• 0.5 1 25 24 33 43

1.0 2 47 10 20 70
1.0 1 40 14 22 64

Hydrolysis on a larger scale using 8. 7 g of V with equimolar wate r in 20 ml
of acetone was then carried out with analyses performed at the three stages of work- up:
1) reaction solution, 2)  solvent only removed (1 mm vacuum at 20° ) , and 3) liberated
alcohol also removed (65° , 0.5 mm) . Analysis revealed — 55% hydrolysis of RO-Si
groups at work-up stages 1 and 2, with allowance (as above) for disioxane impurity al-
ready present in the starting orthoester. However , the low level of remaining V and

4 high concentration of the desired difunctional materials VI present at stage 1 gave way
on solvent removal to substantial reduction of VI in favor of starting material V and
disiloxane XI. Only relatively minor changes occurred at the final stage 3. The 220 MHz
H-nmr spectra were now too complex for further , meaningful analysis of the amounts
of the different types of silicon. Although small changes in the 29Si- nmr spectra of the
stages 2 vs 3 product mixtures were noted, they were not nearly as marked as the change
from stage 1 and showed similar compositions including (from peak heights) : 19% of
(RO)4 Si, 12% of a compound tentatively believed to be (RO) 3 SIOH , 22 % of (RO) 3 Sic Si
type structures, 2 1% of (RO)2 Si(OSi)2 type, and 26% of RO Si (OSi) 3 type (cross-link ing)
The 29S1- nmr spectrum of the stage 3 product is included in Appendix B.
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1, 2-Dimethyl- 1, 1, 2, 2- t etrachlorodisioxane (xii ) . The precursor to di-
siloXatie VII was prepared by chlorination of the available tetramethoxydisiloxane ana-
log according to eq 9. To 357 g (3.0 mol , 25% excess) of SOC12 in an oven-dried 1-1
4 -necked flask with mechanical stirrer , condenser , thermometer , and addition fun nel ,
all maintained under a dry nitrogen cover , was added 3.2 g (0.0 12 mol) of triphenyl-
phosphine in 0. 5 g portions at 4° . The resulting solution was then warmed to 52° , and
135 g (o. 60 mol) of 1, 2 -dimethyl- 1, 1, 2 , 2-tet ramethoxydisiloxane (Silar Laboratories)
was added over — 2 hr as the temperature of the yellow , f oaming solution rose to 71° .
Overnight stirring at 25° was followed by 7 hr further heating at 65-75° to complete the
reaction, whose progress was followed by glpc. A small lower phase was separated
from the cooled reaction mixture , and the upper layer was stripped to 132 g of crude
product. Distillation afforded 83. 1 g (57%) of >98% pure XII, bp 142- 144° , d~~l. 295
g/cc. A small impurity was revealed from its slightly longer glpc retention time,
slightly (0.067 ppm) higher field H- nmr and lower field ‘3C-nmr (o 7 .7 )  Si- Me peak ,
and slight concentration in higher boiling distillation fractions vs the main component
XII. On the basis of these indications and the presence of a corresponding impurity
in the starting methoxy compound, the unknown was presumed to be the trisioxane
MeC12 SiOSiC1MeOSiC12Me. Nmr (O ) ,  compound XII : H, 0. 85; 13C, 5. 9; ~9Si , -15.0
ppm. The starting methoxy compound had 8 : 29 Si, -48.4; u C, -6. 85 (Me) , 50. 1 ( OMe)
impurity , ‘SC, ~4. 7 ppm.

1, 3-Dimethyl- 1, 1, 3, 3- tetrakis (P , ,~~ ~~~ ,- f luorodinitroethoxy)disiloxane (vii ) -
To 12. 2 g (0.05 mol) of XII in the reactor described above for IV was added 30 % of the
stoichiometric amount (o. 20 mol , after allowance for the formal IX of FDNE with good
stirring under a very slow sweep of nitrogen. The inhomogeneous mixture was heated
to 60° over 30 mm , when solution occurred , and dropwise addition of the alcohol was
resumed to completion over 3 hr. Acidic gas was liberated slowly but continuously
until the mixture was cooled after a further 4 hr at 60-68° . Nmr analysis revealed
only 35% esterificatlon of the Si- Cl groups at that point , however , and heating was re-
sumed for 18 hr at 50° , now without Dry Ice condenser coolant , to afford 90% reaction.
A final 4 hr at 70° produced a mixture wherein none of the Si-Cl groups , but 19% of the
FDNE , remained. Compound VII was obtained in — 95 % purity following a high vacuum
pot-to-pot strip at 25-60° internal pot temperature (Table I ) .  The yield of the yellow

• oil , which solidified only after 1 wk at 5° and then had a bulk mp — 15-20 ° , was 30. 8 g
after correction for aliquot sample removal.

Nmr spectra are summarized in Table II; the ir spectrum ~f VII is reproduced
in Ap pendix B along with the illustrative U C and ‘9F spectra. H- Nmr spectra of methy l
protons in partially esterified XII were conveniently analyzed by the well- separated res-

P onances due to starting material and product moieties SiMeC12 and SiMe(OR) 2 and the
intermediate SiMeCl(OR) structure ( 6  — 0. 65 ppm; 3 types depending on the other half
of the molecu le) . The impurity XIII in VII (see Results Section A) was revealed most
clearly in the 29Si-nmr spectrum by a peak at -55. 9 ppm , whose location required 1
methyl group attached to the Si; the relative peak heights suggested a maximum 7 wt- %
of XIII , and the H-nmr results concurred.

L - •~~~~
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Hexachlorodisilane reaction with FDNE. The disilane was distilled before
use, bp 148° , d23 1. 55. A sample (95 % pure , 0.017 mol) was added to 0. 15 mol of
FDNE (97 % pure , 50% excess) at 25° in the reactor described previously. Stirring
the two-phase mixture led to rapidgas evolution , consequent cooling to 18° , and f inall y
a viscous , colorless solution at 23° aft er 1. 25 hr with cessation of gassing. Precipita-
tion began 10 mm later. The resulting slurry was heated to 60° , whereupon solution
occurred and a mildly exothermic reaction then took place over 30 min and was con-
trolled at 70-73 ° . A lemon yellow color appeared, which was slowly transferred to
the bubbler under slow nitrogen sweeping of the reaction pot. Following the exotherm ,
heating at 65-70° was continued for 6 hr , when the slow gas evolution from the now
pale straw-colored solution had ceased.

Nmr and ir analyses of the product m ixture revealed that reaction of greater
than the theoretical amount of FDNE had occurred, no Si-H was present , and four com-
pounds comprised the mixture apart from FDNE . From the 29Si-nmr resonance posi-
tions ( 6 -89.4 and -95. 4 ppm)and peak heights and the 220 H-nmr areas it was obvious

• that the two major compound s were orthoester V and disiloxane XI in ”2: l molar ratio.
The desired disilane VIII was ruled out except as one of the two very minor products
by the absence of 29Si absorption in the expected region near - 16 ppm; we assumed the
same effect upon chemical shift of the siloxane oxygen in VII VS VIII as observed in
C13SiSiC13, -6.2 ppm , vs C13SiOSiC13, -45.6 ppm) .

Separation of the oil from precipitated solids in the product mixture after
15 hr at 5° and recrystallization of the residue from chloroform afforded 8. 8 g of V ,
mp 62- 72° , a yield of 42% assuming total cleavage of the disilane.
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APPENDIX A

• I CALCULATED THERMOCHEMI CAL DATA FOR

‘ FLUO RODINITROALKOXYSILICON AND RELATE D COMPOUN DS

The sources of data and computations employed in arriving at the results
summarized in Table III (Results Section) are given in the following pages of
Appendix A. When necessary bond dissociation or heat of formati on da ta was
lacking, estimates were obtained either by analogy to similar bonds in s imila r
compounds for which data were available , or by calculations based on group
incremental contributi ons to compound heats of formati on . 27

Once the heats of detonation had been calculated, eqs 19 and 20 of the
Results Section were applied to the determination of the values of çZS , P and D given
in Table III. The quantity N is the number of moles of ~~~ produced in the de-
compositi on reaction assumed for the compound, divided by the compoun d molecu-
lar weight , i.e. , moles of gas per gram of compound. The quantity M is the
total grams of gaseous products per mole of compound, divided by the tota l numbe r

• of moles of gases, i.e. , average mob wt per mob of gas. The dependence of P and
D on the decomposition m ode assumed Is illustrated in Section V for the disiloxane

— VII in greater detail than was presented in the Results Section.

A_bond dissociation energy for the bond X - Y is denoted D (x - Y ) .  The
symbol D denotes the average bond dissociation over more than one identical bond
when all three have been broken; D1’ denotes the total bond dissociation energy of th ree or

-• four bonds to SI without Individua l di ffe ren tiation. In each case , ‘ R denotes the
group -CH 2CF(N0 2 )2 unless specified otherwise. All thermochemical calculations
are made for gas phase reactions at 298°K ; negative values denote exothermicitv .

4 ’ -
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A-2

CONTE NTS Value
kcal/mol Section Page A -

Ref erence values I 3

Calculation of preliminary data , kcal/mol II 4

b (Eto-cH 2-oEt) 82. 6 A 4
B (EtO-Si) in (EtO)4Si 100. 3 B 4
o (Et- Si) in Et4Si 74. 7 C 4

- 
-- DT in (EtO)2 SiMe2 359. 6 D 4

U (Si-O)in Me 3 SiOSiMe 2OSiMe 3 E 4
2 of 4 bonds broken 35. 8 1 4
4 of 4 bonds broken 112.8 2

DT 
(monomer unit) in -~Si(OEt)2 O~ F S

- 

- 1 of 2 Si-O bonds broken 227. 2 1 .5
2 of 2 Si-O bond s broken 417. 0 2 5

DT 
( monomer unit) in 4Si Et 2O~x

1 of 2 Si-O bonds broken 176. 0 G S
UT (monomer unit ) in -EMeSi(OEt)O3~

1 of 2 Si-O bonds broken 205.0 H 6
A Hf ( ROW ) — 51.2 I 6
A l-if ( R )  — 15. 1 J 6
A Hf ( Rc112 - ) — 19. 8 K 7

Calculation of A H f of compounds, kcal/ mol III

( RO)4 Si -500 A
( RO)2 SiMe2 -288 B

~FSi (OR)2 O~
_x (4 ways) 353 to -363 C -

+Sj R2O~ x - 230 D
- 240 E

(RCH 2)4 S1 -272 F q
(RO)3 SiMe -391 G q

(RO)2 MeSiOSiMe(OR)2 -642 H
(RO)2 MeSiSiMe(OR)2 -551 I 11)

-fMeSi (OR) O~-x - 246 J 10

Calculation of A Hdet (kca l/mol) and Q (cab/g) Iv 10
of compounds

(RO)4 Si, compound V -854 A 10
(RO)2 SiMe2, compound III -478 B 10
fSi(OR)2 O~-x, compound VI -427 C 10
-fSi(CH 2R)209x -469 U 11

‘I - - - (RCH 2)4 Si -937 E 11
(RO) 3SiMe , compound IV - 665 F 11

• 
~ MeSi(OR) O~x -246 G 11
(RO)2 MeSIS1Me(OR)2 - 812 I I 11
(RO)2 MeS 1OS1Me(OR)2, compound VII -914 to -613 1 12

Detonation parameters vs decomposition mode of V 12
compound VII
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REFERENC E VALUES

Entry Val ue (kca l/mol ) Reference

A Hf (FEF0) - 177. 5 7
A H f  (EtO)2 SiMe2 -199. 27
A Hf (EtO)4 Si -322. 27
A Hf A Hsub (Si) 106. 28

- 

I 
A H f (CH 2) 90. 10
A Hf (cl-I3 ) 34. 10
A H f (CH 2CH3 ) 25. 7 10
A H 1 (CH2 CH2CH3) 21. 10
A H f ( SiO) - 24. 2 28

or - 21.4 11
A H f ( Eto) - 6.7 10r A Hf (Et 4 Si) - 90. 27
A Hf (Me 3SiOSiMe2OSiMe3 ) - 350. 27
A Hf (0 atom) 59. 6 10

A H f (Si02 solid ) -217.5 28
A H f (Si F4 ) -370. 13

— . A H f ( HF) - 64. 8 28
A H f (H 2O) - 57. 8 28
A H f (co 2) - 94. 05 28

k U (s~-Ci-i3) 76. 29
U (Si- Si) 75 ± 8 31
E (Si-O) 106. 30

115. 1 9

I
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II. CALCULA TION OF PRELIMINARY VALUES

A. S (RO-CH 2 -OR) , model R = Et

- 

- 

Calculated AH f (EtO)2 CH2 f rom bond additivity
k. - (27)

values = -88.5

2D(EtO-CH2) 2AH1 (EtO) + AH f (CH 2 ) - AH f (EtO)2CH2

2 (EtO- -CH 2) = 2(-6. 7) + 90 - (-88.5)

b (EtO-C H2) = 82. 6

B. 5(RO-Si), model R = Et , in (RO)4 Si

4 D(EtO-Si ) = 4 A H ~ (EtO) + AH f (Si) - AH f ( EtO)4 Si

= 4 (-6. 7) + 106 - (-322)

D(EtO- Si) = 100.3

C. b (R - Si) ; model R Et , in R4 Si

4 D(Et-Si )  4 AH~ (Et ) + AH f ( Si) - A l-i1 ( Et)4 Si

= 4 (25.7 )  + 106 - (-90 )

D(Et- Si) = 74. 7

D. U 1 (Si - bonds) in (RO )2 SiMe2, model R Et

DT 
= 2 A H f ( EtO) + 2 A H1 (Me ) + A H 1 (Si) - AH 1 (EtO) 2 SiMe 2
= 2 ( - 6 . 7 )  + 2(34) + 106 - (-199)

DT 
= 359. 6, all 4 bond s to Si

E. (Si-0) in model trisiloxane Me3SiOSiMe 2OSiMe3

I )  Dissociation to SiO as a product

For the reaction

Me 3SiOSiMe 2OSiMe 3 ~ 8 CH3 + 2SiO + Si , and

assuming D (Si-Me) D (Si-Me )

t 

—

2 D(Si- O) + 8 D ( Si - C H 3 ) = 8A H 1 (cl-i 3) + 2 A H 1( S1O) + ~ I-1f (S1)
- AH 1 (t ris iloxane) 

~~~-- - - - - - - -  - -- ~~----~~~~ --
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A-S

2 D ( S i - O )  + 8 (76) = 8 (34) + 2 ( - 2 4 . 2 )  + 106 - (-350)

b(Si-O) = 35. 8, a very low value due to

D(Si-O) of the monoxide = 189. 8 (calc ’d)

2) Dissociation to Si + 0 products

Me3 SiOSiMe 2OSiMe 3 ‘- 8 CH3 + 3Si + 2 0

4 D(Si-O) + 8D( S i - Me ) = 8 A l-i1 (Me ) + 3AH 1 (Si) + 2 A H 1 (O)

- AH f (t risiloxane)

4 b(S~-O ) + 8 (76) 8 (34) + 3( 106) + 2(59. 6) - (-350 )

~~(Si -O) = 112. 8

F. UT in model pol ymer unit-f Si (OEt)2 O~-

1) Decomp. to SiO product (i of 2 Si-O bond s broken)

U T 
(2 Si-OEt + Si-O) = 2 A H f (EtO) + AH f (SiO) - A H f (monomer )

Calculate from ref. 27 A i
~
j
~ 

(monome r unit ) -264 . 8

UT 2 ( -6 .7 )  + ( - 2 4 . 2 )  - (-270.3 )

227 . 2

2) Decomposition to Si + 0 (all 4 bonds to Si broken)

DT (Si 
~

) 2 A H 1(EtO) + AH f
(Si) + (0) - A H 1 ( m onomer )

= 2 ( - 6 . 7 )  + 106 + 59. 6 - (-270.3)

= 417.0

I

C. UT (Si :bo nds) in model polymer unit -~Si(Et )2 O},

dissociation to SiO

UT 
(2 Si-Et + Si-O) 2 A H f (Et) + AH 1 (SiO) - A Hf (monome r)

Calculate~
27)AH1 (monomer) = — 148. 8

DT 
= 2 (25 .7 )  + ( - 2 4 . 2 )  - (-148. 8)
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H. U
T 

in model polymer unit-~MeSi(OEt) O~. ,

decomposition to SiO

U T 
(Si- Me + Sj -OEt + Si-U) = AH f 

( EtO ) + A1~1f (SiO )

+ AH (Me) - AI ~lf (compound )

Calc)27 ) AH 1 (compd) : 8 C- H -30. 64

1 C-c 2.7 3

1 C-U - 12~0

1 C-Si - 6.0

3 Si-U -156. 0

-201. 9 
FUT = -6. 7 - 24, 2 + 34 -(-201 .9)

= 205

~ H~(RO. )

R0-CH 2-OR 2(RO ) + CH 2
FE FO

2D (R0-CH 2) 2 A H 1(RO) + AH 1 (CH 2) - AH f (FEFO )

(use I l -A )  (known)

2(82. 6) = 2 A H f (RU) + 90 - (-177. 5)

A l-I f (R0) = -51.2

•J. A H 1
( R .)

ROcH2 OR RU + CH2 + 0 + R

2D (RO-cH 2) + U ( O-R )  = AH 1
(OR) + AH f

(CH 2) + AH 1
(O)

+ AH f (R) - AH 1

to calculate D(O-R) use
4 RU . ~ R~ + 0 with model R = Me

U(O-CH 3 ) = A H f (CH 3) + AH 1 (0) - AH f (OCH 3 )

= 3 4 + 5 9 . 6 - 2 = 9 5 . 6

2(82. 6) + 95. 6 - 51.2 + 90 + 59. 6 + AH 1(R) - ( - 177.5)

• AH f
( R) -15. 1 .

~~~~~~~~~~~~~~
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K. AH 1
(RCH 2~ )

for reaction R CH2 ‘ R’ + CH 2

D(R-CH 2) = AH 1 
(R) + AH 1 (cl-i2) - A l-I1 

( Rd -i2)

Calculate U (R-CH 2 ) ,  with model R = Et

D(Et-CH 2) AH f (Et) + AH f (CH 2) - AH 1
(p ropy l)

= 25. 7 + 90 - 21 94. 7

94. 7 = -15. 1 + 90 - AH 1(RCH 2)

AH f (RCH 2) = -19. 8

Compa re value -20.0 obtained from A H 1 
( R) plus contribution (27)

of 1 C - C and 2 ( C-H ) bonds .

II!. CA LCULATION OF AH f FOR COMPOUNDS

A . ( RU)4 Si ( 4 RU + Si (g)

4 D  (Si-OR ) = 4 A H~ (Ro) + AH 1 
(Si) - AH 1

( RO)4 Si

assume D (Si-OR) D(Si-OEt ) (see 11-B)

4 ( 100. 3) = 4 ( -51 .2)  + 106 - AH 1
(R0) 4 Si

A H 1 (RO )4 S1 = -500.

B. ( RO)2 SiMe 2 ( 2 RO + 2 Me + Si (g)

DT (Si - bonds) = 2A 1-1
1 

(RU ) + 2 A H f 
(Me ) + A H 1 (Si) - AH f (R U ) 2 SiMc2

assu m e U T same as calcd for R = Et (see lI -U )

359. 6 = 2(-51. 2) + 2(34) + 106 - A H  (RU)2 SiMe2f
A i-i (RO)2 SiMe2 = -288

C. 4Si(O R)2 O~- unit

Compa re 4 values resulting from use of separate vs totaled D-values ,

and decomposition to SiO vs Si + 0.

1) Use tot ab U-values calcd for-E Si(OEt)2 O~- in l I -F - i .

-f Sl(OR)2 o~ ~~
- 2 (OR) + SiO —

UT 2 A H f 
(OR ) AH 1 

(SiO) - A H f (mono mer unit)

227. 2 = 2 (-51.2 ) + ( -24 .2 )  - AH f 
(monomer)

- 
(monomer) -353. 8 

- -

_ _ _  - —- -- -- ----------- --- ----- - --- - -~~~~~-— — - -.
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2) Use 0T calcd for-~Si(OEt)2 O3- in II- F-2.

f-Si(OR)2 03- -~~~ 2(OR) + Si + 0

UT = 2 AH f (OR) + AH 1 (Si) + AH 1 (o) - AH 1 
( monomer)

417.0 = 2(-5 1. 2) + 106 + 59. 6 - Al-I (monomer)

A l-I1 
(monomer) = -353.3

3) Use sepa rate Si-0 bond energies.
S (Si -OR) calcd for orthoester (Il-B ) , and

S (Si-OSi) calcd for trisiboxane decomp. to SiO ( I I -E- l )

4 Si(oR)2 O~- ~~ 2 (OR) + SiO

2D (Si-OR) + D(Si -O) = 2AH 1 
(Ro) + AH 1 

(SiU) - AH 1 (monomer)

2( 100.3) + (35.8) = 2 ( - 5 l .2 ) + (-24. 2) - A I-1
1
(monomer)

AH 1 (monomer) = -363.

4) As in (3) except using fragmentation to Si + 0 with

with U(Si- U) from II -E-2

f Si(UR)2 0~- ~~ -2 RU + Si + 0

2D (Si-OR) + 2D (S i-0)  2 A H
1 

(RU) + Al-I (Si) + AH (O)
- AH (monomer)

2( 100. 3) + 2(1 12. 8) = 2( -5 1.2 )  + 106 + 59. 6 - A H f (monomer)

(mono mer) = -363.

D. -~- Si (R) 2 O -4— ( 2 R  + SiO)

U T 
(Si~ bonds) 2 AH 1 

( R) + A l-I1 
( SiO) - A l-if 

( monomer )

(from lI- C) (from I l - I )
176 = 2 (-15. 1) + ( - 2 4 . 2 )  - AH 1 (monome r )

- A~j l  ( monomer) -230. 4

Ei

,~1



- 
- 

E. i-Si (cH 2 R)2 0~- (—
~~~ 

2 CH2R + SiO)

UT 
(Si bonds) = 2 AH f (CH 2R) + AH f (SiO) - AH 1 (monomer)

(use TI-c) (from ii-j)

176 = 2 ( — l 9 . 8) + ( -24 .2 )  - AH f (monomer)

AH f (monome r) = -239. 8

F. (RCH 2)4 Si ( ‘- 4 RCH~ + Si)

4 D  (Sj -R) 4 A H 1(CH 2R) + A l-i1 (Si) - AH (RCH 2)4 Si

(from il-c) (from ii-j)

4 (74.7 ) = 4(- 19. 8) + 106 - A H 1(RCH 2)4 Si

AH 1
(RCH2)4 Si = -272

C. ( R0)3 SiMe ( 3 RU + Si + Me)

3D (Si-OR ) + U(Si- Me) = 3AH f 
(RU ) + A H (Si) + AH

f
(Me) - A H (  RO) 3SiMe

(from 11-13 )

3( 100.3) + 76 = 3 ( - 5 l . 2 )  + 106 + 34 - A Hf (RU) 3 SiMe

AH 1 
( Ro) 3 SiMe = -390. 5

H. (RO)2 MeSiOSiMe (OR)2 (~~~~~4 RU + 2 Me + SK~g)  + Si (g) )

4D (Si-OR) + 2 D(Si- Me) + D(Si-OSi) = 4 A H f (R0) + 2 A H 1
(Me)

+ AH f
( SiO) + A H 1

( Si) -

A l-I
f 

(compd ) = ~ AH~ (products ) - U-values

[4 (-51) + 2 (34) + (-24)  + 106~ - [4( 100) + 2(7 6)  + 35. 8

~ j = -641. 8 kcal/mol

Note: Val ue of U( Si-USi ) is that for formation
¶ SiO as a product ; see I I -E - l  

-,--- —- -- —---~~--— -- -  ~-- .—-—- - ~~~~ -- -~--——---~~
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1. (RO)2 Me Si Si Me (OR)2 ( 4 (RU) + 2 Me + 2 Si(g) ) 

A- 10

4D (Si-OR) + 2U(Si- Me) + U(Si-Si) = 4 A H f (RO) + 2AH 1(Me ) + 2~iH 1(Si) -AH 1(compd )

AH f 
(compd) = ~~

‘ A i-i~ (products) - ED-values

[4(-5 1) + 2 (34) + 2 (106) 1 - [4(100) + 2(7 6) + 75]

- = -551 kcal/mol

J . Monomer unit in -
~~ 

MeSi(UR) 0 ( ~ RU + SiO + Me)

DT 
(RU- Si + Si-U + Si-Me) = AH

f 
(RU ) + A H 1

(SiO) + AH
1
(Me ) - AH ( compd)

- 
AH 1 (compd) = E AH f 

(products) - U T
= [(-51) + (-24) + 34] - 205 ( see IT- H)

= -246 kcal/mol

IV. CALCULATION AH det FOR COMPOUNDS

A. (RO) 4Si AH det = ~ AH~ (products) -AH 1 
(compound )

[FC(N0 2)2 CH2U]4Si -~~ SiF~ + 4 H20 + 8 CO2 + 4 N 2
MW 640. 3, C8H8F4 N8U20Si

AHd = [-370 + 4(-57. 8) + 8(-94.05) ] - [-500

= -853.6 kcal/mol or - 1330 cal/g

— [ Values are -884. 7 kcal/mole or - 1320 cal ‘g for SiU 2 as product instead of SiF 4 1

B. (RO ) 2 SiMe2
[FC NO2 2 CH 2O]2 Si(CH 3)2 Si0~ + 2HF + 4H 2O + 2C02 + 4C( )  + 2 N ,

MW 364.3, C6H10 F2 N4O10Si (solid)
8 A H

det 
= [-217. 5 + 2(-64.8 + 4~-57.8) + 2 ( -94 .05)  1 - [-2881

- 

= -478. 4 kcal/mol or -1313 cal/g

C. -F Si(OR)2 O~-

-f- ( FC(NO 2)2 CH 2O)2 SlO~- ~ Si02 4 2 HF + H20 + 4 CO2 + 2 N2

r •- iw 350, C4H4 F2 N4U 11Si

~ Hd t  = [-217. 5 + 2 ( -64 .8)  + (-57. 8) + 4 (-94. 05) - [-~s~. 8

- - 

- 
-427.3 kcal/mol or -1221 cal/g

i~~~

I 

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _!l ~ ~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~ -- -- —-- - - --- — -_-—-—- —---—--- -- —~~~~-- —— — — -— - ---— ----.~~~~~
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U. -~Si(CH 2R)2 O3-

f(FC(N O 2)2 CH2CH 2 )2 SiO~- Si02 + 2 HF + 3 H~O + 2 CO2 + 4 C + 2N2

MW 346, C6H8 F7N 4O9Si

AH = [-217. 5 + 2 ( -64. 8) + 3 (-57.8)  + 2 (-94.05 )  1 - [-239.8]
det

= -468. 8 kcal/mol or - 1355 cal/g

E. (RCH 2)4 Si

(FC(N 0 2)2 CH 2CH2)4 Si -
~~~ SiF4 + 8H 20 + 4 CC)2 + 8C -

~ 4N 2

MW 632 , C 12H 16F4 N8U 16S1

AH det = [-370 + 8(-57.8)  + 4(-94. 05)] - [-272]

= -936. 6 kcal/mol or -1480 cal/g

F. (R O) 3SiMe

FC(N02) 2 CH 20]3SiCFI3 Si02 + 3HF + 3H2O + 5C02 + 2C + 3N 2

NIW ~O2, C7 H(, F3N6 O 15Si

[-217 ,5  + 3(-64. 8) + 3(-57. 8) + 5(-94. 05) 1 - [-39o.5

-665. 1 or -1325 cal/g

C. Monomer unit in ~~ MeSi(OR)0~~~
4MeSi 1OCH 2CF(NO 2 )21 &~ ~ Sic) 2 + HF + 2H 2O + CO2 + 2C + N 2

C3H5FN 2O6Si , 212

AH d
= [ (

~
2 l7 . 5 )  - 64.8 - 2(57. S) - 94.05 - [-246. 4

-2 45~ 6 kcal/mol or -1158 cal - ‘g

H. (RO)2 MeSiSiMe (OR)2

( MeSi IOCH 2CF(N0 2 )212)2 SiF4 + SiO + 7H 2U + 6C02 + 4C + 4N 2
-

: C 10H 14F4 N8O20 Si2, 698

AH det 
:-370 - 24 - 7(57. 8) - 6(94 ,05) 1 - [-5511

-811.9 kcal/mol or -1163 cal -g 

~~~~~~~~~~ —-- - - —— - -——— ———----“--- — —— - —— - -——-— --
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I. (RO)2 MeSiOSiMe(OR)2

(MeSi 1OCH 2CF(N0 2)2 12)2 0 —b 5 different sets of products (a-e)

(see also Results Section, eqs l8a, b)

C10 H 14F4 N8O21S12, 714

- (a) SiF4 + S102(s) + 7H20 + 6C02 + 4C + 4N2
- (b) SiF4 1- SiO(g) + 7H2O + 6CO2 + CO + 3d + 4N2

(c) 4HF + 2SiO2(s) + 5H2O + 6C02 + 4C + 4N2

1 (d) 4HF -1- 2SiO(g) + 5H2O + 7CO2 + 3d + 4N 2
(e) 4HF + 5H2O + 8CO2 + 2d + 2Si + 4N 2

det

(a) = [-370 - 217.5 - 7(57.8) - 6(94.05 ) 1 - ~~642 9 14.4 kcal/mol

(b) = [-370 - 24 - 7(57. 8) - 6( 94.05 ) - 26 .4] - [-642] = -747. 3

(c) = [-4(64.8) - 2( 217.5) - 5(57. 8) - 6(94.05) 1 - [-642] = -905. 5

(d) = [-4(64. 8) - 2(24 . 2) - 5(57. 8) - 7(94.05) ] - [-642] = -613.0

(e) = [-4(64. 8) - 5(57. 8) - 8(94. 05) 1 - [-642] = -658. 6

V. DETONATION PARAMETERS vs DECOMPOSITION MODE OF DISILOXANE VII

M ode -Q N M Density P U
( Section IV- I) Cal/g Mol/g Av g/mol 0 g/cc Kbars Km/sec

- a 1278 .0252 33. 7 5. 23 1.58 203.4 7.05

b 1048 . 0280 33. 9 5. 28 1. 58 205. 4 7. 09

c 1268 .0266 28. 7 5.07 1. 58 197. 1 6. 95

d 858 .0308 30. 8 5.01 1.58 194. 8 6.90

e 923 .0294 30. 2 4.91 1.58 190. 9 6. 83

~

•Hc

I

~ 

;.
.

_
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APPENDIX B

SPE CTRA

CONTE NTS

~~
- 1 I . Inf rared  Spectra (neat liquids if unspecified)

A. Biseste r III , (RO)2 Si Me2
1. a. Neat liquid, initial, 97%

b. l0 °~ w/ w in methylene chloride

2 . A fte r 17 hr at 46~~ R . H . ,  2 1-24°C , neat

B. Fluorodinitroethanol (FDNE ) , 98%

C. Uisiloxane X , (RO )Me2SiOSiMe 2OSiMe2(OR)

D. Trisiloxane XIV , (RO )Me2SiOSiMe 2OSiMe2(UR )

E. Trieste r TV , (RO )3 SIMe , 100 %
1. Initial

2. Afte r 4 hr at 35% R.H.

3. Afte r 24 hr at 35-42% R. H.

4. After 20 mm at 60% R. H.

- F. Orthoester V, (RO )4 Si

1. Initial , io% w/w in methylene chloride

2. Neat , a fte r 30 mm at 18% R. H.

C. Disiloxane VII , (RO )2 MeSiOSiMe(OR)2

1. Ini tial

2. Afte r 40 hr at 35-42~~ R . H .

3. Afte r 3 hr at 62~~ R .H .

H. Hydrolysis products from V

: 1. From 2 V ~ 1. 5 H20, nominally compound VI

2. From 2 V + 1.0 H 2O, nominally disiloxane XI, (RO )3 SiOSi(OR)3
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II. Nmr spectra

A. Fluorodinitroe thanol (FDNE ) ,  I: 60 MHz H-nmr.

1. In CUd 3, containing ‘-5 mol - % fo rmal ROCH 2OCH 3, IX

• 
- 

2. In CDC13, containing “-3. 5 mol - % IX ,  with added deutero-
trifluoroaceti c acid, 5 dps , to collapse OH coupling.

3. In d6-acetone, containing 3.5 mol -% IX , expanded scale.

B. Disiloxane VII, (R0 )2MeSiUSiMe(OR)2, in CDCI3

1. ‘9F-nmr

2. ‘3C-n mr

U C. Polysiloxanes “VI ” from hydrolysis of V; 29S1-nm r ~~~ d6-acetone
- ( broad, underlying absorpti on due to silicone component of probe

construction) .
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SUMMARY

A new approach to the synthesis of high energy sitanes is described wherein
pre -formed high energy residues are linked to silicon in one step through non -hydrol yzable
am inoalk y l groups. The concept should be app l icable to the preparation of both monomeric

2 and polymeric materials.  Results on the synthesis of two model compounds are describe d ,
which demonstrate the feasibil i ty of the approach. Thus , the monosubstituted silane I has
been prepared in good yield , and work is underway on the synthesis of II.

Me 3SiCH 2NHCH 2CF(N O 2 ) 2  Me2Si [CH 2NHCH 2CF(NO 2 )2 12

I II

INTRODUCTION

Work on high energy (H. E. ) silane esters has been de-em phasized dur ing
this quarter in favor of efforts  in ft:e area of nom inally non -hy drolyzable com pounds. A
formal  Technical Report on the synthesis and prope rties of H. E. sitane esters cove r in g
the period April , l97~ , through Septem be r , 1q76 , has been wr i t t en  and is in the process
of preparation and issue.

N ON-HYDRO LYZABLE SILAN ES

The concept. The silane esters prepared dur ing  the previou s quarter —i had the
advantage of direct synthesis  from readi l y  avai lable  chlorosilanes and a p r e - fo rmed  1-1. E.
compo und , f luorod ini troethan ol  (I l ) N E ) ,  but in some instances suffered from a tendency
toward facile hydrolytic decom position of the SiOR groups (eq 1)  and a r e s u l t i ng

2 S i ( O R ) 4  + H 20 —
~~~~~ ( R O ) 3 SiOSi(OR )

~ 
higher pol v si ioxane s , cross-l inked ( i )

+ 2 +

2 ROH(FDNE)  ROH

diff icu lty  in handling the materials.  We proposed under the extende d subject contract to
make an ini t ia l  evaluation of a route to high energy compounds which reta i ned the very
important benefit of i-step introduction of in tact H. E. groups but avoid ed the formation of
the potentially h ydrolyzable SiOR groups in silane esters.

Thus , as one of several potentia l method s , the prepa ration of compounds was
envisioned in which H. E. residues could be introduced via ~~~~

- to ~~~
- aminoa lk y l linkage s to

silicon rather than through hydrol yzable oxygen linkages. Once proved feasible in the model
monomer  si l anes  I and I! , related monomers could be prepa red , ari d one could also contemplate

— - . 
— 

- s i m i l a r  1-1. I- . functional izat ion of pre -formed primary or seconda ry am ino func t iona l  polymers
-J-; - 7

I -~ 

- -
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or pre-polymers  as  an improved route to potent i a l l y  e la s tomer ic  com pounds (which could
contain eithe r siloxane or hydrocarbon backbones ).

Me 3SiCII2 \HR RN HC H 2 SiMe 2 CII 2 N H R

I , R = CH 2CF(NO 2 )2 II , R = CH,C I - (N 0 2 ~2
-

‘ l I l , R = ! l  [V , R = H

The genera l concept is i t ’  rated in eq 2 , wherein addi t ion of the H. E. groups
can occur throug h appropriate functio na l i ty  (sha de d circles ) by eithe r additi on to or sub-
s t i tu t ion  01 the reactive groups (unshaded circles ) in monom er s  d)r polymers.

~~~ Cfl - m. r 4 ~~~~~~~~~~~~ ~~

f~ 
I l~~~ Pr 

~~~~~C 0 
-
~~~~~~~~~~~~ 

(a)

HE HE

Syntheses which pe rmit  the introduction of bulk y , H. F. groups a l l  at once in the preparation
of m onomeric or polymeric compounds are felt  to be genera l l y  more amenable to success
than those which involve a step-wise bu i lding -up of the  desired 11. E. groups.

Synthesis of model compounds. The pre paration of model compounds I and 11
was tar geted initiall y to test the feas ibi l i ty  of employing ~ -an 1noa lkv l br id ges between
silicon and -CH 2 CH(N0 2 )2 groups and to assess the s tab i l i ty  of the result ing produc t- - i.
Synthesis of the start ing aminometh y ts i lanes  III and IV , followed by Mannich react ion s wi th
FDN E , is un der st u dy (eq 3). A route for s4-ep ( a )  was requir ed which would be mor e

- 

- 
appropriate than direct am ination for the conversion of chloro to primary or -- i t-c on dar v

I t a~ 
l 

~~• - SiCH 2 CI ‘ ‘, -SiCH~NH~ ‘ ‘
~~

- -SiCFI 2 NHR + H20 (~~)
ROt-i

amino  groups in pol ych loroa lk y l compounds , since aminat ion  would surel y produce l i n e a r
and cross - l i n k e d  ( f rom NH 1) polymeric amines unsuitable for reaction step (b) .  The

0 -  
Gabriel synthesis was selected and affo rded aminon iethy ltr imethy lsilane (III ) through the
n ormal  phtha lim l i e  intermediate in good yield (eq 4 ) .  The same procedure i s  now being

Mc 1SiCH 2 CI + H J ~~ I 
~~-H2NNH 2 -EtOH~~~ 

Me 3SiCH 2NH 2 + ( 4 )

applied to the prepa ration of the bis com pound IV , with favorable earl y results.

-
~~~~~~~

- -  —-  _ _  _ _ _ _ _ _  4
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- Reaction of III with FDNE proved highly facile and produced the desired
Mannich product I in good yield and cru de purity (eq 5). Certain problems in distillation

- of I have recentLy appeared; although apparently not serious , we have accordingly not yet
- obtained highl y purified I for control led determination of its stability.

Me3SiCI-12NH2 + FDNE H2O 
~~ Me3SiCH 2NHCH2CF(N02 )2 (5)

I

:t
0
~

HI P

I - ’

- i i -
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