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I,  INTRODUCTION

b This report is a summary of work which has been previously
reported (Ref. 1) * The work was undertaken to study the polymerization of
2,2,2-trinitroethyl methacrylate and to determine the chain-transfer constants
: of a number of aliphatic mononitro and polynitro compounds ard a nitrate
ester.

B, The use of a nitropolymer as a solid-monopropellant rocket fuel
depends upon many factors. One of the most importaut is the ability of the
rocket grain to resist deformation undar stress so that it will retain its
dimensions and thus avoid rupture (Ref. 1), It is known that the physical
properties of an amorphous polymer are dependent upon molecular weight and
that they approach a maximum limit with increasing chain length. However, the
relationship is not linear, and below a certain critical molecular waight the
magnitude of these properties rapidly falls to zero (Ref., 2).. It is apparent,
therefore, that only nitropolymers of high molecular weight 1.e., higher than
the u'itical molecular weight are of interest. - :

C. During mk on the polymerization of 2,2,2-trinitroethyl
methacrylate it was apparznt that low-molecular-weight friable polymers were
being obtained, It was suggested that the nitro group was interfering with
the normal polymerization reaction by terminating the chain radical, resulting
in a polymer with a low degree of polymerization, Inasmuch as no data were
available on the chain-transfer constants of aliphatic nitro compounds, a
prog'am was initiated to determine their transfer coefficients,

Pge It is knovm that the chemical reacbivity of a nitro group varies
according to the structure of the molecule, Thus, primary and secondary nitro
poups can form salts while tertiary nitro groups are unable to do so.

31_ em-dinitro groups activate the remaining hydrogen, and the resulting
compound s quite acidic. However, gem-dinitro groups removed from the
terminal position are quite resistant to base and are in .general relatively -
inert, The trinitromethyl group under certain conditions (acidic) is relative-
1y quite stable but under other conditions (basic) may be attacked quite
rapidly. Therefore, the nitro compounds used as chain-transfer solvents were
chosen to represent structures of differing chemical stability and tnose most
likely to be found in a nitro vinyl monomer. These nitro compounds were used
a8 transfer solvents in the polymerization of styrene, vinyl acetate, and
methyl methacrylate because these monomers contain polarizable ethylenic

double bords to which are attached groups which differ in electronic character,

As a further convenience, the polymerization characteristice of these
monomers sre well known, and equations for calculating degree of polymeriza-
‘tion from intrinsic-viscosity measurements are given in the literature.

*A 1ist of refercices ia presented at the end of this report.
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E. Flory (Ref, 16) was the first to recognize that in solution
polymerization the activity of the growing polymer radical could be transferred
to a solvent molecule, which was then capable of adding additional monomer
units to form another polymer molecule, In the process the first polymeric
radical ceased to grow further, and the overall result was isolation of a
polymer with a lower degree of polymerization, Mayo (Ref, 17), studying the
kinetics of styrene polymerization in various solvents, compared the efficiency
of these solvents by relating polymer length to concentration of the monomer,
Mayo also defined the chain-transfer constant, In the last ten years much
work has been done in evaluating chain-transfer constants (Ref, 18, 19, 20),
However, most of the work has been limited to the study of styrene or methyl
methacrylate polymerization in the presence of mercaptans, hydrocarbons, or
halogenated solvents. The only aliphatic nitro solvents which appear to have
been used in polymesrization reactions are nitromethane (Ref, 20, 21), 2~
nitropropane (Ref, 22), and tetranitromethane (Ref, 23). In no case have
chain-transfer constants been evaluated, 4

F, The only aliphatic nitromonomers which have been reported in the
open literature are those containing K a single nitro group per molecule,
These comprise the nitro olefins (Ref, 24, 25) and the nitroalkyl esters of
acrylic, methacrylic, crotonic and maleic acids (Ref, 26 to 32), Most of
these compounds, with the exception of the nitro olefins and the crotonates,
appear to polymerize readily by a free-radical mechanism, 2-Nitratoethyl
acrylate and methacrylate (Ref, 33) and the momontitrostyrenes (Ref, 34, 35,
3%) are also polymerized by free-racdical initiators,

G, The scarcity of data in the literature referred to above does not
permit a complete evaluation of the molecular weights of the polymers
obtained, However, it appears that only the nitrostyrenes gave products of
very low molecular weight,

H, This fact leads to the belief that the chain-transfer constant
for aliphatic mononitro compounds is low, Inasmch as no data were available
for polynitro aliphatic compounds, it was decided to determine their
reactivity toward free radicals by obtaining their chainwtransfer coefficients,
It is well known that polynitro arome iic conpounds are inhibitors of free-
radical polymerization (Ref, 37),

II. SUMMARY .

A, - The chain transfer constants for 12 aliphatic nitro compounds and
a nitrate ester with methyl methacrylate were found to vary from <104 to 1,
Several possible mechanisms for the transfer reaction are discussed, along with
attempts to substantiate the transfer by alpha-hydrogen abstraction by synthetic
means,

B, The inhibition of methyl methacrylate polymerization is reported.
The reason for the inhibition is believed to be the formation of NO2+ by scission
of the carbon-nitrogen bond in tutranitromethane,

Page 2
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C. Attempts to determine the chain-transfer constants of the nitro
compounds with styrene and vinyl acetate were unsuccessful because these com-
pounds inhibited polymerization,

D, The polymerization of 2,2,2~trinitroethyl methacrylate using
various injtiator concentrations gave a polymer with a constant molecular
weight, corresponding to a P, of about 12, The square of the rate was found
to be proportional to the initiator concentration,

III, CONCLUSIONS

A, Inasmich as the chain-transfer constaats for trinitromethyl com-
pounds reported in Table II are comparable with those which have been reported
for mercaptans, it is obvious that monomers containing the trinitromethyl group
will not give high-molecular-weight polymers, 7The 1loss of the high-energy
trinitromethyl group in the future preparation of vinyl nitromonomers is dis- -
appointing, It will be difficult to replace this moiety by a suitable structure
which can be easily synthesized and yet will contain sufficient energy to give
a propellant of high specific impulse, It again becomes the task of the
eynthetic organic chemist to develop new methods for the preparation of other
high-energy groupings.

B, The observed inhibition by aliphatic ‘nitro compounds of vinyl
monomers containing electron-donating groups (such as styrene and vinyl ace-
tate) attached to the double bond, although unexpected, is a fact, It is
therefore evident that all preésent effort directed toward the preparation of
high-molecular-weight polymers from compounds such as nitrostyrenes or nitro
vinyl esters is in vain, On the basis of this evidence, it is recommended
that all such work now be discontinued, Past experience with vinyl esters of
nitroacids also bears out this conclusion. Attempts to polymerize vinyl
L,b, U-trinitro-brtyrate and vinyl L,lU-dinitrovalerate alone or to co-polymerize
them with styrene, vinyl acetate, and acrylonitrile were unsuccessful. In the
attempted co-polymerizations. it was found that these nitromonomers inhibited
the self-polynerization of styrene and vinyl acetate but not that of acrylo-
nitrile, ~QOrie negatively substituted nitrd compound which failed to polymerize
was methyl o (2,2-dinitropropyl) icrylate, The inability of this monomer to
polymerize is probably due to the bulkiness of the dinitropropyl group. The
failure of methylcx(tert-butyl) acrylate to.polymerize has been pointed out
as a case of steric hindrance (Ref. rﬁ It is believed that this nitro acryl-
ate is also an example of steric inhibition.

c. Only. the nitramino, nitrate. and isolated mononitro groups with
chain-transfer constants of approximately 10" appear suitable for incorpora-
tion in a monomer from which one may obtain a polymer of reasonably high
moleculsr weight,

D, The utility of secondary gem-dinitro groups cannot be accurately
arsessed, From the chain-transfer constant, chain lengths of approximately

Page 3
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1000 units should be possible, It is questionable whether such monomers would
be of sufficient energy to function as mnopropellants. but the field appears
worthy of investigation,

IV. EXPERIMENTAL

A,  POLYMERIZATION

1, In order to determine the chain-transfer constant of a solvent
it is necessary to know the degree of polymerization of the polymers produced
from a given monomer at several concentrations in the solvent, One must there-
fore know the solvent-to-monomer ratio and the degree of polymerization of
the polymsr. The degree of rization is calculated from the intrinsic
viscosity using the equationpoﬁ = kM®, where k and a are constants charac-
teristic of a particular monomer. By plotting the reciprocal of the degree of
polymerization against the solveant-to-monomer ratio the chain-transfer constant
may be found by determining the slope of the straight line produced. This re-~
lationship is given in Equation (13),

2. The chain-transfer polymerizations were conducted in 18 x
160-mm Pyrex test tubes which had been thoroughly cleaned in dichromate
cleaning solution., In general, 10-ml aliquots of a 100-ml sample, prepared
at 20°C, containing monomer, initiator, and transfer solvent. were placed in
each test tube. The tube was then purged with nitrogen which had been freed
of oxygen by bubbling it through a chromous chloride solution and dried by
passing it through concentrated sulfuric acid, In some of these experiments
the tubes were closed by sealing the glass tube, and in the remaining experi-
ments the tubes were sealed with tight-fitting rubber stoppers enclosed in a
thin polyethylene film, No difference in behavior was observed as the result
of these procadures. The sealed tubes containing the monomeric mixture were
then placed in a LS % 0,1°C water bath and removed at intervals, Upon removal,
the tube was immediately cooled in dry ice and the polymer was precipitated
by pouring the solution into 100 ml of methanol., The fibrous polymer obtained
was collected on a coarse, sintered-glass fumnel and dried over phosphorus
pentoxide at a pressure of less than 1 mm, The weight of the polymer sample
was then determined,

B The bulk polymerization of 2,2, 2—trinitroethyl methacrylate
was carried out in cleaned 16 x 160-um Dyrex test tubes, at 50 & 0,1°C, The
required quantities of monomer and initiator were weighed, and the mixture
was heated to 30°C to melt the monomer. Seven aliquots corresponding to
five-gram samples were used in determiring the rate of polymerization. Upon
removal from the bath, the polymer was precinitated by pouring the mixture
into 100 ml of n-hexane, The polvwer was dried im vacu: ever calcium chloride,
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B, VISCOSITY DETERMINATIONS

1, In order to maintain essentially constant solvent ana mo.omeT
concentrations, viscosity determinations wers run on polymer isclaied at 3%
coaversion, The relative viscosities of polymetilyi methacrylate samples in
chloroform solution were determined in a No. 50 Ostwald-Cannon-Fenske viscometer
at 25°C, using a polymer concentration of O.4 g/100 ml, For samples exhibiting
very iow mclecular weights the relative viscosity was again determined at a
higher concentration, provided that sufficient sample was available, The
efflux time for chloroform alone was 76,5 sec, and varied between 85 and 325
sec for the polymer solutions, No kinetic-energy corrections were made.

2; The intrinsic viscosity, (M) , was calculated from a single
determination, using the Baker-Philipoff equation

() = 8/¢c (Vye-i)

where ¢ is the concentration of the polymer solution g/100 ml, and “r is the
relative viscosity., Lindsley (Ref. 3) has shcwn that this equation represents
the data most satisfactorily for nitrocellulose in acetosic. Further justifica-
tion for the use of this equation has been obtained by piotting the rallo of -
the specific viscosity divided by the concentration against concentraticn for
one of the polymer samples, The data obtained from a »r?z=:thyi methacrylate

sample, in which trinitroethane was used as a transfer solvent,are given in
Table I. .

TABLE I

VARIATION OF THE INTRINSIC VISCOSITY (CALCULATED
FROM THE BAKER-PHILIPOFF BQUATION) WITH CONCENTRATION

Concentration M) grom
g/100 ml CHC1j My Yigp/c 3-P Equation
0.100 1,030 0,300 < 0.30h
0,200 1.084 0.320 S 0,32
0.400 1.131 0,328 G.310
0,700 1,236 0337 0,306
1,00 1,353 0,353 0,308
' : Averag.e 0.31

By extra;;ohtion of the Ngn/e vo © curve to mero concentration, ["2} is found

Page S5
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3. The number average degree of polymerization was calculated
from the equation derived by Baysal and Tobolsky (Ref. L) for unfractionated
samples of polymethyl methacrylate:

[7] = 2.52 x 1073 %%

L. Viscosity determinations on polystyrene were run in the
same viscometer, also at 25°C, using a benzene solution whose concentration
was 0,140 ¢/100 ml. The "intrinsic viscosity" was calculated from the

relationship:
t
¢ c =04

where t is the efflux time of the solution, to is the efflux time cf the
solvent, and ¢ is the concentration of the polymer solution, measured in -
g/100 ml of solution, i

Se Because the molecular weight of the polytrinitroethyl
methacrylate polymers is low, the relative viscosity was determined using an
acetone solution at a concentration of 2 g/100 ml. The intrinsic viscosity
was calculated from the Baker-Philipoff equation.

C. PURIFICATION OF MONOMERS . -

1, The three monomers which were commercially available were
fractionally distilled under nitrogen in a 3-ft, vacuum-jacketed, silvered
column, packed with glass helices. (For styrene, the bp is 63°C at 50 mm;

for vinyl acetate, the bp is 73°C, and ngs is 1,3932; for methyl methacrylate,
the bp is 34°C at 62 mm, and 1112)5 is 1.4125,)

2. The 2,2,2-trinitrosethyl methacrylate was prepared by
esterification of 2,2,2-trinitroethanol and methacrylic acid in refluxing
benzene, using concentrated sulfuric acid as a catalyst, The water was
renoved azeoitropically in a Dean-Stark water separator. The crude monomer was
taken up in n-hexane and decolorized with charcoal, Several recrystallizations
from n-hexane gave a white crystalline solid, mp 28,3°C,

D. SOURCES OF OTHER COMPOUNDS

1. Methyl n-amyl ketone peroc..ide was purchased from the Lucidol
Division of the Novadel-Agene Corp. and was used without further purification,

Page 6
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2.  2,2-Azo-bis-isobutyronitrile was prepared by the method of
Overberger, O'Shaughnessy, and-Shalit (Ref. 5).

3. Tetranitromethane was prepared according to the method of
Hantzsch and Rinckenberger (Ref, 6), It was further purified by steam
distillation.

k.  Nitroform was prepared from tetranitromethane by the procedure

of Schirmelschmidt (Ref. 7).

_ 5.  Bromotrinitromethane was prepared by btromination of
potassium nitroform. (Ref. 8). .

6. 2,2,2-Trinitroethyl propionate was synthesized by the method
of Marans and Zelinski (Ref. 9); the mp was 23 to 2L°C, and ngs was 1,LLL9.

7.  1,1,1-Trinitrobutane (bp L4O°C at 1, ngs 1.4408) and 1,1,1-

trinitroethane (mp 53 to 5L7C) were prepared according to the method used at
the University of Maryland (Ref. 1C), It was necessary to purify the trinitro-
ethane by sublimation at 30 to 35°C and 2.5 mm in order to separate it from
“c@o‘m 335-" 4

8.  5,5,5-Trinitro-l,l-dimethyl-2-pentanone resulted from the
addition of nitroform to mesityl oxide (Ref. 11); the bp was 80 to 90°C at 3Qu,
the mp was 19.5°C, and ngs was 1,44702.

R L l,l,l—'l‘rinitro-é-methyl—.?—acetoxypropane was prepared by the
method of Schenck and von der Forst (Ref. 12); the bp was 50 to 60°C at 30,
the mp was 27,4°C, and n%s was 1,LL76, :

10. 1,)-Dinitropropane was obtained from the oxidative nitration
of l-nitropropane (Ref. 13). :

11. l-Nitropropane (bp 54.5 to 55.0°C at L5.7 mm, ngs 1,3991)

and 2,2-dinitropropane (bp 5L4°C at 3 mm) were obtained from The Commercisl
Solvents Corp. and were distilled before use,

12, N-Nitr’opiperidine was prepared from N,N'-pentamethylene
urea by the method of Franchimont and Klobbie (Ref. 1ll); the bp was 7LOC at

1l mm, and ngs was loh958.

13, LNitraminobut#na wag prepared acnording to the procedure of
Van Erp (Ref. 15); the bp was 78°C at 1 mm, and ngs was 1,1929,
Page 7
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1k, Ethyl nitrate was purchaaed from Eastman Organic Chemicels
and was distilled before using; the bp was 8l to 85°C, and x'xD was 1, 3820

v. THFORETICAL

A, Although various authors have presented quite thorough kinetic .
studies of polymerization reactions ir bulk and in solution, a brief summary
would be advantageous here, The known facts of catalyzed polymerization are
consistent with the following mechanism (Ref. 38):

Catalyst.-k-l—) 2 Re (1)

The reaction of the initiator radical R* with monomer M and successive additions
of monomer gives the propagation step:

nwui) n.uz—k?-) —— RM ° (2)

"The polymer radical Rl( * is then terminated by one of the following reactions:

2RM © _9 LR s (é)

; 3 | :
2RM * —> RMH+ RM_ M(-H) : L it (h).
RU_- + u-;kl“-) RMH + M- | (5)
aun. + SX ——d m(nx 4+ S : ' (6)

The active solvent radical S° then reacts with additional monomer M, formng
another polymer radicals

kz k2
St .+ M—> S8SM:r ¢+ M =2 — Sl(n' (N

This radical may also terminate by one of the above mechanisms,

B. In the present treatment, it is considered that the transfer to
nitro solvent is large in comparison with the transfer to monomer; hence, the
reaction represented by Equation (5) will be neglected,

c. The chain length V is equal to the ratio of the velocity of
propagation to that of termination, i.e,

= Yelocity of propagation _ N (8)
velocity of termination n

Page 8
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Substitution of appropriate values into Equation (8) gives

k, ¢* i
P - 2*5 ] r (9)
B (kg + k) g [

where C* is the conceutration of all active radicals and P, is the number
average degMa of polymerization. Assuming a steacty-state concentration of
radicals and no-transfer to catalyst the following equations are obtained by
substituting the value of C* into Equation (9), and inverting:

k, Catalyst] = (e, +k,)C*?

x (K e
C" = K [Catalyst] |  where ky =k, +ky (20)

3 (ki B}V g [
1 ky ] ky (M

(11)

D. In the absence of a solvent, the value of 1/?,,0 in bulk polymeriza-
tion is given by

) (k],kL@aﬂ) 1/2

(12)
=2 k, [M] .
Substitution of (12) in (11) gives
[sx
-];- » _l +C [ ] (13)
Fn no v

where C has been defined by Mayo (Ref. 17) as the chain-transfer constant.
Vvi. DISCUSSION OF RESUITS
A, METHYL METHACRYLATE

1, During the past ten years, a large amount of data on chain
transfer during polymerization reactions has been accumulated, The classes of

Page 9
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compounds which have been most often studied are hydrocarbons, mercaptans, and
halogenated hydrocarbons, Little is known of the transfer of such solvents &as
esters, ketones, acids, and alcohols., There has been no study of aliphatic
nitro compounds.

2. It has been ably demonstrated that the polymers formed in the
presence of solvents containing halogen or sulfur contain these elements as an
integral part of the polymer chain., There has been no conclusive evidence that
hydrocarbon solvents are incorporated in the chain, tut it can hardly be
doubted that such is t*e case. The lack of evidence probably emphasizes the
difficulty in detecting such groups, which form a very minor part of the
polymer chain,

3. The mechanisms which have been postulated for the transfer
of these sclvents are the following:

Hydrocarbons: Re + R'YH ——3 RH +R'e (1k)
Mercaptans: Re + R'1SH ——3 RH + R!Se (15)
Halogen compounds: Re + R'Cl — RC1 + Rie (for CCl)) (16)

The influence of the structure of R' upon the reaction with a polymer radical
Re has been studied and is in accord with reactivities which have been observed
from known organic reactions. The mechanism of transfer of nitro solvents
seems to be more complex, o

L, That aliphatic polynitro compounds are excellent chain-trans-
fer agents is shown in Table II, which summarizes the solvent-to-monomer ratio
(SX)/% M), percent olymerization, intrinsic viscosity [], degree of poly-
merization Pp, 1/?1:1, and the chain-transfer constant C, far thirteen nitro
compounds and a nitrate ester used as solvents in the polymerization of methyl
methacrylate at LS®C with 0,25 mole percent of methyl n-amyl ketone peroxide.
The chain-transfer constants were evaluated by the method given in the
previous paragraph,

Page 10
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TABLE II

CHAIN-TRANSFER CONSTANTS FOR METHYL METHACRYLATE
POLYMERIZATION IN VARIOUS SOLVENTS AT L5°C

£ b
Solvent (sX)/(M) x 103 Polymer L'l] Fn mn x 10 C

None 0 3 o56 3 o% 71110 l.hO —
Tetranitromethane Inhibits polymerization

Nitroform L.2¥ 2.,kl9 0,258 348 28.7 0.64
8.LL 2.8 0.180 209 7.9 0,55

16,3 2,56 0,132 2 70.5 0.k2

: Average 0,54

Bromonitroform 1.11 3.05 0.L6L 680 14,7 1,20
2,48 "3,08 0.274 330 28.6 1,10

k.96 3.33 0.205 2Ll Ll1.0 0.80

Average 1,00

1,1,1-Trinitro- 3.hLy 2,70 0,230 282 3.5 0,98
butane 6.12 2,72 0.192 225  Lk.S 0.72
11.5 2,93 0,108 110  90.9 0.78

Average 0,83

2,2,2-Trinitro- 2,38 3,34 0.662 1059 9.5 0.34
ethyl Propionate L.81 2,91 0.L422 S8k 17.1 0.33
10,4 3,15 0,284 325 30,8 0.28

29,7 3,30 0,136 12 70.4 0,23

o Average 0,30

1,1,1-Trinitro- 2, 3.28 1,032 1850 5,40 0.15
ethane L,23 o g 0.800 1330 7.52 0.15-
6.53 2,89 0,588 910 11,0 0.15

8.48 2.85 0,510 766 13.1 0.1L

16.9 2,92 0,320 426  23.5 0,13

36.1 2,33 0,180 208 18,1 0.13

Average 0.1L

1,1,1~-Trinitro- 9.31 3.66 0,929 1620 6,117 0,052
2-methyl-2- 23.7 2,59 0,508 760 13,2 0,051
acetoxypropane _ Average 0.052
5,5,5-Trinitro- 9.l5 3.5 0,872 1490 6.71 0.056
{ - dinethyl-2- 22,2 3.08 0.688 1100  9.06  0.035
pentanone L6.8 2.46  o.k60 670 1.9 0,029

Average 0,040
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TABIE II (~ont,)

CHAIN-TRANSFER CONSTANTS FOR METHYL METHACRYIATE
POLYMERIZATION IN VARIOUS SOLVENTS AT L5°C

% L
Solvent (SX)/(M) x 103 Polmer [ _Tn WP x W0

C
1,1-Dinitropro- 19.6 2.66 1,70  3u40 2,91  0,0077
pane 3L4.8 2,85 1,37 2630 3,80 0,0069
64,2 2.l 1,00 1770 5.65 - 0,0066
87.6 3.03 0,863 1500 6,66 0.0060

Average 0,0068

2,2=Dinitro- 19,6 3 2.59 5810 1,72 0,0016
propane 52 ol 2 .h3 2 olo hh?o 2o2h 0-m16

. 189 2 1,32 2500 4,00 0,001
Average 0,0015

1-Nitropropane 66,9 - 2.9 2.35 5160 1.94 0,00081
221 3.23 2,08 Lh20 2,26 0,00038
3u7 - ka9 1.73 3510 2.85 0,00042
: . Average 0,00050
N-Nitro- 19,1 - 3,36 3,20 7580 1,32 (0]
pipsridine 39,7 2,79 3.2L 7700 1,30 0
: 122 2.89 1,95 L4110 2,43 0,00082
. Average ?
1-Nitramino- 99.6 2,52 3.91 9700 1,03 o]
butane 22h 0.836 3.79 91,00 1,06 0
580 3,03 L.,12 10,400 0,96 0
Average O
Ethyl Nitrate 30,1 3.99 2,91 6730 1.k9 0.00030
73.3 L.02 2,93 6790 1.L7 0,000096
255 3,57 2,49 55L0 1,81 0.,00020

Average 0,00020

5. Comparing the chain-transfer constants given in the last
column of Table I, it is apparent that as the number of nitro groups in a
compound increases the chain-transfer reactivity increases, The large mumerical
value of most of the transfer constants shows that pclynitro compounds are
efficient transfer agents., It is of interest to compare these solvents with
mercaptans, For methyl methacrylate and n-butyl mercaptan at 60°C, Walling
(Ref, 39) reparted a value of C equal to 0,67. For the same monomer and
n-amyl mercaptan at 100°C, Smith (Ref. L4O) found a C value of 0,8.

€, Of the nitro compounds studied, only tetranitromethane may
be classed as an inhibitor, The conversion curves (Figuwre 1) obtained for
several concentrations of nitrc compound are similar to those obtained by
Toord with styrene and p-benzoquinone at 90°C (Ref. L1).
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Rate of Polymerization of Methyl Methacrylate
in the Presence of Tetranitromethane

7. The transfer constants are so large that the question arises -
as to which reaction is responsible for the great reactivity of these
compounds. Examination of the data in Table II yields the following factss
First, all of the nitro solvents (with, of course, the exception of tetra-
nitromethane) can be classed into four broad groups, according to the magnitude
of the transfer constant; second, each group differs from the succeeding one in
that the average transfer constant for the group differs by a factor of
approximately 10 from the average transfer constant for the succeeding group;
third, nitramino groups, within the probable limit of error, do not transfer
readily. The groups are listed in Table III,

TABLE 111
NITRO COMPOUNDS IN CRDER OF DECREASING CHAIN-TRANSFER CONSTANTS
Compound C Group Average

Bromonitroform 1,0 '
1,1,1~-Trinitrobutane 0.83
Nitroform 0.5k Group 1 0.56
2,2,2-Trinitroethyl propionate 0.30
1,1,1-Trinitroethane : 0,14
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TABLE III (cont.)
NITRO COMPOUNDS IN CRDER OF DECREASING CHAIN-TRANSFER CONSTANTS

Compound C Group Average

1,1,1-Trinitro-2-methyl-

2-acetoxypropane 0,052

p‘n Group 2 0.0h6

5,5,5-Trinitro-U,4-dimethyl-

2-pentanone 0.040
1,1-Dinitropropane 0.0068 Group 3 0.0042
2,2-Dinitropropane 0.0015
1-Nitropropane 0.00050 Group L 0,00035
Ethyl nitrate 0.00020 3

An explanation of the large difference in reactivity of the trinitromethyl com-
pounds of Groups 1 and 2 now becomes necessary. Excluding nitrofarm and bromo-

. nitrofarm, it has been postulated that the reactivity of the compounds in Group 1

is due to the structure of the radical R* attached to the carton atom which is
alpha to the trinitromethyl group., It was assumed that the transfer reaction
occurred by extraction of an alpha hydrogen; e.g.,

No2 No,
R* + R'-cnz.c‘-‘,-uoz ~——> RH + R'--CH-(’:-HOg (17)

NOp | NOp
If this is true the reactivity of the radical R' follows the order
CH3-CHp > CH3-CH2~CO2 > H (18)

This is in accord with the order cited by Nozaki (Ref. 42) for stabilization of a
substituted methyl free radical, R'CH2°*, Thus, it would be expected that a radical
reacting with a series of compounds would react most readily with the compound
which in turn gives a radical of greatest stability., It is unfortunate that the
range of reactivity of the three radicals mentioned above is not very great., It
would be interesting to try 1,1,l-trinitro-2-phenylethane as a transfer solvent
because reaction with a polymeric radical would give a very stable transfer
radical if hydrogen abstraction occurred., This stability would arise from the

fact that four nearly equivalent resonance structures can be drawn for the free
radical,

Fage 1}
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8. In an attempt to verify this hypothesis, two compounds which
contained no alpha hydrogen were synthesized. It was reasoned that if the
mechanism postulated for the transfer reaction was correct these compounds would
have very low chain-transfer constants, It can be seen from Table III that
the average transfer constants for 1,1,l-trinitro-2-methyl-2-acetoxypropane and
for 5,5,5-trinitro-U,li-dimethyl-2-pentanone are lower than those of Group 1 by
a factor of nearly 10, The most impartant observation, however, is that the
constants are still quite large. Thus, if the abstraction of alpha hydrogen were
the only transfer reaction the reactivity of these compounds should approximate
those of esters and ketones, However, their constants are approximately 500 to
2000 times larger than those observed for methyl ethyl ketone and ethyl acetate
(Ref, 18), One is led to the conclusion that another reaction is occurring either
simultaneously with or exclusive of the alpha-hydrogen reaction. The next most .
logical reaction seems to be transfer of a nitro group:

§o2 f Mo
Re + R'-C-NO; ——> RNOp + R'-C- (19)
NOo ’ NO,

However, if this transfer occurs exclusively the reason for the difference of
reactivity of the compounds listed in Group 1 is not apparent. One other
argument against this mechanism is the fact that the nitro radical which is

formed would have considerable resonance stability. This should give a transfer
radical ' :

o O
R/
a% re ro |
RG> RG> RI-C (20)
NO. - NO
é g £\
o O

which is unable to initiate another chain, and a decrease in polymerization
rate would result, It is observed that, in general some retardation does
occur, This ia shown in Figures 2, 3, and L, which show the conversion with
time for the polymerization of methyl methacrylate in the presence of trinitro-
butane, trinitroethyl propionate, and trinitrodimethylpentanone, respectively,
However, trinitroethane and trinitromethyl acetoxypropane appear to cause an
acceleration of the polymerization rate, This is shown in Figures S and 6,

9, Several attempts were made to prove the alpha-hydrogen
. reaction hypothesis by synthesizing simple compounds whose structure could be

characterized., In one experiment U,l,L-trinitrobutyric acid was permitted to
rsact in concentrated refluxing benzene solution with 2,2'-azo-bis-isobutyronitrile

Page 15
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for 46 hr, It was observed that about 10 mole § of carbon dioxide was evolved, but
no 3,4-di(trinitromethyl)-1,6-hexanedioic acid was found. The only acidic material
isolated was the trinitrobutyric acid, which was recovered in 75% yield. 1,1,1-
Trinitroethane was permitted to react with the azonitrile, using the same con-
ditions, hoping to obtain 1,1,1,k,k4,k-hexanitrobutane. However, the trinitroethane
was recovered in 68% yield. The residve was a gummy, intractable material from
which none of the desired product could be isolated. It is noteworthy that no
1,1-dinitroethane could be detected in the reaction products. Likewise, the addi-
tion of trinitroethane to cyclohexene, using free-radical catalysts, proved
unsuccessful., It is possible that the use of another initiator producing a more
reactive radical might have led to a successful reaction.

10. It must be concluded that the exact mechanism of the transfer
« reaction of trinitromethyl compounds remains unknown., It is even conceivable that
two or more different reactions occur simultaneously. Which reaction predominates
to give the observed transfer constant depends upon the structure of the compound
in question. :

11, It is not within the scope of the wark on nitropolymers to
determine transfer coefficients of non-nitro solvents, but it is apparent that an
extremely fertile field lies in determining the reactivities of solvents contain-
ing active hydrogen,such as diethyl malonate, tricarbethoxymethane, phenylacetic
ester and the like.
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12, The large chain-transfer constants observed for bromonitroform
and nitroform ars probably due to the ease of scission of the carbon-bromine and
carbon-hydrogen bonds,. The difference between the inhibitory action of tetra-
nitromethane and the retarding influence of these compounds can be explained by
assuming transfer of the tr*nitromethyl group; i.e., -

!

R- + C(N02)h — RC(N02)3 + N02° - (21)

Re + GBr(N02)3 ———> RBr + (021‘1)36' (22)
Re + cm(no2 }3 —> R + .(02N)3c- e (23)

1

In the latter two cases the transfer radical might be reactive enough to -
initiate new chains, whereas the NO; radical is a known polymerization inhibitor
(Ref. L3). Other pertinent information regarding this reaction may be obtained
from the work performed at the University of Maryland (Ref. LL), where the ad-
dition of tetranitromethane to olefins and other unsaturated compounds was
studied. Tne reaction of tetranitromethane with trimethylethylene, with or
without added peroxide, yielded a yellow, viscous oil corresponding in cornposi— J
tion to two molecules of olefin with one molecule of nitro compound. Methyl -
methacrylate and tetranitrcomethane gave an oily product containing three
molecules of ester with one of nitro compound. Other unsaturated compounds which
reacted with tetranitromethane were butadiene, cyclooctatetraene, quinone,
isobutylene, allyl alcohol, cinnamyl alcohol, ethyliene, vinyl acetate, and
styrene, All except quinone and allyl alcohol reacted to give addition products
corresponding roughly to two moles of unsaturated compound with one of nitro

compound., The complete characterization of these gdd:.tion products has not been
carried out. :

13, It may be concluded that tetranitromethane enters into the
telomerizaticn reaction in a manner similar to carbon tetrachloride. In the
role of telogen the nitro compound definitely reacts by scission of the carbon-
nitrogen bond. In the light of this information the inhibitory action of
tetranitromethane as explained above appears logical,

14, Work carried out at the Evans Research and Development
Corporation (Ref, Lli) on the addition of chloro and bromonitroform to olefins,
with added peroxide, indicated that polymeric material of unknown composition
was obtained, The difference between the low-molecular-weight addition products
of tetranitromethane and the polymeric materials obtained using the halonitroforms
“‘reflects the difference in the reactivity of the transfer radicals, The data on
l/Fn against solvent-to-monomer ratio for bromonitroform and nitroform are
_plotted in Figure 7. It is observed that curves are obtained, instead of the
linear. relationship indicated by Equation (13). In fact, many of the. chain-
transfer constants listed in the last column of Table II decrease slightly with
increasing concentration. This indicates that some side reaction which has not
been accounted for occurs along with the transfer reaction.
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15, The difference in reactivity between 1,1-dinitropropane and 2,2-
dinitropropane would also be accounted for by the alpha-hydrogen hypothesis., Inas-
much as 1,l-dinitropropane would give a secondary radical which would be more stable
than the primary radical produced from 2,2-dinitropropane, it would be easier to
form. These reactions are illustrated in the following equationrc:

Re + CHy-GH,-CH(NO,) ———> RH + CHy-CH-CH(NG;), ST ¢y
Re + CH3.C(N02)2-CH3 —) RH & CHB.C(HOZ)Z_CHZ.- - (25)

It might also be postulated that the active hydrogen in l l-dinitropropane wonld
contribute to its greater transfer reactivity. However, the nature of the transfer
of 2,2-dinitropropane still must be accounted for, since both compounds are 150 to
700 times more reactive than aliphatic hydrocarbons.

16. The chain-transfer constants for l-nitropropane and ethyl nitrate
are low and nearly equal, These transfer constants are only about 20 to 50 times

those vuserved for hydrocarbons. The true nature of the reaction is undoubtedly
elucidated by the argument.s already presented.,

Page 20

CONFIDENTIAL e



CONFIDENTIAL

VI Discussion of Results, A (cont,) Repcrt No. 700

17. The inactivity of l-nitraminobutane in the transfer reaction, as
compared with l-nitropropane, might be due to the fact that the acidic hydrogen is

more difficult to remeve from the nitrogen atom because of its greater e¢lectro-
negativity, '

B, STYRENE

1,  Attempts were made to obtain the chain-transfer constants of
these nitro solvents with styrene. It was observed that polynitro compounds
inhibit the polymerization of styrene very effectively. Only small molar
quantities are needed to retard greatly or stop completely the formation of
polymer, Tabie IV presents the data for the polymerization of styrene in the
presence of 2,2,2-trinitroethyl propionate using 2 mole £ of methyl n-amyl ketone

peroxide as initiator, The percent polymerization was determined after LO hr at
Ls°c, :

TABLE IV

POLYMERIZATION OF STYRENE AT LS°C WITH VARIOUS
CONCENTRATIONS QF 2,2,2-TRINITROETHYL PROPIONATE

Approximate Inn’
Bl ey : Mole % of ; R [ 11 3
(s)/(M) x 103 Nitroester “Polymer ¢ Jat c=0.L /100 m1
2L8 20 0 o
m 10 0 -
73.9 7 0 <
52.5 5 0 -
3.3 3 0] —_
19,0 2 Trace -
10,5 1 Trace —
L.89 ) 0.5 1,08 0,052
1.87 0.2 32.6 0,121
1.5L 0. 53.1 0,132
0.526 10,05 59,0 . 0.1kh
0 0 62,0 0.1l

2. In a series of experiments using 0.22 mole § of catalyst and
smaller quantities of the solvent, the retarding effect of the nitroester was
illustrated. The rate of conversion is shown in Figure 8, using various quantities
of solvent, The data given in Table V show the change of "intrinsic viscosity"
of the polymer wiih conversion.
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TABLE V
"INTRINSIC VISCOSITY" OF POLYSTYRENE SAMPLES
Trinitroethyl Propionate T4me % ,}“ 1y
moles/liter hr Polymer C _at ¢c=O.,4 g/100 ml
0 5.8 9.72 0,341
0,00655 186 2,28 0,143
0,00655 279 8.45 0,359
0,00655 328 11,08 0.Lsh
0.,0106 33 3.4 0,202
0,0106 _ Lh7 T.76 0.331
0,0106 L9s 8.62 0,331
0,623 527 147 0,120
0.0533 . Sk . 0 o —
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e From the data of Figure 8, it is evident that trinitroethyl
propionate concentrations as low as 0,00655 mole/liter retard the polymeriza-
tion of styrene profoundly. In carrying out these experiments it was noted
that the monomeric mixtures of Table IV containing 0,0106 mole/liter or less -
of nitro compound were colorless, whereas the other samples containing more
solvent were deep yellow,

Le  The inhibitign reaction appears to be complex, ‘since under
certain conditions a crystalline substance of indefinite composition and
unknown structure was isolated.. The reaction of styrene, methyl n-amyl xetone
peroxide, and trinitroethyl propionate was carried out in the following
manner: A mixture containing 5.0 g of nitroester, 8.0 g of styrene, and 2.0 g
of peroxide was sealed in a Pyrex test tube under nitrogen. After four days
at 45°C a colorless, crystalline solid was isclated by cooling the mixture in
dry ice, The products isolated from three such preparations gave the follow-
ing analytical results:

Sgle mp, oC = }C b ’H ) —&

c 99 to 100 71.66 5.70 5.11 _

Se Sample B, which was isolated in greatest quantity and hence
was most carefully purified, had a molecular weight of 248, determined
cryoscopically in benzene. An infrared spectrogram of this sample showed the
presence of a nitro group at 6.4, There is some question whether this ab-
sarption in conjunction with the strong absorption in the region between
7.0 and 8,04 is due to a mono, gem-dinitro, or a trinitromethyl group. Strong
absorption was found at 5.9 to 6,04, This can be attributed to a carbonyl
group which may be present in an ester, ald e, or ketone. Other absorptions
were observed at 9,2u, 10,0 to 10,2y, and 1l.lu. The absorption occurring at
10,0 to 10.2u could possibly be due to an aromatic ring. When benzene was
substituted for styrene in these experiments, or the peroxide catelyst was
omitted, none of the crystalline product was isolated., At present, it can
only'be se*d that this material contains one or more nitro groups, one or more
carbonyl groups, and is possibly an aromatic compound. The fact that styrene
is necessary for its production and that its composition may vary makes it
seem likely that these substances are reaction products of the nitroester and
several styrene units, Another facf that supports this reasoning is that the

use of 2,2-azo-bis-isobutyronitrile in place of methyl n-amyi ketone peroxide
gave similar results,

6. It is apparent that the use of styrene was unsuited for the
determination of chain-transfer constants of these polynitro compounds,
Therefore, no further work was carried out with this monomer.
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C. VINYL ACETATE

1, Vinyl acetate is much more sensitive to the inhibitory action
olynitro compounds than is styrene. For example, the bulk polymerization
ﬁS°C of vinyl acetate containing 0,25 mole ¥ peroxide catalyst gave a 16,7%
converaion of monomer to polymer after 64 hr. However, the addition of 2,2,2-
trinitroethyl propionate in an amount equal to or greater than the quantity of
catalyst gave no polymer after 21 days., When only 0.1 mole § of nitro ester
was present only 1.2% of polymer was obtained after 300 hr. In all experiments
the samples, although initially colorless, turned yellew after several days in
the LS°C bath., The intensity of the color seemed proportional to the initial
concentration of trinitroettwl propionate and appeared to increase with time,

2. Similar experiments with 2 2-dinitropropane showed that it
too is an effective inhibitor for the polymerization of vinyl acetate, The
bulk polymerization of vinyl acetate containing 3.4 mole £ of the dinitro-
propane, carried out using the same conditions mentioned in the previous para-
graph, gave no polymer after 12 hr.

3. Inasmuch as the rate of polymerization in the presence of
nitro compounds was tco slow to be of convenience no further work was done with

this monomer. No lan-molecular-weight adduct was isolated, in contrast with the

experiments using styrene, -
D. 2,2,2-TRINITROETHYL METHACRYIATE

1. The above work clearly shows the effect of a solvent con-
taining .nitro groups upon the polymerization of a vinyl monomer., A vinyl
monomer which contains nitro groups would therefore be expected to exhibit. a
self-modifying polymerization, producing polymers of constant chain length.
This is true of trinitroethyl methacrylate. The high chain-transfer constant
for the trinitromethyl group suggests the formation of a low-molecular-weight
polymer with a degree of polymerization (Pp) equal to the reciprocal of the
transfer constant. The reciprocals of the constants of Group 1 listed in Table
III would give Pp values of 1 to 7.

2. The polymerization of trinitroethyl methacrylate was carried
out in bulk at 50°C, using various concentrations of catalyst (either methyl
p-amyl ketone peroxide or 2,2'-szo-bis-isobutyronitrile). Table VI gives the
variation of polymerization rate and intrinsic viscosity when various concen- .
trations of the azonitrile initiator are used. Table VII gives similar data on
the peroxide catalyst. :
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" . - TABLE VI

 POLYMERIZATION OF TRINITROETHYL METHACRYLATE WITH
AZ0O bis-ISOBUTYRONITRILE AT 50°C

initiator

Concentration Rate? Intrinsic
mole/liter fmole/1iter/sec)? Viscosity
0] 3.6 x 10-12 0,06l
0.00246 1.9 x 1071 0,061
0.0097 g9 x10 0.062
0.0213 1.1 » 10710 0,061
0.0573 » 3.5 x 10 0,070

TABLE VII

POLYMERIZATION OF TRINITROETHYL METHACRYLATE WITH
METHYL n-AMYL KETONE PEROXIDE AT 50°C

Initiator

Concentration Rate? Intrinsic
mole/iite:: (mole/1iter/sec)? Viscosity
0 3,6 x 10732 0,065
0,00199 8.9 x 10712 0,067
0.00512 ° ax10 0,070
0,011l 1,3 x 10°%° 10,058
0.0226 1,7 x 10710 ~0.071
0.0l5L 2,3 x 1010 0058

Plotting the square of the rate (given in mole/liter/sec) against catalyst
concentration (mole/liter) gives linear relationships. These are shown for
the azonitrile in Figure 9 and for the ketone peroxide in Figure 10,
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The rates wers determined from the initial 510pes of the conversion curves
shown in Figures 11 and 12,
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3. It is noted in Figure 10 that methyl n-amyl ketone peroxide
shows a linear relationship between the square of the rate and catalyst concen-
tration, However, the line intersects the rate axis at a point considerably above
the thermal rate. The difference between the observed thermal rate and the
extrapolated linear relationship has been observed with styrene and benzoyl
peroxide by Mayo et al. (Ref. 45). In the case of styrene only a slight devia-
tion was noted and at appreciably lower initiator concentrations than those used
here. Mayo attributed this difference to the fact thai, in thermal polymerization,
radicals are generated in pairs instead of in a statistical distribution through-
out the reaction mixture. Inasmuch as there is a high local concentration of
radicals, termination becomes easier., This increased rate of destruction of
radicals should result in lower radical concertration and hence a slower polymeriza-
tion rate., It must be pointed out that the effect observed is peculiar to the
methyl n-amyl ketone peroxide. Inasmuch as little is known of the decomposition
rate and other characteristics of this initiator it may be that induced decomposi-
tion is occurring. It is perhaps better to focus attention on the azonitrile
catalyst, since it is known to decompose in a first-order, unimolecular manner
in many organic solvents, Here a true linear dependence of the square of the rate .
with catalyst concentration is observed.

L, The thermal polymerization of trinitroethyl methacrylate was

carried out in ethyl propionate solution at two different concentrations, The
concentration, rate, and intrinsic-viscosity data are shown in Table VIII,

TABLE VIII

THERMAL POLYMERIZATION OF 2,2,2-TRINITROETHYL
METHACRYLATE IN ETHYL PROPIONATE AT S0°C

Rate x 107 Intrinsic .
Solvent /Monomer moles/liter/sec : Viscosity
0.5k2l ‘ 3.12 0,040
0.1057 | ak3 | 0,05k

Despite the_adﬁittedly meager data, it appears that the rate is proportional to
the monomexr concentration,

5. The intrinsic viscosities were calculated by means of the
Baker-Philipoff equation from a single viscosity determination. For several
samples the intrinsic viscosity was determined by plotting the ratic of specific
viscosity to concentration against concentration of the polymer solution, and
extrapolating to zero concentration, Excellent checks with the calculated values
were obtained., It was also of interest to determine the number average molecular
weight. The osmometric method of molecular-weight determinations is generally
confined to polymers whose molecular weight exceeds 20,000, By means of special
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techniques reproducible results have been reported on polymer samples having
molecular weights as low as 10,000, The osmometric molecular-weight determina-
tion of polytrinitroethyl methacrylate samples gave widely varying results,
fdowever, a successful method was established using the isopiestic cell for the
moleculan—waight determination (Ref, L6). With cne polymer sample, experiments
were conducted at nine different concentrations. The results are illustrated
in Figure 13, which shows the variation of the reciprocal of molecular weight
with polymer concentration at 25°C using acetone as solvent,
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- Preparation JPK-30

6. The isopiestic molecular weight of 3320 is close to that
which may be calculated from the analysis of the polymer, With the assumption
that“the polymer molecule consi.ts of one-half the initiator molecule and thir-
teen monomer units, with the loss of one nitro group, good analytical agree-
ment with the theoretical is observed.

Anal, of CggHyosN301058 4C, 30.57; %H, 3.17; &N, 15,93
Founds %C, 30.,55; #d, 3.20; #N, 16,15
The molecular weight of this compound is 3339,
From the data which have been accumilated, an attempt may be

made to account for the mechanism of the polymerization by kinetic analysis,

The following discussion will present the kinetic derivations for two of the
aimplest .mechanisms possible,
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8a Case 1

Inasmuch as the molecular welight is extremely low it is assumed
that all chains are terminated by a transfer reaction and that the transfer

radical is incapable of chain initiation, The following ceries of reactions would
be obtained:

k

Catalyst —3 2Re (26)
ky
Heslh —5 M+ 1. (21)
Mo+l -—-->k'm MH + Me R
5 ] (inactive) - (28)

At the steady-state concentration of radicals:

k, (cat) = kp, (M <) () | (29)
: ky (cat) : :
(M *) = W (30)

Because_tﬁ; rate of polymerization was determined by the rate of farmation of

polymer and not by the rate of monomer disappearance, the polymerization rate
will be given by:

g_i, - k(M ) (V) (31)

Substitution of (30) into (31) yields:

)
ap k1k2 (cat)

® " Ty . (32)

- This indicates that the polymerlzation rate should be proportional to the first
power of the catalyst concentration. The degree of polymerization (‘Fn) would
be given by:

F o (33)
B kpy

Page 3C

CONFIDENTIAL




CONFIDENMTIAL

VI Discussion of Results, D (cont.) : Report No, 700

The reciprocal,
lﬁn * "i;; - (3b)

is the chain-transfer constant defimed by Mayo, This mechanism thus accounts
for constant chain length but differs from the data in that the rate is

dependent upon the first power of the catalyst concentration and not the
square root. _ ' '

9. Cas_e 11

Here it is assumed that the transfer radical may initiate
additional chains and that termination occurs by the mutual saturation of two

polymer chains. In addition to Equations (26), (27), and (28), the following
is needed: o T e : :

k

éun. —l) l‘211 = nn--l % uml . (35)

AL V85 sbeady BEabes . = o e
kl'(ca't):' . ké(in')é- A Sy _ .-  _:. : (36)_

il Mo --G% (cata : ; .1(37)_

Again in this case the rate of polymerization is given by Equation (31):

P .o, o e
5 = k00 () (31)

Substitution of (37) into (31) gives: 2 ‘:f_

A e T
§oufl) e o

S :~:  g R Page 31 =
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For the degree of polymerization P, one obtains

Fo * G+ iy D) 02
Substitution of (37) into (39) gives:
k., (M)
)3 2

- (40)
P k)P (eat)V? 4 i)

The data sa't;iafy this mechanism with respect to the rate, which is proportional
to the square root of the catalyst concentration, but not with respect to the
dependence of the molecular weight upon catalyst concentration,

10, It is probable that the polymerization mechanism is quite
complex and that a situation may exist which is analogous to that found by
Burnett and Melville (Ref, L2) for the polymerization of vinyl acetate in
benzene, toluene, and chlorobenzene. These investigators have shown by a
rigorous kinetic analysis of the data that the transfer radical obtained from
these solvents is somewhat stabilized. A time lag occurs between the cessation
of one polymer chain and the initiation of another chain. The result is a
retardation of the polymerization rate, In the case of trinitroethyl methacrylate
it is possible that the transfer radical is also somewhat stabilized, resulting
in a retarded rate. Another possibility that could exist would be the
initiation ¢f new chains by only a fraction of the stabilized transfer radicals,
In either case it would be necessary to know the absolute values of the
individual reaction coefficients before such an analysis could be made.

11. Although the exact mechanism for the polymerization of
trinitroethyl methacrylate is unknown, the data which have been obtained are
of value in providing a basis for the prediction of the behavior of analogous

monomers, Heretofore, nothing was known about the polymerization of such
monomers,

VII, RECOMMENDATIONS FOR FUTURE WORK

' A, The need for a high-molecular-weight nitropolymer cannot be over-
emphasized, In order to obtain a better understanding of nitro groups in polymer
reactions the chain-transfer work should be expanded by the study of additional
structures, The nitro compound 2-phenyl~l,l,l-trinitroethane would be of
interest, If the theory of transfer by alpha-hydrogen abstraction is correct,

the resulting radical, in this case, would have considerable resonance
stability; ioe.' ip
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Re + gia-c(noz)3 ~———3 RH + %I-I--C(NO?)3

C(NOy)3 &— (CH-C(NOp); & CH-C(NO,) 3 €——3 (H-C(NO,),

Likewise, the radical produced from 3,3,3-trinitropropionitrile would have
stability due to resonance:

N & G-CB-C(NO,); ¢~ <N=C=CH-C(NO,),

The possibility of allylic resonance in the L,k4,b-trinitro-l-butenyl radical
weuld make this compound worth studying:

cxz-m.(.x.c'(noz) 3 S 4 (.332-01'1-01'1-0 (NOZ) 3

B, It would alao be of interest to stw the change of the chain-
transfer constant with temperature. The activation energy for the transfer
reaction could be calculated for nitro compounds of different structures. Any
anomalous steric effects would then be evident.

@, In an effort to gain more information on the transfer reaction, it
would be worthwhile to study the polymerization of methyl methacrylate in a
high concentration of nitro solvent., Analysis of the resulting low-molecular-

 weight polymer should then give an indication of the number of nitro groups

incorporated in the polymer. This in turn would give a clue to the type of
transier reaction occurring. This type of polymerization reaction, wherein

the rurbel’ o moncuer units in the polymer is small, is krnown as telomerization
If such 2 reaction occurred very readily it might be of importance in the
comercial production of special chemicals, A simple example would be the

-polymerization of ethylene in the presence of nitroform. If the reaction

proceeded to give a terminal trinitromethyl compound, hydrolysis would give a
series of fatty acids of various chain lengths. .

D.  The attempts to prove the alpha-hydrogan theory by dimerization
of simple molecules by radicals should be carried out using acetyl peroxide.

. Its decomposition gives the methyl free radical, which is far more reactive
than the tertiary radical produced from 2 2'-azo-bis-isobutyronitrile.

B, The use of the present condensation polymers: in formulated composei-
tions makes it important to study the chain-transfer effects of the various
groups found in the polymers. Fof example, nothing is known of the urethane
group in transfer reactions. The work might even be extended to non-nitro com-
pounds which contain other active groups about which nothing is known., Examples
are very active hydrogen compounds and as (Hal(00RA- C!Z(CC;P.);, :..‘....,
amines, P3CH, PCHCOZR, etc.
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