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ABSTRACT 

, . A series of typical component hydrocarbons present in 
aviatio~ gasoline has been synthesized and then s ubjected to 
accelerated oxidhtion at 100°c. for 24 hours. The ox:,rgen pressure 
was 100 pounds guage et 25°C. at tlie beGinning of the test. At the 
end oft.hat time the treated materials were examined chernicclly 
nnd spectroscopically for evidei.lces of insta·iJili ty :ind gum formation. 
A few hydrocarbons such as isooctane, benzene, cyclohexa.ne, and 
cyclopentane \ier,,, stc.ble. But the majority of the benzenoid a.rid 
cyclic uaturnted hydrocarbons absorbed oxygen to a greater or less 
degree. Th& amount of nbsorption appeared to increase as the 
complexity of the molecular structure of the materials examined 
increased. In spite of the rc&ctivity with oxygen, negligible 
amoimts of gum w~re formed. 'Ibe olefinic hydrocarbons on the other 
bend, not only displayed hi£:1 oxyg~n absorptions but also dsposited 
consider .. ble amounts of gum. T'ne olef ines of the cyclopentane 
series were the least stable, both in regard to oxygen absorption 
and gumming: tendency followed by styr0ne, the cyclohex<:ines, ..:.-id 
diisobutylene . 

Certain interestirl€ ge:nerali ties imd the relationship 
of molecula:i.· structure to the suibility of hydrocarbons has been 
noted. 

A discussion of the possible effects of certair. of 
the hydrocarbons examined in relation to storage probleras of 
aviation gasoline has been included. 
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INTRODUC·rION 

(a) Authorizat ion 

1 . 'The study covered by this report was authorized by 
Bureau of Aeronautics l etter Aer-E-46tm JJ7Gl of 30 September 
1936. 

(b ) St u~ement of Prcblem 

2. This report concerns a study of the reactions of certain 
hydroc&.rbous toward oxygen at 100 potmds per inch pressure at a 
tempernt ure of 100°c. The work was undertaken to determine the 
stabili t.y of typlco.l hydrocarbons which are likely cons ti t.uents 
of avia tion base stocks and f inished fuels, to extend cerfa.in 
similar studies which have beem reported in the lit erat-ure to 
include cor-plex aaphthenes anci substituted aromatics which have 
been litth i n ve stigated, and to correlate the structural 
ch.6.re.ct,t,:ristics of hydrocarbons with the degree of resistivity to 
at.tack by molecular oxygen und0r conditions morE. sever e than are 
experie:ncec1. by long su.nding in contact with air at ordinary 
tempera t ures . Ultimatel y it is hcped that some rel ationship 
may be deduced which will allow a correlation of t he acceler :~ted 
aging tes t in t he oxygen bomb with the actual behavior on long-time 
storage . 

(c) Knom Facts Bearin6 on the Problec 

3- A gasoline is considered stable on storaee if, at the 
end of the storage period, t he original characteris tics of the 
fuel are unal.tcr ed.; in other words, the distillation range shE..11 
be unchanged, ths color stable, the octane rating 1.maffected, and 
the gum content shall not he.ve riser1 above the specification limit. 
Al terat.Lons of these characteristics ccm be ascribed t o (1) changes 
due to e:v:.lporr.tion losses; (2) the recction of ce.!'t o.in of the 
componer~t hydrocarbons of the gasoline with atmospheri c oxygen; 
c.nd (3 ) obscure polymerization renctions, involving t he uns~turated 
and possibly the e.rotiatic and naphthenic fractions, which usually 
proceed th:::-oueh the i ntervention of oxygen and are probably 
influenced by that draady oxidized portion of the fuel. Chang~s 
due to ev~,I>Ora tion losses are e&sily detected by inspection of 
the Eng.lE,!' distillation curv(:: and arc e;ener.:,;.lly controllable by 
stern.go u.:1der pr oper conditions. Al t.€.re.tions of color, lead vc.lue, 
octune r ~tine, gum r.nd t.;umming tend0t'.!.CY are ascertained by 
stanuwvl t ests but the prev~ntion of such chru:.gee i s often difficult . 
Some degre,:? of succoLJs hc..s b.::en obtc:.in(:d by the o.ddi t i on of minute 
u.iount.s of r:nti-oxidfnts, nege.tivr:, cc.tr.lysts or inhibi tors to the 
unstable f uel. Such practice serves VBry well for gssolines 
designed for i~ediate comm2r cio.l consUl:lption; it i s of doubtful 
vc.luc whca long-time storc.ge is conte.1.:pll..ted. F·or, the protection 
afforded is by no Ml':c:.n:, permnncnt and the inhibiting agent s used 
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sometir.ws actually accelerl-.te the ;,:-,te of deteriori:;tion wher. once 
the pror.-;:ss finally sets in. Furtherrnor~, ~hese inhibitors ln 
aviation g; .. Gollnr,, bei.'lg indif'fere:,tly volatile solids or high 
boilinr; liquids ti.t mnnifolrl temperatures, tend to depo:..:i t in the 
intnke systems during motor operation. These deposit:, are of 
li ttl£· i;,o:nent in en&ines &s ruggt'd as t.he 3U.!Jdara automobi l1:: "l"-;-,tpes, 
but in tt mechanlsm sc ccrnparat.ivcly delic~te and sensitive t,o 
the changes in t.ht:. nicety of its adjust 1:ier.ts as an nirplnn6 r,,otor, 
the accUJ:lulution of such deposits is not desirable. Th~ probl~t 
r,ppe.;rs, t.l.on, to r1..solve itscl!' into (1) dc::t.:.rminin(: ,:,hat pb:rticula.::
typ;s cf' gl..solin'- hydroc3rbons are: unskble, Uld (2) formul::-.ting 
mcer.s .for their detection in gasolines designed for i:1ili tt:ry use 
or fighting grnde stocks not intended f or immediate consumption. 

4 . Considerable .::ork hns already been done in thi s 
Laborttt.ory on detecting delete-r:;..ous chEinf:es that occur in gnsoline. 
'!'heae :-e~:ults heve been pre:::cmted in Nf.vnl Re:.,er.rch Labort.tory 
reports rnllilbers P-1394, P-11.99, t..11d P-1500. The present ro:;port 
appror.c::'- ,1 the problem in c. :iome.whe.t di £'f1:;rent oanner, the.t io, 
the tu1tuJount consid.;;r.,tion is the type of hydrocarbons which ffic.y 
CE:.use troublt-.:l r(;_ther tlIBn tht: de.generation products . Here,in, c,r.e 
presented the :r;relirnim~r:r phases of tru,.t work i.n which cerfain 
pure t:.rpc:. hydrocarbons he.v.: b .. :-.:m synth0sized, thuir physical 
char,~ctc::•ri5tics a1..terminc::i and com"[)a.r.::d wit.h valuut: occurring in 
the litc-r~::.turc, c:.nd the st&.bility of t}.<;m tow"'rds oxygon at 100 
pounds initial gue.ge prE:ssurc c.:t 100°C. for .24 hours inv!::::;t.iga.ted . 

(d) The,oreticel Conshleu.tions 

5, It is corri10nly accepted thc.t the underlying cause of 
rum forrut~tion snd cot;nute tl teri~tions is t;ener~illy du<:: to the 
inte~.,c~ion of oxygen with cert·.in hyd1·ocnrbons in the gr.soline. 
Thnt OY.)Ten does have c. prominent function i n init:i.;_ ting tum 
:!."ornr,tion is indic:;t..:d in the work of Smith ::.nt:; Cookl v,no e~cc.rnined 
the st~_bili t.y of C€rt:: i.11 crP.cked gasolines when store<i in the 
pre!lence : nd. ~bsenc£: of air . T'nc:.t t~1i;; role of c:.:usativE:: a[;i:mt 
continues throueh the v,hole poriod t,hen gum i3 being forrnt-d r..nd 
dc.posikd :s shm;n :;.ii the fact thut gums isolded. from v::;.rious 
gr.solint:!3 cont., i n r,mcunts of o,r_rr:c,n V{.rylng from 15 to 30 p,;,r cent 
(Sto:l"e::-r, Pro,1lne ,:.nd Bennet)2 • Only in instcnccs of hie,hly cr,tckcd 
stocks co.1t~·ini~f. dien0s, trfr:lc::;, 1,nd more highly unsatur{;:.tod 
subst:?ilCE.s, or where cyclic ntrut:tures o:f the styrE;ne or cyclopenu:..
diene t.:-pe ocr.u!", L: t!1e possibility of ;x>l~'lllerization nna. gt:m 
fcr1m::-!-.ico in the eb.}E'!'lM of o:i.-yt;en f:t :,11 likely under UStW.l 
condi t .icn.'3. 

6 . The riech:.:,.nism cf [um fo:r·r:tion i s still but vaguely 
undersi.00-.i. Very cn,diblr~ c:nd int:r.ig-.i:L"lc th8ories explainin[ the 
oxid.::. ti(;;-, of olef.i.n6s :1r:vs :x,,,:.n ~d•.rc:.nceci .,i:Jich po3tul;.,te the 
initi::: l form~tion of P--~·oxide by the ~,ctc;it.ion of oxygen to 



the double bond. Some of these peroxides may polymerize to oxygenated 
bodies of high moleculcr weight; other s are kn.mm to be unstable, 
brec"!king do\\""n into o.lcoh,:>l:.:;, ketones, uldehydes and acids, or 
capable of reP..ctjng with other olefine molecules, ~s r.ws been 
demonst:rTJted by Pirlescheav3, to give ddehyde oxides 'l',hich 
are in somC;; cases so unstable as to d~composc spontr.neously t.o 
~..ld1;hydes of lowe:r mol.;cul~.r wdl,·ht , The initi: .. tion of such 
1·cnctions rcquirc.,s the i.:ddition of ,A ci::rt.,in t.r.lount of energy 
r.hich m..'ly b,: derived from cctinic light, the tr.ermtl conditions 
of the pl c.ce of storng,'!, or, i:iS in the case of this report, from 
the hect of t.J-1e .Jurr-oun,iing on.th. Onci; s~rtcd, the &.ct.ion is 
prob>1bly ~uto-cntalytic nnd very lL~ely proceods through~ chain 
mechenism. 

7. The oxidation of saturated hydrocarhons i s f~r more 
puzzling though it has received r.;uch systtlmatic study at higher 
temperatures (2500C. upv,a..~s)4 . The lower aliphatics through butane 
appeur to degenerate step-wise by the addition of molecular ox;ygen 
at t.he terminal methyl group to form a ciihyrl.roxy compoi.md which 
imn:ediately spllts in one of two ways to form the corrcspondini 
aldehyde or carbon monoxide:,, ~;ah:r, or th£ next lower hydrocarbon. 
Unde-r sever1; conditions this 110;.; hydrocarbor. undcrtoes thr, same 
stcp- wi~e de[;~n!)ration as th•:: o!"iginal one U."ltil formc.ltl.;hyck, 
formic acid anc '.ll.timately cr.rbon dioxide end v.r1te.:r ar(;. reached . 
Superimposed upon thi;, simpl,:;; scheete e.re $idc rGactions which 
hild to the fon1ation of vru-iuus &lcohols , !ir.ids, aldr::hydcs, 
and. nixed l::ctones . For :nolecules oore comple:ic then butr..ne the 
oxid~tiv~ doger,erEstior. se--i .. S to proceed through l'lll nldehyd(;: which 
is successively broken dovm, atep-,'!ise, to lower aldehydes, ~cids, 
ccrbon d iox::i.de, .:and -water. In a long chain molecule the first 
point of at.tack is reporttJd to be the termin:tl methyl group, or 
the, terminel methyl !;rol~p of the longest bnnch of a brtanched 
chain c bmpoi.md5 . Yi"aether this theory for the m-:-chanism of t he 
o.-.idation of par~ffinic tyd~oc::trb<ms holds for lov.-er t smpera tures 
(lOG0 to 200°C.) is un'.mown and the extremely low ri:-.te of action 
P-t the lower :,hcr~l k"c.ls m.:,.k0s study in this region difficult. 
Since isoocU:.ne, the type po.rc.ffinic h;,o.rocarbon employ6-d in this 
\,ork, was stn'ble tow<1.rd o:r.Jgen n.t 100° for 24 hours, the mecr..c.nism 
of ~.ny slight u.ction t.:·~t m:-.:y t,:.ke ph .. ce is of itself unimportr:nt, 
but becE.US<:: the rJ~:idati on processes of the na.phthenic hydroce.rbons 
r,bove 250°C. npp,::;;e.r to be p,~.r11ffinic in n~t.Ut"c r,.fter fission of 
the:- ring, t he c;ued,icn of t h .::, n0chi...ni.sm of p!-rr .. ffinic degeneration 
is interesting as it w:iJ.l be shown tiw. t certain r,aphthenes are 
not entirely stable in the oxyf.;en bomb . 

8. The rea~tion of a romatic hydrocarbonn in the higher 
tar.p:-:,rt .. ture r ;:;gion is peculi.:.G' in th,, t the cor.rp.-:.1~t... t ively sU!ble 
benzene neucleus yields on fission fr:::.gments with ari ext::.·eme 
degree o:"' oridiznbili ty, thou;_;h quite dr~::1t.ic conditions are 
necess,:.!'y t o rupturi-:; th.s- ring of the m,1thcr hyd::-ocarbon oonze:ne . 
i\'he:n side chc:ins l:.re- pr0ss:nt, as in ,~ substitut~:d bcnze:;ne, the 
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initial point of att~ck is reported to be the car9on atom farthest 
removed from the benzene ring. Owing to the rather drastic treat
ment necessn.ry to convert a typical hydrocarbon of this group., 
toluene, to benzaldehyde or benzoic acid, it was not believed that 
the rnild conditions employed in the present work would affect the 
simpler aromctics; but., ~ith the more complex members whose side 
chains were numerous and complex, the stability of the molecule 
was suspe:cted to be somewhat lower. In a like r.ianner, t,be 
hydrogenat1:;cl benzenes or naphthenes might p&ral.lel, in e. q_ualitntive 
way at least, the behavior of the pa.rent hydrocarbons. 

9. Information on the stability of the lower alicycl ics 
of the cyclopcntane, cyclobutane and cyclopropang series wus quite 
sct.nty, although it has been indicc.ted by DuPont thnt certain 
alkylated cyclopcntanes are slowly attacked by gaseous oxygen. 
In this report the only members of the elicyclic series considerGd 
belong to the cyclohexenc and cyclopenu.ine groups, ns th0 l ower 
ring systems have not been positively identii'ied in petroleum, 

10, There is generd agreement that con.jugated c.nd non-
conjugated polyolefines, cyclic o.nd non-cyclic rnonoolefines, in 
the respective order of activity, are the type hydrocarbons most 
susceptible to oxidation c.nd noto~ious for their gum-forming 
tendencies. The e.romutic, naphthenic, and cliphatic types ere 
less reactive e..nd it is of such types thc.t the bulk of aviction 
gasoline is comprised. However, it should be remembered that 
most samples of nviction gasoline do contain sor.ie unsuturates, 
gsnern.lly of the monoolefinic type. While aliphatic monoolefines 
such ns diisobutylene are us~y stable under ordinary conditions 
of storage, though not ip the oxygen bomb, it is important to note 
that certnin cyclic olefinas and compounds v.i th unscturc.ted residues 
at~ched to R bcnzenoid ring may be quite the contrcry. Numerous 
such substances occur in the boiling rtlilge of aviation base stock 
end are quite probabl) present therein. Though the actual percentagss 
of such substances are lO'fl', the possibili ty exists that tboy, once 
activc.ted by the absorption of oxygen may be t:.ble to induce und 
promote t he absorption of oxygen by those classes of compounds 
of intermediate stability so that a relatively small amount of 
active w,terinl cnn c~talyze the decomposition of u qu~tity of 
ordinary st>-ible matter. The question also arises as to the 
possibili ty of the more complex benzenes, naphthenes and other 
alicyclics acting in a similar mrmner, since incrensing COQpl exity 
of the molecule seems to confer decreased stability, with the 
result th~t the stability chru-acteristics of some cert.~in of these 
hydrocarbons cppronch those of the more stable olefines. 

(e) N~rretive of Orir,inal Work Done at this Laboratory 

11. In the -ini tic..l phases of this study n check was nu;de 
through the scientific literature to find whe.t hydrocnrbons hn.d 
been dafinitely icfontifit-d c.s present in pdroleum fron: which 
aviation base stocks are derived. Thus, the work could be confined 
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to such hydrocDrbons as ar6 most likely to be encountered in 
a•,riatior. fuels, Though the presence of aromntic hydrocarbons in 
petroleum has been recoinized for three-quarters of a century, only 
in re.cent years have definite L~dividuals been ident ified7 • Such 
aromatics as benzena, toluene, the xylenes, poeudo-curnene, pura
cymene, di&thyl benzc,nc, tetr;:imethyl benzE',ne:z, isosm.yl benzene, r.nd 
p:robably t1:;rtiery-butyl benzene, have been j_~olated from various 
crudes snd ar€' probably contained. in all petrol-.,ums . Cyclic 
hydrocc.::-bons wit.h 5, 6, or more carbon ~toms to the ring .s.rc present 
in considerable qu@1tities in Rus~ien petrol~um ~.nd seem to occur 
consumtly in American crudes LJ1d the products derived therefrom. 
The members of the aliphatic group a.re ahtays present but they 
are of lit,tle 5.nterest to this report because of 6eir extreme 
stability. OlE:fin.ic hydrocaroons nre not normal constituents of 
natural petroleums but arise through therme.l decomposition during 
fractior.ction r,ad c r n.cking. The quantities of such unsaturated 
mate~i~l in ~vi.~tion g~soline c.rG necessarily low, being so kept 
by the v£ndor that the product offcrc.·c. can pass th-:.-, acid her::.t t1:.-st 
of Nava:-:. specifications. Howcve:-, the acid hc£.t t~st does not
exclud~ unsaturat~s ~ntirely, es has been shown in Na'ml Rese&rch 
L~borctory Report No. P-1360, A g~soline may contain relatively 
high percE·nt.D.ges of olcfinic m1.tter 1.,ud still pass the Feder~l 
specific, t.ions, provided c.. conddert,ble fru.ction of the fuel is 
m·o!Il[:t-ic in nature. Since, in thi; CP..s~s of some unsatur-:.tes, even 
smcll amounts may le, .. d to decreased st.nbil:ity of a gr..soline blend, 
it wns thought instructive to ex&rnine the behe.vior of selected 
olefinic ~ydro~arbons ~long with the corresponding ~aturnted and 
benzenoio tYPes . In the appendix, a u.ble will be found S\lll!IU,rizing 
the cc:.1p•~::.i+ions of +ypicril .Americc.."l pet.rolewn cuts in the c.vh;.tion 
gcsoline r:..nge and specific hynrocarbcns thla.t have been isoleted 
r·.nd ider;tified tht:.rein. From this list wus selected the hydrocarbons 
used :in this Y~ork supplemented with such other structures s.s would 
give sor.:E. cer.sure of co.1r.rletcnoss to thE- r:mga cf thC;: investigt,tion. 

12. Th,~ hydrocr:.rbons no aekcted wer~ secur!..!d either by 
synth..isiG u.t this Luoor::.tcry or ty cr.:.rtfuJ. puri:f'ic~tion of the 
best grricle of comruE:rcfo.l product obtai.ncblq the pllyeicl.l consu...nts, 
boiling point r..nd rafr?.ctivv index were deterrnin2d, and such 
precautions were t~.kon t,s to insure in all rar,t~ricls a high degree 
of purity. Th~ individUel hydroc::..rbons were subjected to ch6oicnl 
tests and tc, ult.r.:-·-viokt and infra-ro:?d exeminE:.tion to insure 
the absence cf oth~.r types of tydrocf:.rbcns er oxyg(;n.::ted bodies . 
The oxirlutfon ex:pcrii::ents were conducted oy trc::..ting 100 cc Qf 
e.n "romr-.tic or sr,turnted hydroc.!;.rbon, or 100 cc of a 10 mol per cent 
o~ :m UTi '3:-.:.turntcd hydrocc-.rbon in cr.refully purified isoccknc, with 
0xygen v.t 100 pouncL., initi::l pr"'s:rnre for 24 h0urs i n a bomb 
i.nmersed i.11 G C(Jnstunt tempE:rl;.turc bath set at 100°c. At the enc 
of that. tl.ll'•J tha bon:bs were c-:;olC;d, then op~ned, and a porti-on of the 
oxidized h7dr,)c;;.rb,:.-n rc.:s6rved fr::r spe:;ctrosccpic r,nd chet:1icr:.l ~nalysis. 
Fifty cubic Ct:ntinete,rs of the r1::mc.indt:r wi=:,re i;v.-ip.:.~rukd under fen 

r.lr jet at 155°C. f:.Jr ~ dctc:rriim,ticn .:f t.hto gum fvri:;ed. A rk,te. 
sheet emb,Aring the findings r.-f th:i.s --;.'·)rk is includ0d in i::. f,.:.,lbwing 
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section. Gjvcn t.her€ nlso are the details of t he work done ns v-:ell 
as more elo.bor~te information on the pr.eparation and source -:>f the 
materials used. In Appf.:ndiX A will be found matte:- pertainin~ 
to the det:-:.ils of t he actU,::i.l syntbetJic v,ork performed; Appendix B 
relates tbP. met.hoci.s :::.nd results of' spC/ctroscopic exu~ina.tion. 

METHODS 

(a) Prepc:.rntion of Materials 

13. All the cyclopentane hydrocarbons with the exception 
of 1:1r..thyl c~;clopcmtanc, v.hich -v;as pre:pared by thE- cc..tnlytic 
isot1e:rizat.lon of cyclohoxc.ne , -w,,r0 mc.tde °&J the. vapor phase 
hydrogenation of the corresponding olsfine ov-0r nickEl powder 
at 280°C.9. T'nc yields we:re :Ln tho nElighbol"hood of 901,, the 
loss being c.~cm.mtc:.d for as mecb."":.nlcr-.1, exc(:..pt, for cyclopentr....ne. 
In the r,r:::pv.r::tfon of this Iwdroct:.rbon ~rom cyclop;..nt..:nc, .fission 
of the ri.r,fi r .. ppnrt:ntly took plr.ce with the for-maticn of 25 to JO 
p1:;r cent nori10.l pent..r,::a . The cyclopcntcnca wit h the exception 
of cyclopGntc~1E< it.s.::lf .-iE-re prepf.x•ed f-:-om cyclopenknone (which 
in turn w:,s de1·iverl fron the pyrolysis of ndipic itcid ) by 
condensing i:he ketone with r..n ,::.pp!"opr:u::.te €.lkyl halide to form 
the cor.rosponding t ertbry dcoho.l, cc.tclyticdly dehydr!".ting the 
Llcohol idf.'h irxihle, crying ,:end distilling the resulting hydro
cc.rbon from sodium. Cyclopc,mtene wv.s nu.:..ae fron. cyclopentunone 
by recucint the kctoue to the, c..lcohol v;i th nickel in "· steel bomb 
.:::t 150°C. tu-~i::er 1300 pounds hyrlrof..;C,11 r,-ressure9, Gstt.rifying t he 
r.;sulting a lcohol with hydTobroir.ic .::cid .end 0limina.ti.l1t hyurot,en 
bror.;id.;,; from th.s cycfoprntyl bro:cdde td'th n.lcoholic pot::ssium 
hydr-oxid£: to i:;iv,: t h,_· olcfine in th1;; usue.l fo.shion. Most of t he 
cyclohexr.nc. hytlrocnrhcu::; W(:ri:; prc pr:.rud uy the liquid plmse rc:ciuction 
of the corr.-:icponc:fo~ bcmzen€; hydr-oc,..rbons und.:·r hiah pre.ssure 
in .:, :,tco-1 bumo ;·,1th r. cuppnrt,:.)d !'ickd cr.:..klyst. The ci·ude 
products \',C!'t. trr~& t.E:;d r:i t.h ui'::,r; .tin~~ c.cid ( one p,,rt nitric t.o 
two p~rts ::·,tl.fu·!·ic <>cid), wr.sh0d, dried r.nci dist.ill<=:d 1'iit.h sodium. 
Cyclohex:,nc< r:nd mE<t h:,l c;.,-cloh-:;xc:"lt:; \',-,r<: be.st. grccic &..strnr...n Kod.: k 
prcducts P.pp~'oprfr.tc.ly purifi;J~. Bi:.~1ZbUe, tolur.,n"', ethyl benze~10, 
pseudo-curnene, i:nr.l cymene, which ,vt·re used 0.s such o:.- ln the 
synt hesio oC the cor~~espond.:'.ng cyclohe;:rnr.es, were :ikstnu:n Kodak 
best grade producte purified as described elsewhere. Some of the 
propyl benzene v;c.s r,r2p,~ed fro@ rh«myl lllll6ncsitun bromidE:: and 
propyl orol:!'id.-:. T.'n.: ~0 i ..:-ld'.3, how;:, ·;e:!', v.ere- so po':lr th,· t the bulk of 
th.i.s hyd~oc~:.r·bon ,:cs synth•0,sized from bt:nzyl IDngni.:.sium chloride 
nnri r.U~t:-iyl r,ulfr.t(;10. Isoprop£.;nyl bvnzen;:: result.cd in a 55% 
yield. from t.hs: ccticu of ,:;_cr;toni:: on phs~yl 1:lnf:-·rKsium b:!'om1de 
followcci by d,.:l1y:i.rr•tion of' t.ho dcohcl :'ormed with 30 per cent 
sulfuric ~,c.lc;. Styrcn0 \if',S procure~ from t h€> Et..stm,.,n Koddc CoJ:Jp.;.ny 
and. vacuUJ:i ~:is+.ille::l. just before use; fartia.ry butyl benzene, 
from the Si:c.rples Corpc:r•;:!.tion. The p~parat.ion of propyl 
cyclr,hexene v,ar; a.nal .. .:.toua to the p:::-epc:ration of p2.·opyl cyclopentene . 
'l'mlt is, propyl brooide from r.orm.:.l propyl alcohol was convcrteo 
to the org~·no-mhgnesium ~reriv~.ti1te: ;,hich wc.:.s condensed with cyclo
h.::xc.none to fiVt tl-:.E. tE:rtic>.Ff alcohol. Thi s last yielded the 
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desired hyd:-ocarbon on catalytic dehydration ,;i tr. i odine. The cyclo
hexone w2.s made from cyclohe,rnnol by the dehydrogenation of the 
alcol1ol over reduced copper at 250 to .330°C. in a hydrogen stream. 

(b) Description of ApParatus 

14, ThP. st.eel bombs in which the oxidation experiments were 
conducted were of such a size as would accollll!lodate en 8-ounce glass 
oil bottle covered with an inver'ted JO cc beaker. They ;.ere fitted 
wi til flnn~cs th!-ough v:hich six symmetrically placed 1/211 cnp screws 
enp,r.ged siY. similar tr.reruied hole:s in the bomb ht:a.d. Closure wcs 
eff'ecteii by evenly tlfhteninr, the bolts so that o h<ld ga3ket v:as 
compressed bet,r,een the under-face of th€: head and tho body of the 
bomb prop1:;r. One bomb \;!as equippc.-d with :•. ground m:td joint. In 
use, it was found thut, such a closure had c.t tendency to leak so 
that it vre.s usu..'tlly necessar-,r to in t(.rposG a very thin le::,.d t;askC;. t 
at the presr:urc. surfac~s to insure tightness. Through the. conter 
of th<:: head was pls.ce.d au outkt tubt:· drilh.d v.i th ,. l/811 hole which 
coCll:lunicated with the atmosphere and to a high pressure o,rygen 
source through a Hoke vi~lve and throut:;h a reducing gunge and 
enother valve through 2-1/2 feet of l/811 copper tubing with a 
Bourdon tube of a Bristol multiple recording guage . The guage was 
equipped to measure and record the pressure in the bocbs over a 
period of 21. hours . The bomb/3 were filled. at 25°c. , ooinL brought 
to this temperature by immersion for r, suiteble period in a 25°c. 
bath. AJl 11 . .mz were made in rn oil bath maintained at 100 .:±:. . 1°C. 
by rno~ns of n bimetallic thermostat actuating & rel ~y on the imm~rsed 
heated coils. Th~ lnrgE:: volume:: h;.th, about 12 gr.llons of oil, 
wi:.s usc,d so thot it would have thC; c.:;pa.city of .s.bsorbing any sudden 
large amount. of hent that might btl gc::nernted in the. bocbs during the 
oxidution process and f;J.so minimize the coolii1E:, cff e:ct on thi: 
br.th v,hen the colci bombs wcr€.. first introduced. Even v.-ith a. beth 
of this size during the initi~l mor:,;"nts, it ·,:.as necessary to throw 
in auxiliary ru:;,::.ting coils to comp;:-nsnt.:- for tho:- ho:~t c~p •. city of 
th€.. bombs and contents . 

(c) Methods of Analysis 

15. The hydrocarbons were al J. tr;.sted for pe:-oxicies before 
and after oxidation with potussium iodide-hydrochloric ncirl reagent 
e.nd potassium thiocynnat&-ferrous sulfb.te , Before each te:t the 
sa.rrpl~!S of oxidized hyd:-oce.rbons were bloi'm for 15 minu+.e::; with 
a fine stree.r.i of nitroe~n to sweep out dissolved oxygen. In the 
case of each reagent ths formation of free iodi.!le or the appearance 
of the red color of ferric thioc:;anat,e ,,ithin one minute vas 
taken as positive . The tests were controlled by bknkn. Altlehydes 
anci dcohols wcrE. proved. by t!'l,: forr.::ation of the hi ghly colored 
iron sa lts c~ acet-hydroxair.ic acids unde: the proper conditions; 
mettwl kt:tone3, b:;r the characteristic color r,_a.ction v,i th ~;odium 
nitro-prusside; acida, by the decolo.irution of 1/2000 norr.ie.l 
potassium hydr-oxide-phenolthalein solution. Th<:: dt'~ails of the 
spectroscopic examinations ara described in Appcadix B of this rGport . 
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For the gum determinations, 50 cc of hydrocarbon were evapor~ted 
in a 100 cc tared Berzelius beaker on the standard A.S.T.M, gum 
bc1th under a jet calibrated to deliver air at the rate of one liter 
per second. 

(d) Description of Procedure 

16. Before all runs the oxygen bombs were c&refully 
clewied with acetone, thoroughly washed with hot water, rinsed with 
dist:Uled water, £•nd dried. One hundred cc of the hydrocarbon 
were measured into a chemically clean S-ounce oil bottle, the neck 
of the bottle protected by an inverted 30 cc beaker which allowed 
free :ine,-ress of gos but prevented the entrr:,.nce of metallic particles 
or oxide from the bomb walls and head, and the bombs closed. Oxygen 
was admitted through a reducing valve and, after flushing two 
times with c:>e:>rgen to 110 pounds pressure, the bombs were left at 
110 pomids pressure for 15 minutes in a bath at 25°C. T'nereafter, 
the pressure was adjustec to exactly 100 pcunds guafle and the 
bombs transferre:J to the 100°C. bl.. th. At the en<.i of 21. hours 
they were removed, cooled to 25°C., and opened. A portion of the 
oxidized material was reserved for chemical and spectrographic 
anclysis ~nd 50 cc of the rerneinder used in the gum determination. 
The results of cheriicel tects nnd the spectr<>&--raphic information 
are presented bel ow in tabular form (Table II). Also tabulated 
are figures on the gum formation, induction periods &nd pressure 
drops during oxidation. 

17. Before the oxi dation experiments were undertaken, 
exploratory work we.s done to determine the minimum length of time 
thnt certain of the, more unstable hydrocarbons would need to 
be subjected to t reatment with oxygen to produce definite 
alterntion and appreciable gum formation. Thus, rtms of 1-1/2, J, 
and 6 hours were mao.e using 10 mol per cent solutions of 
diisobutyl ene, cyclohexene, and J-raet.hyl cyclohex~ne: in isooctane. 
At the end of oxidations the, bcfilb contents were examined as 
described. From th0se i'i."ldings. r,hich are listed in Table I, 
it was concluded that re:prcsa-nt..ativ0 r::::3ults could best be obtained 
by allowing the oxidations to run 24 hours. 

18. Because of th8 reactivity of the clefinic hydrocarbons, 
all :mch compounds were oxidized in dilute solutions in isooctane. 
The pure olefines absorb such large run01.mts of oxygen and deposit 
such quant ities of gum that comparable r esults could not be 
obtained with concentri::.ted solutions. Fw·therr.,ore:, a concentration 
of 10% unsaturated natter represents thf: maximum ever likely to 
be encountered in fasoline blends; hence;, the solutions used raore 
nearly approx.im/ite the ccrapo3ition of ar. olefinic fuel than do 
the pure subst:::nces. The dilutions wer~ made on the basis of 
ool pe!' cent re.th,"r than volume per cent, so that equivalent 
que.ntities of l'UiCtivc c1aterlal would be subjected to test each 
run. 

-8-



TABLE I 

Compound; Pressure 
10 Mol % in Time of Drop Gum Oxygenated ComEounds* 
Isooctane Oxid._ation #/sg.in. Mg./100 cc Peroxides Aldebydes Acids Alcohols 

Diisobutylene 0 hours 
(start) 

- o.o 

1.5 0 o.o 
.3.0 <. 1 0.4 Trace - Trace 
6 .0 "'-2 0.4 + + + + 

Cyclohexene 0 hours - o.o 
(start) 

-b 1.5 0 0.2 Trace 
I 3.0 <. 1 0.4 + + + + 

6.0 <- 2 0 .6 + + + + 

J-Methyl 0 hours 0 o.o 
cyclohexene {start) 

1.5 0 o.o Trace 
J.O <l 0 .6 + + + 
6.0 <2 0.6 + + + + 

* Legend: (+) =positive; (-)=negative. The tests represent the results of chemical analysis. 

Spectrographic analysis confirmed these results {see Appendix B) . 



TABLE II 

RESULTS OF 24-HOUR OXIDATION AT 100 POUNDS OXYGEN PER SQUARE INCH AT 100°0. 

I c.> p. (,..i c.> 
0 0 Oxy~onated Com:e9unds ~- {/} 8 

Q) s:: -~ ~ r-1 !I) (ll Indications of -~ a 0 (ll . (!) Q) {/} 

Oxid.stion from ~ - ~g' tl,h ~ E-
{/} 

~ +) +> 'C Ill ~~ 'l:R 0 0 0 f3 t'1>,._ •r-1 8. >( (I) .Cl Change in Ultra-
I 0 ::l .... lll"II:: ~: 0 Q) ..c: 0 "C 0 violet or Infra-r-iO 't:1 1-4 0 (I) J.. 'd +> +) "M 0 0 (I) ;j C) ~ J! -~ (I) 

~ cu Q) 0 ~ red Absorption z ::'aH 11.- 0.. ::.;1~ ,.i: 

Unsaturated 5-membered 
I 

ring comeounds 
I-' .Qy:cloQentene 10 6 22 1?86+ + + + + In all cases 0 -I 1-Eth~l cycloEentene 10 2 22 1476+ Not teated exaniined the spec-

1-n-Propyl cyclo- tral characteris-
pentene 10 2 96 2176+ + + + + - tics of the -

oxiciized samples 
Saturated 5-membered differed from 
ring comeounds that of 

C;y:cloQentane 100 2A,+ 0 0 ,0 Trace - - - - the pure hydro-
Methil cy:cloeente.ne 100 24+ 0 o.o Trace - - - - carbons; see 
Ethil cicloQentane 100 11-12 It o.~ + - + + - appendix for 
n-Pro~;yl c:lclopentane 100 l!t 4 0.2 + - + + discussion. 

Unsaturated 6-mernbered 
ring comeounds 

Cy:clohexene 10 12 18 22.ft + + + + Trace 
J-Meth~l Clclohexene 10 12 20 ~ •It + + + + Tr~cEi 
1-n-Propyl cyclo-
hexene. 10 - 2!t tt22.0 Not tested 

(Continued) 



IP.BLE II {Continued} 

0 
0. ~ 0 
0 0 
I-< • 0 Oxygenated Compounds 
A .~ Ul 0 

Q) i:: ~ r-1 
0) 0) Indications of .~ ~ 0 Q) • Q) Q) Ul .... - ~i ~ ~ "O ]: !ll r-1 Oxidation from +> +>"Cl Ill •rl r-1 Q) 0 

~o 0 0 ~ !I)' •rl p. >< >, i.:: Ill ..c: Change in Ultra-
Q) 0 ;j •'1 Ul "II:: r-1 0 Q) ..c: 0 'C 0 

~ r-lO 'O 1-i 0 Q) ;,:j § H "Cl +>+> .... () violet or Infra-
0 Ill i:: (I) -1:: ~!l Q) ~ 

(I) (I) 0 ~ z ::SH HP......, ::? 0 P-, ::il ~ < red Absorption 

Saturated 6-membered 
ring cor.112ounds 

C;tclohexane 100 24+ 0 o.o - - - - - In all cases 
Methyl crclohexane 100 24+ 0 0.4 Trace - - - - examined the spec-
Ethyl cyclohexane 100 16 4 0.4 + Trace Trace - - tral characteris-

I n-ProE:tl cyclohexane 100 14 2 0.2 + Trace + + - tics of the oxidized ..., 
iso-ProEyl cyclohexane 100 14 4 o.o + + + + samples differed 

t-' -
l 1,2,4-tri-Methyl from that of the 

c:y:clohexane 100 6 22 0.8 + - + + + pure hydrocarbons; 
1-Methyl, 4-iso- see e.ppendix for 

2ro:QXl c1clohexane 100 lJ 8 0.1 + - + + + discussion. 
tart-Butyl cyclohexane 100 20 !± o.o Trace 

Benzenoid Hydrocarbons 
Benzene 100 24+ 0 o.o 
Toluene 100 17 2 o.6 Trace 
Ethyl benzene 100 16-17 4 0.4 + - Trace + 
n-Propyl benzene 100 2 6 o.o + - + + 
1,2,4-tri-Methyl 
benzene 100 6 10 1.0 + - + + + 
1-Methyl, 4-iso-
12rogyl benzene 100 2 22 1.0 + + + + + 
Diethyl benzene meta-
& 12ara-mixture 100 21 6. 6 + + + + + 
tert-Butr~ benzene .100 24+ 0 o.o - - - - - (Continued) 



T@LE II {Continued) 

t) 
0. C+-1 0 
0 0 

Oxygsnated Compounds M 0 
A.~ {/J 0 

Q) c Sr--4 ~') (I] Indications of -~] 0 Q) . IC (I) Q) {/J 

Oxid1Jtion from •.-! - ~ g bi~ ,c, ·~ 1/l ..... +> 'Ct co •ri ,-1 \ll 0 ~o oog ~~ •ri 0. ~ .Cl 
~§ 

{/J ~ Change in Ultra-Q) 0 ::, .~ 

~ ~ 
Q) 'O 0 

~ rlO 't::t S.. O Q) M "O +> •ri u violet or Infra-0 {/J s:: Q) .c: &:: -~ Q) 
~ :.ii~ ~ ~ z :;:aH HP.,....., ::a C, ll.. red Absorption 

Olefinic Benzenes 

St~ene 10 4 L:2 226.ti, + + + + + In all cases 
Allyl benzene 10 24+ 0 0 . 8 + - - + - examined the spec-I 

I--' iso-Propenyl tral characteris-1\) 
I benzene J.O 13 2 0.7 + - - + - tics of the oxidized 

Aliphatic Unsaturated 
samples differed 
from·tnat of the 

1md Saturated pure hydrocarbons ; 

Diisobut;ylene 10 6 11 2.0 + + Trace + + 
see appendix for 
discussion. 

Ispoctane _ -- 1.00 ~+ 0 o.o 



DISCUSSION OF RESULTS 

19. The compounds s t udied included one member each of the 
aliphati c saturated and monoolefinic series, three cyclopentenes, 
four cyclopentanes, eight cyclohexanes, three cyclohexenes, seven 
benzenoi d hydrocarbons, and three olefiplc benzenes of the styrene 
series. As was expected, the m~jority of the olefinic types 
displayed a marked degree of reactivity with oxygen accompanied 
by gum formation. The sntur~ted individuals were genernlly stable 
in so fnr as gum formation was concerned, but certain of the 
more compl ex naphthenes and complex benzenoids exhibit ed e 
t~ndency t o absorb oxygen to yield subsu:.nces which gave the 
usual test for peroxidated bodies sometimes accomplished by positive 
tests f or aldehydes, ketones, and acids, though insignificunt 
amounts of gum were formed. 

20 . It is possible then to classify the hydrocnrbons 
studied into three groups: (1) stable, (2) moderately stable, and 
(3) unst able. These groupings are shown on the pages immediatel y 
following. It will be noted that a representation of the carbon 
skeleton s t ructure of each hydrocarbon has been given. The symbols 

, represent 

Similarl y, cyclohexene, 

and is used for 

-1)-

is given as 

,.GH2 
H2c- 'CH2 

! I 
H2'\ CH2 , 

. / 
C 
H2 

l) 

, the derived cycl ohexanes. 



~ 
,1:, 
I 

Co~ound 

Cyclopentr.ne 

Methyl cyclo
pentF.me 

Cyclohexe.ne 

Methyl cyclo
hext0ne 

ter-Butyl cyclo
hexane 

Benzene 

ter-Butyl benzene 

Isoocttme 

Group 1 (Stable Hydrocarbons) 

(a) 

Structure 

.~) 
I , 
1· - \ __ -CH3 
I .. _/ 

/-\ 
' , \ ...... 1 

/\--CH3 · ___ / 

CH3 

<)-~- CH3 
CH3 

(} 
9H3 0- C-CH:3 

CHJ C 

c-2-c-g-c 

Number of 
Substituent 

Grou~ 

0 

l 

0 

1 

1 

0 

l 

Mg. Gum 
per lQQ cc 

0 

0 

0 

0,4 

0 

0 

0 

0 

Pressure 
Dro.E, 

0 lbs. 

0 

0 

0 

0 

0 

0 

0 

Presence of 
OXygennted 

Com~ound.1;1_ 

Trace 

Trace 

Tre.ce 

Tro.ce 

Trr,ce 

Nego.tive 

Negative 

Negntive 



GrouE l (Stable Hzdrocarbons} (Continued} 

(b) 

Number of Presence of 
Substituent Mg. Gum Pressure Oxygenated 

Cor.ipvund Structure GroUES 2er 100 cc DroE Compounds 
.---. 

Ethyl cyclo- j \ -- CH .... CHJ 
pent,•.ne , j ,:, 

1 0.4 4 lbs. + 

Propyl cyclo- 1~, --CH2cH2CHJ 1 0.2 4 + 
pentane ·- .. _I 

I 

,.--°)-CH2cH3 
..., 

Ethyl cycle- 1 0.4 4 "' + I hexane - I 

n-Prop~•l cyclo- /:~> -CH2cH2cH3 l 
hexane 

0.2 3 + 

iso-PropJl cyclo- J yH3 
hex~ne ( --9-H l o.o 4 + 

CH3 

Toluene <\/} ---CH3 ·.'..!1 1. 0.6 3 + 

Ethyl benzene (ig ... -CH2CHJ l 0 ,4 4 + 

n-Propyl benzene © -CH2CH2CHJ 1 o.~o 6 + 

Allyl benzene ·©--CH2CH=CHz 1 a.a 0 + 
(10 mol %) 
iso-Propenyl benzene ©-~:CH2 1 0.7 2 + 
(10 mol %) 3 



Group 2 {Moderately Stable Hydrocarbons) 

Number of Presence of 
Substituent Mg. Gum Pressure Oxygenated 

~ompound Structure Grou2s ~r 100 cc Droe Comeounds 

l-l,1ethyl, 4-iso- CH3 
8 lbs. o· 2 0.1 + propyl cyclohexane Hf- - -C-H 

CH3 

1,2,4-trimethyl J 0 .8 22 + 
cyclohexane H3C- (_) - . CHJ 

. -CH 
I 3 I-' r 

1-Methyl, 4-iso- CH.3 2 0.6 22 + 
propyl benzene H.3C-tF:)-·-9-H 

-·- CH.3 

1,2,4-T:rimethyl 
H3C- ·f> · --- CH.3 

3 1.0 10 + 
benzene 

\l.:~" H 
" 3 

Diethyl benzene-II-
( 

CH2CHf©-CH2CH3 
(meta and para l 2 6 .()¾f- 21 + 
mixture) 

1 
CH2CH.3 
~ '=\"-- .... .. CHiH.3 

'V 
* See next pag.e for footnote. 



I 
I-' 
-..J 
I 

Qroup 3 (Unstable H:ydrocarbons) 

Number of Presence of 
Substituent Mg. Gum Pressure Oxygenated 

Qq_mpound Structure GroUES per 100 cc Dro:e CompoUild~ 

Cyclopenteneff !~ L 0 1786.+ 92 lbs. + 

1-Ethyl cyclo- 1--\ l 1476.+ 93 + :__> -CH2CH3 
pentene-H-

,- ·, 
1-n-Propyl ~-~ - CH2CH2CH3 l 2176.+ 96 + 
cyclopentene-H 

Cyclohexeneff G 0 29.4 18 + 

3-Methyl cycle- 1 5.4 20 + 
hexeneff 

-, 
-' J-cH \ 3 

1-n-Propyl ()--cH2cH3 1 452.0 54 + 
cyclohexene~ 

Styrene-IHI- ~-HC=CH2 1 256.4 42 + 

Diisobutyleneff 
q 

2.0 11 + C=C-C-C-C -
I I 

C C 

* The placement of this compound is problematical. Under a rigid scheme of classification it should be listed 
with the unstable hydrocarbons. The sample was known to be a mixture of isomers and since it is not at 
once apparent why at least one of those isomers, 1,4-diethyl benzene, should be more reactive than 
1-methyl 4-isopropyl benzene, the lioorty is taken of tentatively listing the mixture with those compounds 
which it most clos~ly rtsembles in structure. Moreover, the mat~rial was used in the pure state in contrast 
to the hydrocarbons of Group 3 which were blended with an iner~ diluent. 

-ll-¾I- Ten mol ner cent in isooctane • . 



Group .3 includes those hydrocarbons which absorbed oxygen during 
a 24-hour run at 100 pounds and 100°C. e.nd which deposited 
10 milligrams or more of gum per 100 cc when the test solution 
was evaporated at the end of the rtn1.. In Group 2 are such compounds 
as showed an oxygen absorption greater than t hat represent ed by 
a pressure drop of 4 pounds per square inch accomplished by 
negligible gum f ormation. Group 1 is comprised of substances in 
which the treatment with oxygen was accompanied by a drop in 
pressure of zero to not more than 4 pounds and in which not ~ore 
than 1 milligram of gum appeared. 

21. Group l has been divided into sub-groups (a) and (b). 
The former contains only hydrocarbons which suffered no e.pparent 
alteration and showed no oxy-gen absorption as measured by pressure 
drops and which contained no oxygenated bodies or only traces of 
them and which formed no gum. The members in group (b) appeared 
to be slightly less stable. The justification in listing them 
thus is that the slight instability they displayed is indicative 
of a trend toward instability as the complexity of the molecule 
increases. That this trend is real is borne out i.u the fact 
that in all cases where t he oxidation was accomplished bye 
pressure drop, though that drop were small, peroxidic bodies appeared 
in the treated hydrocarbon and in those c~ses so examined the 
spectral charncteristics of the treated hydrocarboi1 differed from 
that of the originnl. . 'For example, a decrease in the strength 
of the sharp C6Hs absorption bands was obs~rved in the oxidized 
sample of l-methyl-4-isopropyl benzene, where the ultra-violet 
spectrum of this material was compared with that of the pure 
untreated compound (see Appendix B, Plate 9). In the cyclohexane 
series, all the oxidized srunples absorbed more strongly in the 
ultr a-violet than did pure materials (see Appendix B, Pl&te 6). 
This phenomenon was noted even when there w~s no evidence of 
pressure drop but the degree of absorption was greater when a drop 
in oxygen pressure wus discernible on the recording guage. 
Furthermore, the peroxide tests were generally negetive or doubtful 
in the absence of a pressure drop, but were always positive in 
the presence of it. Moreover, the indicctions of the presence 
of oxygenated bodies became increasingly definite as th~ pressure 
drops became more apparent. It will be noted that the saturated 
pnrent hydroce.rbons of the aliphatic, the benzenoid, cyclopentyl, 
end cyclohexyl series, were practice.lly non-react ive under the 
conditions of t est. But, as the complexity of the molecules 
increased evidences of instability began to appear until with 
two or more substituent groups on the parent nucl eus the oxygen 
absorption rose to such 0. degree that it is necessary t o classify 
all the poly-substituted cyclic hydrocarbons in the moderately 
stable class. 

22. The compounds of this clas~ are particularly 
interesting in the light of their pronounced oxygen absorbability 
on the one hnnd, and the lack or gummi..~( tendency on the other. 
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It is suggested that such oxygenated compounds might function as 
oxygen carriers in gasol ine and as such be able to initinte and 
accelerate the oxidation of other compounds whose stability 
level is such that they are not ordinarily affected by atmospheric 
oxygen under the usual conditions cf storage. It is lmown t hat 
certain unstable olefines catalyze the oxidation of other bodies. 
For example, the amount of gum formed from the mixtures of 
cyclohexene and styrene is several times greater than the gum 
appearing when equivalent amounts of either substanc~ are oxidized 
alone. Some of the compounds studied, methyl isopropyl benzene, 
1,2,4-trimethyl benzene and its hydrogenated analogue, have oxygen 
absorptive properties approximating that of e 10 mol per cent 
solution of cyclohex~nc in isooctone. Hence, the possibility is 
suggested that such hydrocarbons may possess catalytic properties. 
Im inv~stig&tion is in progress to throw more light on the 
behavior of tdxtures. 

23. It might be pointed out that the instability of cyclic 
saturated hydroce.rbons and the corr0sponding bcnz~nG derivatives is 
dependent more on the numocr of groups substituted on the ring 
rather than on the complexity of u single group. Thus, normel 
propyl cycl ohex:me and normal propyl benzene are stE,ble while 
1,2,4-trimethyl cyclohex&ne and l,2,4-tri.methyl benzene show a 
decided affinity for oxygen. Again, met.hyl isopropyl benzene and 
diethyl benzene with two substit.uent groups a.re unsti:;.ble, while 
tertiary butyl benzene with one aubstituer.t, though of the so.me 
xnolecular weight, c.ppears to rival benzene nnd toluene in 
suibility. 

24. The third group, che.recterized by compounds of pronounced 
gumming tendencies and high oxygen ubsorbo.bili ty, cont&.ins the 
olefinic an...logues of some of the hydrocarbons which have been 
discussed. Due to the reactivity of these compounds, the oxidntion 
expsriments were not run on the pure substances but on 100 cc of a 
10 mol per cent of the substance dissolved in isooctanc. The follow
ing points are of interest: By fur the most unstable hydrocarbons 
were cyclopentene and the substituted cyclopentenes . The consWllption 
of oxygen was prc.ctically qusntit11tive, beginning n.fter a short 
induction period, and gum d~position was about eight ti.mes greater 
than in the case of styrene end 6o times as great ~s from cycloheX(:-ne. 
Ethyl cyclopentene forms somewhat less gum and propyl cyclopentene 
somewhat more than cyclopentene itself. The actual. figures are of 
little significance since the results of gum determi nutions are 
quite erratic when large an:otmts are encountered. 

25. In the cyclohexene series gununine tendency was increased 
by the addition of a substituent group, provided att achment of such 
a group t o the ring was to one of the two carbons be&ring the double 
bond. For exampl e, a 10 mol per cent solution of normal propyl 
cyclohexene furni shed about 450 milligrams of furn per 100 cc on 
24-hour oxidation as cot:!pared with 18 r.iilligrar.is f r om 10 mols of 
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cyclohexene; but, the gum formed from 10 mols of 3-methyl cyclohexene, 
where the methyl croup is not attached to either of the carbons 
involved in the formation of the ethylenic linkage, was onl y 5 illli
grams per 100 cc . Although the oxygen absorption was equal in 
this case to that of cyclohexene, it was less than hslf that of 
the propyl derivative where the propyl group was on carbon atom #1. 
It is realized th6.t these two cases are not strictly anal11gous 
since the substituent groups were not the saine in each instance. 
However, it is felt that the effect obser.red is connected n1or e 
with the position of the group in relation to the double bond 
than to the nature of the group itself. This effect of position 
structure on the oxidizability and gumming t~nd~ncy of olefines 
will ba investigated more thoroughly since it may afford some 
insight into the instability of the various position isomers of 
the corresponding saturated analogu~s. 

26. Another point of inter~st in the cyclop.:;ntene oxidation 
is that the character of the gum forming in those instunces 
differed from that from the cycloht:x0ues or from diisobutylone in 
that the gum was of u hifhly insolubl~ ch~racter. At the end of 
a run, the bottom of the t~st bot tl.:: 1ras covered with a layer of 
yellow-orange polymeric product and the supern~tnnt hydrocarbon 
contained only a fraction of n percentage of the total amount of 
gum produced. In a case of diisobutylene (2 milligr~ms of gum), 
styrene (256 milligrams of gum), b.Ild propyl cyclohexene (452 milli
grams of fU]ll), all the glllll rer.mined in the solution and preclpitllted 
only on cvaporotion of the solvent. Of t he cyclopentane gum only 
80 milligrams remained in solution, while about 1800 ~illigrams 
prE:cipitat.ed. Hycirnct.:.rbons which yield such insoluble gums 
cause trouble in storage because they loav0 sparingly soluble mattar 
behind to foul the supply lines and tanks cf t he storuge syst ei:;;. . 
The:: soluble l:,"1.U!IS, however, ,dll usUc.1.lly appear on the intake port5, 
ccrburetor parts, and oa.nifold in ~otor operation, though they are 
not ept tc be l eft in the storage system, except in such loc~tions 
as experitnce lrxge evaporation l osses . 

27. The behavior of di isobutylene was especitlly noteworthy. 
A 10 mol per cent solution of this ma.terial in iscoctane deposited 
only 2 milligraws of gum in the accelerateu oxidation test, indicating 
c remarkable decree of stc:.bility which has been borne out in 
long- time storage tests (see Naval Rese~rch Laboratory Report No.P- 1481 

28. Three other olefines also exhibit a striking degree:: 
of resistance to P.ttack b-J molecular oxygen, namely, ) - methyl cy~lo
hexene, ellyl benzene, and isoprol)(;nyl benzene. The first of these 
has been discussed. It was surprising that isopropenyl benzene, 
or a-methyl styrene, and ellyl oonzcne should oo so st:~ble when 
conparcd with s~yrene, to which thase compounds are closely related 
in structure. It should be borne in m.i.nd, howeV{;r, that oxidation 
experiments were conducted, ns in the case of all th0 olefinic 
hydrocarbons, on 10 col per cent solutions of t.he: substwlce in 
isooctcne. The dilution of a rcactiv~ hydrocarbon ni th a r~lativ~ly 
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inert one such as isooctane has a stabilizing influence on the 
oxidizability in the pressure bomb that transcends the effect that 
may be ascribed to simple concentration changes alone. In other 
words, 20, 30, or 40 per cent solutions of a given olefine in an 
inert solvent when subjected to accelerated oxidatioi;: yield not 
2, 3, or 4 times as much gum as is obtained from a 10 per cent 
solution, but genero.11.y more. That this stabilizing effect is 
not a simple function of dilution is shown in the following data 
on the 24-hour oxidation of varying percentages of diisobutylene 
and isooctane. 

Per Cent in Induction Period* Gum 
Isooctane Hours Mg./100 cc 

10 7 2.0 
20 4 4.8 
30 2-1/3 4)..6 
40 1-3/4 109.5 
50 1-1/2 183.8 

Therefore, the unexpected stability of allyl and isopropenyl 
benzene in 10 per cent solution does not predict that this stability 
shall persist in more concentrated solutions or with the pure 
substances; in fact, other investigatorsll hav6 reported that 
33 per cent solutions of these hydrocarbons yield consi derable 
amounts of gum on accelerat1:;d oxidation. But for the purposes of 
this report the results are coraparable with the data on other 
olefinic compounds examined since the tests were conducted on 
solutions containing equivalent concentrations of reactive structures. 
As such, it is evident that under the conditions of the test, nllyl 
and isopropenyl benzene have sthbilities greater than those of any 
of the olefines exrunined. 

CONCLUSIONS 

29. Isoocte.ne and the simpler hydrocarbons of the cyclo-
pentane, cyclo-hex~ne, and oonzenoid aeries are stable toward 
oxygen at 100 pounds pressure at l00°C. for 24 hours . 

30. As the complexity of the molecule increases i.~ the 
cyclopentane, cyclohcxane, end benzenoid series by the addition 
of side chains, the oxygen-absorbing properties of the hydrocarbon 
increase, though the gum formation is low. The effect is noticeable 
in the di-substituted naphthenes and benzenes and is most pronounced 
in the tri- substituted compounds of which the 1,2,4-trimethyl 
member was the most complex investigated. The effect uppe?.rs to 
be dependent more upon thG number of the substitucnts rather than 
on tho complexity of n single group, though the isopropyl compounds 
are slightly less stable thF..n the normal-propyl derivatives. 

* Length of time elapsing before a noticeable drop in pressure 
occurred. 
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31. The olefinic hydrocarbons are the least stable of all 
studied, absorbing oxygen readily and yiel ding gUJ1 in greater or 
less a.mounts . The hydrocarbons of the cyclopentene series are the 
most react ive with oxygen nod display the most marked gumming 
tendencies followed by styrene, the cyclohexene hydrocarbons, and 
the aliphatic monoolefine diisobut ylene in the order of decreasing 
activity. Generally, t he addit ion of side chains to a cycli c 
olefine L~creases the yield of gum, though the effect is determined 
by the position nf the substituent group in relation to the double 
bond. 

RECOMMENDATIONS 

32. In order that sufficient data. may be accumulated t o 
permit a correlation of the structural characteristics of gasoline 
hydrocarbons with gumming tendency, and so that some attempt 
may be made to interpret the results of accelerated oxidation 
with deter ioration on storage, it is recommended: 

(a) That this preliminarf study be extended to a wider r ange 
of compounds, including such substances as seem to hold 
t he key to the problem a t the present time. 

(b) That the effect of moderately stable hydrocar bons - compl ex 
napbthenes, and benzenes - on the stability characte:..-ist.ics 
of less stable substances such as diisobutylene be 
investigated. 

(c) That certain of the more accessible compounds be stored 
under conditions likely t o be encountered in actual 
practice and tha t the behavior of these srunples be checked 
at suitable intervals of time against the: resul.ts obtained 
on accelerated oxidation. 

(d) That the new fuels called 11safety fuels 11 having a boiling 
range from J00°-400°F. shoul.d be c&refully studied as to 
stn.bility, because it has been shown in this report that 
the heavier hydrocarbons have a t endency toward 
instability. 
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APPENDIX A 

Presented below is a table showing the composit ions 
of certain typical petroleum cuts. As has been mentioned 
earlier, these data are included to show that the pure hydro
carbons selected for oxidation studies are actually present in 
aviation base stocks. 

TABLE A 

Hydrocarbons in Typical Cuts of 
American Petroleum in the Boiling 

Range of Aviation Gasoline. 

(a) Percentages of Hydrocarbon Types12• 

:source :Mexia, Texas: Tonkana, Okla.: Davenport, : Huntington 
Okla. Beach1Calif.: . . . . . . 

:Type • Cl) • C/l l7l ti} 

:structure . (I) • l7l Cl) (I) : I!) • (I) • Cl) 11) 

Cl) 
. s:: '. !i l7l i::: s:: tll s:: • -~ ; Ol s:: s:: 

GI . Q) • II) II) .... (I) • Cl) • Q) • (I) •,-I 
.c:: 

. .s::· 4.-1 s:: :5 c... s:: • .c: • c... s:: • .c: c... 
:Fraction: : (I) +>. c.... Q) c... Q) : +:> • c..... QJ : +> c.... 

N .s::: • (0 N -a <U N .s::: • aj • N ..c: al 
B,P.°C. s:: p. • Jo. s:: 1-o C: : C.. S-. • s:: : C. r-. 

~ 
d • GI £ (0 aj 

~: 
co • QS • ~- ~ c$ . 

z: 11. z 0.. :a: : p.. : fl., 

: 
60-95 : 29: 17: 54 6 26 . 68 5: 21: 74: 4: 31 65 . 
95-122 21: 22: 57 8 34 58 7: 28: 65: 6: 48 46 

:122-150 19: 23 : 58 12 : 43 45 12: 33: 55: 11: 33 55 
: 

:150-200 16: 21: 63 20 : 41 39 16: 29: 55: 17: 61 : 22 

(b) Percentages of Individual Hydrocarbons13. 

Isolated from Ponca, Okla . Oil 
Estimated% in Estimated% b 

Naphthenes and Paraffins 55-180°C.Fraction: Benzenoids 55-180°Fractio1 

2,3-Dimethyl butane 
n-Hexane 
2-Methyl hexane 
2,2,3-Trimethyl pentane 
n-Oct ane 
Methyl cyclopentane 
Cyclohexane 
Dimethyl cyclopentanes 
Methyl cyclohexane 
Ethyl cyclopentane 
Dimethyl cyclohexanes 
n- Propyl cyclopentane 
Ethyl cyclohexane 
1,2,4- Trimethyl cyclohexane 

0,3 
3,6 
1.8 
0 .2 
7.0 
1.45 
2.20 
3.20 
2.20 
0.30 
2 .20 
0.7 
0 . 7 
0.7 

Benzene 0.6 
Toluene 2. 20 
Allyl benzene 0.20 
Xylenes 2.10 
1,3,5-Trime:thyl 

benzene 0.3 
1,2,4-Trimethyl 

benzene 3.0 
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Of the hydrocarbons selected from t he above list, the 
rr.ajority were synthetically prepared at this Laboratory. In thi s 
section are described the details of these syntheses end methods 
of purification of these and such commercial compounds as were 
avaiL,ble. In general the synthetic processes were as foll ows: 
A ketone containing the desired ring str ucture was treated with 
the appror,riate magnesium oreano-bromide to 6ivo a terti&ry alcohol 
i;hich ; ;a~ dehydrated to yield th£: corresponding olc,fine . The olefine 
was th~n hydro&enatcd to the saturated ~:na.logue. Schtimaticr.lly, 
using ethyl cyclopentano &sen "'xamplo: 

Et Mg 

Q 
I 
Et 

Br + 

+ H 
2 

u ,, 
() 

+ H20 
·~-·- . --·~ :-···· ·1 

"/ /\ 
Et 

:-- 1 
' I I..J 

I 

Et 

OH 

- -U2o \-·J 
(I2) ' ~ I 

Et 

Most of thG cyclopcmtane: doriv;.:tives were obt.c.incci in this I:ltlnner. 
The exceptions will k noted elsewhere. Tho cyclohexr . .ne hyc:r ocarbons 
were mostly prepared oy thC; high pres:~urc hyurogcmition of the 
corrE.sponding b,mzenoid hydrocarbons . In this series the preps.ration 
of methyl cyclohexan1; from toluone is cited as an example . Most 
of the bcnzenoid hydrocarbons ~ere best quality commercial products 
car0fully purifi~d before use. The inooctnne and the diisobutylen~ 
w~re St,andard Oil Compar,y of New Jersey products. The rdining 
of th~se r.iekriuls is doscribE.'<i lat~r. 

The discussion of th~ synthetic o-p.~r ~tlons will follow 
the scht£me: 

I. PREPARATION O.F IN~DIATES . 

(a) PrepP.r~tion of nccess~ry kctones. 
(b) Pr~p,;..r~tion of alcohols. 
(c ) PrGpar~ticn of brooid~s. 

II. PREP.ARATICU OF HYDROCARBONS. 

(~) Specitl met hods of synthesis. 
(b) Dehydrdion 0f c..l.cohols. 
(c ) The hydrogon&tion of -

(1) Ol dines. 
(2) BGnzenoid hydroc~rbons . 

III. PURIFICATION OF CQt."J,IBRCIAL HYDROCARBONS. 
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I. PREPARATION OF INTI.RMEDil:.Tl:.S. 

(a) Preparation of necessary ketones. 

(1) Cyclopentanone. 

Cyclopentanoue was prepared by the pyrol:~tic 
declcrboxylation and the dehydro.tion of adipic acitl using t.r-.rium 
hydroxide ltS a catdyst. 

IH2CH2C~ 

CH2CH,2COOR 

420 + CO;?) 
(Ba(OH)2) ,,. 

In A )-necked flask equipped withs. stirrer, a thenaometer extending 
to 1 cs of the bottom, and a still beau connected with n condenser 
set for downws.rd distillation, w;:;;.s pl.liccd an intinw.te mixture of 
600 grams (4 mols) of ~.dipic acid. ::..nd 30 gn1.;s of barium hydroxide. 
The flask was heated in a br1.th o! Woods' metal to incipient r.:eltint', 
the stirrer su-.rted, ond the flask nnd contents maintainec! at 285° 
to J00°C. until only a smell residue of about 40 grruns retli'.ined in 
the flask which wns reserved. The condensc.te of crud!l ketone and 
wr.ter wus placed in c· separntory funnel, the nqueous lf'.ye:r sntur::.ted 
with calcium chloride ·:nd witbdr:nm. The c:..".tericl was d::-ied over 
night with fused calcium chloride. and fr~ction~ted twice. The 
bottoms from the: distillation v.E:re combim::d 'lilith the rf>sidue reserved 
1lbove l.nd added to thCI next run. Fro1,1 t;. series of runs t..he yiel ds 
pure cyclopent-::none toiling nt l?-8.5 to 130°c. nnd havinc u refrt?ctiV(, 
index of 1.43~6 nt 20° 'l'i&re ns .follorrs: 

Yi.sl tl 

Run Ho. Grt:rns Per Cent Yield 

1 250 77.6 
2 288 86.J 
3 270 83.9 
4 271 84.1 
5 275 85.4 

(2) C;y:cloneXt;.I1one. 

Cyclobexr.:none. wc.s prepared from cyclohex:-.nol by the 
ct. tnl;ytic d,:hydroe,:mr.tion of the ~lcohol oVBr reduced copper at 
320°c. in ~n ut.~osphere of hydrogen. 

0 =O 



A glass tube 1/2 inch in diameter and 5 feet long was supported at 
an angle of about 15 degrees from horizontal. The upper end of 
the tube was packed for about 12 inches of its length with copper 
oxide held in place ·fiith rolls of copper gsuze s.nd surrounded by 
a sand bath which could be heated to the required temper&ture. 
To the lower end of the tube was attached an adapter leading to a 
r&ceiving flask. Between the ~nnd bath and the adapter wns arranged 
e jacket provided with cold circulating water to condens~ th6 hot 
vapors from t he catalytic zone. After reducing thC: copper oxide at 
3500 in a strccll?l of hydrogen, cyclohexe.nol nos distilled into the 
tube at a re.te: of 3 to 4 cc per minute, while: maintc.inin& the 
temperature of the copper betv.e~n JOO end 350°C. The distillate 
of the water and c!"Ude ketone which coll~ctcd ir. the r0cciving 
flask was separated, the water discarded, and t he ketone recirculated 
over the copper twice. The conuensate so obtained was treated with 
calcium chloride, driea over night with fused calcium chloride, 
and fractionated. The yield of the pure material boiling at 166° 
t o 167° at 76o mm with a refractive index of l ./'439 at 20° was 871,. 

{b) Preparation of alcohols. 

(1) !-Ethyl c;yclopentanol-{l). 

In a 5-liter round bottom fl~sk fitted with a stirrer, 
dropping funnel, and reflux condenser protectL-u with a cu.lcium 
chloride tube, wus placed 150 grams (6 .2 atoms) of magneaium tu..""llings, 
a sme..11 crystal of iodine, and 100 cc of a mixture of 654 grams of 
ethyl bromide in 2 liters of anhydrous ether. As soon a~; the reaction 
started 350 cc of ether were added and the r~mainder of the bromide 
solution dropped in at such a rate that the ether boilLd vigorously. 
Condensation of ths ether was cid~d by packin6 the top of the reaction 
flask with finely cracked ice held in place with a cloth 11necktie. 11 

The time of addition was 1-1/2 hours or 15 minutes per raol of halide. 
After the addition of the ethereal solution, the mixture was 
renuxed on a steam bath for JO minutes. There&f'ter, the percentage 
of Grignard reagent was determin~d by differential titration with 
silver nitrate and nitric acid and found to be 96.5%. Five hundred 
four {504) grams (6 mols) of dried cyclopentanone and 500 cc of 
ether were then dropped in at such. a rate that the r eaction could 
be controlled. The reaction was very vigorous e.nd required for 
its completion 2-1/4 hours . The r:rl.xture was then refluxed 1/2-hour 
and tested for the presence of the Grignard reagent with Michler1 s 
ketone. The test was negative, indicating tru,t none of the organo
magnesium halide survived. After cooling, the ether solution was 
poured into a 12 liter flask upon e mixture of 400 grt;J11s of 
rum:1onium chloride and 2000 gratr,s of cre.ck<::d ice . Ammonium chloride 
was found to boa much better solvant for t he pr€cipitated magnesium 
hydroxide than minerel ucid boc~usc the latter tended to ceuse the 
elimination of water from the tertiary alcohol even when present 
in traces. The water layer was separated, extracted with three 
200 cc portions of ether, the extracts added to the oain portion 
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and the ether distilled through a 30 cm p&cked column unt i l the 
temperature of the distilling vapors reached to 50°C. The r esidue, 
light brown in color, was then dried over night with 20 f.ra~s of 
cnhydrous potc.ssium carbonate and fractionated. The ~ain fraction 
toiled from 156 to 159°; n 20 1.4528; yield 445 grruns, 65%. 

D 

(2) 1-n-Propyl cyclopentanol-{l). 

A Grignard reugent of normal propyl bromi de (738 
grams, 6 mols of halide in 2 liters of ether) was prepared in the 
usu.al fashion. Titration of the finished product showed a yield 
of 98% of propyl magnesium bromide. The time of addition was 
15 minutes per mol. To this mixture was e.ddc.d us rapidly r·.s 
possible 6 mols of dried cyclopcint...none,, Vihen addition w,s complete 
and all the Grignard reagent hc.d been cons~ed ( tE:::it with l.iichle:r I s 
ketone) the addition product was decoQpos~d ~sin the ~bt,ve instance. 
After sepnre.tini; t.lie ethereal lcyer n.."ld distilling the ether, 
from the residue wus obt.<:.ined a mnin fraction of 430 grr~s (56% of 
theory) boiling ut 174 to 177°; n 20 ,1.4551. 

D 

(3) 1-n-Propyl cyclohexenol-(1), 

This alcohol w6.s prepared in a fashion anc.lagous 
to the above, using cyclobex~none and n-propyl ma[;llesium bromide, 
yield, 59%; boiling point, 85-89/20 mm; n ; 0 , 1.4638. 

(4) Cyclopentanol. 

Cyclopentr-.nol was obtained by the high pressure 
hydrogenction of a portion of the cyclopentanone, the preparation 
of which has been described. 

- ··1 
II 
0 

Ni 

The apparntus used in this synthesis wes designed by t he American 
Instrui::ent Compnny for high pressure hydrogenations. It consisted 
of u bomb of chrome-van~dium steel of 3.5 liters c~ps.cit y closed 
with P. mew..l head held against c copper gasket by machine bolts. 
Through the head was a well for a thermocouple r-.nd an inl et tube 
to the hydrogen supply. The system was connoctoo to a pressure 
r,uag€ ~nd through specially constructed vtlves to a high pressure 
hydrogen source. The apparc.tus was mounte:d in a j<-ckGt oquippG:d 
with heating coils and wns so arranged that ,. rocking r.,otion could 
bG impartE:d to the. bomb ruid contents. The equipment V;as t ested to 
withstand working pressures of 20,000 pounds p~r sqt1c:r0 inch. 
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Hydrogenation was accomplished as follows: 840 grams of cycl opentanone 
(10 mols} were placed in a bomb and the air above the ketone displaced 
with carbon dioxide. Meanwhile, 15 grams of kieselghur impregnated 
with 16% nickel as nickel hydroxide was reduced at 450°C . for 2 hours . 
After cooling, the catalyst was transferred in a hydrogen str eam to 
the cyclopentanone in the bomb, the bomb closed, placed in i t s cr adle, 
the hydrogen supply attached, and the bomb flushed 3 times with 
hydrogen to 500 pounds pressure. Thereafter the pressure was built 
up t o 1800 pounds, the rocker started, and the temperature gradually 
raised to 150° and maintained for 5 hours. On cool ing; it was 
calcul&ted from the drop in press\11'£ that th~ cyclopentenone had 
taken up the theoreticsl amount of eydrogen for conversion to the 
alcohol. The crude alcohol was washed with a little saturated sodium 
bisulfite, twice wi th water, dried over potassium carbonate and 
distilled. From 10 mols of su.rting material 835 grams of alcohol, 
or 94. 7%, were obtained. Boiling point 140° to 142°c.; refractive 

index n t0 1.4539. This alcohol was u~ed in the prepnration ·of 

cyclopentyl bromide from which cyclopentene was made as described 
elsewhere. 

{5) Cycl ohexanol. 

Cyclohexanol was an Eastman Kodak product purifi ed 
by d.rying with potassium carbonate and fractionation; boiling point, 
16l-162°C. ; n 20 , 1.4645 • 

D 

(c) Preparation of bromides. 

(1) Cyclopentyl bromide. 

CJ 
I 
OH 

+ 

Six mols of cyclopentanol were placed in a 2 l i t er 
3-necked flask and treated with anhydrous hydrobromic acid ~hich 
was prepared by direct union of its element s as described in 
detail in the preparation of n-propyl bromi de . The rate at which 
the hydrobromic acid was bubbled into the alcohol was so regulated 
that the action was complete in 6 hours. The crude bromide
hydrobromic acid mixture was transferred to a separ6tory fmmel , 
the l ower aqueous hydrobromic acid solution withdrawn, and 
the bromide washed cautiously wi th 100 gra.n:s of concentrated 
sulfuric acid. This washing was performed as quickly as possible 
since the ecid allowed to remain in contact with the F.aterial t oo 
long ca.uses excessive charring. The washed bromide was then 
treated once with water, once with dilute sodium cerbonate, 
followed by wakr until the washings were neutrel to litmus . After 
drying with a small amount of calciUID chloride the crude n:iterial 
was fractionated through an efficient column. Yield of two runs , 
1251 ,6 grams or 70 per cent; n 20 1.4862, boiling point, 137-140°C. 

D 
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(2) Cyclohex:yl bromide. 

The preparation of bromcyclohexane from cyclohexanol 
paralleled that of cyclo-pentyl bromide; yield, '76%; bolling point, 
163-1660; n ~ , 1.4948. 

D 

(J) n-PropYl bromide. 

n- Propyl bromide was made by the action of anhydrous 
hydrobromic acid on freshly distilled Eastman Koduk Compcny n~propyl 
alcohol. The hydrobromic acid was generated by the direct union 
of hydrogen and bromine. This wap accompl ished by bubbling o dried 
stream of hyd::.~og~n through bromine heated to J7°C. At this teirpera
ture the vapor pressure of bromine is sligi1tly less than 1/2. an 
atmosphere ~o that approximately equal vol umes of hydrogen and 
bromine appear in thE, effluent gus. This gns was lead into a quartz 
tube heated to redness, next through a col umn of copper turnings 
to remove unreacted br'omine, end finfilly was pass~d into the 
reaction che.t:ber containing the n-p~opyl ~lcohol. The reRCtion 
ch::,mber consisted of a 3-necked 2-liter round- bottomed n ask fitted 
with a t,hermon1eter the.t rea.cbc..>d nearly to the bottom, o. reflux 
condenser, ~nd n bubbling tube • .Af'tcr 8 mols cf propyl c.lcohol 
had been plMed in the. flask it wr.s heated to 95°c . and -~.nhytlrous 
hydrnbromic acid contnining only ::, slight oxcess cf hydrogen wc.s 
F.cixuittE-d through the bubbling tube. Tho \ml'er..ctE:d ghses wer e 
passed out through th£ condenser ;,nd led beneath the surface of 
wnter contained in an ErlenmeyGr flask placed on a balance pan. 
The treatment with hydrobromic acid was continued until this flask 
began to gain r apidly in weight, indicating that t.he propyl tJ.cohol 
was completely saturcted with the gas ruid tmt the reaction was 
drawing to a close. The now of bydrobromic acid wa~ now 
discontinued, the flask cooled, ,md the mixture 13eparr,ted under 
a hood. The upper lnyer of crude bromi de wc.s c;:.uti ously we.shed 
with l/3 its vol ume of concentrt:ted sulfuric ~.cid, t?gitati.ng 
the mixture thoroughly to insure the compl et~ r~mov~l of the 
unreacteci dcohol. This sulfuric ncid v,ash was fallowed by 
w,.ter, 10% sodium ca.rbonate, und water s.guin, until the washings 
were neutral. After drying :rnd froctionnting the yield of 
m&terial boiling from 69 to 71° was 522 g!'lJJDS or 53% of 
theoretical. Since the yield w:-,s low, e. secoud run wa:J r.ie.de 
using the str.ndard sulfuri c acid in hydrobromic acid method. 
The hydrobromic acid solution wns pre~:.red by the reduction of 
1 kilogrc.m of brotli.ne with gc.seous ::.ulf1.1r dioxide in the 
pr~sence of 1 kilogrrun of cracked ice. Ten mols of n-propy1 
&lcohal n~re added, the flnsk attached to a reflux condenser, 
and. l kilogr::m of coucentrllt~d sulfuric acid r;.dded through e. 
separato:ry funnel. The mixture wns now hec.ted for .3 hours, a 
condenser set for downwc..rd distillrc·tion. GUbstituted fo:,: the; reflux, 
c.nd the mixture slm,ljr distilled until no oily drops v.c·re 
o bs-,rvsd in the tit: ur at the condenser tip. The crude 
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bromide was separated from the water, washed and dried, and 
fractionated. Yield, n-propyl bromide, 94%; boiling point, 71-71 .2; 

n 2 D , 1-4339-
D 

{4) Allyl bromide. 

In a. 5 liter round-bottomed flask the !1ydrotromic 
acid solution was prepared by the sulfur dioxide r~duction of 6 mols 
of bromine ~nd the preGence of a liter of ice water . To this was 
added 770 cc of commercial allyl alcohol ;,hich conkined 8 mols 
of pur€ allyl alcohol. To the flr,.sk was fittGd a mechanical 
sti'!'rer, s e:parntory .funne:1, a.1d a condenser set for dom·nard 
ui.stillation. The; st.irrer was st.:.rted and 600 gr5.I:ls of concE.ntrate:d 
sulfuric acid wert: added gradually through the sepo.rc.tory funnel 
to the r,,t.rr.1 solution. Aided by the e.pplic .. ,tion of «xtc:rnn.l heat 
the allyl bromide aistill~d compl~tely in ~bout 2 h0urs. The 
crude bromide was Vl:..shed with dilute sodium carbonnt€:, drkd v,ith 
cdcium chloride, t'11d distilkd. Eight hundred ninety n-.,e (395) 
groms (92%) of m11 terid boiling nt 69 to 72° r~ere obtcined, 

n 20 , 1-4657. 
D 

II. PREPARATION OF HYDROCARBONS. 

(a) Special methods of synthesis. 

(1 ) Cyc lopentene. 

A 1 liter 3-necked flcsk which "'a.S to serve es .~ 
r e~ction vessel w.:.s equipped v;ith a stirrer, r, 250 cc dropping 
fun,,el, c still her.,d fitted ·,,i th t: ther!,1ometer , t:.nd c: l ong 
efficient conde!'l ::::cr set for do.,,nwr~rd distillntion. The condenser 
Vias attached to a fl~sk ~.,hich opened to the ntmosphere through o. 
trap cooled with ~n ~lcohol- solid cnrbon dioxide mixture. The 
reaction flask rested on c. hot pl:..te controlleci v;ith .:, rheostr.t. 
In to it wes pl~ced ~ solution cf 3.6 mols of potQssium hydroxi de 
in 95% eth:.nol. This mixture wc.s he;,.ted t o .::.bout 50°C. , t he 
stirrer started, ~nd 3 mols of cyclopentyl bromide were dropped in 
at <! rr.te of 5 to 10 cc per minute . The rate of droppin[, ~:nd the 
ternperc.ture of t he hot plrc_te w::..s so controlled thct the th8rmometer 
mecsurinf. the ternper~turG exit vepors did not rise ~bout 60° until 
the eud of the op-:,r.·.ition. When nll th.:; cyclop€ntyl bromide: hc.d 
bc&n added, the te~pcrature wr.s allowed to r~ech th~ boiling point 
of ethyl dcohol and 75 cc r,,ors of distill ate 'l'iUS collected ut 
this point . The receiving ffask r,::.s removed, t horoughly chill,;,d• 
its contents trLnsferred to ,: cold sep&.r,_t ory funnel, :md washed 
3 times r,i th iced we ter to extrt..ct the c:.lcohol. Therec:fter, the 
mr:tEri.:.l w,;s c~rofully dried over solid pokssium hydroxide :;nd 
distilled from sodium. There w2.s pr:::ctic:dly no forerun; the 
mcin frnct ion boilud l:.t 40 to 44°, r,nd the residue: remaining in 
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the flask had a boiling point and phy.sical constants corre:;;ponding 
to ethyl cyclopentyl ether. The main fraction was again distilled 
from sodium. Boiling point, 44.1°c., index of refraction, 20 1 .4428. D , 
The distill& te \\"as free of halogens and peroxides and weighed 164 
grams, or 80% of theory. 

(2) Methyl cyclopentane. 

Methyl cyclopentane was achieved ty the i~omerizati on 
of cyclohexane as described by Nenitzescu and Cantuniara . I n a 
liter flask were placed 1-1/2 mols of anhydrous alwninum chlori de 
and 3 cc of water. To this mixture was added 1 liter of cyclohcxru1e 
and refluxed on a water bath for 6 hours. At the end of this time 
the -hydrocarbon layer was dccan~3d from the e.luminum h~lide, 
1000 cc of fresh cyclohcxane added, end refluxed as before. The 
tree.tE:d hydrocurbon was cc.refully fractionated throu~h e. 5-foot 
pP..C'ked col umn and ,~11 the mf:tvrit:l boiling up to 76° w,~s coll!:.cte:;d. 
The re:;sidue in th~ flask was returned to the aluminum chloride, 
afte;:- the second portion of cyclohexnne had been d.-:;c,,nted, r.md then 
the process repeat~d until ~pproximct~ly 500 cc of the fraction 
boiling from 69 to 76° ht:?.d been collected from about 2500 cc of 
cyclohex:me. This m;;:.terial WD.S we.shed with nitrrting ncid, then 
wi th vmt{.;r, dried over potassium hydroxide and frc.ction.:.teci 
4 times from met.:.lli c sodiurr:. On the final frection~tion llO grwns 
of material coiling '"t 71.6 to 72.4° with ::, r(;fr::i.ctive: inde:x of 
good D.greement r:i th the. t reported for rr;~thyl cyclopentene, vms 
obt-'.!ined . 

(3) n-Propyl benzene. 

In a dry 5 liter flask equipped with a mercury 
sealed stirrer and a 1 liter dropping funnel,and a wide bore long 
upright condenser pr otected at the top with a c~lcium chloride tube, 
was placed 4 mols of magnesium turnings and 2400 cc of dry ether, 
a small crJsttl of iodi ne, end about 50 cc of a solution of 4 mols 
of freshly distilled benzyl chloride in 1-1/2 liters of dry ether . 
No difficulty was experienced in starting the reaction. Th& top 
of the flask was cooled with cracked ice while the rest of the 
benzyl chl oride solution was dropped in at such a r l:.te tl:lil.t the 
ether ran in e st~cdy stream from the tip of the cond~nser . The 
tirae of addition was 65 minut&s. After all the halide had been 
added, the mixture was refluxed for JO ~inutes end t h~ amount of 
Grignru-d re:~gc:nt w<::.s determined by diffore:1tic:.l titration with 
st.r.ndardized n itric ;:,.cid 2nd silver nitrr.te, using m2thyl orenge 
~nd dichlorofluorcscein ~s indicators, respectively. A 97% yield 
of magnesium benzyl chloride WP-S obtained. To tho Grignard reagent 
were o.ddod 8 mols o f freshly distilled ethyl sulf.-.te , the ,,dditi on 
bcdng (.CCornplished c.t such r>.. r,·.te that the mixture boilE:d continuously. 
By a caref ul cooling it wcs possible to complete the cddition in 
two hours t.t th€. end of which time e neg£.:tive test w.:s obt£,ined 
with Michl er' s ketone. The .:::.ddi t ion product vms decomposed vd th 
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ice water, the precipit.'.:ted basic salts of magnesiUlii dissolved in 
the requisite quant~ty of sulfuric acid, end the hy1r oc~~bon-ether 
layer separated. FollowiJlt distillation of the ether, the crude 
iwterial was boiled v,ith l liter of 10% sodium hydroxide for l hour 
to hydrolyze any unreacted ethyl sulfate -and wat.::.r ¥."as added to 
throw the hydroca.rbon from solution. Aft..:;r sE.ipar.e.t.ing c.nd. drying 
the crude Jnf.lterial, it was purified b:, two distillutio11s fror:, sodium. 
The yield of the ::ir.;conu rtm madt? E•S described abov<;; was subsequent.i.y 
converted into propyl cyclohex&ne. Th~ yield of n-propyl benzene 
(average) w~s 721,. 

(4) Allyl honzene. 

Allyl benzene resulted frOJ'J the interaction of phenyl 
mngnesiWu bromide with the dry .::.llyl bromide. The Crit,;nnrd reagent. 
URS prepar~d in the usuc.l fashion from 5 mols of bromobenzene using 
6 mols of <::thcr p::.:r mol of he.lido ~,:;; .:;, diluent. Titration of' 'the 
Grignc1T'd reagent indice.tcd a 95% yield. .A aolution <Jf 5 r::ols c..llyl 
bromide r.nd one liter of ether w:~s c.cided t.hrough a dropping funnel 
anC: +.he mixture refluxed. until c.11 the mur;r..asium orgt:no-hclide h&d 
bee1? consumed . The solution v.-.r-:3 pourec; on ice, l!l&i;nesium hydroxide 
dissolved in c slight c:xcess oi' hydrochlo . .:-ic :.cid and the hydro
c«rbon i solc.ted by t! distilL .. tion of the ct-hc,r c,.rid fractionrc.tion 
of the crude pro.Juct. CrJ.ciur.i chloride wr:s ui::•..:d &s .-.. cirying <- g,l:!nt 
rJ1c. dist ill~tion fror.i sodium "li.~s omitted since stron5 vlkt:lies 
c~use n shifting of the double bond .:..long th~ side chain towurd 
the ph<;;nyl 5roup. Yield, 60%. 

{5} Iso-propenyl benzene. 

Iso-propenyl benzene resulted in good yields by the 
action of dry acetone in dry ether solution upon phenyl .:ie.&11esium 
bromide prepared as indicated &bove. The crude second/il1' nlcohol, 
2-ph1::nyl propanol-(2), was dehydrated by re.fluxing for 3 hours with 
30% sulf U!'ic &cid, After separation of th~ acid lnyer and washing 
with water, th€> hydrocarbon wtis pirifie;ci as in, the case of a llyl 
benzene . Yield, 55%. 

(b) Dohydratioa of ~lcohols. 

{l} 1-Ethyl cyclopentene. 

3.75 mols of 1-ethyl cyclopentanol-(1) were placed 
in a 500 cc round-bottomed flask along viith I gram of iodine and 
the mixture distilled slOY1ly through a JO cm colrunn. The distillate 
w&s trl!ns.ferred to u. separ atory funnel, the aqueous layer v.ith
drawn, nnd crude hydrocarbon redistillecl from 1/2 grc....m of iodine 
as above. On this second distillt-.tion only c sr-:tll quantity of 
.V8.ter W-'iS fomed. '!he water we.s sepr.r:,ted, the hydrocarbon 
w2.shed nith 40% potas::,j_um hyci.ro:x-ide, :-:nd drfod over solid potc.ssium 
hydroxide,. It \'it"ts then re:fluxed one hour 'i.ith sodium mekl, cooled, 
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and filtered from the sludge fort:Jed, and distilled t~om fresh sodium. 
After three distille.tions a ~ain fractton of 288 grams, or 8~, 
wes obtained . The proc.",uct was free of halogens, peroxides, and 
other oxygenated cot:pomids and had a :..~efrnct..ive index of 1.1.lJO. 

(2) 1-n-Propyl c;yclopentene and 1-n-pi-opyl cycfohexene. 

1-r.-Propyl cyclopentene and 1-n-propyl .;yclohexene 
were obtained in a similli!' w:.ty by the catalytic dehydl.·D.tion of the 
appropriate t~rticry alcohols with iodino. 

(c) Hydrogenation of olefines. 

{l) Cyclopen~mo, ethyl cyclopente.n~ , n-propyl cyclopentc.ne. 

One hundred s i xty (160j grams of cyclopcnfano, 
the pre:par£.tion of ~hich hos ~-.n described, was hydrcgE:rn.:..ted in the 
vapor phase over reduct:.-d nickel. Thi s vm s &ccomplished by bubbling 
hydrogen througl1 cyclopc.utene end conducting t.'le hydrog;en st:.t.urated 
with hydrocarbon vapor over the cat.:!lyst heated to 250° to 280°C. 
The temperf:.ture of the liquid cyclopen.tene and the rate of hydrogen 
fl0t1 were so controlled tl,J,t 20 to JO cc of hydrocarbon passed 
over the c.:t2.lyst• each hour. The vnpors were collected by passage 
through e condenser cooled with ice v.-a ter ju u flask i mmersed in 
cracked ice a11d s~lt which opened to the atmosphere through a solid 
carbon dioxide-alcohol trr.p protected ·with ::. C.rying tube. It was 
necesst:ry to recycle the first distillate since reduction was 
incomplete as shown by t he presence of unsaturates when e test was 
made with bromine ,vater. The lfeight o·f the crude distillc.te wns 
158 grams or 96.3% of tr..e:ory . However, \·,hen the material wc.s 
frnct.ionated only 118 f,TLins of cyclopentene were obtained a.nd about 
36 gr-'.)ms of ll. lower boilin& hydrocerbon ~hich h&d the St:.l!I& boilin~ 
point &nd refractive index us n-pentane . Thus, the vr.por phElse 
hydroger.ation of cyclopentene is accompanied by ring, splitting 
with the formation of 20 t o 25 per cent of n-pentane. It is of 
interest to note that no evidenc~ of the openinc of the rini; 
occurred when ethyl cyclopent ene was simiJ.s.rly reduced. The yield 
of the et hyl cyclopentane froni 1-1/2 mols of ethyl cycl opentene was 
95%, the loss being accounted. for as mechanical since no trace of 
cyclopent ane r.hich might re,sult from the split.ting of an ethyl 
group nor any hexane w~s found. These.me was true of n-propyl 
cyclopontan£ in r,hich synthesis a yiel.d of 96% of pure hydrocarbon 
was obtai ned by 2 cycle□ of th~ correspon<ling olefine over nickel 
in~ hydrogen stream. 

Ethyl cyc.lopcntane and propyl cyclopentanE were 
prepared from the corresponding olefi nes following the same 
method as de3cribed for cyclopentane . 

(d) H,cirogeaation of benzenoid to cyclohcxenoid hydrocarbons. 

The prepart..tfon of all the cyclohex:Jne hydrocarbons, 
~ith the exception of cyclohcxane itself, depanded upon tho high 
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pressure hydrogenation of the corresponding aromatic compound. 
Methyl cyclohe.xane from toluene is given as an example: Four mols 
of toluene were placed in the hydrogenation apparatus which has 
ulready been described (see the reduction of cyclopentanone to 
cyclopentanol) . Ten grams of catalyst {2-1/2 grams per mol ) were 
reduced in hydrogen at 400oC . for 2 hours, cooled, and transferred 
t o the toluene in a stream of carbon dioxide. The catalyst ~as 
prepared according to the method of Adkitls. Briefly, 58 grams of 
c.p. nickel nitrate hexahydrate in 80 cc of distilled water were 
ground for &n hour with 50 griuns of kieselghur which had been 
previously digested and washed with nitric acid. At the e:rui of 
this ti.ce the mixture was homogeneous and fiovied as fr&ely es heavy 
lubricatine; oil . It was then poured sl~ly into a solution of JS 
grams of runmonium carbonate and 200 cc of distilled ws.ter. The 
mixture wns filtered at suction, washed with sev6rel ioo cc portions 
of water and dried over night. An accur~tely ~eighed srur.ple of 
the material was leached with hot nitric acid, filtered in a Gooch 
crucible, washed thorouf:,hly, &nd the nickel cont ent of the combined 
washings and nitric acid extro.ct determined ill t he usual f&Shion 
by precipitation of the metal with dimethylgyloxime. The &.mount 
or nickel so deterl!lined was 16%. 

After the reduced catalyst he-d been transferred to 
the toluene the bomb was closed, flushed three t imes wi th hydrogen, 
and then filled with hydrogen to 1800 pounds initic.l pressure at 
room temperc.ture. Shaking wns started and the t emperature of 
the bomb slowly increased to 150 to 200°c. (The simpler benzene 
deriv~tives usuc.lly reduced between 150 end 175°; the more complex 
ones required the: higher temper~ture.) In the ccse of the present 
preparation th6 reduction of toluene beg~ at 155° end was complete 
within 15 minutes. After cooling~ the mz.terial ~ns removed from 
the bomb, wcshed witn nitnting acid, dried, Dnd distilled twice 
from sodiUI:1 metcl. The crwe yield w~s quantit&tive. 

Ethyl, n-propyl, iso-propy-1, 1-methyl 4-iso-propyl, 
tert- butyl, and .1 1 214-trimethyl cyclohexane were prepared as 
indic6ted above by the hydrogenation of the appropriate benzenoid 
hydrocarbons ~ As' in the case of toluene, the r eduction was cor: plete 
and the yields approached quantitative as shown by a complete 
failure of any of the hydrogenated materials to react in the 
slightest degree with nitrating acid. Ethyl, end terti ary-butyl 
benzene required fro~ 1/2 to 1 hour for complete reduction. But 
in the re1uction of the propyl, iso-propyl, nnd ! -methyl 4-iso-propyl 
derivstives, the e.ct ion was not complete until 5 hours had elapsed. 

III. PURIFICATION OF COMMERCIAL HYDROCARBONS. 

(1) Cyclohexane. 

The material was Eastlilan Kodak Company product 
purified as f ollows : 500 cc of hydrocarbon were washed three times 
with nitrating acid, twice with concentrated sulfuric acid, and 
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once with potassium hydroxide, dried over solid potnssium hydroxide, 
and distilled twiee from sodium metel. A middle fraction of J!.)() 
gra..'1S was taken for this \'iork. 

(2) Cyclohexene. 

Commercial cyclohexane wa3 shaken three times wi th 
100 cc portions of saturated ferrous sulfote in sulfuric &cid (0 . 5%) , 
follOTted by steam distillation .froi:: a solution 1,;ade ait:aline with 
caustic potash. The distillate was dried, reflu.-v.:e:.1 over sociiuin, 
cooled, and after allowing the sludge to settle, the hyurocu:-bon 
was decanted or1to fres~ sodium metsl in a clean flask and 
redistilled fror. sodium ribbon twice. The middle fracticn of 
the distillate tsken for study was free of p~roxides and ot h~r 
oxygenated bodi~s and had a refractive index that agreed well 
with the values r0ported in the; litt;,ratur&. 3-i~ethyl cyclohexene 
was similru-ly purified to yield a product which had the follo~ing 
constants: boiling point, 102.5 to 102.8, n ~, 1.4418. 

(3) Benzene and toluene. 

One thousand (1000) grams of the 'hydrocarbons were 
purified by three washings with 50 cc o: cold concentrr.ted sulfuric 
acid, f ollowed by- washing with ..-iater, 3at, potc.ssium hyuroxide, and 
then r.ith water again. The hydrocarbons were dried for sever al 
hours over calcium c:t:.loricle, allowed to stand over night over 
phosphorous pentoxide:,, f iltered into a clean flask conta.inin£ 
sodium ribbon, and distillGd from sodium twic1:; . The middle 
fractions were taken. 

(4) .Ethyl benzene, iso-propyl benzene, 1-methyl 6- iso
propyl benzene, 1 1 2,~-trimethyl benzene, and tertiary-but yl oonzene 
were washed once with 50 cc of concer.trnted sulfuric acid, followed 
by three washings of 100 cc each of 85% acid . Thereafter t he 
purificdion precess parc.lleled thst of benzene £ind toluene . 

{5) Diisobutylene . 

Five gallons of commercial•diisobutylene from the 
Standard Oil Company of New Jerse:r wert:l distilled through a 5-foot 
column and the fraction r.ith the boiling point between l00-104°C. 
was shaken with JO% potassi um hydroxide, dried ove~ potassi um 
hydrqxiJe , and refractionat ed twice, only the ciddle fracti on 

{boiling between 102.3 and 103°C.) of the final di3tillotion 
being resarved. The distillri te was free of peroxides . 

(6) Iso-octmie. 

Five gallons of commercial iso-octane wer0 we.shed 
success ively three times with concentrated sulfuric acid, t wice 
with 5% oleUGl, and thP..n tlt ornat~ly three times with nitrat ing 
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acid and concentrated sulfuric acid. Following the a~id treatments 
the nitro- bodies were reooved from th~ hydrocarbon by treatment 
with 3o% caustic followed by a thorough washing with water. 
Three distillations from sodium metal gave n metal fraction with 
a boilb1g point of 99-5- 101°C. The materid was shown to be free 
of unsaturates, aromatic materi.<ll, and oxygenated hodies, by both 
chemical tests and spectroscopic exc.mination. From its refrcctive 
index the hydrocarbon seemed to be a mixture of 2,2,4-trimethyl 
pentane with isomeric octanes. Assuming that only- 2,2,4- and 2,2,J
trimethyl pentane ure present in the mc.terial, the iso- octane contains 
about 90% of the former to 10% of the latter. 
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TABLE B 

PHYSICAL CONSTfNTS OF HYDROCARBONS 

Boiling Pointj760 mmLcorr . Refractive Index at 20° 1 d line 
Determined Value from Determined Value from 

Name NRL Literature NHL Li tere ture-iH~ 

Cyclopento_rn~ 

Cyclopentane 49,3 50 (12)* 1,406o 1.4039 (12)-',; 
49,4 (13) 1.4070 (13) 

Methyl cyclopent&.n~ 71.6-72 .4 71.S (12) 1.4104 l.4099 (13) 
71.9 (13) 

Ethyl cyclopentane 103,3 103 (14) 1 ,4198 1.4201 (13) 
n-Propyl cyclopentane 130,4- 130 .8 lJ0 .6 (13) 1.4262 l.l269 (13) 

131,.3 (14) 

Cyclopet'l~enf:!~ 

Cyclopentone 41+ . l 44,5 (13) 1.4228 · r ·' ~ ( 13) .L •• ,..::o;t, 
46.o (15) 1 . /,207 (15) 

> 1- Et hyl cycl opentene 107 .1-108 106.5 (13) 1.4!~30 l.L.~11 (13) -0 
-0 108.0 (16) 1.443- (16) g 
A, 1-n-Propyl cyclopentene lJ0 .7-131.7 lJl ,7 (13) 1.4l53 1.44.35 (13) 
I-'· 
X 
)> .Q:LG_lob~Y._a.'1~§ .. 
'O Cycl ohexane 80.6 80.8 (14) 1.4Z60 l.4273 (14) Ill 
O"Q 1.4254 (13) (1) 

I-' Methyl cyclohexane 100.7 100.s (14) 1.1 • .229 1.4235 (14) 
V, 101.0 (13) l.4254 (1.3) . 

Ethyl cyclohexo.ne 131 . 6 131.6 (13) 1.4330 1.4320 (13 ) 
131.9 (14) 

~~ Literature referencefi see Bibliogrc:.phy. 
~ Corrected to 20°C. were necessary . (Continued) 
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Name 

n-Propyl cyclohexane 

iso- Propyl cyclohexane 

1,2,4-Trimethyl cyclohexane 

tert- Butyl cyclohexane 
!-Methyl 4-iso-propyl cyclohexane 

C.zclohexenes 

Cyclohexene 
3-Methyl cyclohexene 
n-Propyl cycl ohexene 

13~nzeI1es 

Benzene 

Toluene 

Ethyl benzene 
n-Propyl benzene 

iso-Propyl benzene 

TABLE B (Continued) 

Boiling Point; 760 mm/corr, 
Determined Value from 

NRL Literature 

156.6 

154.2 

144-146 

171..3 
171.3-171.6 

82.9 
102. 5-102.8 
155,5-155.8 

80.1 

110.5 

136.l 
159,6-l6o.6 

153 

155,7 (13)* 
149,5 (12) 
150 (12) 
150-153 (17) 
143-4 (14) 

166-7 (16) 
170 (12) 

83 (12) 
103 (12) 
154-155 (20) 

80.08 (15) 
80.4 (13) 

110. 5 (12) 
110.4 (13) 
136.1 (21) 
159,4 (21) 
158.6 (13) 
152-J (21) 

* Literature reference; see Bibliography. 
~ Corrected to 20°0. where necessary. 

Refractive Index at 20° d line 
Determined Value from 

N8L LJter~tweH-

1,4370 

1.4409 

1.4325 

1.4464 
1,4402 

1.4463 
1,4418 
1.4573 

1. 5010 

1.4964 

l.4952 
1,4934 

1.49.30 

1.4360 (13)* 

1.429- (14) 
1,4320 (18) 
1.4331 (18) 

1,437- (12) 
l.439.3 (19) 
l.4515 (19) 

1.4461 (12) 
1,443- (12) 
1.4576 (21) 

1 . 5016 (15) 
l.4995 (13) 
1.4962 (12) 
l.4947 (1.3) 
1,4958 (21) 
1.4925 (15) 

1.492.3 (21) 

(Continued} 



i 
Q, ~-
> .. 
'i 
mi 
Cl) 

...... 
.._) . 

Name 

1,2,4-Trimethyl benzene 
tert-Butyl benzene 
Diethyl benzene (meta- and pa.ra

mhture) 
l-Methyl-4-isopropyl benzene 

0lefinic Benzenes 

Styrene 
Allyl benzene 
I so-propenyl benz~ne 

Alj..e_ha~ics_ 

I so-octane~ 
Diisobutylene 

TABLE a__(Continued) 

Boiling Point; 760 mm/corr . 
Determined Value from 

N.~ ____ I.,_i tEira ture 

169.2-170 
168.9 

180.0-182 
177.0 

48-50/20 mm 
60-61/20 1111!1 

64-65/20 rnm 

99-5-101 
102.3-103 

169.2 (14) 
168.7 (21) 

182,183 (12, 15) 
177 (15) 

99 .3 (25} 
102.6 (21) 

* Literature reference; see Bibliography. 
iHf- Corrected to 20°c. where necessary. 

Refractive Index at 20° d line 
Determined Value from 

_ NRL I,iteratureil-11-

1,5049 
1.49'.?.4 

1.4957 
1.4907 

1.5447 
1.5136 
1.535g 

1.3927 
1,4095 

1.5051 (14) 
1.4963 (21) 

1.4955 (12,15) 
1.4904 (13) 

1.5443 (22} 
1.5143 (23) 
1,5366 (24) 

1.)916 (25) 
1.4082 (26) 

-11-H Approximate composition: 10% 2,2,J-trimcthyl penta.ne ; 9<:11, 2,2,4-trimet.hyl pentane. 



APPENDIX B 

INFRA-RED AND ULTRA-VIOLET ABSORPTION MEASUREMENTS 

I. INTRODUCTION. 

Inf ra-red and ultra- violet absorption meusurements have 
been made on some of the compounds discussed in the preceding 
pages. The absorpt ion spectra in either the ul·~re.-violet (2000-3000 
angstrom units) or the near infra-~ed (1-10µ) were det ermined for 
each compound so investigated berore and after oxygc-nation for 
various tiMe intervals et l00°C. and 100 pounds per square inch. 
Marked diff~rences between two such spectra oft en occur, providing 
infor mation of two-fold usefulness: (1) Minute chemical changes, 
as weak oxidati on of a hydrocarbon, may give r i se to marked variations 
in the light absor bing properties whichthua serve as a delicat e index 
of whether a. reaction has occurred; (2) the nature of the new 
absorption spectrum may provide identification of the functional 
gr oups present in the reaction product. The ultrn.-violet nbsorption, 
which is generally strong , is more useful in the first of these 
capaciti es; the i nfra-red absorption, which presents the aspect of 
several discrete b&nds, each dete-:r-mined by the natural relntive 
frequency of vibr ati on of two utoos or groups of atoms, i s of 
greate~ vtlue in the second. 

Absorpti on measur0ments ~ere not mnd~ on all the compounds 
investigated. The t i me requirements f or quantit~tive spectroscopic 
measurements, although not inordinate, are such that in this 
investigation it \Vould have been -difficult to keep pace with the 
march of chemical events . Absorption spectra of any compound were 
made immediately after oxidat ion so that no douot might exist that 
only reactions occurr ing in the bomb were under observation. 

II. DISCUSSION OF RESULTS. 

(a) Diisobutylene. 

The infra-red t ransmission spectrum of diisobutylene 
(Curve a) and diisobutylene after oxidation at l00°C. and at a 
starting pressure of 100 pounds per square inch for 3 hours (Curve b) 
and 6 hour5 (Curve c} are shown in Plate 1. The thickness of the 
absorbing layer was 0.01 centimeter. 

The fol lowing details of these spect ra are significant: 

1. I n the Jµ region a weak band appear s in Curves band c in t he 
position proper to absorption by t he - OH group. The weak 
intensity of this band is charactGris t i c of c.ldehydes nnd 
ketones. Water and alcohol chow s trong absorption in t his 
region. 
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2. A very strong band is developed in the oxidized samples at 
5,85µ. This absorpt ion band arises from vibration of the 
C=O group. The strength of the C=O absorption is so s trong 
as to mask the weak band at 5 • 7µ in pure diiso buty lene ( Curve a) , 
although it is possible that as a result of oxid~tion the 
molecular structure has changed in such a viay as to remove the 
source of the 5.7µ band or to render it inactive . The low 
dispersion of the spectrometer does not permit definite 
determination of this question. 

J. The C=C vibration band at 6.1µ is present in all three spect ra , 
but t he apparent strength of the a.bsorption is greater in the 
oxidi zed samples than in pure diisobutylene, the Clinimum 
transmission factor bei.ng 4(J/, for Curve a, 30% for Curve b, and 
20% f or Curve c. This increase in band strength could r esult 
from an increase in the number of C=C bonds, or from molecular 
rearrangement with concomitant increase in electric moment or 
transition probability. 

4. Bending vibrations of the CH2 and CH3 groups give rise to 
absor ption bands at 6.8µ and 7 . 2µ . These bands are well 
resol ved in Curve a ; t hey are just resolved in Curves b and c, 
where t he CH3 band, a t 7 .2µ in Curve a, appears to be shi fted 
toward longer wave length. It is probable that new unresolved 
bands appear in the oxidation product in positions overlapping 
the?µ rends of pure diisobutylene.* Ketones and aldehydes possess 
CH2 and CH3 absorption bands a-t. slightly longer wave length 
than the corresponding bands in pure hydrocarbons. 

5. Nev: unresolved bands appear in Curves b ruid c betf!e€n 8 and 8.5µ, 
in the domain of absorption by single bonds, presumably C-0 in 
this case:. Identification of absorption bands in t his r egion 
i s di f f icul t because the po3ition of the bands are more 
depend,,nt upon molecular structure than are the bands nt 
short e r wave length. Inn mixture of compounds such as the 
react ion product in this c&se: must b1::, any o.lloc<-ttion of 
absor ption b&nds in the 8 to 10µ region to particular s t ructural 
groups may be purely conj i::cture.l. 

10% (mol ) Diis obutylene in Isooctane. 

The r0sults displayed i n Plate 1 r elate to pure diisobutyl cne 
end its oxid:::.tion products . The specifi c r0s8c.rch with vihich this 
report deals was carried out with 10% di isobutyl ene in isooctene. 
Infra-red absor?tion measurements were made for this mj~ture only 
in the 6µ r egion with the purpose of observing v--hetber C=O absorpt ion 

*Asimil ar effect has been obs~rved in the absorption spect rum 
of the gum formed upon oxidation of cyclopentene . The positions 
of the bands in the gum wer& 7µ and 7 .4µ, while the unoxidized 
sol ution showed bands at 6.8µ and 7,3µ . These results ar e to be 
discussed in a subs1::quent report dealing more specifically with 
the chemical structure of gums. 
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would appear before incipience of pressure drop in t he bomb. The 
results are given in Plate 2. It i.s clear that no trnce cf increased 
absorp~ion at ; .85µ exists until the 24-hour sat1ple, for v.hi ch the 
pressure dr op was 11 pounds per square inch, fo renchcd . Visual 
inspection of ultra-violet spectra of sru:iples of diisohutylene in 
isooctane showed no increase in absorption over thct produced b7 
the double bond f or oxygenr.tion periods of 3 and 6 hours. The 
24-hour sw.ple absorbed strongly. 

Cyclohexene 

Ten mol per cent 3-methyl cyclohexene in isooctane was 
examined in the q.t. region where, as in the cese of diisobutyl ene, 
no significant changes in absorption occurred U.."ltil after an 
induction period. The result;;; appear in Plate J. The sampl es 
of O, 3, and 6 hour oxygenation show only the C=C vibration band 
at 6.1µ. The 24- hour sample has a new band at~ which apparently 
does not result from the pr esence of a C=O group, the; absorption 
b;,- which is usually at short er wave l ength thoo. (:µ. 

Absorption spectra , pr~viously obtained, of fresh cyclo
hexene and cyclohexene that had stood in a stoppered bottle f or 
two years ~re instructive in connection with the oxidation of 
this compound. They are given in Plate 4. The interesting f~aturos 
Qf Curve b, for aged cyclohexene, are the very strong OH absorption 
band at 3µ, the str ong band e.t 6µ, \';hich ovcrl.£.ps the C=C band of 
the par ent compound nt 6.1µ, the slight shift in position of the 
band neE>.r 3µ, end the dovclopmunt of a new bund at 9 ,3µ. 

Strong OH absorption ~t. 3µ is cru:·.ractE.ristic of a lcohols 
.:ind water, while v,ater n.lso absorbs at q.i.. 

The b.-mds lit 8 nnd 9 -~ in the oxidized S£.lilplc are 
difficult of alloc~tion . Acids often absorb ~t Sµ, but they 
also possess f.i strong C=O ocnd ,.t 5,85µ v,hich is absent her e , nor 
do acids absorb at 3µ . Primary alcohols absorb at about 9.6µ.28, 
this band shifting s uccess ively to shorter wave length in secondary 
and tertiary alcohols. Secondary and tert iary alcohols absorb 
near 8µ. Water29 shows no discrete bands in the region 7-~. 

In recapitulation, the 3µ OH band common to water and 
alcohols; t he 6µ band, probably due to wat er; t he 8µ and 9.Jµ 
bands, v,hi c h me.y well be due to elcohols, taken together with the 
absence of e c~o band at 5,85~, indicat e, but do not prove, the 
existencG of a mixture of alcohol and water in oxidi~ed cyclo
hex,me. It must be: kept in mind that the 8µ and 9 .Jµ bands mc.y 
r esult from p~roY.idc structure . 

It is noted in passing thE,t if t he pre::dominc.nt 
structure: in oxidized cyclohcxcne be: of alcohol type, then the 
opinion of Lecompte29 t hat the 7µ absorpti on band should be 
attributed to the carbon-chain ru t her thc.n to the alcohol 
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functional group is essentially subsu..ntiated in that the strong CH2 
band of cyclohexene at about 7µ suffers no modification upon oxida~ 
tion of the compound. 

Cyclohexanes 

Members of the cyclohexane series through 1-methyl 
4- isopropyl cyclohexane were examined in the qi region before and 
after 24-hour oxygenation. No significant alterations in infra-red 
absorption upon oxygenation of any member of the series were 
observed. The curves are not reproduced here, with one exception . 
Among the cyclohexanes investigated spectroscopically, the 
oxidation of 1-methyl 4-isopropyl cyclohexane induced a considerable 
pressure drop (8 pounds per square inch; gum 0,1 milligram per 100 cc) . 
Therefore, the infra- red spectra from J to loµ of this member and 
its oxidation product were examined . The results appear in 
Plate 5; it is apparent that no informat iv~ differences between 
the two exist. 

Upon resorting _to quantitative measurement of the ultra
violet absorption by these compounds, however, the somewhat 
surprising result obtained that in every case the oxygenated sample 
absorbed more strongly than the pure compound, even in cases 
where no pressure drop during oxygenation had been observed. 
Curves, representing absorption coefficient plotted against wave 
length, are shown in Plntes 6 and 7. The absorption coeffici ent, k, 
is defined by the relation, 

I = I 10-kt 
0 

where I 0 and I represent incident and transmitted l ight 
intensities and t is the cell thickness in centimeters. Through 
n-propyl cyclohexane (Plate 6) no notable dependence on structural 
complexity is apparent in the observed incr6ase in absorption. 
The results for isopropyl and 1-methyl 4-isopropyl cyclohexane, 
however, indicate increasing absorption of the oxidized component 
with grea ter complexity of the parent compound. 

The data of Plates 6 and 7 were derived, for each compound, 
from pairs of spectra photographed side by side on the same 
photographic plate, the one spectrum being of the parent compound 
and t he other of the oxidized sample. In some cases two or more 
sets of s pectra were obtained. These were in all cases consi stent 
with each ot her. The results shown in Plates 6 and 7 are real, 
even though the absorption coefficients (and their increments 
in the ox idized samples) are relatively small . The functional 
group giving rise to this absorption is not established by 
either t he infr&-red or the ultra-violet spect ra. 
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Cyclopentanes 

Ultra-violet absorption spectra were d~terminid for 
cyclopentane and methyl- and ethyl- cyclopente.ne. The mec:1sured 
absorption coefficients are given in Plate 8, No increase in 
absorption obtained for cyclopentane. Methyl- and ethyl-cyclopcntane 
absorbed r.iore light after oxidation •. 

I n view of the behavior of the cyclohexanes in the infr&-red, 
where no dettictabl13 differences betv . .acn the oxidized and unoxidized 
samples exi sted, th& cyclopentancs werG not exar.ined in that spectral 
region. 

1-Methyl 4-Isopropyl Benzene 

Only the most complex benzene was measur0d in the ultr~
violet. The oxidized and unoxidized samples v:ere dilut.eii to 1% (mol) 
in isooctane. The absorption curves .'.l!'C.. shown in Plate. 9. They 
::;how a decrease in strength of c.bsorpt5.on of the sharp C6H5 ~ nus 
in the oxidized sample. This effoct hl.i.s bum observed by Rru:iart
Lucas31 when the C&~S nuclcu3 is joined to the rest of th0 molecule 
by an oxygen atom. 

The s ame effect has been consistently observed in this 
Lnboratory in the case of oxidation of coil!Dlercial &asol L~es 
containing aromatics. 

II I. EXPERIMENTAL. 

Infr~-red absorption measurements were made r.ith a small 
(Hilger) rock salt prinm spectromet6r. Transmission curves were 
obtained b~ p1otting as ordinates the ratio of t he galvanometer 
deflection with the absorbing cell in the li&ht path to the 
dGflection with the absorbing cell removed. 

Rtifer~nce to a dctP-ilod d0scription o~ the absorption 
cell has been f.,iven, and the cell. has been illustrat.ed in an 
earlier report.J2 • The cell thickness required j_s o!' the order 
of 10-2 centimeters . 

Ul t rr.-vioh:t absorption spectr~ were photogrephed with 
a Gaert1113r 121-A quartz spectrograph. A low vol tage hot cathode 
hydrogen arc givi ng a continuous spectrum served as source. 
i'lhen quantitative di:ta were desired, the plates were c1::.librnted 
by photographing the spectrum of thEa arc through wire screens 
of knovm transmission factors. The d&t£ w~rc th~n reduced by 
the usual densitomet ric measure:ments. In many cases, however, 
it is sufficient to know that the re~ction product absor bs more 
or les::; light th£m the pr.rf,nt compound. In this event the 
obs~rvation is simpl y made by photographing ~ide by side on one 
pl~te ~h~ abcorption spcctr~ of the l)-'1!'8nt compound D.n.d the reaction 
product ~nd exl..I:iining tham visually. 
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Absorption cell s for the ultra-violet were conveniently 
formed by closing the ground ends of gl.ass cylinders of proper length 
by crystal quartz plates held on with rubber bands. Such a cell is 
filled by placing one carefully cleaned quartz plate on the clean 
surface of a table, placjng the glass separator ring on th~t, and 
pouring in the liquid to the t op level of t he ring. The aecond 
quartz pl.c.te is then easily sl id into place. The entire assembly 
cwi be lif ted from the table , and while the opposing quartz windows 
are held s~curely between the thumb and forefin&er of one hand~ the 
rubber bnnds are applied with the other. The windows ure then 
scrubbed with lens paper or absorbent cotton slightly wet with 
acetone t o remove finger print s (or rubber finger tips mny be worn) . 
If the ends of the glass separP.tor ring have been carefully ground, 
such a cell will not leak, and it offers the advantage of nexibility 
in that one pair of windows may be used for absorption cells of 
any thickness, whereas cells of fixed length with fused on windows 
must be avail~ble in severe.l lengths and micrometer cells of 
variable t hickness are inordinately expensive. 

Glass separator rings of l mm thickness can be cut from 
glass tubing. If thinner cell s c..re required (for highly absorbing 
liquids) t hin foil separators may be used. Tb& quartz windows are 
then squeezed tight agsinst the foil by metal paper clamps or clothes 
pins . 

Meny of tha ultra-violet measurements reported here were 
mad~ with cells of 0.2 cm thickness. 

IV. SUW4A..'lY AND CONCLUSIONS. 

The spectroscopic observations discussed in Secti on II 
indica te t he utility of ultra-viole t absorption mee.sw.·ement s in 
detecting minute chemical changes, dnce in certaL:. instances 
increased ult ra-,iolet absorpt ion resulted from oxygenation, even 
when no pr essure drop was observed during the oxygenation per iod. 
When such obs~rvations ne~d not be quanti tative, they may be 
rapidly carri ed out. 

When gross changes in structure occur, as in t hP. cases 
of diisobutyl ene •md cycl ohexene, the infrr,- red absorption spectrum 
proves of value in ident.ifying fi:..irly rapidly functional groups 
present i n t he reaction products ; 
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