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ABSTRACT

The kinetice af‘a&éition,of hydrogen chloride to 2,3=dimethyls
butadiene-1,3 in systems of aprobiec solvents has been lnvestlgated
at 259 and 859, The reactlion of one molesule of hydrogen chloride
with one molecule of diene is reversible; the rate of the forward
reaction 1s proportional to the first power of the diene concéne
tratlon and the three halves power of the hydrogen chloride comw
centration, while the rate of the reverse reasction is proportional
to the first power of the bubens ahlar&ﬁa econcentration and to
the one half power of the hydrogen chloride concentratlion, In
& aystem of aprotic solvenis the rate of additlon ig inveraely
proportional to the basicilbty of the resetion mediums A mechanw
ism 1s proposed wherein the rescting species ere a protone-diens
gomplex and & hydrogen chloride moleenles thus, the addition of
hydrogen chloride to conjugated dienes in mprotic solvents wmay
ﬁe viewed ag a proton catalysed rescilon.

The general statistleal mechanleal theory of irreversible
processes in solublons of macromolecules presented previously
by John G. Eirkwood has been applied to solutlions conteining
large rigid rod-like molescules. It has been found that orientas
tional factors previously neglected contribute significant terms
to the real part of the shear viscosity cosfflcient and give
rise to a rigidity modulus in the presence of periodic sheer
wavess A simple theory of flow bi?efringamce zives resulis

previcusly obtained by other investigators.
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PART I

THE KINETICS AND MECHANISH OF ADDITION OF
HYTROGEN CHLORIDE 70 2 ,3*2)1&%?%1&??%‘%2%1;5 N
SYSTEME OFP APROTIC SOLVENTS



Te  IHTRODUCTION

Although the chemical literature is £1lled with ample dise
cuselon of the mechanlen of addition of hydrogen hellides to tne
saturated hydrocarbong and of &nﬁlﬂgaus electrophilic addition
reactlons®, 1t is aurprisingly void of any quantitative rate
studiess The gas phase addition of hydwogen gali&es to olefins
hasg been investlgated by a number of wcrmﬁraz, and tho results
of these gtudies ludicate the sbgence of any simple homogeneous
gag phase romctions The liguid phase resstion between olefins
end hydrogen halldes tends to proceed much more readlly snd has
been the subjeot of & number of qualibative inveatigatiensao

Only two notable atbtempte abt quantitative rate studies have
been made on the hydrogen halide~olefin syatemé. Hennion and
his co=workers made & somewhat superficlel rate study of the
addition of hydrogen chloride end hydrogen bromide to 3J-hexene
and eyclohezene in varlous non=ggueous aolv@nts. They concluded
that the rate of addition was influemced largely by the basicliy
of thelr reaction medium and was nearly independent of the olefin
concentration, HMayo and his cowworkers concluded from thelr
studles on the addition of hydrogen ghloride to isobutylene and
of hydrogen bromlde to propylene in liguid pentane, that there
was a competition between a catalyzed second-order reaction and
en uncatalyged reaction of higher order. 4 rate congtant caleue
lated on the basls of the equatlon

;:_:_ - R [Hx_]z[one{inj
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soemed to it the exporimentel rosults betiter than consteants
saleculated on the baslas of any other integrel reaction orders
Maro also reached the conclusion that some gort of molacular come
plex between the hydrogen halide and the olefin molecules played
a declgive role in the mcghanism of additions such o postulate
was made oarlier by maaag.

No experimental rate date are avallable in the 1lterature
on the addition of hydrogen halldes to conjugatod dienes, alm
thovgh the reactlon itself has been the subject of considerable
inveatigaticns’ﬁ. Hogt of the sbudies on these systems wore
concerned with establishing the mode of 1,4 and 1,2 additions
to conjugmted syatems, Eurﬁh@r dlacussion of this subject is
doferrcd to a2 later parte

We chose to study the rate and mechaniem of addition of
hydrogen chlorlde to 2,3edimethylbutediene«i,3 for a number of
reasongs Of the four hydrogen halideﬁ,‘hydrcgen chloride ia the
simplest Lo study, slnce 1is addltion resctlons are not complie
cated by possible "peroxide" effects and it 1s easlly handled
in the anhydrous state. The 2,3-dinmethylbutadiens~1,3 1s one
of the few readily avallable conjugated dlonesg which 1s sasy
to store and handles, Ouy original purpose In underitaking the
pregsent investigetion was threefolds 1L - Yo study the mechanism
of addition of hydrogen halides to unssturated hydrocarbons)

2 = Lo study the mode of 1,4 and 1,2 addltlons to conjugated
systems; and 3 « to coumpare bthe reactivities of conjugated
systems with those of ordinary olefinic systems in simple elecw

trophilic addition reactions,
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1T, TOUE PREPARATION OF MATHERIALS AND THEIR ISOLATION

2, 3«Dimethylbutadione=1,5

The 2,3=dimeothrlbutadiene-1,8 was prepared according to the
method described by Kyri&kidasv. Pinacol, Bastman white label
#4077, wes heabted in a round-bottom flask equipped with an efficle
ont fractionating column. The temperature of the molten pinacol
wes meintained at 130%¢, unbil any water of hydration present was
removed,s The temperature ﬁas allowed to drop to 94°C, end 1% of
concentrated agqueous (48%) hydrobromic acid was introduced, The
temporature was meinbained ab 94°C. uvntil all of the pinacol was
converted to dicne and pinscolons. ~Thﬁ organlc phasge of the
diatillate was goperated from the agueous, washed with two p?rtions
of cold water Lo romove any rémaining pinagolone and pinscol, and
dried over anhydrous potasalum corbonates Th@ dried organic
phase was dlstilled and the fraction boiling bebween 68.59 and
70.00C, was collected, The purified 8,3=dimethylbutadicne=l,3
was gbored over hydroguinone in order to prevent any subseguent
polymerization.

Butone @hloridgg

P

The lechloro=2,3-dimethylbutene~2 and the BSechloro=g2,dw
dimethylbutene-l were prepared simultaneously by treating a 50%
by welght solubtlon of 2,3«-dimethylbutadiene~1,3 in glacial acetic
aeld with anhydrous hydrogen chloride. Enough hydrogen chloride
was furnished to provide an eguimolar ratio betwesn 1t and the

dlsene; the molution was kept at an ice-salt bath temperature for
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£ive hourse The reaction was then btermineated,; the scliublon
washed with Tour porbtions of cold neutral wabter and finally with
two portlons ol iLce cold waber wilth & small amount of potassium
carbonete dissolved in ity The opganic phase was then seperated
and drled over snhydrous megnesiwa sulletes The mixture of the
two chlorides wae then dlsbilled through an efflielont & dletilling
golumn, final portlons being collected over a twn degres ranges

A 1ist of physical pro perties is given In Teble I. I% was found
thet suparation at abmesphorle pressure was not canv@hi@nﬁ, since
alb elevated tempeorabtures some isomerizabion and volymerization

ocsurr@d. Thege diff

?,-s

Leultics wore removed whon digtlllation was
carried out below 40 mz. Hge On sboring it was found that both
of the chlorides underwent nolymerization on the action of sune
1ight and oxygens Hemplow kept stored under niitvogen and hydrom
guinone and proSccted from sun light remalned gquite pure over
a period of montha.

The anhydrous hydrogen chloride used in our studles wed obw
tained from cylinders provided by the Hatheson Co.
Dioxane |

Commercial dioxanc obtalined from the General Chemlocal Corp.
was hoated over sodium hydroxide pellets on a stoam vaih for 24
hrg. Subsequently the diozane was rofluxed over metallie sodlwm
for several houwrs wntll no further discoloration occurred on the
godium perblcless The dicxane wap then distiiled end the frace
tion colleocted between 99.0° and 10041°C, was stored uvnder nie

trogens Some camples of dloxane wers prepared according to the



nethod describaed by ?1eser howewver, no differences in properties
wore noticed between these samples and the ones purified by the
above simpler method.

Xylene

Conmerelal xyleno obtained from the General Chemlcal Corps
and contalning approximately 90«95% meta lsomer was refluxed
over metalllic sodium for several hours and then disitilled, The
fractlion bolling hetwa@u‘lﬁéﬂ and 138°0, was collected and stored
under alre
Dl-n-Bubyl Bther

The di-nsbutyl ether was obtained from the prepsrations of
the Junior Organle Laboratory course at the California Institute
of T@&hnology.*%whﬂ student preparailonsg were raflumeﬁ ovey
pobasslum permanganate te remove any traces of alceohol, disﬁillad,
and then refluxed cver wmotallic sodiwm and distilleds The frace
tion bolllng between 141e6 and 142.5%C, was collected and stored

under niltrogone

¥ L. Fleser - "Experimonts in Organic Gheﬂ¢str§", Heath and

anar

% gee: He J. Lucas and D. Pressman, "Principles and Practice
in Org. Chem.", Wiley, (1949), p. 261,
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17T+ PRELIMINAKY INVESTIGATIONS ON THE REACTION BRTHERN
HYDROGEN CHLORIDE AND 2,3«DIMBTEYLBUTADIENE~1,3

Thermodynamic consideraetions tend to rule out the possie
bility of adding hydrogen chloride to unsaturated hydrocsrbons
in the presenece of hydroxylic solvents such as water and the
- Yower al&ghatie'aiﬂohalﬂaﬁ We therefore chose glaclal acetlc
acid and dioxene as the resction media for our preliminary ine
vestigationsg,

The results of our prelimlnery investigations in both of
the solvent media mentiomed were the same. The diens and hydroe
gen chloride react sccording to the following scheme.

Me Me
. ‘-

CHy - ?"’c = CH,
Ci

A}
Cl-l,_"-'-?—'?‘-"-CH; + HCI —14

b
Me Me i CHy—C = € - CH, Cf
Me Me

The reaction was allowed to take place in moderately dilute
golutlons over a slight renge of concentrations and at two difw
ferent temperstures, 0°C. and room temporature (ca. 25%C.).
Regults of this phase of our investlgabtlon are summarized in
Table Ile

Prom Table II it is seon that inltial addition of hydrogen
chloride to the diene favors the 1,2 mode over the 1,4 mode.
If a solution of the 1,2 lsomer is sllowed to remain in the

presence of hydrogen c¢hloride over a prolonged period of %time,
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1% will slowly isomerize to the 1,4 isomor. Ho carefully cone
trolled quantitative gtudles were conducted on thls phase of the
problem since our objective was merely the determination of the
course of the reaction. Our findings egree lsrgely wlth those
of Eharasch snd his ooyworkerss, who studied the system bubaew
diene~1,3 and hydrogen chloride. They found that initiel addie
tion resulted in a mixture of 80% 1,2 and 207 1,4 product. On
heating the 1,2 lsomer In the presence of hydrogen chloride snd
Inorganie chlorides, it became converted bo a mixbture of 1,2
and 1,4 ilsomers. Some of thelr rosuwlts sere tebulated in Table
Ila for the seke of comparisons

Tnder our experimental procedure no second molecule of
hydrogen chloride was obssrved to add to the butene chlorides
formed from the initial addition reactlon. It must be concluded
that in the sbeence of a large excess of hydrogen chloride the
gecond molecule of hydrogen chloride esdds much more slowly than
the first. If any further resction were to bake place, we would
expect 1t %o follow the course

HC) Me —c <
M‘)g—c:cnz_ —_— M,.>9 |<f1c.
Mc ch "'“ C C)

$Ch Me
Mt)c—_—:C—CH,_CI et >$—$H-<‘-"‘r—°'
) Me

Me Me ’ < Me

Further discussion on the guestion of 1,2 vs. 1,4 sddition
is deferred wntil a later part.
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Table IT.

Addition of Hydrogen Chloride to Dlene

Diene Moles of ' Diene  3-Chlore
Concena HEL per Temps Time Heaoted Isomery
Molality Diene Solvent o¢, Hre. in %  Formed
| in &
1.8 1.5 HOAC o 24 80 78
a 1.5 10Ac 25 iz 50 i
E.8 1 Dlox 0 24 30 80
2.5 i 5% Diox 25 48 60 70
Pable Ila
g}

Addition of Hydrogen Chloride bo Bubadlene~l,3®

1.8 HOAG Room 24 50 78
1.6 HOAe Room 48 BL~7Q 78
1.5 Ether 80 24 None
1s5 Bther Room 24 Hone

Equilib, mizds in 1M HCL in HOAc¢ is

TQ«75% of 1,4
30e25% of 1,2

(a) e Kharasch, Krltchevsky, Hayo, J. Org. Chem., 2,
490 {1937-38). ’




IVe NETUCD OF AVALYSIZ AUD SANPLING

Praliminary

The usual wethod for followlng The rate of addition of
hydrogen halldes to unsatursted hydrocarbons 1s by titratlon off
the unreacted acld with aqueous base, Barly investligations by
ne Indlcated that this procedure would not be appliceble to oux
systeme The primary product formed in the addition of one molew
cgle of hydrogen chloride bo 8;ﬁﬂdimethylbaﬁaﬁiénﬁmiga is 3~ghlaraa

2, 5=dinethylbutene«ls this ils a tertiery, as well as allylic,
;chlarids and 1s thereforc oxpeched to be quite reactive. It was
Indecd found thet the above bubtene chloride hydrolyzed slowly in
neutral cold water; whereas in 0.1¥ so@ium hydroxide solubtion
et room temperature the hydrolysis waes practleally ingtentaneous.
thvionaly, another method for following the rate had to be dew
vised, '

o avenues of Investlgation were open’far following the
rate of our veacblon, The first possibility wes to devise a
method for Pfollowing the rate of disapvesarance of the dlens.
Yost wnsaburated hydrocarbong may be tlirated gquentitatively in
& bromine~bromate system wlth or without the use of catalysis

o found that conjupeated

{(Lsce morcuric selts)es Meny inﬁwm%igmhara
dienes did not roact quantlitablvely with bromine under the conw
ditionz of normel tibtrations; ﬁume,inéus%ri&l nethods wers flgw
vised Ffor tiltrating dioneg with bromine guentitatively, but

these were elfective only if the sanple bto be tiitrated conkaeined
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predominantly dienes The ususl industrial method practiced ho=
day for determining quentitabively the smount of diene present
in a given sagple lg besed on Infra-red gpectrophotomstrie methods.
The apparatus needed for such analysis waz not available to use

We investlgated briefly the possibility of following the
rate of disappesrance of the dione by ultra«violet spectroscople
methodss It was found, however, that the addition compound
formed from the diene end hydrogen chloride exhibited an ultre-
violet absorption spectrumvery simlilar to that of the original
diene, PFurther work on devising 2 sultsable method for the qﬁ&ﬁe
titatlve determination of dlienes wes abandoned and attention was
focused on the second alternatives |

Instead of following the rate of our raaa%ion'by quantitative
titration of the dlene, we may follow it by measuring the rate
of disappesrance of hydrogen chlorides The method to be devised
had to be applicable to the non-aqueous, eprobtic solvent systems
uged in our rabte studles. We firét investigeted the posslibility
@f deternmining acld concentrations by a wethod gimilar to the
gpectrophobometric~indicator method used by L@mairagb. Ameng
the indlcetors tried were: mebthyl red, mﬁthyl orange, brombthymol
blue, thymol blue, and bromeresol purple. The absorption spestrs
of these indicators in the visible region have been determined
by Brodala, and for convenience are tabulated in Table IITe

It wes found that noune of the above named indlcators pros

vided a system sultable for our purposes. In trying to calibrate
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sonsentration of hydrogen chloride vs. abgsorpbtlion curves, alow
drifts with time and other anomolics were observed whenever traces
of the diene or bubene chloride were iIntroduceds ¥e concluded
thet some complexing or resctlon must have ocourred bebwesn the
indlcator snd the dienc or butsne chiariﬂs; Parthermore,; 1%

was Tound dirficnlt bo control the temperature evenly during the
gpoctral analyses or to correct for these fluetuablons, An illuse
tretion of our Andicator study ig glven in Tebles IIlla ani III%;
wherein the sbove mentioned difficulibles are demonstrateds Ve
abendoned more detalled investlgeblions on this phase of our study,
eoncluding that & simple indlicator mebthod geve unreliable resulis.

Hethod of Analysls

A sulbsble method for following the rate of our resction
wag finally arrived at upon dlscovering that in the absence of
approcisble amounts of water or other hydroxylic solvents, hydrow
gen chloride could be titrated guantibtatively with a strong opw
genlc base (o.g« briethyl smine) without any interference from
the butene chloride. This observation is not surprising in view
of the facts that in our systems of eprotlc solvents sclvolysis
of the butene chloride is not vpossible, and thet it has been
obgerved that the rate of formebion of guabternsry emmoniuom salts

is greatly influensed by the lonlaing power, i.0. dielectrie

sonstant and lonig sitrength, of the solvend meéium;lq Diozane

solutlons of the butene chlorides an& amine were found to yield

nige ¢ryatalline derivatlves after & 48 hour period, howaver.
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Table III.

Properties of Indicabtors

Neme A max, Py range
Thymol Blue 544 148 = Bed
Thymol Blue 596 ol w 10482
Brom Phenol Blue 502 Bed = 546
Methyl Red . 530 Bad = 740
Brom Cresol Purple 591 4e8 =~ Tab
Brom Thymol Blue 617 5e8 » Bud
Phenol Rod 558 G2 = Dal
Cregel Red wMe GeB = Db

Tahle ITla.
Calibration with Thymol Blue
Tomps ~ 25+000,

AN, =544m
[ta] = o.o001% |
) EE A 5455 2,68 1486 1432 0,78 0,05

Intenslty ¥ Trans.27.0 6948 B04] 8443 9740 100.0

Table IIIbs

C[ea] 14340 1.350 1,326 1.318  1.250 1.245 1,238
% Trang 21.8 10«24 B2:l 29,9 3448 37,0 40.8
Time in ' ’ '

Hrae O Qu33  0u60 1485 2,00 2,33 3,00
Tompe in ' '
0C. 28,0 2547 2843 B6s0 25,6 88,8 25,8

[biene] & 0.622 u
[zra] = 0,002¢
Thymel Blue

A z 544 m
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The indicabtor most guiteble for our purposcs was found to
be totrabromo-m-~cresol sulfonaphthalein (bramecresol green)s In
aqueons ayvsitems this indlcabor ils pale yollow in sbrongly acld
golutions, turns faint green at e pH of approximately 5 and bew
comes intenze blue at a2 pil of approximabtely 8¢ In solublonz of
ebhers and avaﬁatia hydrocarbong, the indicator assumes a dark
brownisgh purple color In the basle regions 8tock solubions
of 0¢5% by wte of indicator ware made up in mixzbtures of 208
by vol.ebthyl alcohol and 80%4 dioxgne or xyleone.

Titretions wers carvied out by Introducing o sauple approXie
nmatiely 1 ml, in volume Into an erlemmeyer Iflask contalning 25
mle of the solvent being uscd as the resciion medlium (l.¢. sither
dioxane, xylene, or dlen-butyl ether). Flve drops of a sulteble
golubion of the indlcator were thon added and the sample was then
titrated with a standardized solution of triethyl snlne in the
golvent belng usecd ag the reaction mediume The sample was t1trated
to 2 gtanderdlized end points

Stock golutions of triethyl amine were made up to the approxie-
mate concentrations reguired in sulbtable solvents {(ls¢e dioxane,
xylene, or dien-butyl ether), and etandardiszed against a standard
golution of agueous hydrogen chloride, using bromcrosol green
g8 the indicator. These stock solutions were periodically sampled
and rewsbtandardized., It wag found that end points could be
standardized with resvoct to color and intensity by Laklng solum
tions with lmown concentrations of diene, hydrogen chloride, and

butene c¢hlorideg. hen these aolublonsg were diluted to the same
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goncentratlons as the samples to be tlirated, the resulting end
point was found to romain atable over e perlod of several hours.

The Method of Sampling

To prevent any poseible less in hydrogen chloride by vapore
ization during sempling, the reto studies wore carried out in
gpparetus sultable for sampling in the absence of aire (Se¢ Pig. 1)
When & sample wag desived, a pipstbe celivrated for btotal delivery
= was abbached to ﬁhﬁ‘apparmhua and the raqnﬁr@@‘am@ﬁnt of gample
was disploced with a gtream of nitrogens The pipetbe was then
withdrawn and the sample flughed into an erlemmeyer flassk with
the appropriate solvents

Solutions for rate studles were prepared in the following
manners Freshly distllled 2,8~dlmethylbubtadione«l,;’ was care-
fully welghed inbo & calibrated volumetrie flask containing the
desired solvent. The volumetrlc flask was then filled nearly bo
the required level end immersed in e thermostet bath set for
the reaction temporature. After the flask reached equilibrium
bemperature, the conbtents were finally adjusted to the reguirved
levels Solutions of hydrogen ¢hloride were prepaered by passing
snhydrous hydrogen chloride gss into a fléak conbalining the
deglred solvent and surrounded by an ice bath, suitable arrangew
ments being meds to safeguard the contents of the flask from
molstures The gas wes disporsed inte fin@va%ream by allowing
1% to bubble forih from & sintered gless plate. After the

approximately desired amount of hydrogen chloride was welghed in,
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the flagk was stoppered end lmmersed into a thermostat bath
adjusted to the required temperature, When the solutlon of
hydrogen chlorlde roached the desired temperature, allgued
gamples wore taken and titrated against sbenderdized solutions
of triéthyl amine in the sulteble solvent end against agueous
sodlum hydroxide sclutions, using bromeresol green ag the indle
cator in both instancess It was found that the moderately die
lute aeld solutions reqﬁirﬁd for our rate studlies could be stored
over a perlod of weeks wibthoult any appreclsble change in concenw
trationy nevertheless, 1t was our practice to use freshly pro=
pared hydrogen chloride solutlons for our rabte determingilons.

Semples for rate studles were prepared by pipetting ree
guired amounts of diene and hydrogen chloride solutions into the
resction vessel, using properly calibrated pipettess Blanks
containing hydrogen chloride and solvent wers run over a period
of several hours under condlitions similar to the ones actually
used in rate determinationss No apprecisble fluctustions in
hydrogen chloride concentratlon could be detected during these
FUNse

Early runs were carried out under an‘atmosphere of nitrogen.
Upon discovering thatoxygen had no effect on the reaction rate,
subsequent runs were carried out in the presence of air. (See

Part I, Section V-F.)
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Apparatus for Sampling in Absence of Air
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:0GEN_CHLORIDE

Ve THE RATE AND MECHANISH OF ADDITION OF HYDF
IO 2, B«DINETHILDUTADITHEm1, 3.

A« Introduction |
The kilnetlies of the addition of hydrogen ehloride to the
diene were studlied at 25° and 35%C. in three different solvents)

dloxane, di-nsbutyl ethew, and xylens., These three solvents
wore chogen in order to study how the baglelty of the reaction
medim affected the rate of eddition. 7The basiclty of the three
golvents ranges from dioxane, being the highest, to zylene, bHew
ing the lowsgt. All three have dielectrle conatants ﬁppraxiﬁétaly
squal {(eca. 2), consequently any secondary solvent effects due
to dlelectric properties should cencel when comparisons between
different solvent medis are made. |

In all of our studies only the rate of the first molecule
of hydrogen chloride %o add Yo the diene was detoermined. The
ghape of our kinetic plots indicated that after an appreciable
@@k@@atrnﬁian‘sf bubene chloride hed bullt up a very slaw'seaéna
addition of hydrmg@h chloride took places However, the rate of
this reaction was conslderably slower mnﬁar‘éuw oxporimental
conditions then the primary reactlon between hydrogen chleride
and diene, Under our mild experimental conditlons no polymerizs-
tion of the diene wag ever observed.

The ohjectives of our rate studles were es follows. By
meaguring the rate of reactlon between hydrogen chloride and

dlene at a gliven temperature and over a varied concontration



range, we expected to delermine the order of the reaction. By
studying the effect of varying the basiclty of the raaatiwn’
mediun and introducing varicus inorgenic selis ms catalysis,

we hoped to determine the weochanism of the remetlon, Finally
we intended measuring the rate of the resctlon at elovated teme
peratureos and thus debternining the activetlon energy of the

reactions

B+  Zhe Initlal Rete of Reactlon

The {irst step in snalysing our rete date wes the determinge
tion of the inltlal rate of reactlion betweon hydrogen ehlsriﬁa‘
snél diene over & sulteble renge of concentratlong. The initlal
rate was obbtained in the following mawmors the concentration
of hydrvogen chloride in the reactlon mixture was measured during
arbitrary tlme intervals; by plotting these concentrations ageinst
time & reasonably smooth curve was obisined and extrapolated
back o zero Lime. A line was then drawn tangent to the cone
centratlion of hydrogen chloride va, time curve at the point
of zoro timee The slope of this line represents the initial
rates, The mothod is illustrated in Plgure £ for a representative
TUlte |

Although the graphical method ls subject to a certaln
amount of error, 1t provides the simglea% and nogt direct method
of obbeining inltlal rates, The Initlal rates ave Important
in determining st least spproximetely the order of the reactlen
since thelr values are uncomplicated by auy subsequent reactions

which may ocour in the system at later times., The initial rate



fe rolated to the initisl speeific rate constent in the following
manners

at ()

[2&5{] I ’\710?“ ET‘
x=o0 '

ki iz the initial\@paaifiﬁ rete consbant

& 1s the inltlal concentration of 1oL

b is the initial concentration of the dlene

n and n represent the order of the resction with respech

to hydrogen chloride and diene respectively.

In Teble IV are tabulated the inltinl rates of & nmumber of
rayresanﬁaﬁiﬁa runs along with valuas.af'kf salovlated on the
bagis of m @ 1, 3/2, 2 and n g 1. From the tabulated vesults it
is apparent thet the best sgreement i1s obbalned with the experle
mental observations when m is chosen equal to 3/2 and n to l.
This Indicates that the early part of our kinetle curves nmay be
fe?rea@ntﬁé by the integrated form of the eguation

: ° Yy .
Ax g7 (Har) T (Diene)

(2)
wherd x repreasntsg the concentration of bubene chloride at a
given btimes If Bge (2) were to describe adeguabtely the rate of
reaction bebween hydvogen chloride and diene, we would expecd
the plot of cones of hydrogen chloride ves time to approach

zerc concenbratlion esympioticallye Fige £ shows that this is



Run
Noe

R - 8 e R Sl

1l

15
14
15
16

21
28
25

€4

Solvent

Tloxane
Dioxans
Dioxane
Dioxane
Dloxane

Xylene
Xylens
Xylens
Xflen@
Xrlene
ﬁyl@ﬁﬁ

By Ether
B Ether
Bu Zther
Bu Bther

Table IV

Initial Rates of Addition

Qe 400
0,508
0808
0. 892
0+ 98B0

0,115

0.,0850

0. 0945
0, 0456
0.0802
041310

04645
0645
Qe 52D
0750

B

Lo Q5O
14050
1-Q$Q
0526
Q.850

De 11Y
Oa217
0¢@3§
0e117
0.08885
0. 0380

04500
0s250
04500
0. 685

v

Initial

8lone ah
a.guxze*ﬁ 6y 95x10™2
415 "% . 6,80 ¢

7458 8o48 M

4053 " 9426 "
2,556 7 10440 "
1,66x30°% 1,25
1,09 ® 1.10
2.18 " 1409
0,40 ® 0.76
0, 565" 1409
0,638" 1e32
%@wa@@ 0148
4,99 " 04155
1.74 " 0,107
Se52 M 0.166

ALY

6 8 K
04089

0,089
G 008
0105

3460
3.56

.55
3460
%468
5470

0.180
06193
0.188
0,192

(o)
LS

Qe 1774
Oell¥
0.0945
0s104
04106

10.88
11.88
1153
16,90
1888
10,81

0.225
0241
D¢ 329
0‘221



Concentration of HCI| in Moles per Liter

Time in Hours

Figure 2

040
X - Run ¥
0.20  \_
0.10= e e
X
0.00
20 40 60 80 100 120 140 160 180 200 220
' 0.50 Time in Hours |
0.40K _
XN
*~x
‘\\x\x\
X— |
0.30}- ™~ e ]
~ |
N
> N
0.20 :
-2 o~
‘Slope=2.92 x 10™" Moles per Hour~
™
O.I0F N
N
M
0.00 ' : v
0) | 2 3 4 5 6 7 8 9 iI0 Il 12



w3

not the case; indeed, the shape of tho curve depleted in Pig. 2
would indicmbe that the reactlon between hydrogen chloride end
diene is a reversible one approaching equilibrium. tnfortunately,
this 18 pot quite true either, for true squilibrium is never
established between the diene and hydrogen chloride on account
of the slow socond addition of hydrogen chloride to the butens
chloride formed from the first additions The dobted line in
Fig. @ depiets the shape expocted for true equllibriume Consew
quently, accurate determinations of an "equilibriwma" concentra-
tion could never be ashieved oxperimentally, Nevertheless, the
sourse of the reactlion between hydrogen chloride and diene is
best deseribed by the squation
E‘\_t’s = K, (Hu)%(b‘.em) - Ra X

_ K i {3}

whers kg is the rate of the revergse reactlon and ¥ is the equle
1ibrium conatant of the reversible reactlon

= Rutene Chlovide + Ja'. HCI

1 HCL + Diene e wems {30}

We shall show below how approximate values of K may be obtained
enalytionllye
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Ce The Inbograted Rate Equatlion.

Bqe {3) may be rewritton in the form

AL 2 R (a-x)*(b-x) - k, (a-X) X
At~ >

= (amx)" [ (ex) - K'x ]

where a 1s the Inltlal concentratlion of hydrogen chloride, b I1s

the inltlal concentration of dlene, and the other symbole have

their previously glven gignificance. Maklng the substitubtion
p=glaresn]
2 /2.
) = [(Mb+ '/n)-4-ab]
-1
C = -'éLa-rbi—K-f)(J

Ege (4) is converted into the followlng equation of partial

Practions,

ax I S !
(o-x)"* [ W(x-¢) W(x-pP) | s (5}

Upon integration Bg. (5) yields four possible solutions subject

to the condlitions

(s=c) >0 5 (=) do

e {6 )



(a-c) { o

~
P
>
-
Vv
)

wown (6D}
(Q'C) > o ! (&_f) 4 o wwwe (60}
(a-6){0o ; (ap)Ko -mee (64)

Both conditions {8e¢) and (64) require that X/2 < O s which can
never be realized in our case, Conditlon (6a) reguives that

(o-b) > (x”\") s whereas condlitlon {6b) requives that (a-h){QU+n"),
Actuelly, only copdition {8b) is ever satisfied by the systems

under study; and this leads bo the Inteprated rate equation

R L = [* °“ - tam f—]

HBge (7) has besn used to caleulate the forward specific rate
constant, ky, for & number of representative runs end the results
are tabulated in Teble V. It is seen that agreement in the rate

congbants during s time interval of several hours is qulte goods
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The only arbiltrary psrvameter which has to be chosen in the
integrated rate equation is the valus of K, the equilibrium cone
stant for the reactlons Velues of K could not be detornined
directly on sccount of the slow addltlon of the second molecule
of hydrogen chlovide Yo the butene chlorides, However, rossonw
sbly good orders of magniiude may be assigned to X on the basls
of Bge {7)s 1In Plg. 3 we show how the assigned values of K
influence the plot of Bgy (7)e To simplify metlters we have
chogen an 1llust rqm:w run vhere the conbribuibions of thoe are
tangent function in Hqe (7) may be neglected with respech to the

contributions arising from the logaritimic functlon. Thus, we
Ja-x + Ja-p _ Ja-Joa-p
(0] J O~ %X ! f’ J J /°

Tor thres different values of Ke It 1s seen that the value

plot the funcilon Qﬂ sgainat time

nearest to the true value gives & stralght line plot wlith a slops

squal o Rfa /'- 303, vyalues of K differing approeiasbly from

the true one 4o not yileld streight line nlotges If the nlot of
Bge {7) with the correct value of X is carried out for lonz btime
intervals, devietions from the straight line will occur after a
sultable length of time. These deviations occur st the point
where the rate of addition of the second molecule of hydrogen
ehloride becomes approclable,

In all cases we have chosgen those values of X which yield
the most eonslstent agreement in the ky values and conform wﬁ.t‘h
the above eriterion of ylelding straight line plotss However,

the tabuleted valuess of K should only be conslidered as approximate
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and merely indicate orders of magnitude., In Table VI we have
summarized the average ValaaaAaf ky along with the values of the
other rete constents for the representatlve runs listed in the
previous bable. Pluctuations in the average values of kl‘fﬁr
different runs is rendom and well within the | sxperimental error.
Agreement with the graphleally determined initlal forward rate

eanstanta,‘kg, ls surprisingly goods
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Rates of f‘ﬁ&itf.

= 04802 ¥L-1

Pomps 25°
'f} 33 Qe 5&5 s}-iL_l

Zolv. Dioxane

in hra. Q.60 113 2200 3.0

&-vx m

4
4&«3‘ 4.11 ,
hrgo™

tree o
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0,090 0,115 0180 0.1310

Temps 289 a w 0,892 up-1
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“""ma in

a=x In

1l 06880 04852 04838  0.809

.,

: - % 0. 004 0117 993.15 479 105
7! 59

& g 0.800 M-l
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b s 04754 ¥L-L

Solv. Dioxane
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BwE 1
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Table Ve (Continued)

Terpe 256 a ﬂg%OG I'nm:l
Solve Dioxzene b ow 1,080 ML

fime

in hres Q.5 1 2 245
aex
1n ut~3d

w in
kh%s o
u=3/2

06 B84 0369 0359 Ou 355

Oslld 0,116 0,088 0,000

Run Hos 2

8 & 0u582 MLL

Tomps 259 : 1
b s 14080 MLT

Solve Dioxane

Time

in bra. Cel 1625 2:«@ Bl

amx

1 ML*L  QuB77  0.558 04515 04490

k1 in

Epgey™l 0,100 0,101 0,101 0,118
w=3/2 .

Pompe 25°

a & 0.898 MLt
golvs Dioxene

b w 1,050 Mr-1

Time

in hrs. 08 1:05 1:55 2.25

awi in

ML~ 0844 0u815 04775  0.736

by ing ' '
Torre Gal 0080 0s108 04089
?{zgyg » OO * . %

K= 10
X - 0A~850

275 B4 38
04346 0,339
Ue 100 0+ 107

el
W& 0,752

0457 0e 456

0,114 0,108

0,687 0,642

04100 0,100

Qe B30

Ce 1086

5¢5
Q. 445

0.109
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Table V. {Continued)
Run Hos 21

a & 0645 yr-1

Temp, 25°
b - 0. 500 Mr-1

Solv. Bu Ether
Time in _ ' ‘
hrge +5 % 1.6 a
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in ¥

k i ’
lg 0,198
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Time in ;
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Kalb
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Table V. {Continued)
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6
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Influence of ‘K
on Eq.(7)
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Table Ve

Summary of Rate Constanis at 28°0,

Rum HCL, Diens k: Cales kp
Hoe Solvent wL*l mr~l h%wlguﬁ/% ggumﬂa/% w0 §§~&ma&/ﬁ

8 Dioxane 0.892 1,050 0.089 04100 10 0.0L00
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1 v 0 40865 41034 3,95 3,92 7o 20560
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De Moohanlsm of Reactlon

2

L seens reasonsbls to posbtulabe that when hydrogen chloride

4
and disne ars dissolved in a sulltable solvent the followlng

r

scheme of eguillibria 1ls established Instantaneously:

a) 5 ¢ HOL » SH* & 017
BY D+ BN « 0E* ¢ 17
¢) Do oE® gou®e8

where 8 denobes the golvent mo‘ecule, aue tz@ protonated solvent
moleeuls, D the diene molecule, and DH® the protonated dlene
molegcules The protonsted dlene moleecule used iIn our scheme
should not be confused with the concept of carboniuwm ions. Te
consider a corboniwa lon to be an astivebted Interwediastes with
a very smell life~time; vheress g probtonsted diene wmelecule 1is
simply a molecular assoeclation complex betwéan a proton and a
double bon d VLY s;mklaf in nature Lo protoaated hylroxyl groups,
etce
Thus 1t is sceen thﬁ% the &hove scheme merely represents
the dletributlion of proton in a aystenm eoan&aed of thres basic
congbltuents;y the solvent moleeules, the diene molecules, and
the chlorice lonse The tacib agsumptlon iz mads thet hydregen
chloride dissolved in sol ventyg such ss dioxane and xylene forms
& nonowdlsperasc system; although, the wvelldity of such an assump=
tion does nobt directly affect our conclusionse
The reschion between a molecule of hyd rowmn chloride and @

molecule of diene may possibly proesed according to one of the
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four following steps:

1) 1Ol ¢ D —> Bull
11) mcl ¢ DHY — Bucl ¢ H*
111} 01" e DE* —> BUOL

iv) Di* —s Carbonium lon f}_, Bull

where BuCl denotes the butene chloride formed by adding one
molecule of hydrogen chloride to the dlene., Among the above
1isted posaibilitieg we have included only those steps which pro=
eeed by a unl or blemolecular mechanism, Other possible steps
procesding via higher molecular mechanlsme would cccur with a
much smaller probebllity than the above mentloned and would reé=
gulre reate orders higher than the one obgerved sxperimentallye.

If Bgs (1) were to describe the mechanism of our observed
reactlion, the rate would be proportional to the Llrst power of
voth the hydrogen chloride and dlene concentrabtliong this is conw
trary to our cbmervations. It will be shown bhat if Ege (iv)
wore the correct mechanlam, the observed rate would be proportion-
al to the one~half power of the HCL concentrations Consequently,
it remeins bo dlsbtinguish between (11) and (111) as possible
mechanisme for our obscrved reactlion,

We proceed to establish the correct mechanlism by evaluating
the concentrations of the varlous specles in the scheme of egule
libria, a)s b), and ¢)s ILet g denote the initial concentration

of hydrogen chlorlde and b denote the initiel concentration of
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diene; then let x be the amount of ﬁg&régan shloride dissociated
in sbep &) and y be the amount dissoclated in step b), end finally
la% z be the ammuﬁﬁ of protonated disne farmeﬂ in gtep ¢le When
eguilibrium is satablished weo have the following concentration of

spoclies presenty

[}}H‘j wz oy

n (x=~-z){xe+y) o
(a=x=y) (8)  fe

« FyBixey) o
{a=x~y) (beywz)

« (v ¢32) (8) - ¥
(x = 2) (boyez)
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The above represent throe ﬁLﬂﬂlu&ﬁ@OMS eqguations in three
unknowns; however, only ﬁwQ of the eguations are indspendent
‘since obvlously Kyp/Kg » Kge Novertheless, we may solve the set
of equations, providing we meke the sssumption z)jy. Slnee x
represents the amount of hydrogen chiloride dissoclated through
gomplexing with the solvent wmolecules while y represents the
amount dissoclated through complexing with diene molecules, and
gince golvent molecules in our system are present in larvge
excess over dilene molecules, the foregolng assumptlon 1s a reason=

ably valld one. An thus we arrive at the solubions,

Jowals] = K'[Ha]"a
DH] = (y+2) = K‘ K o = K"Lchit.’D]

s _ Ky[s vy, in 7
(@] = ey = o2l o "ol

where we assume thoe coneentration of the solvent tc be congstante.
Upon subsbitubting the sbove golubions into Bgs. (11) and
{111) of page 36, we find for Bgs (11),

.‘it [Hel) =-r[PH][Har] =~k K"[Hu]%[D]
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,anﬁ for Bt {111)
———[ch] = -RDHJ[CI_] -k K I'\"'[HCIJLQJ

It ie easily seen that for {iv) the rabe would be proportional
to [ﬁﬁ%]%’ as mentloned previously.

The above analysls indicates that Bge (11) is the one which
degeribes correctly the observed rate order of the forward re-
action, counseguently we may depict the mochanism of reactlion bew
tween one moleeule of hydrogen chloride and diene in the followe

ing manner:
Cgliyo ¢ HB* == [:carzw*}_] # B (Rapid)

A & ,. » ® ‘ .
‘ 610 l * HCL "—Ea- ‘cﬁhllcl'ﬁ' {81ow)

E’:sﬁllcl"fﬂ #B T CghyyCl ¢ HB* (Repid)

vhere B is a base, such ag chloride ion or solvent molesule,
and is accordingly charged or neutrals In this scheme the
gecond atep 1s rate detormining.

According to our postuletved mochanism, the forward reactlon
betwoen one molecule of hydrogen chloride and diene in aprotic
golvents proceeds by a rapld complexing reaction bebtween a dlene
molecule and e proton, followed by s slow attack on the protonated

dione by & hydrogen chloride molecule, This mechanism is somewhat
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snslogous to the ones proposed for the resctlon bebween hydrogen
chloride and olefins by Mayo and by Hanniam%g however, the order
of our observed reactlion does nobt agree with the ong vroposed
by these investigators. |

The coneept of terming & proton-double bond complex as the
reactive apecies in hydrogen hallde addltlones to unsaturated
hydrocarbons did not originete with us, Similar schemes have
beon proposed by other workers; exemples may be found among the
works of Fricalgb.

The mechanlsm proposed by us seoms o rationsl one for the
gyaten under study. The addition of hydrogen halides to unm=
gaturated hydrocarbons in solutions of aprotlic solvenits is not
altogether different in behavior from such reactions as the scid
catalyzed hydration of wnsaturated hydrocarbeons in waters In
the systems under study the hydrogen chloride 1s presemnt largely
ss the undissociated moloculer spocles. Thisg fach is inﬁie&teé
by the conductometric studles of Ha@n@d15 on nlxtures of waber
and dioxanes In thie respect the systems under study resemble an
aqueous acidlc system, where the water molecule concentratlon
ig considerably greater than the hydroxyl ion concentration; it
is the water molseule and not the hydroxyl lon, which adds to the
protoneted hydrocarbon during hydration. Conseguently it 1s not
at all surprising thet in our system 1t 1s the relatively sbundant
hydrogen chloride molecule whiech adds end not the chloride lons
We must conclude that the forward reaction 5eﬁwaem oneg molocule

of hydrogen chloride and diene i1s prodominantly a simple acid
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catalysed eddition reactlion, very simllsy in nature to the acid
catalysed hydration of unsaturated hydrocavbons; the striking
aifference bebween the two which should be kept in mind is the
fact thot whereas in aprotiec solvents the concentration of such
gpecles as pretonatﬁ@ dienes may beé appreciabls, thelr concenw
tration in aqueous sysbems shouvld be of a much lower ordey of
megnltude,

Our discusslion of the reverse resction is limited bo more
or loss superflcial considersblons since its cheracteristics have
beon inferred indirvectly from the rete data for the forward
réaction. In the previous gecbtion 1% waslshawn that the values
of the reverse specific rate constant, ké, wore arbltrary to a
coptaln extent, 1limited by the sensitivity of our analytic
methods Nevertheless, the behavior of this reaction may be
inferred from some gencral consideraetions and cbgervationsgs

It seems reasonable Lo assume thet the principal part of
the initlal additlon reaction product is the Bechloro isomer; we
shall discuss the reverse reactlon with respect bo this compound,
althau@h the ergument applies equelly well to the lechloro isow=
mer, with the allowance that the latter ils somewhat less reactive
~ then the former. From the struchure of the Bechloro compound

1% 1s eeslly soen that the chlorlde ion should be quite labile

6%

)
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éince 1t s not only tertiary tut also pllylice. This fact was
observed by us experimentally; in alcohollc solution the come
pounid yields an immédiate nrogipiitate with silver nitrate, while
in agueous solubions at room temperature both lsomers hy&rclySé
readily to the ﬁgrtiary alechols In hallde reactiviiy, 1% seems
to us that this chloride should have an activity equel Ho or
greater than that of terblary butyl bromides

Hucghes, Ingold, end thely co-workers have mefle sn extensive
study of the mechanism of olefin formation from alkyl hﬂliﬁ@ﬁléu
Although thelr studios did not inelude aprotic solvents, their
conclusions may be extrapolated to sucdh gysbtemss The findings
of the sbove workers on molecules conteining reactlve halides,
Geile tertiary butyl chloride and bromide, indicate that these
compounds btend to undsrgo primarily wnimolecular elimination
reactions, the rate deterninlng sbtep beling a sinmple ionizabtion
of ﬁh@ halide, in systoms nob eonéaining 2 large excess of basle
anstituenﬁ. The rate of such a roschlon is largely the function
of the ionizing power of the reachion mediun, Our own observas
tlons on the bukene chlorides formed during the course of the
addition rosction £it in well with the sbove concluglons of
the British group as elsborated upon by the more recent work of
Sﬁminiéa» In a solution of pure ﬁicx@nﬂ & mixture of the bubeune
ehlorides ﬂévalapeé no obseryable acldlty over a prolonged perlod
of time, lowever, our indiecator studies and rete messurements

.inﬁieaﬁa that in the vresenesd of acld the bubtens chlorides do
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undergo sn elimination veaction to form diene and hydrogén

f

chiorides This i1a to be ozpvcted since aprotle solvenﬁs gueh

as Gloxeno and xylene posgess very poor Lo '%-1x; ior3e  Upon
introducing hydrogen chloride into the system, however, not only
is 4i%s lonizing power improvéd, but the poesibility of hydrogon-
ciilorine interactlon facilliates greatly the elimination resction.

Actually 1f the eliminstion reaction of our butens ehloride
be termed of the By type, one should recognize the fact that the
proton 18 instrumsntal in the reaction gnd thet 1t ls a pros
tonated chloride complox walch undergoes the "unimolecular®
¢liminations In this Cfashlon the terminologles iy snd ¥ bocome
somewhat arbitrary. An By resctlon strictly requires 2 bl
molocular gollision followed by eliminations In one senge, the
acld catalysed "Hy" differs from this only in ﬁhat.a loocas
molecular coauplox is flrst formed by chloride and proton and
this complex then undergoes & "unimolocular® eliminatlon ré=
actions Swain's opinions on the subject ave quite similar.

In coneclusion it must be stated that the meochenisms developed
in this section are meant to spply strietly only to systems
analogoug to the ones investigated by use It is qulte concelvs
#ble that ag the nabure of the f@a¢tion sysbom is changed the
ayéﬁifia~machaniam.may alsc changes

Ee The Role of the Neactlon Medlum.

The effost of the solvent on the rate of lonle~bype organi

reacllons mey be surmlsed in @ simple fashion by the use of the
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Brfnsted Theory of reaction retess For the sysbtem under investle
gation, the theory gives the following relation for the specific
vrate constent of the Torward reactlion:

¢ Xy Xon*
TR

tl‘ = l\. < *

v {8)

where &;i 18 the spocific rete constanit Tor the forward reachlon
in some chosen standard state and the o 'g denobe the activiiy
coefficients of the reacting species defined with respect bto
th@ sams standard state; o< ¥ Ls the activity coefficient of the
acbivated complex formed during the reachbion between the prow
tonated dient molecule snd the hydrogen ¢hloride molocules The
structure s:ai‘ the cumplex leeding to 1,2 addition is probably

of the following nature:

N/

S— <+ S//p\\\ $- + 8
B——— — 8 l 01 == = ~K
g s
/\

where & denotes partial charge and B is either a solvent wmolecule
or a chloride lon and is accordingly elther neutrel or negabively
chargeds The atructure of the cumplex leading to l,d=additlion is
probably snalogous; we shall elaborate on this guestion in a
later part.

Our problom now ls to determine what effect the solvend

medium has on the velues of the activity coeffliclents appearing



in Tge {8)e In order to accomplish thils wo shall need bo lmow
how the actbivity coefficleont of & solute specles ig related teo
the molecular properdics of the golvents

Tt L& cusbomery to deflne the activity coefflcient of &

le¢e, the sctlivilty coellliclent approaches unity as the ;mma@né
tratlion of the specles spproaches zercos Then roughly speaking
the activity coefficlent of a specles in a givam medlum lg Ine
vorgely proportionsl to 1ts solublilidy in that medlume It will
be more Instruetive to look upon tho activity coefficient of the
solute gpecles from the view point of crder-disorders An 1deal
solutlon ls characberlzed by randan distribution of molecules,
ie0es disorder; and in such a solutlon the actlvity coefficient
of the solubte spocies is unibys £~z the amount of ovrder increases
in the solubtlon, deviations from ldeality increase and the active
ity coefficient of the solube speciss becomes different from
uniby by greater awounts. It is to be expected that in solubions
of dilute and moderate concentratlong, deviablons from ideality
will be negabive leading bo actlvivy coefliclent valucs lesa
than wnity. Furthermore, by applylng Bjerrum'ts associated
complex theory to our sysiem, we would expech guelitatively thab
ordering in the solution due to soiuboesolvent interaction wiil
lead to groater negatlve devliatlons than ordering due bto zolubews
aalute interaction.

In the light of the zbove discusslon we may examine the

effect of the solvent medium on the value of the activity
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coofficient of hydrogen chlorlde. The three solvents used in
our rate studles range in order of basleiby fr@m dloxsne to
di-n-butyl ether to xyleme. In none of these solvents do we
expect the hyﬁraggn chloride molecnlés to be considerably dlse
goclated; however, the more basic the solvent the greater the
amount of solvation which occurge This solvablon should take
place largely through hyﬁragan.bonding. The amount of ordey
realized In the aa;utien, and consequently the amount of devia=
tien from ideality, should be direetly proportional to the emount
of solvation; l+o. solubeesolvent interaction., Therefors, we
ghall expect that the scbivity coefflicient of hydrogen chloride
should Increase asg we go from dioxane to disnebutyl ether te
xylene., This varlatlon In activity cocefficlent leads to ine-
creasing velues for kg, upon decressing the bagiocldy of the
solventa

The obsecrved change in the rate eeﬁa?ant upam’variation

of the basicity of the gsolvent medium may, however, not be age
eribed solely to the change in the activity coefficlent of
hydrogen chloridei ectually somo of 1t 1s dus %o the variation
in the ratio oM/ =™  with change in solvent. Negleebing
contributions from varistion in diglectric constent and ionie
~ strength, effects due to these belng only secondary in the
aystems under Investigetion, we shall expect that the ratio

°‘bﬂ’//e<’t will follow the same trend or the ovposite trend
as the hydrogen chloride amctivity coefficlent, depending on

whother the effectlve charge on the protonated diene molecule
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18 greatey or smaller than the one on the activated compleox.
This postulate is based on the 'ﬂupposﬁ.mm thet the above specles
will be golvated in proporbion to thelr effective charge and
that the amount of solvation may In turn be related to the degres
of order realized in the solubions It seems vroasonsble to pssume
that the protonsted dlene molecule will bear the larger effective
charge and cansagnenﬁly the ratio °‘°“3/;<* will follow the
same trend ss N ey and contribubte in similar fashion to the
variation in ky with solvente
It is somewhat diffiecult to ascertain precisely how large

‘the relative contribution from the variation in Xy, and on' /e *
is to the change in klvwith golvents However, since the system
under investigation proceeds to a pseudo equilibrium, we may
also examine the eff'ect of solvent on the equilibrium constent.
X a8 defined in our fﬁrmulaﬁian is the concentration equilibrium
constant; 1t 1s velated %o the thermodynamic equillibrimm consbant
in the manney |
<101 < piene

T < pucy

For two different solvends we then have the rolstion

Keone * Einermo

. YRR | 2
Kl_ s X %ﬁﬁ. . &K Diene ok PuCl wome (Q)
» s : . * et

K B K Zene  Xiye

sinee Ky, gwme 18 Independent of solvent properties. The rat;e

of dlene activity coefficlents should remain nearly constant,
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while the vebtlo of the bubeno chloride activity coefficlents
ghould not change appreciably with change in solvent. Ve may
then expeet the change in ¥ 4o be due 1&vg§zy %o the change in
the hydrogen chloride acblvity coefficlont, Comparing values
of K and ki'lisﬁéd for the three golvents in Table VI, we sss
then that the change in k& with solvent is due more to the
variation in S then in SoW/ac’y

Applicatlon of the Bronsted Theoyy Lo thé reverge reaction
yields the expression | |

kg érk% ‘:i§§$§$ wwww (10)

where HbuCl is the proton~bubtene chloride complex we postulate
to be the resctive species in the reactlon, This complex and
the sctivated ao@pl&x.sﬁeu&ﬁ have vory slmilaer structures and
in theory kg should not be appreciebly influenced by change

in solvent medium. The data of Table VI bears this out to some
extents however, ag we h&v@'poinﬁ@d out previously, values of
X and Iy ragr%aﬁa% amiy'araega of megnitude and should not be
subject to rigorous analysiss |

In the foregoing discussion we have used mainly quasie
themmodynsnlc arguments bo explain the wvarlation in speeclfic
rate consbants with change in_ﬁwivenﬁ'mﬂﬁiumg Under the sectlon
dealing with temperature effects, we ghall mentlon another

interprotation of thls variations
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Fs The Bffect of Cotalyst

A number of invesbigebors have reported that the inorganie
salts of a few heavy mebals, such ag mercury, silver, obc., act
as cabalyets in promobing tho addltlon of hydrogen halldes bo
olefing. ,mayoé and his cow-workers repord that in the addition
of hydrogen chloride te lsobubylene in pepentane solutlons, water,
phosphorie acid, and mercuric chloride acted as catalystss. In
Table VII are listed e fow rate deberminablons performed in the
progence and sbsence of morecuric chloride. From our dada 1t is
geon that mercurlc chloride does not act as a catalyst under
the condltlions of our experimentse. The resson for thls observaw
tion is quite svidenb. We have found the addition of hydrogen
chloride to the conjugated double bond to be acid catalysed
when carried out in soclutions of sprotle solvents. In these
golvents merouric salts are not soluble enough to provide appreci-
able concentrations of mercury-diens complexes. If mercuric
salts were Lo catalyse the reasction, they would probebly ach
through the formation of such complexes. It iz quite concelvable
that in & system whoere the conceniration of mercury«diene comw
plexes becowes comparable to the concentretion of protonediene
complex, 1t will be found that mercuric salts do act ag cetalysts.
Other metalllc salts wero not tried since thelr solubilities
are comperable or less then that of mercuric chloride in our
golvent sysbtems and thelr potenbtlel catalybic aectivity is prob=

ably lower. It i1s our belief that any agent capable of complexing
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with o systom of conjugeted doubls bonds or olefinlec double bonds
will cabelyse the addition of hydrogen halides and similar re-
egents bo thoss unssbursted bonds. This postulate is based on
the gupposition that complexing increases the polarizability of
the unsaturated bond and consequently reduces the onergy required
to breek open the double borde Furtﬁaﬂmcrc; if the domplexing
agent bears a aharga; 1t will promote the sittack of the double
bond by an opposifely charged or polarized sgpoclese For example,
the attack of the double bond in our diene molecule by hydrogen
chloride molecules ig rendered easier by the presence of &
positive charge near the reglon of the double bond, the charge
beling dus to the presonce of the complexing protone®

In sddltion bo the effect of mercurlec chloride on cur system,
we have also investlgated the effect of oxygens In Teble VII
ere listed a few experiments carried oub under conditions which
carefully excluded - the presence of any oxygen. It iz seen
that the rates obtained from these exporiments compare with
r&ﬁaﬁ.ebta&neﬁ In the presence of oxygen. These observablons
m@rﬁi& subgtentiate the well accepted theory that hydrogen
chloride is not susceptible to "peroxide" effects, such eam

exhiblbed by hydrogen bromide,

* It 1s intersating Yo note in commoctlon with this discussion
that recent investigations have shown silver salts to_gch as
catalysts in promoting the polymerization of styrene 16 and
vinyl ethers.
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The Effoect of Catalyst

Run ) HCL Diene HgCle
Wow Solvent mpel o amed M -1

31 Dioxans 0s480 04500 e 020
32 Dioxane 04400 0500 .
33 Dioxanse CeB875  0o500 0,025
34 Dioxane 0.875 0,500 o
35 Dioxane 04250 0,500 04015
86 Dioxans 0e245 04500

41 Diozane 0e850 04750

42 Dloxane® 0,850 04750

48 Dioxane™¥ 0,892 0,525

44 Xyleons 040050 041050

45 Lylone™ 0.0950 061050

¥ Carried out under Hg.

npeli=5/2

041086
0106
0« 103
0«04
0e 105
0108

0.103
e 104
0e107
3490
5.92

%% gerrled out unded Hp with 0.1% nydrogquinone

added Bo solvenbe
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Gs The Bffect of Temporabure.

The rabe of additlon of hydrogen chlorlde to 2,3wdimethyle
huﬁaﬁi@n@wi,ﬁ was determined atb ﬁﬁﬁﬂ, in dioxane and xylenc.
Uslng the date cbtalned et bobh 250 and 359, we have colouvlobed
the sctlivetion energy for the reaction secording to the Arrhenius

squation,

%+
(%&:-l‘)r = &

- EZmT | o

R:ﬁc ﬁ-.-_PZ

k)

We represent the constant term in the Arrhenius squation socords
ing te the slmple colllslon theory, 2 being the frequency of
collision per second, por 2.cs of solubtlon, at unit concontram
tion of reactants, snd P being the probabllity factor. (4Actually
both P and % are slightly temperaturs aapandsmt; bubt over a ten
degree chango in temperature this variation ls negligible.) The
values of E*=and PZy olong with the specific rete constants at
the two temperatures, are listed in Table VIII,

It is seon tust the walue of the setivetion enorgy is the
sam¢ In both dioxene and xylene, while the vglue of PZ 1s conw
siderably higher in the latters B8ince the value of Z ls aboub
the same in bobh solvenbe, the variatlon in PZ, ead thus in Iy,
mey be ageribed solely to Pe The significance in the variatlon
of ¥ is obvious} in the less basic¢ sclvent the probability of

affective collisions should be greater than in the nmore basglics
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By the torm baslc we sve roferring to solvating powersy solvabion
of the spocles hydrogen chloride and probonated dleme results
in & partial shielding of the reactants from each other and
roduces the nurber of effoetive colllisions between theme

Prom the tebulated values of the activablon energy and fre«
quengy factors 1% is seen thot the prime factor in the relatively
glow vate of addition of hydrogen ehloride to diene 1s the low
value of Pe Weo may conclude thet the cbserved anﬁivaﬁion'energg
is characteristic for ths'raaation'bﬁtweén a protonated dlene |
melecule end hydrogen chloride molecule in a condensed ay&teg
of aprobic solventss The value of the probabillty factor, P,
iz largely a function of the baslclty of the solvent medliume
The order of magnitude of % heralsb is aboutb 1@11, whereupon the
order of magnitude of P becomes 107 for dloxane snd 108 for
XyLong,

It iz very interesting to obgerve that the velues of P
and E‘Ebseﬁv@d in our reaction system ars very similer to the
ones cbserved for Henschutklin type ra&c%ionsls in systemg of
aprotic solvents, This fact 1s not too surprising when we
realize that in Menschullin type reactions we have a blemolecular
colllision between the relatively negative nitrogen atom of the
tertiary anmine and the dipolar alkyl halide, The rate deternine
ing step here 1ls the dlsplacement resction of the nezative amine
nitrogen on the alkyl halide. Similerly we may look upon our

reaction a8 & diaplaeamént roactlion on the hydrogen chloride



Solvent

Dioxene
Loxand
Dloxane

Erlene
Xylene
Xylens

Table VIII,

The Bffect of Temperabure

en,Rata_of Addition

E=
¥oro keso B
uel Dians i%ﬁ /2 kgﬁ e D
WL~ in L=t hpely™os hr”‘ﬁ?“/g Keosle
0.945 Q846 0,108 04217 12.5
DeddB 00564 0,106 Qe811 18.4
0.800 04752  0.110 0220 12.4
0,0950 041200 582 7465 12.5
0,0450 0,1100 3,86 7470 1844
0. 0850 @.OBEGV 3488 Te72 12.5

Table VIIIn.
Hoat of Addition

Teorm.e
inog Solvent ki
25 Dioxane 10¢

35 Dioxane :

AT in

pi
n o
333 Cala ™

4,9 x 10%
4,4 x 10%
4.2 x 10%

165 x 10%
160 z 10%
165 x 10%

X cal/mole

«fe5



moleeule by thoe protonnted diene molecule, which 1z carrying a

diffused positive charoe

From the spproximate values of the equilibriw: consbank,

%, 8t 25%, and 35%, we can caloulate the heat of the reachtlon,

AY, using the inteprated form of the wvantt Rolf eqaeiion,

in 1&1/&(3 " **ﬁm {W) "

Results ave given in Table VIIIae
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VIe. GENBRAL DIRCUS3STON

From the analysis of the observed initlal rates and the
integrated specific rate eanatants* we have concluded that the
addition of hydrogen chleoride to 2,ﬁwdime%hyxbuta&iena~1,$ in
the presence of aprotic solvents ig a reversible reaction, the
forward rate being proportiona) ~ to the first power of the dlene
goncenbration and the thres halves power of the hydrogen chloride
concentration, and the roverse rate being proportional bto the
Pirst power ol the butene chloride eoncentrabtion and the one
haelf power of the hydrogen chloride concentrations. The overall

reaction ig

RS GgHiyq 0L
shio \0\&= . Sty
\\“ S
E:aam*% ¢ HCL —‘Eﬁximmﬁ%

In our opinlon the mechanism of this reaction bears s strong
analegy to the mechanlsm of acid cetalysed hydrations of olefins,
The reactive species in bhoth cases are a molecular complex bew
tween proton and unsaturated hydrocarbon on one part, and a
dipolar molecule on the other part. We believe thet the molecular
complex iz slmply a proton coordinated with the wnssaturabed bond
of the olefin or the swystem of conjugated double bonds of a

dlencs

* BSee Section V, B, Cs
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In gencral s protonated unsaburated hydrocarbon may react

with 2 dipeler molecnle according to one of the folleowing two

gchenos:
o = G » X

S I - i = T
C * X

) “-025: * X ——.’(sz.ow) l ¢ H
0 Gl

The rate determining step In a) is unimolecular, whereas in b)

1t is blmolecular. The scheme deplicted by &) ig strictly anslog-
ous to the usual mechenisme given In ftextbooks for the sddltion
of acids to unsaturated hydrocarbons: tho rate determining step
involves the formation of a ecarbonium lon which then reacts
bapidlv with 8 negative ion or the negative addendum of a dipolar
molscules The type of mechanism showm in &) should require a
rolatively small activetlon energy and ﬁay actunlly take place

to some exbent at lower temperatures. Our data indlcates that
at 259 and 359, the addition of hydrogen chloride to diene

proceeds according to the scheme depieted in b)s We do not bew

[or)
i

leve that under the conditlons of our experiments any significent
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amount of the additlon reactlon proceeds through & carbonlum
jon type of mechanisiie

In our proposed mochenlsm a protonated dlene molecule collldes
with o hydrogen chlorlde molecule, the chlorine part of the hydro-
gen chlorlde m@leaalé beeones oriented with the nrotoneted double
bond, which at the same time repulses the hydrogen atom atbtached
to the chlorine, Schemetically this "pushepull® mechenism may

be illustrated by

?1/ L
_,/h"\\
H e— ¢1 i
\ Ve
\\C‘/ ,
A
- -

In the case of hy&ratian,'the HCL is to be veplsced by HUH. The
rate of hydration of simple olefing has been found proportional
to the first power of the acld concentration snd the first power

of the olefin aoncentratienlv

« Obviously in water the proton
concentration will be proporilonal to the eoncentration of the
strong scid used ag proton source, and the concentration of the
protonated olefin will then be proportlonal to the first power
of this scid's stoichiometric concentrabtion and the first power
of the olefin concentrations Waler being present as gsolvent and
thus in ismrge excesg, the rate of hydration at a given acid
cbncemtratian wlll be pseudo first orders In systems of apratie'
solvents, aclds which appesr to be strong in water behave ze if
they were weal acldss In such cages the proton econcentration 1s

no longer proportlonal to the first power but te the one half



power of the acidtls stolchiometric concentration. This explains
why the observed rate orders for hydration and hydrogen chloride
addition are quite different, slthough thelr mechanlsms are
clogely analogouss

One further anslogy may be drawn between our system and the
Henschutkin type reactlons discussed previouslye It has been
pointed autls that the latter types of rescilons are charactere
ized by the fact that in sprotie solvents of low dielectric con-
stant the observed slow rate of raae@ion is due primarily to a
low value for the probability factor, Ps As the solvent medium
is chenged to hydroxylic systems the value of the activation
energy lnereases along with the value of Ps Weo may obgerve that
this trend aslso tales place vhen we go from the aﬁdiﬁiom of
hydrogen chloride bo the double bond in aprotlc solvents of low
dlelectric constent %o the addition of water to the double bond
in squeous medial”,

It 1s our belilef thet in the agid catalysed addition rew-
actions to unsaturgtaa hydrocarbons the role of the solvent
medium 1g two folde One is of a specific nature dependent on
the abllity of the solvent molecules to interact wlth the reactant
species. To this cetegory belong the solvating properties of
the medlium due to specific chemical properities, such as hydrogen
bonding, basiclty, ebce The second role of the solvent medium
depends on its electrosgbtablic properties, that is, the dlelectrie

consbant, lonlc sbtrength, and van der Vaals forces.
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At thils point 1t will be worthwhile to discuss briefly the
guestlon of 1,2 vs. 1,4 rddition to conjugated systomss We are
concerned here with elsctrophllic pescblons of two typosg in one
we have a molecule of HB adding to one conjugebed aystem, in the
other we have a molecule of ABe By B we are denoting a2 Lewls
type base, while in AB we simply denote by A the pasiﬁiva addendum
of the specloss In the first type of addition reactlon we have
& simple acld such as hydvogen echlorids or hydrogen bromide rew
actings It has boen cbserved in this presentation and by other

1% tnat under normal conditions these simple acids always

workers
add predominently 1,2 bo alkyl substitubed conjugabed dlenecse

In the seeond case two aliernallves have been observeds If A 4z

& relatively small molecule, such ag chlorine, then AD will add
predeminantly 1,8 regardless of the nature of Bs Examples studled
have been chlorine, hypochlorous aecld, and allkyl hypaahleritag.za’lg
ﬁawévar, if A 1s a lesrger molecule, such as bromine or lodine,

the addition appears to be predominanily 1,4 Examples given

are the addltion of broming, and ia&im&»m&ﬁﬁﬁﬁlm&i&@ﬁg;

| A ressonsble explenation of these fachs mey bo based on the
following postulate, If the initially attecking posliiive specles
orlents with one of the double bonds only? the resulting eddition
reactlon will lead predominently to the 1,2 iﬁsmer; Howevers

1f the posmitive species is large enough to orient with both of
the conjugated double bonds; that is, complex with the entire
conjugated system, then the addition resction will leed to the

1,4 isomer. These two types of atbaecks have recently been termed
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terminal and frontal respectively, I 1,4 addition 1s due largely
to a frontel atbtack by the pogliive addendum, then & certsln
amount of eis product is to be expected. This has indeed been
found by the work of Johnson and Sweebting on the addidtion of bro=
mine to 3,@n&im@thylbutadienawliEEQ; fince we do not believe

that most addlition resctions of olefinic systems procesd by a
carbonlum lon mechanlem, 1t is not jJustifiable to draw resonencse
s?rucﬁures for a postuleted cerbonium lon intermediate and explain
142 veas 1,4 eddition on this basiss. This procedure ls usually
pregented In most textbooks on organic chemlstry. We simply
agsuwe that the negative addendum of the reacting species will

add to that double bond whleh carries the largest share of the
posltlive charge and that this will be located at the site of the
complexed pogltlive addendums If we have & frontal atiack and
comploxing by the positive addendum,the two posltlons will be
drained of positlive charge; whereas in & terminal attack and
complexing it will be fortifled with poslitive cherge.

Although the original PUrpOse of the present study included
comparison of the reactivity of 2,3-dimethylbutedicne~1,3 with
that of other slmple olefins, the matorlel presented in this work
and avellable in the present 11terature does not allow us to do

hise Unfortunotely the studlies carvied oubt by lMaye and his
GO@W@&R@?S& at 0%, relled to include aectlivatlon eneﬁgiaﬁ and
leave. us unehle Lo compare our reactlion studies with thelrsges
It seemn Imperative that similar studlies to ours be carried oub

on simple olefinic substances, such gs iso-bubylene, for example.
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The electronle theories relabtling nabure of substituents to
chemlcal resctivity have been carrisd out to a falrly successful
state; however, no guentitative daba exisbts relating the reactivity
of eonjugated systems with simple olefinic systems. It is to
be expected that the conjugeted system be somewhat more reactlve
to electrophilic rogctiong than the simple olefing but quantita-
tive data should be secured to justify such & generally accepted
suppositions

| It may slso be worthwhile to re-investigate the entlre
guestion of carbonlwm lon mechanism in electrophllic addition
reactions of unseturated hydrocarbons, The additions of simple
aclds are Inverlsbly represented by carbonium ion mechenisms;

we guestlion the valldity of this greatly,
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VII., COHCLUSION

Analysis of kinetic date has shown thab th@ roeaction between
hydrogen chloride and 8,3%-dlmethylbutedlene~l,d ln aprotic golvents
of low dielectric constant proceods predsmipantly‘by a simplﬁf-
acid cabalysed reactiony the rate determining step involves the
reaction of & protonebed diene molecule with a hydrogen chloride
molecules, In this respect our findings agree with the postulates
of previcus workers to some extent, Our rate data do nobt indi-
cate any of the compilicationg proposed by such wa?keés as Mayo
and his students, who studied the snalogous addition reaction
Lo isobutylene. Our kinectic data indicates that the reaction
between one molecule of hydrogen chloride and diene is reverslble,
the reverse reactlion being & simple eliminstion type.ra&ctidn
guite similar in nature to the ones studled by Swein, Hughes
and Ingold, and other workers in the field.

The addition of the one molecule of hydrogen chloride to the
dlene yilelds predominently the 1,2 isomer initially and in this
respect agrees quite well with the findings of Xharasch and co=
workers on the additlon of hydrogen chloride to butadiena«l,3,

As expected, varistion in the basiclty of the solvent
medium produced sharp veriastlon in the rate of addlition. Analysis
of bemperature effecta showed thlas solvent effect to be oxpregsad
golely in the wvaluss of the probability factor, P, the value of
the sctivation energy being largely independent of basicity
properties. The effect of the solvent may be explained on the

bagls of solvabing powers
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In the systenm under study only proton donating eompounds
were found to ect as effoctlive catalysbe Oxygen and nmercuric

elloride hed no effect on the rate of addition.
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Ts IHTRODUCIION

vhen & system consisting of macromolecules dispersed in &
1iquid medium of low moleeuler welght i sob into wmotlon, the
veloclty gradients produced in the fluld give rise to the irroversw
ibhle processes of viscous flow and flow birefringences The oxw
porimentally Jetermined velue of the shear viscosity coefficient
of such & soludion i2 due in part to the inhorent viscosliy of
the solvent and in part to the presonce of the dispersed solutes
It has been common practice to define a quantitity, culled the
intrinsic viscosity, as the increment in the méaaur@d shear vige
cosity coefficient of the solutlon produced by the macromolecular
solubte at infinite dilutions More recontly it has been rapﬁrteél
thet when the velocity gradient in the fluld 1la not constant
but & periodic funchlon of time, the solutlion exhibits o »igldibty
modulus in additlon to the shear viscosity,

It is the purposge of this presentetion to glve a deballed
theory of the inftrinsic viseosiby, intrinsic rigldity, end flow
birefringence of solutlons of rod-like macromoloculog.

The theoretlcal shtudy of the effect of the presence of
relatively large rigld particles upon the viscoaity of the solue
tion owes ite origin to the work of A. Einateiﬁg, who calcula@aé
the reletive increese in viscoslity duo to spherical particless
Einstein's plonecering work has been extended by many invesgtie
gators to cover particles of ellipsocidel, cylindrical, and meny

other shapess An excellent review of work in the fleld up %o



-0
1938 e glivon by Je N Eurg@rg$; The most noteble recent achlevew

weant in this £ie¢ld iz due to Re ﬁimha@, who has trested solube

with theories of vigoozliy of sclubtlons of Plexible mwcoromoleculess
en suthoritative review on this subjoet isg glven by Re P an@wg
end Re Blmha.

The phenomenon of flaw birefringence was flrst observed by
Je Oy T A in 1870, who noted thet Canade balsar, although
isotrople at rest, became birefringent under shearing stresss
Letor workers found meany more cameg of flew birsfringence, slso
termed double refrasction = of flow, exhibited by solutions of
'maeramaleauiaa?g The problexm of flow %irefwimg@néa roceived its
first suecessful thooretical treabment from F. Ee&&&rs, who
caloulatod the angle of birafringanaa and megnitude of birvefring-
ence oy solutions of Infinitely thin, needle~llke particles. In
later years A. Pebterlin and i, A, stuart? treated the case of
prolate ellipsoids aided by the mathematicel itveabment of
Jeffr@yla enktha rotary motion of ¢llipsoids subjected %o a
voloclty gradients A comprehensive review of exleting theories
of flow birefringence 12 now avail&b&all‘

The detailed theory of Intrinsic vliscoslby, intrinasle
rigidity, end flow birefringence of sclutions of rod-llke mecro-
molocules presemted in thile thesis is beased on the gensral staw

tistical moehsniepl theory of lrreversible processes in solutlions
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of macromolecules developed oreviously by Je G. Kirkwaodlgi it
will be showvn that our formulatlons lead to an lmproved theory
of intrinslc viscoslty and a now theory of intrinsie rigldity.
Except for Simha®, all other workers in the £ield*®s14 nave
failed to take into sccount adequately the Influence of Brownian
motions It Is found that when the hydrodynamic torques are
eguated not to zeroc but to the rotery diffuslional torques, the
statistical orientation of the macromolecule in the veloeclby
field of the solvent, which 1z responsible for flow birefringence,
contributes a llnear as well as non~linear terms in the rate of
shear to the siress, and thus to the Newbonian part of the vise
cogity. This term exhibibts relexation phase lage in the none
stationary cage and imparts to the solubion a rigldity modulus,.
Our calculations will show that for long rod«like partlcles inw
clusion of the orientabtional factor contributes a term to the
inbtringlc viscosity which 1s throe times larger than the terms
ordinarily considered,

Simhe has shown® that in the limit of smell velocity gradient
new boundary condltions have to be satisfied by solutiong of the
Havier«Stokes equations By this means he was able to account
for the effect of Brownian motlon on the statistieal arieﬁtaticn
of rigid prolate snd oblabe ellipsolds and riglid dumbells in the
veloclity fleld of the solvents In & later part we shall compare
our results with those of Simha and show his caleulations %o be
the static 1imit of ours.

Application of our theoriles to flow birefringence yilelds

results similar to the ones obtained by Boeder but ineluding the
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definite determination of the diffusion constant.

1T, PHYSICAL PRELIMINARTES

For the purposes of our present work we shall take sg our
model a get of 2n+l groups, in which the hydrodynamic interactlions
of the monomerlic elements composing the polymer chalin are located,
geparated by 2n equidistant bonds 6f length b each, arranged so
that the angle between succegsslve bond vectors is equal to zero.
This model i1s the same asg the one used previously by Risemen end
Kirkwoadls. As in the generadl theory of Kirkweod, the configuraw
tion of the rigld "polymer" chein iu spocified by the 6nekd diw

-
menslonal vector R,

— I =)
- R
R ) ; ~ T (1 )

The superscript 1 denotes a vector of megnitude R in the three
dimensional sub-space of the lthe element of the rigid chailng
vectors without superscripts denote vectors in the common three

space of all clements. The chain space iz spanned by bwo unlbary

vechbors +m E(j )
aa’ ='Z,-,~q l) B'
Zel)
+ M .,)R (
UL T -
Rp g d -

where Q@ and 90 are rospectively the polar and azimuthal angles

*
formed by the vector R with regpect to an externel system of
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cartesian coordinstes E;,'E;, an& ;;; Por the sake of convenlience
we place this external system of coordlnates so that its origin
coinecides with the cenbtor of mass of the rigid Ypolymor™ chaine
The covarlianlt and coniravarient components of the metrie

tenasor of chaln space are now glven by

_ S 2R@ 2R®
Jer = 0= 350 2
e 3lag
g .
§. 4% - 2 wemm (3)

where g ls the determinant formed by the elements Bxp and
/%g;ﬂ denotes the minor of this elemente

For the rigid chain model previously described we find

the following relationss
—> s -
R—=b2 Le?
-

)
t+a
Zto: b Z/@zm) : zq}.—. b aiw £ l:(‘n) X
%‘”ﬂ = b o ) = o e ? 0
’ ﬁ‘PIP )
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1
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)
o0
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o0
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R
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oufots) (e 1)

g = botants o - B
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where E% ,»é; 5 é;, are the three orthogonal unlt vectors of
spherical poler coordinetos,

e suppose the mecromoleculs to be immersed in_a flnild
sontlooum of viscoslby coefficient ) o If the velscitylgi of
chain element 1 differs from the velocibty ?i the fluid would
have if that element were absent from the thain, 1% 1s supposed

. —>
to exporienced a frictional foroee, Ty e of magnitude

- 5w,
«

< {071

=
= V-«
where E; is the Brownlen motion frictlon constant, ocommon to
all chaln elements, TFrom the three dimensional veetars,'§§,
Eg, and'E; we mey construct Gned dimenalonal wvectors in th@.aon-

figuration space of chain elemenktss

2)
o
L= =3
— f Z(—é)

a =
= "Z”’ L)

womn (6)

It 1ie to be nobed thab u x&s no components outside of ¢chaln

space, while P and v*my bave cutglde components, Therefore,

&*,Z;; 7& e (7)
pea

(=4



If the fluild is in a stele of moblon with velocity field

vgéﬁl} before Introduchion of the entire macromoleculs, we may

o Z o ({)

[- -

— —
e o (Roé)
4 = \'a

S

asmw (8)
which will in general Aiffer from v due to the hydrodynamiec
perturbations produced by the obher cheln elements of the macroe
molecule at the polnt of locatlion of any gpiven clement ls These
perturbations are determined in the &uaai«atat%amavy case by

the Oseen foraule

e {9

Bae {9) may be generaliszed bo configuration space in the form

—\}’ = ?0 —-I'?
_és=—m
£ # s

\,
2) — ($)
T (45 , /Z dy Ry /?,45/
- 81T 17y, Ky

wawme {10}
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where R( ) denotes a vector In lwspace with directlon and magnle
tnde egqusl to that of Ry, in the common thres space of all chain

glamentas

ITT« BTATISTICAY, ORTIENTATION IN THE VELOCITY FIEZLD

.....

goace of the ensemble from which the z%;r,r:g*hem ig sanpled in the
act of maling a macroscopic cohsorvations The probability densiby
1z determined by the theory of Browniasn motlon in the mamnor dew
goribed preiriouslym.

With negleet of inertlal terms, the theory of Brownlan

motion glves the relations
3V S0
[F,<+xx—g-—f-‘}wﬁfk'r——~“—o
E *9

b= 25 e Ly - it ] sems {11)

f4°
where X x 1s a covarlant componeﬁnf of the external force, F.
and F™ are ecoveriant and contravarlant componants of the frictione
a8l forece resypectively, ;3’3 iz a contraveriant component of the
probablillity current density in chaln space, Vg is the potential
of the mesn internal binding torques, and § «g 18 2 covarient
component of the frietlon btensor defined by the relation

- %‘ S“P(\r*__gbﬁ)

o oo ‘(12}



uf'ff:)u.;

The probsbility current density satlislles the conbtinully equation,

+

" 2. (rr 8 2 .
b’i— ; 3%9(3-] .>+ 5% o e {13)

Blimination of 35 between Base (11) and (13) yields the nartisl

differentinl equation

0 2/3 aﬁa+ D™f 5V, }_a+
a?: 3 24° o T RT a%"ﬂc

! o

f‘_— <R X o)
- Z,; 7:_5_ EXEN {%Xﬁf*‘je/} {} e {14)
.r.(s,-t)d(_’,

R

f
o

D

with the boundary éonditions that I be single-valued in ﬁha
internsl chaln apace coordinetes, svecifying the internsl and
external orlentatlion of the mecromolecule, supplemented by ape-
propriate boundary conditions in the center of mass space deterw
mined by the experimentel arrangements limposed by the observers
Except in the cese of transistionel diffusion and sedimentebion,
the center of gravibty coordinetes ere in general redundent,
since §f mey be congideved independent of thems D™F  of Hg. (12)
is the diffusion tenscr and iz defined by the Elnstein relation
giv&n abaves.

In the case of the rigid chaln V, ls zero; for the sake of
slmpliecity we alsoc set the oxbternal forces equal to zercs The

general Alffuslion equation now takes tho siumple form
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2 — -
D, z* f .2 LT ()
t 4 ¥
wowa {15}
where BQ is a conabant to be descrived later, and the operator
—> ' .
W contalns only the angular terns & , £ »

For low values of the veloclty gradlent the probability
denslity £ way be expanded In a power saeries of the rate of
atrain, & ,

. * 2
= e ]
feoge) =f, [1+ef, » €T,
™he value of fm ig given by the equilibrium csnnoniceal cngsonhley
B LA, =]
f. - e
K - l//fT - (}_‘7)

where Ao is the internal configurational freo energy of the
macromelecule and V, is as defined above and has the value zero
for the rigid chains The equilibriwa value of L is normallzed

%o wnlty, and consequently I, has the value

= f; i, d vol.

= j«zﬁ’f’/rbz,a_fo M*—Qdﬂd-f

o 7]

f=(erre®)” mme (18)

Por lamlnar flow parallel o the xn directlion the unperturbed

. —
veloclity of the fluid at a polnt Ro1 from the origin is given byi
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Insertion of Bas. {(16) and {19) inte Hag. {15}, end performing

g Fourler analysls upon the time component of g,

F@an = § flafe)etay,

e (20)
leads Yo the followlng eguatlons
D 32—4\
—‘{;zg = (4w aﬁ\C?*rmwg-} ~iwf
> >
| 2 (v
— ';;::§ 3A9 é&u~ 49;#“ CLA9:>'f"M~<9 59 (Vﬁvtcly)
= —ZMLJMLGF
‘{'((ﬂ-(’w): _EZE__W‘?-(,OM2¢
IR Ttiw
6 O,
y o= &%
o b*

weme (21)
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The friction tensor has beoen deflined above by the relation

fo= 2 Sus (ot j4)

e {12)

» .
From the relations for P, Hgs. (5), (8), (7), and {10), we obbaln

the gysbem of oquetions

Saw - j‘jo% - Sg T,: f,//

gnd by the methods of tensor analysls we arrive at the following

mewnn {22}

equabtlon for the inverse of the [riction tensor:
s T L5 <A
()" =7 /3. + T
vt e (23}

The diffusion tensor is then glven by the Eineteln relatlon,

D= kT () %A
LA
= k’7— j’jz‘-‘ + .T-OL/?
S

e {24}

Bge (24) thus determines the contravariant components of the
generalized diffusion tensor in chaln space.
We now define a constent, Dy, by the relation

:Dotﬂ - D 74/

wemm (25)
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The value of thiz constent for the caae of the rigid chain mey
he evaluated in the following manney .
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Two cowmon mebhods exlst for caleulsting theoretically the
intrinslie viscosity of a solution of macromolecules. The Cirst
method was introduced by A. Tinstein® and invelves the caleulatieon
of the rate of dissipation of energy per wnit volume of flulds
This ia the mothod employed by R. simha® and most other workers
in the fleolds The second method involvesg the calculatlion of the
effective rate of sheosr st the boundarleg of flow and was used
by Purgers® in his analysis of intrinsle viscosltios of vigid
particlea, The second moethod is the more suitable to employ in

the cage of viscous flow betwsen parallel plates, such as realised
in a Couebbe visconeber appsratude

The method of celculetlon of intrinsic viscosity employed
below is based on the goneral thoory of Intrinsic viscosily
devaloped ”;)3,-* Kirkwooed and I%is@m&nlﬁ previovsly and follows the
wmethods employed b';; Burgers. AL thls point only peritlinent re-
sults of the Xirkwood Hlsoman method noed to be guoteds

he perturbation in the floy ;?*;’ produced by the molecule
ag 8 whols st a point gfrom its conteyr of mess is gliven by

the Oseen foryulsa ag

trw g
FiR) = & 2 (R Roﬁ(“ R-R
= o= > >
8”—70 L= -mo \R‘F‘oLl \R Raa\3 == (27)



When ﬁhﬁﬁ velocity pevturbahion depending on the frictional
forges, ?%aix axpanﬁeé in spherical harmonics and aversged oveyr
all configurstions of the chaln, one obtaing at distances large
rolative to the linear dimensions of the chein
- — 386¢
v/ = '<= <3
< Z-\lf. 41Tr)R ( )<R ‘Q)R

™

- Y LR COR &),

£
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Following the methods of Burgers; the contributions at the parale
lel plane boundaries produced by all the solute molecules conm
tained between the planes ave sumedj whereupon 1t 1g found that
at constent shearing stress the veloclity graedilent ls reduced

by an amount which leads to the following expression for'tha

interinsic viscoalby:

[n]= o5 [ 22

NEG
oo M Ne mene (20)

i ig the molecular weight of the macromolecule, N is Avogadro's
nmuber, and ¢ is thoe sclute concentration in grams per 100 mle
Eqge {29} 1s strictly valld only 1f inertlel terms in the Navior=
Stokes eguation are neglecteds

If the rate of strain i1s not constant but a complex function

of time, G and [*)] are also complex,
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The intrinsic rigldity, [/l] s 18 phenomenologically related
to [ ?"] in the following manners

[/"]= ézf—:o //c

= w? [7]

= NSwa”
700 /\1 - (53,}

The expregsion for the frictional force lg as glven bLelore,

—> #27 —>
G="505-3)-5 2 Lk
L#s

whoere \ﬁ?l is the velocity of the lthe chain elementes In order
to determine E'g_ we return bo Bg. (11) and £ind, since @ hes no
components outaglde of c¢halin space,
A& Jg &
— o
Vo« = -5 < <, )' i S P f |
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In previous theories of intrinsle viscosity of solutions of
maeromolecules, 1t hes been the practice to get the right hand
aide of the fivet of Hg. (33) equal to zere, Use of Ng. (38)
after projectlon on the subwespaces of the chain elements 1 in
Ede (5@) yields

v 8 T, F = ~5é{(R,L €&, -

l#-'s ‘o -
22 4P 2R (&R, ) D)
Sz—m, «p ;%os 3 8 X
=3 ZD«p?’%‘f é‘
“8 3

Upon performing the summation over 8 and retalning only those

torms which are linear in & , Bq. (54) simplifies, in the

e&aa of the rimm chaln, to

F+5£§ [!Ls = —Séi(%"ia)@l-?mga
L L2 ‘

°<=‘9’? bcb“ Ecb“ } wnam {B5)

Bge (34) along with Bg, {35) forms the basis of our present

theory of intrinsic vis&'@aitzf and rigmitfy of rode«like macro=
molecules In solubtione

Bqs {35) represents a st of 2ndl simulbaneous vector eguaw
tiong, each of which may be divided into throe egquations involvm
ing the three components of E” ?

-
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Bach of Egs. {56} may be repregented by an integral equation
of the KirkwoodeRigzeman typei however, in the present cage
golutions are rendered withoubt having to make eny assumpllons
on the fluctuations about wmosn valuese As an example we sol
tp the integral eguation and solve for the (ff‘;'ég) component;
gsolutions for the other two components follow readlly.
Following methods pmséntaé ?x‘*wimsi.ym, we mey write

Fix) = fex)y -2 Ao //((xf) @ (e)dt

47(") = '/g-am (F (OR)

f(") —Zé i o) 2 P X
X = 4/
=
Ki(xt) =/ x-¢t/

x-& < t< X+ S

]
\]

S = Y
P et ] €3’?)
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Solutions may now be constructed readily of the fom

TOR

—

zmzamw ¢ (2 A,)

Fornn § (Sxe)em

= -0P

re =4 C.{mmsj

G (y)= g%

©o°

Whereupon {rom Egs. {36) and (37) 1

ep— (38)
it follows
£ ¢ ->
fi = -éSiElﬂ;b Aﬂ "
> s
aA, = 2oacw29 P (2A,)CER
. -»
} ml&mr’maf é-(Ao)erﬁ’
T +iwT
) >
AL j’_— ) e
- -~ ab*
Upon substituting Ege (39) into Eq. {28) we obtain the Tollowing
eéxprogalon for Gt

amiph* F(2 Ad)
G = __2%_11_- { <§44- 4’4¢4~u ok ¢“>n4/
" F{a,)

4 +iew T

<A.w. 29 cow 2 .z,f} @mdm
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T = acmerex eoryugale

o ( 40)

Slnce we ars interested only in the Newbtonlan contributions
to the intrinslc viscosity, the averagling In Bg. {40) i pere
formed with the equilibriuwm distribution funcilon according

to the achene
27 I

(G o)y = [[ Promfrgissy

Ingertion of {(40) into {30) end (31) after performing the
averaging ylelds %ths following relations for the intrinsice

viscosity and rigidity:
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The expression for the intrinsle rigldlty may be put in the

suggestive form

6 NS ek i
[/Q] = s000 N IR R T * » FEa.)

ENRT w2 T~ L) F )

/000 /M /tw2 T =a

We shall now investigate the behavior of P{(],) in the
mat“m astical limlits of small and large n, making use of the

propertics of the cosline inbegral

&(7) =‘L7/X7 (S/ma//7)

wemsseon (44 )
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If wo make the following alterations,

7/3/—* = 922/ y 0l @ % = sA o o F on elijps0s9

Bge (42) becomes in the limit of large n

NSL /
127~ 45&5/“7 [ = T~ L
o L #4:Gp s *4%’/,5’;,‘4 e B

- (_é—___)oz[ /49 i T 4 - /
i et v ]
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The above expression for the Intrinsic viscoslby is to be

coupared with the one derlved by Simhe for the vrolate ellipsold
T J X

of semi major axls I and som!l minor axis at



=30~

U (%)L[Wz'f—g) " TEDn]t 5

It is soen that Sirha's result corresponds quite noarly to our
statliec limit vith b — 283 or in other words, to & rigid chain
gomposed of monomerlc units whose effective shells of hyirodynemic
interaction heve & radius equal to one half the disbtance of
separation between adjolning elements. (It 1s to be noted that
for such a model /\o - Iﬁ/‘éd In the 1imit of large n the exw

pression for the intrinsic rigldity now becomes

) ENKT WFC? /+02A0[4é7/‘>zO°~1//3]
[/é(]— 1000 /™ {#+W”( /I *2 ), ,47//”/773/

w47}

It iz inbteresgbing to nobe that abt high frequencies ihe ine
trinsic rigidity of & high molecular welght rod-like macromolecule

is nearly inversely proportional to ibs molecular weights
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VI. INTRINSIC VISCOSITY AND RIGIDITY OF DT BB L], T
MACROMOLECULES IN SOLUTION.

Por purposes of compsrlson we include galoulations fer the
rilgid dunkbell:nad&l; wihich 18 composed of two elements, wherein
the seats of hydrodynemlc interaction are located, jolned together
by an infinitely thin rod of length 2R, hydrodynamlec perturbaw
tiong due to the presence of the rod being negligibles For such
& model, the sots of equatlions described in BEqe. {36) become
readlly soluble by the cormon methods used to solve systens of
linear glmultaneous equations, At this polnt we need merely
to guote the resulis of such caleulatlons in order to compare
them with the results obtained by Simha for & similar model.

The expregsions for the intrinsic viecosity and prigidity

now bheoome

[—7t] - JQLZZEf; e ~

1500 M ), /-2 K (1-K)(1+»*T?)

_ E6NRT w2 T’ | =2 K
[M] = weor - jrorrE TR

7 = 5‘R7Jk7‘(z«zl<)
K= S/r67 9 R

wmmee {48)

If we take for our elements of hydrodynamic resistance two

sphores of radius a, and if we agsume that Stoke's Taw 1s valid



for our model {S‘ = 6778 )y we may rewrlte the expression for
the intrinsic viscosity In the form
3 /-2 L
0 J&ZL [/*az ; — ]+ L
[ 7 ] /-2 K
/U 3
M
mewe {40}

Tnder the condltions Ww=0 j K<L, Bae (49)
may be expanded to yleld

[r] - 2(&)[1+35 7]

wmma (50)

This 1s %o b6 compared with the result obiained by Simhs

[7] - f(-’g‘)g[lv‘?}o =1 .

The reason for the digcrepancy between Sinhavs vesull and
ours ig as followse. When placed in terms of our analysiﬁ;
8imhats method of calculation is eguivalent to stating
i%*§=3°

e {51)
Upon substitution of this expression into Eq. {32) followed by
substitution into EBgq. (29), Simha's sbove result may be obtsined
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with a more accurete detormination of the Ogeen corvectlon Lerme
However, Sivhets treatment of the dumbbell model is incorrect for
Bge (51) does not holds Indeed, for the cass of constaub rate

of sirain wo obtain from Zg. {33) the &xp?eswion

— >

vE-4,=v3- GG+ 168 RS S (G R0)¥ 5%
é— - oo ¢ - -
= Viz'.z o (f?z x Rowy) - é;’63’

e (52
Substitution of Bg. (B2) into LEqgs (32) leads %o the result
given in Eg. (50)s Simhat's treatment amounts to neglecting the
affect on the dumlbell of exbernal torgues caused by viscous

arage
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VIXe THB THEORY OF ¥LOYW BIRFFRINGEVCE OF RODeLTKE

MACROMOLECULES IN SOLUTION.

As Qp%ical Part

We suppose the wgcr“molecuﬁa to be bathed in a liquid cone
tinuum of dlelectris, the dleleciric tengor of such a system
being gliven by the expressiont

2) e
€ -1 = a7 [l +Ct Akl
A e e (588)
vhere € 1is the dlelectric tensor, <% 1s the polarizabllity
gongtant of the 1i@ui&;*3§{év g the polarizability tensor of
the macromolecnle, ¢ and op are respectlvely the concentration
of solvent and of solute, end I~ 1is glven by the Tollowlng

relations obbalned from eleetrostatic thoory:
— —
F=2-E

a-—=[1*47TC,aL]l + e, £

s

oo - ( 5% )
.-#
F is the loeasl electric field acbing within the dielectric
_,
conbinuum and B 1s the externelly imposed electric field.
The polarizablliliy tensor of the mscromolecule is gilven

vy

Lo e (54)



If we now assume that thoe polerizability tensor of the individuel

eloments has cylindrical symuetry about the element, we may

it
write ) 0)
oy g 2
() 2 7))
04 — L yx OLYY O
2)
o O aL(

}} [ 4

wemw (55)
o ot 2 (2) | .
The principal axes of L in the xy plane may be found by

solving the seoular ecquabion

—-—Au:

s — A
d —_
% X . OL,gy - o
— Ar
o< — A
7= A — ol
;44
waas (56)
) /j) ()
The polarizabllity tensor ls symuetric anﬂ;oa = =< 5
y 7 x

consoquently solutlon of Bqe. {56) yields

_j — —_— AP __ gl 2
o<// = 2 )HAix = *77 #= ,/("xx""tyy)l*+°éxy J)

g{ - ;12. — A — A _ p— 2 ——o?_}
s ehaw ¥ °¢77 —'/(dxx— 97) aa Ony

('2) - - - = > =
ks o _—
ey = °L;, e,e, 7"053.2 e.z S * -l 2. 62 63—

- - (2)
where eq and €g Bre the prinecipal axes of oL in the xy plene

and corregpond to the princigal axes of I also.



The angle of extimctian,x y is dofined as the angle bew
tween the stream lines and the opbtlc axis of the flowing liquid;
this angle gorresponds to the engle formed by ey and e.. Thus,

we arrive st the expression

— AP
I D
Laro X —
*7
= 4_oaxy ,L(o(xx-—ocyyj e ("4xx_"’<7 )
o'?,:(xy
=/ + ;xx—:<77 PO
QQ,Z’(?
X~ 7 = Tr =
— —— —
°Za<x7 i (5’8}

Upon transforming the components of the polarizaebllity tensor

to the prinecipal axes, the expression for X becomes

X— Z _ (i %0 cnar 2 Dsn
7+ Cairdp e 257 Sy,

- e (59)
Expresasiors for the megnitude of blrofringence may be obe

talned through use of the Clausius~Mosobttl equation,

<2

y —/

V" S
2

=2z = = G < T S 2 TLz.e
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where ni and n, are the values of the index of refraction of
the scolution in the principal direcilons, Retalning only terms
which sre first power in the concentration, Eq. (60a) may de
converted by use of Eqg. (58) to

Am = /;ﬂ/ _._/)’7°2/
2 . .
= 7;7'(;7314fdz) Caé:;;;?}£2%gt;aLﬁi—¢%7‘}
% °2°<,47 ) {600}

vhore n, iz the refractive index of the pure solvent. The
expression in the brace in Eq. (860b) has the value unity in the

first epproximabions

Be S@aﬁiaﬁia&l Parts

Ve rowrlte Hgs. {59) and {(60b) in the fomm
K—g—;?& [rfotz MiQwaa/O’m/

| ‘/,75;; @O R wivd> 2 f Fr0f weew {61a)

A7 (5" 72)

7 =

2

A = ;éi £ fay orol
e {610)
Thus 1t is scen that the theory of flow birefringence requires |
knowledge of bota fy end fp, where these are the perturbation
terms in the distribubion functlon as defined by Eqe. (16)e
Por consbtant rate of strain substitutlion of Hge. {18) into

Bge {(14) and use of the results obtained in Eg, (21) ylelds



2yt = Y, 1)

- - —90 - . "
=5 % (r o et g |
arkzv¢v>f3€,)J7

= d;Z.éoz . 2 B #WQSZ /-
e [ Ga® O %

/?/J/Mf-/)(@/r?-f—/)

&g

o\
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Selublong o fp way nmow be econstructed according to the follows
ing schemes. YWe leb @ reprosent the right hand side of the last

£t ”1

of Hase. (62)s Then fp nay be oxpanded In the form

i242994)"iif Ao B0 ) * ;Zj (VLm”,a»4*o»,4+zznzn,A;u»an,g).
=0

P::’(/«)}
Gt T35
A/’”,_ 277 L [/G ﬂ)O//m}ﬂ
_ gzanvw’(/%_wow) / — 42 77
A/nm? 77 = +/>v7)/ Zo fé/p MJMM/OLQZZA
/z; — s K%v—/»zl/ oS 42 sz #/
M >l B R NPT
G = - o

7o R, ’"M“/*MAQ(/-JMAO]

———— {63)



whare Pm(/r) end P,{ «) sre the associated Legendre and Legendre
polynomials in the varlable 4 = cos.? eand the A's and Bty
are the corresponding expanslon coefflicients,

8ince we make use of fg only in order to avorage the .
funchion cos 8¢ , we are only interested In the value of Apo
thie other members of the seriss will not contribute to the average
value of cos 2/ on account of the orthogonallty properties of
the Legendre polynoanlals. Carrying out the required integration
we find o5 52 2

Ay = — 43( )

7.[2 = 4,?,2W,¢QMJ%”"‘—

—_—

and from BEge (21)

Flop)= FLT oD a2y

P S (64)
Wheresupon aubstitution into Bq. (6la) lesds to the resull
e B /i oz
2 ,
L 277 7 E L
5 kT Jrpon-(3-35)]
wemw (G5)

where L is half the length of the rigld chain and )\, is the

messure of hydrodynamic interactlcn between chain olements,

defined before 8s | = f Ve Z’ b e
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The results of Eag. (65) are similer to those obtained by
Boeder, who trested the infinitely thin rod wundergoing two die
mensional mobion. Our resulis indicete the analysis ls equally
valid for threec dimensions and the values so obtalned sorrespond
to the leading term in the expression derived by Peterlin and
Stuart for the prolate elllpsolds In order to obtain higher
ternms, our perburbation treatment would have to be carried
further, Both Boeder and Peberlin and Stuart obbaln expressions
for the extinction angle in terms of an arbitrary diffusion
constant, In our analysis, the value of this diffusion constant

13

is given directly and is equal %o Seb, .

The value of the magnitude of b;rsfringenae ig now obtained
by substitubing the value of £9 given in Bqg. (21) into Hq. (61b).
Upon performing the required integratlon it is found that

am = AL (M&va) é o bt
- 138 -, c'&( " “tz)

Do

. 3
saw® (mov2) - T E L
= 73§ o, ca (=) h'\'[."""”"(%'y;")j

Our results resemble to some extent those of J. Js ﬁ@fmansla
who cnleulates the magnitude of birefringence of flexible

mecromoleculeg undeorgoing Drownlan mobion.
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PROPOSITIONS

1« 8) TUse of Eirkwood's theory of solubtions of polar
mg}egalggi in sonjunction with the Be¢nsted theory of reactlon
rates makes it posaible bo formulate & goneral theory predleting
the electrostatic effects of the solvent medium on the rates of
lonle«type organle reactionss Preﬁiﬁtidngbaf such a theory will
correspond with predictions éf tha;q&alitmtiv& goheme @rep@saa
- eevlier by Hughes and Ingw&ﬁgi, When formulations based on ouy
theory are applied to the uaimolaéular golvolysis of ovganie
egmyaﬁn&a, it is found possible to relate the emplrical correlse
tion functions of Grumwalﬂ and_winGt&inﬁ to the electvostatie
propertles of the solvent medium and to the mni@sulaw ?arameﬁars
of the reactantss | |

b} The sbove mentioned formulations mey be appllied
only when the electrostatic effects of the solvent medium oube
welgh the nonwelectrostatics It is also to be expected that
when our formulations do not gpyly, the empirical formulations of
Grunwalid end ¥instein will break down. . Deviations from simple
eorrelation should occur in the reglon of low dislectric cone
stants and in @@a@s of specific interactlon bebtween solvent and
raact@nﬁ; the lattor ls usually due %o hydrogon bonding.

1) Js Ge Klrkwood, J+ Cheme Phys. 2, 551 (1934},

2) E. D. Hughes and I. K. Ingold, J.C.8., 252 (1955).

3) E. Grunwald and S, Winstein, J. Ams Chem. Sogs, 70,
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PROPOSITIONS (Continued)

2+ a) A striking 1llustration of the difference in
mechanism of bromination and hydrogen halidewtype addition to
olefinic hydrocarbons is the reversed rate order observed in the
geries lsobutylene and trimethyieﬁhylanal*zy 0lefin reactivity
iﬁ.brominatian-%yye %@a@tiqns is 2 function of pl electron avelle
ability and may be correlatod with values of ionizatlon potentlals,
Reactivity in hydrogen hallde~type remctions, however, is a
function of the polarity of the double bonde It is suggested
that of the simple alkyl subsbituted oclefins, lsobubylene 1s the
most reactive to hydrogen'halidawtype additlon reactions.

1) A R@mickéﬂmlee¢ Interpy Orgs Cheme", Wiley (1949),
De B804

b} It 1z propossd that the principal inltial produck
in eleetrophilic addition roactlons of alkyl substituted cone
jugeated dlenc hydrocavbong is the 1,2 lsomer. In the case vhere
the positive atbtacking sroun is large enough to form & 1,4 cyelie
intermedliate, sxzceptions Yo the above rule are Lo be expected
and the priacipal product ahould be the 1,4 isomor. In the latbter
3

cass, formetion of gls products ic also to be expocted™,

1) Bee this presontation, Part I,, Soction Vie

B8 &) It is to bo expescted that & mumber of systems
may be found whereln a glven veactlon occurring at & surface
interface will differ merkedly in 1ts kinetics from the correspondw
Ing reactlon ocecurring in the bulk phase. Suéh dirferences should
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PROPOSITIONS (Continued)
be due largely to orientational effects and may be correlated
with the zeta potential of the double layer existing at the
interface.

b} An exzample of a reaction exhibiting different
kinetices at the surface interface from that in the bulk phase is
the alr ecabalysed polymerisation of unsatursted fatty aclds. It
is suggested that the difference in kineotlcs may be studled
quantitatively by a combination of the technigues of monolayer

casting and light scattering.

4, a) The unusually low yields obtained in reduction of
alpha monochlor carboxylic acids with 1ithium aluminum hyﬂridel
may be ascribed to competitive reacktion of the chloro and carboxyl
groups. The Increase in yleld observed going from free acld to
ester to acid halide and from monecchlor to polychlor compoundaz
may be explained on the basisvaf resonance and provides an in-
teresting example of how Paullng's resonance concepts apply bo
reactlivities.

b} The kinetliec data recently reported by Hine and Lee®
on the hydrolysis of phenyl methyl halides indicates that dife-
ferencos In some of the observed rates may not be explained on
the basls of rosonance stablization, as proposed by the anthors,
but may be explalned on the basis of gteric éonsiﬁerationa.

1) .W, Fickett, private communicetion,

2) Ce B+ Broog, et als, J, Am, Chem. Soc., 71, 1710 (1949).

) Je. Hine and D, B. Lee, Org. Abstracts, A«0.8. MHeeting
Septenber 3, 1950., pe 45 N,



1 04w
PROPOSITIONS (Continued)

S It is widely recognized today that the simple Flory-
Hugging theory 1is incaéabla of exnlaining many experimenielly
determined thermodynamic data on binary mixtures of polymer and
solvont,ts e An order-disorder anslysls following the Kirkweocd

o may be used to derive the Flory-Huggins formulas Such

theory
an analysls indicates that the theory is valid only for strietly
regular seolutbtions In the sense of CGuggenhelm, The shortcomings
of the Flory-Hugglnsg theory may'ba aseribed largely to the statle
lattice model employed. A more rational atback of the problem
mey be made through inclusion of vibrational conslderations;

following largely the method outlined previously by Kirkwood4.

1) M. J. Schick, P. Doty, By H. Zimm, J. Am, Chem. S0Cs,
72, 530 (1950). ~

2) P. J. Flory, J. Chem. Phys., 18, 1086 (1950),

4) J. G, Kirkwood, J. Chem, Phys., 7, 908 (1939); 18,
380 (1950).

6s A successful explanstion of the fine structure observed
in Rayleigh scattering in llquids hes been advanced by Brillouinl.
& simpler, though more crude, explanation is proposed here based
on the suppositlon thet the scatiering centers may be represented
a8 damped harmonic oseillatofs. The damping term arises from
Brownian motlon. The fine structure may then be explalned along

lines similar to the ones given by Froehlich® in his
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explanation of "resonnnce ebsorpilon” of r.fs waves. The liguid
model proposed by us iz quite snalogous to the vibrabing crystal
model proposed by Finstelhe

1) %e Brillouln, Ann, Phys., 17, 88 (19a2)

2) T. Froehlich, "Pheory of Dielecirlices®, Oxford (1940),

Te In a rocent paper 3. Eeldﬁnl clainmg to prove the

"adisbatlc hypothesia" from the BorneOppenheinmer geroth ordey
approximation and to prove thoe concept of microscople roversie
bility from the Lirst order Dirac time dependent perbturbation
theorys It ls proposed thay lolden's arguments on these polnts
ere clreular and largely meaningless. A more ratlonal attack of
the problem would Involvs the conversion of Kramers! stochsstic
treatment® into quantum mechanioss It le to be expected thab
such an analysis would show the velidity of the Eyring-Polyenyl
transition state theory to be depondent largely on the nature of
the interactlon potentliale

1) 8. &Oldﬁl’l, J;u Ch@l‘ﬂg Flvyie o _3'..3_’ @Eg, {1949}0

2) M. A, Kramers, Physice, 7, 284 (1940).

Se In 2 vrecent note, J. Bue&eﬁnﬁl sugreats that the re-
ectivity of a molecule 1s not only & funetlon of the electronic
digtribution, a8 has been supposed in recent times, but also
e fuﬁction of the vibrational states It seems Lo us that wherse

as vibretional consideratlons mey actually become important at
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PROPOSITIONG {Continued)

BN

high temperabure, bthelr role ls secondayry in ovdinayy thormal
reactiong occurring nesr room bempeoratures The difference in
reactlvities bebween othylene and ancebtylene which Duchesne
eﬁp&ai&s on the basis of vibrational difforences may he explalined
just as well, 1 not botter, on the basls of slectron distrie
butione

1) J. Duchesne, J, Chem, Physe, 18, 1120 (1980},

»

9« The system of simultancous rate equations obtalned
in & system undergoling copolymerlsation may be reprcsonted by
a generel mairlxz equatiocn and solved by the usual formal methods.
In the simple case of blunry copolymerization, the ususl assumpe
tiong of steady sitebe reciprocity and constancy of free radicel
concentrations should lead to the femillar moncumer reactiviby
equatlong. The advantapge of & matrix formulatlon lg that eze
plicit equations may be obtained for single constituents, wherew

as present methods yleld eqguations for ratlios only.

10, The gpeocific viscosity per unit concentrabion of a
golubion of macromclecules is usually fapresanted as an integral
power #sories in tho concentrabtion. ‘&u@gwstiﬁna heve besn made
thet the seeand‘terﬁ in such & power sories should contain
é% instead of c¢¢ It 1s proposoed that for e solution consisting

of large rigid spheres whilch are none-interacting at equilibyrium,
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PROPOSITIONS {Continued)

thie Wewbtonlan eontributions to the gpocific viescoslty may indsed

be represented by an integral power seriess It 1s cuiie conw
ceivable, however, thet non-Newbonian contributions will give
1

rise to & term proporticnal to o2y





