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We are respectfully submitting Technical Report Ko. 1 in
which the first phase of our theoretical consideration of *the

" relationship between birefringence and moleculer structure of
1 large molecules,
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mental and theoretical aspects, and we plan to publish addition-
2l reports on this same topic.
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ABSTRACT

The measurement of the principal pclurizabilities of molecules is

a useful method of studying their structure. Previous work has re-

sulted in a relationship between the polarizabilities of large molecules

and that of their "statistical segments:. Values for the polarizabilities

of the segments exist in the literatyre.

This paper is concerned with the calculation of principal polari-
zabilities of polymethylene hydrocarbons in termg of more detailed
structural features; that is, bond polarizabilities, lengths, angles,
and restricted rotation potentials. A tetrahedrol lattice model for
a polymer chain is used, end the polerizabilities for each configura-
tion of the polymer are calculated. These are averaged for the cases
of (a) equally probable orientation sbout the (c-c) bond, (b) preferred
trans orientation, (c¢) steric hindrance, and (d) intersction between
distant portions of the chein. The calcul~tion is carried out for
chains up to 6 bonds long (heptdne).

A comparison of the predicted polarizebilities with those ob=-

tained from light scattering dopolerization me-rsurements is made.
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THE CALCULATION OF THE PRINCIPA' POLARIZABILITIES OF POLYMER CHAINS I#

Richard S. Stein
Contribution from the Dept. of Chemistry
University of Massechusetts
Amherst, Massachuscetts

Introduction

The calculation of the polarizabilities of simple molecules has
been treated in several pzpers (1, 2, 3, L, 5). Most of this work has
utilized the Silberstein theory for celcul-ting the intcractions of
polarizabilitics of neighboring atoms (6). Denbigh (7) has recently
shown that it is possible to formulate a table of bond’polarizlbilitiea

in which both the polarizabilities of 2 bond along and perpendiculer

to the bond axis are given. These are calculated from light scattering
depolarization and Kerr effect data on simple molecules. The use of
these bond polarizabilities has greatly facilitated the calculation
of the principel polarizabilities of covalently bonded organic molecules.

The calculetion of the principal polarizabilitics of a long chain
organic molecule has been discussed by ‘. Kuhn (8) and L. R. G. Treloer
(9). They use a model in which the actual polymer chain is replaced
by an idealized chain consisting of so~called "strtistical segments",
These segments are thought of as being rigid (having no internal motion)
and being freely orienting. Thet is, each statistical segment is thought
to be connected to the adjoirning segments by a joint which is completely
flexible (like e ball end socket joint) so thet the angle, 6, between

2 atetistical segments ney assume any velue between O and 27 radians.

#ThIs werk is supported in part by the Office of Naval Research,

— ——
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It is essumed that the chain ends as held fixed a distance R spert, and
that intermedizte parts of the chain are free to randomly sssume all
possible configurations consistant with this restriction. The scgment
is assigned polarizabilities, bl and b, elong and perpendiculer to
the segment axis. Neglecting steric hindrance between segments, an

equation is derived relating the principzl polerizebilities of a

polymer molecule to that of its segments.

(o, - M) = 3n(bl-b)(_n%_)2 (1)

where ‘rrﬁ is the average polarizability of the chein {consisting of
n stetistical segments, each of length a) along the line joining chain
ends, and '111_ is the average polarigability perpendiculer to this

direction. (See Fig. 1).

Figure l: The Statistical Chein and iis Polerizabilities
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It has been shown (10) for an unconstrained chain, thet the averags
squere distance between chain ends is given by

B = pa? (2)
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If one assumus that the unconstrained chein is held at this length#

so that
then
Tw~Ta = f (o1 = B9} 4. (3)

Then, if one sums the polarizabilities of all chains constituting
a crosslinked high polymer consisting of ideal chains of this type
which has been stretched by a factor X (length is o times the unstretched
length) then the difference between the polerizsbility of the polymer
sample along and perpandicular to the stretching direction is

P =By = gM(by =ty (-1 (L)

Using the Lorenz - lorentz relationship, the difference betwecn the

refractive indeces in these two directions is

)

2l
ey

()

a = n-n, s (12+2)° %%r_ N_(by =b,) (x*-

whege n is the average refractive index, and Nc is the number of
"crosslinking points" at which chains ere joined together.

The quantity,D 1is defined as the birefringence of the polymer.

By using the same sort of essumptﬁﬂzg, Kuhn (11) a2nd others
(12, 13, 14, 15) have calculated the tensile stress, 0; on a stretched

ideal rubber. This is
O = Nekt (XL (6)

*It mey be shown thet if one doos not make this assumption, but averegcs
over all possiblc values of R for the unconstreined chain, onc arrives
at the same result.

——— s s 5 o
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whre k is Boltsmanns constant and T is the absolute temporature. 0O* is
in units of dyhes per équare cent imeter of attoined gsessectionsl
areéa, Thus, the stress - optional coefficient would be

- D -2 2
Bzos2W (A8 —2)2 (b -by)
5 R 2 (7

This quantity is independent of elongstion and number of crosslink-
ing points., Thorefore, by mossuring B and n, (b} = b,) may be detormined.
Values for this quantity for several polymers have been tabuleted by
Stein end Tobolsky (16).

The next problem is to telate this quantity to the prcperties of
the chain itself. The birefringence of this hypothetical ststistical
segment must be releted ta the polorizabilitics and configuration of
the bords constituting the polymer.

One approach to this problem which was mede by Treloar (17) is
to calculate the birefringence of the monomer unit Am(defimd as
the difference between the refractive index of tho monomer unit along
the axis of symmetry of the monomer and the averrge monomer refrective
index perpendiculsr to this directior)l The polymer chein may then be
cheracterized by a parameter, Z, defined as

7= (b1 = tg) 8
yane (8)

Z may be rogarded as a meesure of the nmumber of monomer units per

statistical segment. It 18 a function of:
a) The amount of internal rotzticn within a monomer unit.
b) The angle and degree of freoc rotstion occurring ~bout the bond

Joining the moromas together.
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c) Steric factors effecting chain rigidity.

Thus, Z is principally a function of the stiffness of the chain. Values
of this perameter have been calculated by Treloer for Hevea rubber end
by Stein end Tobelsky (16) for other polymers.

It would be desirable to be able to cheracterizo the polymer
chain in greater dctail than is possible by this rc-ther poorly defined
parsmeter. For examplec, it would be desirsble to be ~ble to calculate
from birefringence measurements, the ratio. Rz/hg ('where Rg is
the mesn-square end=to-end length on the besis of ideel chain stetistics
with free rotation ebout all bonda, es well es other properties of
polymer chrins. This would enzble one to comprre chein dimensions de-
termined in this menncer with those determined by other techniques. In

this menner, it would be possible to compere for exesmple, the r.m.s.

length of 2 chein in solution with its length in the solid polymer.

This would be of grcat help in the understending of the properties of
solid polymers.

A Modol for Calculating the Birefringence of a Simple Polymer Chain

The method which we shall follow is very similar to thet used by
King (18) in his calculstion of some of the properties of polymer
cheins. He hes been ablec to carry out his calculotions of R2 for
rather long chrins using punched cerd computing machinery. Our cel-
culations of R? should check with his and gagljust incidental to the
birefringence calculation.

For the prelimin~ry calculation, a very simple chain mndel will
be considered, consisting of only carbon astems joined tocether in a

lineer chain. The (c-c) bonds will be at the usuel tetreshedral angle




with cach other. 1In the first consideration, side groups will be
neglected. It is hoped thet these shall be included in future

calculations,

Figure 23 Confisurations about a c=¢ bond.
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As is known (19), rotetion about the (c=c) bond is restricted.
There are three equilibrium positions (Fig. 2), the trans, and two
"gauch"s As a firet approximation one might consider the case in which
all these positions are equally probeblc. Then one might consider the
morce realistic situstion in which the trens is more probable than
the geuch. The potentirl is such thrt at ell but very high temperatures,
most time is spent in the equilibrium prsitions, so that in considering
propertices like birefringence that depend upon averages over all cone
figuretions, it is 2 very good epproximetion to assume thet the bonds
are only found in these equilibrium positions.
The height of the barrier restricing rot-tion is sbout 3000 cal/mole.
At room temporature, the probability of finding a c-c bond at an equili=-
brium position will be exp (3000/RT) or 150 times thot of finding it

half way in between two equilibrium positions.

————
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Let the i*h bond be represented by a vector 07 of length 43 ..

If we locate tnese vectors wlth respect to a right handed cartesian
coordinate system (Fig. 3)/?32%\1310 thot the first bond makcs cgqual anrles

with all three coordinrte axes, then its coordinates will be (1,1,1).
Then is the second bond vector, 05, is to be at a tetrahedrcl angle

to the first, and the second bond is in an oquilibrium position, .
its coordinates must be either ('[,1,1); (1,1,1) or (1,1,I). Thus,

as has been shown by Tobolsky, Powell, end éyiing (20), the end points
of all of these vectors will fall on the lattice points of a diamond
lattice, and the possible projections of any vector will each be either
(+1) or («l) and the signs may be obtained from the three projections
of the preceding vector by chainging the sign of one and only one

of the coordinates of the remaining (N-2) vectors.

The so-celled displacement vector, R, of tho chain connecting the

first carbon atom with the last is then given by the vector sum

R s a o

/3

where t/f;‘ is the bond length of a )c-c) bond. The square of the
length of the displacement vector is

(9)

2 = R = 82 RCAs
R = ReR é’s (1+£’5:,(*" ) (10)

Applying the statistics of the diamond lattice, Tobolsky, Powell, and

Byring derive an equetion (20) for a tetrahedral lattice fruam which
one mey obtain thu equation for ﬁz

Figure 33 The Coordinate System,
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~ N-p
R =t )N ST ONS2X (N -pa)! (o) (zp~~)‘j(u)
: éo[z(?) (m 21 P=X)(N=-P-x) X !{(x - )

The ca2lculrtion of the polarizability of 2 polymer chain follows
somewhat similar lines. If the ith bond having polarizabilities by
and B, lies ot tho polor anglcs 9 and Oi with respoct to the coordinats
axes (Fig. 3”? the contribution of this bend to the polarizabilities

along the coordinete axes are (7)

(Px)i by cos® 9 + b, sin® 4 (12)
(b1 - by) c03201 tb,

(Py)i = (by - b2) sinzei cosz¢if b, a0
s (bl - bz)coaa%_ - (b - b2) coszeicoszy)i + b,
(P,) = (by - b,)sin®0atn?d; t b, )

(by - by)safd; = (by - by) cos’0akfd;+ by

The coordinate system may be chosen so thet the X axis lies 2long
the displacenment vector of the chrin, The tst-l polarizebility of the
chain may then be found by summing the polesrizabilities of the constiuent

bonds. The averege polarizabilities are then found by avercging over

© and ¢, CE. ( . _ (
= (b - b,) c0sc8; +rpp 15)
TT” = 2\}"){’1 E;’ '
TT = 3' (Pyi) = (by =by) I s2p
= S = co
1= o i (16)
- (b = b,) 2‘_, coszeicos?‘.éi +b,
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Fgure 3a « The Ansul: r Coordinrtes fo. locr%in; tha Bon'
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If the chain is symmetrically disposed about the displacement vector,
then all velues of ,5 "111 be equall protadble and

cos = %
so’n: :% (by = by) 2:0_.21 -+ %(biq-bz) (17)
e Z(-;)i = Sy =T
and .
AN 1 (6 =b) (35 cos?d, =N (18)

Thus, the calculation of the polarisgability of the chain is dependent
"1"'_""—
on the calculrtion of Zcoazei.

Now from the definition of the sceler produst of two vectors

0 & = | UR] coody (19)
co’zei < O34R 2 Ji.R 2

55152\502 = 3 R2 (2)

g "% : W Zq (21)

where R is given by oq (9). This sum must be averaged over all possible

80

combinations of Oy's possible for the chain.

Tho Numerical Eveluetion of Q

Q may be evaluetcd, at least for short cheins, as is illustrated
in the following exanmple:

TR i s At sy e =
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Results of Preliminary Qelculationg

Q has bdeern calculated to date for carbon chains up to 7 dbonds
(8 atoms) in length. The results of these calculations are summariged
in Tedle II. The quantity (TV - TV)/(by bg)ee is the ratic of ihe
polarizability differance of the chain to that of the c-c bond, This
is equal to% (3Q-n) according to equation (18).

The quantity (b, -b,)”g/(bg -b“)F’? in the next column is

the ratio of the polarizability differemces of the statisticnl

Tadble II
The Rssults of Preliminary Polarizability Calculations
) § Yo. of conﬁg—| Q| WV '\’f,-bg\],,; 2 | (22)
urations R PR TR o R =68 r
1 1.00 1 1,00{ 1.00 1.667 | 3 S
2 1.33 1 1.33 «99 1,65 8 12
3 4,75 3 1.58| .87 | 1.45 f3.7| 18 ‘
4 16,86 9 1,87 .80 1.33  19.6 % 5
5 | 58.64 27 217 | .76 | .27 !25.1 30 |
6 194,06 81 | 2.40 .60 1,00 %31.3 36 |

segment to that of the c~c bond. It is odtained by dividing

(T, - 71/ (by=b3)ec by )
1]-11 "Trl.. - é
(Dy-b3)geg 5 |

(from equantion (3)). If onc assumes thut ne internal motion occurs '
within a stotistical segment, this quantity ought to be proporticanl to

the number of o-c¢c dbonds por stotistical segment. The statistical

SR AT S, S - -
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thoory would pradict that this quantity should be n constant for long
chains, It is -32%t31 agaiast n in Pig. (4). It is obvious ‘het for
tho short chaias corsidered here, thia 1a rnt ge, The calculation must
Yo carried out for grocter values of n in order to tcs* ta'e Lymothcesis
and dotormino th constont. This is doin@ donc at pres.ont ra? the

rosults will bde includod in a lator roport.

Tiguro 4: Tho Variation of Q and (by =by)cop, (bg ~ba)o-c

with n .
30 2.0
i) v @.”b))ﬂ/(bp*bx)((_
25 \ / 1.5
o O

1.5 // 0.5

9
10K 0
' - 3 4 5 6
n
BRostrictod Rotation

In the preceding discussion, it was nssumod that the throe
equilidbrium positions of rotation about the c-c bond wero equally
probndle. This is not so, for the drans or the gouch positicns may

be more prodbadblc dopcnding upon'chain substituonts, In tho casec of a
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hydrocarbon chain, it has been shown thst thc trans i; more probablo.
The result of this is thet the chain will be more stretched out than
in thc "equal probability" case. Both R2 and the chain polarizabilities
will be affected.

It has becn shown by W, J, T~ylor (21) and others thei the
potential encrgy accompanying rot-tion about a c~c bond may be described
as a functinn of thec engle ¢ describing the rotation by an equation

of the form

V(d) =1 Vm ( X(1 - cos 9)+ (1 - X) (1 - cos 3¢§) (22)
1 ? . [

where for nomal peraffin hydrocerbons X = .26and Vm = L4100 cel/mole.

For long chains conteining n bonrds of length a, Teylor shows

R? = na? 1+ coso ‘ 1+b-:]
- coso (23)

where 8 is the valence anglc betwecn bonds of the chain and b is the

thet

average value of cosé which is calculated

i _
. Lsb e
J[‘zﬂ' "\/195)/0\1~ C{§f>

By combining equations (22) and (24), Paylor is able to obtain a plot

(2L)

of 14 b against Vn/Rt which is useful for calculating tho dependency
I-S

of the dimensions of ~ polymer chain on the potential opposing rotation.
By epplying thcse concepts t~ our model for calculating poleriza-

bilities, the effect of restricted rotation upon these may be calculated.

In this calcuation, it is a2ssumecd, es before that the bond spends most

of its time in onec of the three rotetional equilibrium positions, so
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that only these need bo considered.
Suppose that the energies of the trans and thc gesuch positions ara
V. and Vg respectively. These correspond to ¢ = 0° and 9 = 120° and

t
mey be caleuleted from eq {22)

Vt =0

(25)
Vg = %'Vm (X(1 = cos 120°) = ,75VmX '

The total energy of a chain mey be cheracterized by the number of
peirs of aiterncte bonds which ere in the trens configuration with re;
spect to each other (nt). The munber of peirs in the gauch configure-
tion is then

ng = (n-2) -n (26)
since the totazl number of elternstc pairs is n=2, n being the number
of bonds in the chain.

The totzl configurstional cnergy of e configurstion is then

E®n Vy +-ngvg (27)
The probability of 2 configurstion is then given by Boltzmen's relestionship

T - (ngVy + nﬁvf;)/ xT

W=ce 'Z=ce

VRV en v /T
c - [¢) . v

= c
n
- g
=W
“ \ug
o n, (n-2)-nt
t g

n=2 (28)

]
,
.

e A

et AP —
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where

Wy = cire WA Wy = <o -Vy/eT

For a given value of n, wg“"z will be tho same for all configurations

and will be included in the normalizin,; constant, Ko &8
w, \ Nt
W = ko (i) @
"

-(w-va)/k'r_ LIS VX /RT

where & - e e

wz

In calculeting R2 and Q, the configurastions must be weighted with

these probability factors)thus

- iw} )*R
R_ ZW ) tl (30)

¢
}
and 2 [(%)ma 2‘(6‘ R)
_ I 3R
Q= .w:) e | (31)
.-3 “’a
The subscript 3 refers to the Jth confisuration, end the sum is over all
3n-‘2 configuretionges Eq (31) reduces to eq (2)) in thc limit where
bl = Wg
The value of n, for a given configuration is readldily obteinec by

t
inspection of the coordinetes of the 0 's. A group of 3 O 's will

ropresent a trans con{iguration of thc coordinstes if thc first and
third are the samc. Onc need mcrely count the number of groupings of

this type in a given confiruretion. For coxample, referring to
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cokMgnrztion A in todble 1. q and O3 hove tho samc coordinates as do
0; and J7. Tacroefors, :1.1; = 2 Yor thir omnfiguration. Tue wclucs of
ng for the woricus configt:r:.ti«%ns for n = 4 cre linted 1in the lagt
column of this talle.

The calculation cf @ with restriected rotadtioa rish: te 4llustrated
in this case of n =4, In the adacnso of profarred oriontation, whore

A =Ug. Q is obtained by avoraging ?hc (qm)?/za?' valu:s a=d was
found to be 1,87,

Consider the caso in vhich tho trons confjguration is twice as
probalRo as tho gouch, This corrosponds to (Vg = Vi)/RT = .69, Then
using eq. (31)

_Bxasssdldzanees Pt
Reaxaleaxd

Q & 2,10

The calculation has boen carried out for n =6 for severnl values
of (Wgfiz)s Thoso aro presented in Table III,

sble III i
e = TV,
wivo | Ba | 2 | q T
1 0 2.3 2,40 +60
2 +69 41.0 2,86 1,29
4 1.38 61,1 224 1.86
10 2,30 61.5 3.61 ' 2442
- x 72 4,00 | 3,00 ‘

4s can be seen, as tho cnorgy diffcronco bo*woon the gauch and

trans positions incronsos, tho chain tends to bo more stretched out,
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so that both its R2 and its polarizability cdifference increesses. The
values for Qibﬁaé) =2 OO correspond te the conpletely stretched out
chain. It is appzrent thet the measurement of the polerizability
difference of a chein of a given size could sorve as a reessure of the

restricted rotation potentizl, The deta of Teble III are plotted in

Fig (5).
Figure 51 A Plot of the Data of Table IIT.

=TT vy @8 8 5 T B &0
ch/u{yf

Comparison with Experinent

The two usual nethods for studying the electric anisotropy of o
small molecule are meessuremcnts of (2), the Kerr Effect (22, 23, 24), and
(b), the depolerizetion of scattered light (25, 26).

The data for the latter method seems more complete and will be

——— e ———




used in the Dresent comparison,.

if iighs 1o s~atborad by o cas conslsting of isotropic mnlecules,
it ought to be ccauistely plwe velarized 27,  I7 thie aclorules are
anisotropic, pole-lzaniion will not te complete, ~nd ths dspolorization

may be defined as

P = Intengity of Forigonteliy Zelarized Tight (32)
Intensity of Vertically Foiarized Light

(The horizemtal plane is a plano containing the paths of the incident
and goattorod rays).

This ratio is moasurod, using unpolarized incidont light and
measuring the seattoring at an angle of 90° from tho incident 1ight bdoame.
Krishnan has shown (26) that for small molecules, P mey be ro-

latod to the polarisability difference of the scattering moleeule ty

the relationships .
¢ = L - X))
(o, ¥ ZAzY*-

vhere é = g 1 7o (“)

(33)

where A, and ©l, are tho prinoipal polarigabilitios parallel and pore
pondicular to tho exis of symmetzy of a oylindsically symmotriaal
moleculs, Yoluos of these quantitles for n largo number of moloculos
have boon eompiled b Qnbonnes (28) (29). Thoy havo boon modifiod Yy
Bugaventon (88) on the basis of moro wocens noasurcmants ty Parthasara\dy
(30), dnmmtreiristosn (S1) and Yolknem (32, $3)e Ynlues of P for
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n-paraffin hydrocarbons from othane to octanc which worc adopted by
Cabonnes as well as the so called most probdblq‘nluoa oadopted by Bhagos
vantam aro listed in Table IV,

(¢4 # 2%;) 1g simply throo timos tho avorngo bond polarisndbility,
ond valuegbf this quantitr (cnlculated fron molar rofractiom data (7))
are listod in Tadlo IV,

(or 3 = o’3) valuos caleulatod fyor both scts of £'s are aleo
listed. The nuthor hns soncwhat nore feith in the valuos calculatod
fron Cabonnos's o 's. Tho roason is apparent upon cxnnining Tnilo V
in which (o>¢3 - o/ 3) for ecthane detornined by scveral workors by diff-
eront ~othods is. listod. It would scem that thoe vnlue adapted by
Bhngavantnan is sopewhrt out of line with othor indopendent dotor-
minetions. In vicew of this uncortainty, howovor, it would soon as
though thore would bo o possidblo error in tho oxporioentnl wvaluos of
(of 4 - o/3) of nt lenst ¥ 104,

In order to coapnrc tho cxporinontally nonsurod diffcronecc of
principal polarizebilitics with theory. it 1s nccesscay tz de adblo
to calculate the principal poln;izability of onch coafiguration,

Tho oxporinontnl qurntity (ofy = o' 5) 1s thon idontifiod with the
ovorago of those,

Tho polariz~bility of a polcculo along any nxis iy’ bo calculotod,
Yor an anisotropic noloculo, its valuo will dopond upon tho rolativo
diroction of thc ecxis, For sonmc particulnr diroction, tho nolarizability
will bo a naxirmun, and is cnlled a principnl polorizability ~ 4.

For o cylindricntly symniotricnl molooulo, tho polorizabdility in any

diroction perpcndicular to this will bc the snmc nnd is tho socond
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Tedle V
Source &, x 10%® ok, x 133 (. -3 ) x 1038
ation :
(HeAo Stuadt, Molekul- 56 o 16 ;
struktur (295)
Kerr Constant (Stuart 56.5 39.7 16.8
& Vollman (1934)(33))
Kerr Constant (Breazeale SSel .3 15.1
(1935){3L}))
Depomation 51 .0 212 ° 5 8 - 5
(Ananthakrishnan)(1935) i
(30)(value adopted by
Bhagavantanm) ) ;

principal polarigadility, orze

In order to detercine this axis of naximun polariscbility, it is
necesgary to calculate the nolarisability as a function of the direction
of the axis, If N 1s o voctor along the axis ond &y 1s the angle
between the 1th bond of type k and this vecter, the nverngo differmnce

between principal polarisabilities will bo givon as in uguintion (18) YW

AN

- I v B \ ’ ) o vy NG

(&, = %2) =7 2 b -b) (335t & -n, oy
a . vV,
(The index, k, indicrtos thc type of bond, oge (o~c), (c=¥), otce)e Tho

avernge is ovor all configurntions. Thon

(.4‘_,&‘) 2 Q‘%[(b, - bz)(‘(. <C.("M((‘C) + (L’.“b:v)(_-u QM((-HJ
' [hc-'— U’o"bz)(_( ¥ ey (be- bi)C'H]\/\av

-

pol-

wheve h _ <0 VA
CJ.M(L-() = Z\;l oS 67».

_ (- MY
BEETN  h
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the su= bdeing takon over all C-C donds in a given configurrtion,

and
_ M-
QM(C'“) 23 I ME

<)

tho sun bdeing token ovor all C-R bonds,

Bo.oodd n_, are tho nunber of (C-C) and (C-H) bonds in the molocule .

Assune that the coordinates of M aroc (1,y7,s8). (Only 2 coordinntos
noed be tnken as wvnrindblo sinco oaly tho diroction of i nood de-
doterninod., Its length is arbitrary,)

Q; oy thon bo calculntod for any configurntion, For illuatration,
congider the crsc of pontanoc in configurntion Fo. 2 of Table I, Fron
Danbigh (7) wo hnvo

Y 1

'rBond by x10% b,,x).oa‘5 (v - b,)xloﬁl
i &t | 18.8 } 18,6

| o-B 7.9

Thoreforo, since n =4 ond L 12

c=C

(ofy = Xg)x 102 = 2749 Q M(c-C) + 3.2 Qy(c-g) =~ 4S.8
The vnlucs of y and g giving riso to a direction of N corresponding
to a noxioun polarigadbility difforenco are then found by partiud
differontintion with rospoct to y and g and sotting thc dorivativos
equnl to zero,

d (¢, =) 25 - (c-c)
: ; % 0 u N )
T z 10 0= 27.9 T+3.2§;§t££=8) (342)

e — e
———
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and
a (ul- °'3) X 1025 = O = 2’.9 :7 '=.\'m“” 02 D Ewm“ul (34.0)
> z 3z 3z

In PMiguro S5a, o dicgrro for configurntion No,2 of pentane is
given in which tho coordinateg for the & 's for all of the donds

are indicnted.

H

5.
m)é/\n.) \Ht)\ /(H.

- ‘Q /..\ e A’ \"'), )
SCAy,

“ ﬁ‘“‘ "—’/ \l"" (u"\{"‘tz:

He

Pisuro 5a

(A ddscussion of tho mothod for the doterr:in-tio: of thc o ‘e

for the (C-H) © nis is to be found on pegos 30 to 34)
The four O;_, 's are (111), (111), (111)'nnd (111)., Therefore

Q - {('”)'(WZ)]?—'{’B”T)'(l]Z)Jz‘bE“‘)'(l‘/Z\]zr [G7)-(va)?
M-y 3['*,1_’11}

(V4 y#z)’“«»(.-ry—z\“-» U+y+2Y¥+( =y +2)
3Ltryr+z®)
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Thon
éL“"n(fq - ﬁ: (3 -yl L
oy 3 Oryrez?)?
nnd

B ng—n) -4 (O tyt- 2% 2v2)
dz S (+yrezt)

The Qq's for the (C~h) bords arc found in a sizilar way, sumning over

tho twelve \J !s for thoso bonds.

= S 5.y S

QM((H) 4G 3 |+~/L+2.‘)

Se é "m(cu):_e ("'11*22-212\,
3 3 U+ y*r+zyt

QS Q (1x y=2'~2y2)
3

az (I+7‘*Zl)"

Then oquation (34n) givos

(- Y+ 2r=Lyz) (8 (-y+22-2y2)71 = O
(ayra 2t } * 3'2’. 3 (g yiezt)

279 [%

Sinco tho donominator ie not infinito,

L-7+22-2y1) =0
Sinilarly, frono RBq. (3id) ono gots

(l-o-yz-zz-&'z):O
The values for y ond z corresponding to tho sirmultanoous solution of
thoro oquctions nro tho coordinatos dotornining M for nnximn (or.
niztemn) polarizeobility. Theso aro:

yesg= 0(5[2
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Table Va
Config. No. C:gx:imtea QH(C-C) QH(C-H) (0|(1 -\xa)
11086
1 (1,1,0) 2,66 1.33 28.9
2 (1, v2/2, JZ/2) | 2.27 2,12 20,3
3 (1,2, 1) 2,27 2.12 20,3
L isotropic 1,33 4,00 0
S (1, J3/2,«[2/2)| 2.21 2,12 20,3
6 (1,J2, 1) 2.27 2.12 20,3
7 isctropic 1.33 4,00 0
8 (1, /2/2, [2/2) | 2.2 2,12 20,3
9 (1, J2, Q) 2,27 2.12 2.3

Thus, M = (1, 3‘5/2. 55/2), and tho Qu's for this configurntiom are:
Qu(c-ey = 227

U(c-m) = 2.12
Then for this configuw - ’ton (uxy =K 5) = 20.3 x 10~%

This procedurc sust dbo carriod through for onch configuration, o~nd
tho results must to nvoraged to odtnin (o, = "/3)0 This hns doon
done for pontano, Tho rosults aro sucnarizod in Tabdlo Vr,

Tho avornge (o/y = Ofp) for tho cnsc in which rll configurstions
arc woighted gqunlly 1s 1istod in tho colum of Tadlo IV laboloed
(cvy = X3) (froo rot.). It i1s soom thnt the cnlculntod valuo is
far adovo tho oxporinontal cnd woll nutsidc tho eeticrtod orror
(gbout ¥ L0ffor onch)e This would indicato thot the chnins aro noro

strotched out thrn vould be expocted for "froo rotation®,
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‘In order to tnle into acoount restrioted rotation, one rmst weight

trons oconfigurationes noro heavily using n modificntion of oquation (31)

Using tho constonts in oquation (22) which Tarlor nssigns for paraffin
chains, ono finde that the enorgy of tho trans position is 800 cal./oole
loss than that for thc gruch. Pron oquatior (29) onc nny them calculate

((:))—t— = 0800/BT = 3.8

) 5

for T = 300° K. The vnluos of (:(T-_z) which werc enlculatod fron
this aro listcd in thc next colunn of Tndle IV, Thor arc still o
approciodbly snnllor thnn the oxporinental wvaluos,

The conclusion which must bo drawn fron our intorprotnation of
this data is thet tho parnffin chnins arc norc stretchod ocut thnn
would be prodicted fron statisticnl thoory.

This is in contradiction to tho findings of MoCoudbrey, McCroo,
and Ubbolohdce who hove studicd tho dinonsions of those conpounds by
noasuring tho viscosity of thoir vapors, Thoy intorprot thoir dntan
as indicating that tho "n-paraffins occupy ~ veluno corrosponding to
coiling into closo packod configurations®, They also find frop tho
toaporature dopondoucy of gns viscogsity that tho nolocules moen to
slightly incroasc in sizo with incronsing tocporature instend of
docronging cs would bo oxpectod fron tho Taylor potentinl,

It is suggested thnt n neasurenont of tho tooperanturo dependoncy




of oither tho dopolnrization factor or tho Kerr constant for thoso
n~paraffins would be of uso in deciding whether the dinonsicns of
tho oolooculo actually do increnso or docrenso with incronsigy
tooporaturo.

Sone possiblo ronsons for tho appnront inndequncy of the
ataticﬁical thoory aro:

(1) The potcntirl for rotation about tho o=c bond 4s not corroct,

(2) Somo confizurntions are oxcludod becnuso of storic effects.

(3) Intor~ctiogs botuoon noro digtaxit prrts of the chaln have
been neglocted,

Ubbolohdo hns considcred sono othor shapes for tho potemticl
energy function thnn thot of oquation (23) which would givo less
tooporanturc dependency of R (36). It would soen, howevor, that
tho potential energy function cannot bo groantly nodifiod nnd still
give consistant ngrcocont with thorrodynanic, dipolc nonont, spec—
troscopic, ond other data, This possibility, howover, should de
invostigntod further, both thooroticelly and oxporinontally,

If storic offocts aro takon into account, the;” ~ro cortainly
going to nodify tho theory. Tho oxcludod corfigur~tions are going
to be porc tightl: coilcd onos, so that thoir onissioh will
result in o larger R nnd lnrgor polarizability difforonco.

Tho third factor, interaction botwcen distant porti-ns of tho
chnin, scens nost procising. It would soon thrt ven dor Wnnle
attonction would favor the nore tightlr coiled econfigurntions,

The domporaturoc dcpondoncy of tiils offect would be in tho opposito

diroctionfron th~t of rostrictod rotrtion. Howovcr, van dor Vaals

e COMEPRASES. i om e




repulsion betweon hydrogens which are very close would produce <he

opposite effoct.

In order to considor thesoc effects, it is nocessary to inolude

the hydrogans cs woll as tho cnrbons in tho chain nodel. This nay

Yo rendily done if ono nckes tho approxination (as hns boen done by King
(18)) that tho longth of tho C-C and the C-H bonds are tho sane,
Actunlly they ars 1,54 .g. and 1,09 2. respoectivoly. By doing this, both
tho hydrogens and tho carbons will lie or totrahodrnl lattice points,
and distancos betweon tho hydrogons nay be readily calculated., In

cases vhere the intoraction anergy is oritically dopendont upon the
distance, vo shnll soo thnt it is possidle to corroct for this

approxination,

FMoure 6:¢ The Fuaboring of tho Atonms in Pentano.

o He G He
Fla™ C "Q -C \. ”t Hex
H,,,, I“g'), H Hm. "’

%o shall consider tho intoractions oocurini; in vontane, We
shall idontify tho crrbon and hydrozon ntoas B tho synbols indicatod
in Mguro (6). Tho coordinntos of possible lattico voctors oconmnecting
o cnrdbon with 1ty hydro;;ons nny te obdtrined froo tho coordinates of
tho vector connoctin; the carbon with tho procoding; onec by the sano

rulos as woro prcviously introduced on page (9)s For oxwiple, supposo

W e PR S T T
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tho coordinntes of O3 connecting C, with Cp are (111). Tho possidlo
coordinntes of O cornocting Cp with Cy are then (111), (111), or (111).
In tho confizurntion in whichOp is /111), (Confisurntion No. 4 of
Table I), tho roraining possibilitics f£or vectors connecting Cp with
its two hydro;ens, Hp; ~nd ED2 aro (111) ard (111). The coordinrtos
of any aton of tho choin sith rospodt to the orizin (which, as beforo,
48 token ns carbon aton Ci) nre the componeants of the vector leading
fron the orizin to tho ntoce This 18 qual tc the suz of all of the
bond vectors cornoctins Cj with tho rtoz. For oxniple, for aton Epp
in the abovo confijur~tion, this will be

O + 05 ¢ 03 + 055 = (111) + (111) + (111) + (11I) = (422)
Tho coordinntes of all of tho ators ir tho ninc confiurantions of
pentane are listed in Teblo VI, whilo those for tho trans nnd onc
of tho grmuch configurctions of dbutane arc givon in Table VI a,
(It 1s not nocossay to consider the socond zmuch confijuration as
it is o nirror inrzc of tho first,)

Ay configurntion in which two atons have the snrzc coordinatos
is prohidbitod., This occurs in confipurntions numnbor 6 -nd 8,

I n ordor to trke into account tho intornctions betwoon the atons
in tho reanining confisurantions, the diaetnnces betwoon thon must bo
kmam. Thc coordinntcs of tho voctor connoctinzg ony two ctonms nny
bo found by subtrrcting tho coordin~ics of the first fron thoso of
tho socond. For oxriiplc, tho voctor cornecting ntons Hpy and Hpa
in configurntion 4 of pcntano hns tho coordinatos (511)-(822) =
(533). Tho squaro of thc length of this voctor is tb n tho sun of

the squares of tho conpononts, which is 43,

ot
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Tadble VI a
Configuration | Cy | Hpy | Hap [Hay [Cp [ Bpy [Hp2 |Cc [Hey [He2 [ O |Hmy |Fp2 [Fp3
Trans 000 ! T | 1IT I Y | 1121 | 022 | 202 | 220 | 13T | 31X | 331 | 2L2 | L22 | LlO
Gauch oo | M{1IT{NYI| 1 o-_8~ 220 | 13 | 331 | 31T | 202 | L% | WO
Table VIb
_ A
Atom AL| A1 .2 [Az |23} A3| B1| B1|B2|B2| Al [Al {AL [A2 | A2 | A2 | A3 1A3 ' A3
Pair i c1|c2)cyfci|ciicajcr}c2{cr]cefm|r2|D3|DL|P2|D3|Dl|D2|D3
———r— ol A TRt LY 4
Config.
“Trars 2bl2ul16) | 8 aci1rlagfagl1r]3s|35|sx|35]27]35|27)35(35
Gauwsh | 2 »JK.—@ 3) 24| n nlwlufis|wi2r| 3] u 2|2
f’l’
il e ———
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Sinco the hydrocon atons will approach ench other meh nore closely
than do the ocardong, thc internctions botween these will bde of principal
ioportanco, and will bo thc only ones considered heres Tho squnres of
the lengths of the vectors connecting all pairs of hydrogens in butane
arc given for the two corficurations in Tadlo VI b, Distances are
gven in lattico units in which the (C-C) bond hns o longth of J3,

R2 in (mngstrons)2 noay be obtained by miltiplying kv (1.54)2/3.

Distancas botwoon hydrogons an atons A and B cnd those on atons
C and D are not zivon bocouse the srnc sot of distanoes occur in all
eonfigurctions (docauso of the & xetry of tho CHs groups) so that
no differencos in intcractior occur,

Distancos betwoon hydrozone on atons B nnd D are not given
becnuse (Yy ayraet:s:) thoy will bo tho sane as thoso betwoen hydrogens
on atons A and C so that thoso nay bo includod twico,

On enrrying out tho sano process for pentane, ono finds thrt
nine configurntions fall into ono of four classos:

GQanss (o) = Configurntion Ko, 1

Class (b) === Configurntions No, 2, 3, 5, ~ud 9
Clngs (¢) ~~ Configurntions Bo, 4 rmad 7

Clnss () -— Configurations No, 6 and 8

All configurntions within a givon olass havo tho sano sot of R2'g
and have the sono intoraction energy. Class (4) is that of tho
cxcluded configurrtions (which neol not bo considorod) in which
two hydrogons would ocoupy tho smo lattico sito, In Tadlo VII,

R%'g aro givon for ono nomber of onch pornittod clnss,

4 e e ——— e 4 —
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Tadle VII.
Atom Pair | R2 for Conf: No | Atcm Pair ! _R® for Config. Na,
I E 1| 2 L
Al-Cl 2y |24 | 2k Bl-D1 8| 81|24
Al=C2 2L |24 | 3 B1-D2 161 24 | 32
A2-C1 16 116 |15 B2.D1 161 16 | 16
A2-C2 8 8 | 2i B2-D2 8| 24| 24
A3-Cl 8 8 8 Al-R1 % | 24 | 16
A3C2 16 |16 |24 Al-E2 56 | 56 | WO
Cl-E1 8 a2y |2i Al-E3 % {0 | W
Cl-B2 16 |32 |24 A2-R) o gL} 8
Cl-E3 2L 124 | 32 A2-B2 32| o |24
C2-El1 16 |16 |16 A2-E3 S6 |24 | 16
C2-E2 8 |24 8 A3-R) 32 132 12%
C2-83 2L } 8 24 A3-B2 Wi |l
Al-D1 35 |35 |19 A3-E3 % | W | W
A1-D2 35 |S1 |3 Bl1-C1 ninjin
- A2.D1 3% 35 13 Bl1-C2 19 |19 |1
A2-D2 27 35 |19 B2«C1 19 j19 {219
A3-D1 27 {27 |n i| B2-C2 11 i1 jn
. A3-D2 35 |35 |27 C1-D1 111 {n
Bl-Bl 27 11 |19 Cl-D2 19 11 |1
Bl-B2 35 |27 (27 Cc2-D1 19 {18 {19
Bl-E3 3% (27 1143 c2-D2 n jnjn
B2-El 3% {313 I
B2-E2 27 {19 |10 l
B2<E3 3% 111 j19 H

[t
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+
Table VIII
1
Substance No. ~f congligurations with steric energy !
0 a | 2aj 33 la | sa| <
. =
Butane 1 2 0 0 0 0 0
Pentane 1 L 2 0 0 0] 2
Hexane 1 6 8 2 o] o] 10
t
Heptane 1 8 118 |12 2 o | o
Octane 1 10 | 32 38 16 2 1Lk
1 =

*Reproduced from K. Pitzer, J. Chem. Phys., 8, 711 {19l0).

This classification 1s sirdlar to that nnde by Pitzor (37). Tadlo
VIII is roproducod froa his paper. By (storic) = O corresponds to tho
strotchod out confisuration By = o corrosponds to one lattico distmnco
intoraction, By = 23, to 2 intoractions per confizur-.tion, otc.
3, =<C corrosponds to o prohivitod corfijuration. The nunber of
intornctions wns dotcrainod by Pitgor by cxacining ~ nodel. Our
nothod is sonovhnt norc s~tisfrctory bccnusoé

a) Wo have aveileoblc sirmltanoously, the storic oneryy, the
vnluo of RS (betweea cndg) and tho valuo of 2o (0{-8)2/382 for occh
configurntion, so thot ve any obtain voihted avornges of B2 and 2

b) Table VII zivos nctunl intcerntoric distoncos which pernit nn
ovalurtion of thc intcraction onorgr, a, fron ven der “farls forco thoory.

c) All of tho rclovrent intorntomic distrncos ~ro iven. Thus tho
snnllor intorrctions tctween othor thnn tho closost atons any bo

includod to ive o tore acecurato wvaluo for tho stcric onorgy.
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The calculation of the steric energy nay be made on the basis of
a kmwledge of the rdependency ~f ven der Ja2els encrgy on interatonmic
distence. For this purpose, we have :made use »f the cquation enployced
by Miller (38) for the calculation of the lattice encroy of crystels

of the n-paraffins.

2 0  ~L.S8r

Vv =~Ls3l x 10-1 4+ 77 x 10-1 e (35)

2

wheres V is the interaction encergy in eres per molecule
r is thc distance between centzrs »f hydrogen stoms in Angstrom
units.
A plot of V(R) against % (in lattice units) is given in Figure
(7). It is apparcent that the interaction eneryy becomes quite high

for R%'s less then about 6. The two smallest Rz

's in Table Vi1 are 3
and 8, It is epoarent that Pitzers consideration of only the R =3

interaction is » goheod approxinetion,

lo Figure 7: The Variatinn cf Van decr aals
1% Encrgy with R2.
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The values for the steric energies are obtained for each config-
wation by adding the values of V(R) for all the R's. For the R? = 3
interaction, it is necis:s uy Lo correct for the assumed identity of the
C -C end CH end “:nilh because of the rapid vyriation of V(R)
with R.‘in this region, iUpon doing this, one finds that the actual value
of R? is i.5 which corresponds to V(R) = 445 x 10724 ergs/ molecule or
650 calories per mole., Considering the approximations involved, this is °
in good agreement with the value of a = 800 cal./mole which Pitser
found to give best nzreement between experimental and theoretical

entropies.

In Table IX, F (the number of times a given R? occurs in a configurat-

ion), V(R) (corresponding to thas R2?), and E (the contribution of this
R2 interaction to the total potential) are listed. The results qf this
calculation are sumarized in Table X.

The reason for favoring the trans configurationas in the res{rigted
rotation model is apparent from this model. The principal contrijhutien to
the steric energy is the repulsive energy arising from an R2? = 3 type
interaction, It is apparent (from tables I and VII) that an interactlon
of this type occurs between the hydrogens on two carbons which are
separated by two carbons whenever the three intervening ( C<C ) bondy
are in a gauwch configuration. The number of such interactions may
be counted by counting the number of gauch (or trans) configurations.
This has been pointed out by Pitzer and by Taylor. It is believed that the
treatment used here¢ ie more satisfactory in that all of thc inter-
actions are considered instead of just the R? = 3 type, While tharo is not

a great difference between the results of the twc methods of approach
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Table IX
|

| e
ergs |/F iR F | E || B ||F Bl P E

3 s Jol o 11 [+wsilo | o [1 | sus|| 2 |ese0
8 | -0.86 {14 |=3.lk 2 | «1.72}6 |-5.16 i L ~Jelli|| 3 | =2.58
11 | <0.58 fi2 |=1.16 S | =2.900l4 [=-2.32 }| 7 =b,06{| 8 | «lebl
16 | <0,21 {{L {0484 2 <0.lA6 |-1.26 ”h <0.8L{1 5 |-1.05
19 | .13 {|2 |-0.26 3 | <. Ih 0,52 || b <0,52{| 6 |-0.78
et | 006 u]o.2u || 6 | o3dl {ouou o | -0.60|[20 |-0.60
27 | 0.0 |2 |-0.08 3 | -0, 'h 0,16 13 | «0.12{] 2 |-0.,08
32 |0.02 JlO] © 2 Mla <0.0k ; 2 ~0.0L|| 3 |-<0.06

35 | 0.2 |6 002 || 0 | o lis j-0.6 ] -0.08!! 0 | ©
Ww |-001 (0| O 0 0 [i2 |-0.02 '3 <0.03!1 L |-0.0L
3 | -0.001 JJO[ © 1 --o.o‘u o .o 0 " 2 |-0.02

S1 | <0.00 {|1 {~0.00 0 o ilo 0 I1 -o.oo“ 0 0

56 | <0.,00 fJO| O 0 O {jL4 | =0.00 |} 2 -0,00¢| © 0

76 | <0.00 {lo | o o, o fh |-0.0 'go b o oo
Total , 61k X BEXY =52 | [-0.9

here, the difference will become increasingly greater for longer molecules
and those with side groups., For these, there will be a larger number

of forbidden configurations; also R? = 3 type interactions can occur
between dydrogens on carbons that are more distant than those considered
here., These would not be included by simply counting the number of

trans configuratiora,




Substanca teric Bner | oxp[-v(ateric)/‘lﬂ‘j
28 gule Calﬁole T =250,
x 1¢*¢

Butane

Trans - 601 - 8& h.l‘

Gauch - 1.5 - 220 1.4

U &

Pentane

Conf. 1 - 949 «1130 1.2

2,3,4,9 - 542 - 750 3¢5

by 7 - 0,9 - 130 1.2

The cslculation of the averages of R® and (% ge g} is Cone by
weighting the configurations with a Boltzman factor exp [-V(steric)/RT)

T« 2o.[ Ry? exp (<V(steric
“{ exp (-V(s
)
(N, = X3a) = 2, (g - ~V(steric }
b oexp -

J
The weighting factors for T = 25° C are listed in the last
colum cf Table X.

Thus:

The values of (X3 =™g) which were calculated by this means are
listed in the last colum of Table IV. These are still somewhat below the
experimental values,

It should be pointed out that the experimental values for some of the

—— i ————— e 4 . ———— e e
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hydrocarbons are higher than the (o{3 -~ olp) values for the completely
stretched oub configumation (27.7 for butana 2ad 28,9 for pentane), so
that no method of averagirg or veighilig of vonliguvations could give

the experimental. vzlue. The Ailiisalty i3 evidently that the experimental
value is too high,

It would be of great interest to cbicia beter experimental values
of (ol 3 « g) for these and oiher compounds, wither by depolarisation
or Kerr Effect, in order to beltsr weify the gorrectness of these
theoretical considerations. A knowledzc of hese interactions whieh
govern the shape- of the hydrocarbon cha2in would be of direct application
in the study of the properties of polymeric substances.



Pz

1.
2
3.
L.
Se
6.
7.

" 8.
9.

10.

12.

13.

15.

164

17.

18.

19.
20.

21,

References

(Referonces ara listed in order of thsir appecrance)
M. Born, "Dynanic der Krystalgitter® (1915).
W. L. Bragg, Proc. Ry. Soc., 105, 370 (192k).
W. H. Zecharissen, J. Chen. Phys. 1, 6L0 (1933).
C. V. Ranen, Nature, 1k, 49 (192k).
S. Bhagavantan, Proc. ay. Soc., 107, 684 (192L).
Qilberstein, Phil, Mag, 33, 92, 215 and 521 (1917).
K. G. Denbigh, Tran. Far. Soc., 36, 936 (19L0).
W. Kuhn snd F. Grtin, Koll. 2., 101, 248 (1942).
L. R. G. Treloar, Trans. Far. Soc., 43, 277 (1947).
H. Eyring, Phys. Rew. 39, 746 (1932).
W. Kuhn, Koll, Zeit., 76, 253 (1936); 87, 3 (1939); £8, 2 (193k).
L. R. G. Treloar, Trans. Fer. Snc., 39, 36 (19L3); 39, 2Ll (19L3).
H. Janes and E. Guth, J. Chem. Phys., 15, 6601 (1947); 11, LSS (19h3).
F. T. Well, J. Chen, Phys., 10, L8s (1942).
Flory and Rehner, J. Chem. Phys., 11, 512 (19L3).

Re S. Stein and .. V. Tobolsky, Fiastics Lzbonratory Technical Report
18a, Princeton Univ, (1950).

L. R. G. Treloar, "The Physics of Rubber Elasticity", Oxford (19L9),
Pe ul?-

Ge King, Technical Report No. 1 to Office ~f Naval Rescarch Contract
N6-onr-228 T.0. II, Project MR 033 2L3.

For a review, see K. S. Pitzer, Chem. Rev., 27, 39 (19L0).
A. V. Tobolsky, R. Powell, and H. Eyring, "Elastic-Viscous Propcrties
of Matter " in Burt-&Grummit, "Tho Chanistry of Large Moleculaes",
Interscience, New Yeork (1943) py 156.

¥. Jo Taylor, J. Chenm. Phys., _1_§_, 257 (1948).

.



22,
23,
2L,
25,

26,

27

28.

29,
30.
3L,
32,
33,
3k,
35

37.
38.

Langevin, Jour. d. Phys., 7, 2L9 (1910).

Ramen end Xrishnan, Phil. Mag. 3, 724 (1927).

Je Cabannes, "La diffusion moleculairc de la Lumiere", Pressos
Univ. France, Peris (1929).

R. Krishnzan, Proc. Ind. Acad. Sci. 14, 212 (193L); 717, 782 (1935);
%ﬁ’ g}l (1936)3 52, 9L, 305, LO7, LOT, SS1 (1937); 72 21, 91, 98
938).

A review of theory. B. He 2im, R S. Stein, an? P. Dnty, Polymer
Bulletin, 1, 90 (1945).

S« Bhageventan, "Scattering of Light end the Ramem Effect", Chenicel
Publishing Co., Brooklyn (1942) p.Sh.

He Ao Stuert, "Moloculestruktur? Julius Springer, Berlin (193hL).
Parthasarthy, Ind. J. Physics, 7, 139 (1932).

tnanthalrishnen, Proce Ind. Acad. Seci., A2, 153 (1935).
Volkmenn, fnn. Physik., 2k, LS7 (1935).

Stuart and Volknann, Physik Z., 35, 988 (193L).

Brezeale, Phys. Rev., L8, 237 (1935), 49, 625 (1936).

Je¢ C. McCoudbrey, Jo N. McCrca, and f« Re. Ubbelohde, J. Chen. Soc,,
L39, 1961 (1951).

A« Re Ubbelohde and Misss I, Woodward, Trans. Far. Soc., L8, 113 (1958).

K. Pitzer, J. Chen, Phys., 8, 71l (15L0).

£. Mgller, Proc. Roy. Soc., A15k, 62k (1936); A178, 227 (15L1),




	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051

