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Applications of Refractive Index to Polymer
Characterization

RICHARD ALBERT and WILLIAM M. MALONE

Central Research Laboratories
N L Industries, Inc.
Hightstown, New Jersey 08520

ABSTRACT

The Lorentz-Lorenz formula (relatirg refractive index,
molecular weight, and density to molar refractivity)
was shown to give unreliable results when applied to
polymers. A new equation has been derived relating
refractive index to the total parachor and number of
bonds of a molecule which can be applied to polymers
as well as monomers, The ratio of total bonds to para-
chor approaches a limiting value for a given polymer
system which in turn can be related to the limiting
refractive index of that polymer. Applications are
made to polymer molecular weights, tacticity, and
copolymer composition.

INTRODUCTION

Our research was motivated by a desire to find organic com-

pounds with large indices of refraction. The Lorentz-Lorenz
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348 ALBERT AND MALONE

formula, which correlates composition to molar refractivity, R, was
an obvious starting point for examining this problem:

2
g=d1iM (1)
n*+2 Lp

Elemental composition or a selection between possible molecular
structures can be made from density (p), refractive index (1),
molecular weight (M), and tabular atomic and structural specific
refractivities [1]. Solutions to Eq. (1) with high refractive index
sought within an homologous series required a high density inde-
pendent of molecular weight (Tables 1 and 2). Table 1 gives solu-
tions for the hypothetical molecule polycubane (Fig. 1) showing
that, in general, the index of refraction increases with density
independent of molecular weight for 1.50 = n = 2.00.

_—

FIG. 1. Linear polycubane.

In Table 2 solutions for alkanes occurred independent of molecular
weight within the experimental range 1.30 = 5 = 1.50; in contrast,
solutions for fluoroalkanes were found to occur over a wider range
(1.05 = n = 1,95) but with unrealistically high densities (Table 3).
Calculations carried out for linear polymers such as polyadamantane
(Fig. 2) generally gave results independent both with respect to

FIG. 2. Linear polyadamantane.
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density and refractive index (Table 4). For example, the dimeric
adamantane C,sHz4 was found as a solution for 1.50 = n = 2.20.

The independence of refractive index from molecular weight and
density, which gives poor correspondence to experimental observation,
led us to seek other approaches.

THEORY

For low-density material without dipole-dipole interaction the
Lorentz-Lorenz formula reduces to Eq. (2) [3]:

e3

o [37]

n = 1 = .-__.._L (2)
27 M(vi - v?)

The quantity v, is the frequency of the absorption band having a mean
oscillator strength f, and v is the actual frequency of the light used to
observe the index of refraction. The oscillator strength of an absorp-
tion band can be regarded as the effective number of electrons with
mass Me set into oscillation about their equilibrium positions in their

respective normal modes when a group of molecules is placed in a
radiation field (e.g., light of frequency v) [4]. N is the number of

molecules in 1 cm? of gas at 0°C and 1 atm; e is the electronic charge.
Equation (2) can be rewritten for two empirical terms; a, the number
of bonds per unit volume, and K & the refractive index per electron

density (Eq. 3) which is obtained from the slope of the line correlat-
ing the refractive index and a.

n = Kaa-i-l (3a)
PURWIS: | IR 4 (3b)
2M Vv
m

Vm is the molar volume.
2
Ne/Mg  2.428588956 x 10°

7 (ve - v®) pa =y

K = (3¢)

a
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From Eq. (3a) we predicted that n is a linear function of a with
an intercept of unity. The electron density a included only valence
bonds or one-half the number of valence electrons. Equation (3a)
was verified for the n-alkanes (Table 5); and the calculated n agreed
with experimental values as signified by the square of the correlation
coefficient which was equal to 0,999893.

In addition to a, other parameters have been proposed such as the
reciprocal of the molecular weight [6] (1/M) or the molar volume
(/v m) (Eq. 4).

1
Tym = KI/M[;]+ b /M (4a)

QY VN bl R (4b)

With these parameters, 1/M or I/V the estimation of the refractive
index was poorer (Table 5).

The residual variances that were obtained from linear determina-
tions of measured refractive index and refractive index calculated by
three different methods are

o*(a) = 0,241819 x 10°®
o‘u/vm) = 11,3608 x 107°
o2(1/M) = 3.38508 x 10”°

Bartlett's test and Hartley's test [7] of the ratio of maximum to
minimum variance both indicated differences in these variabilities
at the 0.01 level of significance. It can therefore be concluded that
the first linear relationship had a significantly lower residual vari-
ance than the other linear relationships. In addition, only with a
was the theoretical value of the intercept obtained (Table 6).
Employment of the parameter 1/M or 1/V necessitates neglect of
density and oscillator strength.

Equation (2) was derived only for low-density substances without
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TABLE 6. Calculated Intercepts and Slopes for Various

Homologous Series

Homologous series Parameter Ke Intercept
Alkane a 2,7013 0.98224
Alkane 1/M -8.2272 1.4732
Alkane Vi -14.9058 1.4801
Cycloalkane a 2.6304 0.98802
1-Alkene a 2.3857 1.0420
1-Alcohols a 0.9142,%  1.3078
-1.9480°
1-Alkyl iodides 1/M 1.9023,2 1.1265
37.5553°
Polyethylene oxide 1/M -2.4094 1.4538
Nonconjugated dienes 1/M -8.9033 1.5122

aK ,, for the alkyl portion of the molecule.

bxa for the oxygen of the alcohol group determined by assigning
only that portion of the C—O bond represented by the difference in

their electronegativities.

K " for the iodine atom; calculated similarly to that for oxygen.

dipolar groups. In alcohols and iodides there are two distinct sets
of electrons. The first are found in the carbon-carbon, carbon-
hydrogen skeletal orbitals whereas the second are in nonbonding
and 7-type orbitals. In order to accommodate the latter set, Egs.

(2) and (3) were expanded (Egs. 5 and 6):

2
Ny Npe“/M Z g

27M . =t
1 1

n =1

(5)
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n-l=2!(aai (6)
i i

As an example of the application of Eq. (6), consider alkyl iodides
which possess two different sets of electrons; the three bonding pair
associated with the iodide atom and the (3n + 1) valence electrons
associated with the alkyl residue. Since the parameter a was defined
as the number of bonds per unit volume, Eq, (6) can be rearranged to
Eq. (6a):

g

- _1' = _—1

EEsAE K Le Ll Day e
i i m m i

By solution of simultaneous equations, the constants Ka were obtained.
i

With homoatomic molecules all bonds are alike, i.e., differences in
the a-value depend only on the number of bonds. The assignment of
an a-value in the case of heteroatomic molecules to the heteroatomic
bond is not simply the number of bonds or fractional number of bonds
adjacent to the heteroatom divided by the molar volume. A more
general definition of a is the oscillator strength, f nk PeT volume.

The oscillator strength is a dimensionless quantity defined as being
the ratio of the quantum mechanical and classical contributions of
an optical transition n - k to the polarizability of the molecule. For
strongly allowed transitions the oscillator strength is of the order
of 1:

2 2
8 mankynk

h

fnk=

The quantity a L5 is a measure of the probability of a transition con-
nected with radiation of frequency v

Lk along, say, the Z-axis.
a, = J'Z'Irn'kk dr
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The size of the transition probability a e is dependent upon the sym-
metry of the wave functions \I'n, 'I'.k, and upon the overlap of the ground

and excited vibrational states. The promotion of nonbonding elec-
trons to a g* or 7*-excited state is symmetry disallowed and thus
nonbonding electrons make little contribution to f or 7. The overlap
between ground and excited vibrational states generally increases
the smaller the energy gap between ground and excited electronic
states.

Consequently, in alkyl iodides or other heteroatomic molecules
the assignment of a to the heteroatomic moiety requires more rig-
orous treatment than that given here. However, the following can
be stated concerning alkyl iodides: the carbon-iodide bond is a
stronger oscillator than carbon-garbon or carbon-hydrogen bonds,
and the nonbonding electrons on the iodide atom make little contri-
bution to f and 7.

We recognize there are limitations to this approach; these will
be considered in detail in future publications.

In order to calculate the refractive index of an homologous series
by means of Eq. (3a), K 2 @ and the intercept must be obtained from

a correlation of the refractive index with the parameter a, which was
in turn obtained from density. It was not possible to calculate the
refractive index of hypothetical molecules with Eq. (3a) unless the
molar volume was known from other data.

Perhaps the most successful attempt to approximate molar volume
was achieved by Sugden when he discovered a simple relationship
between surface tension and density [8]:

, - PD-4d) o
M*

where y is the surface tension, D and d are the densities of a liquid
and its vapor, respectively, M is the molecular weight, and P is a
constant, the parachor. When the vapor density is negligibly small
and the surface tension is unity, the relationship reduces to an equa-
tion of parachor and molar volume:

P =V (8)
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Although parachor has been criticized from time to time, this equa-
tion between parachor and molar volume has remained a useful
empirical relationship [9]. More accurately, parachor was expanded
in powers of Vm:

P = aa+a;vm+aavm’+... 9)

Truncation of the expansion after the second term was found to
fit the alkane family (Fig. 3). A new parameter § was defined
as

g=k a number of bonds
P total parachor

630

390 ~—

PARACHOR (P)

310 - =

590 l | L
120 160 200 240 280

MOLAR VOLUME(Vm)

FIG. 3. The linear dependence of parachor on molar volume for
the alkane family.

Substitution of g8 into Eq. (3a) yielded a new expression for the rela-
tive index:
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P

n =K— +1
aﬁV
m
where
@ = BP/V_
n = ch'-l-l =ﬂa+1 - +1
da dlna
Case I
P = aVv
m

Ina = 1nﬁ+l.n(P/Vm)=1nB+1na
dina =dlng

L (R 1=kgf+1
dln B

=
n

Case II:

P

aV_ +b
m

V_+b
In (P/V ) =m[a:‘ ]=m|:a+i]

m m

ding = d1n5+d1n[a+l]=d1n[aﬁ+l’£]

vm

n = dn +1=k'B+1
bB B
d1ln [aﬂ +_]

\'s
m
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For small values of b, Case I applied. In most instances the value
of b was not small and it was found simpler to employ S as the
independent parameter, which resulted in a nonunity intercept.

In Table 7 are presented values of a and b for a few representative
compounds; and in Table 8 are data showing the index of refraction
and 8 to be linearly correlated.

TABLE 7. Selected Values of a and b

Compound Vm P a b

CeH ol 189.5 425.8 2.199 8.931
Ca2gHss 483.4 1151.0 2.615 -113.07
CidH220 200.9 445.3 2.242 -5,349
CieHas 319.5 739.1 2.484 54,71

TABLE 8. Intercepts and Slopes for Selected Homologous
Series for 8

Compound K 3 Intercept
n-Alkanes 20.675 -0.07458
Alkyl iodides 4.77242 1.46662
Alkyl aromatics 0.81147% 1.4767%
1-Alkenes 16.23762 0.25857
Diamond 35 -1.41

1- Alcohols 8.0105 0.861181

4These values were calculated by assuming only the nonbonding or
m-electrons were undergoing oscillation.
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The advantages of g are that the molar volume was not needed to
calculate the index of refraction and that 8 depended directly upon
the number of repeating units. As the number of repeating units
increased, § approached a limiting value. As an example, in the
alkane family CnH2n+2 the number of bonds, g, was (3n + 1).

The total parachor P was[(n - 2)Pcy. + ZPCHa]’ where P, and
PC& were the parachor of the methylene and methyl groups,

respectively:

ERH = 3n+1
(n - 2)PCH; + 2PCH.-.

As n became large, B approached the g value of polyethylene:

H _ 3
gE .t

PCHz 40

From ‘elim the refractive index of polyethylene was calculated (see
Table 9):

nRH 20,675 x - - 0,07458 = 1.48
lim
40
As another example, the limiting 8 for 1-alkenes BEE=CH:
RH .
equal to Blim as expected:
RC=CH. _ 3n
B ”
dm (n-3)P +P +P
CH: CH: CH=CH:
GRC=CH: _ 3 _ 3
lim
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TABLE 9. Limiting Refractive Indices for Selected Polymers

Calculated

Experimental limiting

refractive refractive
Polymer Limiting 8 index index
Polyethylene 0.075 1.49 1.476%
Polystyrene 0.080 1.59-1.60 1.597
Polybutadiene 0.075 1.5074-1.5159 1.5035
Diamond 0.111 2.4173 2.48

aAl:l:u:r].)ht‘.n.us.
From ﬁﬁiﬂnz the refractive index of A'-polyethylene was calculated:

= 16.23762 |:—3-] +0.25857 = 1.476

40

RC=CHa2
1"'111:::.

The limiting refractive index for 1-alkyl iodides is 1.4666:

B 3
(n- UPCH; + PCH; -+ PI
RI _
Plim = 0
RI _
"nm = 4,7724(0) + 1.4666

In Table 9 are the limiting B and refractive index for several
polymers.
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APPLICATIONS

Refractive Index and Molecular Weight

Any intermediate value of the refractive index can be calculated
for a polymer system; e.g., suppose an alkane with a refractive
index of 1.400 was required, the number of repeating units is cal-
culated from

3n+1
(n - 2)PCH3 + 2P

1.400 = 20.675 [ ] 0.07458

CHs

giving n = 8,23. This gives a molecular weight of 117.28 which cor-
responds to octane having a refractive index of 1.397. Similarly,
from a determination of the refractive index within an homologous
series the molecular weight can be obtained. In the case of alkanes
the refractive index rapidly increases with n, the number of carbon
atoms, and then approaches the limiting value of 1.476 (Fig. 4) with
the inflection point occurring at about n equal to 500. This change
in refractive index with respect to n for alkanes is

1.49 I I I
145 |— =
N 1.41 — =
137 |— .
' o] 6000 8000

4000
MOLECULAR WEIGHT

FIG. 4. Alkane refractive index.
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dn _ 1096

dn  (40n + 31)?

and is shown in Fig. 5.

[ [ [ T
-
&
4
@ 10 —
3
(v 4
L
3 10° —
g
102 | | |
10? 10® 107 10 10* 10
d
an

FIG. 5. Change in refractive index as a function of the number
of polymer repeat units.

By means of interferometric methods, changes in refractive
index as minute as 1 X 10~ have been detected [10]. For this
variation in refractive index with incremental increases of molec-
ular weight, the maximum molecular weight determinable is 1 X 10°,
This technique can be used for any homopolymer system.

Besides linear polymers, the refractive index of cross-linked
three-dimensional molecules can also be determined. Adamantane,
diadamantane, and homologs are members of the diamondoid family,
i.e., the last member of the family is diamond (Fig. 6). The param-
eter g as a function of the number of condensed adamantane units is
given by

B g 10R + 18 (11)

(6 + 4R}(PC + PH} + 12PH + 0.8(2R + 1)
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FIG. 6. Hexaadamantane.

The term 0.8(2R + 1) in the denominator contributes the influence of
ring expansion on the parachor where R is the number of adamantane

units. The limiting B for polyadamantane, ﬁﬁA, is 0.100:
ADA _ 10 =
'Glim = 0.100

4(24.5) + 1.6

The limiting structure of polyadamantane is a molecule, the interior
of which resembles diamond and the exterior of which contains the

ADA ;. less than the theoretical limiting 8 value

hydrogen atoms. Blim
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of diamond, 0.111, because of the uncertainty in the assigned values

of PC and PH, the carbon and hydrogen atom parachors.

The theoretically limiting g value of diamond, 0.111, is the maxi-
mum S value for all carbon-hydrogen containing compounds. The
parameter $ is maximized with saturated compounds and with a
large carbon-to-hydrogen ratio. Within a series of saturated com-
pounds the smallest parachor is achieved with linear or fused ring
cyclohexyl polymers (Fig. 7). The limiting Bs for polyethylene,
polymethine, and polyquaternary carbon are 0.075, 0.0816, and
0.111, respectively.

FIG. 7. Polymethine.

Tacticity

The measurement of refractive index can be applied to the stero-
chemistry of polymers. The differences in refractive index among
isotactic, syndiotactic, and atactic isomeric polymers are reflected
in the parameter 8 by variations in parachor. In particular the
refractive index of polybutene-2 is a function of the sterochemistry
of the repeating vicinal methyl groups which are on the same side,
alternating, or randomly arranged along the polymer backbone.
Each of these arrangements is characterized by a unique parachor
and refractive index for the same molecular weight. From the
model compounds cis- and trans-1,2-dimethylcyclohexane the
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parachor of the sterospecific repeating unit was extracted. The poly-
mers were then constructed by adding the trans-1,2-dimethylethenyl
units together to form the syndiotactic structure, the cis-1,2-
dimethylethenyl forming the isotactic and equal numbers of the cis-
and trans-dimethylethenyl groups randomly distributed to form the
atactic isomer.

Figure 8 shows the relationship between g and the number of repeat-
ing units for the three isomeric poly-2-butenes; hence, for the same
number of repeating units each steroisomer has a different refractive
index. In polymers with mixed sterochemistry the measured refractive
index falls in between the syndio~ and isotactic curves. The fraction
of isotacticity is given by the tie line rule:

ﬂ = ﬁst
——— = fraction isotacticity

Bit = Bst

Alternatively, refractive index can be plotted against the number of
repeating units for the same calculation.

072 - - T
el g ISOTACTIC i
070 F o
069 | :
I
.068 ATACTIC o
067 SYNDIOTACTIC i
066 | .
065 ' -

1 10 100 1000
N
FIG. 8. Dependance of tacticity on 8 for an increasing number of
repeat units.

Copolymer Composition

The weight fraction of each component of a copolymer (AB),
can be obtained from the copolymer refractive index and the
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refractive indices of the homopolymers (A)x and (B) o respectively.
The refractive indices of copolymers (AB)x and (BA)x are equiva-

lent since reading the unit sequences along the backbone of polymer
(AB)x from right to left is the same as reading the repeating units of

(BA)_ from left to right.

Furthermore, the sequence read ABABAB or BABABA depends
upon the point at which the sequence reading commences; i.e., B or
A, Thus the sequence segments (AB) are indistinguishable from
the sequence segment (BA). By selectively replacing AB with its
equivalent BA, or BA with the equivalent AB, the copolymer ABABABA
can be converted into the block copolymer AAAABBB. Therefore the
refractive indices of the copolymer ABABABAB and the block copoly-
mer AAAABBBB are identical:

ABABABABA
ABABABAAB
ABABAABAB

ABABAAABB

.

AAAAABBBB

Assuming the blocks (A)x and (B)x are large, the index of refraction
for each block can be calculated from

n = Kﬁﬂum + constant (12)

The refractive index, g AR’ of the copolymer (AB)x can be calcu-
lated from

Map = MaX) +7pXp =(1- X, +Xg7g (13)
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where Xi is the respective weight fractions. Since n A and Ng are

constants obtained from Eq. (12), a single measurement of the
copolymer refractive index gives the copolymer composition. For
example, the fraction of component B in the copolymer (AB]x is
given by

Mag ="
- AB A (14)

5

UB'TTA

To illustrate this technique the calculated compositions of a
butadiene-styrene copolymer are compared to experimentally
obtained values [11] in Table 10, It is clear that small inaccuracies
in refractive index measurements can result in large errors in the
calculated composition.

TABLE 10. Copolymer Composition

a b

"‘;‘sp x;ask ps-pPB
0 0 1.5148
! 2.3 1.5166
7.9 8.8 1.5217

22.6 24,7 1.5342

36.3 39.1 1.5456

53.1 58.8 1.5611

aExperimental weight fractions of polystyrene
(PS).

bweight fraction of PS employing experi-
mental refractive indices for PS and polybutadiene
(PB).
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Future Applications

We are currently studying the applications of the theory developed
in this paper to: (a) hardness and softness of molecular fragments,
molecules and molecular sites with application to the reactivities of
monomers and polymers; (b) hydrodynamic volume and end-to-end
distance; and (c) ionomers.
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