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Concluding Remarks 
(i) Elastic modulus of PAA gels increases with total 

comonomer concentration, at a fixed cross-linker weight 
fraction, as expected from scaling theories; moreover, 
successive additions of cross-linker above 5% do not im- 
prove the mechanical properties of the resulting gel; even 
more, they decrease, although this trend is not reflected 
on the ultimate propert ies  ( rupture  elongation). 

(ii) In the stress-strain isotherms, with either increasing 
CT or C the upturn on the modulus becomes more pro- 
nounced, indicating a bimodal structure of the PAA gels. 
T h i s  non-Gaussian effect can be related to the previously 
reported heterogeneous structure of PAA gels. 

(iii) The high values of the ratio McQp/Mcth, which is a 
measure of the cross-linking effectiveness and, therefore, 
of the network perfection, indicate a great degree of to- 
pological imperfections and inelastic structures. “Ideal” 
networks would be obtained only in the limits of high 
concentrat ion and very low cross-linker percentage. 
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Isotope Effect on the Melting Temperature of Nonpolar Polymers 
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ABSTRACT The isomorphous monoclinic (011) forms of “normal” (hydrogenated) and perdeuteriated 
hexatriacontanes (n-CSBH7, and ~ Z - C ~ ~ D , ~ )  have been examined by X-ray diffraction at  room temperature. 
Substitution of deuterium for hydrogen results in slight reduction in the parameters a, = a sin @ and b of 
the orthorhombic subcell by 0.33 * 0.02% and 0.19 i 0.02%, respectively (within experimental error the c 
parameter appears to be unaffected). This reduction in cross-sectional area of the unit cell as seen in projection 
along the chain axis is primarily a consequence of C-D being slightly shorter than C-H bonds. Based upon 
the change in molecular volume, and an associated change in molecular polarizability, a relationship is proposed 
to account for the difference in melting temperatures of normal and perdeuteriated hexatriacontane. This 
relationship also predicts successfully corresponding differences in melting temperature occasioned by per- 
deuteriation of polyethylene and isotactic polystyrene but fails to do so in the case of isotactic polypropylene. 
We speculate that, in the latter case, isotope substitution influences rotational degrees of freedom of pendant 
methyl groups, leading to an isotope-dependent entropy of melting not experienced in the other species cited. 

Introduction 
In a series of recent p u b l i ~ a t i o n s l - ~  it has been shown 

that l iquid mixtures of deuteriated and corresponding 
protonated polymers are characterized by  a small but f i i i t e  
Flory-Huggins segment-segment interactions ( IO4 < x < 

which under certain conditions m a y  lead to phase 

0024-9297/87/2220-3065$01.50/0 

separation. Such nonideal mixing has been at t r ibuted to 
the combined effects of zero-point motion (hv/kT - 10 
for C-H vibrations at room temperature)  and anharmon- 
icity of interatomic potent ia l  energies, which together 
produce significant differences between C-H and C-D 
bonds in terms of bond length and polarizability. In th is  
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paper we present initial findings in a study of the influence 
of deuterium substitution upon crystalline nonpolar 
polymers (for present purposes we include monodisperse 
oligomers such as higher n-alkanes in the general term 
polymer). 

There have been numerous reports over the past two 
decades describing the phase behavior of deuteriated and 
protonated crystalline polymers and their mixtures. To 
our knowledge, Stehling et al.5 were the first to demon- 
strate that isotopic substitution can change the melting 
temperature of a polymer; perdeuteriated hexatriacontanes 
and polyethylenes were shown to be characterized by 
significantly lower melting temperatures than the corre- 
sponding "normal" (hydrogenated) species. Previously, 
Bank and Krimm6 had concluded, from an infrared 
analysis, that mixtures of perdeuteriated and normal 
polyethylenes tended to segregate upon crystallization from 
the melt; this was subsequently verified by Schelten et al.' 
using the small-angle neutron scattering technique. These 
and other more recent results have firmly established that 
perdeuteriated and normal polyethylenes do not form ideal 
solid solutions. Such effects have been attributed to mo- 
lecular weight differences,6 chemical defects such as 
branching,8 or polydispersity,8 but explanation of the be- 
havior or of associated differences in melting temperature 
have not so far been sought a t  a more fundamental level. 
In order to assess the impact of deuterium substitution on 
the crystalline state of polymers we have compared the 
lattice spacings of isomorphous crystals of perdeuteriated 
and normal hexatriacontanes by X-ray diffraction. Based 
upon arguments supported by our results, we conclude that 
the decrease in melting temperature with deuterium sub- 
stitution in hexatriacontane derives primarily from the 
same isotope effect which has been shown elsewhere4 to 
lead to phase separation in mixtures of liquid polymers. 
We further propose a relationship for the effect of isotope 
substitution upon melting temperature in nonpolar poly- 
mers which may have wide validity. 

Experimental Section 
Purified (zone-refined) hexatriacontane (C36H74) was kindly 

furnished by Dr. Harold Schonhorn. A differential scanning 
calorimetry (DSC) measurements obtained from approximately 
6 mg of this paraffin at a heating rate of 1 K m i d  revealed three 
distinct thermal transitions, at 70.0, 73.2, and 75.7 "C, with a 
precision of 0.2 "C. Takamizawa et al.9 report transition tem- 
peratures of 70.9,74.0, and 75.9 "C for very high purity G-99.9'70) 
C36H74 based on DSC measurements conducted at 5 "C min-I, in 
good agreement with our values. The highest of these transition 
temperatures corresponds to the melting temperature while the 
lower two thermal transitions have been attributed to solidsolid 
phase transitions. Perdeuteriated hexatriacontane (C36D74) 
containing 99.4 atom % deuterium was obtained from MSD 
isotopes and used without further purification. DSC analysis of 
this material also carried out at a heating rate of 1 K min-' yielded 
a melting temperature of 71.8 "C. There was also evidence of one, 
and possibly two, premelting transitions in the perdeuteriated 
paraffin, although the corresponding DSC peak(s) were consid- 
erably less pronounced than those found with the normal hy- 
drocarbon. Within experimental error, the measured difference 
of 3.9 "C in melting temperatures between these isotopically 
different forms of hexatriacontane agrees with the 3.8 "C dif- 
ference reported by both Stehling et al.5 and English et aL8 

Crystals of both normal and deuteriated paraffins were pre- 
pared by rapid cooling of 0.2% solutions in amyl acetate to room 
temperature, followed by filtering and drying of the precipitates. 
X-ray scattering powder patterns were first recorded on film by 
using a Guinier focusing camera of radius 57.3 mm which provided 
sufficient resolution to indicate small but systematic differences 
in lattice spacing, particularly of (hOO) and (hkO) planes. Patterns 
for the two species were otherwise identical, both in terms of 
recorded lines and relative intensities. For more accurate mea- 

I20i)  I 
lO,O, 19) 

10 1 5  2 0  2 5  30 3 5  
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Figure 1. Comparison of the room-temperature X-ray scattering 
profiles for perdeuteriated (upper trace) and normal (lower trace) 
hexatriacontanes. The indicated reflections have been identified 
(Table I) on the basis of the monoclinic unit cell parameters and 
relative intensities reported by Shearer and Vand.lo 

surement, crystals were packed in 2-mm thin-walled silica tubes 
and examined at high reso1utio.n by using a diffractometer on 
beamline X16C at the National Synchrotron Light Source at 
Brookhaven National Laboratory. A double-crystal Si(ll1) 
monochromator and Ge(ll1) analyzer were used at a wave vector 
(27rJh) of 4.704 A-1. Diffraction from perdeuteriated and hy- 
drogenated samples was compared at room temperature (f0.2 
"C) by using a single instrumental setup, which had been cali- 
brated with Si powder, thereby minimizing possible systematic 
error. 

Results 
Powder patterns recorded for C36H74 and C3& in the 

Guinier camera were both closely consistent with the unit 
cell reported by Shearer and Vand'O (a = 5.57, b = 7.42, 
c = 48.35 A and p = 119.1') for the monoclinic (011) form 
of n-C%H7& Crystals of this paraffin prepared in the same 
manner as used here were found by Khoury et to be 
in the orthorhombic form. The difference may reflect the 
relative purity of the sample since, according to Takam- 
izawa et high purity hexatriacontane always crystallizes 
in the monoclinic form at  room temperature. 

High-resolution diffractometer traces are shown in 
Figure 1, the abscissa being q = 47rX-lsin (8/2) = 27r/d, 
where 8 is the scattering angle and d the corresponding 
lattice spacing. Our detailed analysis has been restricted 
to the reflections indexed which are mostly the prominent 
1 = 0 lines; Table I indicates the measure of agreement in 
assignment and spacing with the monoclinic structure 
reported by Shearer and Vand. Other reflections have not 
been used either because of weak intensity or possible 
overlap or other ambiguity of assignment. Although the 
two traces in Figure 1 may appear indistinguishable, close 
examination shows that nearly all reflections from C36D74 
occur a t  slightly larger values of q than their counterparts 
from C36H74. Two comparative examples are shown in 
Figures 2 and 3. In these expanded plots, background 
scattering has been subtracted and peak intensities ad- 
justed to equality; asymmetry of profile is mostly due to 
instrumental effects,12 which are essentially equivalent for 
both samples. It is evident that corresponding reflections 
are displaced along the q axis but can be brought into 
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Table I 
X-ray Results for C,JI,, and CasD7, 

102Ad/d lo2 Adld 
hkl SV" Dresent workb measdC calcdd 
001 
110 
020 
120 
200 
20i 
210 

0,0,19 
130 
220 

2,0,19 

42.2 
4.07 
3.71 
2.95 
2.43 
2.51 
2.31 
2.29 
2.22 
2.20 
2.03 

42 i le 
4.085 
3.720 
2.961 
2.443 
2.510 
2.320 
2.286 
2.230 
2.211 
2.041 

0 
0.27 * 0.02 0.288 
0.19 * 0.02 0.190 
0.25 f 0.03 0.242 
0.33 f 0.02 0.330 
0.33 f 0.02 0.338 

0.13 f 0.02 0.135 

0.24 f 0.03 0.219 
0.25 f 0.04 0.288 

a Calculated lattice spacings based on the monoclinic cell pa- 
rameters reported by Shearer and Vand:lo r~ = 5.57, b = 7.42, c = 
48.35 A, and fi  = 119.1'. bLattice spacings measured for C3&4 by 
using the high-resolution X-ray diffractometer. Percent change in 
lattice dimensions with deuterium substitution, determined by su- 
perimposing the corresponding C3&4 and C36D71 reflections, 
where Ad = dH - dD. dBased on the following change in unit cell 
parameters: Aa,/a, = 1.0033, Ab/b  = 1.0019, Ac = 0, Afi = 0. 
eEstimated from several orders of the 001 spacing on the Guinier 
photograph. 

q, i-' 
Figure 2. High-resolution X-ray trace of the 020 reflections from 
C3BH,4 (square symbols) and CMDT4 (open circle symbols), where 
the background scattering has been subtracted and peak inten- 
sities adjusted to comparable levels. Solid curves have been 
sketched ,through the data points as a guide to the eye. Filled 
circles represent the C36DT4 dsta superimposed on the CSHT4 data 
by displacement (multiplication of q)  along the axis. From this 
fitting procedure the change in 020 lattice spacing with deuterium 
substitution is determined to be Ad/d = 0.0019 f 0.0002. 

coincidence by a translation (adjustment of q by a constant 
factor) from which a relative difference in spacing Adld  
can be measured with fair accuracy. We were unable to 
adopt this approach with 210 and O , O , E  reflections, how- 
ever, because of dissimilarity in line shapes arising in the 
first case from weak intensity and in the latter from the 
presence of a stronger reflection nearby. Our results are 
listed in Table I. We conclude that parameters a, = a sin 
fl  and b of the orthorhombic subcell of the monoclinic 
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Figure 3. High-resolution X-ray trace of the 200 reflection from 
CSHY4 (square symbols) and C36D74 (open circle symbols). The 
CS6DT4 scattering peak has been superimposed on the C36H74 
reflection as specified in Figure 2, yielding Adld = 0.0033 f O.OOO2 
for the 200 lattice spacing. 

n-C36H74 are larger than those of the corresponding n- 
C36D74 by factors 1.0033 f 0.0002 and 1.0019 f 0.0002, 
respectively. We have been unable to measure directly the 
effect of deuterium substitution on the c parameter of the 
unit cell which might, in any event, be expected to be of 
a smaller order of magnitude. As indicated in the table, 
however, the measured change in the 2,0,19 spacing can 
be accounted for within experimental error assuming no 
change in either c or the monoclinic angle 0. As we shall 
see presently, our results are reasonably consistent with 
expectation on the basis of a difference between C-H and 
C-D bond lengths of 0.005 A as estimated by other 
methods. 

Discussion 
The carbon-hydrogen bond length in an organic mole- 

cule is proportional to  the C-H interatomic spacing av- 
eraged over all vibrations. For the temperatures we are 
presently considering (-400 K) this bond length is es- 
sentially completely determined by ground-state (zero- 
point) vibrations. Substituting the more massive deu- 
terium isotope for hydrogen leads to a slight decrease in 
bond length13 as a consequence of the combined effects of 
the reduction in zero-point energy and the anharmonicity 
of the interatomic potential. For similar reasons single- 
crystal 22Ne exhibits a smaller lattice constant than sin- 
gle-crystal 20Ne, as elegantly shown by Batchelder et al.14 
However, in the case of monoatomic crystals governed by 
dispersion interactions, such as neon, the more massive 
isotope exhibits the higher melting temperature, in con- 
trast with the behavior of the hexatriacontanes and other 
p ~ l y m e r s . ~ J ~  

In the condensed state, the reduction in C-H bond 
length with deuterium substitution, lC-H-lC-D 0.005 A, 
is most obviously manifested as a decrease in molar volume 
in liquid hydrocarbons as shown by Bartell and Roskos.16 
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numerous theories of melting, applicable to various classes 
of crystalline matter,22 no single universal concept has 
emerged. Nevertheless within many groups of structurally 
related materials there exist correlations between melting 
temperatures.22 Of these, the heavier noble gas elements 
are probably the most familiar. Here, the melting tem- 
peratures can be closely related by using the principle of 
corresponding states,21 T, - e l k ,  where t is the Len- 
nard-Jones energy parameter and k is the Boltzmann 
constant. The success of the corresponding states principle 
in the case of the melting of noble gases, and other com- 
pounds, can be traced in part to a constant entropy of 
fusion, and a single-crystal structure,22 e.g., fcc in the noble 
gases. In general, the entropy of fusion represents the sum 
of positional (p), orientational (o), conformational (c), and 
other degrees of freedom gained upon melting,22 

Table I1 
Isotope Effects on Simple Organic Liquids 

benzene toluene isoprene cyclohexane 
HIC 1 1.14 1.6 2 
V,, cm3 mol-' 88.867" 106.284" 100.14' 108.102" 
VD 88.626" 105.983" 99.92 107.737" 
nH 1.50110' 1.4961d 1.4219* 1.4263OC 
nD 1.4991lC 1.4942e 1.4189* 1.42181' 
"c-H~~c-D 1.0164 1.0146 1.0170 1.0181 

" Reference 16. * Reference 33. Reference 34. Reference 35. 
eReference 36. 'Based on a reported33 97.5 atom '70 deuterium. 

Four representative examples of this behavior, taken from 
the literature, are given in Table 11. In separate publi- 
cations3J7 one of us has reported similar results for non- 
polar organic polymer liquids. This volume isotope effect 
is certainly expected also to be apparent in nonpolar or- 
ganic molecules in the solid state, although we are unaware 
of measurements other than those presently discussed 
which demonstrate this behavior. Our X-ray scattering 
results for the lattice parameters of normal and per- 
deuteriated crystalline hexatriacontanes confirm the ex- 
pected analogy with the volume isotope effect exhibited 
by nonpolar organic liquids. We estimate a ratio of in- 
tramolecular cross-sectional areas perpendicular to the 
C36H74 and C36D74 chain axes of A H  = 1.0039A~, in com- 
parison with the ratio of measured areas, (u,b)H = 
1.0052(~,b)~;  these calculations are based on ~c-H-~c-D = 

rH = 1.2 A where l,a, and rH refer to bond lengths, bond 
angles, and the atomic radius of hydrogen, respectively. 
Thus, the isotope-induced change in the crystalline di- 
mensions of hexatriacontane appears to derive in large part 
from the change in C-H bond length, analogous to what 
occurs in the liquid state. 

If the only consequence of replacing deuterium for hy- 
drogen in nonpolar organic liquids were a reduction in 
molar volume, we would expect a corresponding increase 
in refractive index. Actually the opposite is true, as in- 
dicated in Table 11, because reducing the C-H bond length 
concurrently decreases the bond polarizability, which re- 
sults in a diminished molecular polarizability. Although 
this polarizability isotope effect has been recognized and 
studied for many  year^,^^^^^ the only direct measurements 
of its magnitude that we are aware of have been conducted 
in the gas phase.20 We estimate the ratio of C-H and C-D 
bond polarizabilities a C H / a C - D  for condensed-state organic 
molecules by making use of the Lorentz-Lorenz relation- 
ship 

(1) 
n 2 -  1 4n a - ANA- 
n2+2 3 v 

for which the molecular polarizability is approximated 
from the individual bond polarizabilities, 

0.005,16 1C-H = 1.073,'' accc = 112','' UHCH = 1O4O,l8 and 

-- 

a = f/3 c (a,: + 2aJ (2) 
bonds 

where a,, and aL refer to the parallel and perpendicular 
components of the bond polarizabilities listed by Hirsch- 
felder, Curtiss, and Birdz1 The average of the four values 
calculated in this way, and listed in Table 11, is ~ c - H  = 
1.0165ac-D, which is jn good agreement with the mea- 
surement reported by Bell2' for gas-phase methane, ~ c - H  
= 1.01445ac-D. As discussed below, we believe that the 
combined molar volume and polarizability isotope effects 
are primarily responsible for the melting temperature 
isotope effect in hexatriacontane and various other non- 
polar organic polymers. 

The melting of solids has been a subject of great interest 
and intense study for many years, and while there are 

Sf = s, + so + s, + ... (3)  

For the noble gases there exists only positional entropy 
of fusion, which does not vary significantly between these 
elements. We believe that the corresponding states prin- 
ciple may also be applicable to nonpolar polymer isotopes. 
For such polymers Sf is almost completely determined by 
the conformationai entropy Sc,23 which should not change 
significantly with substitution of deuterium for hydrogen; 
this presumes that the carbon-carbon bond lengths and 
angles remain unchanged. As we have shown, t,he crystals 
of normal and deuteriated hexatriacontane are isomor- 
phous with molecules in identical conformations. Thus, 
although the corresponding states principle has generally 
found application ir! systems characterized by strictly 
positional melting, we suggest that for nonpolar polymer 
isotopes S f , H  = SeD owing to strictly conformationai 
melting, and 

(4) 
Previ~usly,~ we have demonstrated that the polymer iso- 
tope effect in liquids can be accounted for based on the 
difference in bond polarizabilities and molar volumes using 
the London dispersion formula to describe the interseg- 
mental forces,21 @DISP - Ia2/r6 where I is the segment 
ionization potential. Combining this with the attractive 
part of the Lennard-Jones potential, 4LJ = 4 t ( ~ / r ) ~ ,  and 
noting that for hydrocarbons larger than ethane I H  = I D  
within 0.1 70 yield 

2 

(5) 

where V - a3 represents the segment core volume. Al- 
ternatively, the dispersion energy between polymer seg- 
ments can be approximated by using the modified Sla- 
ter-Kirkwood theory,24 @SK - (Na3)y/r6,  where N is the 
number of electrons in the molecular valence shell. Al- 
though the original theory prescribes y = 1/2,25 Brandt26 
has shown empirically that for a wide range of spherically 
symmetric molecules y = 0.62. Combining this with the 
attractive Lennard-Jones term and noting that N H  = ND 
lead to a result very similar to eq 5, the exponent for the 
polarizability ratio now being reduced to 1.86. Brandt also 
demonstrated that the estimated core parameters for the 
repeat unit of polyethylene fall on the same modified 
Slater-Kirkwood plot (log No3 versus log 4tu6) as the 14 
simple molecules from which the exponent y was deter- 
mined, in support of our crude treatment of the dispersion 
energies for hexatriacontane. Based on the polarizability 
ratio obtained from Table 11, o(C-H/CYC-D = 1.0165 f 0.0015, 
and assuming that the c unit cell parameter, parallel to 
the chain axis, is not affected by isotope substitution so 
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Table I11 
Nonpolar Polymer Melting Temperature Isotope Effect 

polymer T,, K exptl ~ H I ~ D  Vnl VD calcd 
Tm,H - Tm,D Tm,H - Tm,D 

hexatriacontane 
C36H74 348.6,0,O 348.gC 3.8; 4.0 1.01100 1.0052 4.0 
C36D74 344.8,"Ib 344.9c 

polyethylene 
[CH2I" 401.4," 408.4b 4.9; 4.8 1.01100 1.0052 4.1 
ICD21n 402.5," 403.6* 

i-polystyrene 
[C&hIn 488.2d 5.5 1.00627 1.0013 4.8 

[CJbIn 440.2e 0 1.01100 1.0014 8.7 

[C,D,l* 482.Id 
i-polypropylene 

[c3D61n 440.2 

Reference 8. Reference 5 .  This work. Reference 15. e Reference 28. 

that V H J V D  = 1.0052 f 0.0006 (Table I), we calculate a 
difference in melting temperatures for C36H74 and C36D74 
of 4.0 f 1.0 using eq 5 and 3.5 i 0.9 using the modified 
Slater-Kirkwood form, respectively. These values agree 
with the measurements of 4.0 f 0.2 and 3.8 f 0.2 "C (Table 
111), supporting our suggestion regarding the application 
of corresponding states to the polymer melting isotope 
effect. 

We are aware of three additional pairs of polymer iso- 
topes for which the melting temperatures have been 
published: perdeuteriated and normal  polyethylene^,^*^ 
isotactic  polystyrene^,'^ and isotactic polypropylene~.~'~~~ 
These are listed in Table 111. The most extensive study 
of the polymer melting isotope effect has been conducted 
on polyethylene by Stehling et al.,5 who examined the 
melting temperatures for both solution grown and rapidly 
melt cyrstallized isotopic specimens. They report that Tm,H 
- Tm,D = 4.8, in agreement with the melt-quenched value 
of 4.9 "C published recently by English et al.!j Based on 
the chemical and structural similarity between poly- 
ethylene and hexatriacontane, we have used the value of 
VH/ VD measured for hexatriacontane in calculating a 
melting temperature difference of 4.7 "C for polyethylene 
based on eq 5. For isotactic polystyrenes and poly- 
propylenes there are no measurements of VHJ V,. We have 
estimated the change in cross-sectional areas perpendicular 
to the chain axes with deuterium substitution on the basis 
of the previously quoted change in C-H bond length, using 
standard values for the carbon-carbon bond lengths and 
angles.18 These estimates are given in Table 111 along with 
the calculated ratio of polarizabilities (again, see eq 1). 
With these parameters we have calculated the difference 
in melting temperatures listed in Table I11 using eq 5. The 
calculated difference lies within the expected uncertainty 
for isotactic polystyrenes but well outside the anticipated 
uncertainty in the case of isotactic polypropylenes. We 
now consider possible reasons for the latter discrepancy. 

Our conjecture regarding the applicability of the cor- 
responding states principle is based on the assumption that 
the entropy of fusion is dominated by an isotope-inde- 
pendent conformational entropy and that the crystal 
structure remains unaffected by isotope substitution. On 
the basis of our X-ray powder patterns of perdeuteriated 
and protonated isotactic polypropylenes, the latter con- 
dition appears to be fulfilled, in agreement with the neu- 
tron scattering results of Stamm et al.25 However, the 
former assumption may not be satisfied for isotactic po- 
lypropylenes. 

In general, the condition Sf ,H  = s f , D  is not valid for 
simple organic liquids, owing to changes in the rotational 
degrees of freedom with isotope substitution, in both the 
crystalline and liquid state, near the melting temperature.29 

Even in the case of methane, the rotational degrees of 
freedom appear to be influenced by deuterium substitu- 
t i ~ n . ~ O  Comparison of the entropies and heats of fusion 
for CH4 and CD,3O reveals that the relative change in Sf 
with perdeuteriation is nearly as great as that for Hf. In 
contrast, for the noble gas elements Sf remains essentially 
constant while Hf increases with increasing mass.31 
Therefore, we do not expect eq 5 to be applicable to low 
molecular weight nonpolar organic molecules. This point 
can be illustrated by using the data for benzene given in 
Table 11. Equation 5 predicts T m ~  - Tm,D = 1.9 "C, when 
actually the difference is -1.3 0C.3f It should be noted that 
our arguments concerning the volume and polarizability 
isotope effect cannot accommodate any negative difference. 

Although isotactic polypropylene does not have any 
significant molecular rotational degrees of freedom, each 
repeat unit does contain a rotating methyl group. Per- 
deuteriation may influence methyl group rotation in the 
melt and or in the crystal, analogous to what occurs in 

entropy of fusion. In this regard it would be interesting 
to examine the melting behavior of normal and deuteriated 
isotactic polypropylenes containing deuteriated and pro- 
tonated methyl groups, respectively. 

In future work we intend to examine further the validity 
of eq 5 by measuring the variations in lattice parameters 
and melting temperatures of additional isotopic nonpolar 
polymer pairs. While the simple empirical relationship we 
have proposed undoubtably neglects many fundamental 
and important features, we believe the qualitative as- 
sessment of this phenomena to be correct and anticipate 
that a more complete understanding of the polymer 
melting isotope effect will lead to insight into isotope ef- 
fects in crystalline matter in general. 

Summary 
We have presented X-ray diffraction data for per- 

deuteriated and normal hexatriacontanes (C36H74 and 
C36D74) in isomorphous monoclinic forms showing con- 
tractions of 0.33 i 0.02% and 0.19 i 0.02% in the as(= 
a sin@ and b unit cell parameters, respectively, upon 
deuterium substitution. The change in cross-sectional area 
perpendicular to the chain axis derives primarily from the 
C-D bond length being smaller than the C-H bond length. 
A relationship is proposed for predicting the change in 
melting temperature with deuterium substitution in non- 
polar polymers based on this reduction in C-H bond length 
and the associated decrease in bond polarizability. This 
simple relationship accounts successfully for reported 
differences in melting temperatures for perdeuteriated and 
normal hexatriacontanes, polyethylenes, and isotactic 
polystyrenes but fails in the case of isotactic poly- 

methane, 1 thereby contributing a nonconstant term to the 
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propylenes. We suggest that the latter may reflect an 
isotope dependence on the rotational degrees of freedom 
available to the pendant methyl groups. 

In conclusion, deuterium substitution influences lattice 
spacings in hexatriacontane, and presumably other non- 
polar polymers, in a predictable way. We believe that the 
underlying changes in molecular volume and polarizability, 
which have been previously shown to lead to nonideal 
mixing in binary liquid isotopic polymers mi~tures,l-~ are 
also primarily responsible for the melting temperature 
isotope effect in these systems. 

Registry No. CSH7*, 630-06-8; C36D74, 16416-34-5; [CH,],, 
9002-88-4; [CDJ,, 25549-98-8; [CaH,],, 25086-18-4; [C,D,],, 
108765-83-9; [C,H,],, 25085-53-4; [C,D,],, 108073-51-4. 
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ABSTRACT: The applications of the theory of scattering of electromagnetic radiation to  the estimation of 
the absorption coefficients of macromolecules yield values for the absorption coefficients that are considerably 
different from those obtained from the direct application of Beer-Lambert law. The differences in absorption 
Coefficients can be explained in terms of the size and the optical properties of the macromolecules. This paper 
reports on the effects of the molecular on the absorption spectra of macromolecules using as a basis the 
theory of electromagnetic radiation. As a result from this investigation, the conditions for the strict corre- 
spondence between Mie theory and Beer [mnbert law have been derived. A sensitivity analysis is conducted 
to define the limits of application of Beer Lambert law and the conditions required to extract size information 
from transmission measurements in the region of intrinsic chromophore absorption. As case studies, the UV/vis 
spectra of well-characterized polystyrene standards have been investigated. 

Introduction 

The primary purpose of this paper is to examine in detail 
the effect of the molecular size on the absorption spectra 
of macromolecules in solution. This is achieved theoret- 
ically, through the use of the theory of electromagnetic 
radiation, and experimentally, through careful analysis of 
commercially available narrow molecular weight distribu- 
tion polystyrene standards. The motivation for this study 
stems from the discrepancy found in literature reported 
values of the absorption coefficients of macromolecules and 
on the implications of such differences for the estimation 
of polymer compositions and polymer concentrations. The 
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results from the investigation are particularly relevant to 
the characterization of macromolecules using spectroscopy 
techniques. 

Absorption spectroscopy techniques are routinely used 
to investigate reaction kinetics and to determine the con- 
centration and composition of macromolecules in chro- 
matographic effluents. In these cases the spectra are re- 
corded at frequencies where a t  least some of the chromo- 
phores present absorb strongly. According to Bouger and 
later to Lambert,l the decrease in intensity of incident light 
of any given wavelength on passage through an absorbing 
medium can be described as a first-order process propor- 
tional to the thickness (1) of the absorbing 
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