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isopropyl alcohol to p-(n-butyl methacrylate) and poly- 
(propylene oxide) in carbon tetrachloride. They con- 
cluded that a t  the low polymer concentrations used, 
hydrogen bonding between isoproyl alcohol and these 
polymers occurs t o  about the same extent as it would 
in solutions of corresponding monomer molecules. 
Higher polymer concentrations might reduce the number 
of hydrogen bonds formed due to  coiling effects. Fur- 
ther quantitative spectrosopic studies of hydrogen 

bonding between polar additives and polymers in 
solution should provide considerable insight into the 
nature of interactions between these species. If 
coupled with adsorption experiments, such data may be 
a particularly fruitful means of establishing the in- 
fluence of various additives on  polymer adsorption. 
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ABSTRACT: In an extension of earlier work the linear expansion coetficieiits between about 20 and 120°K have 
been measured for ten poly(alky1 methacrylates) (PAMA), poly-4-methylpentene-1 (P4MPl), and a 49 : 51 ethylene- 
propylene (E-P) copolymer. The methacrylates exhibit an increasing expansion coefficient up to -40"K, except 
for PMMA, followed by a plateau and a relaxation region located between 80 and 110°K. The magnitude of this 
transition increases with flexibility in the alkyl side group. The existence of this region is consistent with both 
dynamic mechanical and proton spin lattice relaxation data for the higher members of the series. P4MP1 behaves 
similarly to the methacrylates, but with larger expansion coefficients. The E-P copolymer exhibits a relaxation 
around 56"K, lower than that ascribed to supposedly similar molecular motions in alkyl side chains. There are in- 
dications of possible further transitions in the higher methacrylates and P4MPl below the temperature range studied. 

e have recently carried out thermal expansion W measurements for polyalkyl methacrylates 
between approximately 90 "K and the glass transition 
temperature which show the existence of multiple 
transitions or relaxations in the glass. With increasing 
length of the side chain, these could not be resolved by 
means of mechanical low frequency measurements. 
The results moreover suggested the presence of a transi- 
tion around the lower limit of this temperature range 
for polymers with a fairly flexible side group. Such a 
relaxation would be consistent with audiofrequency 
dynamic measurements for poly(n-alkyl  methacrylate^)^,^ 
in which a transition is observed at  about 120"K, and 
also for similar systems such as poly(alky1  acrylate^),^ 
poly(alky1 vinyl  ether^),^ and poly-cr-olefins,8 all possess- 
ing flexible side chains. 

In  the present work, the temperature range has been 
extended to liquid helium temperatures for a series of 
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poly@-alkyl methacrylates), the isomers of poly(buty1 
methacrylate), poly-4-methylpentene-1, and a random 
copolymer of ethylene and propylene. 

Experimental Section 
The ten poly(alky1 methacrylates) (PAMA) 

studied are the same samples used in ref 4. Poly-4-methyl- 
pentene-1 (P4MP1) was kindly supplied by IC1 Plastics Divi- 
sion. It had a melt flow index of 2 (260"/5 kg), representing 
a fairly high molecular weight, The ethylene-propylene co- 
polymer (E-P) was kindly furnished by Drs. Kontos and 
Nudenberg of the U. S. Rubber Co. It contains 4 9 z  ethyl- 
ene with 2.6% ethylene and 1.6% propylene crystallinity and 
intrinsic viscosity of 3.34 at 135" in tetralin. The latter two 
polymers were molded to shape at room temperature and a 
pressure of 5000 psi. Neither polymer appeared altered on 
this treatment as evidenced by differential scanning calorim- 
etry. 

Procedures. The linear expansion coefficients were mea- 
sured in a recording quartz dilatometer similar to that previ- 
ously described. 4 For the present temperature range, 
however, it was necessary to keep the sample under vacuum 
during a run. The sensitivity of the dilatometer was about 
2 x 10-4 in. of sample expansion per inch of recorder deflec- 
tion and the recorder chart could be read to 10.01 in. cor- 
responding to a length change of 2 X in. Temperature 
was measured with a copper-constantan thermocouple 
which could be read to i 10-3 mV. The thermocouple was 
found to be very close at both liquid nitrogen and liquid 
helium temperatures to values given by Powell, Bunch, and 
Corruccini9 and intermediate values were taken from their 

Materials. 

(9) R .  L. Powell, M. D .  Bunch, and R. J. Corruccini, Cryo- 
gertics, 1, 139 (1961). Sci.;50, 117 (1967). 
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Figure I .  Linear expansion coefficient as a function of tem- 
perature for pol)/(methyl methacrylate). poly(ethy1 meth- 
acrylate), poly(ri-propyl methacrylate) and poly(wbuty1 meth- 
acrylate): 0. this work: @. ref 4. 
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Figure 2. Linear expansion coefficient as a function of tem- 
perature for poly(sec-butyl methacrylate), poly( isobutyl 
methacrylate) and poly(t-butyl methacrylate): Q. this work: 
0. ref 4. 

extensive Table 2, as were values for (dE/dT) necessary to 
compute the coefficient of linear expansion. a ' .  Thermo- 
couple scatter was, greatest at the lowest temperatures and 
the error in the temperature interval is maximally 0.7'. 
Therefrom the maximum error i n  the expansion coefficient 
is about 9%.  

The cryostat arid aluminum block housing the sample 
were precooled with liquid nitrogen to 77°K and approxi- 
mately 2 1. of liquid helium was required to lower the tem- 
perature to 4.2"K and leave a little in the dewar. The 
system was heated up at a rate of approximately I 'imin 
below 20°K after which a rate of <0.5"/min was maintained 
for the duration of'the run. 

Results and Discussion 
Thermal expansivities cs. temperature for the poly- 

(alkyl methacrylates) are given in Figures 1-3 and for 
poly-4-methylpentene-1 and  the ethylene-propylene 
copolymer in Figure 4. Numerical data are summarized 
in Table I .  A feature of the graphs, apart from those of 
the higher methacrylates, is the overlap obtained be- 
tween runs started a t  liquid helium and  liquid nitrogen 
temperatures. Tlhe liquid nitrogen results shown are 
those previously published4 apart from that for PsBMA 
in the temperature range 90-150°K, where repeat runs 
on more carefully annealed polymer gave a somewhat 
lower expansion coefficient than previously obtained. 
Overlap is less satisfactory with the higher methacrylates 
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Figure 3. Linear expansion coefficient as a function of tem- 
perature for poly(ri-hexyl methacrylate), poly(ri-octyl meth- 
acrylate). and poly(n-decyl methacrylate): 0. this work: 
@. ref 4. 
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Figure 4. Linear expansion coeffizient as a function of tem- 
perature for poly(4-methylpentene-l ) and the random etli- 
ylene (49 Y,)-propylene copolymer: e. liquid nitrogen tem- 
peratures. 

TABLE I 
SUMMARY OF TRANSITION AND EXPANSIVITY DATA 

Transition -Value x I O 4 .  deg-1.- 
temp (7). CY' a'  

Polymer K (<7) (>7) La' 

PMMA 83 0.16 0 . 3 3  0 .17 
PEMA 110 0 . 3 5  0 .60  0 . 2 5  
PnPMA 84 0.33 0 . 6 2  0.29 
PnBMA 97 0.41 0.73 0 . 3 2  
PnHMA 85 0 . 3 5  0 . 6 5  0 . 3 0  
PnOMA" 81 0 .41  0 . 5 3  0.17 

107 0 .58  0 .78  0 .20 
PnDMA 83 0 . 3 6  0.47 0.11 
PsBMA 88 0 .32  0 . 5 1  0.19 
PiBMACJ 81 0 . 3 3  0 .47  0.14 

I09 0 .47  0 . 6 3  0 16 
PtBMA 82 0 . 3 0  0 . 4 6  0 16 

P4MPl 88 0 . 6 9  0.89 0.20 
E-P(PPR 5317) 56 0 26 0 45 0 I 9  

Two apparent transitions. 

and this is believed t o  be due to  slight differences in 
sa.mple thermal history between runs. We have pre- 
viously demonstrated that a' for these polymers is 
critically dependent on rates of cooling.4 For  all 
polymers studied the length-temperature data are more 
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scattered below -40°K and this, coupled with the low 
sensitivity of the copper-constantan thermocouple in 
this region, makes the absolute values of a' somewhat 
more suspect. In any case, a' obviously increases LIP 
to -.40"K, with the exception of PMMA. After this 
initial increase most samples show a plateau region 
followed by a very obvious transition, the location of 
which depends on the particular polymer. 

PMMA (Figure 1)  has an  expansion coefficient of 
-0.1 X IOp4 deg-l between 20 and 60"K, increasing 
to -0.3 X 10-4 deg-' over a relatively large tempera- 
ture interval of about 35", with the midpoint location at 
-83°K. No other transition is obvious up to at least 
200°K. PEMA, PnPMA and all the butyl isomers 
(Figure 2) exhibit a n  increase in a' between 20 and 
50"K, followed by a plateau region. Thereafter a 
transition region is obvious for each polymer with its 
midpoint location varying between 80 and 110°K 
depending on the polymer. PiBMA apparently has 
two transitions, and this was a reproducible feature 
although conceivably it could represent one particularly 
broad transition region. PnHMA and PnOMA (Figure 
3) have no  horizontal plateau regions but PnHMA 
obviously has a relaxation at about 85 OK and PnOMA 
apparently two, but not clear-cut. PnDMA exhibits a 
fairly small transition at  -83°K. The previous re- 
sults, d combined with the current data, are suggestive 
of a second relaxation region around 100°K. How- 
ever, the present observations in the overlap region d o  
not provide an  adequate basis for such an  assignment. 

There are no  mechanical loss peaks in the literature 
corresponding to  the relaxations we observe in PMMA 
and PEMA. Woodwardlo shows a peak at -5°K for 
PMMA and 50°K for PEMA, both at a frequency of 
-IO4 Hz. Sinnott" observed loss peaks at <4.2 and 
41 "K for PMMA and PEMA, respectively, at a frequency 
of less than 10 Hz. The dynamic results for PEMA may 
correspond to  the initial increase of a' in Figure 1. 
Dilatometric measurements of PMMA below the present 
temperature range are pertinent in this connection. 
Moreover, proton spin lattice relaxation results show a 
Tl minimum for PMMA12 at -100°K ( 5  X IO7  Hz) and 
for PEMA at  -135°K (3.5 X IO7 Hz).13'14 The 
results of Hoff, Robinson, and Willbourns show no  
transition in the 120°K region for PEMA but other 
similar systems do. Poly-1-butene (PB),8 poly(ethy1 
acrylate) (PEA),' and poly(ethy1 vinyl ether) (PEVE)' 
all exhibit a y-transition, in the latter two cases at 
slightly higher temperatures than the corresponding 
transition for the n-butyl polymer, similar to the relative 
order in Table I. 

The observed transitions in PnPMA, PnBMA, and 
PsBMA all have a corresponding mechanical relaxa- 
tion.jX6 Damping maxima for the first two polymers 
a t  1 Hz  have been located at about 86 and 93"K, re- 
spectively, l s  i . e . ,  a t  lower temperatures than would be 
anticipated from our results (Table I). In PiBMA we 

( I O )  A. E.  Woodward, J. Po1.1.m. Sci., Parr C ,  14, 89 (1966). 
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Figure 5 .  Arrhenius plot for the poly(ii-butyl methacrylate) 
transition. Points indicate in descending order ref 13. 6. and 
this work. 

separate two, with the upper one about 20" higher than 
the transition in PsBMA. We note that a similar differ- 
ence was observed by Shen and coworkers6 in dynamic 
measurements on the same systems. 

The molecular motion associated with this relaxation 
has been attributed to reorientations of the alkyl side 
group5 and is probably similar to  the proposed crank- 
shaft mechanism of the polyethylene y-transition l6 

for the higher members of the ~ e r i e s . ~ ~ ~ ~ ~  For 
PMMA the nmr relaxation is associated with mo- 
tion of the ester methyl group. 1 2  These interpretations 
are consistent with our observation, Table I, that the 
magnitude of the motion, as measured by the change in 
expansion coefficient, Aa',  increases with increasing side 
chain length, at least to  n-butyl, as more volume is 
required for reorientation. Insofar as a' nearly doubles 
a t  this transition, the independent motion of the side 
chain must be fairly vigorous. When the side chains 
get very long the motions become more complicated1* 
and perhaps more diffuse, explaining the less clear 
behavior in PnOMA. 
that the lower expansion coefficients observed in Pn- 
DMA are due to  side chain ordering, and the magnitude 
of the transition observed at - 83°K is indeed less than 
for the lower members of the series. In the butyl 
isomer series, Aa' appears to  decrease with increasing 
side group bulk as the alkyl group requires less volume 
for reorientation. 

Our transition for PnBMA may be compared with 
both the spin lattice relaxation1a and the audiofrequency 
loss peak.6 Figure 5, a plot of log frequency vs. 1/T, 
combines dynamic and dilatometric measurements, 
using an  effective frequency of Hz for the latter.lg 
A straight line over 10 decades and an apparent activa- 
tion energy of 13 kcal/mol are obtained. Although 
not to be taken too literally, this value is considerably 
larger than the 3.4-4.5 noted by Hoff, et u[. ,5 and 
Shen, et ai.,$ over a more limited frequency range. 
Heijboer's'j point for the ordinate value of zero would 
fall to  the right of the line. 

Because of its similar structure and by analogy with 
dynamic results,8 P4MP1 would be expected to  exhibit 

We have suggested previously 
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the transition observed at -88°K (Figure 4). I t  is 
also interesting that the initial slope of a' is steeper than 
for the methacrylates, with the expansion coefficients 
somewhat larger. We recall in this connection that 
Crissman, Sauer, and Woodward2" observed a fairly 
large mechanical relaxation at -24°K (10 Hz) and  
much more pronounced than for PiBMA with its similar 
side group. 

The results fo'r the E-P copolymer (Figure 4) above 
100°K are similar to those of  Zakin. et L I I . ~ ~  The de- 
crease in a between 190 and 90°K could be indicative of 

(20) J .  M .  Crissman, J .  A .  Sauer, and A .  E. Wood\\artl, J 

(21) J .  L. Zakin, R.  Simha, and H. C.  Hershey, J .  Appi .  
Polj.r71. Sci., Part A ,  2 ,  5075 (1964). 

Po!,,m. Sci., 10, 14.55 (1966). 

an extremely broad relaxation region. It is also note- 
worthy that a slight plateau region appears around 
140"K, similar to  that in Figure 9 of ref 21 at  approxi- 
mately 133 "K. On  reducing the temperature further, 
the copolymer should exhibit an  analogous relaxation, 
if the mechanism is indeed similar to that postulated 
for the polyethylene y-transition. The observed transi- 
tion lies considerably lower, -56"K, and this may 
be related to  the absence of crystallinity. Finally it 
may be worthy of note that infrared measurements of 
Shen and coworkers22 indicate freezing out of -CH2- 
vibrations in polyethylene below 100°K. 

( 2 2 )  M .  C. Shen, J .  A .  Horton, and W. N. Hansen, J .  P o / )  HI. 
Sci., Parr B,  in  press. 
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ABSTRACT: A new method is presented for mathematically characterizing branching in random-flight chains, 
The method is then used to calculate mean-square radii of gyration for a number of examples. For every mode of 
branching there can be defined a matrix. [D], with eigenvalues that completely define the distribution of radii of 
gyration. The parameter g, the ratio of the mean-square radius of gyration of the branched chain to that of a linear 
chain with the same number of statistical segments t ,  is given by I: = ( 6 / r 3 )  trace [D]. When applied to cruciform, 
star. and uniformly branched molecules the method gives values for g in agreement with those obtained previously 
by other investigators using entirely ditTerent mathematics. 

ecause of the effect of branching on  many of the B physical properties of polymers, there has been a 
continuing interest in the configurational statistics of 
branched-chain nidecules.?-8 We present here a new 
method of mathematically characterizing chain branch- 
ing that is completely general and requires only matrix 
algebra. 

It will be shown that a matrix, [D], is associated with 
any random-flight chain, whether linear or with any 
mode of branching, and that this matrix determines 
many of the important statistical features of the chain. 
In particular, we will show that the distribution of radii 
of gyration is determined by its eigenvalues and that 
the mean-square radius of gyration is simply related 
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to  trace [D]. Mean-square radii for the examples 
treated in this paper are in agreement with those of 
previous investigators. 

It is always possible that the matrix method may give 
reasonable closed-form expressions for chain dimen- 
sions for classes of branched chains other than those 
reported here. Of more interest, however, is that this 
new approach is especially suitable for digital computer 
calculations and could be applied to  branched chains 
far more complex than those usually treated by ana- 
lytical methods. Furthermore, since so much struc- 
tural information is contained in [D], it is tempting to  
imagine that this matrix might also be directly related 
to various types of chain behavior. For example, we 
have established a simple relationship between [D] and 
chain dynamics that will be presented in a subsequent 
p LI b lica ti on. 

Since the calculations presented in this paper are 
based on random-flight statistics, the results are B S -  

sumed to  apply to  real polymer molecules at the Flory c) 

temperature. We also assume, as has been done 
previously,i that this work could be extended to  include 
polymer-solvent interactions. 


