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Figure 1. 15.08-MHz partially relaxed Fourier transform I 3 C  spec- 
t r a  0 1  neat eicosane at  39" as a function of' t--the time between 
180 and 90" pulhes. ( a )  t = 0.3 sec: ( b )  t = 0.5 sec: ( c )  t = 1.0 sec; 
( d j  t = 1.3 sec: ( e )  t = 3.0 sec; ( f ' j  normal spectrum t = m .  Six- 
teen decays are accumulated in each case. Chemical shifts are 
given in parts per million upfield from external CSz. Assignments 
ot carbon resonances are given in parentheses. 

and localized motion of side-chain and terminal main- 
chain carbons. TI measurements have been made on a se- 
ries of low molecular weight alkanes and the calculated 
correlation times have provided semiquantitative informa- 
tion on the nature of the motions in linear and branched 
alkanes. These results should prove useful in furthering 
our understanding of the motions in polyethylenes. 

Results and Discussion 

Carbon relaxation times (Table I) were determined for 
the n-alkanes. where n = '7, 10: 13, 15, 18, and 20, and for 
Zmethylnonadecane from inversion-recovery pulsed-Fou- 
rier transform spectra. Partially relaxed and equilibrium 
spectra of eicosane ( n  = 20) and 2-methylnonadecane are 
shown in Figures 1 and 2. respectively, along with chemi- 
cal shift assignments based on the additivity parameters 
of Grant and Paul.4 Similar spectra were obtained for the 
other alkanes studied. 

The I3CH nuclear Overhauser enhancement facto+ 
was determined for each resolved resonance and the maxi- 
mum value (2.98 f 0.3) was found in every case. The Ov- 
erhauser enhancements are evidence that the alkane car- 
bons relax predominantly by a CH heteronuclear dipolar 
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Table I 
W Spin-Lattice Relaxation Times. 

for the Alkanes at 39" 

Carbon 
2, 3, 4, 

n- Alkane I , n h  n - I  n - 2  n - 3  Intc 

Ci 
Cl" 
CI1 
Cli 
CIS 
C.0 

2-Me C l g  

1 0 . 9  1 3 . 2  1 2 . 8  1 2 . 0  
7 . 1  7 . 4  6 . 3  5 . 4  5 . 1  
5 . 9  5 .1  4 . 3  3 . 7  2 . 2  
4 . 7  3 . 5  2 . 6  2 . 1  1 .6  
4 . 4  2 . 9  2 . 1  1 . 6  1 . 0  
3 . 6  2 . 3  1 . 6  1.1 0 . 8  

2 3 4 5 
2 . 3  2 . 8  1 . 3  0 . 8  0 . 7  

19" I 8  17 I 6  15-6 
3 . 6  2 . 3  1 . 6  1 . 2  0 . 7  

'I I n  seconds. " Italic numbers indicate carbon position in 
the chain. In t  designates the internal carbons having 
overlapping resonances. 

relaxation mechanism and that the rotational reorienta- 
tion is such that the extreme narrowing condition is valid; 
i .e . ,  (ac + w ~ ) ~ T , . ~  << 1, where is a reorientational 
correlation time and wc and W H  are the respective Larmor 
precession frequencies of the and IH nuclei. Under 
these conditions an  effective rotational correlation time, 
T ~ ~ ~ ,  for the vector connecting the directly bonded C and 
H atoms is given by5,6 

where rc.ti is the internuclear distance (1.09 A) ,  7'1 is the 
spin-lattice relaxation time (Table I) ,  N ~ I  is the number 
of attached protons, and K is a constant equal to 3.56 X 
1010 A6 sec-2. 

In a rigid spherical molecule a single correlation time 
characterizes the isotropic reorientation of the CH vector, 
and r,pl calculated from eq 1 is equal to ( 6 R ) - I ,  where R 
is the rotational diffusion coefficient of the sphere. In a 
polymer, a distribution of correlation times is required to 
describe the complex motion of a CH vector7 because (a )  
the reorientation of a CH vector is due to motions which 
occur in a distribution of polymer conformations, (b)  in a 
given conformation, the reorientation can be anisotropic,8 
and (c)  reorientation is due, in part, to transitions be- 
tween the different chain  conformation^.^ Hence, the sin- 
gle correlation time calculated using eq 1 is in fact a 
weighted average of the correlation times T~ which charac- 
terize the rotation of the CH vector,lusll i . e . ,  = ? ; c I T I .  

The coefficients, c , ,  depend upon (a )  the probability that 
the motion associated with ri occurs and ( b )  the orienta- 
tion of the CH vector with respect to the rotation axes. 

It follows from the above discussion that a rigorous 
analysis of the alkane T~~~ values (Table 11) requires a de- 
tailed model of the chain motion. Since such models are 
not yet available, the present analysis is limited to  a sim- 
plified model of alkane motion, suggested by the system- 

i;ii A .  Ahragam. "The Principle. 01 Suclear blagnetism." Oxford Cniver- 
siry Pres>. London. 1961. 

(61 D. Doddrell. V ,  Glushko. and A.  Allerhand. J Chem.  l'h?.s.. 51;. 3683 
(197". 

(71 T .  M .  Connor. Tranr b'arada? S o c ,  fi0. 1579 (1963). 
(8) Anisotropic reorienration ot a rigid ellipboid yields tive nuclear corre- 

lation times. D.  E. Woessner. .I ('hem Ph?.r..  3 i .  647 11962). 
(91 For a calculated distrihurion of electric dipole correlation rimes in 

short ' i .~-dihromo-n-alkanes.  R .  I,. .Jernipan in "Dielecrric Properties 
of Polymers." F. E. Karasz. Ed.. Plenum Publishing Corp.. New York. 
s. Y., 1973. p 99. 

(10) I). Wallach. J Chem Ph?h.. 4 i .  5258 119671. 
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Table I1 
Calculated Teff  'Values. for the Alkanes at 39" 

Carbon 
n- 2, 3, 4, 

Alkane 1,nb n - 1  n - 2  n - 3  Intc 

C ?  
ClO 
c13 

Cl5 
ClS 
c20 

1.4 
2 . 2  
2.7 
3.4 
3.6 
4.3 

2-Me C19 / 6.8 

1.7 1.8 2.0 
3 . 2  3.7 4.3 4.6 
4.6 5.5 6.4 10.7 
6.7 9.1 11.3 15.2 
8.1 11.3 14.4 23.1 
10.4 14.8 20.7 30.2 

2 3 4 5 
16.8 18.6 28.4 33.7 
18 17 16 15-6 1 '9444 10.1 14.9 19.0 33.7 

a I n  picoseconds. b Italic numbers indicate carbon position 
In t  d(esignates the internal carbons having in the chain. 

overlapping resonances. 

atic behavior of the reef values (Table 11) as summarized 
below. 

First, for a particular resolved carbon (Cl, Cz, etc.) the 
correlation time progressively increases as the chain 
length increases. Second, the correlation times increase 
from the chain ends toward the center of each alkane. 
(Similar observations of a gradation of correlation times 
along an alkyl side chain have been made by several au- 
t h o r ~ . ~ ~ - ~ ~ )  Finally, the ratio ~ ~ f f  for terminal methyl 
groups to ~ ~ f f  for methylenes in the interior of the hydro- 
carbon (designated Int in the tables) increases monotoni- 
cally from ca. 1.5 in heptane to about 7 in eicosane. These 
results indicate that  the rotational motion of an internu- 
clear CH vector in the hydrocarbons can be analyzed in 
terms of: (a)  an overall rotation of the molecule (consid- 
ered rigid) with average rotational rate   TO)-^ which is ex- 
pected to decrease as molecular weight and viscosity in- 
crease and, (b)  internal motion due to rotation about indi- 
vidual carbon-carbon bonds in the chain with rate ( T ' ) - ~  

which is largest a t  the chain ends. For molecules having 
segmental freedom but slow overall reorientation (Le., 
( 7 0 - l )  small), ( ~ e f f )  -l is approximately equal to ( ~ $ ) - l .  

This is the case for carbons remote from the chain termini 
in p01ystyrene.l~ For rapid overall rotation (ie., ( r 0 - l )  

large) such as occurs in small molecules, is ap- 
proximately equal to ( T O )  -I. 

The simplest expression for the rate of rotational reori- 
entation of the j t h  carbon in the chain, ('Teff)- ' ,  which 
reduces to the limits discussed in the previous paragraph, 
is a sum of rates for internal and overall rotations, i .e .  

Although a rigorous justification for eq 2 is not available, 
this equation provides a self-consistent framework for an- 
alyzing the alkane data.  This can be seen by considering 
the rate [ ~ ( 1 , 2 ) ] - ~ ,  defined as the difference in the rates 
which characterize th.e motion of the terminal methyl and 
terminal methylene carbons in a given alkane, Le. 

(12)  Y. K .  Levine, N.  J .  M1. Birdsall, A. G. Lee, and J. C.  Metcalfe, Bio- 

(13) J.  C.  Metcalfe, N. J. M. Birdsall, J. Feeney, A .  G. Lee, Y .  K .  Levine, 

(14) G .  C .  Levy and G .  L. N,:lson, J .  Amer.  Chem. Soc., 94,4897 (1972). 
(15) A .  Allerhand and R. I<. Hailstone, J .  Chem. Phys., 56, 3718 (1972). 

These authors have shown that  the J ~ I ~  values in atactic polystyrene 
solutions do indeed become independent of molecular weight (and 
presumably T O )  a t  ma'lecular weights greater than 10,000 indicating 
tha t  the relaxation process is controlled by segmental motion in the 
polymer backbone. 

chemistry, 11, 1416 (1972). 

and P. Partington, Nutiire (London), 233, 199 (1971). 
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Figure 2. 15.08-MHz partially relaxed Fourier transform 13C 

spectra of neat 2-methylnonadecane at 39" as a function of 
t-the time between 180 and 90" pulses. (a) t = 0.1 sec; (b) t = 
0.5 sec; (c) t = 1.0 sec; (d) t = 1.5 sec; (e)  t = 3.0 sec; (f) normal 
spectrum t = a. Sixteen decays were accumulated in each case. 
Chemical shifts are given in parts per million upfield from exter- 
nal CS2. Assignment of carbon resonances are given in parenthe- 
ses. According to standard nomencalture, the equivalent methyls 
are designated 1- and 2-Me. The assignment of the CZ and Cd 

carbon resonances were confirmed on the basis of their respective 
TI values (given that the 7'1 values decrease toward the center of 
the chain). 

The physical meaning of r(1,2) becomes apparent on sub- 
stituting eq 2 into 3 which yields 

The right side of eq 4 involves only internal correlation 
times since the overall correlation times of all carbons in a 
given alkane are equal (by definition) and the terms in- 
volving TO cancel. Hence, in each alkane, the difference in 
internal rates [ ~ ( 1 , 2 ) ] - ~  should represent the rate of 
methyl group rotation alone, since the total methyl mo- 
tion is the result of all rotations that  affect its neighboring 
methylene plus its rotation about the terminal C1-& 
bond. Therefore, r(1,2) should be independent of alkane 
molecular weight as should [~( l i ) ] - l  which represents the 
difference in internal rates (calculated according to eq 4) 
of the methyl carbon and carbon j .  The calculated values 
of T (  lj) are, in fact, approximately constant (Table 111). 

Since T (  1,2) represents the time characterizing methyl 
group rotation, it is related to the rotational potential 
barrier (V,) for thermally activated rotation according 
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Table I11 
Correlation Times 7 (1, j )  a Corresponding to Differences 

in Rates  of Internal Rota t ion  

Compound 7(1,2) ~ ( 1 , 3 )  7(1,4) r(1,Int) 
~ ~~ 

C l  7 . 9  6 . 3  4 . 7  
ClO 7 .O  5 . 4  4 . 5  4 . 2  
Ci3 6 . 5  5 . 3  4 . 7  3 . 6  
CIS 6 . 9  5 . 4  4 . 9  4 . 4  
ClS 6 . 5  5 . 3  4 . 8  4 . 3  
C*O 7 . 3  6 . 1  5 . 4  5 .O  

a I n  picoseconds. 

to16 

When A (the preexponential factor) is taken as the ~ ( 1 , 2 )  
value for a methyl moiety in the gas phase, ( Z M e / k q l " ,  a 
value of 2.6 kcal/mol is computed for V,. This is the same 
value found by Anderson and Slichterl' from proton mag- 
netic resonance studies for the end methyl rotational bar- 
rier in thirteen alkanes ranging from C S  to C40. 

The correlation times of the carbons a t  the linear termi- 
nus of 2-methylnonadecane and that  of eicosane are equal 
(Table 11) showing that  these two alkanes have the same 
overall correlation times and that the methyl branch does 
not influence the local motion of the linear end of the no- 
nadecane chain. By contrast the correlation times of car- 
bons a t  the branched end of the chain are markedly dif- 
ferent from those in eicosane. In 2-methylnonadecane, 
~ ( 1 , 2 )  is about 50% larger than in the n-alkanes and corre- 
sponds to V ,  = 2.9 kcal/mol for the rotation of the 
branched methyls. This result is in agreement with previ- 
ous reports of larger rotational barriers for branched 
methyls in hydrocarbons.18 Differences in motion between 
linear and branched ends of the chain are also due to the 
slower methyl and methylene motions which result form 
the required rotation of two methyl groups about the 
Cz-C3 bond. The additional carbon mass in the branch 
appears to explain the result that  the Cp and C s  carbons 
in 2-methylnonadecane have ~ e f f  values which are equal 
to T e f f  values of the cs and cq carbons in eicosane, re- 
spectively. 

In addition to influencing the motion of the chain ter- 
minus, the branch also perturbs the terminal carbon 

(16) D. E. Woessner and B. S. Snowden, Jr., Aduan. Mol. Relaxation Pro- 

( 1 7 )  J .  E. Anderson and W. P. Slichter, J.  Phys. Chem., 69,3099 (1965). 
(18) J .  P. Lowe, Progr. Phys. Org. Chem., 6, 1. 

~ ( 1 , 2 )  = A exp(V,/RT) ( 5 )  

cesses, 3, 181 (1972). 

chemical shifts, and permits resolution of the C5 carbon 
resonance of the nonadecane. I t  is seen (Table 11) that this 
carbon has the same correlation time as the internal 
methylenes ( C g  to C15) in the chain, suggesting that  the 
segmental motion, which determines the correlation time 
of a carbon in a long-chain alkane (in solution), involves ca. 
5-6 carbons on each side of the given carbon. 

Conclusions 
An analysis of alkane data in terms of a simple motion- 

al model has been found to account for individual alkane 
carbon correlation times in a self-consistent fashion. In 
this model, the rate of rotational reorientation of chain 
carbons is taken as a sum of rates corresponding to overall 
and internal rotations. The model provides semiquantita- 
tive information on several aspects of the internal chain 
motion, such as: (1) the barrier to internal methyl rota- 
tions, (2) the effects of chain ends and branches on rates 
of the internal motion, and (3) an estimate of the number 
of carbons involved in the segmental motion in long 
chains. However, the analysis provides limited insight 
into the details of molecular motion, since it involves av- 
erages of correlation times. Calculations of the detailed 
motion of small substituted hydrocarbons have been made 
in an effort to account for their dielectric r e l a x a t i ~ n . ~  
Similar calculations, employing the appropriate nmr cor- 
relation functions,'".ll would yield T1 values of individual 
carbons in the alkanes. The present study provides data 
which checks the assumptions inherent in such calcula- 
tions, and hence should aid in the effort to obtain realistic 
models of the molecular motion of polymers. 

Experimental Section 
The alkanes, obtained from commercial sources. were at least 

95% pure. Samples were pipetted into 10-mm tubes, purged with 
dry nitrogen, and plugged (to prevent vortexing). Sample temper- 
ature was maintained at 39" in the probe using a commercial 
temperature controller. The experiments were performed on a 
homemade Fourier transform spectrometer, described previous- 
ly19.20 operating at  15.08 MHz and equipped with proton noise de- 
coupling. Partially relaxed spectra were obtained using standard 
18O0-t-90" pulse sequences with a 52'1 recycle time, and 16 free 
induction decays were accumulated in each case. T1 values were 
calculated from least-squares analysis of the integrated intensi- 
ties. Reproducability of 2'1 values is estimated to  be zklO%. 

(19) T. C. Farrar, S. J .  Druck. R. R. Shoup, and E.  D.  Becker, J.  Amer. 

(20) D. A. Torchia and J .  R. Lyerla, Jr., Bipolyrners, 13, in press (1974). 
Chem. Soc., 94,699 (1971). 
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ABSTRACT: Average acrylonitrile sequence lengths have been obtained for a variety of high conversion styrene- 
acrylonitrile copolymers by the analysis of their 13C nmr spectra. Assuming a homogeneous sequence distribu- 
tion, different values for the average lengths are obtained, depending upon the way in which the nmr data are 
used. These discrepancies are interpreted in terms of the probable heterogeneity of the sequence distributions. 

The 13C nmr spectra of solutions of styrene-acrylonitrile 
copolymers are well enough resolved to be discussed in 
terms of chemical shifts associated with sequences of triad 

monomer-unit residues in the chain.1 In favorable cases, 
resolution is sufficiently good that triad concentrations 
(I)  J. Schaefer, Macromolecules, 4,107 (1971). 


