
Using V*, the values of Q for these two 
flow laws are 121.2 and 106.2 kcal/mole 
for Post and for Carter and Ave'Lalle- 
mant, respectively. The equation for 
the extrapolation of these mechani- 
cal data is, following use of appropriate 
conversion factors, 

= A exp - 

(Q + 13.4 x 2.39 x 10-2pF 

RT x 10-3 } 

A exp -Q + 0.32P } , (9) RT x 10-3a 

where Q is expressed in kilocalories per 
mole, P and o- are in kilobars, and the 
various material constants of Eq. 8, in 
addition to the new values of Q, are to be 
inserted appropriately. 

Figure 1 shows the variation in dif- 
ferential stress at an assumed constant 
strain rate of 10-14 sec-1 for both the dry 
and damp flow laws (dashed curves) un- 
der ocean basins (Fig. la) and continents 
(Fig. lb). The geotherms used in the ex- 
trapolations are the most recent ones of 
Mercier (5), based on pyroxene geo- 
thermometry and geobarometry. The 
solid curves in Fig. 1 are also obtained 
from Mercier's geotherms and from de- 
terminations of recrystallized grain 
sizes, which are functions of stress only, 
in xenoliths based on the new data of 
Ross et al. (9). On the basis of the analy- 
sis of Ave'Lallemant et al. (20), the solid 
curves should be regarded as average es- 
timates of variations of stress with depth 
under the continents and oceans. It is 
evident from Fig. 1A that extrapolation 
of Post's data to a strain rate of 10-14 

sec-1 fits the measured oceanic stress 
data very well, whereas the results of 
Carter and Ave'Lallemant do not. How- 
ever, under cratons (Fig. lb), extrapola- 
tion of the latter flow equation provides 
the better fit, at least at depths above 
about 175 km. A similar observation by 
Mercier et al. (7) led them to suggest that 
the upper mantle beneath continents 
contains small but significant quantities 
of water, and more than beneath oceans, 
a suggestion supported by the presence 
of hydrous phases in many mantle xeno- 
liths from beneath continents. 

Following the procedure of Mercier et 
al. (7), we have attempted to estimate 
variations of strain rate and viscosity 
with depth, assuming that the measured 
stresses are correct and inserting these, 
as a function of depth, into Eq. 9. Strain 
rates and equivalent viscosities (r: = 
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ocean basins (solid lines), and only 
Post's results need be considered. These 
results indicate a rapid increase in e with 
depth to a value of 10- 14'25 sec-1 at 60 km 
(near the lid of the low-velocity zone) 
and then a slight decrease and leveling at 
about 10-14'75 sec-1 at depths below 100 
km. The value of rj decreases to about 
1021.5 poises at 60 km and remains nearly 
constant thereafter. Under continents, 
the values of e and Xj calculated from 
Carter and Ave'Lallemant's results seem 
more reasonable to depths of about 150 
km, below which, perhaps because of 
dehydration, Post's data may be the 
more reliable. 

The analysis given above indicates the 
importance of the determination of V* 
for olivine. Stress generally decreases 
with depth in the depth interval for 
which observations are available, and 
the strain rate generally increases and 
viscosity decreases except under ocean 
basins. We believe that these con- 
clusions are physically reasonable and 
should be incorporated as constraints in- 
to future attempts to model thermal con- 
vection and plate motions. 
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The way in which long polymer chains 
accommodate themselves within crystal 
units has recently attracted renewed in- 
terest with the application of neutron 
scattering. This technique, with the use 
of isotopically labeled molecules, gives 
information on the trajectories of single 
molecules in the condensed state. Other 
techniques have established (1) that the 
crystal unit is characteristically lamellar, 
with the chain direction usually at an 
angle of 0? to 30? to the lamellar normals. 
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The very existence of lamellae is now 
quite certain, but there is still lively dis- 
cussion on precisely how the chains are 
folded into the crystallites. For crystal 
growth from dilute solution there has 
been considerable evidence that, for the 
most part, each chain tends to fold back 
on itself along the growth face of the 
crystal (1). Recent experiments have 
made it possible to put such models to 
more definitive tests. 

The low-angle neutron scattering tech- 

The very existence of lamellae is now 
quite certain, but there is still lively dis- 
cussion on precisely how the chains are 
folded into the crystallites. For crystal 
growth from dilute solution there has 
been considerable evidence that, for the 
most part, each chain tends to fold back 
on itself along the growth face of the 
crystal (1). Recent experiments have 
made it possible to put such models to 
more definitive tests. 

The low-angle neutron scattering tech- 
0036-8075/79/0119-0263$00.50/0 Copyright ? 1979 AAAS 0036-8075/79/0119-0263$00.50/0 Copyright ? 1979 AAAS 

Neutron Scattering of Solution-Grown Polymer Crystals: 
Molecular Dimensions Are Insensitive to Molecular Weight 

Abstract. Neutron scattering gives information on molecular conformations in sol- 
id solutions of polymers of one isotope in another. Results on crystals of polyethylene 
grown from solution show a molecular dimension (in the form of a radilus of gyration) 
that is almost invariant with the length of the chain. It is proposed that certain 
lengths of folded chains fold back onto themselves to form stacks of chain-folded 
ribbons ("supemfJolding"). 
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Table 1. Values of Rg and derived molecular dimensions (in angstroms); M, is th 
average molecular weight of solute and Mn is the number-average molecular weight 
The R, values are approximate estimates only, based on differences (see text) betwee 
mats and mats with little orientation, the degree of orientation being assessed by x 
x-ray diffraction. Predicted values of Rz are as follows: all in one lamella, 30 A; equm 
lamellae, 60 A. 

Mw Mn Rg, Rg, 
(x 10-3) ) oriented un3) oriented unor + R?2 R 

93 58 69 74 40 41 
155 84 76 85 44 58 
183 64 76 86 44 6( 

nique has been extensively applied to 
polymers in melts, amorphous glasses, 
and concentrated solutions (2). The re- 
sults are in general agreement with those 
obtained earlier by x-ray and light scat- 
tering for dilute solutions (3) and provide 
detailed information on the dependence 
of the radius of gyration (R,) on molecu- 
lar weight (M). A close correspondence 
has been found with predictions from 
statistical mechanics, for example, that 
Rg x Ma, where a is, in general, 1/2 or 
more. The first result reported for the ap- 
plication of this technique to crystalline 
polymers (4) was that Rg was unaffected 
by crystallization from the melt, al- 
though a smaller Rg was observed for 
crystallization from solution (5). These 
results were obtained under favorable 
conditions of sample preparation; how- 
ever, under other conditions the blend- 
ing of the two isotopic species used 
[namely, hydrogenous polyethylene 
(HPE) and deuterated polyethylene 
(DPE)] is not random (4-6). As a con- 
sequence, there is often a contribution to 
the intensity at low s (s = 2 sin 0/X, 
where 20 is the scattering angle and X is 
the neutron wavelength) that can mask 
the expected signal corresponding to the 
form factor of a DPE molecule in its ma- 
trix of HPE. This phenomenon [some- 
times referred to as "clustering" (4)] is 
in fact (5, 6) caused by fluctuations in 
isotope concentration on a scale of the 
order of microns across the sample, 
which are caused by finite differences in 
the crystallization rate between the two 
species (fractionation). For this reason 
all the experiments carried out on poly- 
ethylene thus far correspond to high su- 
percoolings, in which case the unwanted 
contribution to the intensity is restricted 
to small enough s (below about 10-3 A-1) 
that Rg can be measured reliably. The 
values of Rg will depend on many vari- 
ables (for example, the structure of the 
crystal surfaces), but the technique can 
provide additional information if mea- 
surements at s up to 0.06 A-1 are made. 
Of these experiments we may first distin- 
guish the s range 0.02 to 0.06 A-1 (5, 7), 
where the scattering is determined al- 
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most entirely by the proximity ( 

proximity of "stems" (chain tra 
the lamellae) from contiguous F 
molecule. These results were in 
on the basis of analytic exl 
which are relatively simple if th 
amount of material not in the ste 
glected. The mode of foldinl 
unique; the mutual arrangemen 
stems can be effectively rand( 
growth) or systematic and comp 
probably with the formation of 
lution growth). It is likely th 
modes represent two extremes. 
for the range of s up to 0.02 A-' 
numerical calculations (9) ha 
made for several particular c 
tions which are specified in soi 
and compared with data for me 
crystals (8). 

We report here more exte 
measurements for solution-gro 
tals, with emphasis on their del 
on M and also on the aspect ra 
molecules. The techniques us 
been described in detail (5); a rr 
1 percent DPE in HPE was dis 

150 A 
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Fig. 1. Equivalent radii of gyratior 
rived from data of the type shown i 
of (5). Details of sample preparation 
ground corrections are described tl 
angles refer to molten samples (in 
the matrix HPE was low M; M, 
Mn = 5200). The cross refers to a 
value for molten polyethylene (14) 
trapolated "forward intensity" wa 
tional to the known M; this intern 
calibrated corresponded to some' 
than the known M in all cases. 

ie weight- stirred, boiling xylene at 0.2 percent, and 
of solute. crystallization occurred in thin-walled 
n oiented tubes at 70?C. Crystal mats were made wide-angle 
lly in two either oriented or isotropic. We used the 

small-angle neutron scattering facility at 
the Institute Laue Langevin, Grenoble 

z R (10); background measurements were 
carried out on mats of HPE and the 

s 56 sample holder only. By contrast with the g 62 
61 Rg values quoted earlier (5) derived with 

_ the use of the Guinier formulation, we 
used here the Zimm method of plotting 
inverse intensity versus s2; 2rrsRg was 

)r lack of generally less than about unity. The re- 
verses of sults are systematically 20 percent larger 
)arts of a in the present case since even at small s 
terpreted the two formulations are not equivalent. 
pressions Figure 1 shows two important results. 
ie (small) The first is the big difference in Rg be- 
-ms is ne- tween melts and crystals grown from so- 
g is not lution, an indication of the fundamental 
its of the difference between melt and solution 
om (melt growth. Second, there is a rather re- 
)act, very markable insensitivity of Rg to M; the 
rows (so- corresponding value of a would be ap- 
iat these proximately 0.1. To our knowledge, it is 
Second, unprecedented that a molecular dimen- 
(5, 8, 9), sion of a polymer should vary so little 

yve been with molecular weight. 
onforma- Figure 1 refers to oriented mats of 
me detail crystals. The apparent value of Rg as de- 
-lt-grown rived from slopes of plots according to 

the usual equations for low-angle scatter- 
nsive Rg ing according to the Zimm or Guinier 
wn crys- methods will be dominated by the dimen- 
pendence sions in the plane of lamellae. A dimen- 
tio of the sion perpendicular to the lamellae can be 
;ed have derived from a comparison of oriented 
lixture of and unoriented mats (Table 1), Rg being 
solved in slightly larger in the latter case. The 

equations can readily be generalized for 
application to textured samples. We de- 
note R,, R ,, and Rz as measured parallel 
(x and y) and perpendicular (z) to the la- 
mellae (for example, RZ2 = (z2), where z 
is the position of a scattering element; 
z is not necessarily along the chain). 

The apparent Rg is then given by 
Rg2/3 = < h2 > Rr2 + < k2 > R,2 + 
< I2 > Rz2, where h, k, and I are direc- 

o tion cosines relative to one particu- 
lar direction perpendicular to the in- 
coming beam. For oriented mats 
< h2> = <k 2> z 1/2 and < 2 > - 0. 
Table 1 shows values of both the root- 
mean-square average of Rx and R, and 

n (Rg) de- also an appropriate estimate of Rz de- 
in figure 3 rived in this way. Both the in-plane and 
and back- 
adhere. T- out-of-plane dimensions are insensitive 
this case, to M, although measurements of Rz are 
w = 6800, less extensive. The quantity R. is some- 

published what larger than the root-mean-square 
I The ex- average of Rx and R,,. s propor- 

sity when On the basis of earlier interpretations 
what less (5, 7) that for solution growth the stems 

are predominantly in rows, a rather spe- 
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cific model for the complete trajectory 
for one molecule presents itself. If a 
molecule continued to deposit as a single 
row, Rg would have to increase signifi- 
cantly with M (linearly as recorded for 
oriented mat), which is not observed. 
Nevertheless, if the rows of stems did 
not increase in length but did increase in 
thickness, the observed close invariance 
of Rg with M would be accounted for. 
Such a situation would arise if, beyond a 
certain length, the rows of stems would 
fold up on themselves. Such a possibility 
is in fact plausible on a molecular basis. 
We could refer to the folding back of the 
ribbons near themselves as "super- 
folding," although this superfolding is 
not representatively "adjacent re-en- 
trant." Figure 2 shows a schematic two- 
dimensional representation of the struc- 
ture. It has always seemed unlikely that 
one molecule would fold into one unin- 
terrupted ribbon along the growth face; 
at the very least, there will be com- 
petition between different chains for 
room on the growth face. Such effects 
are indeed inherent in theories of crystal 
growth [regime II in (11)]. In particular, 
when two growing ribbons meet, either 
one continues to deposit and the remain- 
ing parts of the other becomes excluded 
from the crystal (and may possibly be- 
come incorporated elsewhere later) or 
both double up on themselves. The dou- 
bling-up process would represent the 
least interference with crystallization 
and is strongly suggested by the present 
experimental results. 

Such a possibility of multiple ribbons 
does not arise quite unexpectedly. In 
fact, the idea of the proximity of dif- 
ferent rows of stems from the same mole- 
cule has already been derived from ef- 
fects at much higher angles examined in 
earlier work; the intensities correspond- 
ed to multiple rather than single rows of 
stems for high molecular weight ["inter- 
ference between ribbons" (5)]. Use of 
the mixed crystal infrared technique (12) 
has shown that, for very-high-molecular- 
weight DPE, stems of the same molecule 
are in close proximity. Our own infrared 
measurements, made on the same sam- 
ples as used here, favor the formation of 
multiple ribbons (13). 

If we suppose that one dimension in 
the x-y plane is substantially greater than 
the other, we can derive an estimate for 
the larger dimension [RJ., say; in reality 
this is likely to be along 110 (Table 1)]. 
From the derived R , value an estimate of 
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at the very least, there will be com- 
petition between different chains for 
room on the growth face. Such effects 
are indeed inherent in theories of crystal 
growth [regime II in (11)]. In particular, 
when two growing ribbons meet, either 
one continues to deposit and the remain- 
ing parts of the other becomes excluded 
from the crystal (and may possibly be- 
come incorporated elsewhere later) or 
both double up on themselves. The dou- 
bling-up process would represent the 
least interference with crystallization 
and is strongly suggested by the present 
experimental results. 

Such a possibility of multiple ribbons 
does not arise quite unexpectedly. In 
fact, the idea of the proximity of dif- 
ferent rows of stems from the same mole- 
cule has already been derived from ef- 
fects at much higher angles examined in 
earlier work; the intensities correspond- 
ed to multiple rather than single rows of 
stems for high molecular weight ["inter- 
ference between ribbons" (5)]. Use of 
the mixed crystal infrared technique (12) 
has shown that, for very-high-molecular- 
weight DPE, stems of the same molecule 
are in close proximity. Our own infrared 
measurements, made on the same sam- 
ples as used here, favor the formation of 
multiple ribbons (13). 

If we suppose that one dimension in 
the x-y plane is substantially greater than 
the other, we can derive an estimate for 
the larger dimension [RJ., say; in reality 
this is likely to be along 110 (Table 1)]. 
From the derived R , value an estimate of 
the longest likely sequence of folded 
stems is possible, which is 170 A. With 
the knowledge of lamellar thickness and 
stem spacing, we can express this length 
as corresponding to 40 stems, or M in the 
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Skeletal muscle is a highly adaptive 
tissue that must continuously respond to 
changes in the external environment. 
Thus, muscle activity leads to many bio- 
chemical changes, the type of activity 
determining the changes seen. For ex- 
ample, increased muscle work against 
high resistance leads to increased muscle 
size (hypertrophy) (1), whereas repeti- 
tive work against little resistance leads to 
increased oxidative capacity of the 
muscle (2). Although it has been known 
for more than 80 years that mechanical 
stretching of skeletal muscle increases 
its metabolic rate (3), the mechanism in- 
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This is quite reasonable in view of the 
multilayered morphology of these crys- 
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volved is still unknown. Because muscle 
is an elastic tissue that stretches and re- 
laxes during activity, knowing the rela- 
tionship of the mechanical movement of 
skeletal muscle to its metabolism is es- 
sential to understanding how muscle reg- 
ulates its growth rate and the role of the 
nervous system in this regulation. 
Stretch has becn implicated in such pro- 
cesses as early iiiuscle growth and devel- 
opment (4), denervation hypertrophy (5), 
and compensatory hypertrophy (6). In 
this report we describe an in vitro model 
system in which it has been shown that 
mechanical stretch leads to skeletal 
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In vitro Model for Stretch-Induced Hypertrophy of 

Skeletal Muscle 

Abstract. Mechanical stretch of embryonic chicken skeletal myotubes developed 
in vitro leads to many of the biochemical changes seen in skeletal muscle hyper- 
trophy. These include increased amino acid accumulation, increased incorpora- 
tion of' amino acids into general cellular proteins and myosin heavy chains, and in- 
creased acccumulaltion of total protein and myosin heavy chains. This model system 
should aid in understanding how the growth rate of skeletal muscle is regulated by its 
activity. 

In vitro Model for Stretch-Induced Hypertrophy of 

Skeletal Muscle 

Abstract. Mechanical stretch of embryonic chicken skeletal myotubes developed 
in vitro leads to many of the biochemical changes seen in skeletal muscle hyper- 
trophy. These include increased amino acid accumulation, increased incorpora- 
tion of' amino acids into general cellular proteins and myosin heavy chains, and in- 
creased acccumulaltion of total protein and myosin heavy chains. This model system 
should aid in understanding how the growth rate of skeletal muscle is regulated by its 
activity. 

265 265 


