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The Intensity as a Function of Temperature of the Low-Angle
X-Ray Diffraction Maxima of the n-Paraffins: Hexatria-
contane, Tetratetracontane, and Tetranonacontane
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The diffraction of x-rays by the crystalline n-paraffins, Cs5H74, C4sHyo, and CgiHigo, was examined
at small angles —below seven degrees 20 —as a function of temperature. The Bragg maxima (00/) that
occur at these angles result from a lamellar repeat distance which depends on the molecular length.
In general the intensity of these maxima was found to increase with increasing temperature in an
approximately reversible manner. All the samples experienced solid-solid phase transitions in the
temperature range of observation. Several possible mechanisms consistent with the temperature

dependence of the intensity are considered.
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1. Introduction

Some polymers which exhibit high crystallinity [1, 2|1
display low-angle x-ray diffraction maxima which corre-
spond to a lamellar repeat distance. In the case of
linear polyethylene and a number of other polymers,
it has been observed [3—5] that the intensities of the
low-angle maxima increase with increasing tempera-
ture and that this phenomenon occurs reversibly.

Normally, one expects that the intensity of x-ray
diffraction maxima from crystalline solids should de-
crease with increasing temperature. This is evidenced
by the Debye-Waller factor [6] in structure calculations
and in the experimental observation of the change in
intensity of the diffraction maxima with temperature
for a variety of solids [7].

The question which arises is whether the intensity
behavior of the low-angle maxima with temperature
is unique to these crystalline polymers or occurs in
other compounds, such as the long-chain n-paraffins.
Both the paraffins and polyethylene have the same
—CHy— repeat unit; however, a pure paraffin is es-
sentially a single molecular species, while the polymer
has a broad distribution in molecular weights. Both
systems crystallize as lamellae, with very similar crys-
tallographic subcells [8-12]. However, the basal sur-
faces of the paraffin lamellae are composed of methyl
groups, while in the polymer lamellae these end sur-
faces are composed of more or less regular chain-folds

[1].

"N‘BS*VR(: Postdoctoral Associate 1965-1967.
! Figures in brackets indicate the literature references at the end of this paper.

In this article we present our observations of the
intensities of the low-angle x-ray diffraction maxima as
a function of temperature for three crystalline n-
paraffins: n-CssHz74, n-CysHgo, and n-CysH,g0. We also
discuss some possible causes of the observed intensity
changes with temperature.

2. Experimental Detail

2.1. Apparatus

Diffraction intensities at angles up to 7° in 20 were
obtained using nickel-filtered copper radiation. The
detector system consisted of a scintillation counter,
pulse-height analyzer, and printer. A Kratky low-angle
camera ? with a 120 u entrance slit was used for beam
collimation. The detector slit width was commonly
270 p and the sample to detector distance was 238.7
mm. Scanning was accomplished automatically with a
Kratky step-scanner. Generally a counting time of 1
min was used at each angle. No slit-smearing correc-
tions were made. The samples were contained either
in a 1.5 mm diam glass capillary (0.01 mm wall thick-
ness) or in a stainless steel holder (25X 2.5 X 3 mm3)
with beryllium foil sides. The capillary tube or holder
was held in a small oven which had beryllium windows
and 3 in thick balsa wood insulation. Temperature con-
trol was achieved with a thermistor system which
could maintain a constant sample temperature above

2 Certain commercial materials and equipment are identified in this paper in order to
specify adequately the experimental procedure. In no case does such identification imply
recommendation or endorsement by the National Bureau of Standards, nor does it imply
that the material or equipment is necessarily the best available for the purpose.
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room temperature to within 0.1 K for a period of several
days. Below room temperature the sample container
was cooled with a stream of gas from liquid nitrogen;
dry nitrogen gas (warmed) was blown across the beryl-
lium windows to prevent ice formation. Temperature
control was not as good as under these conditions, but
constancy to = 0.1 K could be maintained during the
diffraction scan, which typically lasted about 90 min.

When the sample was inhomogeneous with respect
to thickness or crystallite orientation small adjustments
in the height of the oven above the optical bench were
necessary to keep the same portion of the sample in
the x-ray beam as the temperature was changed. It was
found that an observation of the intensity of the (00/)
Bragg maximum as the sample was moved gave a pro-
file of the inhomogeneities, so that a local maximum or
minimum of intensity could be used as a reference
point at any temperature.

2.2. Samples
a. Tetranonacontane, n-CgsH 99 (mp 387.4 K [13])

This compound was synthesized by Reinhard [13]
and a sample was kindly supplied to us by Dr. John
Crissman,? who had crystallized it from the melt in a
Bridgman apparatus [14] (4 K gradient; drop rate of
0.4 mm/hr). The resulting polycrystalline sample was
found to be highly oriented by examination with an
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FIGURE 1. Differential scanning calorimeter traces of the melting of

(a) n-CyyH 90, as received, (b) n-C,Hyo, (c) n-CssH7,, as received,
and (d) n-CysHzy after purification as described in the text.

The lower temperature peak in n-CsHz, is a solid-solid transition to the hexagonal phase.
Heating rate was 2.5 deg/min in each case.

3 Metallurgy Division, National Bureau of Standards, Washington, D.C. 20234.

x-ray camera having pinhole collimation. The diffrac-
tion spots of the long spacing showed no arcing. A
Differential Scanning Calorimeter (DSC) scan of this
sample —to be called “Cy4 (orig)” —is shown in figure
1(a).

In order to estimate the effect of slit-smearing on
the low-angle d-spacings obtained with the Kratky
camera, part of the n-CysH 199 sample was melted into
a 1.5 mm thin-walled capillary tube and crystallized
with approximately random orientation of the lamellae.
Measurements on this sample will be designated,
“C94 (m C.)”.

Orthorhombic n-Cy4H19¢9 may be obtained by crystal-
lization from dilute solution [12]. Samples were pre-
pared from butyl acetate and from xylene. In the former
case, a 0.06 wt percent solution was very slowly cooled
from 377 K. Precipitation occurred above 350 K. Using
a phase-contrast optical microscope the crystals were
observed to be growth spirals on twinned laths, typi-
cally about ten layers thick. The acute angle between
adjacent (110) faces was found to be 66.3 deg, in agree-
ment with what one calculates for the orthorhombic
unit cell [12]. The sample was separated by filtration,
dried at room temperature under high vacuum and
cut into strips, which were compacted at a pressure of
approximately 400 psi. This produced a semioriented
sample or mat, as was evidenced by examination in the
pinhole camera. The mat was then placed in the steel
holder for subsequent x-ray examination and will be
referred to as “Cgq4 (s. c.)”.

The second solution-grown sample of n-CgsH 99 was
prepared by cooling a 0.2 wt percent xylene solution
from 383 K to room temperature. Crystallization oc-
curred near 340 K. The sample was filtered and dried,
and the mat cut into strips, which were examined with-
out being compacted. This sample was annealed over-
night at 382 K, after which time the lamellar d-spacing
at 382 K indicated that the substance was no longer in
a pure orthorhombic phase. This sample will be desig-
nated “Cy4 (annealed)”.

b. Tetratetracontane, n-C;4Hy (mp 359.6 K [15])

This compound was synthesized by Clark [16] and a
sample was made available to us by Dr. Crissman. A
DSC scan of the original sample is shown in figure
1(b). A 0.34 wt percent toluene solution of the n-C44Hyg,
was prepared and the sample crystallized by cooling
from 329 to 289 K; precipitation began at 312 K. The
toluene was removed by filtration and the crystal mat
dried under vacuum at room temperature for 3.5 days.
For x-ray examination, the mat was cut into strips and
stacked in the steel holder parallel to the x-ray beam.

c. Hexatriacontane, n-C3sH74 (mp 348.7 K [9])

The n-C3sH;4 was obtained commercially with a
stated purity of 97 percent. Measurements were made
on the original material as well as on a sample which
was purified both by’ recrystallization from dilute
benzene solution and subsequent zone refinement for
35 days (15 zones at 7 mm/hr). Both samples were
crystallized from the melt before x-ray examination.
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DSC traces of the original and purified samples are
shown in figures 1(c) and 1(d) respectively. By com-
parison one sees that most of the impurities which
broadened the transitions in the original material have
been removed by the purification scheme.

For the case of n-C36H74 the preparation conditions
were varied in an attempt to determine if there were
any contribution of primary extinction to the intensity
~ changes with temperature. Samples of n-C3sH7y were

crystallized under conditions which should lead to
small and imperfect crystals. One sample was dis-
solved in toluene (0.15 wt %) and quenched by pouring
the warm solution into a container which was at the
temperature of a dry-ice acetone bath. A second sample
was dissolved in ethanol and the solution atomized
into a large beaker of rapidly stirred ice water. Each
of these samples was dried at room temperature and
subsequently ground at the temperature of dry ice.

2.3. Data Treatment

The low-angle x-ray diffraction maxima considered
throughout this article correspond to the lamellar re-
peat distance, which in the case of the n-paraffins is
determined by the length of a molecule.

The d-spacings were obtained from Bragg’s law,
mA=2d sin 6, where 20 was measured from the peak
positions of the primary beam and diffraction maxi-
mum. Because of smearing by the collimator and de-
tector slits, most of the observed peaks were shifted
toward smaller angles by amounts which depended on
such variables as sample orientation and background
intensity. Since the effect of smearing is angle depend-
ent, being smaller at the larger angles, a more accurate
determination of the d-spacings was obtained from the
higher orders. Repeated scans on a given sample at
constant temperature always gave agreement within
0.5 A as long as no phase transformations occurred.

Unless noted otherwise the diffraction intensities
reported are the integrated intensities obtained after
subtracting a smooth scattering background from the
observed intensities. The areas were determined by
means of a planimeter. In cases where the lamellae
were randomly oriented or where considerable void
scattering was present, the location of the background
was somewhat uncertain. However, a log-log plot of
the scattered intensity against 20 usually showed that
a single, nearly linear background could be drawn
under the first three orders of the d-spacing. For a
given sample, the slopes of such lines were also noted
to be independent of the temperature at which the
scan had been made. Backgrounds from the log-log
plots were transferred to linear plots and the areas
then determined. Repeated x-ray scans of any sample
at a given temperature always gave areas which agreed
within 10 percent of each other.

3. Results
In general, the intensity effects we have observed on
these n-paraffins were consistent with what has been

observed in the case of polyethylene [3], that is to say,

372-505 O - 70 - 5

the intensity of the low-angle (00/) maxima increased
substantially with increasing sample temperature. No
broadening of the maxima was observed with the in-
crease in intensities and the effects were found to be
approximately reversible. The (00/) d-spacings of our
n-paraffins showed changes with temperature which
were in part reversible. As will be seen shortly, these
changes reflect the fact that solid-solid phase trans-
formations are taking place in the paraffins at the
higher temperatures of observation.

3.1. Tetranonacontane

The observed diffraction intensity from Cg4 (orig) at
a temperature of 385.2 K—two degrees below its melt-
ing point —is shown in figure 2. Four orders of the low-
angle d-spacing are shown; although, with our equip-
ment six were observable at this temperature. The
first two orders were defined by points taken every
0.00042 rad, the third and fourth orders with half as
many points. There is little uncertainty in the back-
ground for this sample. Integrated intensities and d-
spacings (assumed to be orders of the (001) spacing)
are listed in table 1, as are the half-height widths of
the maxima.

The x-ray diffraction from Cy4 (orig) was determined
at five different temperatures and the observed in-
tensities (with background subtracted) of the (001)
spacing are shown in figure 3. The d-spacing as a func-
tion of temperature is shown in figure 4. It is seen that
both the intensity and the d-spacing vary with tempera-
ture. In table 2 are listed the values of the (001) spacing
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FIGURE 2. The observed x-ray diffraction intensity as a function of

the scattering angle from n-CysH g, as received, at a temperature

of 385.2 K.

The dotted line is the background intensity.
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TABLE 1. Observed integrated intensities and d-spacings for
n-CosHigo (0rig) at 385.2 K
Order m (001) spacing Intensity Half-height
width?
A cts - rad - min—! rad

1 102.6 101.7 0.0015
2 102.4 29.7 .0016
3 102.6 11.3 .0016
4 102.3 4.3 .0017

@ Instrumental half-height width, including the effect of sample thickness, is 0.0014 rad
at the Ist order and 0.0016 rad at the 4th order.

and the integrated intensities of the first (I;) and second
(I,) orders, given in the order in which they were
obtained.

While the data shown in figures 2 and 3 appear to
indicate that this sample of n-CgsH 9 is in a single

1031 -1,), counts/min

012 .014 .0l16e .018
26, radians

FIGURE 3. The observed diffraction intensity, after subtraction of
the background intensity, from n-CysH o (0rig) at the temperatures
shown as a function of scattering angle.

The maximum in 26 corresponds to the (001) spacing.
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FIGURE 4. The (001) spacings (obtained from the second order) of

four different samples of n-CysHo given as a function of tem-
perature.

Several d-values of possible monoclinic phases, M. are marked on the left margin;
the value of the orthorhombic phase, 0, is indicated on the right.

crystalline phase, an examination of the sample in the
pinhole-collimated camera established that this was
not the case. The apparent single first order maximum
could be resolved into two maxima, corresponding to
spacings of 100.2 and 105.8 A, which could arise from
the two monoclinic forms reported by Wyckoff et al.,
102 and 107 A [17]. The first form may be obtained
from the orthorhomic unit cell by translating each
—CHs— unit, in the adjacent molecule along the
a-axis, by four —CH,— units parallel to the c-axis °
[18, 19]. We designate this monoclinic form as May,
where the subscript is the Miller subcell index of
the plane formed by the terminal methyl groups.
Similarly, the second form may be obtained from the
orthorhombic unit cell by translating each —CH,—
unit, in the adjacent molecule along the b-axis, by
two —CHy— units parallel to the c-axis. We designate
this form as Mgy;. It appears then that for this sample
of n-CgosHi90, we could not resolve the individual
monoclinic phases under the conditions of our slit
camera. The calculated values of the (001) spacings of
several possible monoclinic phases are given in table
3 for each of the three n-paraffins under investigation.
They are based on literature values for the ortho-
rhombic phase of each material.
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TABLE 2. Integrated intensities and values of (001 )spacings for n-CysH 4, listed in the order in which they were observed
Cg4 (()I‘ig) (:9.1 (mc)
(001) spacing (001) spacing
T I, I, T I, I,
m=1] m=2 m=1 m=2
cts - rad cts - rad cts - rad cts - rad
K A A min min K A A min min
296.2 104.0 104.0 21 7.5 303.5 101.7 100.3 4.3 1.5
376.3 104.2 104.1 86 28.3 32383 109.1 107.2 Tl 1.9
308.8 105.4 105.2 23 8.7 338.4 109.8 108.2 10.0 3.2
340.9 107.2 107.1 45 16.5 363.0 109.1 108.3 14.6 4.0
376.3 104.6 80 382.7 104.6 103.7 20.7 5.0
385.2 102.6 102.4 102 29.7 362.9 108.5 107.2 14.8 3.7
322.8 108.8 108.5 7.3 1.9
303.4 108.7 108.2 4.7 1.5
Cos (s.c.) 303.4 108.1 107.7 Bl 1.5
271.0 109.0 107.9 4.0 1.1
241.7 108.6 B163
296.0 123.1 121.9 19.8 6.7
268.2 122.9 121.3 19.0 6.4
23183 123.1 12251 18.2 6.0 Cy4 (annealed)
296.1 122.7 20.4
329.7 12,288 121.9 26.5 9.2
338.0 122.3 121.7 28.9 9.7 381.8 109.6 106.9 1990 494
362.6 113.0 110.4 1600 485
331/83 115.8 112.6 1240 404
308.0 116.0 1060
382.9 109.0 2050
386.1 107.7 2030
386.6 106.0

TABLE 3. Calculated n-paraffin (001)-spacings in A (at room

., temperature)
Compound
Phase
”'C236H74 n'C-HH.LJU ﬂ<C94Hnm
Orthorhombic®............... 47.6 [10] | 58.3 [15] 122 [17]
Monoclinic, Mg,y 46.1 56.5 118
Mio.... 45.0 9512 115
Moii.... b42.3 €51.9 109
Mo, 8193 48.1 101
#The orthorhombic spacings are taken from the literature; the monoclinic values are
based on the orthorhombic unit cell with
a=742A, b=495A, and =254 A

Y Ohlberg [21] has observed spacings of 47.60, 42.22, and 39.08 A in hexatricontane.
¢ Ranby et al. [15], have observed a spacing of 52.2 A in their sample of tetratetracontane.

Also in table 2 are reported the results obtained on
. Cgs (m.c.). The intensities, listed in the order in which
they were obtained, are reversible with temperature.
~ The d-spacing of 100.3 A (second order) shows that
. the sample was initially in the Mso; monoclinic phase
~after rapid cooling from the melt. On heating to 323 K

the sample was found to give a second order spacing
of 107.2 A which may indicate a phase transformation
to a Moy, phase. The second order spacings from this
sample are plotted in figure 4. Comparison of spacings
obtained with pinhole collimation, using film exposure,
and with our camera on the same melt crystallized
sample of n-CysHi90 at room temperature show that
these second order spacings are not in error from slit
smearing by more than 0.6 A.

The data taken on Cy4 (s.c.) and Cys (annealed) are
likewise given in table 2. Second order values of the
(001) spacing as a function of temperature are shown
in figure 4 for these samples. For the orthorhombic
Cys (s.c.) an irreversible decrease in the background
intensity occurred on heating to 324 K; although the
sample showed no evidence of a phase change until
it was heated above 338 K.

The (00/) spacings of Cos (annealed) indicated that
a conversion from the initial orthorhombic phase had
taken place upon heating to 381.8 K. (No separate
d-spacing characteristic of the orthorhombic phase
was found.) Although the sample appeared to contain
a mixture of phases, the intensity and value of the

d-spacing were reversible after cooling, as may be

seen by comparison of lines 1 and 5 of the data for
this sample in table 2.
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FIGURE 5. A summary plot of the integrated x-ray diffraction in-

tensity of the (001) maximum at temperature T relative to that at
303 K.

Results on four different samples of n-CyH 4y are shown.

A summarizing plot of the first order diffraction
intensities as a function of temperature from the four
n-CosHigo samples is given in figure 5, where the
intensities are relative to the values at 303 K. The
ratios were obtained from smoothed plots of the
measured integrated intensities, assumed to be con-
tinuous in the temperature range of observation.

3.2. Tetratetracontane

The results of the diffraction scans on n-CisHyo
are listed in table 4 and three of the as-observed scans
are plotted in figure 6. The (001) spacing of the solution
crystallized sample, 51.8 A, is almost identical with
that calculated for the My;; monoclinic phase (see
table 3). When the sample was heated above 333.3 K,
the (001) spacing increased abruptly to about 54.5 A,
showing the presence of a solid-solid phase transforma-
tion. The change in the d-spacing was also accom-
panied by a large increase in its integrated intensity.
Table 3 suggests that the new phase might be an My,
monoclinic. After heating to a maximum temperature
of 356.5 K and then cooling to room temperature, the
primary d-spacing was 58.0 A, showing that most of
the sample had converted to the orthorhombic phase
(d=58.3 A [15]). However, part of the sample trans-
formed again into its original state on cooling as may
be seen from the dashed curve in figure 6.
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FIGURE 6. The observed x-ray diffraction intensity from n-C,;Hyq

at three temperatures as a function of scattering angle.

The dotted line is with the sample initially at a room temperature of 297.2 K; the solid
line with the sample at 356.5 K: and the dashed line again at room temperature, 296.2 K.

TABLE 4. Integrated intensities and values of (001) spacings for
n-Cy4Hgo, listed in the order observed

(001) spacing

T I I
m=1 m=2

K A A cts rad/min| cts-rad/min
297.2 52.2 51.8 39 15.8
313.1 52.1 51.8 40 17.0
333.3 52.2 51.8 43 21.3
352.2 54.8 54.3 128 38.7
356.5 54.9 54.5 173 49.7
347.7 55.0 54.7 145 51.7
33383 56.1 55.9 96 39.2
296.2 58.2 58.0 46 16.6

3.3. Hexatriacontane

Our n-CsHzy samples showed a rather complex
diffraction pattern, especially at higher temperatures.
Figure 7 is a plot of the diffraction scans from a melt-
crystallized specimen of the purified sample taken at
296 and 344 K. The numerous subsidiary peaks to the
left of the primary maximum make integration of the
intensity of the latter uncertain. For this reason, we
report only the peak intensity above the background
in table 5. Very similar results were obtained on both
the purified sample and on the original melt-crystallized
material. Table 5 also gives the peak intensities and
(001) spacings of the quenched n-CzsH7y samples from
toluene and sprayed alcohol solution. The changes in
d-spacing and peak intensity were found to be reversi-

‘Prof. E. W. Fischer (University of Mainz) has suggested that the subsidiary peaks
result from a small number of large crystals which give nonuniform smearing.
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FIGURE 7. The observed x-ray diffraction intensity from purified
n-CasHqy at 344.2 K (solid line) and at room temperature, 296.4 K.,
(dashed line) as a function of the scattering angle.

ble with temperature. Also, the magnitude of the
intensity change was found to be similar to the other
n-CssH7zy samples.

The change in the orthorhombic d-spacing with
temperature, given in table 5, is similar to that reported
by Barbezat-Debreuil [20]. It would appear to be a
result of a partial phase transition to either the Mg, or
M,o; monoclinic phase (or both), such as has been
described by Keller [19].

The melt-crystallized n-C3sH7y4 at room temperature
is in a state very similar to that which n-CssHgy was in
after the latter was heated and then cooled to room
temperature. In both cases the principle maximum is
from the orthorhombic phase but a small part of the
sample is in the My;; monoclinic phase, which in the
case of n-CysHzy Ohlberg [21] has shown to be the
more stable phase. The simultaneous occurrence of
two different phases in a given sample —which has
been observed in all three of our n-paraffins —indicates
some difficulty in the initiation and/or propagation of
the more stable phase. Keller [19] has observed the
presence of all the different monoclinic phases listed
in table 3 as well as several triclinic phases in single
crystals  of  n-CsHz  which  were  originally
orthorhombic.

Our observations indicate that neither the intensity
change with temperature nor the magnitude of the
(00/) spacing is particularly sensitive to the purity of
the n-Cs6Hz.. In contrast to the commonly held point
of view [9, 21, 22] that pure n-CysH7, should crystallize
in the monoclinic form, we found that both our purified
and impure as-received samples (when crystallized
from the melt) were predominantly in the orthorhombic
phase. Moreover the impure as-received n-CjsHzy was
entirely in the My;; monoclinic phase before being
melted. For these reasons we do not consider the phase
or thermodynamic state of this material to be solely

TABLE 5. Peak intensities and values of (001) spacings for n-CzsHz,

listed in the order observed

Original (m.c.)

(001) spacing

T I, I,
m=1 m=2
K A A cts min~! cts min~!
297.2 48.1 2170
342.2 47.0 46.7 5740 1610
329.9 47.9 47.3 5360 1680
297.2 48.1 47.8 2500 900

Purified (m.c.)

297.2 48.0 1540

344.2 45.9 45.8 4580 1370
322.5 47.0 47.0 3160 1050
296.4 47.6 47.4 2220 680

From Toluene
297.2 48.0 47.5 579 148
335.7 47.2 47.1 834 196
345.3 45.9 45.6 1421 226
From sprayed ethanol

297.2 48.1 47.7 237 76
345.4 46.3 46.2 570 138

controlled by the chemical purity of the sample and
suggest that the crystallization conditions and history
of the sample are important factors in determining the
phase observed at room temperature.

4. Discussion

It is clear from the data shown in figures 4, 6, and 7
that most of our n-paraffin systems are mixtures of
the various crystalline phases. However, the generally
observed increase in the intensity of the long-spacing
with increasing temperature also occurred in the pure
orthorhombic phase of n-CysH9 prepared from dilute
solution. This leads us to consider several possible
mechanisms through which the intensity could increase
in a single crystalline phase. The mixed phases will be
discussed subsequently.

4.1. Integrated Intensities and Thermal Vibrations

For a crystalline system composed of units having a
scattering factor F(6p, T) the integrated intensity
1(63, T) for a diffraction maximum from a powder is
given by [6]

1+ cos? 20
sin20y cos O’

I(6, T) =const. |F(6s, T)p 1)
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where 26 is the scattering angle, T the Kelvin tempera-
ture and p the multiplicity of the Bragg reflection at
fp. For the low-angle maxima in our samples p is
constant. Suppose there are a total of L CH, units in
a platelet. Then the scattering factor, F(6, T) for this
platelet is approximately:

F (6, T) Efc elkh r’(T (2)

Jj=0

where ® f.y, is the scattering factor for a CH, unit and
we consider fop, = fop,-

a. Debye-Waller Factor

In the case where the oscillations of the CH, groups
in a paraffin chain are independent and each oscillator
possesses the same mean energy, then one has:

|F (8, T)[>=e2™D|Fo(6, T) |, 3)
The Debye-Waller factor is e 2¥(") and Fy(0, T) is

the scattering factor for the platelet without vibrations.
The quantity M(T) in the Debye-Waller factor [6] is
given by:

M(T)=8x*w*(T) (S”‘ 9) . @

The mean-square displacement of a CH, unit along s is
u?(T). The term u*(T) increases approximately lin-
early with temperature [6, 23] so that one would expect
the intensity of the maxima to decrease with increasing
temperature.

One can estimate an upper bound on #2(T) and
thereby M (T) as follows: Since the bonding is stronger
along the parafﬁn chain than it is perpendicular to it,
uH<ul (where uH is along and u? is perpendlcular
to the chain). Bunn [8] has found that 8m2u? is about
5 A2 at room temperature for the wide angle diffrac-

sin 0)2

A
for the low-angle maxima is about 10-* A-2 for n-
CysHzs and about 10-5 A-2 for n-CyesH g0 at the first
order. Then M (295 K) is about 5X10-* A-2 and
M (385 K) about 7X10-* A-2 at most, so that e=2M(7)
is 1.000 within 0.1 percent over our temperature range
of interest.

tion from crystalline polyethylene. The factor (

b. Thermal Diffuse Scattering

While independent vibrations of the —CH,— units
are considered in the Debye-Waller factor, correlated
vibrations such as occur in long wavelength phonons
in these solids are accounted for in the thermal diffuse
scattering. For discussion on this topic, the reader is
referred to Warren [24] and to James [6].

27 . X N
"k=T:s=s;— 8. 8| =2 sin 0 where &, is the unit vector of the scattered wave, &,

the unit vector for the incident wave: rj is the vector distance from an origin to the jth CH,
unit in the platelet.

Shinomura et al. [5], have attributed the origin of
the low-angle maxima in several polymers to such
correlated vibrations or elastic waves, with a wave-
length of twice the lamellar repeat distance. The mul-
tiple peaks in the intensities were attributed to
harmonics of these waves.

While the intensity of the thermal diffuse scattering
increases with increasing temperature (approximately
linearly for AT much larger than the energy of the
phonons), these maxima are usually broader and
weaker than the Bragg maxima [6]. The first order
thermal diffuse scattering has maxima at angles such
that

2sinf m |
R 5
N dw A ©)

where m is the order of the (001) maxima and A is the

wavelength of the phonon. For a broad distribution of
phonon wavelengths one expects—based on eq (5)—
that the intensity due to these vibrations is scattered
over a wider angular range than the Bragg maximum.
We expect that much of this diffuse scattering is sub-
tracted in our background corrections.

We note that for many solids the contribution of
thermal vibrations to the integrated intensity over the
Bragg maxima is adequately accounted for by the
Debye-Waller factor, i.e., by independent oscillations
of the scattering units. This implies that the con-
tribution of longer wavelength phonons is not a
dominant component of the integrated intensity over
a maximum. The vibrations that affect the thermal
diffuse scattering for a given Bragg diffraction maxi-
mum have a component of their displacements along s
for that maximum. For the low-angle maxima, some of
the relevant vibrations have been studied by Schaufele
and Shimanouchi [25] in their examination of the
Raman spectra of n-CzsHzs, n-CssHgo, and n-CosHigo.
Based on the vibrational frequencies they reported,
we note that a very substantial fraction of the molecules
in these systems are already excited at room tempera-
ture so that we expect no abnormally large contribution
from these vibrations to the integrated intensity. It
is of course difficult to estimate quantitatively the
contribution of all the allowed vibrations to the
intensities.

4.2. Single Crystal Versus the Mosaic Crystal

As discussed in considerable detail by James [6] and
by Warren [24], the integrated intensities for diffrac-
tion maxima of nearly perfect crystals can be substan-
tially smaller than is the case for the ideally imperfect
or mosaic crystalline system. The essential idea is
that rescattering processes in the more perfect
crystalline system lead to wave cancellation, so that
the intensities are no longer simply proportional to the
volume of the irradiated sample. In the mosaic system
this rescattering is interrupted by imperfections so
that the process of wave cancellation is reduced. The
question arises as to whether the systems we have
studied were sufficiently imperfect or mosaic to begin
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with or whether temperature induced defects changed
the degree of perfection.

It was observed that in the solution-grown sample
of n-CosH, 99, most of the growth spirals were no
thicker than 20 layers. Yet this sample still displayed
an intensity change with temperature, which fact
argues against any extinction effects in that sample.
A calculation of the relative intensity of the first and
second orders of the (001) spacing for an unoriented
sample under our camera conditions gives an I»/I; of
0.35, which is the same as that observed for our melt-
crystallized n-CgsHyg9. Since primary extinction
reduces the intensity of the first order maximum to a
greater extent than the second order, we conclude that
this sample did not show extinction effects. Similarly,
the data shown in table 5 for n-CssHzs quenched in
toluene and sprayed from ethanol also shows an in-
tensity increase with temperature. However, such
drastic treatments should surely produce very imper-
fect crystals having no extinction. Based on these
observations, we believe that the intensity changes we
have observed are not dominated by extinction effects.

4.3. The (00l) Structure Factor

Suppose there are NV paraffin molecules in a platelet,
which we have chosen as the unit of structure. Since
the factor ¢ et (M in eq (2) only involves the projection
of rj onto s, for the (00/) maxima, one may sum eq (2)
over molecules, so that one has (in the plane wave
approximation),’

AR ISNE g ©6)

j=0

where n+1=L/N is the number of units in one
molecule.

One may define a molecular scattering factor
F'(6, T) by the relationship F (0, T)=NF'(6, T).
From eq (6), for the orthorhombic crystalline phase,
one has for F'(6, T):

sin [k(sin ) (n+1)x]
sin [k(sin 6)x,]

F, (09 T) :fCHze”{(Sin Qe (7)

where x, is the projection of a CH, repeat distance
onto s (1.27 A). The magnitude of this (00/) scattering
factor agrees with the scattering factor of Miiller for
orthorhombic n-C.9Hgo [11] and of Teare for ortho-
rhombic n-CssHzy [10]. From eq (6), ' (6, T') becomes
for the monoclinic forms of the n-paraffins in the
angular range of our interest,

) sin [k(sin 6) (n+1)x]
sin [k(sin 6)2xy]

(8)

% We replace the distance vector rj(T) with r;(T) for the nonvibrating repeat unit, since
the Debye-Waller factor is negligible at low angles. n
7 In the Fresnel or spherical wave treatment [6], F (6, T) B Ny fenaeiks - xi(T),
sin
j=0

F' (0, T) = (2fcy,)eitGin onz,

const.

where 2x) is the projection of a CoH, repeat distance
onto s. The magnitude of F'(0) given in eq (8) agrees
with the scattering factors observed by Shearer and

Vand [9] for monoclinic n-Cy6H7,.

If we define an interlamellar distance A(T) as
d(T)=(n+1)x+A(T) and limit eqs (7) and (8)

to the Bragg maxima (mA=2d sin 6y), we have:

sin [WmA(]/do] A()

sin [7Tmxo/do ] = fens Xo

|F' (05, T)| = fen, (7a)

for the orthorhombic phase, and,

|F' (65, T) | = (2f o) S LrmAuldu]_ =fen 2 8a)

sin [Tm2xy/d ]

for the monoclinic phase (when d > x).

One notices that for either crystalline phase, the
wave from a single molecule is mostly cancelled and
depends primarily on the interlamellar distance A.
From eq (1), one has

I((}IH Tl)

104, T2) [F’(a,;, Tz)]ﬁg[f‘(”]z. 9)

T F (60, T)) A(T,)

Here we assume the change in 4 with temperature is
much larger than the change in x, since the carbon
atoms are covalently bonded along the chain.

a. Interlamellar Expansion

The question arises as to whether a simple inter-
lamellar expansion with temperature could explain
the intensity effects we have observed. The magnitude
of this effect on I(63, T') may be estimated as follows:
If one assumes that the interlamellar distance expands
approximately as the a-dimension of the subcell
(of the a, b and ¢ subcell dimensions, the a expands
most), then over a 100 K temperature range (e. g.,
240 to 340 K), the expansion is about 0.20 A [26].
Since the excess distance between terminal methyl
groups —the interlamellar distance—is 1.98 A for
the orthorhombic n-paraffins and 2.93 A for the
My;; monoclinic phases [27], then from eq (9), one
estimates that the intensity increase due solely to
interlamellar thermal expansion is no more than
21 percent over this temperature range. The observed
intensity increase over the range 231 <7 <338 K,
shown in table 2, for the orthorhombic phase of
n-CyosHygo is 59 percent. Thus, it appears that the
intensity change with temperature does not result
solely from a simple interlamellar expansion.

Let us now consider additional mechanisms by which
the structure factor and thereby A(7T) can change
with temperature. One point of view for polyethylene
is considered briefly below. As far as the n-paraffins
are concerned, two processes are suggested. The
first, considered in section (4.3b) below, is that of chain
defects or kinks, which lead to vacancy formation on
the surface of the platelet and thereby essentially an
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increase in A. The second, discussed in section (4.3c¢),
is that of a tilting of the molecule via a phase trans-
formation, which also can lead to an increase in A4
trom poorer packing of the methyl groups or possibly
from void formation at the lamellar surface.

The essential idea put forward by Fischer et al. [3],
and by Schultz et al. [28], to explain the temperature
dependence of the intensity of the low-angle maxima
in polyethylene (see fig. 8), is that the lamellar surface
is disordered or amorphous and that the size of this dis-
ordered region increases reversibly with increasing
temperature because of a gain in entropy. According
to their discussion, if the electron density difference
between the amorphous and crystalline regions changes
little with temperature, then the low-angle diffraction
intensity will increase as the size of the interlamellar
region increases. However, we do not consider an amor-
phous lamellar surface, such as described by Fischer
et al. and Schultz et al., appropriate for the n-paraffins
since these systems are known to be polymorphic. For
example, Templin [29] reported three crystalline phases
for n-C3sH74 (observed dilatometrically) above 333 K.
Réanby et al. [15] found two phases in n-C44Hgo. Simi-

I(T)/1I (303)

| | | |

340 360 380
TEMPERATURE, K

400

FIGURE 8. A comparison of the relative x-ray diffraction intensity
from the (001) maximum for three of our samples with data from
the literature on linear polyethylene.

Dashed line, n-C.sHz, (purified); dotted line, n-C,;Hgo cooled from 356.5 K to room
temperature; alternate dash and dot, n-CyH 40 (orig): and solid line, data of Fischer et al.,
on polyethylene |3].

larly, Khoury [18] has observed three forms of n-Cg4Higo
(one orthorhombic and two monoclinic). The differ-
ences among the various monoclinic phases and the
orthorhombic phase for the long-chain n-parafhns is
only in the end-group packing—these systems all
have essentially the same orthorhombic subcell (see
also table 2). Now, if the surfaces of these n-paraffin
lamellae were disordered, crystalline phases which are
different only in end-group packing would not exist,
which is contrary to experimental observation. Thus
we are led to consider models other than an amorphous
lamellar surface to explain the intensity changes.

b. Chain Defects

Due to the almost total cancellation of the wave
scattered from a long-chain n-paraffin molecule for
the (00/) maxima and the sensitivity of the intensity
to the interlamellar distance, there is a mechanism
by which certain types of chain defects can increase
the intensity of these maxima.

The class of defects we are concerned with have
been described by Reneker [30] and more recently
by Pechold and Blasenbrey [31]. Keith and Passaglia
[32] have considered similar chain defects in the form
of dislocations and glide in paraffin crystals (see also
Predecki and Statton [33]). These defects can essen-
tially be considered—in the case of the (00/) low-
angle maxima—as the formation of a point vacancy
at the surface of the platelet and the superposition of
a unit along the chain (fig. 9). Insofar as the lamellae
do not collapse into the surface voids, the point
vacancies lead to an increase in the effective inter-
lamellar distance.

FIGURE 9. Schematic diagram of a paraffin lamella with defects
leading to surface vacancies.

In order to estimate the fraction B(7T) of defect
chains in a platelet, we write the structure factor
F(6, T) so as to include these chains. We assume the
kink formation creates a surface vacancy the size
of one —CH,— unit and that there is only one kink
per defect chain. For the moment allowing each kink
to be in the gth position, then from eq (6) one has:

F(09 T) E]V] (T) 2 fCHz eiks rj,

J1=0
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+N_’(T) [E j-(.“2 eil.'s-r,,—+—f‘(,H2 eiks v, ]

J2=1

n-1
+N‘(T) [E _f('”z ei/cs‘l',_‘—}—‘fcﬂz eiks v, :|’ (10)

J3=0

where there are NV, nondefect chains, and (N.+ N3)
defect-containing chains. We allow for the vacancy
at either the top or bottom of the platelet.

If we assume each platelet in a stack has the same
number of molecules and the defect chains are in
thermal equilibrium with the nondefect chains, then
each platelet has the same number of defect chains.
Since the distance vectors r; from the origin to the
—CH,— units of each chain (with or without a kink

» defect) are projected onto s and since we are only con-
cerned with (00/) maxima, then there is no effect on
F (6, T) of the location of a defect chain in a platelet.
For this reason the scattering factor of every platelet
in a stack is identical and only depends on the con-
centration of the defect chains.

Summing eq (10), one has:

sin[k(sin 0) (n+1)x]
sin[k(sin 6)x]

sin [k(sin 0)nx]
sin [k(sin 0)x]

FO,T, q =Ni\(T) foy,eksin Onx
aF 2N2(T)f(:H2[ei/\( sin@)na

+eik'(2 sin 0)(].1‘] (11)

for the case No=N3.8 We note that |F(6, T, q)|? de-
pends on ¢ and is greatest when the superimposed
group is at the center of a chain and least when near
a methyl end-group.

If instead of allowing every superimposed CH, unit
to be at position ¢ in the defect chain, we allow the
kink to be located anywhere along a chain with equal
probability, then the second expression in eq (11) be-
comes a sum over the positions g. One can then write
eq (11) as:

sin [k£(sin 6) (n+1)x]
sin [k (sin 6)«x]

sin [k(sin 6)nx] 1
sin [k(sin6)x] []+n]

F(0, T) = N, fcy,esin Onz

+2Nofon et On (12)

Defining B(7) as 2N,=B(T)N where (N, +2Ns) =N,
then for orthorhombic n-CysH;yo one has at the first
order Bragg maximum:

F(0s, T) = ™03 ot 0/d)[(1= )4+ B4+ )]

(13)

so that the intensity becomes (c.f. eq (1))

¥ We have taken cos [k(sin #)x] = 1 in our range of 26.

14 cos? 20
sin” 6y cos Op

N2 f2
I(0y, T) = const. % (A+Bx)*p

(14)

If the defect-containing chains are in a Boltzmann
equilibrium with the nondefect chains, then for a
change in integrated intensity of 38 percent—which
is the excess over the contribution due to thermal
expansion estimated earlier—one arrives at an energ
of 4100 cal/mol defects. Reneker has estimated this
energy as 4600 cal/mol defects [30] from steric con-
siderations. We conclude that for the solution-
crystallized orthorhombic n-Cy;Hg the intensity
change with temperature is consistent with thermal
expansion of the interlamellar region and a thermal
generation of vacancies, e.g., via kink formation.

We note that the maximum increase in I(6p, T)
of eq (14) is a factor of 2.6, assuming the size of a
vacancy is 1.27 A. Also the intensity change is en-
hanced if most of the kinks occur at the same position
in the molecules rather than at random along the
chain. This would involve an interaction or coopera-
tive effect with these defects, as for example would
occur in a glide plane. However, the larger intensity
changes found for Cyy (orig.) and Cgy (m.c.) suggest
that possibly additional mechanisms are operating.
One such possibility is considered below.

c. Mixtures of Phases

In view of the fact that all of the systems we have
studied are polymorphic and that in the temperature
range of our observations the systems must be ex-
periencing solid-solid transitions, which can be quite
slow as has been observed by Ohlberg [21], it seems
likely that some of our observed intensity change
is associated with these transitions.

The end-group packing and thereby the interlamellar
distance is different for the various crystalline phases
[27], which fact leads one to expect that the intensity
of the (00/) maxima should change when a system
undergoes a transition. Moreover, if the transition were
not complete or abrupt, so that platelets of one phase
were in contact with those of a different phase, the
intensity change could be enhanced due to further
complications in end-group packing. For example,
the (001) planes in My;; and Msp, monoclinic phases
have different subcell areas, which would lead to a
mismatch of the terminal CHj-groups when these
platelets are adjacent in a stack. This is so even with
good packing of the lamellae. In addition to these
effects, there is the possibility of void formation at
the surface of the lamellae when changes of 2 to 20
A occur in the long-spacings due to a solid-solid
transition. It seems the system might experience
collapse difficulties which could give rise to a sub-
stantially larger interlamellar distance than occurs in
the situation with good end-group packing. An assess-
ment of the magnitude of these effects would indeed
be difficult. However, since the intensity of the low-
angle maxima is so sensitive to this interlamellar dis-
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FIGURE 10.  Schematic diagrams of transitions in stacks of n-paraffin

lamellae with incomplete collapse leading to surface vacancies.

tance, it is plausible that these processes are con-
tributing to the intensity changes observed with
temperature in those samples where phase transitions
are occurring.

We indicate schematically in figure 10 surface
vacancies which might arise from solid-solid phase
transitions. In ficures 10a, b, and ¢ are shown vacancies
which could occur during the transition from the
orthorhombic to the monoclinic phase. In figure 10d
is shown the situation after the transition when the
subsequent collapse is incomplete or for imperfect
packing of end groups. This does raise the question of
the reversibility of the intensity change with tempera-
ture, since one might expect the vacancies arising
from the transitions to occur irreversibly. For example,
Keller [19] and Balta Calleja [34] have observed irre-
versible morphological changes on the surfaces of n-
paraffin lamellae after heating. But, the fact that the
low-angle diffraction intensities change so substantially
in the regions where these systems undergo solid-
solid transitions suggests that they are interrelated.

5. Conclusions and Summary

We have seen that the intensity of the low-angle
x-ray diffraction maxima increases reversibly with in-
creasing temperature for the n-paraffins which we
examined. The magnitude of this intensity change
was found to depend on the structure arising from the
sample preparation (e.g., melt-crystallized versus
solution-crystallized) in the case of n-CysH;90, but was
rather insensitive to physical state or purity in n-
C36Hz4. All the samples experienced solid-solid phase
transitions at temperatures below their melting points.
From the observed (00/) spacings, the transitions did
not appear sharp, as might be expected for a first-
order transition. However, part of the gradual change
in doyy may have resulted from the slow elimination of
microvoids which were generated during the transition.
Since the structure factor of these long-chain molecules
is very sensitive to the interlamellar distance, we were
led to consider temperature-dependent mechanisms
which change this distance. These include: (a) thermal
expansion of the interlamellar distance; (b) defects

which involve a contraction of the chains and give rise
to surface vacancies, such as Reneker defects or glide
planes; and (c) phase transitions leading to poorer
packing of methyl groups in adjacent lamellae or void
formation. The observations for orthorhombic n-CysHig
are consistent with processes (a) and (b). We suggest
that the intensity changes for the remaining samples
can be accounted for by all three processes.

The authors express their gratitude for numerous
helpful discussions with their coworkers and in particu-
lar to John Hoffman for support and encouragement.
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