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Abstract. The erystal structures and molecnlar dynamics of solution-grown and melt-grown
polyerystalline samples of fi-hexatriacontane have been investigated by employing NMR, DSC and
x-ray powder diffraction techniques. All solution-grown samples have the same orthorhombic
structure, while the melt-grown samplies are mixtures of a monoclinic and two orthorhombic
structures. Defect motions of chain ends between all-frans and defect orientations are present in
all crystal modifications at room temperature, but defect orientations have significantly higher
populations in the orthorhombic structure which occurs only in the melt-grown sample.

1. Introduction

Since the first x-rdy studies of n-alkanes were reported by Miiller more than six decades
ago [1-3], other aspects of these materials have been studied extensively [4-22]. Amongst
other things, polymorphism of n-alkanes features prominently in these studies. For example,
no less than seven crystal modifications have either been determined or predicted for n-
hexatriacontane (Cag). Shearer and Vand [7] determined the structure of a monoclinic
lattice, while Ohlberg [8] reported three different long spacings for samples which had
been recrystallized from the melt. Teare [9] determined the orthorhombic structure (01 of
crystals obtained from a saturated solution of Csg in petroleum ether. Sullivan and Weeks
[12] observed 00£ reflections for an n-alkane sample crystallized from the melt and identified
four monoclinic modifications. These polymorphic forms were labelled My2, Mig1, Mot
and Mgg;. The latter structure is derived from the OI structure by translating each -CH,—
unit, in the adjacent molecule along the & axis, by four —~CHp— units parallel to the ¢ axis.
The subscript is the Miller subcell index of the plane formed by the terminal methyl groups.
Similarly Mp;; may be obtained from the oI unit cell by translating each —CHj— unit, in the
adjacent molecule along the b axis, by four ~CHa— vnits parallel to the ¢ axis. Nyburg and
Potworowski [13] predicted a triclinic structure which has pot yet been observed. Boistelle
et al [14] and Kobayashi et al [15,16] reported a different orthorhombic structure (o)
consisting of monoclinic layers, one layer being related to the adjacent one by a twofold
rotation about the [001] axis. This structure was grown from dilute petrcleum ether solutions
and is a polytype of the My, structure. The crystallographic parameters of these structures
are summarized in table 1.

The main purpose of the present x-ray, NMR and DSC study of Csg is to compare the
structures, composition, phase transitions and motions of chain ends of solution-grown and
melt-grown samples of Csg. In addition, the effects of supersaturation and undercooling on
the composition of samples have been investigated.
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Table 1. Cell parameters of the polymorphic forms of Cys. Values between parentheses refer
to the present study.

a b e g Vichain

Phase  Space group z A A A e AH Reference

ot Pca2 4 142 496 9514 90 875 [1

oI Pbecnor Pbca 4 740(730) 558 8460 90 873 [15]

Mozt P2ija 2 512 742 4835 1044 873 [12}

Miop P2 /a 2 TR4 496 4835 1089 873 12

Mon  P2i/a 2 557 742 4835 1191 873 [7

Moot P2 /a 2 (3.85) (496) 4835 1242 875 present study

2. Experimental details

The starting material for all the samples used in this study was a research-grade
polycrystalline sample of Cj supplied by Fluka. The stated purity of the sample was
>99%. Sample A was recrystallized from a saturated solution of Css in Cg by decreasing
the temperature at a rate of ~1.5 K h™! from 318 K to room temperature (294 K). The
method of preparation of samples Al, A2 and A3 was similar to that of sample A, except
that the temperature was decreased at a very fast rate by immersing the test tube with the
saturated solution at 318 K, 340 K and 348 K, respectively, in water at room temperature.
All samples were evacuted after preparation,

Two samples were recrystallized from the melt. In both cases the temperature was
increased to a few degrees above the meiting point and then decreased at a rate of ~5 K
min~! (sample B) and ~1 K h™! (sample B1). The preparation methods are summarized
in table 3.

All x-ray powder diffractograms were recorded on a Seifert MZ IV diffractometer with
Cu K radiation and an Ni filter. An accelerating potential of 40 kV, a filament current of
35 mA and detector slits of width 0.01 mm were used.

DSC thermograms were recorded with a Standton Redcroft DSC700 instrument. The
samples were heated at a rate of 1 K min~! in open aluminium pans in a nitrogen atmosphere.

Experimental proton second moments, M», were obtained as a function of temperature by
using a Spin Lock continuous-wave spectrometer operating at 20 MHz. Signal averaging and
corrections for finite modulation amplitudes were made on a personal computer interfaced to
the spectrometer. The average of up to five spectra was obtained at each temperature. The
proton spin-lattice relaxation times in the laboratory frame, 71, were measured at 75 MHz
on a home-made pulse spectrometer by applying a train of sixteen closely spaced 90°
saturating pulses, followed at a variable time interval T by a single 90° measuring pulse.
The same saturation method was used in measuring the proton spin-lattice relaxation time
in the rotating frame, Tj,, as a function of temperature. In this case the saturating pulse
train was followed after about 0.573 by a 90° RF pulse. This pulse was then followed
immediately by a second RF pulse of width v which was 90° phase shifted with respect to
the first pulse. 7j, values were obtained from the slopes of semi-log plots of magnetization
versus T graphs, where T was the length of the 90° phase shifted pulse. The relaxation of
the magnetization in sample B was found to be slightly non-exponential, but two relaxation
times could be isolated from the data only over a relatively narrow temperature region
(3 k™! < 1000/T < 4 K~1) by using the equation

M -7 —
7 {QGXP (ﬂps)“"(l—Q)exP(}l—ﬂ)} D
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where My and M are the magnitization at 7 = 0 and ¢ = 7, respectively. Tj, and Ty, are
the short and long relaxation times, respectively. @ is the fraction of the protons relaxing
at the faster rate,

3. Results

The x-ray powder diffractograms for samples A and B, covering the 26 ranges 3° to 9° and
20° to 26°, are shown as a function of increasing temperature in figures 1 and 2, respectively.
The d spacings associated with some of the diffraction peaks are plotied as a functlon of
temperature in figure 3. -

Intensity {(Arbitrary Units)

Intensity {Arbitrary Units)

J\ JL

3 4 5 20 2 22 23 24 25 26
26 (Degrees) 26 (Degrees)

Figure 1. Observed diffractograms for the solution-grown sample A as a function of temperature.

Using the cell parameters listed in table 1, the published atomic coordinates [7,9, 14—
16] and the powder diifraction program RIETVELD [23,24], diffractograms of the known
crystallographic modifications of Cis were simulated. These diffractograms are shown in
figure 4 for the same 20 ranges shown in figures 1 and 2.

The DSC thermograms are shown in figure 5. Sample A has a solid—solid transition at
~347 K and a melting transition at ~349 K. The shoulder on the low-temperature side of this
transition was also observed by Takamizawa ef @/ [25] and attributed to a transformation
to the rotator phase through an intermediate phase. Sample B exhibits two solid—solid
transitions at ~337 K and ~350 K. The former trangition is relatively weak.

The temperature dependences of 77 for samples A and B are similar, both reaching a
minimum of ~0.4 s in the vicinity of 150 K (figure 6), but the curve for sample A is shifted
towards lower temperatures. T, for sample A, shown in the same figure, reaches a minimum
of ~13 ms at f ~3.2 K~1, where 8§ = 1000/T. In the region 3.0 K™! < 8 < 4.0K™! two
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1]

Intensity {Arbitrory Units)
Intensity (Arbitrary Units)

20 21 22 23 24 25 26
26 (Degrees) 20 {Degrees)

Figure 2. Observed diffractograms for the melt-grown sample B as a function of temperature,
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Figure 3. Temperanue dependence of a number of selected d spacings,

relaxation times were obtained for sample B. The minimum of the longer relaxation time
coincides with that of sample A, while the minimum of the shorter relaxation time is more
than a factor of two deeper. In the vicinity of 8 = 4.2 K~! T}, for sample B is noticeably
shorter than that for sample A. This deviation is most probably due to the fact that two
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Figure 4. Simulated diffractograms for the different crystal modifications of Cag. Arrows at the
top of the diagrams indicate observed diffraction peak positions for the solution-grown sample
A, while arrows at the bottom indicate diffraction peak positions for the melt-grown sample B.

relaxation times could not be isolated and therefore the single observed relaxation time lies
somewhere between the true long and short relaxation times,

The proton second moments for samples A and B are shown as a function of temperature
in figure 7. For both samples M, remains constant at ~28 G2 (1 G = 10™* T), the calculated
value for rigid chains and reorienting methyl groups, between 150 K and 240 K. Above
340 K M, drops sharply to a value compatible with that of a liquid. Between 240 K and
340 K M; for sample B is noticeably smaller than for sample A.

4. Discussion

4.1. Hentification of the polymorphic structures

The observed diffraction peak positions for samples A and B are indicated by arrows in
figure 4. A comparison of these peak positions with the simulated diffractograms, shown
in this figure, reveals that sample A has the OII structure.

From the low-angle diffractogram of sample B (figure 2} it is clear that after melting and
recrystallization, at least three different long spacings are present. A mixture of 01, oIl and
Mazg; explains all the features of the observed low-angle diffractogram at room temperature.
The agreement between the simulated diffraction peaks of these structures and the observed
high-angle diffractogram is satisfactory. The only difference occurs in the region of 24°
where the observed splitting of the 200 orthorhombic and 020 monoclinic peaks is larger
than predicted by the simulations.

The temperature dependence of the 006 and 200 peaks of the OI structure is shown
in figure 3. The ¢ cell dimension at room temperature is in excellent agreement with
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Figure 5. Dsc thermograms of solution-grown sample  Figure 6. Spin—lattice relaxation times in the laboratory

A and melt-grown sample B. and rotating frames as a function of inverse temperature.
Selid lines are best fits of equations (2} and (4) to the
experimental data.

the published value ¢ = 95.2 A [9] for the oI structure. The NMR results, which are
discussed in the next section, show that the sharp decrease of ¢ and the sharp increase
of a with increasing temperature are related to jump motions of chain ends between all-
trans and defect orientations. With increasing temperature defect orientations become more
populated, resulting in the shortening of the ¢ cell dimension and the lengthening of the
a cell dimension to create more space in the gb plane. The observed ¢ cell dimension
of 85.2 A for the OIf structure at room temperature agrees well with the reported value
of 84.6 A [15]. The ¢ cell dimension is within experimental uncertainty independent of
temperature, implying that defect motions play a less prominent role in this structure. The
a cefl dimension will also be less temperature dependent than that of OL The peak at ~24.3°
(shorter a axis) is therefore assigned to the 200 refiection of the OI structure, This peak does
not show the drastic shift towards lower 26 angles with increasing temperature observed
for the 200 peak of the OI structure. The dogs spacing of the Myy structure is equivalent
to a long spacing of 40.5 A, in close agreement with the value predicted by Sullivan and
Weeks [12]. This spacing is also independent of temperature and most probably the 200
peak of this structure coincides with that of the Ol structure. The cell dimensions obtained
from the present study are included in table 1.

The calculated diffraction profile for a mixture of OI, OI and Myy; was fitted to the
experimental diffractogram at 294 K between 3° and 9° by treating the relative fractions of
the three phases as variable parameters. It was found that ~37% of sample B consists of
oI, while oI1 and My, contribute ~8% and ~55%, respectively.

4.2. Molecular dynamics
The proton 77 minima of samples A and B are associated with threefold reorientations of
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Figure 7. Proton second moments as a function of  Figure 8. Fraction of protons in the melt-grown sample
femperature. B relaxing at the faster rate as a function of inverse
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methyl groups. The relaxation rate for such reorientations is given by [26]

T, 4z,
Tl = 22AM. ( — ¢ 2
Ll a2 Ry o @

where
Tp = Ty exp(E/RT) )

and wg and AM; are the proton resonant frequency and the proton second moment reduction,
respectively.

Table 2. Motional parameters associated with some of the phases of Csg.

E AE T AM
Sample Structure  Motion (I mol™!} @I moll)  (s) GH
Solution grown on methyl 10.0£0.5 - (B.5£0.2x10°83 15402
(A) defect 4643 . 7.6+10 (3.5£0.2)x10~14
Melt grown o methyl 11.040.5 -— @4.5:02)x10°8 15402
®) defect 3645 49410 (6.24:0.2)x 1013
Mag; methyl 11.0£0.5 — (43520210713 1.5+02

defect 4643 7610 (3.5£0.2)x10"14
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Best fits of (2) to the experimental data are shown as solid lines in figure 6. 1t is clear
from the motional parameters listed in table 2 that the threefold motion of methyl groups
is slightly less restricted in the solution-grown OI sample than in the melt-grown sample.
The second-moment reductions of 1.50.2 G? obtained from the fits are in agreement with
the calculated values of 1.34 G2 for an isolated methyl group.

The T;, results for both samples can be divided into two regions as far as molecular
motions are concerned. For 8 »>4.5 K~! the dominant relaxation mechanism is the threefold
reorientations of methyl groups, while at higher temperatures defect motions of chain ends
are the major mechanism modulating the dipolar interactions. Basson and Reynbardt [19]
have shown that chain ends of n-alkanes (22 < n < 41) jump between all-trans and gauche
defect orientations at temperatures even below the transition to the rotator phase. The
potential minimum for the all-trans orientation is lower than that of the defect orientation,
the energy difference being AE and the barrier height E. For this system the spin-lattice
relaxation rate in the rotating frame is given by [27]

T, = y*AM;

Te 5 A 2 Te
+3 3 4
(1+a) (1 + 4wl ®1+wic? 57 +4w§r§) @

where ; is the rotating field strength and
a =exp{AE/RT). 5)

Here AM, is the second moment reduction if AE = 0. For Cag such a jump motion between
an all-frans and a single defect orientation at each end of the chain yields AM; ~ 1 G%
The probability that a chain is in the defect orientation is given by

(6)

The best fit of (4) to the T1, data for sample A is shown as a solid line in figure 6. The
energy difference AE =~ 7.6 kJ mol™! is in close agreement with values obtained for other
n-alkanes [19]. From (6) it follows that defect orientations are occupied ~25% of the time
at 340 K.

Since sample B is a mixture of three polymorphic structures, the protons in each of the
structures form a separate spin system. Therefore, the magnetization could relax at three
distinct rates. However, since a relatively small fraction of the sample is in the O phase
(~8%), it is assumed that only the relaxation rates of the oI (~40%) and Mz (~60%)
phases were obtained from the measurements.

Figure 8 shows the temperature dependence of @ in (1) over the limited temperature
range where the two components could be isolated with confidence. For this system of
two non-interacting spin systems, @ is the fraction of the sample relaxing at the faster
rate (shorter relaxation time). From the figure it follows that ~40% of the protons in the
sample relax at the faster rate in the vicinity of room temperature, which agrees well with
the estimated fraction of the sample belonging to the OI phase. The longer relaxation time
is therefore associated with the Magy phase.

As explained above, the two relaxation components could not be isolated in the region
g =40 K for sample B and the measured values in figure 6 were obtained by fitting
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one term of (1) to the data. The deviation of the relaxation curve for sample B from
that of sample A in the vicinity of 8 = 3.6 K~! is ascribed to this method of obtaining
the relaxation times from the data. Fits of equation (4) to the two sets of relaxation data
therefore excluded this temperature region. The motional parameters obtained from these
fits are listed in table 2.

The proton spin systems in the Ofl (sample A) and Moy (sample B) structures relax
at the same rate in the region where defect motions are effective in influencing 77,. This
result is to be expected since chain packing in the layers of the Off structure and the Mg
structure is similar.

The sharp decrease in the ¢ cell dimension of the oI phase of sample B is due to the
presence of a number of highly populated defect orientations near the chain ends. The
corresponding increase in the a cell dimension is attributed to the extra space required by
the defects in that direction. For defect motions in this phase AE ~ 4.9 kI mol™!. From
(6) it follows that defect orientations are occupied for ~40% of the time at 340 K, implying
that the populations of the defect and all-frans orientations are almost equal.

The temperature dependence of the proton second moments {figure 7) confirms the
interpretation of the x-ray and spin-lattice refaxation results. The lower second moment
of sample B above room temperature is due to the higher jump rate between all-zrans and
defect orientations in the OI structure, resulting in a more effective reduction of the proton
second moment [27],

4.3. Crystallization kinetics

With a view to obtaining some information about the effect of the cooling rate on the
composition of the samples, the cooling rate for samples crystallized from the melt and
from solution was varied, as described earlier (table 3).

Table 3. Preparation methods and composition of Css samples.

Sample Method Initial temperature (K)  Cooling rate Composition
A Solution grown 318 ~15 Kh! o (100%)
Al Solytion grown 318 >20 ¥ min™! on (90%)
o1 (H0%)
A2 Solution grown 340 »20 Kmin~!  on (100%)
A3 Solution grown 348 >20 K min™! o (100%)
B Melt grown 350 ~5 K min~! o1 (37%)
or {8%)
Mzo1 (55%)
Bl Melt grown 350 ~1 K h! o1 (39%)
on (49%)
M2 (12%)

The diffractograms of samples Al, A2 and A3 (fast-cooled saturated solutions) show
that thesé solution-grown samples, like the slow-cooled sample A, consist of only one phase,
viz. OIL. The only exception is sample Al, which contains a small fraction of OI. Therefore,
it seems that supersaturation, with Cg as a solvent, does not play an important role in the
sample composition. .

On the other hand the composition of the melt-grown samples is strongly dependent
on the cooling rate. A comparison of the diffractograms of samples B and Bi, shown in
figure 9 for the lower 2@ range, shows that the fraction of the samples which is in the oI
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Figure 9. Diffractograms for samples grown from the melt at different cooling rates. Sample B,
bottom trace; sample Bl, top trace.

phase remains almost constant. However, a lower cooling rate results in a dramatic increase
in the oO fraction of the sample at the expense of the Mg fraction. The reason for this
behaviour is not clear, but the possibility that one of the samples was supercooled cannot
be ignored.

4.4. Phase transitions

Figure 2 shows that the My phase of sample B disappears in the vicinity of 340 K. The
temperature dependence of @ (figure 8) also reveals that the fraction of protons belonging to
the Map; phase decreases with increasing temperature above 250 K. This is the temperature
region in which defect orientations are populated up to 25% of the time in this phase. As
the defect orientations become more populated, the Mg structure transforms gradually to
the oI structure. The weak DSC transition at 337 K could be the transition of what is left of
the Mg modification to the OI structure. It is therefore expected that the 00£ peaks of the
0Ol structure should grow in intensity with increasing temperature above room temperature,
in agreement with the cbserved diffractograms shown in figure 2. Sullivan and Weeks [12]
also observed an increase in the intensities of the 00¢ diffraction peaks in a sample similar
to sample B and attributed the phenomenon to the thermal expansion of the interlamel]lar
region and thermally generated vacancies, e.g. via kink formation. It has already been
shown that kink defects are indeed created in the temperature region under consideration in
the oI structure. It is concluded that these factors and the expansion of the OI phase at the
expense of the Mpg; phase jointly contribute to the increase in intensity of the OI structure
at higher temperatures.

it is well known that n-alkanes transform inte a rotator phase a few degrees below
the melting point. Ungar [28] showed that shorter n-alkanes, such as Cp3 and Cas, reach
perfect hexagonal symmetry in this phase. However, recent work by Ungar and Masic [29],
Dorset ef af [30-32] and Sirota et al [22] revealed that a nuinber of phase transitions can
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occur within the rotator phase and that in some of these phases the chain packing results
in distorted hexagonal lattices. In the rotator phases the chains rotate about their long axes
and defect orientations are heavily populated [17-19]. The x-ray diffractograms for Cag
show that at 348 K neither sample A nor sample B is hexagonal, but the sharp reduction of
the proton second moment at high temperatures suggests that the chains rotate about their
long axes. This behaviour could be explained by the observations of the above-mentioned
researchers.

5. Conclusions

The monoclinic structures and the OII structure, which is a polytype of the My;; moneclinic
structure, have lower total energies than the OI structure. If crystallization takes place from
a saturated solution, the OI structure is formed. If crystallization takes place from the
melt, the chain ends are mostly in defect orientations and the OI structure with the higher
total energy grows faster than the monoclinic structures which favour straight chains. If
the temperature of a melt-grown sample is increased, defect orientations are introduced and
the monoclinic structures transform to the oI structure. The OI structure is metastable and
should transform to OII or the monoclinic structure with the lowest energy as a function of
time at room temperature. Ohlberg [8] found that a melt-grown sample of Csg still showed
polymorphism after a few years, but one of the phases had grown relative to the others.
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