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ABSTRACT: A combination of differential scanning calorimetry and solid-state CP/MAS 13C NMR studies
of pure n-C36H74 (hexatriacontane) were carried out to evaluate its thermal behavior in the solid state
with increasing temperature. Three different modes of crystallization were used, and particular attention
was given to the NMR behavior relative to the pseudohexagonal transition. Peak sharpening due to
increased molecular motion and chemical shift changes characteristic of increasing populations of gauche
conformations near the chain ends were observed below the pseudohexagonal transition. These
observations confirm a gradual increase in the conformational mobility of segments near the crystal surface
with increasing temperature. The interior methylenes, however, maintain their all-trans conformation
up to the transition to the pseudohexagonal phase at 72.6-72.7 °C. The combination of techniques
employed clearly confirmed the occurrence of premelting (defined as the disordering of chain-end segments)
at ca. 15-20 °C below the melting point, depending on sample treatment.

Introduction

The n-alkanes exhibit a variety of different crystalline
structures and transitions between those forms. This
not only is true for the different alkanes but also occurs
within a given species. The specifics of the transitions
in a given molecule depend on the mode of crystalliza-
tion. Another characteristic of the fusion of the n-
alkanes is the disordering of the units in the end
sequences at temperatures well below the melting
temperature of the compound. As a consequence of this
disruption, the planar array of end groups, typical of
molecular crystals, is destroyed. We shall designate this
process as premelting. It needs to be distinguished from
other phenomena that have also been given the same
terminology.1 Direct evidence for this type of premelting
has been demonstrated by solid-state NMR measure-
ments2-6 and vibrational spectroscopy.7-11 In addition
to these direct observations of premelting, there are a
set of other experimental observations that are consis-
tent with and most easily comprehended by this phe-
nomenon.1 These include, among others, thermody-
namic properties, X-ray scattering, electron diffraction,
lattice expansion, and neutron scattering. A summary
of these results can be found in ref 1.
A particular crystal-crystal transition that is found

in some of the n-alkanes is of special interest. In this
case, either an orthorhombic or monoclinic crystal
structure is cooperatively transformed to a pseudo-
hexagonal structure, often termed “the rotator phase”.12
The transition to the pseudohexagonal phase is only
observed in odd carbon numbered chains between C9H20
and C43H88 and in even carbon numbered ones between
C22H46 and C40H82. The NMR and vibrational spectro-
scopic studies that have been made in the pseudo-
hexagonal phase demonstrate quite definitely that the
end-group sequences are disordered in this state. These
experimental data also suggest that the temperature
for the onset of chain disordering of end sequences is

below the actual temperature for the transition to the
hexagonal form. However, the experimental data are
not definite on this point. If this were in fact the case,
then the end-disordering process could serve as the
precursor or “trigger” for the transition to the hexagonal
phase. Since the experimental results are not clear on
this important point, further studies to clarify this
matter appear to be in order. Consequently, we report
the results of a CP/MAS 13C NMR study as a function
of temperature, accompanied by differential scanning
calorimetric data, of n-hexatriacontane. This compound
displays an established and well-defined pseudohexago-
nal transition. Samples crystallized by three different
methods were studied. Small temperature increments
were used in the vicinity of, and through, the transition
regions.

Experimental Section
The n-hexatriacontane sample was purchased from Fluka

and purified by recrystallization from a 4% butyl acetate
solution. Mass spectra analysis of the recrystallized sample
showed that no impurities were present with masses differing
from that of n-hexatricontane. (We wish to thank Prof. Alan
G. Marshall of Florida State University for the mass spectra
analysis.) Although the mass spectra cannot rule out isomeric
impurities, the synthetic method normally used for making
these compounds precludes this possibility. More importantly,
no evidence was obtained from NMR indicating a branched
site carbon. This method of purification was successfully used
by Barnes13 to remove an impurity in a lower molecular weight
alkane. In VanderHart’s classic solid-state 13C NMR study of
n-alkanes, the samples were purified either by recrystallization
or by zone refining.14 There is the clear implication in this
work that the same 13C NMR results are obtained by either
purification method. The evidence cited above demonstrates
the purity of our sample in terms of the physicochemical
measurements of interest here.
Samples for evaluation were prepared using three crystal-

lization procedures: (i) rapid crystallization from the pure
melt; (ii) rapid crystallization from a propyl acetate solution;
and (iii) slow crystallization from a propyl acetate solution.
Treatment (i) was carried out either by melting the sample in
an NMR rotor and transferring the rotor to an ice water bathX Abstract published in Advance ACS Abstracts,May 15, 1996.
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or by quenching from the melt onto an aluminum plate.
Treatment (ii) involved dissolving the sample in propyl acetate
and plunging the flask containing the solution into an ice water
bath. In treatment (iii), after dissolution, heat was removed
from the oil bath and stirring continued as the solution slowly
cooled to room temperature. In both solution treatments, the
resulting precipitate was collected, washed with water, and
dried in vacuo at ambient temperature for more than 24 h.
DSC meaurements were conducted on a TA Instruments

Model 2920 thermal analyzer operating in conventional mode.
The calorimeter was calibrated with indium. Samples were
heated at 0.5 °C/min. Thermograms were processed on-line
using a TA Instruments Thermal Analyst 2100 and off-line
using Origin15 on a 486 microcomputer. Samples were sealed
in hermetic pans, and all measurements were conducted under
a nitrogen atmosphere.
Solid-state 13C NMR spectroscopy was performed on a

Bruker MSL-400 spectrometer operating at a field strength
of 100.043 MHz for carbon. Carbon data were acquired using
magic-angle spinning with cross-polarization (CP/MAS) and
high-power proton decoupling (HPD) during signal acquisition.
CP/MAS experiment times were shortened through the use of
a flipback pulse (negative 1H 90° pulse). 13C chemical shift
values were referenced to the upfield shift of adamantane at
300 K (29.5 ppm). The sample spinning rate was maintained
at ∼3000 Hz. A standard 4 mm double-air-bearing Bruker
CP/MAS probe was used for the experiments. Drive and
bearing pressures were held constant at 150 and 1160 mbar,
respectively. A Bruker VT-1000 controller was used to regu-
late probe temperatures to (0.2 °C. The probe temperature
readings were calibrated using ethylene glycol.16 Samples
were allowed to equilibrate for 20-30 min at each temperature
before spectral data were acquired. Data were processed off-
line using SpectraCalc17 and SC NMR, a SpectraCalc Array
Basic program written in-house for analyzing NMR data files
on 486 microcomputers,18 and Origin.

Results and Discussion
DSC. The thermograms for samples generated by

slow crystallization from propyl acetate (NQ), by rapid
crystallization from propyl acetate (Q), and by rapid
crystallization from the melt by quenching on an
aluminum plate (M) are shown in Figure 1. These
samples were analyzed at a 0.5 °C/min scan rate on the
TA Instruments 2920 thermal analyzer. The NQ and
M samples are similar in that they both show four
distinct transitions: melting at 74.8-74.9 °C, the

pseudohexagonal (or “rotator phase”) transition at 72.6-
72.7 °C, and two small endothermic transitions at 70.7
and 71.9 °C in the NQ sample and at 69.9 and 70.7 °C
in the M sample. The Q sample shows three distinct
transitions: melting at 74.8 °C, pseudohexagonal tran-
sition at 72.6 °C, and a broad low-temperature transi-
tion that has a peak at 71.6 °C. The highest overall
transitional enthalpy (as measured by the total peak
area for all the transitions) is displayed by the NQ
sample (270.4 J/g). This is followed by the Q sample
(269.5 J/g) and the M sample (250.2 J/g). Our thermo-
grams in the temperature region of the “rotator phase”
and the melting transition are identical, in terms of
transition temperatures and endotherm shape, to that
reported by Sullivan and Weeks.19 The latter investiga-
tors used both recrystallization and zone refining to
purify their sample of n-hexatriacontane. The essential
identity of results between the two works indicates the
high purity of the sample studied in this work.
Low-temperature endothermic peaks representing the

solid-solid transition from one monoclinic polymorphic
form to another or from a monoclinic to an orthorhombic
structure are commonly observed in n-alkanes.19,20 It
has been established that very pure samples are re-
quired in order to observe the monoclinic form.21 Thus,
our observation of the monoclinic form further attests
to the high purity of the sample studied here. The
thermogram in Figure 1a for the melt-crystallized
sample is very similar to that reported by Möller et al.4
for melt-crystallized hexatriacontane as well as other
reports in the literature for this compound.20 The DSC
thermograms in Figure 1 will serve as a guide in the
analysis of the 13C spectra.

13C NMR. The 13C solid-state NMR spectra of the
three hexatriacontane samples that were studied are
given in Figures 2-4. The features that are common
to all these samples will be considered first.
The all-trans methylene peak (32.9 ppm) displays a

slight narrowing with temperature as the pseudo-
hexagonal transition is approached. Upon entering the
pseudohexagonal phase, the peak suddenly narrows and

Figure 1. Thermograms of different sample treatments of
hexatriacontane.

Figure 2. 13C VT-CP/MAS NMR of melt-crystallized (sample
M) C36H74.
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shoulder peaks are revealed on either side. These
correspond to the γ, δ, and ε peaks (fourth, fifth, and
sixth carbons from the end of the chain, respectively).
The shoulders remain evident up to melting. Upon
melting, all of the peaks in this region disappear. Cross-
polarization remains strong at all temperatures below
melting, indicating that the sample is still more rigid
than in the molten state. Table 1 compares the CP/
MAS chemical shift values obtained experimentally for
the NQ, Q, and M samples with HPD/MAS chemical
shift values published by Möller et al.4 The difference
of ∼1 ppm between Möller’s4 values and the values in
Table 1 is due to the use of an alternative chemical shift
referencing technique.

As is indicated in Figures 2-4, noncooperative proc-
esses, in which carbon populations gradually move from
one discrete environment to another, take place for the
methyl carbons at temperatures below any of the
transitions observed by DSC. For C36H74, the process
involved is a transition from a crystal-bound methyl
(15.2 ppm) to a γ-gauche deshielded methyl (14.4-14.8
ppm) which has been partially excluded from the crystal
matrix. With increasing temperature, the 15.2 ppm
peak gradually decreases as the 14.4 ppm peak in-
creases in intensity. These processes are seen to occur
over the broadest range of temperatures for the M
sample (from room temperature up to 71 °C) and over
the narrowest range for the NQ sample (from 66.3 to
70 °C). The presence of two distinct chemical environ-
ments for the methyl carbons is a strong indication of
the disordering of chain-end sequences in the crystals.
The closeness of the chemical shift of the upfield methyls
in the surface-disordered phase (14.5-14.7 ppm) to the
pseudohexagonal/melt chemical shift (14.4 ppm) is an
indication of high mobility at temperatures significantly
below the melt and of already having reached a state
where the methyls experience virtually the same ratio
of trans/gauche states as they do in the melt. If we
assume that there is a linear correspondence between
chemical shift and liquid- or melt-like behavior (based
on a corresponding change in nuclear environment),
then these methyls can be said to be 63-88% liquid-
like or melted.
Figures 2-4 show quite clearly that the sharpness

and/or intensity of the R-CH2 peak begins to increase
at temperatures below that of the transition to the
pseudohexagonal phase. The sharpness and/or inten-
sity of the R-CH2 peak below the pseudohexagonal phase
appears to be directly proportional to the amount of
conformational disorder on the crystal surface. This
peak is almost buried in the spectral noise for the NQ
and Q samples. The M sample, on the other hand,
displays a rather clear peak from room temperature up
through the melt. This is consistent with greater
disorder at the R-CH2 position for this sample than for
the other two. The same argument can be applied to
the internal-CH2 region (30-35 ppm).
We can now consider aspects of the spectra charac-

teristic of each different mode of crystallization. The
VT-CP/MAS NMR results (Figure 2) for the M sample
show two methyl peaks from room temperature up to
about 70 °C. The downfield crystal-entrained peak (15.2
ppm) slowly decreases in intensity and disappears
completely before the pseudohexagonal transition. The
upfield γ-gauche peak (14.8-14.4 ppm) slowly increases
in intensity and remains apparent until melting. The
presence of the γ-gauche CH3 peak at room temperature
is indicative of a high degree of end-group disordering
for this sample at relatively low temperature.
The R-CH2 peak (25.0 ppm) displays greater intensity

and sharpness in the M sample than in the solution-
crystallized samples at temperatures below the
pseudohexagonal transition. This peak moves upfield
with increasing temperature, from 25.1 ppm in the rigid
crystalline phase to 24.4 ppm in the premelt to 24.0 ppm
at the transition to the pseudohexagonal phase, and
another shift to 23.3 ppm in the melt.22 This shift is a
product of increasing γ-gauche interactions due to
greater availability of gauche conformations at the
lamellar surface. The smaller upfield shift of the R-CH2
peak in this temperature region, as compared to the
changes observed in the methyl carbon, is due to the

Figure 3. 13C VT-CP/MAS NMR of quickly solution-crystal-
lized (sample Q) C36H74.

Figure 4. 13C VT-CP/MAS NMR of slowly solution-crystal-
lized (sample NQ) C36H74.
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greater degree of lateral chain motion out of the crystal
lamella that is necessary for this carbon to experience
the γ-gauche effect.
Plots of R-CH2 peak width at half-height vs temper-

ature were constructed to examine trends in line shape
for each of the crystallization modes. The data for the
melt-crystallized sample and the one slowly cooled from
solution are given in Figure 5. Since the R-CH2 peak is
very broad at low temperatures, accurate measurement
of its width at half-height was difficult. Therefore, there
is a large scattering of the data at temperatures below
∼68 °C for the NQ sample and below ∼62 °C for the M
sample. These data points are plotted as open symbols
in the figure. However, in the higher temperature
range, represented by closed symbols in the figure, there
is a very good correlation between the peak width at
half-height and the temperature. The data for the two
melt-crystallized samples, the M sample and a sample
melt-quenched into liquid nitrogen, delineate a single
straight line. The solution-crystallized samples Q and
NQ fall on another, steeper straight line. The scattering
of the data precludes any systematic discussion of the
low-temperature region. However, an analysis can be
made of the data in the high-temperature region. In
this region, for both the melt- and solution-crystallized
samples, the width of the R-CH2 peak narrows very

rapidly with increasing temperature. The narrowing
results from enhanced mobility of these carbons within
the well-defined crystal lattice. The initial constraints
on the motion of the R-CH2 carbons are reduced in this
temperature region, and gauche conformations are
adopted, consistent with the upfield shift and line
narrowing. Figure 5 indicates that changes are very
cooperative, beginning in a temperature interval of 60-
65 °C. This temperature range is well below the onset
of the pseudohexagonal transition. Thus, the increased
conformational disorder at the crystal surface appar-
ently induces this transition as well as other solid-solid
transitions in this and other n-alkanes.1,19,20 We should
also note that in the higher temperature region the line
widths of the solution-crystallized samples are signifi-
cantly broader than those of the melt-crystallized
samples. This reflects a decreased molecular mobility
of the solution-crystallized materials, implying that they
maintain a higher degree of order at a given tempera-
ture.
To better visualize the spectral shifts and to allow a

direct comparison with the DSC endotherms, both types
of measurements were overlaid in a single diagram.
Figure 6 displays points for peaks from the variable-
temperature 13C NMR data overlaid with an enlarged
section of the DSC thermogram for the M sample. Most
of the chemical shift changes in the NMR data can be

Table 1. Comparison of Experimental CP/MAS and Literature HPD/MAS 13C Chemical Shift Values for n-C36H74
a

internal
-CH2- CH3 R-CH2 â-CH2 γ-CH2 δ-CH2 ε-CH2

ordered (monoclinic) crystal phase Möllerb 33.7 16.1 25.7 35.2
NQc 32.9 15.2 25.1 34.3
Q 32.9 15.3 25.0 34.2
M 32.7 15.2/14.8d 25.1 34.3

surface-disordered crystal phase Möllerb 33.7 16.1/15.4d 25.2 35.0
NQc 33.0 15.2/14.5d 24.6 34.2
Q 32.9 15.3/14.7d 25.0 34.3
M 33.0 15.2/14.5d 24.4 34.2

pseudohexagonal phase Möllerb 34.2 15.2 24.8 34.5 32.7 33.2 33.8
NQ 33.3 14.4 24.0 33.6 31.9 32.4 32.7
Q 33.4 14.4 24.0 33.7 32.0 32.5 32.9
M 33.3 14.4 24.0 33.7 31.9 32.4 32.9

melt Möllerb 31.2 15.2 24.0 33.4 30.7
NQ, Q, and Mc,e 30.4 14.4 23.3 32.6 29.9

a NQ ) slowly solution-crystallized; Q ) quickly solution-crystallized; M ) quickly melt-crystallized. b See ref 4 for chemical shift
referencing procedure. c Referenced to upfield shift of adamantane at 300 K (29.5 ppm). d Two distinct chemical environments exist for
these carbons; see text. e Melt chemical shifts obtained from HPD/MAS spectrum.

Figure 5. Peak width at half-height for the R-CH2 peak
(24.0-25.1 ppm) of the M (O, b) and NQ (], [) samples. Open
symbols were used for the lower temperature linear regression,
and filled symbols were used for the higher temperature
regression. Regression lines for the M (- - -) and NQ (s)
samples are also shown.

Figure 6. Correlation of changes in peak chemical shifts (solid
lines) with thermal transitions (dashed line) for the M sample.
Shaded areas represent ranges in which the NMR-observed
pseudohexagonal and melting transitions occur.
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discerned in the temperature region of the low-temper-
ature endotherm and continue into the pseudohexagonal
phase. The onset of the 69.9 °C endotherm correlates
with a slight upfield shift in the R-CH2 peak at 24.4 ppm
and a corresponding upfield shift in the methyl peak at
14.5 ppm. The second low-temperature endotherm
corresponds to a slight downfield shift and then disap-
pearance of the methyl peak at 15.2 ppm.
Quickly cooling the propyl acetate solution of n-C36H74

has been reported to yield the orthorhombic modi-
fication.20,21 The spectra for this sample (Figure 3)
show that it has much less chain-end disorder than the
M sample. This is evidenced by the delayed appearance
(at ∼63 °C) and lower relative intensity of the upfield
(disordered) methyl peak (14.4 ppm). The presence of
this 14.4 ppm peak indicates that some crystalline or
surface disorder is present or that the sample is
undergoing a crystal-surface “roughening” during the
heating cycle. Both of the solution-crystallized samples
display significant disordered-methyl peak intensity at
14.4 ppm above 60 °C, indicating that the samples
maintain a degree of crystalline uniformity and surface
rigidity over a wider temperature interval than the
melt-crystallized sample. Therefore, the premelting
temperature is greater than that of the M sample.
As pointed out above, the two solution samples also

show broader peaks for the R-CH2 (and also the internal
CH2) than the M sample. This is due to the conforma-
tional-averaging effect of increased molecular motion in
the M sample homogenizing the chemical shifts some-
what more than in the Q and NQ samples. This
observation is in agreement with the expectation that
the crystal will be better organized when formed from
solution.
The DSC thermogram for the Q sample overlaid with

chemical shifts for the VT-NMR spectral peaks is given
in Figure 7. The later onset, ca. 63 °C, of the gauche-
disordered methyl peak, as compared to below 30 °C for
the melt-crystallized sample (see Figure 6), is in accord
with a crystal that has fewer surface imperfections. The
crystalline methyl peak at 15.2 ppm disappears at a
temperature that corresponds to the onset of the low-
temperature endotherm at ∼69 °C. This endotherm is
associated with solid-solid phase transitions.12a How-
ever, conformational disorder at the crystal surface is
occurring at a lower temperature, as evidenced by the

appearance of the γ-gauche methyl peak at ∼63 °C and
the well-defined cooperative narrowing of the R-CH2
peak at approximately 64 °C (Figure 5).
The DSC/NMR overlay for the slowly solution-crystal-

lized sample, NQ, is given in Figure 8. The 14.4 ppm
γ-gauche methyl peak appears at about 67 °C. This
temperature is higher than the corresponding ones for
the rapidly crystallized solution sample and the melt-
crystallized sample. The sudden upfield shift of the
R-CH2 resonance at this temperature and the con-
comitant narrowing of the line width are also related
to the development of gauche conformations. The
internal-CH2 resonance remains relatively unchanged
up to a temperature corresponding to the pseudo-
hexagonal transition in this sample, as well as the
others studied.
From the behavior of the 14.4 ppm methyl peak, we

can conclude that the NQ sample possesses the highest
degree of order from among the three samples studied.
On the other hand, the observation of this peak in the
M sample at the lowest temperatures studied indicates
that a certain amount of gauche conformation is present
under these conditions. The amount increases with
increasing temperature. At a given temperature, the
end-sequence disorder at the crystal surface of the M
sample will be greater than that of the Q or NQ samples.
As a consequence, the small, low-temperature endo-
therm characteristic of a solid-solid transition appears
more defined and at a lower temperature, 69.8 °C, than
that for the solution-crystallized samples at about 71
°C.

Conclusions

Premelting, as defined by the disordering of chain-
end sequences and the accompanying enhancement of
segmental motion, was clearly observed in all the
n-hexatriacontane samples at temperatures that were
well below the transition to the pseudohexagonal phase.
These results thus complement and substantiate in
more detail the previous vibrational spectroscopic stud-
ies.7,8 These changes increase rapidly and continue
through the transition to melting. The premelting
temperature is related to the initial surface disorder of
the system. The ranking of the degree of disorder, M
> Q > NQ, was determined by the temperature at which
the gauche methyl peak appeared. Solution-crystallized

Figure 7. Correlation of changes in peak chemical shifts (solid
lines) with thermal transitions (dashed line) for the Q sample.
Shaded areas represent ranges in which the NMR-observed
pseudohexagonal and melting transitions occur.

Figure 8. Correlation of changes in peak chemical shifts (solid
lines) with thermal transitions (dashed line) for the NQ
sample. Shaded areas represent ranges in which the NMR-
observed pseudohexagonal and melting transitions occur.
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samples also displayed much broader R-CH2 peaks than
the melt-crystallized samples did at a given tempera-
ture. The disordering of the chain end-sequences is a
precursor to the pseudohexagonal transition and ap-
pears to be the reason for the occurrence of this phase.
The theoretical implications of these results still need
to be investigated. The relaxations that occur in the
pseudohexagonal phase cannot be attributed solely to
the rotation of a rigid molecule. Contributions from the
motion of the disordered end sequences must clearly be
taken into account.
A schematic representation of the conclusions derived

from these results is given in Figure 9. One starts,
initially, with a set of completely ordered, planar zigzag
chains that are in either orthorhombic or monoclinic
packing with chain ends in register. Upon heating,
disordering of the end sequences takes place. The
temperature of this disordering depends on the mode
of crystallization. Upon further heating, the transition
to the pseudohexagonal phase takes place with the end
disorder being maintained.

The HPDMAS 13C NMR data of Möller et al. on melt-
crystallized hexatriacontane fits into the pattern ob-
served here. Similar chemical shifts were observed over
corresponding temperature and structural regions. We
have, however, studied a larger temperature range and
different modes of crystallization. This has allowed for
a more detailed analysis and a more definitive conclu-
sion with respect to the onset of premelting.
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