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A CRAMPS and *C CPf MAS NMR Examination of
Solid-Solid Transitions in s-Hexatriacontane (C,;H,)

Michael 1. Stewart, William L. Jarrett, and Lon J. Mathias*
Department of Polymer Science
The University of Southern Mississippi
Southem Station Bax 10076
Hattiesburg, Mississippi 39406-0076

Rufiria G. Alamo and Leo Mandelkem
Department of Chemistry and Institute of Molecular Biophysics
The Florida State University
Tallahassee, Florida 32306

The normal paraffins can undergo several transitions before
melting' and may thus serve as interesting model compounds for
polyethylene, which also undergoes solid-solid transitions, the

and best-known being the so-called « transition. Our
examination of n-hexatriacontane (C36) has been greatly furthered
by the use of the solid-state 'H NMR technique known as CRAMPS
(Combined Rotation And Multiple Pulse S y)2 This
technique, combined with DSC and ¥*C CP/MAS NMR, has allowed
us to make tentative assignments for the molecular motions
occurring at different temperatures below the melting point.

DSC of C36 crystallized by various methods at several
cooling rates displays several different patterns of endothermic
transitions in the solid phase; ing on the sample treatment,
as many as three solid-solid or “premelt” transformations can be
seen to occur. DSC measurements were conducted on these
samples using a TA Instruments Model 2920 DSC in standard mode
with a heating rate of 0.5 °C/minute in a nitrogen atmosphere.
NMR measurements were conducted on a Bruker MSL-400
spectrometer (400.13 MHz 'H, 100.043 MHz ¥C) using standard and
high-temperature Bruker double-air-bearing magic-angle-spinning
(MAS) probes. “C spectra were collected at approximate 1 K
thermal intervals using ization (CP} and MAS. ¥C

ﬁmswmsmmm‘bymeuseofampb.d;pmse'

(negative 90° 'H pulse). CRAMPS i ing the
X were
(egs e spectra acquired using

A representative DSC trace of a melt-crystallized C36 sample
is shown in Figure 1. This sample was heated above the melt in the
DSC, then the sample pan was removed and placed on a room-
temperature aluminum sheet. Two large transitions, corresponding
tothemmiﬁmb&\epseudohexagomla'mhm‘p}usem
'C)u\dwﬂ\emelﬁrgtramiﬁmam‘q,mmdﬂyappam
Also\dsiblearetvmsmallerpmmelttrmsiﬁasmﬁmdw.%'q
ﬁ\atbemmnmdeﬁmdupmuﬂarganaudﬂwﬂmgnm.

The DSC of the other applied sample treatment
is shown in Figure 2. The sample was melted in a small beaker in
a water bath, then poured into liquid nitrogen, collected, dried, and
placed in a DSC sample pan. Note that the melting (75.0 °C),
pseudchexagonal (7273 °C), and smaller premelt (7024 *C)

appears to be a combination of the two
premelt transitions seen in Figure 1. By correlating the thermal
km&dtmhﬂml?cwm&usdidmm
spectra same samp txuunmts,itispoeswletoassigntyps
ofmolecuhrnsto&omooeadwfd\etnmiﬁom.

Figure showsastackplotofsigrﬁﬁantspedrahthe
variable-temperature 'C CP/MAS series for a sample treatment
simﬂuto&atofﬂwesamplewhoseDSC&leunognmisshownh
Figure 1. 11!25.8'Cspectmmd'sphystwobmadmﬂ1ylpeaks,
at 14.8 and 152 ppm. Both of these are also present in the 66.8 °C
spectrum, but only a sharp 148 ppm methyl peak remains at 70.8
*C. This gradually drifts upfield and sharpens a bit more,
reaching 14.4 ppm in the pseudohexagonal phase at 73.0 °C. The a-

CH, peak behaves similarly, a broad, low 24.9 ppm peak at 25.8 «C
which sharpens and moves upfield to 24.6 ppm at 208 *C, where
one can see evidence of a shoulder peak growing in on the upfield
side of the peak. By 71.6 *C, all of the a-CH, resonance has moved
to this upfield chemical shift (24.0 ppm).

The changes in both the methyl and a-CH, resonances are

tive transitions: i.e.,, a gradual transfer occurs between
discrete states, without a significant chemical shift change in either
of the The les of this phenomenon are the two methyl
peaks changing intensity from 25.8-70.8 *C and the intensity change
in the a-CH, peaks over the 66.8-71.6 *C range.

The all-trans -CH,- peak at 32.9 ppm also narrows with
increasing temperature, and shoulder peaks begin to be seen at 70.8
°C, just before the pseudohexagonal transition. Upon entry into the
pseudchexagonal phase, the intemmal methylene peak narrows
sharply and moves downfield to 333 ppm, ing two peaks that

“were hidden beneath it: the v-CH, (31.9 ppm) and §-CH, (324 ppm)

Significant spectra from the CRAMPS variable4temperature
series are shown in Figure 4, along with text showing the
oowehtiasbetwemﬂ\ed\mgesseminﬁwCRAMPS%cmmd
transitions observed in the DSC thermograms and spectra.
These spectra dearly show the peak resolution of the CRAMPS
technique, and the advantage of this technique over standard MAS
'H NMR is easily seen. Close correlation with C and DSC
transitions is observed. The disappearance of the methyl peak at 0
ppm (NOTE: chemical shifts are unreferenced, and the largest peak,
which we assign to the main-chain <CH,~ protons and appears to be
consistent in all spectra, was arbitrarily set at 1.2 ppm.) between 55.5
and 66.0 °C correlates with the baseline shift seen in DSC (see
below) and small chemical shift changes in the upfield methyi and
a~CH, peaks. A narrowing of the internal peak between 69.2
and 70.0 °C is assigned to greater chain freedom assodiated with the
onset of the DSC premelt transitions.

Between 71.7 and 735 °C, the CRAMPS spectra show entry
into the pseudohexagonai phase, as seen by the appearance of two
downfield shoulde * (14 and 1.8 ppm) on the intetnal -CH peak
and baseline resoluuon of the intemal -CH,- and methyl (0.8 ppm)
peaks. These shoulder peaks continue to become moce defined until

. the melting transition between 76.5 and 79.7 *C, at which point the

14 ppm shoulder peak on the internal -CH, peak diminishes
greatly and the 1.8 ppm peak increases in intensity. A third
shoulder peak at 1.3 ppm may be discemed in the 765 *C

We have not as yet been able to assign these _to specific
molecular motions, but the correlation with the ¥C and DSC data
encourages the conclusion that the changes in the CRAMPS spectra
reflect the same transitions.

Itis easier t0 see the correlation between the
chemical shift changes in the ¥C CP/MAS and thermal
mm‘ﬁasbtytmlookingatﬁgums,whid\ovedapd\ed\emle' shift

values from collected CP/MAS spectra onto a greatly enlarged
z‘kﬂiﬁm of the from Figure 1. At this level of
enlargement, another previously unseen DSC transition is observed
atapproximately 58 °C, which may correlate with an approximately
% .1 ppm oscillation in the a-CH, peak chemical shift seen from 50
to 60 °C.

Another item of note observed from Sis that
in chemical shift occur at the onsef of thermal transitions in the DSC.
Perhaps the most obvious point at which this occurs is at the

pseudohexagonal transition. NMR onset (discontinuities in the all-

trans region near 30 ppm and in the a-CH, region near 25 ppm) for
this transition is 72.2 °C, which correlates well with the DSC anset
of 721 °C. ing this argument, -the di aof the
downfield methyl peak and a slight upfield shift (0.1 ppm )of the
upfield methyl peak may be correlated with the onset of the DSC
transition that peaks at 69.9 °C.
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