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Abstract 

The symmetric neopolyol ester tetra[methyleneoxycarbonyl(2,4,4-trimethyl)pentyl]methane 
(MOCPM) has been studied by variable-temperature solid-state 13C NMR and X-ray powder dif- 
fraction and compared to molecular mechanics calculations of the molecular structure. Between 
melting and glass transition temperatures the material is semierystalline, consisting of two eon- 
formationally and motionally distinguishable phases. The more mobile phase is liquid-like and 
is, thus attributed to an amorphous phase (~16%). The branches of the molecules in the crystal 
exhibit two eonformationally distinguishable behaviors. In one, the branches are well ordered 
(~56%), in the other, the branches are conformationally disordered (~-28 %). Different branches 
of the same molecule may show different eonformational order. This unique character of the 
rigid phase is the reason for the deficit of the entropy of fusion observed earlier by DSC. In the 
melt, solid state NMR can identify two bonds that are rotationally immobile, even though the 
molecules as a whole have liquid-like mobility. This partial rigidity of the branches aceounts 
quantitatively for the observed increase in heat capacity at the glass transition. The reason for 
this unique behavior of MOCPM, a small molecule, is the existence of one ehiral centers in each 
of the four arms of the molecule. A statistical model assuming that at least two of the ehiral cen- 
ters must fit into the order of the crystal can explain the crystallization behavior and would re- 
quire 12.5% amorphous phase, 28.1% conformational disorder, and 59,4% crystallinity, close 
to the observed maximum perfection. 

Keywords: chiral molecule, eonformational disorder and motion, crystal, DSC, heat capacity, 
"[-gauche effect, glass, glass transition, melting transition, molecular mechanics 
computations, tetra[methyleneoxycarbonyl (2,4,4-trimethyl) pentyl] methane, solid 
state 13C NMR, X-ray diffraction 

Introduction 

The molecular structure of a symmetric neopentane ester tetra[methylene- 
oxycarbonyl(2,4,4-trimethyl)pentyl]methane is shown below with the number- 
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1114 CHEN et al.: SYMMETRIC NEOPOLYOL ESTER 

ing of the distinguishable carbon atoms used in this research. The name of this 
molecule is abbreviated to MOCPM, following the suggestion in Ref. [1]. 

6 9 
0 CH., CH.. 

[ II I ~ I ~ l 
C I- CH~-O- C- CH~- CH-CH2- C= CH31 
I t  2 z' 3 4 " 5 7 ~ 9  ]4 
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The rather bulky structure of the molecule is shown in Fig. 1 in a conforma- 
tion that approaches minimal steric hindrance. The figure shows a structure that 
must be rather difficult to pack closely in a crystal, particularly because carbon 
atom 5 represents a chiral center. Since no sterically specific synthesis method 
was used, one expects that the two possible isomers are randomly distributed 
over the four arms of the molecule. This stereo irregularity and the bulkiness of 
the molecule are at the root of the difficult crystallization and the unique solid 
phase structure and mobility. 

Fig, I Molecule of  MOCPM in a low energy conformation. The fourth branch of the mole- 
cule is pointing towards the back 

Samples of MOCPM have been studied by differential scanning calorimetry 
(DSC) [1] with the result that they can be produced as samples of high, but in- 
complete, crystallinity (70-90%) or quenched to a glass. The amorphous 
MOCPM has a glass transition temperature of 219 K, the semicrystalline, a 
melting temperature of 304 K. Although the melting may show a second en- 
dotherm at somewhat lower temperature, this can be annealed to the 304 K 
melting peak, i.e. there seems to be no stable mesophase between the glass and 
melting transition. For a fully amorphous sample the change in heat capacity at 
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the glass transition is 250 J K -I tool -1. This change in heat capacity can be at- 
tributed to an approximate number of 22 "beads" in the molecule that become 
mobile [1]. Each "bead" is equivalent to a bond about which motion to various 
conformational isomers is possible or a contribution of the molecule as a whole 
[2] (11.3 J K -1 mo1-1 per bead, and about twice to three-times this amount for 
the overall, large molecule). From the DSC data of the amorphous phase one 
concludes, thus, that in each branch of the MOCPM molecule there are only 
about five mobile bonds out of the seven visible in the structural formula, 
above. On the other hand, one can also use the entropy of fusion to estimate the 
gain of conformational mobility in going from the (rigid) crystal to the melt. 
The entropy of fusion measured by DSC; converted to 100% crystallinity was 
169 J K-lmo1-1, corresponding to only about three bonds per branch of the 
molecule that become conformationally disordered and mobile on melting (after 
correction for translational and orientational gain of entropy of the molecule as 
a whole). The heat capacity study indicated that there is no gain of conforma- 
tional entropy outside the transition region, leaving the entropy deficit unex- 
plained. In the present paper this problem will be resolved. 

The solid state NMR and X-ray study reported in this paper was designed to 
clarify the molecular order and molecular motion in the crystal and melt of 
MOCPM and find an explanation of the DSC measurements. Such unique com- 
bination of thermal analysis, solid state NMR, and X-ray techniques has proven 
a powerful method in the investigation of the thermal transition behavior and 
molecular origin of large-amplitude motion in small and large organic mole- 
cules. Various cases of deficit of entropies of transition could be documented 
[3-20], and will be used in this research to identify the behavior of MOCPM. 
A simple molecular mechanics software was used throughout to model the mo- 
lecular structure suggested by the experiments. 

E x p e r i m e n t a l  

NMR experiments 

The solid state 13C NMR spectra were measured with a Nicolet NT-200 
NMR spectrometer equipped with a Doty Scientific mag3ic-angle spinning 
(MAS) probe, operating at 50.31 MHz and 200.07 MHz for C and 1H, respec- 
tively. Temperature control was obtained using the standard Nicolet controller. 
Rotors (cylindrical sample container, 5 mm in diameter) were supplied by Doty 
Scientific and machined from single crystals of A1203 (sapphire). The end caps | 
used for the rotor were made from brown plastic Vespel (Registered trademark 
for a DuPont polyimide). The sample was rotated with nitrogen gas at 4.5 kHz 
at the magic angle. Prior to each measurement, probe tuning and matching are 
performed to minimize the reflected rfpower. 

The conventional one-pulse of 13CNMR with two-level decoupling of pro- 
tons (BILEV) was also performed. It was used to obtain the spectra of the 
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mobile molecules in the melt and in the amorphous fraction above the glass 
transition temperature. The pulse width used for ~3C was 3.9 Its, corresponding 
to an 85 ~ flip angle, and the recycle delay between two successive pulse se- 
quences was 2.0 s. These conditions ensure the elimination of resonances from 
rigid carbon atoms in the well-ordered region having long spin-lattice relaxation 
times (T0. The ~JC spectra of the rigid materials were obtained using the meth- 
ods of cross-polarization, high-power proton decoupling, and magic-angle 
sample spinning (CP-MAS). The signals from the liquid-like amorphous phase 
will be in this case suppressed because the dipolar interaction between protons 
and carbons is diminished by the fast molecular motion, so that no cross-polar- 
ization can occur. The CP-MAS experimental parameters were as follows: con- 
tact time, 2.0 ms; proton 90 ~ pulse, 5.0 las; recycle time 3 s; number of 
transients, 200. 

The dipolar dephasing pulse sequence, a slight modification to the standard 
CP-MAS, was used to suppress the signals from the carbons with strong dipolar 
coupling to nearby protons. In the more rigid region, the molecules show 
stronger dipolar coupling. This experiment was carried out by inserting a 
dephasing delay, % following C-H cross-polarization and prior to signal acqui- 
sition (when x =0 ~ts, the dephasing experiment is identical to the standard 
CP-MAS) [21]. The dephasing experiment was performed on the as-delivered 
(highly crystalline) sample at T =296 K for the confirmation of the chemical 
shift assignment, as is described in the Results section. The spin-lattice relaxa- 
tion times (/'1) were measured at the temperature above the melting point of the 
sample by using magic-angle spinning and high-power proton decoupling, with 
the inversion-recovery (IR)method [22]. Delay times of 0.000 01 to 1.5 s were 
used while the number of transients were typically 200. Proton saturation was 
applied during the variable delay time. The 13C 90 ~ and 180 ~ flip angles occur 
at 4.1 and 8.2 p.s, respectively. The recycle time of the IR was 3 s. The spectra 
for relaxation measurements were obtained by repeated cycling through the dif- 
ferent delay times, each time adding in a few free induction decays. This 
method of experiment interleaving eliminates possible errors from long-term 
changes, such as spinner instability, amplifier drop, etc. When plots of the data 
show single-exponential behavior, the T1 values were taken from a least-squares 
fit of the experimental data points. 

The ~3C chemical-shift reference was set using hexamethylbenzene (17.36 
ppm for the methyl carbon relative to tetramethylsilane) prior to the experi- 
ment. The field drifting of the spectrometer was estimated to be less than 0.05 
ppm during an experiment. 

For the variable temperature measurements, the instrument temperature cali- 
bration was done with the liquid ethylene glycol. Known change of the 
separation of the two proton resonances (AS) relate with the change of tempera- 
ture [23], 
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The X-ray diffraction measurements 

The X-ray measurements were carried out on a Scintag PAD-X powder dif- 
fractometer using reflection geometry. The diffractometer was equipped with a 
Peltier-cooled solid-state detector and used Cu radiation. Temperature control 
was accomplished with resistive heating of a 20x12• mm 3 sample holder of 
aluminum, balanced by circulating coolant from a cold-temperature bath. The 
sample and sample holder were isolated in a high-temperature chamber filled 
with N2 gas. For the semicrystalline diffraction pattern, the sample was used as 
received (i. e. well crystallized) and packed in the aluminum sample holder with 
a free, flat sample surface. For the liquid measurements the sample was fused 
at 313 K and cooled to 290 K. The diffraction pattern of the supercooled sample 
was measured in the same A1 sample holder. Once molten, the sample remained 
liquid for several days before crystallizing [1], providing ample time for com- 
pleting the X-ray measurements on the liquid. Care was taken to ensure 
identical sample geometry and environmental conditions for the measurements 
of the semicrystalline and liquid diffraction patterns. 

The diffraction patterns were corrected for polarization, absorption [24], 
sample geometry [24], incoherent (Compton) scattering [25], monochromator 
discrimination [26], and multiple scattering [27]. After correction the patterns 
were normalized to the self-scattering [28] expected from the MOCPM mole- 
cule to permit quantitative comparisons of the patterns. 

Samples 

The sample of MOCPM is an Exxon Inc. Chemical product of high purity 
and was analyzed as obtained. No impurities could be detected by NMR. For 
storage, the sample was hermetically sealed and kept at room temperature. Be- 
cause of the low melting temperature this is an annealing condition, i.e. as-de- 
livered, the sample was crystalline and was then measured with and without 
thermal pretreatment. To recover the semicrystalline state after melting took an- 
nealing at room temperature of more than three days. 

Modeling of the molecule 

To estimate the energetics of the various conformations a simple computer 
modeling was done. The software used was Molecular Modeling Pro | (Win- 
dowChem, Rev. 1.19) by NorGwyn Montgomery Software Inc. Figure 1 shows 
the approximately energy minimized structure of the molecule. For analysis of 
the rotation, each bond was rotated singly and, if needed, in conjunction with 
the neighboring bond. Major steric hindrances from further removed parts of 
the molecule were eliminated where necessary by constructing model com- 
pounds. For comparison, the CH3-groups were sometimes averaged by giving 
them the chlorine radius. 
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Resul ts  

Peak assignments for the 13C NMR spectrum 

The molecular structure of the MOCPM has been shown in the Introduction 
with the numbering of the distinguishable carbon atoms. The peak assignments 
are made based on the liquid spectrum (melt) with and without proton decou- 
piing, as shown in Fig. 2. The bottom spectrum is the BILEV spectrum with 
proton decoupling at T =323 K (above the melting point). Preliminary peak as- 
signments can be made by comparing the chemical shift value in this spectrum 
to the standard spectra of compounds which have similar molecular segments or 
functional group to those of MOCPM [29]. The top spectrum in Fig. 2 is the 
BILEV spectrum without proton decoupling, also at T=323 K. This spectrum 
can give the information of how many protons are directly attached to each in- 
dividual carbon, because one 13C resonance can be split into a group of lines 
due to the spin-spin interaction between the observed carbon and the protons di- 
rectly attached to it. This spectrum can, thus, be used to confirm the 
preliminary assignment and complete the peak assignment. In addition, the CP- 
MAS spectrum at T= 296 K with a dephasing time 30 ~s (as shown Fig. 3, the 

70 SO 50 40 30 20 PPM 

Fig. 2 Expanded BILEV spectra at T= 323 K. The marked peaks correspond, from left to 
right to C-2, -7, -4, -1, -8, -9, -5, and -6. (The C-3 peak at 171.7 ppm is to the left 
of the scale, the top spectrum is taken without proton decoupling, the bottom one 
with deeoupling.) 
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Fig. 3 Two CP-MAS spectra at T = 296 K. The top curve is a CP-MAS spectrum with a 
dephasing time x = 30 Its, the center curve, without. At the bottom the BILEV spec- 
trum is repeated as reference 

top spectrum) is used to confirm the peak assignments of the carbon atoms 
without directly attached protons. The peak of the carbons without protons can 
survive the spin-dipolar dephasing, while the peaks of the carbons with protons 
will have decayed during the dephasing. Combining all methods enables the 
peak assignments for all carbon atoms of MOCPM. The 13C chemical shift val- 
ues 6 are given in Table 1. 

Table 1 Chemical shi~ in the melt (in ppm; T=323 K) 

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 

42.8 62.6 171.7 44.1 27.6 23.5 51.3 31.7 30.8 

13C chemical shifts and spin-lattice relaxation times 

The CP-MAS spectra with variable temperature are plotted in Fig. 4. It is 
interesting to note that below the melting temperature (T =304  K), the CP- 
MAS spectra show a dual-peak pattern for each carbon atom (except for the 
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central carbon C-I), and the chemical shift values are not changed as the tem- 
perature increases from T =298 to 303 K. When the temperature reaches 306 
K, the CP-MAS signal completely disappears, only the BILEV signal is re- 
tained. This indicates that the sample is fully molten at this temperature and the 
molecules are too mobile to give a CP signal. The chemical shift 5 for each 
carbon atom in the crystal phase is listed in Table 2. 

T a b l e  2 C h e m i c a l  s h i l l  i n  t h e  c r y s t a l  ( i n  p p m ;  T=298 K) 

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 

41.9 60,0 174.0 42.9 26.0 24.8 53.1 32.5 29.7 

41,9 61.9 172.3 44.1 26.6 23.0 52.2 31.5 30.9 

The BILEV spectra at selected temperatures are shown in Fig. 5. These sig- 
nals are contributed by the (mobile) amorphous portions of the sample between 
glass transition and melting transition temperatures. For reference, the 13C spec- 
trum of the melt is plotted on top. The fact that the chemical shift of each 
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Fig. 5 The dependence of the BILEV spectra on temperatures 

carbon atom in the BILEV spectra below and above the melting temperature is 
the same is evidence that the molecules in the amorphous phase have the same 
disorder as is found in the melt. 

The spin-lattice relaxation time 7'1 of each carbon atom in the melt was 
measured at T =323 K. The measured T1 values are listed in Table 3. Their 
relative errors are less than 20%. The interpretation of the data are given in the 
discussion section. 

Table 3 The T~ values in the melt (in seconds; T=323 K) 

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 

0.48 0.062 0.97 0.13 0.23 0.54 0.20 2.6 0.48 

The X-ray data 

The diffraction patterns for the semicrystalline and liquid materials are 
shown in Fig. 6. Both diffraction patterns were normalized to the self-scattering 
of one MOCPM molecule (the curve dropping-off smoothly with scattering an- 
gle 20). This enables direct comparisons between the liquid and semicrystalline 
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Fig. 6 Wide angle X-ray diffraction pattern of MOCPM. (a) The supercooled liquid at 
290 K. (b) The semierystalline material at 290 K; the dashed curve delineates the 
non-crystalline scattering; the lower smooth curve is the scaled supercooled liquid 
pattern. Both patterns are normalized to the self-scattering from MOCPM, the sum 
of the weighted scattering factors 

patterns. The diffraction pattern of the supercooled liquid is typical for an or- 
ganic liquid with a characteristic strong peak at 20 = 16.3 ~ representative of 
intermolecular carbon-carbon contact distances of about 0.4--0.5 nm. An un- 
usual, though well understood, feature of the liquid diffraction pattern is a pro- 
nounced second peak at low 2e angles (~6.5~ This peak arises from the 
average intermolecular distance between the bulky molecules in the liquid 
(Fig. 1). 

The semi-crystalline diffraction pattern in Fig. 6 shows a substantial amount 
of diffuse, non-crystalline scattering, indicated by the dashed line. Attempts to 
decrease the amount of non-crystalline scattering by annealing were not suc- 
cessful. For comparison, a scaled version of the liquid scattering is superim- 
posed on the semicrystalline scattering pattern. Clearly a second disordered 
component can be observed besides the liquid-like scattering. 
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Discussion 

The amorphous phases 

The X-ray data reveal that the main peak in the supercooled liquid arises 
from the intermolecular C...C contact distances (or contact distances between 
carbon atoms on different arms of the same molecule). This peak usually cor- 
responds to a 0.4-0.5 nm distance. For the liquid MOCPM this peak 
corresponds to a separation of 0.54 nm, a distance indicating a less dense pack- 
ing than for typical organic fluids and polymers. This is probably due to the 
bulkiness in the branches of the MOCPM (=O and --CHs groups). 

The so-called "pre-peak" at 6.5 ~ corresponding to ~-1.36 nm, is a measure 
of the average intermolecular center-to-center distance of the bulky molecules 
in the liquid. This distance can be compared to those measured in melts of tetra- 
n-alkylammonium halides (TAAX), analyzed in our laboratory [30] (the 
numeral gives the length of the branches in number of C-atoms, the letters the 
cation; 7Br is, for example, tetra-n-heptylammonium bromide): 

5I 1.12 nm 5Br 1.16 nm 
61 1.30nm 6Br 1.31 nm 
7I 1.40 nm 7Br 1.44 nm 

8Br 1.55 nm 
10Br 1.79 nm 

Clearly, the center-center distances increase with increasing size of the tetra- 
alkyl ammonium ion. For MOCPM, each arm has a backbone chain length of 
eight, and should be compared to 8Br and 8I which each have a separation of 
about 1.5 nm. The comparison is complicated by the presence of the anion in 
the TAAX, which will serve to expand the average center to center distance in 
the melt. The center-center distance in MOCPM can also be compared to the 
molecular dimensions given in Fig. 1. Clearly, the measured distance of 1.36 
nm in the melt indicates that the molecule collapsed to some degree due to a 
higher number of gauche conformations as indicated by the NMR data, and 
there can also be significant interpenetration of the arms from different mole- 
cules, i.e. a "nesting" of molecules. 

Figure 6 shows that a considerable amount of the same amorphous (liquid) 
X-ray scattering remains in the semicrystalline phase. Additional non-crystal- 
line scattering can be seen in the figure and will be discussed below. Similarly 
Figs 4 and 5 show that by solid state NMR both BILEV and CP-MAS spectra 
are detectable in the temperature range from the glass transition temperature 
(219 K) to the melting point (304 K). This indicates the existence of two phases 
in this temperature range with distinguishable molecular mobilities. In the 
amorphous phase the molecules are sufficiently mobile that the BILEV signal 
is detectable only, while in the crystalline phase the molecules are so rigid that 
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only the CP-MAS signal is obtainable. The difference of the BILEV and CP- 
MAS patterns (at the same temperatures) prove that the molecular ordering in 
these two phases is quite different. 

The peak positions of all carbons of the amorphous phases shown in Fig. 5 
do not change as the temperature increases from T =298 K to T = 323 K (above 
the melting point). This means that the intramolecular conformations of the 
molecules in the amorphous phase below the melting temperature are the same 
as in the melt. The BILEV spectra at T =298 K and T =303 K show a small 
shoulder at the peaks attributed to C-9 and C-6 (Table 1). These shoulders 
originate from signals of the same carbons in the crystalline phase. It is well 
known that methyl groups in the solid state are quite mobile, even at very low 
temperatures. In the present case they are even sufficiently mobile to be ob- 
served by the BILEV technique. 

Conformational order and mobility as derived from NMR and modeling 

A. Basic principles of chemical shift and y-gauche effect 

The chemical shift of a 13C NMR spectrum depends on both, inter- and in- 
tra-molecular interactions. The former changes with the packing of molecules, 
and the latter is influenced by the molecular conformation. The changes in in- 
tramolecular conformation are the most important influences on the 13C chemi- 
cal shift (5) [31, 32], while the intermolecular effects are of secondary 
importance. 

The 5 of a given 13C is influenced by substituents in the ~-, 13-, and ~,-posi- 
tions relative to the observed carbon. The cx- and I3-substituents have fixed 
intramolecular contributions to the 5 value of the observed carbon as long as the 
chemical structure of the molecule is fixed. The y-substituent effect has a con- 
formational origin [31, 32]. Marking the observed carbon as ~ and its 
y-substituent ~X, the structure can be written as ~ In the pre- 
sent case the 3t-substituent may be C or O. One can see that the distance between 
~ and vX varies with the rotation angle about the central bond. Therefore, 
the change of the ~3C 5 can be linked to changes in the conformation (or rota- 
tional state). For a 13C to be more shielded by a 7-substituent, vX, it has been 
suggested that the ~ and vX must be in a gauche arrangement. The effect of 
such v-gauche shielding has been evaluated to be: ~{c-c =-5 .2  ppm and 7c-o = 
-7.2 ppm [32]. In the melt or in solution, the rotating C--C bonds are expected 
to have a population of about 40% gauche conformation, a value based on an 
energy difference of about 2.8 kJ mol -~ between gauche and trans conforma- 
tions and an approximate temperature of 400 K [33]. Accordingly, one expects 
after a transition from a fully ordered, all-trans, conformation to one with 40% 
of gauche, that the 5 of the ~3C decreases (becomes more shielded) by A6 =2• 
(0.4) • (-5.2) ppm =-4 .16  ppm for a C-atom in the y-position. The factor of 
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two accounts for the situation that two "/-substituents may exist, one on each side 
of the ~ If only one of the two "/-substituents has changed, A8 is expected to 
be only -2.08 ppm. Similarly, if neither of the "/-substituents changes its spatial 
relationship with respect to ~ A8 is zero. Based on this argument, the changes 
in intramolecular conformations on going from the crystal to the melt can be 
discussed. 

B. The change of the NMR spectrum on melting and its link to conforma- 
tion and mobility 

The CP-MAS NMR spectra of the crystal phase (Table 2, Fig. 4) show dual 
patterns for each but carbon atom 1. From the top CP-MAS trace in Fig. 3 one 
can see that after long enough dephasing to eliminate the overlapping signals 
contributed from C-4, there is only a single peak associated with C-1. This in- 
dicates that in the rigid phase all C-1 atoms have the same molecular 
envirorunent, i.e., there is only one type of C-1 carbons in the crystal, in con- 
trast to all others. Comparing Table 1 with the data from the melt (Table 1, 
BILEV spectra, Fig. 5), one finds that in the dual peak pattern from the crystal, 
one set of peaks has chemical shifts close to those of the melt, while the others 
are different by about 1.5-2.5 ppm. 

For the peaks with chemical shifts close to the melt (bottom row in Table 2), 
the differences before and after isotropization (final melting) are less than 1 
ppm. Such small changes in chemical shift are normally due to different pack- 
ing effects between the solid and liquid states. Therefore, the atoms contributing 
to these signals must have the same intramolecular conformation in the crystal 
and in the melt, i.e. no further conformational disorder is introduced by melt- 
ing. 

For the peaks with different chemical shifts than in the melt (top row in Ta- 
ble 2), one should be able to relate the changes A8 to conformational motion 
about specific bonds initiated on fusion. The analysis shows complications in 
interpretation of the "/-gauche effect due to the multiple methyl groups. Spin-lat- 
tice relaxation times are, thus, needed for resolution of the question of mobility. 
In brief, all ordered bonds in the crystal become mobile, except the two that are 
even rigid in the melt (see above). The details are as follows: 

The chemical shift of C-1 should be influenced by the conformational mo- 
tion about the bond C-2--O, but note that there are four vC atoms for this 
quaternary carbon and a close approach of C-3 may not be possible. The change 
in 8 for AC-1 = +0.9 ppm (the + sign means down-field shift) is, thus, in ac- 
cord with the quaternary nature of C-1. It is too small to be assigned to a 
sizeable "/-gauche effect. Rotational motion about C-2-O would also cause 
changes in AC-3 (to be discussed below). From its discussion and evidence 
from spin-lattice relaxation time/'1 and estimates of the rotational potential it 
will be concluded that C-2-O is, indeed, permitting rotation in the melt. 
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For C-2, rotational motion of the O-C-3 bond of the same molecular branch 
and the C-1-C-2 bond of the three other molecular branches can contribute to 
AC-2. The observed value AC-2 = +2.6 ppm is in accord with some 3~-gauche 
effect, but in direction gauche--+trans. In the O-C-3 bond, the electronic con- 
jugation between O--C-3 and C = O make the potential barrier for rotation about 
O-C-3 sufficiently high to hinder rotation [33]. Molecular mechanics calcula- 
tions for MOCPM as shown in Fig. 1 ~ield for this bond a potential energy 
barrier for rotation of about 45.7 kJ mol- if no major steric hindrance of other 
parts of the molecules occurs. This value is similar to the barrier to rotation in 
linear, all-trans paraffinic esters (44.8 kJ mo1-1) and is too high to be overcome 
by thermal motion at 304 K. Thus, to discuss the value AC-2, one needs to con- 
sider only rotation about the three C-1-C-2 bonds in the branches not part of 
the C-2 under discussion. A gauche-bond brings the O-atom of one of the 
neighboring branches in close proximity with C-2. Crystals of TAAX contain a 
quaternary N instead of a C-atom. For these crystals the structure is known [34] 
and may serve as a model for MOCPM. Two of the C-1-C-2-bonds are trans, 
while one is gauche relative to the C-2 in question. The positive value of AC-2 
suggests that the crystal keeps C-2 in a more frequent gauche position than in 
the melt (relative to the O atoms in the other branches). On melting, the four 
branches become mobile, but on average, the molecule opens up from two trans 
and one gauche conformation to only 0.4 gauche bond in the melt (0.36• = 
2.68 ppm, the observed AC-2). Each C-2 would then have a "normal" gauche- 
trans relationship with one of the three branches, while the other two extend 
away in a trans conformation similar as shown in Fig. 1 with the hidden chain 
bending towards C-2 in the forward chain. Molecular mechanics computations 
indicate that by cooperative rotation about bonds C-1-C-2 and C-2--O paths are 
available with barriers as low as a few kJ. The TAAX molecules, in contrast to 
MOCPM, remain rigid on melting, most likely caused by the cation charge dis- 
tributed about the quaternary nitrogen. 

Conformational motion about C-2-O and C-4--C-5 bonds can influence the 
change of 5 of C-3. From models one can easily see that C-6 in the --CH3-group 
attached to C-5 is gauche relative to C-3 when the C-4--C-5 conformation 
makes C-7 trans relative to C-3, i.e. there is always a certain gauche effect on 
C-3, even when C-4--C-5 arranges the backbone in an all-trans conformation. 
The rotation about C-2--O is also not straightforward. It results in an approach 
of C-3 to C-1 that was shown above to be sterically hindered. The observed AC- 
3 =-2 .3  ppm is, thus probably not a "normal" 3,-gauche-effect, but needs a 
more detailed conformational analysis. Fortunately, the mobility about the C-2- 
O-bond can be derived without difficulties from the 7"1 measurement, below. 
Molecular mechanics calculations of rotation about this bond also show no 
strong hindering to rotation as long as the major interference between the dif- 
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ferent branches of the molecule are avoided by cooperative rotation about other 
bonds. 

The next CH2-group has a AC-4 = + 1.2 ppm, which is too small (and in a 
gauche~trans direction) to be assigned as a y-gauche-effect, indicating that 
both, the O--OC-3 and the C-5--C-7 bonds do not change their conformation 
significantly on melting. The AC-2 analysis already indicated immobility of O-  
OC-3 because of its double-bond character. The immobility about C-5--C-7 can 
be understood from inspection of a molecular model. The steric hindrance be- 
tween the methyl group C-6 and the three methyl groups C-9 is sufficient to for- 
bid rotation about C-5--C-7. Molecular mechanics estimates of rotation about 
this bond show no path of low energy and a trans conformation for the bond. 

The two bonds related to AC-5 are C-3--C-4 and C-7-C-8. Starting with C- 
3--C-4, one can see from a molecular model that the trans conformation of the 
backbone brings C-5 halfway between the two gauche positions of the = O atom 
of C-3, while the gauche backbone brings it close to the O-atom of O-C-3. It 
may thus be that rotation about C-3--C-4 actually reduces the O-interaction 
somewhat (note that 8 is 7.2 for O 7-gauche to C and AC-5 = + 1.6). Mean- 
while, the rotation about C-7-C-8 cannot strongly influence AC-5 because one 
of the three C-9 CH3 groups in the 7 position is always gauche relative to C-5. 
One concludes that the C-3-C-4 and the C-7-C-8-bond may both undergo con- 
formational motion in the melt even though they do not cause a large AC-5. The 
molecular mechanics calculations show a barrier to rotation of bond C-3-C-4 
of only 6.7 kJ mo1-1 when using the conformation shown in Fig. 1. Bond C-7-  
C-8 is more difficult to estimate with the available simple software. Low energy 
paths can be obtained for the trans conformation for the rather immobile bond 
C-5--C-7. Averaging the CH3-groups to chlorine radii leads to potential energy 
barriers of about 10 kJ mol -~, still in accord with mobility in the melt. 

The -1.3 ppm value of AC-6 is coupled to possible rotations about C-5--C-7 
and C-4--C-5. The discussion of AC-4, above, revealed that C-5--C-7 is immo- 
bile even in the melt. This leaves the rotation about C-4-C-5 for the discussion 
of the chemical shift. The small y-gauche effect seems to indicate that the trans 
concentration in the melt may remain higher than normal (> 60%), a fact ~a t  
may well be connected to the bulky nature of the molecule. Molecular mechan- 
ics calculations provides a minimum energy path with an activation energies of 
about 13 kJ mo1-1 as long as the rigid C-5-C-7-bond remains trans. 

For C-7, only rotating about C-4--C-5 can cause a y-gauche effect. The value 
of AC-7 is -1.8 ppm. The same conclusion as reached for AC-6 should apply. 
Rotation about C-4-C-5 bond leads to a somewhat higher trans to gauche ratio 
than normal. 

The value of AC-8 can only be related to the C-5--C-7 bond, which was 
shown before to be immobile. This agrees with AC-8 =-0 .7  ppm, a small A8 
value. 
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Finally, the value of AC-9 =-1.1 ppm has been attributed to a packing ef- 
fect, since the rotation about the C-7--C-8 bond does not influence AC-9 due to 
the symmetry of the three identical C-9 atoms. The rotational motion of C-7-C- 
8, being likely according to the molecular mechanics calculations summarized 
above, will be derived from the study of 7'1. 

C. Spin-lattice relaxation times T1 in the melt 

The spin-lattice relaxation times T~ of Table 3 measured at a temperature of 
323 K were used to confirm the rotational motion about the bonds of MOCPM 
in the melt as derived from the chemical-shift discussion. Basically, since the 
external magnetic field-strength is in the range of MHz, the frequency of mo- 
tion detectable by this measurement is also in the MHz range. This 
frequency-range covers normally the large-amplitude conformational motion. 
According to the spin-lattice relaxation theory, in the liquid state (melt) [34], 7"1 
is approximately proportional to the reciprocal of the correlation time x. The 
larger T1, the faster is the motion. Furthermore T~ of each carbon atom has two 
contributions: first, the orientational motion of the whole molecule, second the 
conformational motion about the individual chemical bonds [35]. Assuming 
that the orientational motion of the whole molecule gives, on average, the same 
contribution for each atom, the differences in 7'1 between two carbon atoms 
connected by a chemical bond indicates the mobility about this bond. Applying 
this interpretation to the data of Table 3 gives the following interpretation: 

Starting from C-2, the 7"1 values of carbon atoms with similar local environ- 
ment, for example C-2, C-4 and C-7, increase from C-2 to C-7. This indicates 
that the conformational motion of each C--C-bond becomes faster when going 
from the inner-most bond to the end of the branch. The same conclusion is 
reached for C-1 and C-8. 

Additionally the T~ value of C-5 (0.23 s) is so close to T1 of C-7 (0.20 s) to 
confirm the rigidity of the C-5-C-7-bond observed from the chemical shift 
changes and suggested by the molecular modeling attempts. On the other hand, 
the difference in T~ between C-1 and C-2 is evidence of some conformational 
motion about the C-1--C-2 bond. The quite different/'1 values between C-2 and 
C-3 indicate also the mobility of C-2-O bond (if the C-2--O-C-3-O were a rigid 
rotor, 7"1 of C-2 and C-3 would have to be the same). 

The semicrystalline state 

Several computer programs were used to try to index the crystalline X-ray 
scattering to obtain the unit cell. These were not successful. The very strong 
peak at 2025.2 ~ is, however, likely a low order reflection, related to planes that 
contain the MOCPM molecules. The d-spacing of this peak of 1.70 nm, is simi- 
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lar to the center-center distance in the liquid. The small peak at 20z2.6 ~ indi- 
cates that the unit cell size is, at least in one dimension, 3.4 nm or larger. 

The diffraction pattern of the semi-crystalline sample shows appreciable 
amounts of non-crystalline scattering, as indicated by the dashed line in Fig. 6. 
The diffuse scattering is concentrated at 20 angles higher than in the liquid sam- 
ple, as can be seen from the overlay of a scaled liquid pattern. The peak in the 
non-crystalline scattering in the semi-crystalline material occurs at ~17.7 ~ vs .  

16.3 ~ in the liquid. This is not the usual temperature effect between liquid and 
solid, since the two patterns were taken at the same temperature. In addition, 
there is considerably more scattering intensity in the semicrystalline material 
than in the liquid at higher diffraction angles. Thus, the nature of the non-crys- 
talline material in the semi-crystalline solid differs from that in the liquid. 

The areas corresponding to the crystalline and total non-crystalline scatter- 
ing from the semi-crystalline sample are 56% and 44%, respectively. If one 
assumes that a portion of the disordered material in the solid is liquid-like (i. e., 
amorphous), as would be suggested by the remaining small glass transition in 
these materials, the non-crystalline scattering can be further divided into liquid- 
like scattering and "other" non-crystalline scattering. The maximum amount of 
liquid-like amorphous scattering is 16% in good accord with the crystallinity 
estimated from DSC [1]. The value was chosen by keeping the liquid pattern 
overlay below the Bragg peaks. This leaves a minimum of 28% of "other" non- 
crystalline scattering. This "other" non-crystalline scattering might come from 
the conformationally disordered parts of the molecules in the crystallites. 

The NMR data have shown that 20 bonds are able to rotate in the melt. The 
DSC measurements find, however only 13 from an analysis of the entropy of fu- 
sion [1]. Assuming that seven of the bonds (35 %) of each crystallized molecule 
in the crystal remain disordered on crystallization accounts for the 28 % "other" 
noncrystalline scattering and also furnishes a reason for the double peaks of 
similar magnitude in the NMR spectra of the crystals. 

It is remarkable that the (scaled) liquid pattern fits the non-crystalline pat- 
tern in the solid very well up to 20z15 ~ indicating that the diffuse scattering 
from the "other" disorder begins at 15 ~ and is more or less constant at higher 
angles. The shape of this diffuse scattering from the "other" disorder is similar 
to the diffuse scattering seen in long-chain conformatio~ally disordered TAAX 
[33] (long meaning alkyl chains with more than 4 methylene units). In a disor- 
dering transition of the TAAX the tetra-n-alkylammonium ions as a whole 
remain on lattice sites, with only the alkyl chains gaining conformational disor- 
der. This is precisely the picture emerging for MOCPM (with the exception that 
in MOCPM there are additional regions of ordinary amorphous, liquid-like ma- 
terial, not present in TAAX). 

A simple model of crystallization can explain the observed unique crystal- 
lization behavior of MOCPM that consists of slow, incomplete crystallization to 
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limits of 16% amorphous, 28% conformationally disordered, and 56% crystal- 
line. It is well known that only a specific chiral center fits into a given crystal 
[36]. Assuming that the four centers in MOCPM occur randomly, there are 
12.5% of the molecules that agree in only one chain with a given configuration 
and similarly 12.5% that agree with all four. Assuming that the former mole- 
cules remain amorphous and the latter form the basis of the crystals accounts 
for only 25% of the material. Half of the remaining molecules have one branch 
not fitting into a given configuration for a crystal and the other half have two. 
If the molecules with one or two branches with wrong configurations remain 
conformationally disordered, they would account for 28% of disorder. The total 
ordered branches of the molecules would then make 56%. These percentages 
are close to the observed values and would also give a reason why further crys- 
tallization and ordering is inhibited. 

Conclusions 

�9 The X-ray diffraction pattern of the supercooled liquid MOCPM indi- 
cates a typical organic liquid made up of bulky, nested molecules. 

�9 By conformational analysis based on the ~3C NMR spectra of the melt 
and the crystal, and by molecular mechanics calculations it was possible to 
show that rotational motion is restricted for the O--OC-3 and the C-5--C-7 
bonds. This conclusion agrees quantitatively with the overall increase in Cp at 
the glass transition. 

�9 The semicrystalline solid MOCPM is about 56% crystalline, 16% liquid- 
like amorphous, and 28% conformationally disordered crystalline, in 
quantitative agreement with the entropy deficit discovered by analysis of the 
melting transition by DSC and the small glass transition observed in semicrys- 
talline samples. 

�9 The conformational disorder in the crystal in some of the branches of the 
molecules involves all but the center atom C-1. 

�9 Below the isotropization temperature there is no gradual change in confor- 
mational disorder observed by 13C NMR, in agreement with the heat capacity 
measurement. 

�9 If possible, the fully crystalline structure of MOCPM should be deter- 
mined to find the nature of the disorder in the crystalline regions. At present 
one can speculate that an orderly packing is interrupted by the presence of ran- 
dom stereo isomers at the C-5 atom. This would be the first example of a crystal 
of a small molecule that can accommodate molecules with only two or three of 
its branches configurationally correct. An incorrect chiral center leaves the 
branch disordered and mobile (conformationally disordered crystal, condis 
crystal [37]). A simple statistical analysis agrees with the observed limiting per- 
centages of disorder. 
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