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We synthesized a brancheealkane sample M39 with a carbon number of the main chain39 with the

methyl group at the middle of the chain, and studied its crystalline structure and also compatibility with the
corresponding linear homologue of C39. Results of SEM, DSC, X-ray diffraction, IR absorption, and Raman
scattering measurements on solution-grown crystallized sample (SG-M39) and bulk-crystallized sample (BK-
M39) reveal along with computer simulation that a triclinic type of crystal belonging to the space Btoup

is predominantly realized in BK-M39, whereas an orthorhombic typge2e2,2, is found to be coexistent for
SG-M39 crystal. The phase diagram is constructed for the BK-M39/C39 binary system, which shows that the
system does not form a solid solution and the respective molecules with a small amount of contaminant of
another component develop their own crystal structures separately over the entire range of molar fraction of
M39 from 0.05 to 0.95 studied.

Introduction branch is likely to influence the crystallization kinetics as well

Polyethylene (PE) is known to have various lengths of as the equmpnum prystallme structure.

branches depending on catalysts used for polymerization along S the main chain carbon numbewdecreases, alkanes tend
with different molecular weight distributions from the most (© crystallize, taking the extended chain conformation as the
probable one to a very broad one with a ratio of weight-average energetlca[ly most favored one. In this case, introduction of
to number-average molecular weight as large as28ranched ~ Small functional groups such as the carbonyl or hydroxyl group
groups and chain ends are both considered as defects to hinde®t the middie of the main chain hardly disturbs the crystalline
formation of a chain-folded single crystal. Nevertheless, it has Structure of their linear homologues. In earlier studies, this was
been long believed that such short branches as the methyl oProved indeed to be the ca$e® The subcell structure was the
the ethyl group are mainly incorporated into lamellae of PE same for all samples examined, and their melting temperatures

crystals. became higher than those of the linear homologues because of
Quite recently it became clear from a morphological study dipole—dipole interaction or hydrogen bonding, whereas the
on two branched alkanes of high purityee810:CHR CosH1s9 solid—solid-phase transitions characteristic of pure linear alkanes

with R being methyl or butyl, that such short branches are disappeareéd? 24 On the other hand, attachment of bulky side
rejected to the lamellar surface and eventually affect molecular groups such as hydrocarbons or aromatic compounds without
deposition on the crystal growth face so as to take a once-foldedhaving any specific interaction to the center of the main chain
chain conformatios-7 The branching effect was further studied ~does not contribute to stabilization of the crystal structure but
on asymmetric methyl-branched alkaneofEi33:CH(CH)- greatly impedes crystallization kinetics with an increase in a
CooH199 by the same groupThey showed that the sample can size of the branch. In an extreme case, the main chain might
be crystallized in two different semicrystalline forms depending fold so that the bulky side groups may be rejected on the
on crystallization temperature, which on further cooling trans- lamellar interface, or the sample cannot crystallize any more
form to a double layer and a triple layer crystalline structure, but might become a glass-forming material. Thus it seems
respectively. In both structures, the methyl branches are foundmeaningful to perform a systematic study on effects of a branch
to be always located on the lamellar interface, and the whole size on solid structures of alkanes that contain branches with
main chain took the extended conformation in the double layer various lengths in the center of an otherwise linear chain taking
structure, whereas the longer part of the chain was once-foldedthe extended conformation in the crystalline state.
at the position of the methyl branch in the triple one. Thus  |n this paper, we report results on the methyl-branched alkane
topological restriction brought by introduction of the methyl  M39 with n = 39 obtained from SEM, DSC, X-ray diffraction,
o . T  Te192.042.3601 Raman scattering, and IR absorption measurements as well as
* Towhom correspondence should be addressed. £-04e : computer simulation. We find that M39 crystallizes as an
Fax._+8132:642-3825. E-malk nemo@mm.kyushu-u.acp. extended chain with the methyl group being inside the lamellae
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SCHEME 1 reacted in a nitrogen atmosphere at room temperature for 24 h.
0-C=0 Hydrolysis of the solution of §) by dropwise addition of
H3C(CH,);sCOOH — H;C(CH,);sCOCI —> H;C(CH:»7CH:C—EI(CH2)17CH3 aqueous solution saturated with ammonium chloride yielded the
W @ prod_uct 6).27 After evaporation of solvent the product was
S confirmed as a tertiary alcohob) from IR measurement and
OMgBr gas chromatography..The tertiary. qlcohﬁ)) Wwas reduced in a
——= L C(CHy)C(CHy)CHy —»  HiC(CHy) G (CHy) CHy water/ethyl alcohol mixture containing iodine and phosphorus
O R as reducing agents for 24 h at room temperature. In this reaction,

however, a double bond was occasionally introduced as a result
of a side reaction in the main or the side chain through an
intermediate stage of carbocation generation; thus the additional
H3C(CHy),7CH=C(CHy),5CH; hydrogenation reaction became necessary for conversion of the
OH CH; double bond into the single one (reactiof) (= (8)) adding
T HRCCHCHCH, T hydrogen molecules in an autoclave. Products obtained were
HyC(CHy) 5C(CHy) 14CH3 finally purified with elution and recrystallization through a silica
© CH, column using hexane as solvent.

\ After solubility tests of pure C39 and M39 using several

) ®)

M organic solvents, we chose toluene and butanone for solution-
/ grown crystallization of C39 (SG-C39) and M39 (SG-M39)
" respectively, because each solvent is not a bad solvent to C39
HiC(CHy) G (CHy ) 5CHs and M39 and crystallization took place at around room
CH; temperature. It is to be noted that we could not obtain a
crystallized M39 sample from 3% toluene solution at a
temperature as low as 250 K. Bulk-crystallized C39 and M39
crystallization methods both exhibit polymorphs taking two denoted BK-C39 and BK-M39, respectively, were prepared
different crystalline structures belonging to the space groups With @ slow cooling rate of 2.0 K/h from the melt at 12G.
P1 and P2,2;2;. The difference between them is that an Eight binary M39/C39 samples with a molar _fractifmin the
orthorhombic type of crystal structure is mainly formed for the range 0.050.95 were prepared from respective homogeneous
solution-grown M39, whereas a triclinic type of crystal structure Solutions of C39 and M39 in hexane by evaporating the solvent
is dominantly realized in the bulk-crystalized M39. The ©na hot plate and then slowly cooling to ambient temperature.
crystalline structures determined in this work are in appearance Homologous purities of C39 and M39 were determined by a
similar to the double layer structure ofdgH3zgsCH(CHz)CggH199 capillary gas chromatograph (GC-14A, Shimazu) as 99.9% and
proposed by Ungar et 8lwhere all long alkane chains take 99.6% respectively. The density was measured with a-Gay
extended conformation, but are unique for packing of the central Lussac pycnometer as 0.944 g &for SG-C39 and 0.915 g
methyl branch in cooperation with end methyl groups, which cm?® for SG-M39.
gives rise to staggered alignment between the neighboring Methods. SEM was made for morphology observation of SG-
extended chain with the relative translation of a half main chain C39 and SG-M39 at room temperature with JSM-T100 (Ni-
length. Compatibility between M39 and its linear homolouge hondenshi). DSC measurements were performed using a calo-
C39 is also examined from DSC measurements, which indicaterimeter (DSC-8240B with a TAS-100 controller, Rigaku) for
that the respective molecules, allowing a small amount of SG- and BK-M39, SG-C39, and C39/M39 binary mixtures from
contamination of another component, tend to develop their own 293 to 393 K. The standard heating rate of 1.0 K miwas
crystal structures separately over the entire range of molaremployed under dry nitrogen atmosphere for a sample mass of

®)

fraction of M39 from 0.05 to 0.95 studied. about 1.0 mg. The heating rate dependence was examined for
) ) several samples of the M39/C39 system chosen randomly and
Experimental Section was found negligible. Temperature calibration was performed

Materials. The long chainn-alkane with a branch at the using indium (In) and also shorter-alkanes with known
middle, 20-methyl-nonatriacontane (¢s5),CHCHs) denoted equilibrium melting temperatures. The heat of transition or
M39, and the corresponding linealkane C39 were used for ~ fusion was calibrated using In and gallium.
this investigation. The branched alkane was synthesized through The X-ray diffraction measurements were performed for SG
ketene dimerization and Grignard reactions using the corre- and BK samples of C39 and M39 with a diffractometer using
sponding carbonic acid chlorides free from other homologues. Ni-filtered Cu Ka radiation (Rigaku, Geigerflex 2027) at room
Details of synthesis are reported elsewl#ras is shown in temperature. Structural changes in respective crystals with
Scheme 1, carboxylic acid chloride?)( synthesized from increasingrl were studied from room temperatureTtust below
corresponding carboxylic acid) (SIGMA Co., purity; mini- the melting temperature of SG-M39 at twelve or fifteen
mum 99.0%) and thionyl chloride in argon atmosphere was temperatures. Raman spectra were obtained for SG-C39 and
further reacted in ether solution with tertiary amine to obtain SG-M39 samples with an NR-1800 Raman spectrometer (Japan
alkyl ketene dimerd). Symmetrical ketoned|) with a carbonyl Spectroscopic Co). A beam line with 514.5 nm of wavelength
group at the middle of the main chain was easily obtained from from an argon ion laser was used as an excitation light source.
hydrolysis of @). C39 was synthesized by reducing the IR spectra were obtained at room temperature using a FT-IR
corresponding ketonef) using the Wolff-Kishner method$ spectrometer (FTS-6000, Bio-Rad) with 64 scans at a resolution

Tertiary alcohol 6) was synthesized through the produst (  of 2 cni™. To find the energetically most stable crystal structure,
of the meso compound from symmetrical ketode Powders a commercial software Polymorph Predictor, a module of
of symmetrical ketoned) were poured into 3 Mert-butyl ether Ceriug (version 4.0, Accelrys Inc.), was used. The unit cell
solution of a Grignard reagent (GHMgBr; Aldrich Co.) and parameters of the crystal structural models obtained were slightly
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Figure 2. DSC curves of C39, SG-M39, and BK-M39. The weight of
the samples used is 1.0 mg, and the scanning rate, 1.0 KXmin
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Figure 1. SEM photographs for (a) SG-C39 and (b) SG-M39. 5‘,
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modified so that they may give better reproduction of X-ray §
diffraction data measured at room temperature keeping essential ™~ 39
features of the structure unchanged. These modified structures
were minimized again under the assumption of rigid body 510 15 20 25 30 35 40
molecules.
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Figure 3. X-ray diffraction profiles of BK-M39, SG-M39, and C39

Results and Discussion at room temperature.

Crystal Structure of M39. Direct Obsewpation. Figure 1
shows SEM photographs of (a) SG-C39 and (b) SG-M39. C39 endothermic peak are undoubtedly related so that M39 could
forms a typical lozenge shape of thin single crystal mat for not form the single crystal but was forced to take a more or
which the crystal grows along the (110) plane. In contrast, M39 |ess disordered crystal due to a difficulty of M39 molecules in
takes a needlelike crystal different from C39, indicating that achieving close parallel chain packing. A small dip is observed
the attachment of the methyl residue to the middle of the main in the DSC curve near the bottom of the BK-M39 data. Repeated
chain significantly affects a mechanism of crystal growth. The measurements, however, showed that the position of the dip on
difference shall be discussed later after the crystalline structurethe temperature axis as well as its depth varied every run. At
of M39 is determined. Because the M39 crystal was obtained present we have no explanation why this kind of distortion is
as fine powders, it was not possible to use a four-circle X-ray observed for the BK-M39 sample.
diffractometer to determine the crystal structure. X-ray Diffraction Profiles.Figure 3 shows X-ray diffraction

Thermal Behaiors. Figure 2 shows DSC curves of SG-C39, profiles of SG-M39 and BK-M39 measured at room tempera-
SG-M39, and BK-M39. BK-C39 gave a DSC curve with almost ture, and also that of SG-C39 for comparison in a range of
the same characteristic feature as SG-C39. The curve of C39diffraction angle 2 from 3° to 4C°. SG-C39 gives a sequence
unambiguously exhibits the B and C sotidolid-phase transi-  of sharp diffraction peaks over a wide diffraction angle range
tions at 333 and 341 K, respectively, and a sharp melting peak corresponding to (@Dreflections of the long spacing with even
at 353 K. On the other hand, melting peaks observed for SG- number ofl along the main chaie axis as well as two peaks
and BK-M39 are quite broad as compared with the peak of C39, at 20 = 21.5 and 2 = 23.8 from the (110) and (200) planes
and their melting temperaturek, are 331.4 and 330.7 K, characteristic of linear alkanes with odd carbon number at room
respectively, being lower by more than 20 K in comparison temperature, i.e., of the A structui#&On the other hand, only
with T, of C39. Lowering of T, and broadening of the a small number of broad diffraction peaks are observed in the
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Figure 4. Changes in X-ray diffraction profiles induced by heat treatment. (a) SG-M39: (1) 298.3 K, (2) 313.1 K, (3) 327.6 K, and then cooled
to (4) 297.6K. (b) BK-M39: (1) 294.6 K, (2) 312.1 K, (3) 327.4 K, and then cooled to (4) 294.6K.

low diffraction angle region for the M39 samples, and corre- the patterns in different manners. For SG-M39, two peaks at
sponding intensities are very low, especially for BK-M39. This 260 = 19.3 and 21.2 remain essentially at the same positions
is not an unexpected result for a powder-like crystal, whereas with a rise inT, whereas the shoulder observed for the broad
broadness of the peaks might be due to superposition of two orpeak at 2 = 23.5 of the virgin sample ) at T = 298.3 K
even three peaks. Even though the presence of these low angléends to be split as an independent peak with increasing
peaks must be taken into account in determining their crystalline temperature and this new peak & 2 23.2 is irreversibly
structures, the X-ray diffraction measurement after all does not maintained after the sample is cooledlte- 297.6 K in profile
permit accurate determination of the long spacingand it 4. Furthermore, comparison profiles 4 and 1 indicates that
remains uncertain whether the main chain of M39 is fully intensities at 2 = 21.1° and 23.8 measured with peak height
extended or once folded due to presence of the bulky methyl noticeably increased with this heat treatment. Thus it seems

group. plausible that the broad endothermic peak of SG-M39 shown
SG-M39 gives three strong peaks at arouid=219.3, 21.7°, in Figure 2 is related to formation of a rather distorted crystal

and 23.58 with the largest intensity attP= 21.1°, of which the lattice with the solution-grown method or disordering of

peak at 2 = 19.3 is a new one with the spacirdj= 0.458 molecular alignment brought by competitive formation of two

nm not present for the orthorhombic type of the subcell structure different crystalline structures, or to the both.

as C39 and the peak aff2= 23.5° appears to have a shoulder In the X-ray diffraction patterns of BK-M39 shown in Figure

at 20 = 23.C°. On the other hand, the sample gives two weak 4b, on the other hand, three characteristic peaks simply shift to
peaks at 2 = 35.9 and 39.8 close to the positions where peaks the lowerf with raising temperature probably due to thermal
from (020) and (310) reflections are observed for C39. These expansion and, after annealing, they return to almost the same
results lead to supposition that the SG-M39 crystal may be angles with the peak shapes unchanged. There appears to be
polymorphous. BK-M39 also gives three strong peaks at around no change in the crystal structure with increasing temperature

20 = 19.3, 21.7°, and 23.2 with the largest intensity at®?= before the melting point is reached, even though a dip was
19.3, but no peaks at highem2 Three main peaks imply that  observed in the DSC curve in Figure 2.
the unit cell of BK-M39 is presumably a triclinic or a monoclinic Raman ScatteringThe small-angle X-ray diffraction mea-

form, but we surely need to collect more information using other surement on M39 samples did not provide information sufficient

experimental techniques to determine a type of the crystal lattice for determination of the long spaciig Alternatively, confor-

and unit cell parameters, and also to examine a possibility if mation of the main chain or the chain length in the crystalline

BK-M39 might be polymorphous as SG-M39. state can be unambiguously determined from Raman scattering
Because not only X-ray diffraction patterns but also DSC measurement using vibration modes of the longitudinal acoustic

peaks are broad for M39 samples, changes in diffraction profiles mode (LAM), if the chain is depicted as a continuous elastic

with raising T were studied at twelve temperatures from room rod. Thejth LAM frequency of the vibrationy;, is given

temperature td just below respective melting points and also

at room temperature after the samples were cooled. Parts a and V= (jIZCL)(EC/,o)”2 (2)

b of Figure 4 show X-ray diffraction patterns at four selected

temperatures for SG-M39 and BK-M39, respectively. As is clear wherec is the speed of light in the mediunk. is Young’s

from the figure, thermal treatments appear to have influenced modulus of the chain in the solid statejs the density, angl
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Figure 5. Raman spectra from longitudinal acoustic modes (LAM) Figure 6. IR spectra for SG-C39, SG-M39, and BK-M39 in the CH
for SG-C39 and SG-M39. rocking mode region at 303.1K.

is the vibration order (only odd numbers are Raman active).

Figure 5 shows results of Raman scattering measurements oryvhereas th_ere occurs no splitting for the former. We performed
SG-M39 and SG-C39 at room temperature. Three peaks arelR absorption measurements on powder samples of SG-C39,

Clearly observed for SG-C39 at 62.6. 176. and 283—3(;m SG-M39, and BK-M39, which were Carefu”y sandwiched
corresponding to the LAM modes wi’th — ,1 3 and 5 between two KBr plates to minimize possible disturbances or

respectively. Stroble and Eckel pointed out, from Raman alteration of crystalline structures of the fragile samples by
scattering experiments on linear alkane#ig.» with 33 < n applied pressure. It is to pe noted that completely different IR
< 94, that weak interlamellar forces result in an upward shift SPectra were indeed obtained for M39 samples prepared with

of v given by eq 1, and proposed an empirical equafion such a conventional method that the samples are mixed well
: ' with KBr powder and then pressed to make the disk.

v;=2236/(n— 1.6)+ 2.2§ 2) Figure 6 gives IR spectra of three samples in a relatively
narrow wavenumber region of 76050 cnt?! at 303.1 K. The
Equation 2 givesy; = 62.0 cnt? for n = 39, which is in measurements were also made at elevated temperatures below
excellent agreement with the experimental valuer,of 62.6 respectivel,y's, and essentially the same shape of the spectrum

cm™1, and alsa’, = 180 cnt! andvs = 299 cntl, being slightly was obtained for each sample. The well split IR bands are seen
larger than the values measured. Three peaks are also observeid C39 as expected, but not for the two M39 samples. The
for SG-M39 at 62.3, 176, and 285 cpwhich are in excellent  spectrum of SG-M39 is broad, but a small peak is found at 730
agreement with correspondingvalues of C39. Because C39 cm? corresponding to the vibration mode parallel to ¢hexis
molecules are known to take the extended chain conformation,intrinsic for the orthorhombic type of subcell structure and the
forming the orthorhombic type of crystal, we conclude that M39 peak at 720 cmt is broader compared with the corresponding
molecules are not folded but extended so as to take the planaone of SG-C39. Similar trends were also observed for the CH
zigzag form in the solid state. In addition, close agreement of deformation mode at 1465 crh These IR results are in accord
vj values between C39 and M39 indicates that intermolecular with X-ray diffraction profiles of this sample, indicating
interactions responsible for symmetrical longitudinal backbone polymorphs composed of the orthorhombic and the triclinic or
vibration modes are almost the same for the two samples, evenmonoclinic subcells for SG-M39. The IR spectra of BK-M39
though the methyl group attached to the center of the main chainlook broader toward the low wavenumber direction, which may
of M39 must be located inside the lamellae and is expected to be adressed to (1) more distorted chain packing in the local
perturb the chain packing to some extent. subcell size when M39 is bulk crystallized and (2) superpositions
IR Absorption. Results of X-ray diffraction measurement on of the normal orthorhombic doublet and some additional band-
SG-M39 have suggested that the structure of the subcell is likely (s) from another phase, or to the both. Issue 1 may be supported
to consist of two different types; one is a triclinic or a monoclinic by that the molar enthalpy of fusiom\H, of BK-M39 is
type supposed to be identical to the BK-M39 case and the otherlowered to 114 kJ mof from the value ofAH;,, = 120 kJ mot?
an orthorhombic type. For the latter, the IR absorption band at of SG-M39 and both are much smaller thAt,, = 146 kJ
720 cnm? corresponding to the CHocking mode is known to mol~! of SG-C39. Issue 2 comes from the observation of the
be split into two components due to intermolecular interaction, shoulder in the spectra at around 730¢énWe performed IR
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measurement on the another sample BK-M39 obtained by
melting of BK-M39 atT = 333.5 K slightly abovel, of BK-

M39 and subsequently slow cooling to 303.1 K, and the result
is shown in the same figure. Obviously, the heat treatment
improved local chain packing so that the peak at 720%tm
increased not only in intensity but also became sharper and
furthermore the shoulder shifted to the lower wavenumber side
with a decrease in intensity. Combining the two IR results
mentioned above, we should consider that BK-M39 predomi-
nantly takes a triclinic or a monoclinic type of the crystalline
structure with rather distorted local chain packing and may
contain a small fraction of the orthorhombic type of the crystal
as in SG-M39. However, we did not attempt to estimate the
fraction, because of a drastic change in the spectra by heat
treatment, lacking of a clear theoretical guide for decomposition,
and poor resolution of 2 cm of the instrument used.

Computer SimulationX-ray diffraction, Raman scattering,
and IR data described in previous sections strongly suggested
that SG-M39 and probably BK-M39 are present in polymorphic
forms, one being the orthorhombic one and another a triclinic
or a monoclinic one, whereas the main chain takes the planar
zigzag form. Owing to a small number of diffraction peaks,
another technique such as computer simulation may be helpful
for determining how extended main chains are aligned and how
the central methyl groups are packed in cooperation with end
methyl groups in respective unit cells. We performed computer
simulation to find the energetically most stable crystalline
structure choosing five space groupsRft;, P2:2:2;, P2y/c,
C2/c, andP1 as potential candidates for the M39 crystal. X-ray
diffraction profiles were calculated from lattice parameters

predicted for each space group and compared with those
experimental curves shown in Figure 3. Two space groups of

P2,2:2; andP1 were found to reproduce experimental results
fairly well, whereas others belonging to the monoclinic group
failed to predict one or two main peaks at positions 6f 2
observed.

Figure 7 illustrates the predicted molecular model belonging
to theP2,2;2; space group whose unit cell dimensions are
1.515 nmp = 0.505 nmc = 5.358 nm, andx = 5 = y = 90°,
and the density is 0.919 g ci) being close to the experimental
value of 0.915 g crm? obtained for SG-M39. The model predicts
that the unit cell contains four M39 molecules as found for C39
taking the double layer structure, but the lattice parameters
b, andc are different froma = 0.749 nm,b = 0.496 nm, and
¢ =5.197 nm of C39. The closest packing of end methyl groups
at the interface in the C39 crystal gives rise to the relative
translation of linear alkane molecules along thexis in the
upper and the lower layers; thusbecomes a double of the
main chain length. In the M39 crystal, adjacent four extended

Yamamoto et al.
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Figure 7. Molecular model of M39 simulated for the space group
P2:2,2,. a= 1.515 nmb = 0.505 nm,c = 5.358 nmaa = =y =
90.0°.

length and chain planes of all molecules are oriented to the same
direction. The triclinic structure proposed is different from those
in even alkanes from fgH2, to CogHs4.2973% The number of

chains surrounding one M39 molecule relatively translate by a molecules in the unit cell is 1 up to C22 and becomes 2 for

half of the main chain length along tlveaxis to accommodate
the central methyl group under cooperation of end methyl
groups, which affect directions of chain planes of the next
nearest neighbor chains, resulting in the unit cell with the large
a, as illustrated in the projection on tlze-b plane. According

to this model, nevertheless, introduction of the central methyl
group very slightly loosens the local chain packing to a similar
extent along all three axial directions. The model illustrated in
Figure 8 belongs to thB1 space group. The lattice parameters
estimated for this triclinic type of crystal aeke= 1.050 nm,b

= 0.470 nm,c = 5.176 nm,a = 72.6, § = 68.C°, andy =
65.C°, and the density is 0.88 g cfi The unit cell contains

C24 and C26. Typical values of lattice parameters below C22
are, for examplea = 0.483 nmb = 0.429 nmgc = 2.482 nm,
o= 67.8, =85.1, andy = 72.5 for C18 with the density

of 0.929 g cm?, and for C26a = 0.767 nmj = 0.526 nm¢

= 3.528 nm,a. = 68.4, § = 83.6", andy = 83.¢° with the
density of 0.926 g c®. X-ray diffraction patterns shown in
Figure 3 were indexed with the two molecular models and
results are listed in Table 1. It is to be noted that, if unit cell
structures given by the two models are realized in M39 crystals,
intensities from (0D reflections should be considerably lowered
in comparison with those of C39. The orthorhombic model
successfully predicts four peaks of SG-M39 & 2 21.7°,

two M39 molecules due to staggered alignment between 23.5, 35.%, and 39.8, and also two broad peaks at low angles

adjacent chains with the relative translation of a half main chain

as reflections from (002) and (004) planes but no peak to (003)
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Figure 8. Molecular model of M39 simulated for the space gr&tip
a=1.050 nm,b = 0.470 nm,c = 5.176 nm,o. = 72.6’, f = 68.C,

y = 65.0.

TABLE 1: Comparison of Diffraction Angles 26 Measured
with Those Calculated from Computer Simulation

crystalline lattice simulated

experimental P1 P2,2:2;
sample B/deg dnm 29/deg @kl) 2/deg (k)
BK 3.2(w) 279 3.3 (002)
6.2 (vw) 1.36 6.6 (004)
19.3 (s) 0.459 195 (200)
21.1 (m) 0.421 21.6 (010) 211 (210)
23.1(vs) 0.385 23.2 (210) 23.5  (400)
SG 3.2 (w) 2.79 3.3 (002)
6.5(vw) 1.35 6.6 (004)
19.3 (s) 0.458 19.5 (200)
21.1(vs)  0.420 21.2 (010) 211 (210)
23.0(s) 0.386 23.2 (210)
23.5(s) 0.380 23.5  (400)
35.9 (m) 0.250 356  (020)
39.6 (vw) 0.228 39.9 (610)

reflection consistently. The strong peak & =2 19.3 and the

shoulder at 2 = 23.0* may be complemented by coexistence
of the triclinic form approximately. Thus, we may be allowed
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Figure 9. DSC curves of bulk-crystallized M39/C39 compared with
those of C39, SG-M39, and BK-M39. The weight of the samples used
is 1.0 mg, and the scanning rate, 1.0 K riin

T
310 3

to conclude that SG-M39 is present in polymorphic forms, one
being the orthorhombic one and another the triclinic one with
approximate lattice parameters obtained from the simulation.
Three strong peaks of BK-M39 ab2= 19.3, 21.7°, and 23.1
appear to be represented by the triclinic model. The model gives
(002) and (003) reflections at¥2= 3.73 and 5.60, but no
peak is seen at those angles. Instead, very weak and broad peaks
are seen at@= 3.2 and 6.3, which are close to (002) and
(004) reflections of the orthorhombic model whose main peak
is located at 2 = 21.2. Thus it seems legitimate to consider
that the BK-M39 crystal is also present in polymorphic forms,
taking the triclinic form predominantly and the orthorhombic
one as a minor component.

The molecular models illustrated in Figures 7 and 8 have a
characteristic feature that there exists no smooth flat interface
where methyl groups are disclosed. Instead, all methyl groups
are located inside the crystal, which gives rise to staggered
alignment between neighboring extended chains. Thus it does
not seem unreasonable to suppose that chain stacking along the
main chain axis is quite difficult. It is also to be noticed that, in
Figure 8, crystal growth along theaxis does not produce extra
surface, whereas more extra surface energy is needed along the
a axis. Anisotropy of rates of crystal growth along three
directions may explain why a needlelike crystal has been
obtained for M39 samples.

Compatibility of M39 with C39. Figure 9 shows eight DSC
curves of the bulk-crystallized M39/C39 binary system (BK-
M39/C39) with those of pure BK-M39 and C39. In the range
of the molar fractiorf,, of M39 from 0.05 to 0.80 studied, we
observe the soligisolid-phase transitions characteristic of pure
C39 followed by melting, and also another melting peak at a
lower T close to the melting temperature of pure M39. It is
ambiguous if the soligtsolid-phase transition persists abdye
= 0.80, because of lowering of the melting temperature of the
C39-rich phase. The phase diagram was constructed for BK-
M39/C39 using peak temperatures on respective DSC curves



5834 J. Phys. Chem. B, Vol. 108, No. 18, 2004 Yamamoto et al.

140 | -

120

100

40

320 - I . 1 N 1 N 1 .
0 0.2 0.4 0.6 0.8 1.0 20

S
Figure 10. Phase diagram for bulk-crystallized M39/C39 syste®) (
solid—solid—solid transitions and melting of the C39-rich phase) ( 0
melting of the M39-rich phase. The liquidus line is calculated from eq
3, and horizontal and dotted lines are empirically drawn. f

Figure 11. Heat of transitiom\H for the M39/C39 system as a function
excluding the endothermic curve at the higher melting temper- of fm: (®) AHcss Of the C39-rich phased) AHugs of the M39-rich
ature, to which the final melting temperature was used and is Phase-
shown in. Figure 10. In thg figurg, filled circles cprrespond t0 TABLE 2 Melting Temperatures and Heats of Transition
the transition and the melting points of the C39-rich phase and for the M39/C39 System
unfilled circles correspond to that of the M39-rich phase. The

. . or AH/kJ moft
two solid—solid transition temperatures look to decrease very M39 mol T.JK : : /kd mo
slightly with increasing, following empirically drawn dotted molar __T & a ,
lines. Effects of a small amount of impurity on the DSC fracion M39 €39 Tmmss Tmc A'B B—C total
transition behaviors were studied using a homologous series of 0 354.4 136 2 8 146
n-alkanes’ Mixing of 0.5 mol % C26 into C27 did not affect ggég ggg% 1; ﬁ‘; % g }gg
the latter melting temperature as well as the tra_msition temper- '5q 3316 3530 24 103 4 7 138
ature to the C structure, but lowered the transition temperature ¢.40 331.7 351.1 49 72 3 6 129
to the B structure by 1.7 K. Mixing of 0.8 mol % of C25 into  0.60 331.8 3482 76 47 3 5 130
C26 gave another independent selgblid transition peak. 0.80 3318 343.7 96 22 2 120
Therefore it seems plausible that the amount of M39 contami- 8'32 ggig gg;g ﬂi ‘2‘ ﬂg
nated in the C39-r|ch_phase may be less than 1 mol %._ On the 1.00(BK) 330.7 114 114
other hand, the melting temperatufg mse of the M39-rich 1.00(SG) 331.4 120 120

phase remains constant independent,péxcluding the data

point given by the white circle d = 0.10 and the endothermic  into eq 3 gives the solid curve in Figure 10, which successfully

peaks are sharper than pure M39. These strongly suggest thageproduces thé, dependence o cas

Tmmsg should be regarded as the eutectic temperature. The triple  We calculated enthalppH associated with melting or the

point may be located as the point where the two solid lines in solid—solid-phase transitions from area of respective endother-

the figure tend to intersect. Because the melting point of pure mic peaks on DSC curves for this system and results are given

BK-M39 sample is slightly but definitely lower than the eutectic in Table 2 with values of two melting temperatures. Because

temperature, this conclusion is ambiguous a little bit yet. AH of the A— A’ transition was only observed for pure C39
The melting poinfTm csg0f the C39-rich phase is appreciably  and was very small, it has not been listed. Total enthalpids

depressed with increasirfg. It is likely that the depression is  of the binary system listed in the last column of Table 2 indicate

caused by melting of the M39 component at elevated temper- that they tend to decrease almost linearly with an increag in

atures? Because M39 and C39 are considered to mix athermally from AHpy, cag® = 146 kJ mot? of pure C39 toAHm w3s® =

in the liquid state to a very good approximation and the C39- 120 kJ mot? of pure M39; thusAH may be given by

rich phase is exclusively composed of pure C39, eq 3 was

applied to examine the above presumption. AH = AHy35 + AHc3o

Inf, = AH, c3s/R(UT, cas” — LM 39 3 = fuAHpLmae" T (1 = f)AH, cagf 4)

Heref. = 1 — fy, is the molar fraction of C39 in the mixture  HereAHwas is the enthalpy corresponding to the peaRaao
prepared,Tm csd and AHy, c3g are the melting point and the  andAHcsga sum of enthalpies due to melting and selgblid
molar enthalpy of fusion of pure BKC39, andR is the gas transitions of the C39 component. Figure 11 shows dependences
constant. Substitution of measurédcsg and AHm cag* values of AHmag and AHczg on f,, as unfilled and filled circles,
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respectively. The both quantities linearly vary withover the (2) Boor, T.Ziegler—Natta Catalysts and PolymerizatipAcademic
entire range of 0.0 f, < 0.95, which confirms the second  Press: London, 1979. B o o
equality in eq 4. The results establish that a great majority of ,,_(3) Kissin, Y. V. lsospecific Polymerization of OlefinsSpringer-

. 5 X Verlag: Berlin, 1985.
C39 and M39 molecules are present separately in this binary (4) Sinn, H.. Kaminsky, WAdy. Organomet. Chem98Q 18, 99.

system, taking crystal structures different from each other. (5) Ungar, G.; Zeng X. B.; Brooke, G. M.; Mohammed, i8acro-
Two crystalline structures proposed for M39 appear consider- moleculesl99§ 31, 1875.
ably different. A closer look at Figures 7 and 8, however, (6) Hosier, I. L.; Bassett, D. CPolymer2002 43, 5959.

suggests that molecules are aligned as a pair of extended chaing_ (7) White, H. M.; Hosier, I. L.; Bassett, D. Glacromolecule002
at their closest distance with the methyl groups being arranged™

o = 8) Ungar, G.; Zeng, X. BChem. Re. 2001, 101, 4157.
toward the same direction for thel group and along the (8) Ungar end em e L 104

(9) Saville, W. B.; Shearer, Gl. Chem. Sac1925 127, 591.

opposite direction for th&2,2,2; This may partially explain (10) Muller, A.; Saville, W. B.J. Chem. Socl925 127, 599.
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A final remark is concerned with an interrelationship between _ (12) Oldham, J. W. H.; Ubbelohde, A. Rrans. Faraday. Soc1939
the branching effect on the crystal structure and the main chain 3> Kami . Nak . Urabe. Y. g .
length of alkane molecules. Ungar and Zeng have pointed out Reﬁ?ylihiﬂiggg'l?zgi gﬁ%r;ep’aﬁésg;? e, ¥.: Sonodalng. Sci.
in their revievf that, because of the surface overcrowding effect, (14) Takamizawa, K.; Nakasone, K.; Urabe,Golloid Polym. Sci1994
lamellar crystals of very long alkane chains cannot grow laterally 272 293.
without chain folding at the conventional experimental condition  (15) Nakasone, K.; Urabe, Y.; Takamizawa, Kiermochim. Acta996
of 1 atm and also that introduction of a short branch to the 286 161. e ] _
center of the main chain facilitates chain folding at the branching g 2%821 ngaizggi K.; Shiokawa, K.; Urabe, Y.; Nemoto,NPhys. Chem.
point for sufficiently long alkanes and results in rejection of  (17) Nakasone, K.; Nemoto, N. To be submitted.
the branch to the lamellar surface. This does not seem to apply (18) Kimoto, H.; Yamamoto, H.; Urabe, Y.; Shiokawa, K.; Nemoto, N.
for symmetric branched alkanes with a carbon number of the Manuscript in preparation.
main chain as low as 39, whose linear homologue exclusively  (19) Muller, A. Proc. R. Soc. A932 138 514.
takes a planar zigzag conformation in the crystalline state due (20) Bunn, C. W.Trans. Faraday Socl939 35, 482.
to a heavy restriction that extra energy is needed for chain (21 Buroadhurst, M. GJ. Res. Natl. Bur. Stand962 66A 241.
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chains pack taking the extended conformation, whereas all (23) mandelkern, L.; Prasad, A.; Alamo, R. G.; Stack, G. Macro-
central methyl branches are accommodated inside lamellae inmolecules199Q 23, 3696.
cooperation with end methyl groups, which gives rise to  (24) Takamizawa, K.; Ogawa, Y.; Oyama, Folym. J.1982 14, 441.
staggered alignment between adjacent extended chains. We shall_(25) Yamamoto, H.; Nemoto, Neng. Sci. RepKyushu U.200Q 22,
report that a similar crystalline structure is realized for symmetric 1° (N Japanese).

. . - ; 26) Bidd, I.; Whiting, M. C.J. Chem. Soc., Chem Commu985 9,
branched alkanes with various long branches in a forthcoming 54§_ ) 9 3

paper. H_0W9Verv chain folding may take place for a highly  (27) wakefield, B. JOrganomagnesium Methods in Organic Synthesis
symmetrical branched alkane such as a three- or four-arm starAcademic Press: London, 1995.
as the energetically most favorable state, even if the carbon (28) Strobl, G. R.; Eckel, Rl. Polym. Sci., Polym. Phys. EI976 14,

. . . oo 913
number of the main chain is low, and this possibility should be
definitely examined P y (29) Muller, A.; Lonsdale, KActa Crystallogr 1948 1, 129.
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